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Abstract 

The increase of industrial activity gives rise to an increase of quantity of solid waste that can have a negative 

impact on the environment and human life. Among these solid wastes, we can cite the industrial sludge. This 

study investigates the variation effect of 𝑁𝑎2Si2O3/ NaOH mass ratio on the development of structure of an 

industrial calcined sludge-based geopolymer. To reach this goal, a mechanical mixer was used to blend the 

calcined industrial sludge and the sodium silicate solution. The homogeneous paste obtained was poured into 

cylindrical molds and cured at room temperature under atmospheric pressure for 18 days, then at 50°C until 

compressive strength tests. The structural change of geopolymer based calcined industrial sludge was followed 

by FTIR spectroscopy, XRD and TEM analysis. The compressive strength of geopolymer specimens prepared 

from the calcined industrial sludge depends on the 𝑁𝑎2Si2O3/ NaOH ratio. The XRD analysis of geopolymer 

based calcined industrial sludge confirms that is an amorphous material. The micrographs obtained by MET of 

this material show the presence of a new solid phase in cluster form. The results obtained by FTIR spectroscopy 

indicate that the reaction between the calcined industrial sludge and the sodium silicate solution resulted in the 

formation of a new aluminosilicate phase rich with aluminum species. 
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Introduction 

In recent year, there is an increase demand of development of new low-cost technologies that use the 

industrials wastes, especially the industrials wastes contaminated by the heavy metals [1,2]. The geopolymer 

cements and concretes can be a feasible way to manage a several industrial wastes, such as the industrial sludge 

contaminated by the heavy metals [3]. The studies carried out on geopolymer, confirm that this type of materials 

is a good heavy metal fixer, because during the geopolymerisation, the heavy metals are immobilized by 

chemical adsorption [4-6]. The presence of heavy metals affects the chemicals reactions and morphology 

structure, which causes the formation of different amorphous phases [3,7]. However, the heavy metals does not 

replace Al or Si of the tetrahedral building blocks of geopolymer [8,9]. The exact mechanism of 

geopolymerization is unknown due to the high speed of the reaction. However, several studies confirms that the 

geopolymerisation reaction is beginning by the dissolution of aluminosilicate material, and followed by the 

polycondensation of dissolved species in the three-dimensional network [1]. Several studies carried out on 

geopolymer cement have shown that the physicochemical and mechanical properties of these materials are 

strongly linking of the nature of the aluminosilicate source (mineralogical composition, degree of crystallinity), 

the nature of the alkali metal cations, the 𝑁𝑎2Si2O3/ NaOH ratio, H2𝑂/ NaOH ratio, the curing temperature and 

others [10–14]. The most alkali solution used to synthesize  the geopolymer cement is the sodium silicate 

solution (mixture of water glass and sodium hydroxide solution) [15]. The several studies show that the 
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compressive strength of geopolymers cement increases with increasing Na2SiO3/NaOH ratio, due to the 

promotion of polymerization reaction [16]. The curing temperature has a significate effect on structural and 

mechanical properties of geopolymers (the increase of the curing temperature increase the compressive strength 

and decrease the setting time) [11],[17],[18]. The objective of this study is to evaluate the effect of variation of 

Na2SiO3 /NaOH mass ratio on the development of structure of calcined industrial sludge based geopolymer. In 

order to assess the feasibility of using this industrial waste as a geopolymer material.   

 

2. Materials and methods. 

2.1. Materials 

The industrial sludge (B) used in this study was recuperated from a factory of ceramic products. Its chemical 

composition was determined by X-ray fluorescenceX and the result is shown in table 1. The molar ratio 

SiO2/Al2O3 is 3.82. The industrial sludge was calcined at 800 ° C for 5 hours with a ramp as 5 °C/min in tubular 

furnace on open mode. When the calcination was completed, the sample was soaked in air, cooled at room 

temperature and placed in plastic bag. The BET surface area of calcined industrial sludge (MB800), determined 

by nitrogen adsorption on ASAP2010 instrument, is 2.37 m
2
/g, and the medium laser particle size (d50) is 

7.12µm.  

 

Table 1:  chemical composition of industrial sludge (B) determined by X-ray fluorescence 

Oxides SiO2 Al2O3 CaO Na2O K2O ZrO2 MgO Fe2O3 ZnO TiO2 

% 57,4 26,3 2,42 1,68 1,29 0,823 0,459 0,449 0,346 0,301 

 

The sodium silicate solutions with different 𝑁𝑎2Si2O3/ NaOH mass ratios was prepared by adding the sodium 

hydroxide solution (12 M) to diluted water glass (Table 2). The sodium hydroxide solution was prepared by 

dissolution of NaOH grain (purity 97%) in distilled water. The solutions were cooled before adding the diluted 

water glass in various mass ratio. The sodium silicate solutions obtained are stored for 24 h before their use.  

 

Table 2:  chemical composition of water glass 

 
Si (mg/l) Na (mg/l) 

Compound 32.48 19.62 

 

2.2. Geopolymer synthesis  

The samples were prepared by mixing the calcined industrial sludge (MB800) and sodium hydroxide solutions 

for 10 minute, the mix proportions of pastes are shown in Table 3. After mixing, the fresh paste was casted into 

cylindrical molds (width=20mm and height = 40 mm) and they undergo twenty shocks for removing air bubbles 

trapped in the paste. Then the samples were cured at room temperature and normal pressure for 18 days then at 

50°C until compressive strength tests.  

 

Table 3:  the mix proportions of pastes. 𝑁𝑎2Si2O3/ NaOH is the mass ratio of diluted water glass to sodium hydroxide 

solution; Si/Al is the molar  ratio of Si to Al in the industrial sludge powder; /  is the weight ratio of the industrial sludge 

to the sodium hydroxide solution.SiO2/ Na2O is the molar ratio of  SiO2 to Na2O in diluted water glass 

SAMPLES 𝑁𝑎2Si2O3/ NaOH Si/Al /  SiO2/ Na2O  

GEO0.8 0.8 1.92 1.2 3.19 

GEO1 1 1.92 1.2 3.19 

GEO1.2 1.2 1.92 1.2 3.19 

GEO1.4 1.4 1.92 1.2 3.19 
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2.3. Characterization 

The samples GEOn (n = 0.8, 1, 1.2 and 1.4) were examined by Fourier transform infrared spectroscopy 

(FTIR) by using KBr pellet technique, after 4 months of aging in  the 4000-400 cm
-1

 range. The samples were 

prepared by mixing and grinding a small amount of geopolymer powder and potassium bromide (KBr) until a 

very fine powder. Then the mixture was pressed into a disk by using a mechanical press. The morphology of 

each sample was characterized by transmission electron microscopy (TEM) operating at 200 kV. XRD diagrams 

were obtained from powdered samples. The samples analyzed by XRD, MET were ground, and sieved at 80µm. 

  

3. Results and discussion 

3.1. XRD analysis. 

The XRD patterrn of the calcined industrial sludge (MB800) and  samples (GEO1 and GEO1.2) are presented in 

figure 1. The crystalline phases persistent in calcined industrial sludge are quartz and albite. The same 

crystalline phases are presented in geopolymers samples. This result signifies that the albite and quartz structure 

are not affected by the attack of the alkali activator. In the other hand, The absence of new crystalline phases 

proves the absence of zeolite structure[19]. The diffractograms of geopolymers samples show the presence of an 

halo between 23 and 34 (2theta), which in an indication of an amorphous phase formation. In the literature, this 

halo is attributed to a geopolymer material[20].  

 

 
Figure 1: XRD pattern of calcined industrial sludge (MB800) and calcined industrial sludge based geopolymer 

(GEO1, GEO1.2). A: Albite; Q: Quartz. 

 

3.2. TEM analysis. 

TEM was used to examine the microstructural variations between the initial material (MB800) and MB800 

based geopolymer (GEO0.8, GEO1, GEO1.2 and GEO1.4). The TEM micrographs for all samples are shown in 

figure 2. TEM analysis shown that the new formed material is a combination between the Nano-spherical 

precipitate[21] in  cluster form and initial phases. All TEM micrographs of MB800 based geopolymer did not 

show any microcracking, this result shows that the thermal treatment at 50°C after 18 days of curing at ambient 

temperature leads to desiccate the geopolymer material without affecting the microstructure. The TEM 

micrographs reveal two types of reacted region. The first one is the fully reacted region (figure 2.d (1)) where 

the microstructure made up of spherical separated by nanoporosity in sponge-like microstructure. This kind of 

structure is shown in TEM micrographs of M-Metakaolin based geopolymer (M = Na or K). The second one is 

the partially reacted region (figure 2.b (2)) where the new formed microstructure is located on the original 

phases. The size of nanoparticules (approximately 10 nm [22]) and their forms (spherical form) confirm the 
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result obtained by XRD analysis, that the new formed structure is an amorphous phase. Comparing the extent of 

new formed phases shown in the micrograph of each sample, we can observe clearly the strong dependence of 

the extent of new formed phases with the mass ratio of activator solution compound, where the maximum extent 

was observed with  𝑁𝑎2Si2O3/ NaOH = 1.2.   

 
Figure 2: TEM micrographs of MB800 (a), GEO0.8 (b), GEO1 (c), GEO1.2 (d), and GEO1.4 (e). 

 

3.3. FTIR analysis: 

To assigning the peaks shown on the geopolymer spectra, we relied on the infrared studies carried out 

on Metakaolin based geopolymer [19], [23–25]. The change between the calcined and the raw industrial sludge 

appears clearly in their infrared spectra (figure 3). After calcination of the  industrial sludge, the vibration bands 

of OH at 3696 cm
-1

 and 3619 cm
-1

 were disappeared. Which indicating that the kaolinite present in the industrial 

sludge was converted to Metakaolin.  

 
Figure 3: FTIR spectra of the raw industrial sludge (B) and calcined industrial sludge (MB 800) 

 

The absorption band of kaolinite at 1104 cm
-1

 (Si-O-T in a crystal-network; T=Si or Al) has been moved 

to the lower frequency at about 1085 cm
-1

 (SiO2 in an amorphous network). The disappearance of the absorption 

band of Al
VI

-OH at 916 cm
-1

 and the intensity decrease of characteristic vibration of the Si-O at about 539 cm
-1

 

together with its displacement to a higher frequency are due to the deformation of the tetrahedral and octahedral 

1 

2 
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sheets of the industrial sludge. This deformation brings about also the appearance of the band at 722cm
-1

 

corresponding to the deformation vibration of Si-O-Si and Si-O-Al in the amorphous material (MB800). Thus 

the decrease of band intensity at 684 cm
-1

 (is attributed to the symmetric valence vibration of Si-O group). 

The FTIR characterization of the geopolymer materials is given in figure 4. The broad absorption band between 

3000- 3500 cm
-1

 and the band at 1652 cm
-1

 attributed to the vibration of H2O absorbed at surface or entrapped in 

the new formed material cavities. The absorption bands at about 1415cm
-1

 indicates the existence of Na2CO3. 

The formation of these species is the result of the reaction of sodium hydroxide with the atmospheric CO2 

(efflorescence). The symmetric vibration band of Si-O-T at 1 085 cm
-1

 present in the FTIR spectrum of MB800 

(figure 4) has been shifted to 979 cm
-1

, 982 cm
-1

, 989 cm
-1

 and 1007 cm
-1

  for GEO0.8, GEO1, GEO1.2 and 

GEO1.4 respectively. Which is explained by the formation of a new phase rich in Aluminum. The dissimilarity 

on the shift of the symmetric vibration band Si-O-T, could be attributed to the variation of  𝑁𝑎2Si2O3/ NaOH 

mass ratio. The shifted values exhibit that the increase of  𝑁𝑎2Si2O3/ NaOH mass ratio cause a decrease  on the 

shift of Si-O-T band vibration. This phenomenon could be explained by the formation of poor aluminum phase 

when the 𝑁𝑎2Si2O3/ NaOH mass ratio grows, due to the increase of quantity of Si in the reaction medium. The 

absence of the intensity band at 865 cm
-1

 displays that the dissolution reaction of the initial calcined industrial 

sludge (MB800) was stopped. Therefore, the polycondensation reaction was stopped too. 

 

 
Figure 4: FTIR spectra ofMB800 and GEOn samples (n=0.8, 1, 1.2 and 1.4). 

 

The infrared spectra shown in Figure 4 reveals that the major difference between the calcined industrial sludge 

and the geopolymer products is attributed to  the displacement of the Si-O-T vibration bond (T=Si or Al) at low 

frequencies. This peak is the main peak in the infrared spectra of géopolymers synthesized from alumino-silicate 

powders. And as the intensity of this symmetric vibration depends on the amount of the Si-O-T bonds present in 

the new alumino-silicate phase formed, this peak could be used to show the variation effect of the  

𝑁𝑎2Si2O3/ NaOH ratio on the formation of new Si-O-T. To obtain accurate results, we calculated the ratio of the 

peak intensity of new formed Si-O-T and that obtained at 459cm
-1

. The intensity of the last peak depends on de 

concentration of Si-O and Al-O vibration bonds existing in the all phases (initial phases and new formed 

phases). The results are shown in Figure 5. We can note that the increasing of the ratio to 1.2 causes an increase 

in the number of Si-O-Al. However, the continuation of increasing 𝑁𝑎2Si2O3/ NaOH ratio leads to decreasing 

the number of Si-O-Al, which consequently decreases the production of the new phase characteristic of a 

geopolymer material. This result was already corroborated by the TEM analysis. 
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Figure 5: The relative intensity variation of  Si-O-T vibration in the new formed structure as a function of 

Na2SiO3/NaOH mass ratio. 

 

3.4. Compressive Strength testing 

Figure 6 presents the compressive strength values of the four samples GEOn (n=0.8, 1, 1.2 and 1.4). With the 

Increasing of Na2SiO3/NaOH mass ratio from 0.8 to 1.2, we observe an increase in compression strength of the 

samples. This growth can be explained by the increase of the amount of the new aluminosilicate phase 

characteristic of geopolymer materials, which is confirmed also by TEM and FTIR analysis. However, the 

increase of Na2SiO3/NaOH mass ratio into 1.4 causes the decrease of compressive strength. This variation could 

also be attributed to the decrease of the amount of the new aluminosilicate phase characteristic of a geopolymer. 

 

 
Figure 6: Compressive strength and relative intensity variations of GEOn (n=0.8, 1, 1.2 and 1.4) 

 

Conclusion 

In this study, the effect of Na2SiO3 /NaOH mass ratio on the development of structure of an industrial waste-

based geopolymer was investigated by monitoring the structural changes they have undergone the samples. The 

results show that the calcination causes the deformation of the tetrahedral and octahedral sheets of the industrial 

sludge studied. The XRD analysis shows that the structure of geopolymers samples is amorphous. The new 

formed material is a combination between Spherical precipitates and initial phases. The activation of calcined 
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industrial sludge by diluted sodium silicate solution leads to the formation of a new phase rich in Aluminum, by 

polycondensation of dissolved species. The number of Silicate substituted by Aluminum depends on the 

𝑁𝑎2Si2O3/ NaOH.The samples compressive Strength, follow the same variation of the relative intensity of the 

 T-O vibration in the new phase formed.  
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