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Introduction
Clay raw materials are particularly used in the ceramic industry. 

They have however been of importance in many other fields of 
application that include agriculture, civil works, process industries, etc.

Nubian sandstone is one of the impurities found with the clay ore. 
It commonly consists of brown or reddish stones referring to a variety 
of sedimentary rocks deposited on the Precambrian basement in the 
Eastern Sahara, North–East Africa and Arabia. The hardness of Nubian 
sandstone depends on its origin. In certain places it is extremely friable, 
and in others compact and hard [1]. Some local samples obtained from 
Sinai in Egypt contain 65% SiO2 and 20% Al2O3, a composition close to 
that of potash feldspar, which indicates that the use of the associated 
sandstone along with the clay may not affect the properties of products 
using clay and feldspar as raw materials [2]. In Upper Egypt, beds of 
clays and Nubian sandstone alternate, the level of sandstone in these 
clays ranging from 5-10% [3].

In order to confirm the feasibility of using the Nubian sandstone, 
grindability studies were performed through crushing and grinding 
experiments. These tests showed that the grindability of the mineral 
ores depends more on their composition and properties (fracture 
toughness, homogeneity of the structure) than on their hardness [4,5].

Grinding is an energy–intensive operation

5% of the total energy consumption of developed countries is 
directed to crushing and grinding processes [6,7]. Since some of the 
energy used will be converted into heat that will not be utilized in the 
grinding process, thus, the grinding parameters should be well studied 
so as to optimize the use of input energy [2,8]. In particular, proper 
grinding of clay minerals is essential in influencing positively their 
behaviour in subsequent processing steps [9,10].

The objective of this paper is to investigate the grinding behaviour 
of Aswan Nubian sandstone and the possibility of its simultaneous 
grinding with clay as raw material in the ceramic tile industry, without 
affecting neither the subsequent processing steps. The grinding 
behaviour of Nubian sandstones was assessed by obtaining the particle 

size distribution of the ground product and calculating its specific 
surface area or alternatively the mean surface-volume diameter of the 
ground product [11].

Experimental
Assessment of raw materials

The raw materials used mainly consist of two portions: The first part 
is Aswan clay (Upper Egypt), while the second part includes Aswan 
Nubian sandstone samples were obtained from PRIMA Factory, Sadat 
City, Egypt.

The as-received samples of clay and sandstone were hand–crushed 
to reduce their size in order to obtain smaller particle size that can be 
easily ground in a laboratory ball mill.

(Table 1) shows the screen analysis of the hand–crushed samples 
used before performing grinding procedures [12,13].

Both clay and sandstone were analyzed by X–ray Fluorescence 
(XRF) using an AXIOS, panalytical 2005, Wavelength Dispersive 
(WD–XRF) Sequential Spectrometer, and by X–ray diffraction 
(BRUKUR D8 ADVANCE COMPUTERIZED X–Ray Diffractometer), 
using a mono–chromatized Cu Kα radiation.

Free silica, combined with clay minerals was also determined using 
the classical method of Trostel et al. [14]. Also, the percent organic 
matter was determined by using a hydrogen peroxide solution (30%) 
to free clay from its organic matters [15].
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The true density of clay and sandstone were measured using the 
standard pycnometer method (Density flask) [16].

Equipment

Grinding tests were performed in a RETSCH centrifugal ball mill 
(S100). The grinding jar (500 ml) rotates in a horizontal plane and was 
charged with 106 balls ranging from 7.8 to 10 mm diameter with a total 
ball load weighing 310.68 g, grinding balls with different particle sizes 
being used to increase the grinding rate [17].

The centrifugal forces that are generated propel the balls against 
the inside wall of the jar, where they roll over the sample. Grinding 
is therefore effected by way of impact and attrition. The improvement 
of specific surface is associated with reduction of resistance to 
comminution and prevention of agglomeration and powder coating of 
balls and mill [18].

Mill characteristic and test conditions for grinding are shown in 
(Table 2).

For each test, 200 g of the sample previously described in (Table 
1) was separately ground at different times (60, 90, 120, and 150 min). 
After the grinding of each batch, the mill content was discharged and 
the sample was sieved for 30 minutes.

The fine sieves were cleaned using air blower and the batch is re–
screened for another 30 minutes to prevent clogging (blockage) of the 
sieves openings and ensure complete screening of the finely ground 
samples.

The retained weights were recorded for each screen size and the 
specific surface area for the batch was calculated from the following 
equation [19]

6 ϕ
ρ

= Σ i
w

avi

xA
D                                                                                

(1)

Where:

 A : Specific surface area, m2

φ: Shape factor (Taken as 1.2)

ρ: Density, kg/m3

Xi: mass fraction of retained weight on each screen

D avi : average particle size of each mass fraction, m

Application in ceramic tiles industry

A sample where 10% Aswan clay (by weight) was replaced by 
Nubian sandstone was shaped in a tile form of 100 × 100 mm2 and 8.5 
mm thickness. Six glazed tiles were prepared. Three of them were floor 
tiles, while the other three were wall tiles.

These tile specimens were dry pressed (30 MPa), glazed then fired 
in a production line of a factory through a single fast firing technique, 
in a roller kiln. The maximum firing temperature was 1175°C for floor 
tiles and 1145°C for wall tiles. The total firing time was 40 minutes in 
both cases.

The tile samples were then tested in conformity with the 
internationally harmonized Egyptian standards of ceramic tiles [20,21].

Results and Discussion
Characterization of the raw materials

Chemical composition: Table 3 shows the chemical analysis of 
Aswan clay and Nubian sandstone as a result of XRF. From this Table, 
it can be observed that, the Nubian sandstone is rich in silica, which 
constitutes about 65% of its weight. It also contains reasonable amount 
of Al2O3 that helps in aluminium silicates formation. It is also rich in 
iron oxide that acts as fluxing material.

XRD Investigation

Figures (1 and 2) show the XRD pattern of Aswan clay and Nubian 
sandstone, respectively. XRD analysis showed that the phases present 
in clay are: Kaolinite [Al2Si2O5(OH)4], Quartz [SiO2], and Illite. While 
the phases present in Nubian sandstone are: Quartz [SiO2], Kaolinite 
[Al2Si2O5(OH)4], and Anatase [TiO2].

Free silica, organic matter, and true density: Free silica, associated 
with clay mineral, was determined to be 2.5%. The combined silica is 
liberated as silicic acid and is subsequently dissolved in a hot sodium 
hydroxide solution.

Also, the organic matter was determined by using the hydrogen 
peroxide method. The percent of organic matter=2%.

The true densities of clay and sandstone were 2.41 and 2.08 g/cm3, 
respectively.

Mesh size Size of opening (mm) Retained weight (g) 
4 4.75 79.7 

10 2 64.7 
18 1 25 
25 0.71 6.6 
50 0.3 10.8 

100 0.15 6.1 
200 0.075 3.4 
270 0.053 3.7 
Pan 0 0 

Table 1: Screen analysis of crushed samples before grinding.

Mill Bowl

Bowl material Stainless Steel
Bowl volume 500 cc

Speed Variable
(10 – 100 rpm)

Mill Charge
Balls diameter 7.8 – 10 mm

Total balls weight 310.68 g
Clay and Sandstone Samples Sample weight 200 g (per test)

Table 2: Mill characteristics and test conditions.

Constituents ( wt. % ) Aswan Clay Nubian Sandstone
SiO2 47.7 65.01
TiO2 1.57 1.9

Al2O3 23.89 19.6
Fe2O3 13.57 3.85
MnO 0.01
MgO 0.23 0.35
CaO 0.61 0.16

Na2O 0.12 0.2
K2O 0.92 0.61

P2O5 0.17 0.04
SO3 0.42 0.03
Cl 0.04 0.18

L.O.I 10.37 8.02
Total 99.61 99.96

Table 3: Chemical composition of raw materials.
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Influence of Particle Size Distributions

From Figures (3 to 5) show the cumulative screen analysis results 
of pure Nubian sandstone ground at different milling times and 
speeds=40, 60, and 90 rpm, respectively. Other speeds were also tried 
but it was found unnecessary to include them.

From these figures, it was found that while an increase in either 
time or speed favoured higher fineness, the effect of rotating speed is 
more pronounced than that of grinding time. It was possible to verify 
this premise by constructing a correlation table using the DATA 
ANALYSIS module. This is shown in (Table 4) from which it can be 
deduced that the effect of mill speed highly exceeds that of grinding 
time.

It was also possible to linearly correlate the specific area of the 
ground product to the two aforementioned variables using the same 
module. The following relation was obtained with a multiple correlation 
coefficient R=0.965:

Table 5 shows the specific surface area calculated for pure Nubian 
sandstone at different milling times and speeds = 40, 50, 60, 70, 80, and 
90 rpm, respectively while (Figure 6) shows the effect of milling time on 
the specific surface area for different milling speeds. This figure shows 
that the specific surface area increases with time and mill speed to reach 
almost constant values except at high rpm where more time is needed 
for the specific surface area values to stabilize.

Figure 7 shows a comparison between experimental and calculated 
data for specific surface area from equation (1). It is clear that the data 
is fairly distributed around the 45°line.

Application in Ceramic Tiles Industry

Figure 8 shows the cumulative screen analysis results of pure Aswan 
clay grinding at different milling times and rotating speed=60 rpm, 
while (Figure 9) shows the effect of adding Nubian sandstone to Aswan 
clay at different percentage on the cumulative screen analysis results of 
mixtures at milling speed=60 rpm, and time=60 min. A comparison 
of these two figures shows that the screen analysis of clay – sandstone 

Figure 1: XRD pattern of clay.
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Figure 2: XRD pattern of Nubian sandstone.
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Figure 3: Cumulative fraction of pure Nubian sandstone retained at different 
times and rpm=40.
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Figure 4: Cumulative fraction of pure Nubian sandstone retained at different 
times and rpm=60.
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Figure 5: Cumulative fraction of pure Nubian sandstone retained at different 
times and rpm=90.
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mixtures is very close to that of pure kaolin. Since the level of sandstone 
in Aswan clays usually ranges from 10 to 20% [3], it is best to compare 
the surface area curves of pure clay to that of a mixture containing 5 and 
10% sandstone. Table 6 shows the comparison of particle size at three 

Figure 6: Effect of milling time on the specific surface area for different milling 
speeds.
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Figure 7: Comparison between experimental and calculated data for specific 
surface area.
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Figure 8: Cumulative fraction of pure Aswan clay retained at different times 
and rpm=60.
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Figure 9: Cumulative fraction of Aswan clay – Nubian sandstone mixtures 
retained at time=60 min, and rpm=60.
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0 % Sandstone

2 % Sandstone

5 % Sandstone

7 % Sandstone

10 % Sandstone

100 % Sandstone

Time rpm Specific Area
Time 1
rpm 0 1

Specific Area 0.162 0.951 1

Table 4: Relative effect of variables on specific area.

Time, min 0 60 90 120 150
rpm Specific Surface Area, m2/kg
40 3.408 4.491 4.058 4.290 3.861
50 3.408 4.801 6.050 5.158 6.111
60 3.408 11.072 10.480 9.549 10.009
70 3.408 16.394 16.036 19.030 20.960
80 3.408 17.552 22.356 22.133 24.344
90 3.408 20.697 24.241 28.436 32.859

Table 5: Specific surface area for Nubian sandstone for different milling time.

% retained 0 % s.s. 5 % s.s. 10 % s.s.
25 % 7 mm 7 mm 6 mm
50 % 1.6 mm 1.7 mm 1.9 mm
75 % 0.17 mm 0.2 mm 0.2 mm

Table 6: Comparison between particle size of pure ground clay and clay + 
sandstone (5 and 10 %).

Figure 10: Equilibrium phase diagram of the system Al2O3 – Fe2O3 – SiO2.
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percentiles. It clearly shows that these sizes are fairly close to each other. 
So, it can be concluded that Nubian sandstone can be simultaneously 
crushed and ground with Aswan clay without impairing the grinding 
characteristics of the latter.

On the other hand six prepared fired tile specimens in which 10% of 
Aswan clay was substituted by sandstone were tested for the following 
properties: percent water absorption, breaking strength, MOR, 
abrasion resistance, crazing resistance, coefficient of friction, resistance 
to staining and chemicals according to harmonized Egyptian standards 
[20,21]. The results (Table 7) show that such specimens complies the 
standards allowable limits for both floor and wall tiles. Despite this 
compliance, it is clear that the water absorption and consequently 
the porosity of samples have increased by adding sandstone waste as 
compared to waste free samples. Also, the values of MOR have slightly 
decreased thereof. The interpretation of the changes in physico–
mechanical properties on sandstone addition can be understood in 
light of the diagram SiO2 – Al2O3 – Fe2O3 that accounts for most of the 
components of both sandstone and clay. Figure 10 shows this phase 
diagram [22].

The approximate composition of basic mixture is shown on this 
diagram by point (B) where as point (S) represents that of sandstone. 
Adding 10% sandstone to the basic mixture shifts the composition to 
point (C). The figure shows that point (B) almost lies on the boundary 
curve (AE) meaning that its initial melting point is lower than that of 
point (C). This means that adding 10% sandstone to the basic mixture 
will have for effect to decrease the amount of liquid phase formed on 
firing. This in turns is responsible for the increase in water absorption 
and the decrease in mechanical strength outlined in Table 7.

A decrease in staining resistance can also be expected because of 
the decrease in glassy phase content. On firing, the first region to vitrify 
is the surface of the material. A lower glassy phase would mean higher 
porosity (as evidenced by higher water absorption) which would result 
in reduced staining resistance.

Conclusion
Nubian sandstone is a common impurity that is usually found with 

the Aswan clay. The XRD and XRF analysis showed that using it along 
with clay in ceramic tiles will not affect the chemical composition of 
the final product.

The milling characteristics of Nubian sandstone are an important 
parameter that could affect its usage with the clay as raw material. 
The grinding experiments for both Nubian sandstone and Aswan 
clay showed that a mix of both could be crushed and ground without 
impairing the grinding characteristics of the latter or affecting the 
composition of the final ceramic tiles body.

Nubian sandstone can be used as additives to Aswan clay up to 10% 
without affecting the grinding characteristics of raw materials used in 
ceramic tiles industry.
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