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1. Introduction 

Concrete remains today one of the most indispensable materials in the world. It serves in fact, the 

construction of infrastructure and housing. Its global production is growing exponentially due to ever-

increasing needs. 

However, the production of concrete has a negative impact on the environment because of its binding 

component which is cement. Although cement represents only about 7-15% of the concrete, it is the 

element responsible for the binding properties of concrete. The cement industry contributes 5 to 8% of 

CO2 emissions (greenhouse gases) to the atmosphere and consumes about 1.6% of the world's electricity 

needs [1]. In fact, the production of one ton of clinker (95% in portland cement composition) generates 

about one ton of CO2 in the atmosphere [2] which is largely responsible for the destruction of the ozone 

layer, a direct consequence of global warming.  

To reduce the carbon footprint, studies have been undertaken over the last twenty years to develop high-

performance and environmentally friendly concretes through the use of additional cementitious materials 

or cementitious industrial residues (silica fume, slags, fly ash) or glass waste as partial replacement of 

cement [3–6]. But this technique of partial replacement of the cement by the glass debris also has an 

environmental and economic impact in the world. A total substitution of cement with glass waste in 

concrete would contribute to drastically reducing the carbon footprint of cement manufacturing. 
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Thus, research on new mineral binders with low production costs and less energy consumption has 

recently been developing, with negligible ecological impact. Among these alternatives, there is the 

development of new binders by alkaline activation of recovery products [3,7]. We can cite new materials 

such as geopolymers and the role of sodium silicate solutions finding applications in binders and in some 

habitat materials.  

In Abidjan (Ivory Coast), about 5,000 tons of glass waste from industrial sources is generated annually 

[8] some of which comes from an unquantified urban source found in aerial dumps. One possible 

valuation is to use this waste glass for the development of new consolidated materials with particular 

properties.  

2. Material and Methods 
To make samples of consolidated materials, waste glass bottles were used and crushed. The elemental 

chemical composition in molar percentage of the equivalent oxides of the glass used is presented in 

Table 1.   
 

Table 1 : Mass percentage of the equivalent oxides of the elements present in the waste glass. 

 

 Al2O3 CaO Fe2O3 K2O MgO Na2O SiO2 TiO2 

Glass (%) 1.64 9.19 0.23 0.56 0.84 13.89 73.37 0.28 
 

To eliminate any contamination, waste bottle have been washed in water several times. Samples after 

washing are then air dried and crushed. Several granular fractions are considered. The less than 40 μm 

fraction called SB40 will be used as part of the mineral binder while the granular fractions between 100 

and 250 μm or between 250 and 800 called SBG will be considered as granular. In alkaline solution 

(NaOH 5N), an identical amount of SB40 to the mass of NaOH is added. The mixture is stirred for about 

10 minutes and then SBG is added in a proportion of SBG / SB40 = 15 to respect the content of 70 % by 

weight of granulate as in concrete. After 5 minutes of homogenization, the mixture is placed in 

cylindrical tubes of polyethylene of size (= 3.45 cm and H = 6.60 cm) and brought to a temperature 

of 70°C for 28 days.  

The X-ray diffraction patterns were obtained using a diffractometer dedicated to the characterization of 

polycrystalline plane samples. Its configuration is Debye-Scherrer type. It is equipped with a localized 

curved detector (INEL CPS 120° Curved Position Sensitive Detector) in the center of which is placed 

the sample. The exposure time for each sample is 20 minutes and the measured angular range is from 0 

to 90 °. The infrared measurements were performed using a Fourier transform spectrometer (NICOLET 

380) in the range of 4000-400 cm-1 wavenumbers, with a resolution of 4 cm-1, a scanning number of 64 

and a mirror speed of 0.4747.  

In order to follow the mass evolution of our sample and to know the various thermal accidents which 

take place during its heating, differential thermal and thermo-gravimetric analysis measurements were 

carried out between 0 and 500°C with a coupled system DTA-TGA of type SETSY 24 SETARAM. The 

inert reference material is calcined alumina at 1500 ° C. 

The compression tests were performed from a Lloyd Instrument EZ20 test machine (AMETEK, UK). 

Cylindrical specimens, which extremities have been ground to ensure the flatness of the surfaces, are 

subjected to increasing load until they break with a speed of displacement of 1 mm.min-1.  

To study the morphology of our samples, a STEREOSCAN 260 scanning electron microscope was used. 

The principle of this type of microscopy is based on the strong interaction between the secondary 

electrons emitted and backscattered which make it possible to reconstitute the image of the object. 
 

3. Results  

3.1. Presentation of consolidated materials 

At the end of the material development protocol described in the experimental part, highly consolidated 

samples were obtained. Figure 1 shows the photograph of two consolidated materials produced with 

different sizes of aggregates. These samples are completely rigid and have no apparent crack shape. 
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Figure 1. Photograph of 2 consolidated materials developed with aggregate sizes of 100-250 μm (A) and 250-800 (B) 

 

3.2. X-ray diffraction 

The X-ray diffraction (XRD) diagrams of raw glass samples and consolidated material pre-baked at 100 

° C for 24 hours and made with an exposure time of 15 hours are shown in Figure 2. While diffractogram 

of the raw glass has a quasi-amorphous structure (characteristic of glasses), that of the consolidated 

material reveals the presence of characteristic peaks of a poorly crystallized compound that could be 

attributed to the presence of new phases: calcium carbonate (CaCO3), hydrated calcium silicate (C-S-H) 

probably containing sodium (C- (N) -S-H) and hydrated sodium aluminate silicate (S-A-S-H). The 

presence of calcium carbonate is due to the solution of NaOH recognized for its rapid carbonation in air. 

The CO2 thus captured in the air by the NaOH solution will form calcite with the calcium of the glass. 

Despite the low aluminum content of the glass, hydrates incorporating aluminum have been formed, 

contributing to the stability of the materials. 

 

 
 

Figure 2: X-ray diffraction of raw glass and consolidated material 

 

3.3. Infrared spectra of raw glass and consolidated material 

The IR spectra of the raw glass samples and the consolidated material, previously steamed at 110 ° C 

for 24 hours, are given in Figure 3. For the raw glass, the main vibration bands centered on 3500, 1010, 

770 and 463 cm-1 can be attributed respectively to the SiO-H elongation vibration [9–11], to asymmetric 

elongation vibration of Si-O-Si [12,13], to the symmetrical elongation vibration of Si-O-Si [12,14,15], and 

the Si-O-Si and O-Si-O deformation vibration [12,16,17]. These same vibration bands are also observed 
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for the consolidated material which additionally contains vibration bands at 1634, 1494, 1423, 870 and 

684 cm-1. While the 1494, 1423 and 870 cm-1 bands of this spectrum could be attributed to the vibration 

of the C-O bond of calcite [12,18–20], broad absorption bands at 463, 684, 1634 and 3500 cm-1 are 

typical of the presence of C-S-H phases [11,14,18]. These results confirm the presence of CaCO3 and 

C-S-H in the consolidated material observed in XRD. 

 

3.4. Thermal analyzes of the consolidated material  

Differential thermal analysis (DTA) and thermo-gravimetric analysis (GTA) were performed on the raw 

glass and on the consolidated material to determine the different thermal phenomena as well as the mass 

losses that can be observed in these samples according to the temperature. The two thermal analysis 

curves of the raw glass (Figure 4A) show no thermal accident and no loss of mass in the temperature 

range studied, which is from 0 to 500 ° C. 

The raw glass is therefore thermally stable in this temperature range. However, the DTA curve of the 

consolidated material (Figure 4B) in the same temperature range has several thermal accidents. From 50 

to 200 ° C, we observe an endothermic phenomenon accompanied by a loss of mass of about 10% that 

we attribute to the decomposition of hydrates (C-(N)-S-H) [18,21] and / or evaporation of the free water 

present in the pores (dehydration process). 

 
 

Figure 3: IR spectra of raw glass and consolidated material 

 

At 370 ° C, we have a small endothermic peak accompanied by a slight loss of mass of about 1.5% that 

would be attributed to the dehydroxylation of our sample. It is known in geopolymers that at 

temperatures (T200 °C), dehydroxylation occurs by condensation of the surface hydroxyl groups of the 

structure [22]. By analogy with these materials, the endothermic phenomenon corresponds to the 

reorganization of the structure by polycondensation. These results indicate that most of the water present 

in the material is in evaporable form. This is consistent with the observations of Duxon and al. [23]. 

Indeed, according to these authors, most water in the structure of geopolymeric materials, is present in 

the form of easily evaporable water, while the rest of the water is tightly adsorbed in small pores or on 

hydroxyl groups on the surface of the gel. 
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Figure 4: Differential Thermal Analysis (DTA) and Gravimetric Thermal Analysis (GTA) Curves for Raw Glass (A) and 

Consolidated Material (B) 
 

3.5. Mechanical test: compressive strength 

In order to determine the mechanical properties of the material prepared after 28 days in an oven at 70 ° 

C, the compressive strength was performed on these samples and Figure 5 gives the compressive strength 

as a function of the size of the samples aggregates.  
. 

 
Figure 5: Evolution of the compressive strength according to the size of aggregates 
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The average value of the compressive strength of materials with aggregates of size between 100 and 250 

μm is 88 MPa while that of materials with a particle size of between 250 and 800 μm is 93 MPa. 

Compression strength is higher for materials with a high aggregate size. In addition, these values of the 

compressive strength are very high and are close to the value of 100 MPa which is intended to be the 

reference value for cement-based concretes on specimens with a slenderness of 2. 
 

3.6. Microstructural characterization 

Scanning electron microscopy analysis was performed on the consolidated material (Figure 6). 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6: SEM images of consolidated material after 28 days in an oven at 70 ° C with a coated glass grain (A) and a grain 

boundary (B). 
 

The SEM image shows a highly densified material with a glass grain (granulate) in A completely coated 

with the binder formed by the decomposition of SB40 and the alkaline solution used. The intergranular 

space (Figure 6B) shows the cohesion between the glass grains is ensured by the dissolution of the SB40 

glass by sodium hydroxide (sodium silicate), which is an adhesive to agglomerate the aggregates of the 

glass. When we observe the core of the material (Figure 7) after fracturing, we notice that there is no 

swelling gel (no ASR: Alkali Silicate Reaction) at the origin of the cracking of the material in the long 

term. The morphology also shows a very dense microstructure with a glass grain of a very smooth surface 

indicating the good reaction of the glass in basic medium. We also observe a C-S-H film all around the 

attacked glass grain. 

 
Figure 7: SEM image showing the core of the material after fracturing 
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In order to know the real nature of the compounds in the consolidated material, the surface of a glass 

grain was observed at high magnification and compared with C-S-H. Thus, Figure 8 shows the 

microstructures of the surface of a glass grain in the consolidated material and synthetic C-S-H [24]. We 

observe a strong similarity between the two microstructures. This could confirm the presence of C-(N)-

S-H gel in the materials during this study. 

 

 

 

 

 

 

 

 

  

 

   
 

Figure 8 : Microstructure of the surface of consolidated material (A) and synthetic C-S-H (B) [24]. 
 

4. Discussion  

The results of the four characterization tests (DTA-GTA, XRD, IR and SEM) performed on the 

developed material indicate the presence of hydrates comparable to those found in ordinary cements and 

carbonates as phases appearing in the consolidated material. 

The origin of the presence of hydrates is related to the hydration of the chemical species in the glass. 

Indeed, the chemical species (Si, Na and Ca) in the SB glass are hydrated in the presence of water in a 

basic medium by an activation process comparable to the geopolymeric materials. This mechanism can 

be summarized as follows: when the glass powder is brought into contact with the basic medium, the 

siliceous network undergoes a dissolution. This dissolution leads to dissolution of the silicon, sodium 

and calcium, it is called depolymerization of the glass powder. The solvated chemical species interact 

with each other to form oligomers. When the solution saturates with oligomers, the latter become 

polycondensed in geopolymers, we then speak of polycondensation [14]; Although the formation 

process is different from that of ordinary cement, hydrates similar to those formed during the hydration 

of cement such as hydrated calcium silicate incorporating sodium (C-(N)-S-H) are observed due to the 

presence of calcium in the medium. There is also formation of hydrate (S-A-N-H) containing aluminum 

(sodium aluminosilicate hydrate) which is present in the glass but in small quantities (1.64% Al2O3). 

This confirms the attack of the siliceous network of glass. 

In the case of cements, these chemical species are at the origin of the setting reaction therefore the 

hardening of the cement. These chemical species help to improve the mechanical properties of the 

cementitious material. 

Concerning carbonates, their presence in the materials comes from the soda solution used for its 

production and the calcium present in the glass. In addition to hydrates, x-ray diffraction reveals the 

presence of calcium carbonate. The dissolution of the siliceous network implies, as we had previously 

pointed out, passage of species in solution, including calcium. Being in basic solution (NaOH), calcium 

in the presence of hydroxide ions in addition to forming C-(N)-S-H, will also react with the CO2 of air 

to form calcium carbonate in a two-step process as described in equations 1 and equation 2. 

The soda solution is known for its rapid carbonation in contact with air following the reaction: 

2 NaOH + CO2
3-- Na2CO3 + 2OH-    (Equation 1) 

 

 

1µm 

A B 
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Once Na2CO3 is formed, the latter in the presence of the Ca2+ ions present in the mixture will react with 

these ions to give the calcium carbonate following the reaction: 

Na2CO3 + Ca2+ CaCO3 + 2Na+    (Equation 2) 

This reaction occurs because calcium carbonate is more stable than sodium carbonate. 

In addition to the presence of hydrates and carbonates, there is also sodium silicates. 

The attack of the glass by a solution in a very basic medium leads to the dissolution of the siliceous 

amorphous network by breaking the Si-O-Si bonds and this dissolution leads to the formation of a 

solution of sodium silicate which will contribute to improve the mechanical strength of our material. 

In the end, the consolidation of our material is due to both the presence of calcium-hydrated sodium 

silicate gel that is known to be strong binders and sodium silicate, which would explain the high 

compressive strength obtained for our materials (90 MPa) after 28 days of reaction which is similar to 

those obtained in concrete based concrete (100 MPa). 
 

Conclusion 

A consolidated material was developed from the alkaline attack of bottle glass waste from the city of Abidjan. 

These bottles, previously crushed, made it possible to obtain a fine granulometry powder after sieving. 

This powder with different particle sizes in contact with alkaline solution of concentrated sodium hydroxide (5 

N) gives a consolidated material when it is subjected for 28 days to a temperature of 70°C. The materials thus 

obtained are characterized by means of several techniques. 

Les résultats de l’essai mécanique présentent un matériau à forte performance car sa résistance à la compression 

de l’ordre de 90 MPa est comparable à la valeur caractérisant un matériau de bonne résistance à la compression. 

The results of the DTA-GTA analysis, the X-ray diffraction and the infrared, showed the presence during the 

chemical reaction, of the inorganic binders C-S-(N)-H and the sodium silicate that would cause the hardening of 

the material obtained. The results of the DTA show us a material sensitive to the thermal effect. 

The results of the scanning electron microscopy of the microstructure of the surface of a glass grain in the 

consolidated material and the synthetic C-S-H show a strong similarity in their structure. 

All of these results make it possible to highlight the SB bottles of the city of Abidjan (Ivory Coast) in the field of 

industries producing compression-resistant materials as well as concrete made from cement. 

In perspective, a chemical analysis on the consolidated material in different solutions will study its chemical 

stability and to improve the compressive strength, additions of pozzolanic compounds will be made. 
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