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The detection of porous  
media volume using the  
modified Archimedes method

Masoud OSFOURI  Institute of Energy, Ceramics and Polymer Technology,  
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Abstract
Foam glasses are novel materials in engineering that have found a special place in various 
industries during recent decades. Foam glass is generally produced using recycled glass. By 
using waste materials, in addition to reducing the amount of waste glass that can harm the 
environment, it is possible to achieve a lightweight foam that is resistant to compression, 
corrosion, and heat transfer. The foam glass structure consists of cells that are filled with gas, 
and the walls of these bubbles are made of solid glass. One of the challenges is to measure 
its density. Because the samples made in the laboratory generally do not have a conventional 
shape, and therefore it is difficult to find the volume of the samples geometrically. In this paper, a 
new, simple, and practical method to find the density of foam glass is presented. The result of the 
tests showed a very good coincidence between geometrical volume measurements and volumes 
measured by using this novel method.
Keywords: glass  foam, volume, modified Archimedes method, porous materials 
Kulcsszavak: üveghab, térfogat, módosított Archimédeszi-módszer, porózus anyagok
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1. Introduction
Foam glass is a porous material with a glassy skeleton in which 

the holes are surrounded by thin glass walls and separated from 
each other. Foam glass has a unique combination of properties: 
lightweight, rigid, and strong, compression resistant, thermal 
insulation, non-flammable, chemically neutral and non-toxic, 
resistant to rodents and insects, resistant to bacteria, water, 
and humidity. In addition, it is easy to install, cut, and drill, 
and it is easily combined with concrete. This combination of 
properties makes foam glass indispensable in the construction 
and petrochemical industries (oil and gas transmission lines), 
railroad foundations, dam constructions, foundations of streets 
and highways, sports fields, and many other fields [1].

In the process of making foam glass, firstly the waste glass 
is ground and turned into fine glass powder. Then the powder 
is mixed with a foaming agent. The mixture consisting of glass 
powder and foaming agent is heated to a temperature at which 
the reaction of the foaming agent begins. The product of this 
reaction is gas that results in a large number of small spherical 
bubbles, and a cellular structure is created. After cooling, that 
structure forms the pores of the foam glass [2]. The properties 
of foamed glass products strongly depend on the type and 
amount of foaming agents and other additives, the particle size 
of the components, and the sintering conditions.

If the composition of the glass is such that it crystallizes during 
the production process, the possibility of the formation of closed 
holes will be reduced, and as a result, the quality of the final 
foam glass will be reduced. Therefore, the preparation of foam 
glass (with closed porosity) is not easily possible and requires 
extensive research to determine the optimal temperature of 
sinter-crystallization in relation to the temperature of gas exit 

from the material [3]. The glass softening temperature should 
always be lower than the foaming reaction temperature. But if 
the composition of the glass is prone to crystallization and the 
crystallization speed exceeds the sintering speed of the glass, 
then the crystallization of the glass will increase its viscosity, 
and as a result, the softening temperature of the glass will be 
higher than the temperature of the gas exiting the sample. In 
this case, the possibility of creating closed porosity in the foam 
glass is reduced, and open porosity increases [3, 4]. 

The importance of energy conservation on the one hand 
and the need to lighten the buildings, on the other hand, make 
the use of lightweight, heat, and sound-insulating but strong 
and stable materials in building construction more and more 
essential. But for being an applicable material, they require to 
be a low cost as well [5].

The production of foam glass dates back to the 1930s, 
when major research activities were carried out throughout 
the industrialized countries; Due to the numerous patents 
filed during the same period, it is not clear who were the first 
inventors of foam glass. The foam glass production method 
can be divided into two basic types, production of foam 
glass by sintering the above-mentioned finely ground glass 
powders with a suitable foaming agent and direct blowing of 
fluids (air, CO2, water vapor) into molten glass [6]. Since in 
the research field mostly the researchers made small specimens 
and do different tests on them, finding the apparent volume 
of specimen is a big deal in the experimental research fields. 
There are some methods which researchers used for finding 
the volume of irregular shaped specimens.  

In some research, they used the conventional Archimedes 
method for measuring the volume of irregular foam glass 
specimens [7-9]. When using the conventional Archimedes 
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method, there is inaccuracy in measuring the changed level of 
liquid by sinking the foam specimen. This problem leads some of 
the researchers to use other methods, for example a gravimetric 
method with using pycnometer to find the density [10-14]. 
The pycnometer could be used as an applicable method for 
finding the volume of micropores but there is a need to mill 
the specimen to fine powder and then use that method [11]. 
Thus, it is a destructive method, and it could not be useful in all 
the research in order to find out the foam appearance volume. 

All in all, as it is clear one of the most important issues in 
the field of porous material research is to measure the volume 
of irregular shape specimens. because it becomes difficult to 
measure due to the porous structure and irregular shape of 
the samples [15]. 3D scanning is a suggested method to use in 
order to find the volume of irregular porous foam glass [16, 17]. 
Since this is a time and money consuming method, there is no 
report regarding use of this method in the field of foam glass 
volume determination. As a summary, using three-dimensional 
scanning methods, photography and image analysis methods, 
and conventional Archimedes measurement methods and 
finding the volume by geometrically measurement method, 
the researchers determine the volume and subsequently the 
density of the foam glass. In the case that the sample is small 
and its shape is irregular, the mentioned methods could be 
ineffective or have low accuracy [18-22]. So, there is need to 
establish other methods to find the volume of foam glass with 
high accuracy, low time and money consuming. This research 
is explaining a modified Archimedes’ method to detect the 
irregular volume of foam glass in a short time, low price and 
very easy way. 

2. Theory and methods
To introduce this method, the theory of the subject has been 

discussed first. The volume (V) of an irregular shape substance 
is required. For this purpose, firstly the mass of this substance 
will be measured using a scale. Let the measured mass to be mdry.

Now, this substance is immersed in water. The water 
pressure on the surface of this substant could be calculated by 
considering a cubic element of the sample whose length, width, 
and height are dx, dy, and dh, respectively.

The pressure exerted on the surfaces of this element is normal 
to the surface and at any point this pressure is p=ρgh where h 
is the distance from the free surface of the fluid, ρ is the density 
of the fluid at the test temperature and g is the gravity constant.

Considering that at equal heights (h), the pressure of the 
fluid is constant, therefore, in the element of the Fig. 1B (right 
side), dpx and dpy are equal to zero, so two pressures equal to 
dph2 are applied to the element in opposite directions on the 
dh × dx and dh × dy surfaces, which cancel out each other.

However, along the height or h direction of the element, dph 

have a value equal to ρg(dh), and considering that the height of 
the bottom of the element from the fluid free surface is higher 
than the height of the upper surface of the element from the 
fluid surface, therefore, the total pressure will be upwards and 
its value is ρg(dh).

  
a)                                                                      b)

	 Fig. 1	 The irregularly shaped object immersed in water(a) an element and 
hydrostatic pressure on its sides (b)

	 1. ábra	 Szabálytalan alakú tárgy vízbe merülve (a) és egy elem a hidrosztatikus 
nyomás jelölésével (b)

This pressure is applied on the dx × dy surface, so the amount 
of force corresponding to this pressure is equal to:

dFb= ρg(dh) × dx × dy	 (1)

And the volume of this element is obtained by multiplying its 
lengths together, therefore: 

dV= dh × dx × dy	 (2)

So, Eq. 1 can be rewritten in this way.

dFb= ρg × dV	 (3)

By taking the integral from both sides of Eq. 3 and keeping in 
mind that ρg is a constant number, the upward buoyancy force 
applying to the object is obtained.

	 (4)

Therefore, by measuring the buoyancy force of a material in 
a fluid with a certain density, the volume of that material can 
be obtained.

Now, considering that foam glass consists of open and 
closed pores, it should be noted that with this method, the 
total volume of the foam glass solid skeleton and closed pores 
can be calculated. To calculate the volume of open pores, the 
amount of water absorption into the foam glass sample should 
be obtained.

To calculate the volume of foam glass, first consider a cage 
like in Fig. 2. When this cage is empty, we immerse it in water 
and connect it to the scale to measure the immersed weight.

In this way, weight of the floating cage in the water is 
obtained. Let’s call this force mcage. To measure the volume of 
open pores of the foam glass, firstly the foam glass is boiled in 
water for 2 to 4 hours. This will cause the open pores to be filled 
with water. After this step, it should weigh the water saturated 
foam glass and name this weight as mwet.

The volume of open pores is easily calculated through the 
following formula.

VOpen porosity = (mwet – mdry)/ρwater	 (5)

Now, to calculate the volume of the skeleton and the closed 
pores, the water-saturated specimen is put into the cage and 
immersed it in the water. If the density of saturated foam glass 
is higher than water, then the foam will sink into the water 
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and the scale will show a number higher than the mcage. 
Otherwise, it will exert an upward force on the cage and the 
scale will show a number lower than the mcage. In any case, we 
consider the number displayed by the scale as mb.

Now, if the free graph of the foam glass and the cage is drawn 
(Fig. 2-B) and the equilibrium relations is written, the Eq. 6 will 
be obtained. 

 
a)                                                                      b)

	 Fig. 2	 Empty cage weighing in water (a). The free body diagram of the foam glass 
and cage in the water (b)

	 2. ábra	 Üres ketrec mérlegelése vízben (a). A vízben lévő üveghab a ketrecben (b)

mbg = mdry g + mcage g -Fb	 (6)

Fb = (mdry + mcage - mb) g	 (7)

By replacing the Fb obtained from Eq. 7 in Eq. 4 the following 
formulation for the volume of foam glass (skeleton plus closed 
porosity) is obtained. Let’s call this volume V1.

	 (8)

The apparent volume of foam glass is the sum of V1 and  
Vopen-porosity. 

To check the validity of this argument, different cubic and 
cylindrical shapes with different dimensions were tested. The 
material of examined samples was made of plastic material and 
the samples did not absorb water. The obtained density of water 
was measured as 995.4 gr/lit. After the initial experiments, 
foam glass was made using recycled window glass and with a 
combination (in weight) of 1%, 2%, and 3% of silicon carbide 
and 1%, 2%, and 3% of alumina. In order to fabricate the 
samples, 4 grams of the mixture was poured into a mold with 
a diameter of 2.5 cm and after the cylindrical tablets were 
pressed, they were sintered in the furnace. 

To check the density of the samples, first, their dry weight was 
measured, and their volume was obtained from the explained 
method.

3. Results and discussion
Fig. 3 show the comparison of measuring the volume of 

cylindrical and cubic samples by the modified Archimedes 
method and the geometrical measurement. As can be seen, 
the difference between the results of these two types of volume 
measurement is very small, the reason for the small difference 
that is observed is the measurement error. One of the most 

common errors can be the error in measuring the density of 
water. Another error is in measuring the weight of the sample 
because when the sample is immersed in water, the turbulence 
of the water can cause errors in the measurement. On the 
other hand, the scale used was a scale with 2 decimal digits, 
so it enters another error. Another error is the inaccuracy in 
measuring the dimensions of the samples by caliper and the 
asymmetry of the samples can cause errors so that there is a 
possibility that the examined samples are not perfectly cubic 
or cylindrical. 

a)

 
b)

	 Fig. 3	 The difference in obtained volume from geometrically measurement and 
modified Archimedes measurement in cubic (a) and  cylindrical samples (b) 
(the red marks show data for geometrical volume and the blue marks represent 
the Archimedes measurements)

	 3. ábra	 A geometriai mérésből és módosított Archimedes-mérésből kapott térfogat 
különbsége négyzetes (a) és hengeres alakú minták  esetén (b) (a piros jelek 
a geometriai térfogatra vonatkozó adatokat, a kék jelek pedig az Archimedes 
mérések eredményeit jelölik)

Sample  
No.

Water  
absorption 

(w%)

Open  
porosity  
volume  

(CC)

Foam  
glass  

volume  
(CC)

Expansion 
(V%)

Density  
(g/CC)

1 6.605 0.258 11.950 336.081 0.326

2 15.910 0.620 19.734 555.000 0.196

3 81.268 3.173 21.053 592.088 0.184

4 15.473 0.601 14.034 394.692 0.275

5 46.433 1.803 17.171 482.895 0.225

6 8.669 0.340 15.536 436.935 0.251

7 41.645 1.630 9.788 275.279 0.398

8 7.489 0.296 10.689 300.616 0.368

9 12.784 0.503 13.369 375.988 0.292

	 Table 1	 Extracted data from the experiments on foam glass
	1. táblázat	 Üveghab minták esetén végzett vizsgálatok eredményei
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With all the explanations that were given, the maximum 
error between measuring the volume through geometry and 
the explained modified Archimedes method is 4%. 

In the test conducted on foam glass samples, the amount of 
water absorption, the volume of open porosity, the percentage 
of volumetric expansion, and the volume and density of the 
samples were extracted as well. The average data for each group 
of samples is given in the table below (Table 1).

According to the results, it can be concluded that the method 
proposed in this research is one of the simplest methods to 
find the density of foam glasses precisely. This method has 
very low error and its accuracy is high. For using this method, 
fluids with lower surface tension can be used in order to better 
saturate the foam.

4. Conclusions
In this study, a modification of the Archimedes method was 

presented and discussed theoretically and experimentally in 
order to obtain the volume of porous materials.  To measure 
the volume of foam, the following steps should be done:
1.	 A cage with a higher density than water should be provided.
2.	 The weight of the immersed cage in water should be 

measured. 
3.	 Weight of dry foam glass or other required object which is 

required to find the volume.
4.	 The foam glass should be boiled in water for 4 hours until 

its open pores are saturated with water.
5.	 The saturated foam glass should be weighed.
6.	 The next step is to put the saturated object in the cage and 

measure the weight of the set (cage and object) as it is 
immersed in water.

7.	 Finally, the apparent volume of the object could be 
calculated using Eq. 5, 7 and 8.
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Abstract
The mechanical resistance, water absorption, porosity and problems of dimensional variation 
due to shrinkage prove to be primordial and of great importance for evaluating of the durability 
of self-compacting concrete (SCC) based on recycled coarse aggregates. In part II of this study, 
ordinary gravel is partially replaced (50 and 100%) by recycled gravel for the preparation of 
eight compositions, with a constant water/binder ratio (W/B) = 0.4 and a binder dosage equal 
to 475 kg/m3. Physical and mechanical properties of SCC are evaluated through a number of 
laboratory tests. According to the findings of this study, the water absorption and porosity of SCC 
with recycled coarse aggregates are generally high, and can reach up to double that of the control 
SCC. Shrinkage of SCC is significant, however mechanical resistance is low compared to SCC with 
oridinary gravel. The results also suggest that, using binary mixtures can significantly improve the 
durability of SCC.
Keywords: Recycled aggregates; brick; marble; bituminous aggregates; SCC, strength, water 
absorption, shrinkage
Kulcsszavak: újrahasznosított adalékanyagok; tégla; márvány; bitumenes adalékanyagok; SCC, 
szilárdság, vízfelvétel, zsugorodás

1. Introduction
SCC are very fluid concretes that flow and are placed under 

their own weight without the use of any internal or external 
energy. This fluidity is achieved by using a large amount of 
paste and a superplasticizer. The selection of aggregates (fine 
and coarse) thus plays a significant role in obtaining the best 
properties. To achieve a good performance-cost ratio, it is vital 
to have a clear grasp of the influence of physical parameters on 
the performance of SCC [1, 2]. Public buildings, bridges, and 
industrial structures are demolished but never recycled after 
natural disasters such as earthquakes and floods, or as a result 
of aging and degradation. Furthermore, natural resources in 
particular areas are depleted, sea sand is restricted. Therefore, 
aggregates are brought from long distances, and public landfills 
are overburdened. Unfortunately, research on waste recovery 
in building and public works is uncommon. Aside from the 
considerable shortage in aggregates encountered in recent 
years, demolition and building waste is significant and rarely 
recovered. Recycled aggregates are essentially aggregates 
obtained by recycling concrete from demolition. Indeed, 
these aggregates have different applications in the field of 
civil engineering, particularly in road construction and in the 
preparation of concrete for different buildings. In addition, the 
current environmental policy promotes their use with a view 
to reducing the consumption of raw materials and complying 
with environmental rules. The use of recycled aggregates in 
concrete [3-6], such as SCC, is hindered by many technical 
codification texts. Some researches have been carried out to use 

waste as recycled aggregates in ordinary concrete and in SCC, 
among these researches the study of the influence of crushed 
sand by Benabed [3] and the recovery of construction and 
demolition waste (brick and concrete in particular) by Azzouz 
et al. [4], Douara [5] and Nezergui [6]. In addition, the lack 
of knowledge about the durability of these concretes generates 
mistrust among the users. As a result, a better understanding 
of the behavior of concretes including such aggregates could 
aid in the development of this type of application. Hence, this 
project was conducted to contribute to the development of the 
recycling industry and the recovery of building and demolition 
wastes in order to use recycled gravel in the manufacture of SCC 
On one hand. On the other hand, to understand the primary 
element influencing the selection of the granular skeleton in 
an optimal SCC formulation. The purpose of this research is 
to investigate the effect of recycled gravel characteristics, types, 
classes, and nature on the physical and mechanical properties 
of SCC at hardened state. This study will contribute to the 
advancement of knowledge about the production of SCC by 
judicious choices of available gravels.

2. Materials and experiments
2.1 Materials

In this study, Ordinary Portland cement (CEM I 42.5) was 
used in the preparation of the various SCC mixtures, with 
density and specific surface areas of 3.15 and 3700 cm2/g, 
respectively. A marble powder (MP) was used as mineral 
addition with a rate of substitution of 10%. This powder has 
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a density of 2.70 and a fineness of 3600 cm2/g. A high water-
reducing superplasticizer was employed.  A river sand SA (0/5) 
of siliceous nature was used with a density of 2.65. As coarse 
aggregates, an ordinary crushed gravel (OCG) of limestone 
nature, and four types of recycled gravel: recycled gravel 
(GWM) produced by crushing white marble waste, recycled 
gravel (GRB) produced by crushing red brick waste, recycled 
gravel (GDC) produced by crushing demolition concrete and 
gravel (GBM) recycled produced by recycling bituminous 
mixtures. The different properties of the aggregates used are 
summarized in Table 1 [7].

2.2 Testing
Nine (09) mixtures of SCC were prepared in the laboratory, 

in these mixtures recycled gravel was used as a substitute for 
ordinary gravel, with substitution rates by volume of 0, 50 and 
100%. All mixtures are characterized by a powder content 
equal to 475 kg/m3, water/binder (W/B) = 0.4 and sand/mortar 
(S/M) ratio = 0.5 [7]. Mix-proportions of the different SCC are 
given in Table 2.

From each concrete mixture, prismatic specimens 7 × 7 × 28 cm  
in size were cast. After casting, the specimens were unmolded 
and transferred to conservation at temperature of 20 ± 2 °C 

and 100% of relative humidity until the time of test. For each 
mix, three specimens were used to determine tensile strength 
and six specimens to measure compressive strength at 3, 7, 
28, 56 and 90 days. The strength was measured according 
to NF P18-455 standard [8]. The density hardened SCC is 
determined in accordance with NF P18-435 standard [9]. 
While, the water absorption test was carried out in accordance 
with NF P 10 502 standard [10]. Drying shrinkage was carried 
out in accordance with NF P 18 432 standard [11].

3. Results and discussion
In the Part I of this investigation [7], the influence of the type 

of coarse aggregates on fresh properties of SCC was studied. 
The obtained results are summarized in Table 3.

3.1 Hardened density
The density of hardened SCC mixture is shown in Fig. 1. 

Form this figure, it is obseved that recycled gravel SCC has a 
low density when compared to control concrete (SCC1), with 
the exception of mixes containing recycled gravel from marble 
waste GWM (SCC2 and SCC6), which having a density similar 
to that of ordinary gravel (OCG). As a result, the density of 

Properties OCG WMG RBG DCG BMG

Size (mm) (3/8) (8/16) (3/8) (8/16) (3/8) (8/16) (3/8) (8/16) (3/8) (8/16)

Absolute density 2.691 2.673 2.71 2.695 2.216 2.227 2.568 2.592 2.286 2.292

Apparent density 1.365 1.395 1.368 1.392 0.946 0.949 1.127 1.18 1.128 1.048

Compactness (%) 50.72 52.19 50.48 51.65 42.69 42.61 43.89 45.52 49.34 45.72

Porosity (%) 49.28 47.81 49.52 48.35 57.31 57.39 56.11 54.48 50.66 54.28

Water absorption (%) 2.31 1.46 0.44 0.28 10.91 9.67 8.23 5.90 1.11 1.60

Surface cleanliness (%) 0.29 0.19 0.81 0.18 0.78 0.26 1.79 1.27 0.28 0.39

Elongation coefficient 0.33 0.57 0.30 0.48 0.34 0.37 0.39 0.64 0.42 0.62

Kurtosis coefficient 0.33 0.45 0.38 0.39 0.33 0.48 0.33 0.43 0.33 0.47

Los-Angeles (%) 25.1 21.1 32.7 28.3 42.8 46.3 34.5 26.4 23.8 25.6

Micro-Deval (%) 8.2 5.2 8.1 15.6 16.1 36.8 12.9 11.2 8.4 11.9

Table 1 Properties of the aggregates used [7]
1. táblázat A felhasznált adalékanyagok tulajdonságai [7]

S/M = 0.5
W/B = 0.4

Constituents

Family A Family B

SCC 1 SCC 2 SCC 3 SCC 4 SCC 5 SCC6 SCC7 SCC8 SCC9

100%
OCG

100%
WMG

100%
BMG

100%
DCG

100%
RBG

(50%OCG
+50%WMG)

(50%OCG
+50%BMG)

(50%OCG
+50%DCG)

(50%OCG
+50%RBG)

Cement (kg/m3) 433.7 433.7 433.7 433.7 433.7 433.7 433.7 433.7 433.7

Marble powder (kg/m3) 41.3 41.3 41.3 41.3 41.3 41.3 41.3 41.3 41.3

Sand (kg/m3) 901.5 872.3 916.6 937.7 960.5 883.1 901.9 914.7 920.7

Ordinary gravel 
(kg/m3)

(8/16) 546.0 ----- ----- ----- ----- 281.7 246.9 254.6 231.8

(3/8) 270.8 ----- ----- ----- ----- 139.6 122.4 126.2 114.9

Recycled gravel
(kg/m3)

(8/16) ----- 588.3 444 451.9 350.2 285.0 247.8 243.2 212.5

(3/8) ----- 293.7 220.9 221 172.7 142.3 123.3 118.9 104.8

Water (kg/m3) 197.0 182.9 205.6 252.8 273 193.0 202.7 228.4 240.3

Superplasticizer
Sp (%) 1.00 1 1 0.9 0.9 1 1 1 1

Sp (kg/m3) 4.8 4.8 4.8 4.3 4.3 4.8 4.8 4.8 4.8

	 Table 2	 Mix-proportions of the different SCC [7]
	2. táblázat	 Az öntömörödő betonok (SCC-k) keverékarányai [7]
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SCC with recycled coarse aggregates is often lower than that 
of the reference SCC (SCC1 with 100% OCG). The figure also 
shows a general increase in the density of concrete of family 
B compared to recycled SCC in family A, which is due to a 
reduction in the amount of recycled gravel (100%, 50%), 
because these SCC contain 50% OCG gravel, which has a 
higher density than recycled gravel.

	 Fig. 1	 Haredened density of the different SCC mixtures
	 1. ábra	 Az öntömörödő betonkeverékek (SCC) szilárdulás utáni sűrűsége

3.2 Compressive strength 
The Fig. 2 and 3 depict the evolution of compressive strenght 

of different SCC made with the different types of recycled 
aggregates. The strength of all mixes increases with age. It 
should be emphasized that the compressive strength of SCC 
made with recycled gravel changes over time in the same 
way that SCC1 does; however, it decreases depending on the 
proportion of substitution in recycled gravel. 

At 28 days, the resistance of the combinations SCC2, SCC3, 
SCC4, SCC5, SCC6, SCC7, SCC8, and SCC9 decreased by 5, 
46, 16, 39, 9, 24, 10, and 18%, respectively, as compared to the 
reference mixture (SCC1). As a result, the maximum compressive 
strength after 28 days is attained in the reference concrete SCC1 
and is equivalent to 39.54 MPa, but the loss in strength at 28 days 
of recycled SCC mixes is of the order of 5 to 46% when compared 
to SCC1. It is observed that, the compressive strength values in 
the medium and long term of mixtures made from OCG and 
GWM gravel (SCC1 and SCC2), as well as the mixture of two 
types of these SCC6 gravel, are higher than the other values of 

SCC mix.
Slump flow test J-Ring test V-Funnel test Sieve stability  

segregation test L-Box test

D (mm) T500 (s) Dj (mm) T500J (s) Bj (cm) Tv (s) π (%) H2/H1 (%)

Family 
(A)

SCC 1 734 1.6 711 1.95 1.58 6.15 6.30 82.51
SCC 2 722 1.85 706 2.25 1.88 6.90 6.90 80.60
SCC 3 765 0.95 728 1.25 1.43 5.30 18.65 90.36
SCC 4 697 1.9 688 2.20 1.08 7.35 9.68 93.70
SCC 5 682 1.95 663 2.40 2.03 7.10 10.15 78.23

Family 
(B)

SCC 6 732 1.85 698 2.05 1.67 6.65 7.38 86.10
SCC 7 728 1.35 704 1.90 1.64 5.85 15.28 83.67
SCC 8 739 1.75 712 1.95 1.18 6.90 8.96 90.20
SCC 9 717 1.70 681 2.10 1.86 6.85 10.28 80.33

	 Table 3	 Fresh properties of SCC made with different types of coarse aggregates [7]
	3. táblázat	 Különböző típusú durva aggregátumokkal készült öntömörödő betonok (SCC) friss tulajdonságai [7]

mixtures based on recycled gravel. This can be explained by the 
fact that the strength of the concrete is influenced by the texture 
and shape of coarse aggregates. As a result, the adhesion strength 
between OCG and GWM and the cement paste is stronger than 
that of recycled gravel.

With regard to the binary mixtures of the family B (contain 
50% OCG), a reduction in resistance was noted compared to 
SCC1. For SCC7, the reduction in resistance is primarily due 
to an increase in the W/B ratio and the effect of the mortar of 
the old inert concrete which is attached to the gravel coming 
from the crushed concrete, which hinders the good progress 
of the cement hydration [12]. For SCC8, the reduction in 
resistance is primarily due to the crushed brick gravel which 
has a high water absorption. For SCC9, this reduction in 
resistance is related to the bitumen that covers the grains of 
coarse aggregates. The lowest compressive strength at 28 days is 
attained in SCC3 (100% GBM) and is 21.18 MPa. This decrease 
can be due to bituminous gravel (GBM), which is less stiff than 
other gravel and, when compressed, will crush and slide against 
one other rather than resisting the compression. Benabed [13] 
demonstrated that the resistance of SCC after hardening is 
affected by the W/B ratio, the quality and type of the aggregates, 
the technique of conservation, and the test expiration date. 
Pandaa and Balb [14] have shown that the compressive strength 
of SCC diminishes as the rate of recycled coarse aggregates 
increases. According to Persson [15], the compressive strength 
difference between SCCs and regular concrete is 20 MPa and 
5 MPa for water/binder ratios W/B = 0.4 and 0.5, respectively.

	 Fig. 2	 Compressive strength of SCC mixtures (family A)
	 2. ábra	 Az öntömörödő betonkeverékek (SCC) nyomószilárdsága (A minták)
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	 Fig. 3	 Compressive strength of SCC mixtures (family B)
	 3. ábra	 Az öntömörödő betonkeverékek (SCC) nyomószilárdsága (B minták)

	 Fig. 4	 Tensile strength of SCC mixtures (family A)
	 4. ábra	 Az öntömörödő betonkeverékek (SCC) szakítószilárdsága (A minták)

	 Fig. 5	 Tensile strength of SCC mixtures (family B) 
	 5. ábra	 Az öntömörödő betonkeverékek (SCC) szakítószilárdsága (B minták)

3.3 Tensile strength
Fig. 4 and 5 show the tensile strength results of all mixtures, 

which showed the same tendency as the compressive strength. 
Tensile strength diminishes as the fraction of recycled coarse 
aggregates increases from 50% to 100%. At 28 days, the SCC1, 
SCC2, and SCC6 combinations have the highest tensile strength 
values, which are 3.32, 2.90, and 2.92 MPa, respectively. This rise 
is explained by the substantial roughness of the surface of the 
OCG and GWM gravel particles. The flexural strength of the 
combinations including crushed aggregates improved. This is 
explained by the angularity of the gravel grains, which ensures 
good adhesion between the grains and the cement matrix in 
one hand. In the other hand by the presence of micro-fines 
filling the micropores, which allows densification of the cement 

paste microstructure [16]. The addition of coarse bituminous 
aggregates to the various SCC combinations (SCC3 and SCC7) 
reduces the bearing capacity of the materials, as seen in Fig. 4 
and 5. This drop can be attributed to poor adhesion between 
the cement paste and the gravel grains of asphalt mixes as a 
result of the bitumen that covers the grains of (GBM) and the 
cement paste, resulting in a low tensile strength.

3.4 Water absorption by immersion
Fig. 6 shows that water absorption of different mixtures of 

SCC. It can be seen that the water absorption of greater SCC 
mixtures with recycled gravel (excluding SCC2) are higher 
than for the control concrete SCC1 of ordinary gravel (OCG). 
When the degree of substitution in recycled gravel increases, the 
percentage of water absorption increases up to 2 times (SCC5). 
The proportion of substitution in recycled gravel (50% or 100%) 
increases the water absorption of recycled SCC. Because of its 
gravel (GRB), which has a higher water absorption coefficient 
than other gravel, recycled SCC prepared with crushed brick 
gravels (SCC5 and SCC9) are somewhat more permeable 
than other recycled concretes and have water penetration that 
can exceed double that of the reference concrete. It may be 
concluded that the nature and percentage of recycled gravel 
have a substantial influence on water absorption by immersion 
of recycled SCC. According to Topcu et al. [17], a decrease in 
concrete density is accompanied by an increase in air volume, 
which diminishes the compactness and, as a result, increases 
the porosity of the mixture.

3.5 Water absorption by capillary
Fig. 7 depicts the variation of water absorption by capillary 

of the various SCC. It is noticed that the type of gravel has a 
major influence on the capillary absorption of SCC. SCC5 
has the highest capillary absorption value of any mixture; it 
absorbs more than other mixtures due to its crushed brick 
gravel (GRB), which has a greater water absorption coefficient 
than other gravel (Abs 10%). Because of the presence of mortar 
on the grains, the grains of (GRB), which are totally crushed 
materials, have very angular forms, have a rougher surface, 
lower density, and greater capillary absorption than gravel 
grains (OCG). The density falls and the absorption increases 
correspondingly as the grain size of (GRB) lowers (Fraction 
8/16 minimal fraction 3/8), due to the increasing proportion 
of mortar adhering or which constitutes the grains of minimal 
fraction.

Capillary absorption is reduced when bituminous mixtures 
are used as 100% coarse particles (SCC3). This is owing to 
bitumen’s hydrophobic nature, which interferes with water 
absorption [18], so the cement matrix is more absorbent 
whereas bitumen-coated (GBM) grains are hydrophobic. 
The high water absorption values of SCC based on recycled 
coarse aggregates are a proper indication of this form of SCC 
high porosity and permeability, and therefore of the negative 
influence of using these recycled gravels on the durability 
of the concretes. SCC mixes made with recycled gravel, in 
general, have a higher water absorption capacity than control 
concrete (SCC1). This is certainly related to the huge number 
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of capillary holes by volume. Water is one of the most sensitive 
elements affecting the characteristics of concrete, according 
to extensive study. Water has various significant roles in this, 
including hydration of cement grains, flexibility of fresh 
concrete, and internal cohesiveness of fresh concrete [19].

	 Fig. 6	 Water absorption by immersion of SCC mixtures
	 6. ábra	 Az öntömörödő betonkeverékek (SCC) vízfelvétele vízbe merítéssel

	 Fig. 7	 Water absorption by capillarity of SCC mixtures 
	 7. ábra	 Az öntömörödő betonkeverékek (SCC) kapilláris vízfelvétele

3.6 Shrinkage
Fig. 8 shows shrinkage of the different SCC. It can be noted 

that SCC made entirely of recycled gravel is much greater 
than that of the reference concrete SCC1 made entirely of 
conventional gravel. This figure also reveals that the maximum 
shrinkage of SCC3 based on bituminous mixes (GBM) is 
36% more than that of SCC1 at 28 days, increasing to 43% 
at 120 days. This is mostly due to the bitumen that covers the 
grains of this gravel acting as a water store, compensating for 
the drying of the cement paste for a period. The shrinkage 
process does not begin until all of the water trapped inside 
this gravel has evaporated. The shrinkage of SCC made 
with crushed brick gravel (GRB) is more than that of SCC1 
and grows by 26% at 28 days of age; after that, it eventually 
increases to 23% at 120 days. The shrinkage of SCC4 contains 
crushed concrete gravels (GDC) is higher than that of SCC1 
and reaches an increase of 8% at 120 days. This substantial 
shrinkage is most likely owing to the high porosity of 
recycled gravel as well as the high degree of water absorption 
of the mortar that covers the gravel. Kenai and Debieb [8] 
discovered that open-air concrete mixes based on crushed 
concrete gravel and crushed brick gravel shrink more than 
control concrete based on natural aggregates. Concerning 

the last two groups of concretes produced (SCC8 and SCC9), 
which are based on a binary mixture of gravel of 50%OCG 
+ 50%GDC and 50%OCG + 50%GRB, they generally present 
with a delayed withdrawal compared to SCC1 from an early 
age, with an average decrease of 33% - 41% that can reach 
13% -15% at 120 days.  Shrinkage issues are significantly more 
likely in SCC made with recycled gravel, due to the additional 
water consumption during manufacturing. Only after the 
whole evaporation of the amount of water trapped within 
these gravels does shrinking occur. As a result, intelligent 
selection of superplasticizer type and percentage can lead to 
a reduction in concrete shrinkage [12], and so the addition of 
a superplasticizer minimizes the shrinkage of recycled SCC.

	 Fig. 8	 Evolution of shrinkage during open-air curing of SCC
	 8. ábra	 A zsugorodás alakulása az Az öntömörödő betonok (SCC)  szabadlevegőn 

történő szilárdulása során

4. Conclusions 
The results of this work can lead to the following conclusions:
	■ Depending on the type of gravel, it is found that the 

control SCC of ordinary crushed gravel (OCG) and the 
SCC of crushed marble waste (GWM) have fairly similar 
characteristics at the hardened state. The findings 
show that gravel (GWM) can be technically used as a 
substitute in SCC.

	■ The compressive and tensile strength of SCC made with 
different types of recycled gravel increase proportionally 
with time, although the rate of change is not similar 
for the different mixtures. The obtained strengths are 
acceptable compared to those of the reference SCC 
based on ordinary gravel.

	■ The maximum values of mechanical strength at 28 days 
are obtained for SCC with 100% ordinary crushed gravel 
(OCG). All the tests carried out show unequivocally that 
the incorporation of recycled gravel (except GWM) is 
very detrimental to the mechanical resistance of SCC, 
which decreases with the increase in the dosage of 
recycled gravel substitution.

	■ The study of the influence of recycled gravel on 
shrinkage has shown high shrinkage at young. The 
higher shrinkage is achieved by the composition of SCC 
of 100% asphalt mix gravel (GBM). In practice, in a hot 
climate, this type of increase in concrete shrinkage can 
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be detrimental to its use in structural elements sensitive 
to cracking such as slabs and walls.

	■ The water absorption of SCC made from recycled gravel 
is higher than that of a control SCC made from 100% 
ordinary crushed gravel (OCG) and can reach double 
that of the control SCC. The high water absorption of 
recycled SCC is due to the high porosity of recycled gravel 
(GRB and GDC) which induces the addition of a large 
quantity of water to guarantee acceptable flowability. In 
terms of porosity accessible to water, a strong increase is 
observed with the increase in the proportion of recycled 
gravel. In addition, this is linked to the presence of the 
old mortar on the surface of recycled aggregates (GDC) 
and the material of clayey origin which makes up large 
aggregates (GRB).

	■ Replacing ordinary gravel with partially or totally 
recycled gravel in concrete offers a new source of 
supply and saves materials and quarries. Therefore the 
possibility of using waste gravel in SCC, as recycled 
gravel reduces environmental pollution and provides 
economic value for waste, There is also a significant 
growth potential of recycled aggregate as an appropriate 
solution for sustainable development in the construction 
industry.

Acknowledgements
The authors gratefully acknowledge the Directorate-General 

of Scientific Research and Technological Development of 
Algeria (DGRSDT) for its valuable support.

References
[1]	 Okamura H., Ozawa K. (1994) Self-compactable high performance 

concrete in Japan. ACI International Workshop on high Performance 
Concrete, Bangkok, Thailand

[2]	 Boukhelkhal A., Azzouz L., Belaïdi A., Benabed B. (2016) Effects of 
marble powder as a partial replacement of cement on some engineering 
properties of SCC. Journal of Adhesion Science and Technology. 30(22), 
2405–2419. https://doi.org/10.1080/01694243.2016.1184402  

[3]	 Benabed B., Kadri E., Azzouz L., Kenai S. (2012) Properties of SCC made 
with various types of sand”, Cement and Concrete Composites. 34 (10), 
1167-1173. https://doi.org/10.1016/j.cemconcomp.2012.07.007   

[4]	 Azzouz L., Bouhicha M., Kenai S. (2001) Valorisation and recycling of 
brick wastes in sand concrete. Magazine of Laghouat University. Vol.3. N°1

[5]	 Douara T.H. (2008) Influence of additions on the quality of concrete based 
recycled aggregates. Msc thesis. ENSET Oran

[6]	 Nezergui B. (2008) Comparative study on the formulation of SCC based 
recycled and ordinary aggregates. Msc thesis, ENSET Oran

[7]	 Chaib S., Azzouz L., Benabed B. (2022) Use of recycled aggregates from 
different sources in the production of SCC Part I: Mix design and fresh 
properties. Epitoanyag-Journal of Silicate Based & Composite Materials. 
74(5), 210-217 https://doi.org/10.14382/epitoanyag-jsbcm.2022.30    

[8]	 NF P18-455 standards (2006) Hardened concrete testing: Determination 
of strength

[9]	 NF P18-435 standard (2001) Hardened concrete testing: Bulk density of 
concrete

[10]	NF P 10 502 standard (2001) Hardened concrete testing: Water absorption 
by capillary

[11]	NF P 18 432 standard (2001) Hardened concrete testing: shrinkage tests
[12]	Kenai S., Debieb F. (2011) Characterization of the durability of recycled 

concretes using coarse and fine crushed bricks and concrete aggregates. 
Materials and Structures. 44, 822-823. 

	 https://doi.org/10.1617/s11527-010-9668-7  
[13]	Benabed B. (2014) Influence of sand type on performance and durability 

of SCC” PhD Thesis. University of Laghouat
[14]	Pandaa K.C Balb P.K. (2013) Properties of self-compacting concrete using 

recycled coarse aggregate. Procedia Engineering 51, 159 – 164
[15]	Persson B. (1999) Creep, shrinkage and elastic modulus of SCC. 

Proceedings of First International RILEM Symposium on SCC, Edited by 
Å. Skarendahl and Ö. Petersson, Stockholm, Sweden, 239 – 250

[16]	Tang W.C., Ryan P.C., Cui H.Z., Liao W. (2016) Properties of SCC 
with Recycled Coarse Aggregate. Advances in Materials Science and 
Engineering. 2761294, 11 pages. http://dx.doi.org/10.1155/2016/2761294  

[17]	Topcu I.B., Bilir T., Uygunoglu T. (2009) Effect of waste marble dust 
content as filler on properties of SCC. Construction Building Materials. 
23(5), 1947–1953.  https://doi.org/10.1016/j.conbuildmat.2008.09.007 

[18]	Moniz C., Pierre P., Pleau R., Juneau S. (2013) Determination of the 
laboratory performance of recycled materials used in road foundations. 
Final report submitted to the Ministry of Transport, Québec

[19]	Larrard F. (2000) Granular structures and concrete formulations. 
Laboratoire Central des Ponts et Chaussées, Paris

Ref.:
Chaib, Saad – Azzouz, Lakhdar – Benabed, Benchaa: Use of recycled 

aggregates from different sources in the production of SCC. Part II: 
Hardened state properties

	 Építőanyag – Journal of Silicate Based and Composite Materials, 
Vol. 75, No. 2 (2023), 52–57. p.

	 https://doi.org/10.14382/epitoanyag-jsbcm.2023.08

SCIENTIFIC SOCIETY OF THE  SCIENTIFIC SOCIETY OF THE  
SILICATE INDUSTRY SILICATE INDUSTRY 

The mission of the Scientific Society of the Silicate Industry is  The mission of the Scientific Society of the Silicate Industry is  
to promote  the technical, scientific and economical progress of  to promote  the technical, scientific and economical progress of  

the silicate industry, to support the professional development and  the silicate industry, to support the professional development and  
public activity of the technical and economic experts of the industry.public activity of the technical and economic experts of the industry.

szte.org.hu/enszte.org.hu/en

https://doi.org/10.1080/01694243.2016.1184402
https://doi.org/10.14382/epitoanyag-jsbcm.2022.30
https://doi.org/10.1617/s11527-010-9668-7
http://dx.doi.org/10.1155/2016/2761294
https://doi.org/10.1016/j.conbuildmat.2008.09.007


építôanyagépítôanyag § Journal of Silicate Based and Composite Materials

Scheffe optimization of  
the California Bearing Ratio  
of a kaolin blended lateritic soil  
for pavement construction

Chidozie Chimereze IKPA  Civil Engineering Department, Alex Ekwueme Federal University Ndufu-
Alike, Ikwo, Ebonyi State, Nigeria  ikpa.chidozie@funai.edu.ng
Charles Chinwuba IKE  Civil Engineering Department, Enugu State University of Science and Technol-
ogy, Agbani, Enugu State, Nigeria  Charles.ike@esut.edu.ng
George Uwadiegwu ALANEME  Civil Engineering Department, Kampala International University, 
Uganda  alanemeg@kiu.ac.ug

Érkezett: 2023. 02. 27.  Received: 27. 02. 2023.  https://doi.org/10.14382/epitoanyag-jsbcm.2023.9

Abstract
Improvement of the mechanical behavior of problematic lateritic soil using naturally occurring 
materials that can be sourced within our immediate environment has been understudied over the 
years due to the availability and predominance of Portland Limestone Cement (PLC) as a readily 
available stabilization agent. Therefore, this study presents an approach to the use of Scheffe’s 
optimization method to model the California bearing ratio (CBR) properties of problematic lateritic 
soil blended with kaolin in its natural state for pavement construction purposes. A Scheffe simplex 
lattice second-degree polynomial was applied in formulating the model for predicting the CBR 
behavior of the kaolin treated laterite soil. If the mix ratio is known, the soil’s said property can 
be predicted. A maximum CBR value of 76.6% (Y2) was recorded for the stabilized soil sample. 
The Scheffe model that was used in the study of CBR behavior has been found to be adequate 
at a 95% confidence level. The adequacy of the model was checked using the student T-test and 
analysis of variance (ANOVA) test, and the model is said to be satisfactory at the same level of 
adequate. With the optimization model developed, the CBR behavior of soil samples with similar 
geotechnical properties and stabilization agents can be monitored.
Keywords: lateritic soil, stabilization, CBR, geotechnical, optimization model
Kulcsszavak: lateritikus talaj, stabilizáció, CBR, geotechnikai, optimalizálási modell
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1. Introduction
Over the years, researchers have developed and investigated 

efficient means of utilizing both agricultural and natural 
products to combat soil instability problems. One type of 
natural product that remains untapped with the potential to 
serve as a stabilization agent due to its binding property is 
kaolin. Kaolinite is formed by the weathering or hydrothermal 
alteration of aluminosilicate minerals. Thus, feldspar-rich 
rocks commonly weather to kaolinite. To form, ions like Na, K, 
Ca, Mg, and Fe must first be leached away by the weathering 
or alteration process. Kaolin serves an important function in 
the cement industry when highly calcinated; pulverized Kaolin 
adds comprehensive strength, flexural strength, and water 
permeability to cement [1-2].

It can be considered an interesting area for research to 
ascertain its optimal applicability in the stabilization of 
lateritic soil. Its water permeability characteristic is useful in 
prolonging the durability of concrete and reducing weakening. 
Kaolin adds flexibility, which is often preferred to the usually 
brittle finished product. High-performance concrete (cement 
with Kaolin additives) can be modified to meet a variety of 
applications. Its shrinkage strength when compressed and 
water permeability make high-performance concrete useful for 
pavement construction purposes, among other purposes [3]. 

Mathematical prediction models can be very useful tools for 
making informed decisions and predicting future outcomes. 
However, it’s important to use them in conjunction with other 
sources of information and to be aware of their limitations and 
potential biases. Mathematical prediction models are very crucial 
in civil engineering especially in laboratory works because they 
help in minimize time and cost to find the properties of mixes 
and determine the optimum amount of additives [4, 5].

According to Usoh et al. [6], a mathematical model and 
numerical simulation of heavy metal transport in a municipal 
solid waste (MSW) dumpsite in Akwa Ibom State, Nigeria was 
developed using a two-dimensional finite element model. The 
results of the study showed that the transport of heavy metals in 
the dumpsite is influenced by several factors, including the type 
of heavy metal, the soil properties, and the rainfall. The study 
also showed that the numerical model was able to accurately 
simulate the transport of heavy metals in the dumpsite. Several 
other studies on the development of mathematical prediction 
models for engineering purposes have over the years also 
be published in various journals all over the world. These 
prediction models have farther been developed from just 
mathematical models to artificial intelligence aided models. 

This study aims to find the best mixture design for pavement 
construction purposes by optimizing the CBR of weak lateritic 
soil using the Scheffe simplex lattice method by 
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	■ First ascertaining the aggregates’ physical characteristics.
	■ Establish the ideal Kaolin content for the mix. 
	■ Create a mathematical model that can accurately predict 

the California Bearing Ratio (CBR) of the blended soil 
sample under study.

Scheffe models were specifically developed to handle the 
natural constraints of mixture designs. Bearing in mind 
the loopholes in the trial-and-error method of choosing a 
working mix design, there’s always a great need to subject such 
projects as this, requiring the mixture of three-component 
samples at varying proportions, to an optimization model to 
obtain the best mixture formula; hence, the application of the 
Scheffe optimization model. It was developed in 1963 for the 
assessment of the response of a particular characteristic of a 
mixture to variations in the proportions of its component 
materials [7, 8].

Some of the applications of Scheffe mix design includes.
1.	 Concrete Mix Design: Scheffe’s mixture design method can 

be used to optimize the composition of concrete mixes, 
including the selection, and proportioning of different 
cementitious materials, aggregates, and other additives, to 
achieve the desired properties and performance [9].

2.	 Asphalt Mix Design: Scheffe’s mixture design method can 
also be applied to optimize the composition of asphalt 
mixes, including the selection, and proportioning of 
different aggregates, asphalt binders, and additives, to 
achieve the desired performance characteristics such as 
stability, durability, and resistance to deformation [10].

3.	 Soil Stabilization: Scheffe’s mixture design method can 
be used to optimize the composition of soil stabilization 
mixtures, including the selection, and proportioning 
of different soil types, binders, and other additives, to 
improve the strength and stability of the soil for various 
geotechnical engineering applications [11].

4.	 Composite Materials: Scheffe’s mixture design method can 
also be applied to optimize the composition of composite 
materials used in civil engineering applications, including 
fiber-reinforced composites, polymer composites, and 
other types of advanced materials, to achieve the desired 
properties and performance [12].

Ambrose et al [13] investigated the effect of crushed recycled-
ceramic tiles (CRT) fine aggregate content on the compressive 
strength of concrete. The authors found that the incorporation 
of CRT as fine aggregate improves the compressive strength 
of concrete, and this increase is directly proportional to its 
content. The authors also developed Scheffe’s second-degree 
polynomial models to predict the compressive strength, slump 
height, and cost of CRT concrete. The models were found to 
be adequate at 95% confidence level. A. O. Ogunsanwo et al 
[14] in the Application of Scheffe Optimization Models on 
Soil Stabilization used Scheffe models to optimize the mix 
proportions of cement and lime for stabilizing a tropical clayey 
soil found that the Scheffe models were able to predict the 
strength and durability of the stabilized soil with a high degree 
of accuracy. Furthermore, Ogunsanwo et al [15] reviewed 
the application of Scheffe models on soil stabilization and 
concluded that Scheffe models are effective tools for optimizing 
the mix proportions of stabilization materials. They also 

recommended that more research be done on the application 
of Scheffe models on soil stabilization. Scheffe model was also 
applied in the stabilization of Amuro-okigwe subgrade using 
male inflorescence of oil palm ash (MIPA) [16]. They used 
Scheffe’s model to optimize the mix proportions of MIPA and 
soil. They found that the optimum mix proportion of MIPA 
was 10.5%, which resulted in a significant improvement in the 
strength and durability of the soil.

2. Materials and method 
2.1 Mathematical modelling and formulation of mix 
proportions

2.1.1 The Scheffe Model
Scheffe is an advanced system of regression analysis derived 

from Response Surface Methodology (RSM) through hard 
computing algorithms. In Scheffe’s mixture optimization 
model, the goal is to find the optimal combination of 
ingredients in a mixture that will result in the desired response 
or outcome. This can be applied in various fields such as 
engineering, pharmaceuticals, food science and industrial 
manufacturing [17]. The model involves creating a design  
matrix that represents different combination of mixture 
components and conducting experiments to measure 
the response variable for each combination [18].  These 
measurements are then used to estimate the parameters of 
RSM which describes the relationship between the mixture 
components and the response variable. Using the estimated 
RSM, Scheffe’s method allows for the determination for the 
optimal combination of mixture components that maximizes 
the response variable, while taking into account any 
constraints or limitations. The technique typically involves 
the use of mathematical optimization algorithms to search for 
the optimal solution within the defined parameter space [19].  
RSM involves three major steps, which are:
i.	 The design of the experiment,
ii.	 formulation of model equations, and
iii.	 optimization of the equations under certain given 

constraints.

2.1.2 Scheffe’s simplex Lattice method:
A simplex is defined as a convex polyhedron with 

(k + 1) vertices produced by k intersecting hyperplanes in 
k-dimensional space. While an ordered arrangement consisting 
of a uniformly spaced distribution of points on a simplex is 
known as a lattice. Studying a mixture of n-components 
mixture which are dependent on the component ratio only, the 
factor space is a regular (q-1) simplex and for the mixture the 
following relationship holds [20]. 

	 (1)
Where: q= No of components and Xi≥ 0 = concentration of 

component. 
If q = 2, we have the lattice simplex as a straight line, for q = 3, 

it is an equilateral triangle while for q= 4, the simplex will be a 
regular tetrahedron with each vertex representing each of the 
components. Scheffe considered experiments with mixtures, 
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in which the property studied depends on the proportions of 
the components but not their quantities in the mixture. He 
introduced polynomial regression to model the response, called 
“q, n-polynomial.” Note that these polynomials must be of 
lower degree, otherwise they will be complex to interpret [21].

Note that this polynomial must be of lower degree, otherwise 
it will be complex to interpret. Scheffe used a regular (q-1) 
simplex to represent a factor space to describe a response 
surface for mixtures consisting of several components. If the 
number of components is denoted by q, then for binary system 
(q = 2) the required simplex is a straight line; for q = 3, the 
required simplex is an equilateral triangle; and for q = 4, the 
simplex is a regular tetrahedron [22]. The proportions used for 
each factor have m + 1 equally spaced levels from 0 to 1 (x1 = 0 
1/m, 2/m………1), and all possible combinations are derived 
from such values of the component concentrations. This 
implies that all possible mixtures with these proportions are 
utilized. Hence, for the quadratic lattice (q, 2), approximating 
the response surface with the second-degree polynomials 
(m = 2), the following levels of every factor must be used 0, ½ 
and 1 [23, 24]. The number of runs N in a mix design can be 
calculated thus

	 (2)

Where: q = No of components present in the mix = 3
M = Desired degree of polynomial = 2
Therefore, 

Mix components are assumed to interact within a factor 
space. The research is comprised of a 3-component mixture 
(soil, Kaolin, and water), which was analyzed using a triangle 
simplex lattice having a 2-dimensional factor space. The 
triangular simplex components are illustrated in Fig. 1.

	 Fig. 1	 Three component mixture in a three-dimensional factor space showing six 
points of observation

	 1. ábra	 Három komponensű keverék egy háromdimenziós tényezőtérben, amely hat 
megfigyelési pontot mutat

2.1.3 Pseudo and actual components
Pseudo-components are imaginary or coded variables 

used to simplify design construction and model fitting, 
thereby reducing the correlation between component bounds 
in constrained designs. Scheffe provided an equation for 
elucidating the relationship between the pseudo component(x) 
and the actual component (z) in their mixture designs [25]. 
The summation of the pseudo components must be equal to 
unity as written in Eq.4
Z = AX	 (3)
0≤ x1 ≤ 1	 (4)

According to (9) Z represents the actual components while 
X represent the pseudo components, where A is the constant; 
a three-by-three matrix for the present work under study. The 
value of matrix A will be obtained from the three mix ratios. 
The mix ratios which are the actual components at the vertices 
are chosen at random with the key component being optimized 
kept at a constant value not more than unity [26]. 

A being a matrix of coefficient. 
Therefore 	 (5)
From the actual components Z, a three-by-three matrix is 

formed which when transposed becomes a conversion factor 
from the pseudo to real components. Assuming we select the 
first three mix rations as; thus, Z1(A11, A21, A31,), Z2(A12, A22, 
A32,), Z3(A13, A23, A33,) then the actual component simplex is 
shown below.     

Z1(A11 A21 A31)

Z2(A12 A22 A32)Z3(A13 A23 A33)

	 Fig. 2	 Simplex components at vertices only
	 2. ábra	 Szimplex komponensek csak csúcsokban

With a 3 by 3 matric of  

	 (6)

When transposed becomes 

	 (7)

Furthermore, the actual components along the vertices can 
be gotten by substituting the required data into Eq. 8

	 (8)

The value of A derived from the first three mix ratios. The 
mix ratios are. 

Z1(1.00, 0.25, 0.15), Z2(1.00,0.55,0.16), Z3(1.00,0.75,0.17), 
with corresponding pseudo mix ratios in the form of an identity 
matrix which signifies that these points lie on the vertices of 
the simplex; thus, X1(1, 0, 0), X2(0,1,0), X3(0,0,1).

Substitution of Xi
th and Zith into Eq. 8, then the corresponding 

pseudo components are used to determine the corresponding 
actual mixture components. However, X1 equals proportion 
of sample soil, X2 equals proportion of kaolin, and X3 equals 
proportion of water [27, 28].
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For the first run:

	 (9)

For the second run

	 (10)

For the third run

	 (11)

Substituting the values of the constants, we have [A] matrix.

	 (12)

This derived first three points are located on the vertices 
of the simplex factor space, however, the remaining three 
experimental points which are the interraction points are 
calculated by substituting in Eq. 8 as follows;

For A12

	 (13)

For A13

	 (14)

For A23

	 (15)

The computation matrix table for the mixture proportion 
formulation is presented in Table 1.

Actual Pseudo

Z1 Z2 Z3 Response X1 X2 X3

1 0.25 0.15 Y1 1 0 0
1 0.55 0.16 Y2 0 1 0
1 0.75 0.17 Y3 0 0 1
1 0.4 0.155 Y12 0.5 0.5 0
1 0.5 0.16 Y13 0.5 0 0.5
1 0.65 0.165 Y23 0 0.5 0.5

	 Table 1	 Second order mixture formulation matrix table
	1. táblázat	 Másodrendű keverék-összetétel mátrix táblázat

The experimental control points’ mixture formulations are 
also calculated which were designed for the validation of the 
generated Scheffe’s regression model.

For C1

	 (16)

For C2

	 (17)

For C3

	 (18)

For C12

	 (19)

For C13

	 (20)

For C23

	 (21)

The computation matrix table for the mixture proportion 
formulation is presented in Table 2.

Actual Pseudo

Runs Z1 Z2 Z3 Response X1 X2 X3

1 1 0.683 0.166 C1 0 0.333 0.667
2 1 0.495 0.158 C2 0.25 0.65 0.10
3 1 0.640 0.165 C3 0.1 0.30 0.60
4 1 0.430 0.157 C12 0.6 0.10 0.30
5 1 0.580 0.162 C13 0.1 0.60 0.30
6 1 0.375 0.154 C23 0.65 0.25 0.10

	 Table 2	 Design matrix table for control points based on Scheffe’s (3, 2) - lattice 
polynomial

	2. táblázat	 Tervezési mátrix táblázat a vezérlőpontokhoz Scheffe (3, 2) - rácspolinom 
alapján

2.2 Responses 
A simplex design expression will enable us to predict 

responses for different mixtures. Responses can be defined 
as a blend of selected properties of the additives or treatment 
matrix. For the soil-additive blend mixture, the constituent 
elements are water, kaolin, and soil. This approach is based on 
response surface methodology (RSM).

Hence, a simplex design expression will have the form [7, 29].

	 (22)
Since the sum of the respective component for a ternary 

mixture as considered in this work  
	 (23)
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Where b is the constant coefficients, xi the component 
proportions and Y is the response. 

The reduced second-degree polynomial can be obtained as 
follows. 

	 (24)
	 (25)

Multiplying Eq. 23 by x1, x2, x3 in successions 
	 (26)
	 (27)
	 (28)

Substituting Eq. 24 into Eq. 26, 27, 28, we obtain after 
necessary transformation that. 

 (29)
Simplifying as follows: 

	 (30)
	 (31)

Eq. 29 becomes:
 (32)

Eq. 32 becomes the reduced second-degree polynomial. 
Where: 

	 (33)
	 (34)
	 (35)

	 (36)
	 (37)
	 (38)

3. Test materials 
A kaolin sample was obtained from Agbaghara-Nsu in the 

Ehime Mbano Local Government Area of Imo State, Nigeria, 
using geological bedrock maps provided by the Geological Survey 
Agency of Nigeria for locating mineral deposits throughout the 
federation. The sample was crushed to a fine powder with an 
electric grinder (Model: 4E Grinding Mill, made in Germany) 
set to a gap width of 0.2 mm at 89 rpm. The crushed sample was 
sieved using a BS sieve set to obtain the desired powder form for 
easy mixing with the other mix constituents.

The soil sample was collected from a construction site at 
Alex Ekwueme Federal University Ndufu-Alike, Ikwo, Ebonyi 
State, Nigeria at a depth of 1.5 m using the disturbed sample 
technique. About 500 g of the sample was collected and the 
moisture content of the soil was determined before it was air 
dried for 7 days.

3.1 Methods
The experimental programs for the investigational study 

were carried out in accordance with the British Standard BS 
1377-2 [30] for soil testing in civil engineering which is a 
widely recognized and accepted guideline. Following these 
guidelines ensures that the experimental programs are carried 
out with precision and accuracy, resulting in reliable results 
for Specific gravity testing, Atterberg limits, sieve analysis, and 
the California Bearing Ratio (CBR) test. The Kaolin, sample 

soil, and water sourced from a borehole within the laboratory 
are the three component materials in this mixture experiment 
problem [28].

3.1.1 California Bearing Ratio (CBR)
The California Bearing Ratio (CBR) is a standardized 

British test used to evaluate the strength and bearing capacity 
of subgrade and base course materials for roads, pavements, 
and other infrastructure projects. The test measures the ratio 
of the bearing capacity of a soil sample (in this case, a series 
of different variations of constituent components alongside 
sample soil mixes developed by the Scheffe mix design) to that of 
a standard crushed rock material. The test involves compacting 
the sample in a 2360 cm3 mold using a 2.5 kg rammer in three 
layers. The first layer is compacted by dropping the rammer 
25 times from a height of 30 cm. The second and third layers 
are compacted by dropping the rammer 50 times from a height 
of 15 cm. After compaction, the soil sample is allowed to be 
cured for 24 hours before the CBR test is conducted [31].

3.1.2 Specific gravity test
Based on the outline as described in BS 1377 [30] Part 4, the 

relative density of soil particles is gauged by the specific gravity 
of the soil. It is described as the proportion between the weight 
of an equal volume of soil particles and water. It can be used to 
determine the density, void ratio, and water content of soil. The 
specific gravity of soil is a crucial property for engineers and 
geotechnical experts. There are several ways to calculate soil’s 
specific gravity, but the pycnometer method was used in this 
research study.

3.1.3 Compaction Test
The typical Proctor Test, also known as the compaction test, 

entails a lab procedure used to identify the ideal water for a 
specific compaction energy for a specific soil compaction 
energy. The purpose of this test is to determine whether 
soil has been compacted to the required density for use as a 
foundation for buildings, roads, and other structures. Although 
the Proctor Test is frequently used, there are other ways to 
assess the compaction properties of soil that might be more 
suitable for definite applications. For instance, the Scheffe mix 
design method entails developing unique soil mixtures using 
various constituent components and analyzing their laboratory 
compaction characteristics. This strategy can lead to more 
effective engineering by allowing them to adjust soil properties 
to specific project requirements [32].

4. Result and discussion
4.1 Characterization of test materials 

The grain size distribution of the test soil from the laboratory 
experiments is represented as plotted in Fig. 3. From the 
obtained sieve analysis results, 80.5–6.15% are passing through 
sieve sizes of 2 mm–75 m, respectively. Tracing through the 
semi-log plot, the coefficients of gradation are derived as shown 
in Eq. 39–41. The obtained results indicate poorly graded silty 
clayey soil particles [33].
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4.1.1 Test soil

	 (39) 

	 (40)

Coefficient of curvature ; Coefficient 
of Uniformity 	                                        (41)

	 Fig. 3	 Sieve analysis graph of the test soil
	 3. ábra	 A vizsgált talaj szitaelemzési grafikonja

The obtained laboratory results further showed that the soil 
has a specific gravity of 2.21 and a plasticity index of 17.67, 
which explains the plastic behavior of the sample soil. The 
AASHTO/USCS [34, 35] classification is A-7-6/CL, which 
indicates poorly graded silty clay soil with loose sedimentary 
materials and tiny rock particles. Applying the Atterberg limits 
in Casagrande’s plasticity chart, the clay mineral identified is 
an inorganic clay of low plasticity. This soil type is rated poor 
for foundation and pavement construction purposes; hence, 
the need for stabilization. Also, the California bearing ratio 
test carried out on the soil sample showed a bearing capacity of 
5.5%. These soil properties indicate inadequate conformance 
to the specifications of the Federal Ministry of Works for 
construction foundation materials [36, 37].

S/N Properties Standards Result

1 Soil color - Reddish brown

2 Natural moisture content BS 1377-2 23.4%

3 Specific gravity BS 1377-2 2.21

4 % Passing sieve 
0.075mm

BS 1377-2 6.15

5 Liquid limit BS 1377-2 45.66

6 Plastic limit BS 1377-2 27.99

7 Plasticity index BS 1377-2 17.67

8 AASHTO /USCS 
classification

AASHTO 1986/  
ASTM D 2487–11

A-7-6/CL

9 C.B. R BS 1377-2 5.5%

	 Table 3	 Properties of Sample soil
	 3. táblázat	 A talajminta tulajdonságai

The test for compaction showed the relationship between 
dry density and moisture content for different responses as 
shown in Fig. 4 and 5 below.

	 Fig. 4	 Variations of Average Moisture Content
	 4. ábra	 Az átlagos nedvességtartalom változása

	 Fig. 5	 Variations of Dry Density
	 5. ábra	 A száraz sűrűség változása

The derived laboratory results in comparison with the 
control experiment indicate a  maximum average moisture 
content of 16.7% at experimental run Y23 and a minimum 
average moisture content of 9.32% at experimental point Y2. 
Also, the  dry density results obtained showed a maximum 
value of 170 mg/m3 at experimental point Y2, and 92 mg/m3 
at experimental run Y23 was recorded as the minimum value. 
Compaction property behavior can be said to show significant 
improvement at mix design experiment Y23, which contains 
35.81% kaolin, 9.09% water, and 55.10% test soil [38].

3.2 California Bearing Ratio (CBR)
The responses of the experimental, modelling and 

coefficients on the CBR exercise of the kaolin treated lateritic 
soil is represented in Table 4 below.

Code Z1 Z2 Z3
Experimental 

response X1 X2 X3

Y1 1 0.25 0.15 38.9 1 0 0
Y2 1 0.55 0.16 76.6 0 1 0
Y3 1 0.75 0.17 26.8 0 0 1
Y12 1 0.4 0.155 59.1 0.5 0.5 0
Y13 1 0.5 0.16 71.3 0.5 0 0.5
Y23 1 0.65 0.165 68.1 0 0.5 0.5
C1 1 0.68 0.166 58.7 0 0.333 0.667
C2 1 0.50 0.159 70.0 0.25 0.65 0.1
C3 1 0.64 0.165 68.4 0.1 0.3 0.6
C12 1 0.43 0.157 71.3 0.6 0.1 0.3
C13 1 0.58 0.162 75.5 0.1 0.6 0.3
C23 1 0.38 0.154 60.6 0.65 0.25 0.1

	 Table 4	 California bearing ratio responses from the experimental exercise and the 
model

	4. táblázat	 Kaliforniai teherbírási arány a kísérletek és a modell alapján
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The minimum condition for the use of a material as a Sub-
base for pavement construction purposes in terms of CBR 
as stipulated by the Nigerian general specification for roads 
and bridges works volume III [39] to be 30% for sub-base. 
Based on the standard as stated, the peak value at 76.6% at 
mix design Y2 for the unsoaked sample was recorded at a mix 
ratio of (1.00:0.55:0.16) for the sample soil, kaolin, and water 
respectively and thereafter there was a decrease in strength. 
Considering regression equation for the California bearing 
ratio from equ.33, 34, 35, 36, 37 and 38, and the experimental 
responses of the actual components, where.

Y1 = β1 =38.9	
Y2 = β2 =76.6
Y3 = β3 =26.8
And further substituting into Eq. 36, 37 and 38 for the values 

of β1, β2, β3 respectively, the coefficients of the Scheffe’s second-
degree polynomials were as shown in Table 5.

Model coefficients
β1 β2 β3 β12 β13 β23

38.9 76.6 26.8 5.4 153.8 65.6

	 Table 5	 Coefficients of the Scheffe’s second-degree polynomials
	5. táblázat	 A Scheffe-féle másodfokú polinomok együtthatói

Further substitution of the values as shown in Table 6 into 
Eq. 32, the values for the model responses were derived thus,

( 4 2 )

3.3 Test of adequacy of Scheffe’s model developed
Eq. 42 is the modelled mathematical relationship to aid in 

optimization of California Bearing Ratio of kaolin stabilized 
Ikwo lateritic soil. Using the developed regression model in 
Eq. 42, the predicted results were determined and compared 
with the experimental test results to evaluate the prediction 
performance using the statistical methods ANOVA and the 
student’s t-test [40, 41]. The compared and computed results 
are presented in Fig. 6 and Table 6.

	 Fig. 6	 Experimental and model predicted results
	 6. ábra	 A kísérleti és a modellel előre jelzett eredmények

s/n Actual results Predicted results
C1 58.7 57.977
C2 70.0 71.181
C3 65.4 64.148
C12 71.3 69.016
C13 75.5 74.636
C23 60.6 59.629

	 Table 6	 Experimental and Scheffe’s model predicted results
	6. táblázat	 A kísérleti és a Scheffe-modell alkalmazásával előrejelzett eredmények

  Actual results Predicted results
Mean 66.916 66.098

Variance 42.421 43.767
Observations 6 6

Pearson Correlation 0.985
Df 5

t Stat 1.776
P(T<=t) one-tail 0.067
t Critical one-tail 2.015
P(T<=t) two-tail 0.135
t Critical two-tail 2.570  

	 Table 7	 Table t-Test statistical result
	7. táblázat	 A t-teszt statisztikai eredménye

Scheffe’s model is adequate for use in predicting the probable 
California bearing ratio strength properties of lateritic clayey 
soil-kaolin blend. The statistical model validation tests were 
carried out at 95% confidence interval using Microsoft Excel 
software. P(T<=t) two-tail of 0.1358 was obtained from the 
t-test and ANOVA respectively which indicates that the null 
hypothesis that there is no significant difference between the 
actual and Scheffe’s models predicted values is accepted [42].

SUMMARY

Groups Count Sum Average Variance

Actual 
results

6 401.5 66.916 42.421

Predicted 
results

6 396.6 66.098 43.767

Source 
of  

Variation

SS Df MS F P-value F crit

Between 
Groups

2.010 1 2.010 0.046 0.833 4.964

Within 
Groups

430.944 10 43.094

Total 432.954 11

	 Table 8	 Table ANOVA results
	8. táblázat	 ANOVA eredmények

4. Conclusions
Based on the results, the reddish shelly Ikwo lateritic soil was 

classified as A-7-6 according to AASHTO and CL (inorganic 
clay) in the unified classification system of soil, respectively. 
The following conclusions were drawn:
1.	 The lateritic soil sample is a problematic soil with a low 

plasticity index.
2.	 The kaolin sourced from Agbaghara Nsu in its natural 

state can be a good pozzolana.
3.	 The kaolin sourced from Agbaghara Nsu can serve as a 

good binder for the stabilization of Ikwo lateritic soil.
4.	 A Scheffe second degree polynomial was successfully used 

in formulating a model for the prediction of the CBR 
behavior of the stabilized Ikwo lateritic soil.

5.	 The optimum mixture design was achieved.
6.	 The models developed from this thesis work provided a very 

good prediction of the responses used, and as such, this model 
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can be used in making critical decisions concerning the CBR 
of soil samples having similar geotechnical properties.

7.	 The student T-test and analysis of variance (ANOVA) test 
were used to check the validity of the models, and the 
model was found to be adequate at a 95% confidence level.

8.	 It was also concluded from the T-test and ANOVA 
statistical results that the P-value of 0.83 further explains 
that there is no significant difference between the actual 
CBR value, and the Scheffe model predicted value.

4.1 Recommendations
The requirement for a sub-base material can be said to be 

adequately satisfied by Ikwo lateritic soil when it’s treated with 
Kaolin sourced from Agbaghara Nsu in Imo State. However, 
the behavior of this same sample soil will likely differ with the 
application of kaolin gotten from other sources.

However, the recommendation of its adequacy as a sub-base 
material is based on the prediction of the Scheffe mix design of 
1:0.55:0.16 for the soil, kaolin, and water, respectively.
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Abstract
The efficiency of solar cell and the corresponding output power is mainly affected by the rise in 
the film temperature, and in such cases, the stability in thermal conductivity value is required to 
ensure adequate rate of heat loss. This study investigates the effect of temperature rise on the 
overall thermal conductivity of the perovskite cell including the response of polymeric additives 
that have been used recently to enhance the interaction between different grains in perovskite 
films. The polymers under study are: polyethylene oxide (PEO), polyacetylene (PA), polythiophene 
(PT), polystyrene (PS) and polymethyl methacrylate (PMMA). The work assumes mathematical 
procedure that links the variation of temperature to the degree of polymer’s crystallinity and then 
converting this impact in terms of thermal conductivity. The calculations assumed three different 
concentrations of the polymer as: 1, 3 and 5%. Each polymer has served with two degrees of 
crystallinity. In general, the results show that the effect of added polymers on the final value of 
the thermal conductivity of the film may be positive or negative depending on three main factors: 
k-value of the perovskite-based material, k-value of the polymer and concentration of the polymer. 
The effect of the polymer appears more when it is used with the low k-value perovskite material 
(0.2 W/m∙K) rather than with high k-value perovskite material (0.8 W/m∙K). The addition of PEO 
to the perovskite-based materials makes the overall k-value of the film reaches to 3.7 W/m∙K 
and even higher when the temperature rises up. Hence, this polymer is useful in high operation 
temperature. In the case of using polymers (PA and PT), the overall k-value of the film was less 
sensitive. The use of amorphous polymers (PS and PMMA) has not witnessed any significant 
contribution in the overall k-value of the film. 
Keywords: temperature rise, thermal conductivity, polymers, perovskite, solar cells
Kulcsszavak: hőmérséklet-emelkedés, hővezető képesség, polimerek, perovszkit, napelemek
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1. Introduction
Recently, solar cells including many categories, such as: 

silicone-based cells, concentrated photovoltaics, organic 
photovoltaics, cadmium telluride cells, copper indium gallium 
selenide (CIGS) cells, multi-junction cells, tandem cells, 
quantum-dot cells and perovskite cells. These types have been 
receiving attention from both researchers and manufacturers 
[1]. A perovskite solar cell is a developed type of solar cells 
which includes perovskite-structured compounds, mostly 
semiconductors such as: calcium titanium oxides with hybrid 
organic-inorganic lead-based materials or tin halide-based 
materials. The materials used in the perovskite type have 
witnessed many improvements to become more economic 
as well as energy efficient, where maximum efficiency has 
reached up to 25% [2-6]. The characteristics of organic-
inorganic perovskite regions are the interest for recent studies 
to develop the performance of these cells by enhancing many 
preferable parameters such as: absorption coefficient, bandgap, 
carrier mobility and carrier lifetime [7, 8]. The crystallization 
of the cells is another imperative feature for high performance 
perovskite cells, where it is related to the light absorption and 
carrier transportation. The presence of defects and crosslinking 

patterns may affect the performance of the cells by accelerating 
the carriers’ recombination. Therefore, more attention has been 
seeking to reduce the defects and pinholes in order to obtain 
perfect perovskite cells [9-11].

Polymeric materials have been involved in perovskite cells 
as additives to enhance the general performance of the solar 
film and the overall conversion efficiency. In this aspect, 
common polymers that are used include: polyethylene oxide 
(PEO), polyvinylpyrrolidone (PVP), polyacrylonitrile (PAN), 
polyetherimide (PEI), polymethyl methacrylate (PMMA), 
polyacetylene (PA), polythiophene (PT), polystyrene (PS) and 
some other polymers [12-15]. From previous studies, polymers 
can be used as additives to improve the crystallization 
morphology by enhancing the interaction between different 
grains in perovskite films [16, 17], and by facilitating the 
nucleation and regulating the crystal growth [18-20]. Polymers 
can be immersing easily in polar solvents, which reduces the 
contact angle [21] and increases the device stability [22, 23]. 
Furthermore, polymers demonstrated for the improving of 
electrical, optical and other physical properties of perovskite-
structured materials [24-31].

https://creativecommons.org/licenses/by-nc/2.0/
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Polymers usually have med-to-high degree of crystallinity, 
where the structure of the molecules is identical partially. 
The degree of crystallinity has a big influence on many 
thermo-physical properties as well as mechanical features. 
However, synthetic polymers are usually semi-crystalline 
and their degrees of crystallinity are typically range between 
10-80% [32-35]. The degree of crystallinity is an important 
factor affecting the thermal conductivity of semi-crystalline 
polymers. Where, maximum thermal conductivity achieved at 
high degree of crystallinity, where packed structure accelerate 
the heat [34]. However, in semi-crystalline polymers, thermal 
conductivity above room temperature gradually decreases by 
the increasing of temperature. This can be attributed to the loss 
of crystalline regions due to the heat flow [36-39]. Since, the 
most of solar radiation incident on the film is not converted 
into electricity, but it is absorbed as a heat thus it rises up the 
film temperature which causes a reduction in the efficiency. 
Access heat can be removed from internal layers mainly by heat 
conduction, which is related to the thermal conductivity of the 
material. Therefore, higher heat conductivity means efficient 
performance, and thus higher output power [40-45]. Hence, 
when temperature rises, a variation in thermal conductivity of 
the polymer affects the cell performance.

The object of the current study is to predict theoretically 
the effective thermal conductivity of the perovskite film due 
to the thermal behavior of polymeric additives that influence 
the overall performance of the solar cell. It is worth to 
mention that there is limited literature regarding the thermal 
conductivity of composite perovskite/polymer films. The 
novelty of the study is to present a mathematical model that 
links the effect of temperature on thermal conductivity of 
polymeric additives (with their specific concentration ratio 
and degree of crystallinity) to the overall thermal conductivity 
of the perovskite solar cell.

2. Materials and methods 
In order to find the variation in the thermal conductivity of 

perovskite film including the thermal behavior of polymeric 
additives in the cell, some common polymeric materials are 
considered, such as: polyethylene oxide (PEO), polyacetylene 
(PA), polythiophene (PT), polystyrene (PS) and polymethyl 
methacrylate (PMMA). These materials show different features 
and wide range of thermo-physical properties, as shown in 
Table 1.

Polymer Degree of  
crystallinity

(%) 

Density of  
crystalline  
structure
(g/cm3)

Density of  
amorphous  
structure
(g/cm3)

Thermal 
conductivity 
of crystalline 

structure
(W/m∙K)

PEO 60-80 [46] 1.24 [47] 1.12 [47] 60 [48]

PA 50-70 [49] 0.6 [50] 0.4 [50] 0.95 [51]

PT 40-60 [52] 1.18 [53] 1.12 [53] 0.62 [51]

PS 3-8 [54] 1.05 [55] 1.03 [55] 0.18 [56]

PMMA ~ 0 [57] 1.19 [57] 1.19 [57] 0.16 [58]

	 Table 1.	 Thermo-physical properties of polymers (pure solid additives)
	1. táblázat	 A polimerek hőfizikai tulajdonságai (tiszta szilárd adalékok)

Since the intended goal is to determine the change in thermal 
conductivity of these polymeric materials due to the variation 
in the temperature of the film, hence the current mathematical 
procedure suggests finding the variation in the temperature 
with respect to an intermediate parameter which is the degree 
of the crystallinity, and then seeking to link this parameter to 
the thermal conductivity of the polymer and corresponding 
impact on the thermal conductivity of solar cell as overall. 

The  thermal conductivity  of common polymeric materials 
is usually ranged between 0.2-1.0 W/m∙K, with unique values 
for some others [35]. Polymers with high thermal conductivity 
values are required when the purpose is to release the heat. 
Many factors affect the thermal conductivity of a material 
such as: temperature, density, porosity, moisture, degree of 
crystallinity, chain structure, orientation of grains, size of 
molecules and impurities [59, 60]. The coefficient of thermal 
conductivity of polymers has different behaviors whether 
the polymer is thermoplastic or thermosetting, crystalline or 
amorphous and below or above glass-transition temperature 
[61, 62]. The increasing of the crystallinity leads to increase the 
thermal conductivity, thus thermal conductivity of crystalline 
region is higher than thermal conductivity of amorphous 
region [63-65]. However, the thermal conductivity of a semi-
crystalline polymer is given by [34]:

kpo = Xc kc + (1-Xc) ka	 (1)

Where;
kpo: thermal conductivity of the semi-crystalline polymer.
kc: thermal conductivity of crystalline part.
ka: thermal conductivity of amorphous part.
Xc: degree of crystallinity of the polymer.

The last equation can be re-written as;

kpo = [(1 – Z) Xc + Z] kc	 (2)

Where (Z) is the ration between (ka) and (kc).

Since, the thermal conductivity is influenced by the 
density, where the higher density material has the higher 
thermal conductivity and the increasing in the crystallinity 
of the polymer leads to increase both: density and thermal 
conductivity in the same manner [66]. Thus, the ratio (Z) can 
be presented in terms of density, as following;

Z = ρa / ρc	 (3)

During temperature rise, the thermal conductivity of the 
semi-crystalline polymers (PEO, PA and PT) decreases with 
respect to the increasing in the temperature. This can be 
attributed to the phenomenon of Umklapp scattering process, 
which occurs in the boundary of lattice where it increases the 
momentum of phonon. By rising the temperature, this process 
becomes more frequent and the phonon free path decreases, 
thus less ability to conduct the heat [61, 62]. For PS and PMMA, 
since the structure of these polymers is amorphous, so they 
show different behavior with temperature. Where, the thermal 
conductivity increases with the increasing of the temperatures 
in association with the increasing of the specific heat, and 
this attributed to the increase of the thermal activation of 



építôanyagépítôanyag § Journal of Silicate Based and Composite Materials

 Vol. 75, No. 2 § 2023/2 § építôanyagépítôanyag § JSBCM JSBCM |   69

the phonons due to the molecular vibration within the lattice  
[58, 61].

Hence, the general form of thermal conductivity-temperature 
relationship has the following linear formula:

kp = kpo + μ T	 (4)

Where:
kp: thermal conductivity of the polymer as a function of 
temperature.
kpo: thermal conductivity of the polymer at room temperature.
μ: index of variation.
T: temperature.

The index of the variation with the temperature within the 
range 20-100 oC can be extracted from specific studies that 
investigated the temperature effect on the thermal conductivity 
of the selected polymers, as shown in Table 2.

Polymer Index of variation 

PEO - 0.3 [48]

PA - 0.004 [51]

PT - 0.002 [51]

PS + 0.0006 [56]

PMMA + 0.0008 [56, 58]

	 Table 2	 The index of variation of thermal conductivity of polymers with the 
temperature

	2. táblázat	 A polimerek hővezető képességének változási indexe a hőmérséklet 
függvényében

Perovskite-based materials usually have thermal conductivity 
values between 0.2-0.8 W/m∙K at room temperature, and it 
may be even more for some compositions [67, 68]. During 
the operating and exposing to sunlight, high film temperature 
can lead to the degradation of perovskite solar cells due to 
burn-in, defects formation, films cracking, and delamination 
at the layers’ interfaces. Keeping high thermal conductivity 
is essential to reduce the film temperature and facilitating 
the dissipation of accumulated heat. However, the interested 
thing about these materials is that as temperature increases, 
many parameters increases as well, such as: number of free 
electrons, lattice vibrations, thermal activation of the phonons 
and specific heat [69]. Thus, the thermal conductivity of the 
perovskite-based material is expected to increase. It is noticed 
that the variation of thermal conductivity with the temperature 
(within 20-100 oC) for low k-value of perovskite material is 
generally has the form [70, 71]:

kv = kvo + 0.001 T	 (5)

Where, kvo is the k-value of the perovskite-based material at 
room temperature. While, the variation of k-value with the 
temperature for high thermal conductivity perovskite material 
is generally appeared as [72, 73]:

kv = kvo + 0.02 T	 (6)

Finally, the overall k-value of the whole perovskite film is the 
summation of both k-value of perovskite-based materials (kv) 
and k-value of polymeric additives (kp) according to the mixing 
rule of composite materials and depending on the content of 

perovskite-based materials (φv) and the content of polymeric 
materials (φp). Thus:

k = kv φv + kp φp		  (7)

Take into account that the concentration of polymeric 
materials involved within the whole structure of the film in the 
perovskite cell is between 1-5 wt% [12-31].

3. Results and discussion
This study includes theoretical analysis to predict the overall 

thermal conductivity of the perovskite film including the 
variation happens in the thermal conductivity of polymers that 
usually involved within the film to enhance the performance of 
the solar cell. As mentioned previously, five types of polymeric 
materials have been included in the calculations with their 
properties. The polymers are: polyethylene oxide (PEO), 
polyacetylene (PA), polythiophene (PT), polystyrene (PS) and 
polymethyl methacrylate (PMMA). The calculations assumed 
three different concentrations of the polymeric additives as: 
1, 3 and 5%. Each polymer has served with two degrees of 
crystallinity; i.e. the maximum value and the minimum value. 
The thermal conductivity of the perovskite-based material has 
two values as; 0.2 and 0.8 W/m∙K (designed values). The range 
of temperatures considered was between 20-100 oC.

In general, the low thermal conductivity of perovskite 
composites is attributed to the shorter lifetimes of the optical 
phonons and the smaller group velocity of acoustic phonons 
[73]. Take into account the effects of the values and distribution 
of band gaps [74].

The results show that the effect of added polymers on the 
final value of the thermal conductivity of the film may be 
positive or negative depending on three main factors: k-value 
of the perovskite-based material, k-value of the polymer and 
concentration of the polymer. As for the degree of crystallinity, 
it had no significant effect because the variance in the k-value 
was very small. Also, the effect of the polymer appears more 
when it is used with the low k-value perovskite material 
(0.2 W/m∙K) because of the closeness of this k-value with 
the k-value of the polymer. But when it is used with the high 
k-value perovskite material (0.8 W/m∙K), the perovskite will 
dominate for two reasons; firstly, its high k-value compared to 
the polymer, and secondly because of the accelerated increase 
of this value when the temperature rises comparing to the slow 
change that occurring on the k-value of the polymer.

The deep analysis of the results has shown that the thermal 
conductivity of semi-crystalline polymers (PEO, PA and PT) 
has decreased by the increasing in the temperature, due to less 
mean free path of phonons, thus it may have a negative impact 
on the overall thermal conductivity of the perovskite film. 
On the other hand, the thermal conductivity of amorphous 
polymers (PS and PMMA) has increased by the increasing in 
the temperature, due to thermal activation of the phonons, thus 
it may have a positive impact on the thermal conductivity of 
overall perovskite cell. However, each polymer has shown some 
interesting behaviors and intervention effects of polymeric 
concentration and thermal conductivity of perovskite-based 
materials.
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The addition of PEO to the film has introduced a unique 
contribution as a semi-crystalline polymer to the perovskite 
cell due to its high thermal conductivity value (60 W/m∙K). 
This makes the overall k-value of the film reaches until 
(3.7 W/m∙K) at room temperature which is higher than the 
k-value of the perovskite-based material and it remains high at 
any range of temperatures or polymeric concentrations, as shown 
in Fig. 1. The overall k-value was between 0.7-3.0 W/m∙K for the 
film of perovskite-based thermal conductivity of (0.2 W/m∙K), 
and between 1.3-4.0 W/m∙K for the film of perovskite-based 
thermal conductivity of (0.8 W/m∙K). Hence, this polymer can be 
useful in application requires efficient heat conduction and thus 
to obtain higher power efficiency. However, for low perovskite 
thermal conductivity (0.2 W/m∙K), the rise in the temperature 
up to 100 oC has shown a decreasing in the k-value by 25-45% in 
comparing to the reference value at room temperature (20 oC). 
While, for high perovskite thermal conductivity (0.8 W/m∙K), 
the rise in the temperature up to 100 oC has shown an increasing 
in the k-value by 10-90% in comparing to the reference value 
at room temperature. The decreasing in the first case is mainly 
due to the polymer thermal behavior which was the dominant, 
where at low value of perovskite k-value (0.2 W/m∙K) and its 
corresponding thermal response which was low comparing to 
the highly response of the polymer that made the overall film 
follows the polymer behavior. While, in the second case (kv=0.8 
W/m∙K), the thermal response of the perovskite was higher, thus 
the overall film follows the perovskite behavior not the polymer.  
Furthermore, the increasing in the degree of crystallinity of the 
polymer from 60 to 80% enhanced the thermal conductivity 
of the film by 2-3% only, which is disappointed. Note that the 
increasing in the PEO concentration results in even higher 
k-values in overall.   

In the case of using polymers (PA and PT) that have relatively 
closest thermal conductivity values to the perovskite-based 
materials, the overall k-value of the film was less sensitive to the 
thermal behavior of the polymeric materials, especially at the high 
design k-value (0.8 W/m∙K). The results of adding PA to the film, 
shown in Fig. 2, have revealed an effective thermal conductivity 
usually more than the designed value at any range of temperatures 
or polymeric concentrations. However, at low design k-value 
(0.2 W/m∙K), the behavior of increasing in overall k-value is 
attributed to the fact that the k-value of the polymer was higher 
in comparing to the perovskite-based material, even though the 
decreasing ratio in the polymer k-value was higher than the 
increasing ratio in the perovskite k-value. At high design k-value 
(0.8 W/m∙K), the sensitivity of polymer effect was relatively less 
due to higher k-value of the perovskite-based material compared 
to the polymer, and secondly because of the faster increase in the 
k-value of the perovskite-based material with the temperature 
comparing to the slow decreasing in the k-value of the polymer. 
A similar behavior can be seen by the adding of PT to the film, as 
shown in Fig. 3, with even less influence due to the lower k-value 
of PT than that of PA, and corresponding thermal response of 
PT which was lower than that of PA. However, the rise in the 
temperature up to 100 oC increased the referenced k-value of 
the film for both PA and PT up to 50% for (kv=0.2 W/m∙K) and 
up to 150% for (kv=0.8 W/m∙K), where this is actually the same 
increasing in the k-value of the perovskite-based materials. Also, 

the enhancement in k-value due to increasing in the degree of 
crystallinity of the polymer was negligible.

In case of adding amorphous polymers (PS and PMMA), that 
already have low values of thermal conductivity and slow thermal 
response, the overall k-value of the film is rather a function of 
perovskite-based materials only, even at high temperatures, 
as shown in Fig. 4 and 5, respectively. However, the involving 
of more than 1% of these polymers within the film was not 
sufficient to rise the effective thermal conductivity higher, thus it 
may be a useless choice in the design.

	 Fig. 1	 Overall thermal conductivity of perovskite cell at different PEO concentrations
	 1. ábra	 Perovszkit cella teljes hővezető képessége különböző PEO koncentrációk mellett
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	 Fig. 2	 Overall thermal conductivity of perovskite cell at different PA concentrations
	 2. ábra	 Perovszkit cella teljes hővezető képessége különböző PA koncentrációk mellett

	 Fig. 3	 Overall thermal conductivity of perovskite cell contains at PT concentrations
	 3. ábra	 A perovszkit cella teljes hővezető képessége PT koncentrációban
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	 Fig. 4	 Overall thermal conductivity of perovskite cell at different PS concentrations
	 4. ábra	 Perovszkit cella teljes hővezető képessége különböző PS koncentrációk mellett

For validation purpose, the current results can be compared 
with that obtained from certain studies that may help to 
understand the differences, as shown in Table 3.

Study Added polymers  
and loadings

Results 

Current PEO, PA, PT, PS  
and PMMA

1-5% wt.

The addition of PEO to the perovskite makes the 
overall k-value higher by 2-3 times, and it is reliable 

for any temperature rise. In the case of using 
polymers PA and PT, the overall k-value has fair 

effects. The use of PS and PMMA has no significant 
effects.

[16] PFN, PMMA  
and PS

1-3% wt.

The addition of polymers enhances the crystalline 
growth. This leads to improve the thermal 

conduction. Results shown that increasing the 
amount of PMMA and PS is not required due to very 

large size aggregates and non-uniform structure, 
which leads to less ordered crystalline chains.

[17] PEO
1% wt.

The addition of PEO enhances the power efficiency 
by 25%. This is satisfies better thermal conduction.

[18] PEI
1% wt.

The addition of PEI improves the crystallinity of the 
film, as well as enhances the power efficiency by 

26%. This leads to improve the thermal conduction.

[23] PVP
3% wt.

The addition of PVP improves the crystallinity of the 
film, as well as enhances the power efficiency by 

30%. This leads to improve the thermal stability and 
thermal conduction.

[70] N/A The k-value kept between 0.3-0.4 W/m∙K up to 
150 oC.

[71] N/A The k-was kept between 0.25-1.0 W/m∙K up to  
100 oC with a drop in the inclination.

[75] Theoretical 
approach

At elevated temperatures up to 54 oC, the k-value 
was 0.14 W/m∙K for the iodine-based perovskite 

film, and 0.08 W/m∙K for the chlorine-based 
perovskite film.

	 Table 3	 Comparison with certain studies
	3. táblázat	 Összehasonlítás egyes tanulmányokkal

	 Fig. 5	 Overall thermal conductivity of perovskite cell at different PMMA 
concentrations

	 5. ábra	 Perovszkit cella teljes hővezető képessége különböző PMMA koncentrációk 
mellett



építôanyagépítôanyag § Journal of Silicate Based and Composite Materials

 Vol. 75, No. 2 § 2023/2 § építôanyagépítôanyag § JSBCM JSBCM |   73

4. Conclusions
The study linked the impact of changing the thermal 

conductivity of some common polymeric additives due to 
temperature rise on the effective thermal conductivity of the 
overall perovskite film. The obtained results by the calculations 
yield the following conclusions:
	■ In general, polymeric additives may have positive or 

negative contributions on the final value of the thermal 
conductivity of the film based on the factors: k-value of 
the perovskite-based material, k-value of the polymer 
and concentration of the polymer.

	■ Polymers affect thermally when the perovskite-based 
material is low (0.2 W/m∙K) rather than with high 
k-value perovskite material (0.8 W/m∙K).

	■ The existence of PEO within the perovskite-based 
materials makes the overall k-value of the film high at 
any range of temperatures or polymeric concentrations.

	■ The overall k-value of the film involved PA and PT was less 
sensitive to the thermal behavior of the polymeric materials, 
especially at the high design k-value (0.8 W/m∙K).

	■ The overall k-value of the film has not affected essentially 
by the adding of amorphous polymers (PS and PMMA).

	■ There is no significant influence of the degree of 
crystallinity of the polymer on the overall thermal 
conductivity of film.
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Abstract 
The development of safe and cost-effective methods for the treatment of dye polluted wastewater 
has been a great concern. Herein, Adsorption of methylene blue from aqueous solutions onto 
modified clay has been investigated. Three adsorbants were prepared through the treatment 
of a natural Algerian bentonite (NAB) by sodium (Na-Clay), calcium (Ca-Clay), and sulfuric acid 
solution (Hs-Clay), respectively. The accomplished materials was performed by X-ray diffraction 
and Fourier transforminfrared (FTIR).         
The effects of differents process parameters such as contact time, pH of dye solution, initial 
concentration of dye, and adsorbent amount on the removal efficiency of methylene blue (MB) 
from aqueous solution were evaluated by batch experiment. The maximum adsorption capacity 
of 220.28 mg/g reached  by Na-Clay. Furthermore, all the prepared  adsorbents also displayed a 
prominent efficiency in removal of cationic dyes. 
The findings reveal the feasibility of facile clay modification to be used as a potential and rapid 
low cost adsorbent for removal of cationic dyes from wastewater.
Keywords: clay, water pollution, adsorption, methylene blue, isotherms
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1. Introduction
Water pollution has become a serious global problem due 

to rapid industrialization and various human activities. Dyes 
effluents, originating from dyeing, textile, leather, paper and 
other related industries, are one of the most severe environmental 
pollutants because of their high toxicity to plants [1], aquatic 
life [2–4] and human beings [5–7]. Consequently, it is of 
significance to treat colored wastewater prior to their discharge 
into natural environment. For this reason, many attempts such 
as membrane separation, flocculation precipitation, oxidation, 
photocatalytic, degradation, microbial degradation, and 
adsorption have been studied for the removal of dyes from 
wastewater [8]. Among them, adsorption has been widely 
regarded as one of the most efficient treatments for dyes 
in wastewater due to its cost effective operation, simple and 
diverse design, and high efficiency [9–10].

Number of natural adsorbents have been used for the removal 
of pollutants from water [11]. Utilization of clays as adsorbents 
could bring great economical and environmental benefits 
to wastewater industries compared to synthesized materials 
[12]. Previous works reported that the utilization of clays as 
adsorbents was efficient for the removal of dyes [13; 15]. 

In order to improve the adsorption properties of raw 
bentonite, the modification of mineral clay was attractive for 
researchers, numerous studies have investigated MB removal 
from aqueous solution, using clay modified with dodecyl 
sulfobetaine surfactant [15] poly(acrylic acid-co-2-acrylamido-

2-methylpropanesulfonic acid) hydrogel nanocomposite [16], 
Fe3O4 [17]. Another potential candidate for a MB sorbent is 
sodium or calcium-exchanged and acid-activated bentonite, 
where their preparation is relatively inexpensive and easy 
compared with that of other modifications of bentonite which 
can cause secondary pollution due to the leaching of modifying 
agents.

The main objective of this paper was to obtain several low-
cost and very efficient adsorbents based on local clay which is 
a bentonite, a clay mineral of the smectite group having silica 
tetrahedral sheets layered between alumina octahedral sheets. 
The adsorbent materials realized were characterized and used 
in investigated to remove methylene blue from synthetic 
wastewater. The effects of initial pH value, adsorbent dosage, 
initial MB concentration, and contact time were checked. 
Furthermore, adsorption isotherms were investigated.

2. Experimental
2.1 Materials and methods

All the reagents were of analytical grade and used as received. 
A stock solution of dye having a concentration of 1000 mg/L 
was prepared by dissolving appropriate amount of MB dye 
powder in 1 L deionized water and then it was diluted to the 
desired concentration of each experiment. The molecular 
formula of MB dye is C16H18ClN3S with the molecular weight 
of 319.851 g/mol. 

https://creativecommons.org/licenses/by-nc/2.0/
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Our supports have been characterized by X-ray diffraction 
and The Fourier transform infrared (FTIR). A Phillips 
Analytical X-ray spectrometer (PW 1830) using CuKα 
radiation was used to characterize the adsorbents. FTIR 
spectra of the adsorbents were taken with a Perkin Elmer 1600 
Spectrometer (range 4000–400 cm−1). The UV/VIS (V-670) 
spectrophotometer was used to measure the concentration of 
MB dye in solution at wave length of λmax = 665 nm. The pH 
solution was adjusted using reagent grade HCl and NaOH. 

2.2 Adsorbents
Natural bentonite (NAB) from Maghnia deposit in west 

of Algeria, was used without any chemical pretreatment to 
produce three modified clay adsorbents. Na-Clay and Ca-Clay 
were obtained by treating the NAB sample for four hours with 
a solution of NaCl (0.5 M) and a solution of CaCl2 (0.5 M), 
respectively. The mixtures were filtered, washed with distilled 
water until Cl– ions were not detected by the silver nitrate test 
and then air-dried at room temperature. Afterwards, NAB was 
treated under reflux for two hours with an aqueous H2SO4 

solution (10 wt. %). The suspension obtained was filtered and 
the solid resulting, named (Hs-Clay), was washed with distilled 
water until it was free of SO4

2- (BaCl2 test) and then air-dried at 
room temperature. 

2.3 Adsorption experiments 
All the adsorption experiments were conducted in triplicate 

under the same conditions. The effect of various parameters 
on the adsorption behaviour of the adsorbents (NAB, Na-
Clay, Ca-Clay and Hs-Clay) were studied. The experimental 
variables examined were contact time, bentonite concentration 
in suspension, pH of suspension and MB concentration. 
Suspensions of solid adsorbents and MB adsorbate solutions 
were obtained by contacting 0.1 g of dry NAB, Na-Clay, Ca-Clay 
and HS-Clay solid adsorbents with 100 mL of 80 mg/L of MB 
solutions separately in sealed Erlenmeyer flasks. The mixtures 
obtained were magnetically stirred at room temperature at 
different time intervals (0–120 min). After that, the flasks were 
centrifuged and the concentration of MB in aqueous solution 
was determined by UV−VIS spectrophotometer. The effect of 
pH solution on MB adsorption was investigated in a pH range 
between 3 and 10. In these cases, the pH value of the solution 
was adjusted to the desired value by adding HCl or NaOH as 
required. Batch sorption experiments were also conducted to 
reveal the effect of adsorbent the amount on the removal of 
MB from aqueous solution. The effect of adsorbent dose was 
varied from 0.25 g up to 4.0 g. To establish the adsorption 
isotherms, this study was carried out with different initial 
MB concentrations varying from 5 mg/L to 280 mg/L. The 
adsorbent MB uptake, per unit mass of clay at time t, qt (mg/g) 
was evaluated by the following equations:

	 (1)

	 (2)

Where qt and qe (mg/g) are adsorption amount of the dye at 
time t and equilibrium, C0, Ct and (mg L-1) are the concentration 

of MB solution at initial, time t and equilibrium, respectively, 
V (L) is the volume of MB solution and m (g) corresponds to 
dosage of adsorbent.

3. Results and discussion 
3.1 Characterizations

Fig. 1 presents the X-ray diffraction patterns of natural 
bentonite (NAB), Na-Clay, Ca-Clay and Hs-Clay samples. 
The X-ray diffraction pattern of NAB shows many diffraction 
peaks from montmorillonite, which is characterized by four 
peaks: one located at 15.61 Å (d001) and the other three at 
4.49 Å (d020), 3.79 Å (d004), and 1.50 Å (d060). Some peaks were 
identified as impurities (Quartz, calcite, cristabolite, hematite 
and dolomite). The results relating to the identification of the 
minerals present in NAB are summarized in the Table 1.

Clay, Basal  
spacing 

(Å)

Impurities, Basal spacing  
d (Å)

Montmorillonite Quartz Cristabolite Dolomite Calcite Hematite

15.61 (001) 3.36 3.23 2.22 3.04 2.71

4.49 (020) 1.54 2.29 1.87

3,79 (004) 1.38 1.91 1.60

2.56 (200)

1.50 (060)

1.69 (009)

	 Table 1	 Intereticular distances of different NAB minerals (Å) according to X-ray 
diffraction analysis

	1. táblázat	 Különböző NAB ásványok interetikuláris távolságai (Å) röntgendiffrakciós 
elemzés szerint

Compared with NAB clay, as shown in Fig. 1, the basal 
spacing (d001) of Na-Clay decreases from 15.61 Å to 12.91 Å as a 
consequence of the ion exchange process. Similar observations 
have also been reported by other authors [18]. In contrast, the 
basal spacing d001 of Ca-Clay and Hs-Clay expanded to 15.75 Å 
and 16.19 Å, respectively. Indicating that ion exchange did take 
place. 

The FTIR spectra of samples NAB, Na-Clay, Ca-Clay and 
Hs-Clay are depicted in Fig. 2. The absorption band observed 
at 3510 cm–1 is attributed to hydroxyl group vibrations 
of Mg–OH–Al, Fe–OH–Al and Al–OH–Al units in the 
octahedral layer, typical of montmorillonite [19, 20]. The very 
broad vibration band at 3388 cm–1 is due to the O–H stretching 
vibration of the interlayer silanol (Si–OH) groups and also to the 
HO–H vibration of the interlayer water adsorbed silica surface 
involved in hydrogen bonding linkages. The absorption band 
at 1632 cm-1 is attributed to the vibration of physisorbed water 
molecules. The band near 1100 cm-1 is attributed to stretching 
vibration of the Si–O–Si groups of the tetrahedral layer. The 
broad band at 977 cm–1 is related to the stretching vibrations of 
the Si–O groups. It is observed that the samples display all the 
absorption bands of the parent NAB material, indicating that 
the layered structure is preserved after modification.
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	 Fig. 1	 X-ray diffraction patterns of NAB (a), Na-Clay (b), Ca-Clay (c),  
and Hs-Clay (d) samples

	 1. ábra	 NAB (a), Na-agyag (b), Ca-agyag (c) és Hs-agyag (d) minták 
röntgendiffrakciós mintázata

	 Fig. 2	 FTIR spectra of NAB (a), Na-Clay (b), Ca-Clay (c), and Hs-Clay (d) samples 
	 2. ábra	 NAB (a), Na-agyag (b), Ca-agyag (c) és Hs-agyag (d) minták FTIR 

spektruma

3.2 Adsorption
3.2.1 Effet of contact time
It is known that the performance of dye removal from 

aqueous solution is significantly affected by contact time. As 
shown in Fig. 3, it was apparent that the adsorption capacity 
rapidly increased at beginning and then gradually slowed 
down until equilibrium. This may be ascribed to the higher MB 
concentration and abundant free adsorption sites available at 
initial adsorption phase [22].

It is noted that a contact time of only 10 min is sufficient to 
reach equilibrium when Na-Clay and Ca-Clay adsorbents are 
used, while a contact time of 40 min is necessary in the case of 
Hs-Clay solid.

3.2.2 Effect of pH 	
The influence of pH solution on the removal of MB by 

modified bentonite was investigated to gain further insight into 
the adsorption process. Fig. 4 shows the qe of NAB, Na-Clay, 
Ca-Clay and Hs-Clay in various pH solutions. The absorption 
capacity of Hs-Clay for MB was much lower than that of Na-Clay 
and Ca-Clay. While the qe values of Na-Clay were greater than 
those of Ca-Clay in the range pH 3−10. On the other hand, 
the qe values of adsorbents increased with the increase of pH 
solution, which also could be explained by the electrostatic 
interaction of positive charges of MB with the negative charges 
of clay, which were enhanced at higher pH values, leading to 
greater qe values. The adsorption was not drastically affected 

by pH, suggesting the presence of other interactions (such as 
hydrophobic interaction) between MB and adsorbents Similar 
observations have also been reported by other authors [15]. At 
the low pH, excess H+ ions have resulted in the formation of a 
positive charge on the adsorbent’s surface, and it reduces the 
attractive force between the adsorbent and the cationic MB dyes 
[23, 24]. The maximum adsorption percentage was observed at 
pH=7. The same trend has been supported by the literature for 
MB sorption [24, 25]. Therefore, pH=7 value was selected as 
optimum pH for MB removal from aqueous solution. 

	 Fig. 3	 Kinetics of MB removal onto NAB, Na-Clay, Ca-Clay, and Hs-Clay 
adsorbents

	 3. ábra	 Az MB eltávolításának kinetikája NAB, Na-agyag, Ca-agyag és Hs-agyag 
adszorbenseken

	 Fig. 4	 Effect of Clays amount (a), and pH (b) on sorption of MB onto NAB,  
Na-Clay, Ca-Clay and Hs-Clay adsorbents

	 4. ábra	 Az agyagok mennyiségének (a) és a pH-értéknek (b) a hatása az MB NAB, 
Na-agyag, Ca-agyag és Hs-agyag adszorbenseken történő szorpciójára

3.2.3 Effect of adsorbent dose
Adsorbent doses are optimized by introducing the various 

amounts of NAB, Na-Clay, Ca-Clay, and Hs-Clay (0.25 g/L 
to 4.0 g/L) in the MB dye solution. Maximum amount of 
dye removal is observed at 1 g/L (fig.4). In contrast, a very 
slight decrease in removal percentage has been noticed with 
an increase in the adsorbent dosage. Initially, the removal 
percentage increases with the adsorbent dosages, as many 



építôanyagépítôanyag § Journal of Silicate Based and Composite Materials

78   | építôanyagépítôanyag § JSBCMJSBCM § 2023/2 § Vol. 75, No. 2

active sites are available in the adsorbents. At a high dose, It 
could be seen that the adsorption capacity of Na-Clay, Ca-Clay, 
Hs-Clay and NAB decreased with increasing adsorbent dose. 
These results could be due to the agglomeration of the active 
sites on the adsorbent surface and the heightened diffusion 
path length responsible for the reduction in the adsorption 
capacity [26].

3.2.4 Effect of dye concentration
The adsorption isotherms of MB onto NAB, Na-Clay, 

Ca-Clay and Hs-Clay are shown in Fig. 5. It appears in all 
cases that the adsorption loading of MB (mg/g) at equilibrium 
qe increases until a certain limit when increasing the initial 
concentration of the MB solution; afterward, it remains 
constant (Fig. 5). The adsorbed amounts are 82.35, 220.28, 
217.50, 117.14 mg/g respectively for ANB, Na-Clay, Ca-Clay 
and Hs-Clay. The maximum adsorption capacity is observed 
in the case of Na-Clay adsorbent. This is attributed to the 
enhanced swelling property of Na-Clay [26].

Comparison of maximum sorption capacity for MB of 
different adsorbents 

Adsorption capacities (qm) of various adsorbents towards 
methylene blue dye as reported in literature were presented in 
Table 2. 

A comparison between this work and other reported data 
from the literature shows that modified bentonite is a better 
adsorbent for methylene blue compared to other adsorbents. 

Therefore, it could be safely concluded that the Na-Clay, Ca-
Clay and Hs-Clay adsorbents have a considerable potential for 
the removal of methylene blue from an aqueous solution.

	 Fig. 5	 Isotherms of MB adsorption onto NAB, Na-Clay, Ca-Clay  
and Hs-Clay adsorbents

	 5. ábra	 Az MB adszorpció izotermái NAB, Na-agyag, Ca-agyag  
és Hs-agyag adszorbenseken

4. Conclusions
In this study, the low-cost modified clays were prepared with 

different cations, and their performances of the adsorptive 
removal of MB from wastewater were investigated. All the 

Material pH/ Optimal pH Contact Time/   
equilibrium time (min)°

Concentration
(mg/L)

Amount  
adsorbent

qm (mg/g) Ref.

Hydrochloric Acid-modified 
Rectorite

2-12 / 7 5–90 / 30 20–100 1–8 g/L 37.00 [2]

Black cumin seeds 1-9 / 4.8 5–120 / 20 20–100 0.1 g / 50 ml 16.85 [4]

magnetic halloysite–chitosan 
nanocomposites

5-11 / 8 0–1440 / 15 20–200 25 mg / 25 ml 50.37 [6]

Purified clay (Na-TIFL) No indicated 60 / 10 80–200 1 g/L 82.00 [13]

Natural clay 3–12 / 7 0–250 /  <50 9–300 1 g/L 100.00 [14]

Dodecyl sulfobetaine 
surfactant-modified 
montmorillonite

2–11 / 5 0–120 / 60 0–350 0.05 g /50 mL 254.00 [15]

Poly(AA-co-AMPS)/ 
montmorillonite 
nanocomposite hydrogel

2–13 / 10 600 10–150 20–120 mg 215.00 [16]

Fe3O4/activated 
montmorillonite 
nanocomposite

3–11 / 7.37 0-60 / 100–250 0.625–2.5 g/L 106.38 [17]

Eco-friendly polyvinyl alcohol/
carboxymethyl cellulose 
hydrogels reinforced with 
graphene oxide and bentonite

2−10 / 8 0–250 0–250 30 mg / 20mL 172.14 [21]

Acid-Treated Eucalyptus 
Leaves 

2–10 / 8 5–360 10–300 1–10 g/L 194.34 [22]

NAB 3−10 / 7 0–120 5–280 0.25–4.0 g/L 82.35 This work

Na-Clay 3−10 / 7 0–120 5–280 0.25–4.0 g/L 220.28 This work

Ca-Clay 3−10 / 7 0–120 5–280 0.25–4.0 g/L 217.50 This work

Hs-Clay 3−10 / 7 0–120 5–280 0.25–4.0 g/L 117.14 This work

	 Table 2	 Comparison of the maximum adsorption capacity of MB on some natural and synthetic adsorbents from aqueous solution
	2. táblázat	 Az MB maximális adszorpciós kapacitásának összehasonlítása egyes természetes és szintetikus adszorbenseken, vizes oldatból származó MB esetében
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results demonstrate that the three adsorbents can effectively 
remove cationic dye pollutants, represented by methylene 
blue. The Na-Clay showed superior adsorption performance 
compared to Ca-Clay and Hs-Clay. The effects of contact time, 
initial metal concentration, pH value, and adsorbent mass 
on the adsorption process were discussed. The results of this 
study indicate that a simple modification of clay is a reusable 
adsorbent for the fast and highly efficient removal of MB from 
aqueous solutions.
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