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Abstract
In this paper, we investigate the effect of Poly-Sal polymer and barite on the rheological properties 
of bentonite of Maghnia (western Algeria). The modified Cross model is used to fit the stationary 
flow curves of bentonite at different concentrations of Poly-Sal add in base bentonite (4%) and the 
generalized model of Kelvin-Voigt is successfully applied to fit the creep and recovery data and to 
analyze the viscoelastic properties of the mixture Bentonite-Barite. Finally, the thixotropic behavior 
studied of the mixture Bentonite-Barite at constant temperature is analyzed by using a structural 
kinetic model (SKM) in order to account for the time dependent effect. It is demonstrated that the 
increase in quantity of barite in base bentonite induces a restructuring and reorganization of the 
particles of the bentonite at the microstructural level.
Keywords: bentonite, barite, Poly-Sal, structural parameter, thixotropy, viscoelasticity
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1. Introduction 
The Bentonite represents an important clay material for a 

multitude of processes and industrial applications due to the 
exceptional properties of its dispersion in water [1] and their 
significant influences on the drilling process of oil and gas 
wells [2-3]. They are found, in particular, as a texturing agent, 
in cosmetics, as drilling muds in the petroleum industry [4-
5-6] or as a sealant in civil engineering [7-8]. The bentonite 
is also employed as a thickener in waterproofing of hydraulic 
structures (dams, large reservoirs, etc...). They are also used for 
stabilization of the oil-water emulsions [9-10-11]. 

Despite their potential usefulness, applications of bentonite 
have been limited because of some reasons, namely their 
swelling [12] and evolution with time. In order to widen the 
use of bentonite and improve their sorption properties many 
additives have been added in bentonite such the electrolytes, 
polymers [13-14] and barite [15-16].

 In addition, the knowledge of the rheological properties 
of bentonite suspension and bentonite additives is important 
in industry applications in order to provide information for 
design and process evaluation, control, storage stability and 
the degree of bentonite-additive interactions. It is noted that 
the rheological behavior of bentonite dispersions depends on 
different factors such as the type and concentration of bentonite, 
the size of bentonite particles, the pH and the concentration of 
the additives in dispersions. 

The effect of sodium carboxymethylcellulose, xanthan 
gum and sodium dodecyl sulfate on rheological proprieties 
of bentonite was studied [17]. It was shown; for the three 
additives; that the apparent viscosities of the solutions increase 
with increasing concentrations. Other authors [18], has 
investigated the effect of polyethylene Oxide (PEO) and shear 

rate on rheological properties of bentonite suspensions. The 
authors demonstrated that when polyethylene oxide (PEO) was 
added to bentonite clay, the yield stress and fluid consistency 
index of the mixture increased.  The effect of the temperature 
on the rheological properties of a complex bentonite-sodium 
carboxymethylcellulose was investigated [19]. They observed 
that in the liquid like regime the viscosity of the fluids decreased 
as the temperature increased, and in the solid-like regime, they 
observed; at low shear stresses; the Brownian effect dominates 
the hydrodynamic one. An increase of temperature generates 
an increase of the Brownian motion. Recently, the effect of 
Hydroxyethyl cellulose on rheological proprieties of Algerian 
bentonite was studied [20]. A significant increase in the 
rheological properties of the mixture bentonite–HEC with the 
increase in HEC concentration has been shown. The impact of 
barite on structural recovery behavior of bentonite was studied 
[15]. It has been clearly demonstrated that the structural 
recovery of mixture bentonite-barite is time-dependent and 
their yield stress increases with time of rest and quantity 
of barite add in bentonite. The authors also used the Leong 
and Nguyen–Boger models in order to model the structural 
recovery behavior of barite-loaded bentonite suspensions. 
The impact of barite and ilmenite mixture on enhancing the 
drilling muds has been investigated [21]. The study showed 
that the rheological properties of barite/ilmenite mixture give 
comparable results as barite and has the potential to be used as 
alternative weighting material especially in a heavier drilling 
mud.

From the literature different rheological properties of 
the mixtures bentonite-sodium carboxymethylcellulose, 
bentonite-xanthan gum, bentonite- polyethylenean Oxide and 
bentonite- Hydroxyethyl cellulose have been investigated and 
analyzed by various models [18, 20, 22-25]. However, as far as 
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we know only a few studies focused on the rheological behavior 
of bentonite-barite but no study done on rheological behavior 
of the mixture bentonite-Poly-sal. Although this polymer is 
designed to reduce the fluid losses and can be used in drilling 
fluids to increase the viscosity.  For this reason the knowledge of 
the rheological characteristics of the mixtures bentonite-Poly-
sal polymer and bentonite-barite plays a fundamental role in 
flows and performance of transport technologies such as losses 
of linear and singular energy, non-flow zones, recirculation 
time, and operation of drilling fluids. 

The objective of this paper is, mainly, to study the 
effect of Poly-sal polymer on the rheological properties 
of a bentonite in a steady state and on the other hand 
to study the effect of barite on the viscoelastic and 
thixotropic properties of bentonite. In order to provide 
useful information for the proper design of pipes and the 
selection of pumps during use of bentonite-Poly-sal and 
bentonite-barite in drilling fluids or in others application.   

2. Theoretical time dependent modeling  
In order to model the structural evaluation of the bentonite-

barite, we applied the structural kinetic model (SKM) [26], 
which has been successfully employed for starch pastes and 
concentrated suspensions of minerals. In this study, the kinetic 
structural approach assumes that the change in the rheological 
behavior is associated with shear-induced breakdown of the 
internal structure in the bentonite-barite system. 

The structured state of the thixotropic structure at any time 
t and under an applied shear rate can be represented by the 
structural parameter (λ):

 (1)

Which  is defined as:

 (2)

Where η0 is the initial apparent viscosity at t=0 (structured 
state), and ηe is the equilibrium apparent viscosity as t → ∞ 
(non-structured state). Note that, both η0 and ηe  are functions 
of the applied shear rate only [27]. The structural parameter λ 
ranged from an initial value of unity for zero shear time to an 
equilibrium λe valuelower than the unity. The rate of structural 
breakdown can be expressed as:

 (3)

Where  is the rate constant and  is the order of the 
structure breakdown reaction. At a constant applied shear rate, 
integration of (3) from t=0 to t yields:

 (4)

Substituting (2) into (4) yields for a constant shear rate:

 (5)

3. Materials and methods
3.1 Materials and sample preparation 

3.1.1 Materials
The polymer used in this work is the Poly-sal, it’s designed 

to provide filtration control in all types of water-based drilling 
fluids. This non-ionic, natural polymer is effective in all make-
up waters, including high salinity and high hardness brines 
such as NaCl, KCl, MgCl2, CaCl2 and complex brines. The Poly-
sal polymer used in this work was supplied from Company 
Algeria. The Table 1 presented the physical properties of the 
Poly-sal used in this study.  

Physical appearance Tan granular powder
Specific gravity 1.5

pH 7.0
Solubility in water Soluble

Bulk density 561 kg/m3

 Table 1 Typical physical properties of the Poly-sal used in this study
 1. táblázat A tanulmányban használt Poly-sal fizikai tulajdonságai

The clay used in this study is the bentonite of Maghnia 
(west of Algeria). The main components of this bentonite 
sample are: SiO2 (61.78%), Al2O3 (17.15%), Fe2O3 (3,82%), 
MgO (3.56%), CaO (0.26%). The specific surface of 
bentonite and barite used in this study are 1.05 m2/g 
and 2.84 m2/g respectively. Fig. 1 shows the particle 
size distribution of bentonite and barite suspensions 
measured by the light scattering technique with a Malvern 
Instruments Mastersizer 2000 system. In order to avoid 
the formation of aggregates during the measurements, 
the sample was submitted to ultrasound excitation. We 
observed in Fig. 1 the particle sizes of bentonite ranging 
between 1 and 138 µm were found with a symmetric 
distribution centered at about 46 µm and particle sizes 
of barite ranging between 1 and 138 µm were found with 
a symmetric distribution centered at about 25 µm. We 
also observed that the maximum volume of bentonite is 
greater than the maximum volume of barite which means 
that the bentonite is more swelling compared to barite.  

 Fig. 1 Particle size distribution of bentonite and barite
 1. ábra A bentonit és barit szemcseméret eloszlása



építôanyagépítôanyag § Journal of Silicate Based and Composite Materials

4   | építôanyagépítôanyag  JSBCMJSBCM  2021/1  Vol. 73, No. 1

3.1.2 Sample preparation
Given that the way of preparation has a great influence on 

the final state of suspensions, thus on the rheological behavior, 
all tests were carefully carried out under equal conditions to 
allow for comparison of the results.

3.1.2.1 Effect of Poly-sal 
For each mixture, the base bentonite suspension has the 

same mass concentration (4 wt%). The bentonite powder was 
dispersed in the required amount of distilled water without any 
chemical additives. The homogenization was performed under 
continuous magnetic agitation for 24 hours. The additives at 
different concentrations (0.2; 0.4; 0.6; 0.8 and 1 wt%) were 
then added to the base suspensions, afterwards, the mixtures 
obtained were subjected to a continuous agitation for 24 hours. 
An average pH ranging between 9.6 and 11.5 was measured.

3.1.2.2 The effect of barite 
The mixture bentonite-barite used in this study contain 

in proportion by weight 0, 1, 2, 3 and 4 g barite to bentonite. 
The based bentonite mixture consists of 4% wt solid (i.e. 4 g 
bentonite and 96  g water). In the preparation of the mixture 
with 1 ratio of barite to bentonite, the mixture compositions 
consist of 96 g water, 4 g bentonite and 4 g barite. For the 0.75 
barite to bentonite ratio the composition is 96 g water, 4 g 
bentonite and 3 g barite. For the 0.5 ratio, the composition is 
4 g bentonite, 2 g barite and 96 g water. For the 0.25 ratio, the 
composition is 4 g bentonite, 1 g barite and 96 g water. For the 0 
ratio the composition is 4 g bentonite, 0 g barite and 96 g water.

3.2 Experimental set up  
The rheological measurements were performed by using a 

torque controlled Rhéometer (RS600 from Thermo-Fischer), 
equipped with a cone-plate geometry (diameter: 60mm; angle: 
2°; gap: 105 μm). It has a Peltier temperature control system 
that allows having a very quick response to any change in 
temperature. In order to prevent changes in composition 
during measurements due to water evaporation, a solvent trap 
was placed around the measuring device.

3.1.2 Experimental methods
3.1.2.1 Steady shear measurements
For study the effect of Poly-sal on the flow properties of 

bentonite, the sample was pre-sheared at a frequency of 500s−1 
for 60 seconds in the measuring device in order to avoid any 
memory effect. After pre-shearing the sample has kept at rest 
for 600 seconds prior to measurements in order to permit the 
material recovering its initial structure partially at least. After 
kept rest of 600 seconds a continuous ramp of shear stress has 
been applied. The imposed shear stress range depends on the 
mass concentration of Poly-sal added in base bentonite (4%). 
In this study for the concentration of Poly-sal less than 1%, a 
continuous ramp of shear stress, which is ranging from 0 to 
3.5 Pa applied during 600 seconds. For the concentrations 
greater or equal to 1% a continuous ramp of shear stress, which 
is ranging from 0 to 4 Pa applied during 600 seconds.

3.1.2.2 Creep-recovery measurements
Creep and recovery tests are carried out as follows: After 

a rest time of 600 seconds prior to the measurements, a 
constant shear stress τ=0.5 was applied to the simples and the 
compliance (J) was recorded as a function of creep time; at t = 
180 seconds the stress τ was set to zero and the recoverable part 
of compliance was measured as a function of the recovery time 
equal at 180 seconds.

4. Results and discussion 
4.1 Effect of Poly-sal on the flow properties of bentonite 

The bentonite dispersions were prepared with 4% solid 
content in desalted water and the Poly-sal concentrations 
ranging between 0 and 1%. Fig. 2 shows the flow curves of 
mixtures bentonite 4% at different concentrations of Poly-sal. 
Experimental data were fitted to the modified Cross model 
(Eq. (6)) [28], which has been successfully employed for weak 
gel systems.

 (6)

 Fig. 2 Shear stress as a function of shear rate at different mass concentrations of 
Poly-sal add (0, 0.4, 0.6, 0.8 and 1%) in 4% of bentonite. The solid lines 
correspond to the curve fitting to Eq. (6)

 2. ábra Nyírófeszültség a nyírási sebesség függvényében különböző Poly-sal adagolás 
add (0, 0,4, 0,6, 0,8 és 1%)  mellett 4% bentonitban. A folytonos vonalak a 
(6)-os egyenlethez tartoznak

It is clear that the shear stress of the bentonite–Poly-sal 
systems increased with the increase in the Poly-sal T content. 
Fig. 3 and 4 shows the variation of the parameters of the 
modified Cross model for bentonite–Poly-sal mixtures systems 
as a function of different concentration of Poly-sal added in 
base bentonite (4%) at 20 °C. We observe in Fig. 3 and 4, a 
rapid increase in the yield stress , zero shear rate viscosity  
and the infinite shear rate viscosity with the increase of Poly-
sal concentration, this increase of yield stress, zero shear rate 
viscosity  and the infinite shear rate viscosity  is related to 
the adsorption of Poly-sal by the bentonite. This adsorption 
makes the specific surface higher and causes an increase of 
interaction between the bentonite particles. The increase in the 
yield stress causes an increase in the friction and an increase 
in the viscosity of the mixture due to the interaction between 
the solid particles and viscous effects [18]. In this case, the 
interactions between the clay particles and polymer intensify 



építôanyagépítôanyag § Journal of Silicate Based and Composite Materials

 Vol. 73, No. 1  2021/1  építôanyagépítôanyag  JSBCM JSBCM |   5

lead to difficult movements in the dispersing medium. In fact, 
the presence of Poly-sal in the mixture allows reinforcement of 
the rigidity and the consistency of the mixture because of the 
structural nature of the Poly-sal.

 Fig. 3 Variation of yield stress and characteristic time of mixture bentonite base 
(4%)-Poly-sal at different concentration of Poly-sal (0, 0.4, 0.6 , 0.8 and 1%)

 3. ábra A folyási feszültség és a bentonite(4%)-Poly-sal keverék karakterisztikus idejének 
változása - a Poly-sal különböző koncentrációjában (0, 0,4, 0,6, 0,8 és 1%)

 Fig. 4 Variation of zero shear rate viscosity η0 and the infinite shear rate viscosity η∞ 
of mixture bentonite base (4%)-Poly-sal at different concentration of Poly-sal 
(0, 0.4, 0.6 , 0.8 and 1%)

 4. ábra A nulla nyírósebességű viszkozitás valamint a végtelen nyírósebességű 
viszkozitás a bentonite(4%)-Poly-sal keverék karakterisztikus idejének 
függvényében - a Poly-sal különböző koncentrációjában (0, 0,4, 0,6, 0,8 és 
1%)

4.2 Effect of barite on the viscoelastic properties of 
bentonite 

After a rest time (time during which the sample is left at rest 
in geometry) of 600 seconds, in the creep phase, the samples 
were subjected to constant stress at 0.5 Pa and at constant 
temperature (20±0.2 °C). In the recovery phase, the applied 
stress was suddenly removed and the sample recovery was 
registered for an additional period of 180 seconds. Fig. 8 shows 
the values of compliance  , as a function of time, for 
the creep experiments corresponding to the bentonite –barite 
mixtures studied for ration barite to base bentonite (4%) range 
between 0 and 1, in a time interval between 0 and 180 seconds. 
For the interval of time between 180 seconds and 360 seconds, 
we have represented the corresponding recovery. An increase 
of the elastic compliance (increase of the elastic modulus 

 ) with the increase of quantity of barite added in the 
based bentonite (4%), indicating an increase of the viscoelastic 
properties of mixtures barite-bentonite. In other word, the creep 

deformation decreases with increasing the barite in bentonite 
and the time necessary to reach a constant deformation during 
recovery, after removal of the shear stress decreases.

 Fig. 5 Compliance versus time in creep and recovery test at different ratio of 
quantity added in base bentonite (0, 1, 2, 3 and 4 g). The solid lines 
correspond to the curve fitting to Generalized Kelvin–Voigt model

 5. ábra A megfelelőség az idő függvényében kúszási és a visszanyerési teszt során 
a hozzáadott bentonite mennyiségének (0, 1, 2, 3 és 4 g) függvényében. 
A folytonos vonalak megfelelnek a Generalized Kelvin – Voigt modellhez 
illeszkedő görbének

The elastic properties were defined by correlating the results 
with the well-known viscoelastic models of Burger model 
or Generalized Kelvin-Voigt model [29-30] based on the 
association in the series of the Maxwell model and the Kelvin–
Voigt model. 

The creep curves are described by:

 (7)

 (8)  

Whereas the recovery strain is given by: 
 (9)

where J0 is the purely elastic contribution (or the instantaneous 
elastic compliance), μ0 is the purely viscous contribution, 
represented by the despot of the Maxwell model, i.e., the 
uncoupled or residual steady-state viscosity obtained from 
the creep curve at long times when the compliance curve is 
linear, Ji is the contribution to retarded elastic compliance, θi is 
the retarded time, ηi is the retarded viscosity and t1 is the time 
where the stress is applied for t≤t1 and removed at t=t1.  The 
fitting parameters are detailed in Table 2. The column  
represents the instantaneous elastic modulus of the Maxwell 
unit at t = 0; that is the instantaneous elastic response of the 
system and the column , J1 is the elastic modulus of 
Kelvin–Voigt. The latter represents the contributions of the 
retarded elastic region to the total compliance. The strong 
increase is observed in G0 and G1 when the quantity of barite  
is changed between 0 and 4 g cause the manifestation of the 
shift from viscous to elastic behavior and an increase of the 
viscoelastic properties in that range of barite. 
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Creep Recovery

Barite
0 0.56 2.88 2364.69 28.49 94.32 55.36
1 0.99 4.88 2872.69 29.07 179.31 56.26
2 1.66 7.28 3906.40 43.48 799.49 61.12
3 1.95 9.43 4550.02 35.71 293.26 60.65
4 3.88 16.13 6899.11 34.60 369.50 59.99

 Table 2 Fitting parameters of the creep–recovery data in Fig. 5, with N = 1in Eqs. (7) 
and (9)

 2. táblázat A kúszás-helyreállítási adatok illesztési paraméterei; (7) és (9) egyenletekben 
N=1 esetén

It has the meaning of viscosity of the system in the Newtonian 
regime, whereas it also shows a clear increasing trend as the 
quantity of barite in the based bentonite (4%) increases. This 
increasing of viscosity could be the interactions between 
bentonite-barite mixture particles and the enhancement of 
Brownian motion. At high quantity of barite added in based 
bentonite, the applied stress of 0.5 Pa is not sufficient to break 
particle-to-particle bonds, and the mixtures (Bentonite-Barite) 
do not flow. For lower quantity of barite values such resistance 
to flow is not so large, and this explains the values of  and in 
this case the retarded deformation, related to the breaking 
and reconstruction of weak links between the particles. The 
characteristic relaxation time associated with these breaking/
reconstruction processes is. Although this time does not show 
a definite trend when estimated from creep data. 

4.3. Apparent viscosity evolution under constant shear rate 
and determination of the structural parameter of mixtures 
barite-bentonite 

Figs. 6 and 7 show the time dependence of apparent viscosity 
for constant shear rates (0.5 s-1 and 0.8 s-1) at different quantities 
of  barite (0, 1, 2, 3 and 4 g) added in base bentonite (4%) fitted 
with the second-order SKM (see Eq. (5)). 

 Fig. 6 Apparent viscosity data of barite-bentonite mixtures as a function of shearing time 
at 20°C for different quantities of barite added in bentonite (4%) and for constant 
shear 0.5 s-1. The solid line corresponds to curve fitting to Eq. (5) where n=2

 6. ábra A barit-bentonit keverékek látszólagos viszkozitási adatai a nyírási idő 
függvényében 20 ° C-on különböző mennyiségű barit esetén, 4%-os bentonite 
adagolás és állandó nyírási sebesség (0,5 s-1) mellet. A folytonos vonal 
megfelel az (5)-ös egyenletre illeszkedő görbének n = 2 esetén

A good concordance was found between the model fitted 
results (solid line) and the experimental transient apparent 
viscosity data for all quantities of barite added in base bentonite 
(4%) and for the both shear rates applied.

 Fig. 7  Apparent viscosity data of barite-bentonite mixtures as a function of shearing time 
at 20°C for different quantities of barite added in bentonite (4%) and for constant 
shear 0.8 s-1. The solid line corresponds to curve fitting to Eq. (5) where n=2

 7. ábra  A barit-bentonit keverékek látszólagos viszkozitási adatai a nyírási idő 
függvényében 20 ° C-on különböző mennyiségű barit esetén, 4%-os bentonite 
adagolás és állandó nyírási sebesség (0,8 s-1) mellet. A folytonos vonal megfelel 
az (5)-ös egyenletre illeszkedő görbének n = 2 esetén

For all studied quantities of barite added in base bentonite 
and for both shear rates, the viscosity decreases significantly 
with shearing time, particularly in the initial stages of shearing. 
After approximately 140 seconds shearing periods for shear 
rate of 0.5 s-1 applied on the mixtures and after approximately 
100 seconds of shearing periods for shear rate of 0.8 s-1 applied 
in the mixtures, the viscosity tends to an equilibrium value. 
Therefore the equilibrium state of mixtures barite-bentonite 
depends on the shear rate applied to the system. Fig. 8 shown 
the variation of the rate constant k and the equilibrium 
structural parameter λe as a function of the quantity of barite 
added in base bentonite (4%) and for both shear rates applied. 

 Fig. 8  the variation of the rate constant k and equilibrium structural parameter as a 
function of the quantity of barite added in base bentonite (4%) and for both 
shear rates applied

 8. ábra  A k sebességi állandó és az egyensúlyi szerkezeti parameter  változása a barit 
mennyiségének (4%) függvényében, mindkét alkalmazott nyírási sebesség esetén

The rate k constant k can be considered as a measure of the 
rate of the structural breakdown, i.e. the degree of thixotropy. 
On the other hand, the ratio of equilibrium to initial viscosity 
can be considered as an equilibrium structural parameter 

. We observed in Fig. 6 an increase of the degree of 
thixotropy with increase of the quantity of barite in bentonite. 
This increase in the degree of thixotropy leads to an increase 
in the yield stress and the apparent viscosity of the mixtures 
bentonite-barite.

As it is shown in Fig. 9 structural parameter changes are most 
significant during the initial shear period after which nearly 
constant values are reached. 
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 Fig. 9 Structural parameter as a function of time at 20°C for different quantities of 
barite adds in bentonite for shear rate of 0.8 s-1

 9. ábra A szerkezeti parameter a nyírási idő függvényében, 20 °C-on, különböző barit 
adagolás mellett 0,8 s-1-es nyírási sebesség mellett

We also find that the structural parameter of mixture 
suspension (bentonite-barite) increases with increasing the 
quantity of barite added in bentonite. This behavior could be 
explained by the deflocculating of mixtures particles in the 
water at high quantity of barite added (4 g). The applied stress 
of 0.8 s-1 is not sufficient to break particle-to-particle bonds. 
The mixture in this case developed a network structure which 
leads to enhance the organization of particles in the mixtures 
at the microstructural level [31].

5. Conclusions 
The effect of Poly-sal polymer on the stationary behavior 

of bentonite and the effect of barite on the viscoelastic and 
thixotropic behavior of bentonite were studied. The stationary 
flow curves of bentonite at different concentration of Poly-sal 
add in base bentonite (4%) was successfully modeled using The 
Modified Cross model. the generalized model of Kelvin-Voigt 
is successfully applied to fit the creep and recovery data and to 
analyze the viscoelastic properties of mixture bentonite-barite. 

The addition of Poly-sal in a concentration range between 
0 and 1% to 4% of bentonite leads to an increase in the yield 
stress τ0, zero shear rate viscosity η0 and the infinite shear 
rate viscosity η∞ with dose of Poly-sal. The increase of these 
parameters is related to the interaction between the solid 
particles and the viscous effects. The increase of the modified 
Cross model parameters causes an increase in the friction and 
an increase in the viscosity of the mixture. 

The increase of quantity of barite in bentonite suspensions 
causes an increase of the viscoelastic behavior of the system and 
the structure of particle-to-particle bonds. in order to avoid the 
problems related to the structure of particle-to-particle bonds 
of bentonite, caused by high concentration of barite, during the 
process of pumping, we propose the addition of an electrolyte 
as a third additive i.e., bentonite-barite- electrolyte. The effect of 
barite on the break-down behavior of the bentonite suspension 
was examined. The time dependent viscosity decreased rapidly 
with shearing time and reached a steady state. The structural 
kinetic model (SKM) for viscosity decay with time at the 
constant shear rate was applied successfully to analyze the 

time-dependent behavior of bentonite-barite mixtures. The 
rate of structure breakdown (degree of thixotropy) increases 
with increasing quantity of barite added to based bentonite.
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Abstract 
The reaction of ethylene oxide hydration proceeds under acid and basic catalysis. Using of 
heterogeneous catalysts allows to adjust the length of the chain. The kinetics of the selective 
hydration of ethylene oxide in aqueous solution in the presence of layered double hydroxides as 
heterogeneous catalysts was studied.  It was shown that the molecular weight distribution of the 
reaction products depends on the concentration of active sites on the catalyst surface as well as 
the inner structure of the catalysts.
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1. Introduction
The hydration of ethylene oxide is the basis of the industrial 

method of ethylene glycol production. The hydration reaction 
proceeds as a series-parallel route, which leads to the formation 
of glycol homologue derivatives:

 i.t.d.    (1)
where k0, k1, k2. are the rate constants of  consecutive steps.

The reaction (1) proceeds under acidic, basic and nucleophilic 
catalytic conditions [1-2]; at temperatures above 120 °C it 
proceeds at a fairly high rate and in the absence of catalysts.

Currently, in industry ethylene glycol is produced by a non-
catalytic reaction via adjusting the product composition by the 
ratio of ethylene oxide - water in the initial mixture.

Since the ratio of the rate constants of successive stages of the 
reaction (1) is unfavorable towards the formation of ethylene 
glycol – the distribution coefficient for the non-catalytic 
reaction b=k1/k0 according to various sources is 1.9-2.8 [3-4] 
– a 15-20-fold molar (or 6-9-fold mass) excess of water relative 
to ethylene oxide is employed.

One of the options to raise the selectivity of the ethylene glycol 
formation and, consequently, reduce the amount of excess water 
is to use catalysts that accelerate only the first stage of reaction (1).

The kinetics and reaction mechanism of α-oxide hydration 
under homogeneous catalysis with salts have been studied in detail.

Amine compounds were investigated for catalytic hydration of 
ethylene oxide to monoethylene glycol. A good correlation between 
catalyst performance and its acidity/basicity was established. 
While both strong acidic and basic catalyst accelerate reaction 
rate they are not selective toward monoethylene glycol formation. 

Selective hydration of ethylene oxide by inorganic salt system as 
homogeneous catalysts was studied. The highest monoethylene 
glycol selectivity was obtained with 99 % conversion of ethylene 
oxide, even at low water/ethylene oxide ration. 

The kinetics of selective hydration of ethylene and propylene oxides 
in concentrated aqueous solutions is studied during homogeneous 
catalysis by sodium bicarbonate. The mathematical model of the 
process with determined parameters adequately describing the rate 
of the reaction and products distribution is developed. [3-5].

The goal of the present work was to study the kinetics of the 
hydration reaction of ethylene oxide in the presence of layered 
double hydroxides (LDH) [6].

2. Materials and methods 
LDHs were prepared by adding Mg(NO3)2·6H2O and 

Al(NO3)3·9H2O in de-ionized water. After complete dissolution, 
the above solution was added dropwise to a vigorously stirred 
Na2CO3 solution in the de-ionized water. Freshly prepared 
1 M NaOH solution was then added dropwise to the above 
solution to maintain constant pH of 11. The resultant gel was 
aged by stirring at 85 °C for 24 hours. The precipitate was then 
separated from the solution by centrifugation, washed several 
times with de-ionized water and dried in vacuum. All these 
reactions were carried out in an inert atmosphere. 

X-ray diffraction patterns revealed that well-crystallized 
hydrotalcite-like compounds were obtained and no other 
phase was identified. The X-ray diffraction for these samples 
typically consist of anionic clay having molecular formula 
Mg6Al2(OH)16CO3.  

https://creativecommons.org/licenses/by-nc/2.0/
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Basic properties of LDHs catalysts were determined with 
a Hammett indicator titration method in the presence of 
Bromothymol Blue (pKa = 7.2).

The special technique was used in order to investigate acidic 
and basic properties by means of titration with Hammett 
indicators. A sample of LDH and a magnetic stirrer were 
inserted into a small glass, which was then put on a magnetic 
stirring device and filled with benzene. After that, a glass 
cylinder divided by porous separator, with a standard sample, 
was inserted into the small glass. 

After the Hammett indicator was added into benzene the 
changes in color could be seen on the surface of the standard 
sample. 

Catalytic activity was studied in the reaction of hydration 
of ethylene and propylene oxide. 1 g of LDH was carried out 
into a 5 ml glass ampoule under a nitrogen stream, and 10 ml 
of a-oxide was introduced.  The ampoule was frozen by liquid 
nitrogen, seal after the degassing and kept into a bath with the 
device for shaking. The product was washed with acetone and 
analyzed by chromatography. 

Kinetic studies were carried out with Mg-Al-LDH formed 
with acetate, as the sample with the largest specific surface 
area. Beforehand, the catalyst was converted to its basic form. 

It should be noted that the most effective catalysts for the 
hydration of α-oxides are LDH in their basic form [6-8].

3. Results and discussion
The activity of LDH as heterogeneous catalysts is determined 

by the number of basic sites, as well as their availability, which 
correlates with the specific surface area (Fig. 1).

 Fig. 1 Specific surface area of some LDHs
 1. ábra LDH-k fajlagos felülete

The obtained kinetic data showed that at a concentration of 
the LDH basic sites of 0.5 mol/l, the distribution coefficient 
b=k1/k0 decreases by 10 or more times to 0.1-0.2. This makes it 
possible to obtain ethylene glycol with high selectivity at molar 
ratios of water-ethylene oxide close to one.

The mechanism of catalytic hydration of α-oxide with anions 
is the nucleophilic addition of the catalyst anion (A-) to the 
α-oxide molecule:

 (2)

 (3)

And the further hydrolysis of the intermediate ester to 
produce glycol and catalyst regeneration:

 (4)

The rate-limiting step in most cases is the stage of formation 
of the intermediate ester according to reaction (III). In dilute 
aqueous solutions the reaction rate is described by the following 
kinetic equation:

r = k [C2H4O] [A-] (5)

To implement the catalytic process of hydration of 
concentrated solutions of ethylene oxide, it is necessary 
to establish a kinetic model of reaction (3) suitable for the 
quantitative description of a heterogeneous catalytic process in 
a wide range of concentrations of water and ethylene glycol.

Our kinetic experiments showed that the immobilization of 
anions on heterogeneous carriers does not change the form 
of kinetic equation (5) and its parameters. To describe the 
heterogeneous catalytic reaction, it is sufficient to change the 
concentration of the heterogeneous catalyst [A-] in equation 
(5) by the number of active sites per unit volume of the reaction 
mass.

Such a model can be constructed taking into account the 
results of experiments on homogeneous catalytic hydration.

To establish such a module one can assume a trimolecular 
mechanism of the ring opening of the oxide cycle (2, 3), 
which is also adequate to describe the non-catalytic hydration 
reaction and the polyglycol formation reaction:

 (6)

 
(7)

In concentrated aqueous solutions of glycols, it must be 
taken into account that ethylene oxide solvates in equilibrium 
(2) not only with water, but also with glycols. The effective 
concentration of proton donor substances that activate the 
oxide cycle due to the formation of hydrogen bond can be 
denoted as [SH]:

[SH] = [H2O] + рΣ[Glyi] (8)

where Σ[Glyi] is the sum of the concentrations of ethylene 
glycol and all polyglycols; р is the parameter characterizing the 
efficiency of solvation of ethylene oxide.

Assuming that equilibrium (2) is quickly established and 
shifted to the left, equation (5) for concentrated glycol solutions 
takes the following form:
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r = kcat [A-] [C2H4O] [SH] (9)

Taking into account that the non-catalytic reactions of 
ethylene oxide (1) proceeding in parallel with the mechanism 
(6, 7), we can obtain the general kinetic equation for the 
consumption of ethylene oxide in concentrated solutions 
during nucleophilic catalysis:

- d[C2H4O]/dt = (k0([H2O]+bΣ[Glyi])+kct[A-])
([H2O]+рΣ[Glyi])[C2H4O] (10)

In equation (10), the known equality of the rate constants of 
the consecutive steps of reaction (1) was taken into account, 
starting from the second one, i.e. b=k1/k0= k2/k0= k3/k0…

The parameters of equation (10) were determined using Mg-
Al-acetate as a catalyst.

Initially in order to refine the distribution coefficient b, a 
series of experiments was carried out to determine the product 
composition of non-catalytic hydration of ethylene oxide in 
the range of ethylene oxide - water molar ratios β of 0.1-0.4. 
The experiments were carried out in an autoclave at 90 °C 
until the complete conversion of ethylene oxide. The amount 
of mono-, di- and triethyleneglycol in the reaction products 
was determined via gas-liquid chromatography. The results are 
shown in Table 1.

β Monoglycol, % Diglycol, % Triglycol, %

0.1 Exp. Calc. Exp. Calc. Exp. Calc. 

0.2 22.74 21.74 3.82 3.38 0.36 0.29

0.3 31.91 32.63 10.11 10.87 1.80 2.04

0.4 35.03 35.20 15.83 16.09 4.04 4.16

 Table 1 The product composition of the non-catalytic hydration of ethylene oxide (b = 2.1)
 1. táblázat Az etilén-oxid nem katalitikus hidratálásának termékösszetétele (b = 2,1)

According to the equation (10), the rates of formation of 
ethylene glycol (Gly1) and polyglycols (Glyi) in the absence of 
a catalyst (kcat [A-] = 0) is described according to the equation 
(11):

- d[Gly1]/dt = k0([H2O]-b[Gly1])([H2O]+рΣ[Glyi])[C2H4O] 
- d[Glyi]/dt = k0b([Glyi-1] -  [Glyi])([H2O]+рΣ[Glyi])[C2H4O]
 (11)

Dividing equation (11) by equation (10) and taking into 
account that kcаt[A-]=0, one can obtain the equations (12, 13) 
to estimate the product composition shown in Table 1:

d[Gly1]/d[C2H4O] = ([H2O] - b[Gly1])/([H2O]+
b([H2O]0 - [H2O])) (12)

d[Glyi]/d[C2H4O]=b([Glyi-1] - [Glyi])/([H2O]
+b([H2O]0 - [H2O])) (13)

Processing the experimental data summarized in Table 
1 using the obtained equations (12 and 13) allowed for the 
calculation of the value b=2.1±0.1 – at this value, the best 
agreement between the calculated and experimental values is 
observed.

In order to determine the remaining unknown parameters of 
equation (10), a series of kinetic experiments were carried out 
with varying concentrations of LDH catalyst, water, ethylene 
glycol, and temperature. The reaction rate was measured by 
the pressure drop of ethylene oxide vapor over the reaction 
mixture. The initial concentration of ethylene oxide was in 
the range of 0.5-1.0 mol/l and water in a mixture of ethylene 
glycol-water from 20 to 80 wt. %. The experimental conditions 
provided the first-order kinetics for ethylene oxide.

The experimental values of the first-order rate constant were 
calculated as the slope in coordinates lnP vs. time, where P is 
the partial pressure of ethylene oxide.

The first-order rate constants are shown in Table. 2, calculated 
using the equation (14):

K = (k0([H2O]+bS[Glyi])+kсat[HCO3
-])([H2O]+рS[Glyi])       (14)

Ccat, 

mol/l

Temperature 

70 oC 80 oC 90 oC
Kexp. Kcalc. Kexp. Kcalc. Kexp. Kcalc.

Water

0
0.1
0.3
0.5

3.63 3.65 8.07 8.14 16.76 17.39
5.41 5.46 13.04 12.49 27.81 27.30
8.46 9.08 21.41 21.15 47.98 47.07
1.20 1.27 30.65 29.79 64.08 66.78

Water – 80 %, ethylene glycol – 20 %

0
0.1
0.3
0.5

3.17 3.34 7.66 7.46 15.62 15.94
6.03 5.02 11.71 11.47 25.74 25.09
8.19 8.36 19.84 19.48 45.67 43.35

10.20 11.70 25.54 27.46 60.60 61.55

Water – 60 %, ethylene glycol – 40 %

0
0.1
0.3
0.5

2.84 3.03 6.62 6.77 13.43 14.45
4.38 4.56 10.75 10.44 22.50 22.82
7.13 7.62 19.41 17.75 49.93 39.52
9.59 10.67 25.99 25.05 55.71 56.16

Water – 40 %, ethylene glycol – 60 %

0
0.1
0.3
0.5

2.47 2.71 5.54 6.06 10.79 12.93
4.29 4.10 9.31 9.37 19.66 20.49
6.60 6.86 16.17 15.97 33.32 35.56
8.91 9.61 23.41 22.56 45.23 50.58

Water – 20 %, ethylene glycol – 80 %

0
0.1
0.3
0.5

1.92 2.39 4.33 5.33 8.16 11.38
3.59 3.62 8.86 8.27 19.02 18.09
6.26 6.07 15.02 14.13 33.16 31.47
7.98 8.51 21.85 20.00 45.19 44.80

 Table 2 The rate constants of the hydration of ethylene oxide, s-1; 105

 2. táblázat Az etilén-oxid hidratálásának sebességi állandói, s-1; 105

The calculation of the parameters of equation (14), which 
provide an adequate description of the experimental data, 
results in the following values of k0=exp(9.1-9355/T), l2/
(mol2.s); kсаt=exp(18.2-10574/T), l2/(mol2.s); р=1.88.

The good agreement between the calculated and experimental 
values in Table 3 confirms the sufficiency of the obtained model 
for describing the reaction rate and selectivity of the catalytic 
hydration of ethylene oxide and the possibility of its use in the 
development of an industrial process.
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β
[Gly1],  
mol/L,  
exp.

[Gly1],  
mol/L,  
calc.

Reaction 
yield, %, 

exp.

Reaction 
yield, %, 

calc.

T=90 oC, Ccat=0.25 mol/L

0.062 2.88 2.79 94.9 91.9

0.082 3.52 3.47 91.0 89.7

0.101 4.19 4.04 91.1 87.8

0.124 4.77 4.66 87.9 85.9

T=95 oC, Ccat= 0.2 mol/L

0.039 1.94 1.90 97.1 95.1

0.072 3.15 3.11 91.1 89.9

0.098 3.98 3.92 88.7 87.3

0.131 4.8 4.75 84.8 83.9

0.178 5.72 5.72 80.3 80.3

0.220 6.32 6.38 76.5 77.2

 Table 3 Experimental and calculated concentrations and reaction yields of ethylene 
glycol at various molar ratios of ethylene oxide-water (b)

 3. táblázat Kísérleti és számított etilén-glikol koncentrációk és reakció-hozamok az 
etilén-oxid-víz különböző mólarányainál

5. Conclusions
LDHs are effective catalysts for industrial organic synthesis.
The activity of LDH is determined by the number of basic 

active sites on the surface, which, in turn, depends on the 
structure and chemical composition.

The use of LDHs as heterogeneous catalysts allows to move 
from homogeneous to heterogeneous catalysis, which reduces 
the environmental pollution effect.
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Abstract
A study of transparent materials for infrared emission is conditioned by the need for development 
and improvement of the optical and optoelectronic devices for space, aviation and medical 
purposes. Easily fusible optical glasses working in the near- and mid-infrared spectral region being 
characterized by a high refractive index are of great scientific and practical interest. The objective 
of these studies was to study influence of the chemical composition on the infrared transmission 
and properties of glasses in the PbO–B2O3–SiO2–GeO2 system. Conducted studies have testified 
to the fact that the transmission cutoff of glasses in the infrared region varies from 2.7 to 5.5 
µm depending on the content of basic glass forming oxides B2O3, SiO2 and GeO2. The additive of 
fluoride to the compositions of glasses under study makes for the expansion of the transmission 
cutoff of infrared rays and the decrease in the intensity of absorption bands of the hydroxyl groups. 
Keywords: lead glasses, oxyfluoride glasses, infrared transmission, refractive index, absorption
Kulcsszavak: ólomüveg, oxifluorid üvegek, infravörös átvitel, törésmutató, abszorpció
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1. Introduction
Easily fusible glasses based on heavy metal oxides (PbO, 

Bi2O3, TeO2, GeO2 and others) are characterized by a number 
of valuable properties making these materials attractive and 
promising for many areas of applied optics. The important 
properties among them are: high refractive index; low softening 
point (makes it possible to make complex-shape articles by the 
extrusion or moulding); wide range of spectral transmission 
(from the near ultraviolet to the middle infrared band). The 
glasses, which are characterized by a high transmission in the 
near- and mid-infrared spectral region (up to λ = 5.5 µm), are 
of special scientific and practical interest [1–6]. This is due 
to the fact that some windows of the atmospheric spectral 
transparency are in this region, which is critically important 
when transferring the emission over large distances, especially 
for the aeronautical and aerospace engineering.

However, regardless of the prospects, a high level of optical 
losses, first of all conditioned by the impurity absorption of 
hydroxyl groups in the near- and mid-infrared spectral region, 
still prevents wide use of easily fusible glasses in the infrared optics 
[6–10]. The nature of the influence exerted by these impurities 
on the optical properties of glasses is firstly determined by the 
chemical composition and structure of initial glass.

The objective of these studies is to examine the influence of 
the chemical composition on the infrared transmission and 
properties of glasses in the PbO–B2O3–SiO2–GeO2 system.

2. Materials and methods
Finely ground quartz sand, high purity and chemically pure 

chemical reagents (H3BO3, BaCO3, ZnO, Pb3O4, La2O3, Al2O3, 
and GeO2) were used to prepare batches of test glasses, which 
chemical composition is set forth in Table 1.

Glass
No.

Content of components, mol %

PbO B2O3 SiO2 GeO2 ZnO+BaO La2O3+Al2O3

PbB2 53.9 34 0 12.1 0 0

PbSi1 49.6 0 31.9 11.3 7.2 0

PbGe1 40 0 0 60 0 0

PbGe2 52 0 0 32 0 16

 Table 1  Chemical composition of oxide glasses
 1. táblázat  Oxid üvegek kémiai összetétele

The glasses were melted in platinum crucibles with a volume 
of 50 ml in an electric furnace with the silicon carbide heating 
elements at a temperature of 1050 °C within 60 minutes. The 
samples of glasses for the determination of their properties were 
manufactured by the glass melt casting into the steel moulds 
followed by their muffle furnace annealing at a temperature of 
320 °C.

The properties of glasses were determined according to the 
standard procedures: the density (d) of glasses by hydrostatic 
weighing according to GOST 9553–74; the thermal coefficient 
of linear expansion (TCLE) in the temperature range of 20-
200 °C and the glass transition temperature (tg) with the quartz 
dilatometer according to GOST 10978–2014.

The refractive index of the glasses have been measured with 
ellipsometric method [11]. The ellipsometric measurements 
were carried out at seven different incident angles (for error 
minimization) using LEM-3M ellipsometer equipped with 
low-intensity He-Ne laser (λ = 632.8 nm).

The transmission spectra of plane-parallel glass samples 
2.0 mm thick were measured at room temperature with 
Spectrometer Thermo-Nicolet Avatar 370 FT–IR (in the range 
of 2500–25000 nm wavelengths at a pitch of 1 nm).

https://creativecommons.org/licenses/by-nc/2.0/
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3. Results and Discussion
3.1 Research of properties of glasses in the  
PbO–B2O3–SiO2–GeO2 oxide system

Experimentally established values of the properties of oxide 
glasses are set forth in Table 2.

Glass
No.

Refractive  
index

(at λ=632.8 nm)

Density
d, (g/cm3)

Glass  
transition  

temperature
tg, (°C)

Thermal  
expansion  
coefficient
α ·107, (K-1)

PbB2 1.970 6.22 375 103

PbSi1 1.937 6.28 380 95

PbGe1 1.952 6.24 400 88

PbGe2 1.979 6.15 390 94

 Table 2  Properties of oxide glasses
 2. táblázat  Oxid üvegek tulajdonságai

Depending on the content of basic glass forming oxides B2O3, 
SiO2, and GeO2, the glasses have different transmission cutoff 
and transparency in the infrared region (Fig. 1). A wavelength, 
at which the transmittance of glass 2 mm thick is greater than 
50 % and 0 %, accordingly, is taken as the transmission cutoff 
(λ50%) and transparency (λ0%) in the infrared region.

 Fig. 1  IR transmission spectra of oxide glasses (2mm thick)
 1. ábra  Oxid üvegek (2 mm vastagságú) infravörös spektruma

The PbB2 glass (Fig. 1) having B2O3 in its content is 
characterized by a low transparency in the infrared region (λ0% 
= 3.5 µm). The transmission cutoff of this glass is limited by 
a 2.7 µm wavelength; in the following, there begins a strong 
absorption band of free hydroxyl groups present in the glass.

Complete replacement of B2O3 with SiO2 makes it possible 
to expand transparency of the PbSi1 glass up to λ0% = 5.0 µm. 
However, due to the absorption bands in the 2.8–3.2 µm and 
4.25 µm region, which are associated with the stretch vibration 
of free and tightly bound hydroxyl groups, the transmission 
cutoff of the PbSi1 glass ends in the region λ50% = 2.7 µm. 

The PbGe1 and PbGe2 glasses based on the glass forming 
oxide GeO2, which are transparent up to λ0% = 6.0 µm, have a high 
transparency in the infrared region. The transmission cutoff of these 
glasses ends in the region of absorption bands of free and tightly 
bound hydroxyl groups in the glass structure, which absorption 
maximum is in the region of 3.0 and 4.3 µm wavelengths, accordingly.

The analysis of IR transmission spectra of glasses in the 
PbO–B2O3–SiO2–GeO2 system has proved that all glasses have 
a limited infrared transmission cutoff up to λ50% = 2.7 µm due 
to the absorption bands in the 2.8–3.2 µm and 4.25 µm region, 
which are associated with the stretch vibration of free and 
tightly bound –OH groups.

The removal of hydroxyl groups from the glass structure is a 
rather complicated technological task, which requires the creation 
of special glass melting conditions. The optical glasses with the 
minimum amount of impurities of –OH groups are obtained: 
when glass melting in vacuum or dry atmosphere; when glass 
melt bubbling with dry oxygen or nitrogen; when fluoride or 
chloride additives are introduced to the glass batch [6–10].

3.2 Study of influence of fluoride additives on the infrared 
transmission and properties of glasses in the PbO–B2O3–
SiO2–GeO2 system

After a number of experiments carried out by us, we 
managed to attain high level of transparency and expand the 
transmission cutoff of oxide glasses with the help of fluoride 
glass dehydration technique [12]. The dehydration mechanism 
of this technique is based on a chemical reaction, which is 
going in the glass melt:

  (1)

The study of influence of fluoride additives on the degree of 
dehydration of test glasses was conducted on the compositions 
(PbB2, PbSi1 and PbGe1) with different content of basic glass 
forming oxides. Lead, barium and zinc oxides were replaced 
with fluorides so that when fluorine was replaced with oxygen in 
the glass, its chemical composition (Table 3) corresponded to the 
initial glass composition (Table 1). Experimentally established 
values of the properties of glasses are set forth in Table 4.

Glass
No.

Content of components, mol %

PbO B2O3 SiO2 GeO2 ZnO+BaO F-

PbBF2 52.3 34 0 12.1 0 1.6

PbSiF1 48.2 0 31.9 11.3 7 1.6

PbSiF2 47 0 31.9 11.3 6.8 3

PbGeF1 38.4 0 0 60 0 1.6

PbGeF2 37 0 0 60 0 3

 Table 3  Chemical composition of oxyfluoride glasses
 3. táblázat  Oxifluorid üvegek kémiai összetétele

Glass
No.

Refractive  
index

(at λ=632.8 nm)

Density
d, (g/cm3)

Glass  
transition  

temperature
tg, (ºC)

Thermal  
expansion  
coefficient
α ·107, (K-1)

PbBF2 1.934 6.21 335 105

PbSiF1 1.920 6.26 360 97

PbSiF2 1.911 6.22 340 100

PbGeF1 1.936 6.24 365 92

PbGeF2 1.921 6.20 315 95

 Table 4  Properties of oxyfluoride glasses
 4. táblázat  Oxifluorid üvegek tulajdonságai
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The introduction of a small amount of fluorine additives to 
the composition of oxide glasses makes for a sharp decrease in 
the refractive index, density and glass transition temperature 
thereof as well as the increase of the TCLE and decrease in the 
glass colour intensity (Fig. 2).

 Fig. 2  Samples of oxide and oxyfluoride glasses
 2. ábra  Oxid- és oxifluorid-üveg minták

Depending on the nature of the basic glass forming oxide 
in the composition of test glass, the introduction of fluorine 
additives exerts different influence on the change in the 
intensity of absorption bands of the hydroxyl groups.

When fluorine is introduced to the composition of the PbB2 
glass (Fig. 3), there has been observed a decrease in content of 
free hydroxyl groups in the glass as evidenced by a decrease in 
the intensity of absorption band with the maximum in the 2.9 
µm region and its shift to the longwave region.

 Fig. 3  IR transmission spectra of PbB2 and PbBF2 glasses (2mm thick)
 3. ábra  PbB2 és PbBF2 üvegek (2 mm vastagságú) infravörös spektruma

The transparency of glasses containing B2O3 in their 
composition completely ends in the region λ0% = 3.6 µm. The 
authors of different works [13–15] relate limited infrared 
transparency of glasses based on the B2O3 to the high vibrational 
frequencies associated of the B–O bonds.

The introduction of fluorine to the composition of the PbSi1 
glass (Fig. 4, line PbSiF1) leads to the decrease in the intensity 
of absorption bands of free and tightly bound hydroxyl groups 
with the maximum in the 3.0 µm and 4.25 µm wavelength 
region. Further increase of fluorine content in the glass does 
not exert influence on the intensity of absorption bands of 
the hydroxyl groups (Fig. 4, line PbSiF2), however, leads to a 
significant decrease in the refractive index, density and glass 
transition temperature (Table 4). The transparency of glasses 
based on glass forming oxide SiO2 completely ends in the 
region λ0% = 5.0 µm.

 Fig. 4  IR transmission spectra of PbSi1, PbSiF1 and PbSiF2 glasses (2mm thick)
 4. ábra  PbSi1, PbSiF1 és PbSiF2 üvegek (2 mm vastagságú) infravörös spektruma

We managed to attain a high level of transparency and expand 
the transmission cutoff by introduction of a small amount of 
fluorine additives to the composition of the PbGe1 glass (Fig. 
5) wherein GeO2 is the glass forming oxide. The introduction 
of F- anion to the composition of the PbGe1 glass makes for 
the expansion of its transmission cutoff in the infrared region 
up to λ50% = 5.5 µm and also increases its transparency up to 
λ0% = 6.2 µm.

 Fig. 5  IR transmission spectra of PbGe1, PbGeF1 and PbGeF2 glasses (2mm thick)
 5. ábra  PbGe1, PbGeF1 és PbGeF2 üvegek (2 mm vastagságú) infravörös spektruma

Further increase of fluorine content in the glass (Fig. 5, line 
PbGeF2) does not exert significant influence on the intensity of 
absorption bands of the hydroxyl groups and the transmission 
cutoff of glass, however, leads to a decrease in the refractive 
index, density and glass transition temperature.

4. Conclusions
The influence of chemical composition on the 

physicochemical properties of glasses in the PbO–B2O3–SiO2–
GeO2 system is experimentally established. It is shown that the 
transmission cutoff of research glasses in the infrared region 
varies from 2.7 to 5.5 µm depending on the content and nature 
of the basic glass forming oxide. It is noted the efficiency of 
use of fluoride additives in the composition of oxide glasses 
in order to decrease the impurity absorptions of the hydroxyl 
groups in the infrared region.
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Abstract
The first objective of this study is the use of marble waste powder as a partial replacement 
for cement (CEM I 42.5) in concrete. Furthermore, the phenomenon of carbonation significantly 
influences the durability of reinforced concrete structures, in this context, the second objective 
of this work is the study of the effect of accelerated carbonation on the durability of concretes 
formulated with cement. Containing marble powder with different percentages. To achieve this 
objective, four concrete mixes containing 0%, 10%, 15% and 30% marble powder as a cement 
replacement by weight were prepared. These concrete mixes were subjected to accelerated 
carbonation to study their durability against this phenomenon. The series of tests is carried out to 
study the effect of replacing 10%, 20% and 30% of the cement with marble powder on the depth 
of carbonation and the compressive strength and compare it with traditional concrete. The result 
of the present study indicates that the depth of carbonation increases with the increase in the 
rate of replacement of the cement with marble powder (10% to 30%) and that the resistance to 
compression decreases slightly with the increase in the replacement. the compressive strength 
of the concrete remains within the acceptable range recommended by the regulations used in 
Algeria.
Keywords: waste, marble powder, concrete durability, carbonation depth, compressive strength, 
environment
Kulcsszavak: hulladék, márványpor, beton tartóssága, karbonátosodási mélység, nyomó-
szilárdság, környezet
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1. Introduction 
The consumption of fossil fuels releases trace gases in the 

atmosphere that affect the climate, such as methane, Sulphur 
dioxide, nitrogen and carbon dioxide. The latter being 
responsible for half of the greenhouse effect [1]. The global 
carbon dioxide (CO2) content of the atmosphere reaches the 
symbolic and significant threshold of 400 parts per million 
(ppm) for the first time in 2015 and set new records in 2016 [2].

Concrete is the most widely used composite material in the 
world, given its high strength and stability. This material is 
mainly composed of cement, aggregates, water and possibly 
additives, all the components of this material are available in 
nature with the exception of the cement which requires fossil 
energy for production which is the main source of pollution air. 
The cement industry generates enormous quantities of carbon 
dioxide and thus participates in increasing the concentration of 
CO2 in the air. This concentration can reach 1% and to produce 
a ton of cement, the cement industry releases a ton of CO2 [3].

Moreover, the country of Algeria contains several marble 
quarries that generate marble powder who leads to an 
environmental problem, in this approach fits our study, which 
consists in the use of this waste as partial substitution with 

Portland cement. In this context, two objectives are to be 
expected, the first consists in limiting the CO2 on emissions 
due to the manufacture of cement, the second consists in 
minimizing the effects on the environment by the use of marble 
powder as a partial replacement for the cement, in this axe of 
research several researchers have carried out several studies 
on the effect of this partial replacement of cement with marble 
powder, among these researchers, [4] conducted a study on 
the possibility of using marble powder in self-placing concrete 
as a partial replacement for cement, the results of this study 
showed that the optimal percentage of replacement is around 
50% which leads to an increase in compressive strength . [5-
6] studies the effect of the use of marble powder as a partial 
replacement of cement on the concrete properties, the results 
obtained shown that the use of marble powder improves 
workability, compressive and tensile strength. [7-10] studied 
the effect of different percentage of substitution of cement by 
marble powder on compressive strength, the results of this 
research shown that the optimal rate of replacement of cement 
by powder marble is up to 10%. In the same way, [11-12] 
concluded that an optimum of 15% replacement leads to an 
improvement in strength and durability of concrete.

https://creativecommons.org/licenses/by-nc/2.0/
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In the same way other researchers  continued to explore this 
field, [13] concluded that the marble powder incorporated 
in concrete shows increase in mechanical properties at 15% 
replacement by weight of cement for lower w/b ratios 0.35 and 
0.40, and for w/b ratio 0.45 the strength increases only up to 
10% replacement. In their study, [14] found out that the use of 
waste marble in the conventional or self-compacting concrete 
can improve durability properties of the concrete. 

In their study, [15] show that waste marble can be used into 
concrete to improve its strength and permeation properties, with 
the maximum improvement obtained at 40% replacement level. 
In [16] it was concluded that the maximum percentage of partial 
replacement of marble powder in cement don’t exceed 20%.

The studies cited in this work in the field of partial 
replacement of cement with marble dust conclude that the 
replacement of the cement must not exceed 20% of marble 
dust in order to have acceptable compressive strength of the 
concrete. High levels of marble dust increase the capillarity of 
concrete.

On the other hand, many environmental phenomena 
influence the durability of reinforced concrete structures. 
Among these phenomena, we can cite the concrete carbonation 
which is one of the main factors of degradation of unprotected 
reinforced concrete structures, and those exposed to high 
concentrations of carbon dioxide (such as road tunnels). This 
causes corrosion of the reinforcements, causing the concrete to 
lose its alkalinity and consequently causes the reduction of the 
service life of reinforced concrete structures. carbon dioxide gas 
penetrates through the open porosity of concrete to react with 
interstitial water to give carbonic acid, this in turn reacts with 
portlandite Ca(OH)2 (product responsible for the durability of 
the steels against corrosion while keeping an environment with 
a basic pH of the order of 13), this reaction produces calcium 
carbonate CaCO3 which consumes the reserve of portlandite 
and putting steels without protection. Then, lead to disorders 
in the construction by swelling and cracking.

Several researchers have studied the effect of carbonation, 
on the durability of concretes formulated with substitution 
of cements with marble powder, in their study [17-18] shows 
that the depth of carbonation increases with the increase of the 
replacement.

In [19] it is shown that with 15% of partial replacement of the 
marble powder, the resistance for carbonation was improved. 
According to the experimental study, [20-21] also show that 
the depth of carbonations increased in case of use of powder 
marble.

In their review study, [22] show that the concrete carbonation 
depth depends on its porosity. Carbonation values also decrease 
with inclusion of marble powder and reported a similar trend 
to carbonation depth and water absorption by immersion for 
the chloride mitigation coefficient. 

This paper presents a contribution in this area. this 
contribution consists on studying the durability of concrete 
formulated with a partial replacement of cement with marble 
powder who is the first objective, the second consist to study 
the effect of using marble powder as partially replace of cement 
on the durability of concrete against the phenomenon of 
concrete carbonation.

The result of this investigation indicates that the carbonation 
depth decreases with the increase of the replacement of cement 
with waste marble powder (10 % to 30%) and the compressive 
strength decreases slightly with the increase of replacement. 
the compressive strength remains within the acceptable range 
of M25 concrete.

2. Materials
2.1 Cement 

The used cement is a Portland cement CEM I 42.5 produced in 
the locality of BISKRA in South East of Algeria, the cement density 
is 3.07 g/cm3, with the characteristics shows in Table 1, 2 and 3.

Elements Content % Norms

SO3 2.30 (NA 237) < 3.5%

CL 0.028 (NA 5080) ≤ 0.1%

P.A.F 2.04 (NA 237) ≤ 5%

C3S  clinker 62 In accordance with Bogue

C2S  clinker 13 In accordance with Bogue

C3A clinker 1.5 In accordance with Bogue

C4AF clinker 17 In accordance with Bogue

 Table 1 Mineralogic characteristics of used Cement CEM I 42.5
 1. táblázat A felhasznált cement (CEM I 42.5) ásványtani jellemzői

Designation Measures Norms

Specific surface 
Blaine (cm2/g) 3420 (NA231)

Start of taking (min) 180 (NA233) ≥60 min

Hot expansion (min) 0.5 ≤10mm(NA232)

Consistence (%) 25.7 T(NA290)

 Table 2 Physics proprieties of used cement CEM I 42.5
 2. táblázat A használt cement (CEM I 42.5) fizikai tulajdonságai

Mechanical proprieties 

Compressive 
strength (MPa)

2 days ≥10 21

28 days 62.5≥R≥42.5 49.5

 Table 3 Mechanic proprieties of used cement CEM I 42.5
 3. táblázat A használt cement mechanikai tulajdonságai (CEM I 42.5)

2.2 Powder marble 
The used marble powder was a waste resulting from the 

cutting, shaping and lustration of marble stones. This powder 
was supplied by the company MCA (Marble Tile and Agglo-
marble installed in locality of Bordj Bou Arrérdj in Algeria). 
The physic and the chemical properties of the marble powder 
are given in Table 4.

Powder marble

Compo-
nent

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 Cl
-

PAF

Content 
(%)

0.76 0.41 0.23 54.9 0.61 0.24 0.04 0.61 0.005 36.3

 Table 4 Chemical properties of the marble powder 
 4. táblázat A márványpor kémiai tulajdonságai
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2.3 Aggregates 
The used sand is alluvial (0-5 mm) which produced by Oued 

M’zi quarry of Laghouat, Algeria, two classes of limestone 
aggregates (3-8 mm and 8-15 mm) were used in the concrete 
formulation which produced by the quarry (Laghouat).

The Table 5 gives the physical proprieties of the used 
aggregates 

Physical proprieties of the 
used aggregates Standard

Aggregates

Sand Gravel

0/5 3/8 8/15

Apparent density (g/cm3)

NF P 18-
554

1.564 1.319 1.255

Absolute density (g/cm3) 2.6 2.65 2.65

Absorption coefficient (%) 1 1.5 1.5

 Table 5 Physical proprieties of the used aggregates
 5. táblázat A felhasznált adalékanyag fizikai tulajdonságai

The used sand has a particle size of 0–5 mm, apparent 
density of 1.56 g/cm3 and absolute density of 2.61 g/cm3. 
Two sizes of aggregates (3–8 mm), (8–15 mm) are used to 
formulate the concretes, these aggregates are characterized by 
a calcareous rock with a high calcium carbonate content (98% 
CaCO3), their apparent densities are 1.32 g/cm3 and 1.26 g/cm3 
respectively. Their absolute density is 2.6 g/cm3. The used water 
is tap water. It meets all the requirements of NFP 18-303 and 
EN 1008, taking into account the concentrations of suspended 
solids and dissolved salts.

3. Methods 
3.1 Concrete formulation 

The used concrete formulation method in the present study 
is DREUX GORISSE method.

The results of the concrete formulation were gives in Table 6:

S/G W/C Sand (S)
 (kg/m3)

Gravel (G) 3/8 
(kg)

0.60 0.57 683.7 146.7

Gravel (G) 8/15
(kg)

Cement (C) 
(CEM I) (kg)

Water (W)(l) Slump test 
(cm)

990.25 374.40 216.42 8

 Table 6 Results of control concrete formulation (Legend: S: Sand, G: Gravels, W: 
Water, C: Cement) 

 6. táblázat A referencia beton tulajdonságai (S: homok, G: kavics, W: víz, C: cement)

Table 6 shows the results of the control concrete formulation. 
According to the synthesis of this results, the concrete 
formulation has the density, who is a normal concrete 
according the standard NF EN 12350-6 [28] (Normal concrete 
with a density between 2000 and 2600 kg/m3). From this 
control concrete formulation, three other concrete mixes were 
formulated by substituting different percentages (10%, 20% 
and 30%) of cement replace by weight with marble powder 
according to Table 7.

Concretes formulations Cement (kg) Marble powder (kg)

B1 (0% replacement) 374.4 0

B2 (10% replacement) 336.96 37.44

B3 (20% replacement) 299.52 74.88

B4 (30% replacement) 262.08 112.32

 Table 7 Weights of Marble powder for different concrete formulations
 7. táblázat Márványpor tömege a különböző betonkeverékekben

3.2 Confection and preservation of samples
Before mixing the concretes, the aggregates, previously 

washed and dried in an oven at 10 ± 5 °C for one day (24 
h), then cooled in ambient air, then they are introduced, 
according to mass proportions already known. in parallel with 
the preparation of the concrete, the moulds (7×7×7 cm3) are 
prepared for the determination of the compressive strength and 
for the accelerated carbonation tests. All the samples are kept in 
the moulds for 24 hours in plastic film, after demoulding, they 
are immersed in water at T = 20 ± 0.5 °C according to standard 
NA 426 for 28 days and according to the recommendation of 
the AFPC AFREM [22] until the deadlines for the start of tests 
(Fig. 1).  

 Fig. 1 Samples conservation
 1. ábra Minták tárolási módja

 Fig. 2 Machine for compressive strength test
 2. ábra A nyomószilárdság vizsgálatához használt eszköz

After 28 days of cure, the cubic samples (7×7×7 cm3) of 
prepared concrete will be subjected to two test campaigns, 
compression test and accelerated carbonation test.

3.3 Compressive strength test
In order to determinate the compressive strength of the 

four concrete formulations (B1, B2, B3 and B4) cubic samples 
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(7×7×7 cm3) were used. The compressive strength for cubic 
samples of carbonated and control concrete samples were 
determinate at age 7, 14 and 28 days.

The compression resistance test was carried out on 7×7×7 cm3 
cubic samples according to NF P18-406. The hydraulic press 
used has a loading speed of 0.5 MPa / Sec with a capacity of 
3000 kN. the rupture stress is given directly by the testing 
machine with an accuracy of 0.5 MPa (Fig. 2).

3.4 Accelerated carbonation test 
The concrete carbonation is a very slow phenomenon in the 

atmosphere, the concentration of carbon dioxide is not very 
important (of the order of 0.3%) in the air, the effect of this 
phenomenon is manifested only after several years of exposure 
of reinforced concrete structures to this phenomenon, 
therefore, it is necessary to find a way to accelerate the 
carbonation of the cementitious material ensuring results 
representative of this natural phenomenon. This test is called 
accelerated carbonation test.

3.4.1 Accelerated carbonation test procedure according 
to AFPC-AFREM test protocol

The test consists in following the evolution of the thickness 
of the carbonated concrete preserved in an atmosphere rich in 
carbon dioxide (CO2).

A.1. Equipment:
	■ Ventilated oven: controlled at 40 ± 2°C, located in a 

room with a temperature of 20 ± 2°C 
	■ Accelerated carbonation chamber: the accelerated 

carbonation test consists in obtaining a gas mixture 
(50% CO2 + 50% air) in the carbonation chamber 
(Fig. 3) with controlling the relative humidity which 
must be between 40 and 80%. To monitor the relative 
humidity, a hygrometer was used. The carbonation test 
is executed using a carbon dioxide (CO2) incubator 
according to the AFPC-AFREM test protocol (1997) 
[22].

 Fig. 3 Accelerated carbonation chamber
 3. ábra Gyorsított karbonátosító kamra

To start the accelerated carbonation test, the samples must 
be preconditioned in two phases:

In the first phase, the samples were submitted to a cure in 
a humid environment (relative humidity greater than 95% or 

emerged into water) for 28 days according AFPC AFREM[22] 
then weighed, in order to determining the bulk density and the 
water content.

In the second phase, they are placed in an oven at 40 ± 2° C, 
for 48 hours, then weighed for second time [22]. The two faces 
of each sample must be covered with adhesive aluminium to 
guide the diffusion of CO2, then the samples are subjected 
to accelerated carbonation in the carbonation chamber for 
28 days (Fig. 4 and Fig. 5) AFPC AFREM[22] while other 
control samples are stored in the laboratory to measure the 
compressive strength.

 Fig. 4 Preparation of samples for accelerated carbonation test
 4. ábra Minták előkészítése vizsgálathoz

 Fig. 5 Samples into the chamber of carbonation
 5. ábra Minták a karbonátosító kamrában

At the age 7, 14 and 28 days, concrete samples are weighed 
and removed from the carbonation chamber to measure 
the evolution of accelerated carbonation according to 
the experimental procedures of the AFPC AFREM 1997 
recommendations [22]. To measure the concrete carbonated 
depth, the samples are cut in two parts and using the colour 
indicator recommended by the procedure of standard NF 
P18-458 the reading is made immediately. It colours the 
uncarbonated concrete in pink while the carbonated concrete 
does not change. The used PH indicator to reveal the carbonated 
concrete is a phenolphthalein solution (Fig. 6). 

 Fig. 6 Determination of Carbonation depth with phenolphthalein pulverisation
 6. ábra Karbonátosodási mélység meghatározása fenoftalein oldattal
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4. Results and discussions
4.1 Densities and water content of samples

In order to conduct the accelerated carbonation test and 
according to AFPC AFREM 97 [22] recommendations, in 
the first pre-conditioning phase, the bulk density and water 
content of the samples must be determined for the accelerated 
carbonation test.

Table 8 show the results of densities and water content for the 
four-concrete formulation

Concrete formulations Densities (kg/m3) Water content (%) 

B1(0% replacement) 2537.63 2.37

B2(10% replacement) 2566.14 2.32

B3(10% replacement) 2602.85 2.32

B4(10% replacement) 2592.64 2.34

 Table 8 Densities and water content for the four concrete formulations
 8. táblázat A négy beton keverék sűrűsége valamint víztartalma

Table 8 show that the densities increases with the increase 
of substitution (cement with the powder marble) for the four 
concrete formulations. The water content of the all-concrete 
formulations have the same value, from these results, then, the 
accelerated carbonation test can be started according to AFPC 
AFREM 97 [22].

4.2 Effect of the replacement (cement by the powder 
marble) on the compressive strength for the four concretes 
formulations

At the age of 28 days, samples were tested with the compressive 
machine, the table 9 show the effect of the carbonation on the 
compressive strength of the control concrete and the other 
concretes with different percentages of replacements of cement 
with powder marble (10%, 20% and 30%)

Compressive strength (MPa)

Formulation 
B1(control)

Formulation B2 
(10%  

replacement) 

Formulation B3
(20%  

replacement)

Formulation B4
(30%  

replacement)

59.2 55.4 52.9 46.4

 Table 9 Compressive strength for different concrete formulations
 9. táblázat A minták nyomószilárdsága

In Fig. 7, it is clearly shown that the compressive strength 
decreases with increasing percentage of substitution of cement 
with marble powder. This decrease is slightly (of the order 
of 11%) up to a percentage of 20% of substitution and it is 
important of the order of 22% for a substitution of 30%.

The obtained results for the compressive strength of concrete 
are in agreement with those obtained by [23].  The value of the 
compressive strength of 46 MPa corresponding to a substitution 
of cement with 30% of marble powder is acceptable for the 
realization of structural elements of reinforced concrete. This 
result will lower cost of making reinforced concrete structures, 
with condition to protecting the exposed concrete against 
carbonation.

 Fig. 7 Compressive strength with marble powder content
 7. ábra Nyomószilárdság a márványpor tartalom függvényében

4.3 Effect of the carbonation on the gain mass for the four 
concrete formulations

The Table 10 show the effect of the carbonation on the gain 
mass for the four concrete formulations at the different ages 7, 
14 and 28 days.  

Age 
(days)

Mass gain (g)

Concrete B1 
(control)

Concrete B2 
(10%  

replacement)

Concrete B3 
(20%  

replacement)

Concrete B4 
(30%  

replacement)

7 853.24 865.92 881.7 913.3

14 856.8 869.2 886.8 923.1

28 858.2 870.6 889.1 925.6

 Table 10 Mass gain (g) for different concrete formulations
 10. táblázat A betonkeverékek tömegnövekménye (g)

From Table 10, we draw the following curve (Fig. 8)

 Fig. 8 Mass gain for the four concretes formulations
 8. ábra A négy betonkeverék tömegnövekménye

Fig. 8 show that the carbonation increases the mass of samples 
with the increase of the substitution (cement by marble powder 
(10%, 20%, 30%). This increase is due mainly to the concrete 
carbonation who makes changes in the microstructure of 
carbonated concrete (replacement of portlandite by calcite).
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4.4 Effect of the accelerated carbonation on the four 
concretes formulations.

The carbonate depth was determined, according to the 
AFPC-AFREM 97 procedure [22] with a phenolphthalein 
method described above, applied to the face of the cubic 
samples (7×7×7 cm3) after cutting into two parts with the ages 
7, 14 and 28 days. Table 11 shows the evolution of the depth of 
carbonation at different ages for the four concrete formulations.

Age 
(days)

Carbonation depth (mm)

Concrete B1 
(Control)

B2 (10%  
replacement)

B3(20%  
replacement)

B4(30%  
replacement)

7 1 3 4 6

14 2 5 7 8

28 3 6 7.5 9.5

 Table 11 Evolution of carbonation depth at different ages for the four concrete 
formulations

 11. táblázat A karbonátosodási mélység alakulása különböző életkorokban a négy 
betonkeverék esetében

From the Table 11, we draw the following curve (Fig. 9).

 Fig. 9 Carbonation depth for the four concrete formulations
 9. ábra Karbonotosodási mélység a négy betonkeverék esetén

According to the curve of the evolution of the carbonation 
depth with the square of time for the different concretes, we 
note that the depth of the carbonation increases with the 
substitution of cement by the marble powder (10%, 20%, 30%).

In addition, it can be seen from the previous curve (Fig. 9) 
that the evolution of the carbonation depth is relatively fast 
from 7 days to 14 days and stabilizes at almost constant values 
until the 28th days. This for all concretes (B1, B2, B3, B4). This 
result can be explained as follows:

During the 7 to 14-day period, the available amount of 
portlandite is larger, resulting in faster carbonation with calcite 
formation.

For the period between 14 and 28 days, the available amount 
of portlandite becomes low as it is consumed during the first 
period. This will reduce the carbonation rate.

This reduction is caused by clogging of pores caused by the 
formation of calcite which has a molar volume greater than the 
molar volume of portlandite.

On the other hand, it can be concluded that the depth of 
carbonation increases with the increase of the percentage of 
replacement of powder marble.

5. Conclusions
From this study, the following conclusions can be written 
	■ The depth of carbonation increases with the time of 

exposure in the enclosure of accelerated carbonation.
	■ The increase in the substitution of cement by powdered 

marble increases the depth of carbonation. this is due 
to the replacement of cement by the marble powder 
which makes decreased, the rate of portlandite and 
consequently, it accelerates the consumption of this one 
by the reaction of carbonation.

	■ The increase in the mass of carbonate samples increases 
with the increase in the depth of carbonation, this is 
mainly due to the carbonation of portlandite giving rise 
to calcite denser than portlandite

	■ The compressive strength decreases with substitution 
of the cement by the marble powder. This decrease is 
slight and remains within values   acceptable by Algerian 
standards.

	■ Partial replacement of cement with marble powder 
up to 30% can give a quality concrete (Acceptable 
compressive strength according to Algerian standards). 
Moreover, this replacement contributes to reducing the 
harmful effects of marble waste on the environment.

	■ To protect this concrete and make it durable against 
carbonation, it must be protected by an anti-
carbonation coating.

	■ The optimal rate (30%) obtained by replacing cement 
with marble powder can reduce the carbon dioxide 
emission in the atmosphere by the production of CEM 
I cement by 25%.
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Abstract 
In this research work, monocrystalline Fe-doped GdMnO3 ceramics specimens were prepared 
through solid-state reaction technique, several characterization methods, for instance, Scanning 
Electron Microscopy (SEM), X-Ray Diffraction (XRD), Energy Dispersive Spectroscopy (EDX) and 
Vibrating Sample Magnetometer (VSM) were used to investigate the topographical, structural 
and magnetic behaviours of the produced samples. All the samples show a single phase 
which confirmed by XRD and SEM. Magnetic properties of all the prepared samples at the low 
temperature (10 K) showed antiferromagnetic behaviour with a small difference in magnetization. 
The slight change in magnetic characteristics could probably occur because of small lattice 
structural distortion. Fe-doped GdMnO3 could be a material of choice for multiferroic application 
showing a superior antiferromagnetic property.
Keywords: multiferroic materials, doping, GdMnO3 ceramics, solid-state reaction, magnetic 
properties
Kulcsszavak: multiferroikus anyagok, adalékolás, GdMnO3 kerámiák, szilárdfázisú reakció, 
mágneses tulajdonságok
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1. Introduction
The research topics in ceramic materials generally [1-8] 

and advanced ceramic particularly [9-12] are becoming more 
popular. After Landau and Lifshitz revealed theoretically in 
the early 1960s, the thermodynamic potential energy contains 
coupled magnetic and electric components that can influence 
each other [13], a flurry of research about multiferroics has 
been triggered up to now [14-18]. Although these materials 
are interesting and worth studying, the first dilemma is that 
multiferroics are very rare [19-20]. Secondly, their coupling of 
multiferroic properties is often too small for the application 
or appears only at low temperatures [21]. To overcome 
these difficulties, large efforts have been made to find new 
single-phase multiferroics as well as to enhance multiferroic 
couplings with heterogeneous structures of a ferromagnetic 
and a ferroelectric components [22-23].

The rare-earth manganites perovskite materials have 
drawn huge attention recently due to the coupling of (anti) 
ferromagnetic and ferroelectric orders in the same phase 
[24-27]. This behaviour enables this material to be used in 
future information-technology devices in which data can be 
transfer through the applied electric fields to the magnetic 
memory elements [28-29]. REMnO3 can be found either in 
hexagonal or orthorhombic perovskite structure; generally, the 

orthorhombic REMnO3 shows multiferroic behaviour since its 
magnetic phase can be controlled by an applied electric field at 
low temperature [30-31].

In this study, we partially substitute Fe cations in GdMnO3 
(GMO) compound. Single-phase GdMn1-xFexO3 compounds 
were prepared by solid-state reaction route. Since GMO 
compounds are multiferroic compounds, Fe-doped GMO 
materials could be fascinating ceramic materials because of the 
existence of ferromagnetism characteristic of Mn moments and 
distortion of the lattice, which can improve the dipole ordering.

2. Experimental methods 
2.1 Synthesis of GdMn1-xFexO3

A single-phase GdMn1-xFexO3 (x= 0.2 and 0.8) ceramic in a 
powder form were prepared through conventional solid-state 
synthesis route (Fig. 1). Gd2O3 (99.9%; Alfa Aesar), Mn2O3 
(98%; Alfa Aesar) and Fe2O3 (99.9%; Alfa Aesar) were used 
as reactants. An appropriate amount of these powders were 
milled and mixed in ethanol in a plastic container using 
zirconium balls for 6 hours. Two different compositions were 
prepared; GdMn1-xFexO3 where x= 0.2 and 0.8. The slurry was 
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then dried by evaporating the ethanol at 100 °C for 24 h. The 
resultant powders were initially calcined at 600 °C for 10 h 
followed by cooling to room temperature. After grinding, the 
produced powders were heat-treated at different temperatures 
between 1000-1350 °C for 10 h with a heating and cooling rate 
of 300 °C/h to observe the phases development. Powders were 
also used to make pellets, which were used to produce dense 
ceramics. Pellets with 10 mm in diameter and 2 mm thickness 
were prepared by a compaction machine using a pressure of 
10 MPa. Sintering was performed at 1350 °C for 20 h with a 
heating and cooling rate of 120 °C/h. Calcination and sintering 
studies were made using a high-temperature programmable 
furnace [32]. The fired specimens were characterized 
by different techniques like XRD and SEM. Besides, the 
magnetic characteristic of the Fe-doped GdMnO3 samples 
(GdMn1-xFexO3) were also investigated. 

 Fig. 1 Flow diagram for the preparation of GdMn1-xFexO3 ceramics
 1. ábra A GdMn1-xFexO3 kerámiák készítésének folyamata

2.2 Characterization
The prepared samples were characterized by a Bruker D2 

PHASER X-ray diffractometer (XRD) operated in the Bragg-
Brentano geometry and the tested samples were examined 
in 2θ range of 10-70 ° with a scanning rate of 1°/min and a 
step size of 0.01016 ° using CuKα radiation (λ= 1.54184 Å). 
For computer-based examination, DIFRACT measurement 
program was used. Surface morphology investigation of the 
produced samples was carried out using scanning electron 
microscopy (SEM, JEOL5910 LV) and surface analyses of 
the samples were carried out by energy-dispersive X-ray 
spectrometer (EDX). The fractured surface of the samples were 
coated with gold by SC7680 Super Coater before SEM analysis. 
Gold-coated fracture surfaces of the produced samples 
were investigated with different magnification values using 
secondary and back-scattered electrons. Also, the magnetic 
properties of the Fe-doped GdMnO3 samples GdMn1-xFexO3 at 
low temperature (10 K) were investigated using the vibrating 
sample magnetometer (VSM) and magnetization of the samples 
as a function of the magnetic field (M–H) was obtained.

3. Results and discussion
3.1 Structures 

Fig. 2 shows the XRD patterns of undoped and B-site doped 
GdMn1-xFexO3 (x= 0.2, 0.8) ceramics carried out at ambient 
temperature. All the samples show single-phase perovskite 
structure without any traces of impurities since there is a 
complete matching and no additional peaks were observed 
(Fig. 3 and 4). This indicates that Fe doping even at the high 
amount (x=0.8) doesn’t result in a second phase formation 
and completely dissolves in the lattice giving a substitutional 
solid solution. The most significant notice to be mentioned 
here is that a close investigation of the peaks reveals a shift 
in the peak positions to the right side with increased doping 
concentration. This effect can be obtained due to the decrees 
in the lattice parameters. Thus the substitution of Mn by Fe 
causes a decrease in the volume of the unit cell since the atomic 
size of Fe with a radius (1.17 Å) is smaller than that of Mn 
with a radius (1.79 Å). The decrease in the unit cell volume 
with increasing the doping concentration leads to a unit cell 
distortion that may change the crystal structure. This change 
might be a significant factor for the materials’ magnetic 
properties. DIFRACT.measurement programme was used to 
calculate the unit cell’s lattice parameters and volume (Table 
1). Undoped GdMnO3 sample has an approximate lattice 
parameter with the theoretical value obtained from the PDF 
file (PDF No: 74-1477). However, when Fe’s concentration 
increased, the lattice parameter decreased due to the smaller 
ionic radius of Fe (1.17 Å) than Mn (1.79 Å).

 Fig. 2 Room temperature XRD patterns of GdMn1-xFexO3 ceramics compounds  
(x= 0, 0.2 and 0.8) heat treated at 1350 °C for 24 h

 2. ábra 1350°C-on 24 órán át hőkezelt GdMn1-xFexO3 kerámiák XRD mintázata  
(x = 0; 0,2 és 0,8) szobahőmérsékleten

Composition a (Å) b (Å) c (Å) Volume (Å)3 Space 
group

GdMnO3
5.31 5.84 7.43 230.41 Pnma

GdMn0.8Fe0.2O3
5.316 5.679 7.611 229.77 Pnma

GdMn0.2Fe0.8O3
5.3 5.6 7.62 226.16 Pnma

 Table 1 Lattice parameters resulted from refinement procedure of powder XRD 
pattern of GdMn1-xFexO3 ceramics compound (x=0.2, 0.8)

 1. táblázat A rácsparaméterek a GdMn1-xFexO3 kerámia alkotók XRD mintázatából 
adódtak (x = 0,2; 0,8)
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 Fig. 3 XRD pattern for GdMn1-xFexO3 ceramics sample at (x= 0.2)
 3. ábra A GdMn1-xFexO3 kerámia XRD mintája (x = 0,2)

 Fig. 4 XRD pattern for GdMn1-xFexO3 ceramics sample at (x= 0.8) 
 4. ábra A GdMn1-xFexO3 kerámia XRD mintája (x = 0,8)

a b

c d

 Fig. 5 SEM micrographs of Fe-doped GdMnO3 samples at ×2.000 a) SEI of 
GdMn0.8Fe0.2O3, b) BEI of GdMn0.8Fe0.2O3, c) SEI of GdMn0.2Fe0.8O3 and d) BEI 
of GdMn0.2Fe0.8O3 samples (GdMn1-xFexO3 ceramics where x= 0.2 and x= 0.8)

 5. ábra Fe adalékolt GdMnO3 minták SEM felvételei 2000x nagyítással a) 
GdMn0.8Fe0.2O3 SEI, b) GdMn0.8Fe0.2O3 BEI, c) GdMn0.2Fe0.8O3 SEI és d) 
GdMn0.2Fe0.8O3 BEI (GdMn1-xFexO3 kerámiák, ahol x = 0,2 és x = 0,8)

3.2 Scanning electron microscopy (SEM) and EDS 
investigation of GdMn1-xFexO3

Fig. 5 shows secondary and backscattered electron 
micrographs of the GdMn0.8Fe0.2O3 and GdMn0.2Fe0.8O3. In 
addition, Fig. 6 shows larger magnifications of the same 
materials. SEM micrographs reveal that there is no second 
phase or impurity in the microstructure, as observed in 
the XRD. Backscattered electrons do not show any phase-
contrast indicating no other second phases. The grain sizes in 
x= 0.2 and x= 0.8 samples were in the range of 0.7-5 μm and 
0.8-4.6 μm respectively, showing that the grains sizes do not 
change significantly with Fe-doping.

EDS analysis taken from grains shows that they were near 
to the theoretical values (Fig. 7).  While Fig. 7-a gives the 
EDS analysis of Gd0.8Eu0.2MnO3, Fig. 7-b gives the EDS of 
Gd0.2Eu0.8MnO3. The weight percentages obtained from EDS 
results were near to the calculated values. No other peaks or 
impurities were detected in the EDS. Au and Pd were due to 
coating made on the samples.

a b

c d

 Fig. 6 SEM micrographs of Fe-doped GdMnO3 samples at ×5.000 a) SEI of 
GdMn0.8Fe0.2O3, b) BEI of GdMn0.8Fe0.2O3, c) SEI of GdMn0.2Fe0.8O3 and d) BEI 
of GdMn0.2Fe0.8O3 samples (GdMn1-xFexO3 ceramics where x= 0.2 and x= 0.8)

 6. ábra Fe adalékolt GdMnO3 minta SEM felvételei 5000x nagyítással a) 
GdMn0.8Fe0.2O3 SEI, b) GdMn0.8Fe0.2O3 BEI, c) GdMn0.2Fe0.8O3 SEI és d) 
GdMn0.2Fe0.8O3 BEI (GdMn1-xFexO3 kerámiák, ahol x = 0,2 és x = 0,8)

Elements O Mn Fe Gd Total

Wt (%) 26.19 1.52 8.20 64.08 100.00

Calculated (W %) 18.43 16.88 4.289 60.395 100.00

a

Elements O Mn Fe Gd Total

Wt (%) 14.14 8.90 11.31 65.65 100.00

Calculated Wt (%) 18.39 4.21 17.12 60.27 100.00

b

 Fig. 7 EDS analysis Fe-doped GdMnO3 samples a) EDS analysis of GdMn0.8Fe0.2O3 
and b) EDS analysis of GdMn0.2Fe0.8O3 sample (Tables show the weight 
fractions of the elements found by calculation from EDS results)

 7. ábra Fe-adalékolt GdMnO3 minták EDS-elemzése a) GdMn0.8Fe0.2O3 és b) 
GdMn0.2Fe0.8O3 (A táblázat a számítással és az EDS-eredmények alapján 
meghatározott elemek tömegarányát mutatja)
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3.3 Magnetic properties
Fig. 8 shows magnetic field-dependent magnetization at low 

temperature (10K) for GdMn1-xFexO3 (x=0.2, 0.8) ceramics. 
Both samples show antiferromagnetic behaviour at 10K with 
small differences. The saturation magnetization (Ms) for the 
sample at x= 0.8 appears higher with a value of about 60 emu/g, 
while the sample at x=0.2 shows slightly lower Ms with a value 
of about 58 emu/g. The slight enhancement in magnetization 
might be attributed to the distorted spiral magnetic ordering 
caused by the doping of Fe element. With increasing Fe 
concentration, the interatomic distance of Fe–O decreases, 
which leads to improvement in exchange interaction between 
Fe–RE , therefore enhance the magnetization [33].

 Fig. 8 The magnetic hysteresis loops of GdMn1-xFexO3 ceramics compound (0.2 and 
0.8) sintered at 1350 °C

 8. ábra 1350°C-on szinterelt GdMn1-xFexO3 kerámia alkotók (0,2 és 0,8) mágneses 
hiszterézis hurkjai 

4. Conclusion 
GdMn1-xFexO3 (x= 0, 0.2, 0.8) samples show single-phase 

orthorhombic crystal structure with space group Pnma as 
confirmed by XRD investigation. Increasing the doping 
concentration leads to decreased lattice parameters (basically, b 
and c while a remains almost constant). Due to the Fe dopant 
element’s small atomic radius, a decrease of the overall lattice 
volume has been observed. SEM examination reveals the synthesis 
of pure phase with no other impurities since the backscattered 
electrons micrograph does not show any phase contrast. EDS 
results of the produced samples show a close value between the 
experimental weight percentages and the calculated one, also no 
other peaks were detected in the EDS results, which is a strong 
indication for the formation of single-phase. The magnetic 
hysteresis loops of GdMn1-xFexO3 (x= 0, 0.2, 0.8) carried out at low-
temperature (10K) exhibit the antiferromagnetic characteristic in 
both samples, with only slight differences in the Ms.
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Abstract
As the idea of sustainable development has been involved in all fields including construction 
and civil engineering, a huge amount of researches has focused on reducing energy use and 
protecting the environment, while at the same time ensuring the comfort of inhabitant. Taking on 
this viewpoint, the current work focuses on replacing natural materials with recycled and synthetic 
materials, to produce a new eco-material that satisfies the binary concept; minimizing cost and 
constructing light elements with complex geometry that promotes architectural innovation.  The 
present work aims to mix design and study a mortar based on mixture of fine siliceous dune sand 
and crushed limestone sand lightened by expanded polystyrene (EPS). Sand was substituted by 
EPS with percentages of 0, 5, 10, 15, 20, 25 and 100%. The physical, mechanical and thermal 
properties of composite mortars were assessed according to the dry density, compressive 
strength, flexural strength, porosity, and conductivity. The obtained results show that, the use 
of EPS decreases the mechanical properties and the density of mortars. However, the thermal 
properties of mortars incorporating EPS were improved and meet the requirement for lightweight 
concrete constructions and insulation applications.
Keywords: EPS, dune sand, crushed sand, physic-mechanical properties, porosity, thermal 
properties
Kulcsszavak: EPS, dűne homok, zúzott homok, fizikai-mechanikai tulajdonságok, porozitás, 
hőtani tulajdonságok
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1. Introduction
Concrete is the most widely used material in building 

construction despite its relatively high weight and limited thermal 
performance in which thermal conductivity ranges between 1.4 and 
3.6 W/mK [1-3]. Lightweight concrete (LWC) offers a considerable 
advantage in terms of its unit weight which encourages its use in 
the construction industry where savings made in the weight of 
structures are a major factor [4]. Several researchers have exploited 
natural, artificial and recycled lightweight aggregates in order to 
enhance their importance in modern construction [5]. Expanded 
polystyrene (EPS) is one of the artificial lightweight aggregates that 
provide concrete lightening, and a wide range of density choices 
and is used in thermal insulation. The introduction of this material 
therefore contributes to the efficient management of solid waste 
while saving landfills, conserving natural resources and protecting 
the environment [6]. Herki et al [7] Examined the effect of using 
EPS waste and fly ash in concrete. The results showed that the 
compressive strength and ultrasonic velocity decreases with 
increasing amounts of EPS and fly ash in the concrete. Ferrandiz-
Mas et al [8] investigated the effect of EPS on the thermal 
conductivity of lightweight mortars; the results showed that the 
increase in the percentage of EPS beads decreases the thermal 
conductivity, thus increasing the thermal insulation. Sayadi et 
al [9] found that the strength of lightweight concrete made with 

EPS beads decreases as the amount of replacement EPS increases. 
Ali et al [10] have carried out some tests on concretes made of 
polyethylene balls; the results showed that regardless of the EPS 
balls content, the shrinkage of EPS concrete is greater than that of 
the control concrete. In the context of sustainable development, 
the Algerian Minister of Housing and Urban Planning has banned 
the exploitation of river and sea sand, as a justified way to preserve 
the environment; this is a major environmental challenge due to 
the increasing need for sand. In order to balance the country’s 
need for sand in construction field and the preservation of the 
environment, researchers have started to introduce new ideas 
and innovative solutions for this complicated problem in one 
hand. On the other hand, the improved thermal performance 
of lightweight aggregate concrete is considered as the most 
appropriate, particularly in reducing the energy used in heating 
and air conditioning of buildings. Among the steps suggested by 
researchers is to use the quarry limestone crushed sand and to 
evaluate the economy of the aggregates sector. The approach alone, 
however, cannot satisfy the growing demand for development 
programs of construction projects. Nevertheless, the search for 
other alternatives to deal with the lack of materials especially the 
sand remains increasingly important. Recently, a shift in research 
towards new construction materials has taken place through the 
reuse of local materials for the construction of high-performance 
concrete from a mechanical and economic point of view as well as 
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its durability. A local available dune sand which covers more than 
60% of the Algerian territory is practically unexploited until now 
[11]. Many researches have been done on the use of dune sand 
in the field of construction in Algeria, due to the availability of 
this material in huge quantities especially in the southern zones 
[12-16]. The main objective of this work is to investigate the effect 
of EPS beads and plasticizer on the properties of mortar made 
with a mixture sand of dune and crushed sand, in order to meet 
the concern of preserving the natural resources, and enhance 
the thermal insulation of buildings. The physical, mechanical 
and thermal properties of mortar were evaluated according the 
dry density, compressive, flexural strength, porosity and thermal 
conductivity.

2. Experimental program
2.1 Material 

2.1.1 Cement 
The cement used in this work is a Portland Limestone 

Cement of type CPJ CEM/II which conforms to the standard 
EN 197-1:2000 [17]. Its specific density is 3.1 g/cm3 and its 
Blaine specific surface area is 3100 cm2/g. 

2.1.2 Sand 
As fine aggregates, a mixture of 44% of siliceous dune sand 

(DS) and 56% limestone crushed sand (CS) were used. The 
physical properties and sieve analysis results of these sands are 
given in Table 1 and Fig. 1 respectively. 

Physical properties DS CS

Apparent density (kg/m3) 1440 1530

Absolute density (kg/m3) 2610 2630

Finesse modulus 0.74 3.88

Sand equivalent (%) 62 88

Absorption coefficient (%) 1 2

Compactness (%) 54.9 58.1

Porosity (%) 45.1 41

Empty index 0.82 0.72

 Table 1  Physical properties of sand used
 1. táblázat  A felhasznált homok fizikai tulajdonságai

 Fig. 1 Particle size distribution of sand used
 1. ábra A felhasznált homok szemcseméret eloszlása

2.1.3 Expanded polystyrene (EPS)
The manufacture of polystyrene is obtained by polymerizing 

the basic product, which is styrene. The EPS balls with 
diameters ranging from 1.5 to 4 mm were used to substitute 
sand by percentage of 0, 5, 15, 25, 50, 75 and 100 % to lighten 
the mortar. The properties of the EPS balls used are given in 
Table 2.

Properties Value

Particles’ size (mm) 1.5 - 4

Absolute density (kg/m3) 28

Apparent density (kg/m3) 18

Dry thermal conductivity (W/m.K) 0.045

 Table 2  Properties of EPS
 2. táblázat  EPS tulajdonságai

2.1.4 Plasticizer 
A plasticizer with a specific gravity of 1.04 ± 0.01 g/cm3, solid 

content of 35% and pH of 7.9, was used to ensure the suitable 
workability of mortar mixtures. 

2.2 Mix proportions and mixing procedure
To assess the effect of EPS on the physical, mechanical and 

thermal properties of lightweight mortar, seven mixtures were 
prepared. In order to determine the quantity required for each 
ingredient of lightweight mortar, the general method is used 
according to the standard EN 196-1 [18]. Cement/sand (S/C) 
ratio is maintained constant (1/3). Sand was substituted by 
EPS with percentages of 0, 5, 10, 15, 20, 25 and 100%. In order 
to reach suitable workability, varying amounts of plasticizer 
(PL) and water/cement (W/C) ratio were used. The mixture 
proportions of all lightweight mortar mixes are given in Table 3.

Mixtures 1 2 3 4 5 6 7

Cement 
(kg/m3) 

450 450 450 450 450 450 450

Sand  
(kg/m3)

1302.50 1237.38 1107.13 976.88 651.25 325.63 0.00

EPS (%) 0 5 15 25 50 75 100

EPS  
(kg/m3)

0.00 0.82 2.45 4.09 8.17 12.26 16.34

W/C 
* 0.55 0.5 0.48 0.44 0.38 0.33 0.27

** 0.5 0.47 0.43 0.4 0.34 0.29 0.26

PL 
(%)

* 0.5 0.5 0.5 0.5 0.5 0.5 0.5

** 1 1 1 1 1 1 1

 Table 3  Mix proportions of different EPS mortars
 3. táblázat  Habarcs keverékek összetétele

The mixing procedure for making control mortar mixtures 
takes three steps. Firstly, the cement and sand were mixed 
for 1 min, and then 80% of the mixing water was added and 
mixed for 1 min. The remaining 20% of water containing the 
PL was then added and mixed for 1 min. Finally, the procedure 
continued for another 2 min.  For the mixture containing EPS, 
with an additional mixing time of 2 min.
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2.3 Testing 
	■ The workability was measured according to the 

standard NF P 15-437 [19]. 
	■ The air content in the mortars was measured by 

aerometer according to the standard NF P 18-353 [20].
	■ The dry density of the composites was measured 

according to the standard NF P18-435[21].
	■ The flexural strength and compressive strength are 

measured 28 days according to ASTM C348 [22] and 
ASTM C349 [23] standards, respectively. 

	■ The measurements of the thermal properties were 
carried out according to the standard ISO 8497-1 [24]. 

	■ The porosity accessible to water was measured 
according to standard NFEN18-459 [25].

	■ The dynamic elastic modulus of composites was 
determined at 28 days, using the ultrasonic pulse 
velocity (UPV) test according the standard ASTM 
C597-97 [26].                     

	■ To understand the developing of microstructure of 
hardened mixtures, a scanning electron microscopy 
analysis (SEM) was performed.

3. Results and Discussion
3.1 Fresh properties 

3.1.1 Workability 
Table 3 shows that the values of the W/C ratio decrease with 

the increase in the dosage of EPS beads, due to the polystyrene 
properties, it is a material that does not absorb water through 
a closed cellular structure [27]. These results are confirmed 
by the studies carried out by Bengin et al [28]. Kim et al [29] 
investigated the effect of polystyrene on the workability of 
lightweight mortars; and found that the increase in polystyrene 
content causes an increase in workability. Madandoust et al 
[30] showed that the use of EPS decreased the demand for high 
range water reducer, while higher slump flow was achieved. 
The plasticizer was added to the mixture in order to improve 
the consistency class of mortar with the fluidity time less than 
10 s. The optimization of the percentage of PL consists in 
developing the best characteristics of mortar at the fresh state 
to ensure better performance at the hardened state. In this 
study, two percentages of PL were used; 0.5% and 1% by weight 
of cement.  

Fig. 2 shows the variation of the workability of mortars with 
different percentages of EPS. As shown in Fig. 2, the flow time 
for all mixes was between 7 and 11 s, which indicates good 
consistency and compliance with flow time limitation so that 
requirement is less than 10 s in order to have a similar fluidity. 
It was noted that, mortars with 1% of PL have a high fluidity 
compared to those with 0.5% of PL [31]. For visual control, 
the setting is easy without any tendency to segregation or 
bleeding for the high percentages of EPS beads. This is due to 
the increase in the percentage of EPS, which is characterized by 
a hydrophobic behavior.

 Fig. 2 Workability of mortars made with different EPS contents
 2. ábra Különböző EPS tartalommal készített habarcsok bedolgozhatósága

3.1.2 Air content
The variation of the air content of the composite as a function 

of the EPS content, is illustrated in Fig. 3. According to this 
figure, the air content of mortars with EPS is more important 
than that of reference mortar with 0% of EPS. Up to 15% of 
EPS substitution, the air content increases with increasing the 
EPS content from 6.2% for mortar with 0% of EPS to 9.1% for 
mortar with 100% of EPS. However, the incorporation of 5% of 
EPS decreases the air content in the mixture by 20% compared 
to the control mortar. The decrease is due to the increase in 
compactness of the composite, it can be confirmed by the 
results of the workability test of this mixture. These results 
seem to be similar for the both plasticizer percentages used. 
The increase in the air content is explained by the increase in 
porosity, which can be attributed to the morphology of EPS, 
which is characterized by a hydrophobic nature. This explains 
that the EPS composite is less compact , and therefore it is 
more porous compared to the control mortar and that EPS 
balls can trap air, thus significantly increasing the air volume 
in composites. Increasing the air content in fresh mixture 
is practically identical with increasing the porosity of the 
composite at hardened state to the detriment of mechanical 
strength and the durability of the composite in general. 

 Fig. 3 Air content of mortars made with different EPS contents 
 3. ábra Különböző EPS tartalommal készített habarcsok levegőtartalma

3.2 Hardened properties 
3.2.1 Density 
The evolution of the density of the composite with various 

EPS content is given in Fig. 4; the figure shows that the density 
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varies from 2227.5 kg/m3 to 944.01 kg/m3 for mixtures with 1% 
of PL. For the control mortar, the density was 2204.98 kg/m3, 
and it decreased to 962.66 kg/m3, when incorporating 100 % of 
EPS and 0.5% of PL in the mixture. This low density can also 
facilitate the implementation of concrete in construction sites 
[32]. In addition, the decrease in the density is related to the 
increase of the air content in the matrix, which increases with 
the increase of EPS content [33-35]. Therefore, the substitution 
of sand by EPS has a negative effect on the density of the all 
mixtures, whereas the increase in the percentage of plasticizer 
causes an increase in density. These results were expected 
because the density of EPS is lower than that of the control 
mixture. 

 Fig. 4 Density of mortars made with different EPS contents
 4. ábra Különböző EPS tartalommal készített habarcsok sűrűsége

3.2.2 Compressive Strength 
The variation of the compressive strength of the mixtures 

with different substitution rates of EPS is shown in Fig. 5. 
From the figure, it can be seen that the compressive strength 
considerably decreases with the increase in the content of EPS, 
but it remains acceptable, even for mortars with a content of 
100% of EPS as used in semi-solid insulators manufacture.

 Fig. 5 Compressive strength at 28 days of mortars made with different EPS contents
 5. ábra Különböző EPS tartalommal készített habarcsok 28 napos nyomószilárdsága

The compressive strength of mortar with 100% of EPS 
decreases from 31.58 MPa to 12.4 MPa and from 29.47 MPa 
to 10.34 MPa, compared to the control mixture, when using 
1% and 0.5% of PL respectively. This reduction in strength is 
attributed to the stiffness of polystyrene, which is much lower 
compared to that of natural aggregates on one hand. On the 

other hand, the porosity percentage of the produced composites 
increases with the increase of the percentage of the EPS balls 
[36, 37]. However, a slight increase in the compressive strength 
of mortars is noted with the incorporation of 5% of EPS; this 
is due to the decrease in the W/C ratio as well as to the small 
percentage of the porosity of mixture.

3.2.3 Flexural tensile strength
Fig. 6 shows the 28 days flexural tensile strength of mortars 

made with different percentages of EPS. It is found that, the 
flexural strength of mortar decreases when adding EPS. for 
example, the flexural strength decreases from 4.51 to 2.79 MPa 
for mortars with  EPS content of 0% and 100% respectively, 
which represents a reduction rate of about 40%, whatever the 
percentage of PL used. This decrease in the flexural strength 
is probably due to the microstructure of mortar, which is 
characterized by high porosity and low adhesion between 
the EPS beads and the cement paste [38, 39]. These results 
are similar to those previously obtained by some authors on 
lightweight aggregate-based mortars [36, 37]

 Fig. 6 Flexural tensile strength at 28 days of mortars made with different EPS 
contents

 6. ábra Különböző EPS tartalommal készített habarcsok 28 napos hajlító-
húzószilárdsága

3.2.4 Dynamic modulus of elasticity
Fig. 7 shows the evolution of the dynamic modulus of 

elasticity at 28 days of the composites as a function of the EPS 
content. The figure illustrates that the modulus of elasticity of 
mortar varies in the same way as the flexural tensile strength 
and decreases with the increase of EPS content. The reduction 
rate of dynamic modulus of elasticity is about 85% when 
incorporating 100% of EPS in mixture compared to that with 
0% of EPS, whatever the percentage of PL used. The weak bond 
between the matrix and the EPS balls may have contributed 
to this reduction. In addition, the presence of air bubbles in 
the matrix may accentuated this reduction. The waves must 
pass through these air bubbles in order to be propagated in the 
cement paste [40]. This highlights the capacity to mitigate the 
ultrasonic waves as well as the damping of vibrations, which 
indicates the good sound insulation behavior.
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 Fig. 7 Dynamic modulus of elasticity of mortars made with different EPS contents
 7. ábra Különböző EPS tartalommal készített habarcsok dinamikus rugalmassági 

modulusa

3.2.5 Porosity
Fig. 8  shows the porosity accessible to water of different 

mortar mixtures as function of EPS aggregates percentages. 
From this figure, it can be noticed that, the two series of 
composites have the same behavior of the evolution of porosity 
versus the incorporated volume of EPS; the porosity of 
mixtures increases as the EPS content increases.  For example, 
for mixtures with 0.5% of PL, the porosity increases from 8% 
to 27% when the EP S content increases from 0% to 100%. 
For composites with 1% of PL, the porosity varies from 7% 
to 24% when the EPS content varies from 0% to 100%.  This 
increase is due to the low adhesion between the cement matrix 
and the EPS beads, which are characterized by hydrophobic 
nature in which the alveolus-shape cells are closed and remove 
of a part of the matrix resulting in a more complex porous 
structure [12]. These results are similar to those found by other 
researchers [41, 42]. G. Babu and S. Babu [43] studied the effect 
of EPS content on the porosity of concrete. The results showed 
an increase in porosity with the inclusion of high EPS content 
compared to control mixtures.

 Fig. 8  Porosity of mortars made with different EPS contents
 8. ábra  Különböző EPS tartalommal készített habarcsok porozitása

3.3 Thermal properties 
The results of the thermal properties: conductivity, diffusivity, 

effusivity and resistance of composites with different EPS 
proportions are shown in Figs. 9, 10, 11 and 12 respectively. 

 Fig. 9  Thermal conductivity of mortars made with different EPS contents
 9. ábra  Különböző EPS tartalommal készített habarcsok hővezető képessége

 Fig. 10  Thermal diffusivity of mortars made with different EPS contents
 10. ábra  Különböző EPS tartalommal készített habarcsok hőterjedési képessége

 Fig. 11  Thermal effusivity of mortars made with different EPS contents
 11. ábra  Különböző EPS tartalommal készített habarcsok hőkibocsátó képessége

 Fig. 12  Thermal resistance of mortars made with different EPS contents
 12. ábra  Különböző EPS tartalommal készített habarcsok termikus ellenállása
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Fig. 9 shows the thermal conductivity variation of composites 
with different EPS contents. It can noted that the thermal 
conductivity of mortar decreases with the increase in the 
percentage of EPS beads compared to that of the composite 
control. This corresponds to a reduction of about 80% for 
the composite with 100% of EPS compared to the composite 
without EPS. This reduction in thermal conductivity is due 
to the morphology of EPS, which represents an amorphous 
structure and its low thermal conductivity is 0.4 W/m°C 
compared to natural aggregates that represent a crystalline 
structure and a thermal conductivity more than 1.5 W/m°C 
[44]. The RILEM recommendations reported that all mixtures 
studied, except the control, are classified in the “class II” of 
lightweight concrete of construction and insulation, based on 
their range of thermal conductivity less than 0.75 Wm-1k-1 [45]. 
Laoubi et al [46]  found that the conductivity of the lightweight 
plaster decreased with the increase in the quantity of EPS, due 
to the insulating effect of the EPS.

Figs. 10 and 11 show the results of the thermal diffusivity and 
the thermal effusivity of the different composites.  It is observed 
that, the diffusivity and effusivity values are in the range 
between (3.454 – 4.743) × 10-7 m/s2 and (2637.244 - 435.592) 
J/m²s°C respectively. From this result, it can be concluded that, 
the incorporation of EPS beads decreases these parameters, 
due to the insulating effect of the EPS beads, which makes the 
produced composite more efficient thermally.

The results of thermal resistance of mortars with different 
percentages of EPS is shown in Fig. 12. The figure reveals the 
positive effect of adding EPS beads in improving the thermal 
resistance of composites. For control mortar, thermal resistance 
is 0.026 m2°C/W which increases to 0.133 m2°C/W for mortar 
prepared with 100%  of EPS and 0.5 % of PL. According to the 
standard NFP 75-101 [47], if the thermal resistance of product 
is at least equal to 0.50 m2°C/W, it can be classified as a good 
thermal insulator in the building. This classification shows 
that all mortars were belonged to the NFP 75-101 limitation 
standard.

3.4 Microstructure analysis using SEM
The analysis of the specimens’ morphology was carried 

out using a scanning electron microscopy (SEM) in order to 
highlight the interaction between cement-aggregates zones and 
the eventual changes of the microstructure of the composites 
within the incorporation different EPS contents. Fig. 13 shows 
some SEM images for samples of EPS composite mortars after 
28 days of maturity.

Fig. 13 a shows that the specimen has an alveolar structure 
of the EPS beads, which explains the lightness of the produced 
composites. Figs. 13 b, c show a poor adhesion of interfacial 
transition zone (ITZ) between cement-aggregates, which can 
significantly reduce the strength. This may be because that EPS 
beads have surface electrostatic charges that move the paste on 
EPS ball-paste contact area and known as the aggregate paste 
interaction. 

 Fig. 13.a  SEM appearance of the porous EPS beads structure 
 13a. ábra  A porózus EPS szerkezetének felépítése  pásztázó elektronmikroszkópos 

felvételen

 Fig. 13.b  Interfacial transition zone between EPS beads and the cement matrix 
 13b. ábra  Felületi átmeneti zóna az EPS gyöngyök és a cementmátrix között

Fig. 13 d reveals that, the adhesion between EPS and the 
cement matrix is weak; this is because the EPS beads form 
agglomerations. The analysis of the interface “cement- 
aggregate” showed the bad adhesion between the EPS and the 
cement matrix. Indeed, some gaps have been observed between 
these two components as shown in Fig. 13 e. The incorporation 
of EPS beads seems affect the total pore volume in the mixture, 
which results in high porosity and producing a more complex 
pore network in the composite.

 Fig. 13.c  Interfacial transition zone EPS beads and the cement matrix
 13 c. ábra Felületi átmeneti zóna az EPS gyöngyök és a cementmátrix között
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 Fig. 13.d  SEM observation of the grouping of EPS beads in the mass of the cement matrix 
 13d. ábra  Pásztázó elektronmikroszkópos felvételen az EPS gyöngyök csoportosulása a 

cement mátrixban

 Fig. 13.e  Interfacial transition zone EPS beads and the cement matrix
 13.e ábra  Felületi átmeneti zóna az EPS gyöngyök és a cementmátrix között

3.5 Relationships between the properties of ESP composites
The relationship between the compressive strength and 

density is illustrated in Fig. 14. The figure indicates that the 
compressive strength of composite decreases proportionally 
with density; the decrease in compressive strength of the EPS 
composite is associated with a decrease in density with a good 
coefficient of correlation (R2 >0.8). This decrease was about 
60% for both strength density. In this aspect, Sayadi et al [9] 
have found that the evolution of the compressive strength 
of concretes and mortars decreases with the increase of 
polystyrene substitution. An improvement of the resistance is 
obtained for the substitution of 5% in EPS; it is related to the 
decrease of the percentage of the density of this composite.

 Fig. 14  Correlation between compressive strength and density of EPS composites
 14. ábra  EPS kompozitok nyomószilárdságának és sűrűségének összefüggése

Fig. 15 shows the correlation established between the 
compressive strength and thermal conductivity. According 
to this figure, it is noted that, a decrease in the compressive 
strengths is associated with a decrease in thermal conductivity. 
A good non-linear correlation for all mixtures (R2 > 0.9) is 
found between the two properties.

 Fig. 15  Correlation between compressive strength and thermal conductivity of EPS 
composites

 15. ábra  EPS kompozitok nyomószilárdságának és hővezető képességének összefüggése

Figs. 16 and 17 illustrate the relationship between the 
thermal conductivity, density and porosity for all mixtures, 
respectively. It can be seen that, a good linear correlation is 
therefore observed between the parameters studied with high 
coefficients of correlation. 

 Fig. 16  Correlation between thermal conductivity and density of EPS composites
 16. ábra  EPS kompozitok hővezető képességének és sűrűségének összefüggése

 Fig. 17  Correlation between thermal conductivity and porosity of EPS composites
 17. ábra  EPS kompozitok hővezető képességének és porozitásának összefüggése
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4. Conclusions 
The present experimental study investigated the physic-

mechanical and thermal performances of dune sand mortars 
containing EPS as aggregate, the following conclusions can be 
drawn: 
	■ The incorporation of EPS beads as aggregate improved 

the workability of mortar.
	■ An increase in the percentage of EPS beads is 

accompanied by the increase of the air content of the 
composites, which increases the voids inside the matrix 
and consequently increases its porosity.  

	■ The compressive strength and flexural tensile strength 
decreased as the quantity of EPS beads increased, 
except the mixture with 5% of EPS that gives the best 
mechanical performance compared to other mixtures. 

	■ The modulus of elasticity of the composites lightened 
by EPS relatively decreases according to the increase 
in the percentage of EPS, which means greater 
deformability in the reference matrices and therefore 
less risk cracking.

	■ The increase of EPS percentages of substitution up 
to 50% decreased significantly the density of the 
composites.

	■ The microstructure analysis showed that the use of EPS 
in mixtures caused an increase in porosity as well as a 
weak adhesion zone between cement and aggregate.

	■ The thermal properties of all mixtures are significantly 
decreased by the addition of the EPS; it was possible to 
obtain a thermal conductivity equal to 0.30 Wm-1°C-1 
for when 100% of EPS is used. It should be noted 
that the obtained values of the thermal conductivity 
meet the RILEM recommendations, which suggest 
a coefficient of thermal conductivity less than 
0.75 Wm-1°C-1 for lightweight concrete construction 
and insulation applications.

	■ Finally, the EPS composites could be the subject of 
several applications, and can be used to reduce the heat 
transfer and thus to save energy.
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