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Thermodynamic parameters (densities, viscosities, speed of sound, and refractive index) of four 

series of alkaline activators were determined over the temperature range from 15 to 60 °C for the process 

of geopolymerization. Mixtures of Na2SiO3 and NaOH of different molar concentrations (from 2M to 8M 

with step 2) were used as an alkaline activator. The sample with the highest NaOH concentration also 

shows the highest values of all thermodynamic parameters. Metakaolin, obtained by calcination of kaolin 

at 750 °C, was used as the starting material. The samples were characterized by X-ray diffraction (XRD), 

FTIR and Raman spectroscopy, Scanning Electron Microscopy (SEM), and Energy-Dispersive X-Ray 

(EDX) Spectroscopy. Results of FTIR analysis correlated with results of Raman Spectroscopy. Due to the 

polymerization process, the changes in the phonon spectrum were confirmed. The different concentra-

tions of activators do not notably change the Si/Al ratio. 
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ВЛИЈАНИЕ НА ТЕРМОДИНАМИЧКИТЕ ПАРАМЕТРИ ВРЗ АЛКАЛНИТЕ АКТИВАТОРИ  

НА ГЕОПОЛИМЕРИТЕ И СТРУКТУРАТА НА ГЕОПОЛИМЕРИТЕ 
 

Термодинамичките параметри (густина, вискозитет, брзина на звук и индекс на рефракција) 

на четири серии алкални активатори беа утврдени во температурниот опсег од 15 до 60 °C за 

процесот на геополимеризација. Како алкален активатор се користеа смеси на Na2SiO3 и NaOH со 

различна моларна концентрација (од 2М до 8М со чекор 2). Примерокот со најголема 

концентрација на NaOH ги покажува и највисоките вредности на сите термодинамички параметри. 

Како почетен материјал се користеше метакаолин, добиен со калцинација на каолин на 750 °C. 

Примероците се карактеризираат со дифракција на рендгенски зраци (XRD), FTIR и раманска 

спектроскопија, скенирачка електронска микроскопија (SEM) и спектроскопија со енергетска 

дисперзија на рендгенски зраци (EDX). Резултатите од FTIR-анализата беа во корелација со 

резултатите од раманска спектроскопија. Со процесот на полимеризација беа потврдени 

промените во фононскиот спектар. Различните концентрации на активаторите не го менуваат 

особено односот Si / Al. 

 

Клучни зборови: геополимер; густина; вискозитет; брзина на звук; индекс на рефракција; FTIR; 

раманска спектроскопија 
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1. INTRODUCTION 

 

In the past few decades, great technological 

progress has been achieved with the development 

of materials such as 'geopolymers' [1]. Techniques 

for characterizing these materials have also been 

developed. 
Today, the global market and the possibility 

of its change impose the development of new ma-

terials with clean technology in order to reduce the 

high costs of processing and consumption of natu-

ral resources and environmental pollution [2]. Ge-

opolymers are ecological materials obtained 

through polymerization of aluminosilicates and 

alkaline solutions. Importantly, there is little 

greenhouse gas emission during the process of ge-

opolymerization [3, 4]. The geopolymerization 

process is complex. Geopolymers are commonly 

obtained at low temperatures (under 100 °C) by 

mixing different kinds of aluminosilicate materials 

with an alkali hydroxide or alkali silicate solution 

[5–7]. The amorphous geopolymer network is 

composed of an interchangeable series of tetrahe-

dral [SiO4] and [AlO4] molecules, and the micro-

structure is composed of nanoparticulates separat-

ed by micro- and meso-pores [8, 9]. Futhermore, 

geopolymers can be considered to be amorphous 

precursors of crystalline zeolites [6, 10]. 

Geopolymers are characterized by their low 

cost and simple production process which does not 

pollute the environment. Due to the simple produc-

tion process, it is very easy to shape the final prod-

uct [6]. As for the alkaline activator itself, it’s most 

relevant properties are viscosity and heat of disso-

lution [11]. Thermodynamic properties of the mix-

ture derived from measuring density, viscosity, and 

speed of sound contribute to easier design of engi-

neering processes. 

The aim of this research was to examine the 

influence of the different concentrations of alkaline 

activator on the geopolymerization process and the 

structure of geopolymer samples obtained. In order 

to accomplish this, analyses of the XRD, FTIR, 

and Raman spectra as well as SEM/EDS analyses 

of geopolymers were performed. Also, the effect of 

temperature on the density, viscosity, velocity of 

sound, and refractive index of the alkali activators 

(liquid phase) (2MAA, 4MAA, 6MAA and 

8MAA) was analyzed prior to the geopolymeriza-

tion itself. 

 
2. MATERIALS AND METHODS 

 

Geopolymers (G) were synthesized from a 

metakaolin precursor and a source of aluminosili-

cate species. Metakaolin is obtained from the pro-

cess of thermal treatment of kaolinite (Rudovci, 

Serbia). As far as metakaolin is concerned, the 

thermal treatment of kaolin at 750 oC with heating 

rate of 10o/min and soaking time of one hour at 

elevated temperature causes transformations which 

develop through three principal mechanisms: a) 

dehydroxylation of kaolinite with the subsequent 

partial destruction of the original lamellae of this 

mineral and a partial change of the coordination 

number of aluminum ions from six to five and four 

b) aggregation of the particles of metakaolinite, 

which determines the formation of drastically big-

ger porous granules; and c) beginning of the sinter-

ing of the granules, which mainly depends on the 

temperature reached during the thermal treatment. 

The main effect of this process is a decrease in the 

specific surface area [12].  

The some parts of the procedure for geopol-

ymer synthesis was described in our previous stud-

ies [13, 14]. To equilibrate the activator, it is held 

at room temperature for one day prior to prepara-

tion of geopolymer materials. 

In the experiment, water glass i.e. sodium 

silicate (Na2SiO3) and sodium hydroxide (NaOH), 

were used as alkaline activators. Water glass man-

ufactured by Galenika-Magmasil, Serbia, has 14.3 

% Na2O and 28.2 % SiO2, and density (at 20 °C) ρ 

= 1.51 g/cm3. In order to analyze the influence of 

the concentration of sodium hydroxide solution 

(Sigma-Aldrich) on the structural and morphologi-

cal properties of the geopolymer sample, we pre-

pared a sample with the solid to liquid phase ratio 

of 0.75. Compared to the previously mentioned 

syntheses [13], this has a slightly higher liquid 

phase content (Na2SiO3/NaOH/H2О), and better 

homogenization of the samples was achieved with 

constantly shaking the mix of the solid and liquid 

phase for the first six hours after synthesis. Four 

series of alkaline activators were used. Alkaline 

activators marked as 2MAA, 4MAA, 6MAA and 

8MAA were mixtures with a determined volume of 

Na2SiO3 and solutions of NaOH with different mo-

larities of 2 mol/dm3, 4 mol/dm3, 6 mol/dm3 and 8 

mol/dm3, respectively (M is the molar mass over 

which the concentration of sodium hydroxide solu-

tion is presented). The geopolymer samples ob-

tained were marked as 2MG, 4MG, 6MG and 

8MG.  

Density as well as sound speed were meas-

ured on an Anton Paar DSA 5000 M digital gauge 

with a U tube (with built-in automatic viscosity 

correction) with a repeatability of ± 1·10–3 kgm–3 

for the density, ± 0.1 ms–1 for the speed of sound, 

and ± 0.001 K for the temperature. The density 
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measurement range on this instrument is 0 to 3·10–3 

kgm–3, while the sound speed range is 1000 to 

2000 ms–1. All of the measurements were made in 

the temperature range from 288.15 K to 333.15 K. 

Calibration of the apparatus was performed daily 

with the help of air and Millipore water. 

The refractive index nD was measured on an 

automatic refractometer (Anton Paar RXA model 

156) operating at a wavelength of 589 nm. During 

the measurement, the sample temperature was 

maintained constant using a built-in thermostat 

with an accuracy of ± 0.03 K. The refractive index 

measurement range is 1.32 to 1.56. The calibration 

of the apparatus was performed daily using Milli-

pore water. 

Viscosity η was measured on a digital Sta-

binger viscometer (model SVM 3000 / G2). This 

instrument contains two measuring cells. One 

measures the density of the sample while the other 

measures dynamic viscosity. Repeatability of dy-

namic viscosity and density measurements was 

0.35% and ± 0.5 kgm–3, respectively. During the 

procedure, the measured temperature in the cell is 

regulated to 0.01 K using a built-in thermostat. 

The viscosity measurement range is 0.2 to 20,000 

mPas. The apparatus was completely washed with 

an appropriate solvent before inserting the sample 

and starting to measure densities, sound velocities 

and refractive index. The procedure was repeated 

after each measurement and before inserting a new 

sample. 

The investigation of the physical and struc-

tural characteristics of the geopolymer materials 

(2MG, 4MG, 6MG, 8MG) requires the implemen-

tation of several techniques. All samples were 

characterized by X-ray diffractometry (XRD) by 

using an Ultima IV Rigaku diffractometer; the 2θ 

range 5° to 80° was used for all powders; scan rate 

was 5 °/min. FTIR spectra were taken at room 

temperature using a Bomem (Hartmann & Braun) 

MB-100 spectrometer. 

Raman spectroscopy of MK and geopolymer 

samples was performed in the 200–1200 cm−1 

range on a LabRAM HR Evolution system by us-

ing 532 nm laser line. All of the measurements 

were realized using a spectrometer equipped with a 

grating having 1800 lines/mm and a 100× micro-

scope objectives. Power at the sample was 25 mW, 

and the acquisition integration time was 60s/4 cy-

cles. SEM and EDS spectroscopy was performed 

for all Au-coated samples using a JEOL JSM 6390 

LV electron microscope at 25 kV.  
 

 

3. RESULTS AND DISCUSSION 

 

3.1. Thermodynamic parameters of alkaline  

activator solutions 
 

The densities, viscosities, speed of sound, 

and refractive index of alkaline activators were 

determined at the temperature range from 15 to 60 

°C. This temperature range covers the process of 

geopolymerization. In the Figures 1, 2, 3 and 4, we 

can see the dependence of the mentioned thermo-

dynamic parameters of the alkaline activators on 

temperature. 

Figure 1 shows the effects of temperature on 

the density of different prepared alkali activators 

which will be used in the process of alkali activa-

tion of metakaolin.  

Figure 2 shows the effects of temperature on 

the refractive index of different prepared alkali 

activators which will be used in process of alkali 

activation of metakaolin.  
 

 

 
 

Fig. 1. Effect of temperature on the density of alkali activators 
 
 

 
 

Fig. 2. Effect of temperature on the refractive index  

of alkali activators 
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Changes in density (Fig. 1) and the tempera-

ture-dependent refractive index (Fig. 2) for all al-

kali activators systems followed the usual behavior 

observed in liquid systems. The values of the men-

tioned parameters decrease with increasing tem-

perature due to the thermal expansion of the liquid. 

This behavior can be attributed to a decrease in the 

intermolecular forces in a liquid caused by the 

thermal expansion of the liquid and an increase in 

the velocities of the molecules (or ions) at higher 

temperatures. 

Figure 3 shows the effects of temperature on 

the viscosity of different prepared alkali activators 

which will be used in process of alkali activation 

of metakaolin.  
 

 

 
 

Fig. 3. Effect of temperature on the viscosity of alkali  

activators 
 
 

The graphs clearly show that the values of 

all parameters increase with increasing the molari-

ty of the alkaline activator. The most pronounced 

effect was observed with viscosity (Fig 3). The 

system with the highest molarity 8MAA shows 

more than four times higher viscosity compared to 

the other three analyzed systems, especially at 

lower temperatures. As the temperature rises, the 

viscosity of the sodium silicate solution decreases 

significantly, falling by a factor of about eight after 

heating from 20 °C to 40 °C. After this point, the 

viscosity values continue to decrease without a 

significant drop [15]. At elevated temperatures, the 

solubility of some sodium metasilicate phases de-

creases, which shows us that heating is not a guar-

anteed way to ensure or accelerate the dissolution 

of solid precursors during the preparation of the 

geopolymer activation solution. One of Vail's as-

sumptions [16] is that the viscosity behavior of 

mixed alkaline silicates is relatively complex. 

Some mixed alkali solutions with high silicon di-

oxide content show much higher viscosity than any 

of the pure alkaline solutions [16]. The viscosity of 

sodium silicate solution above a relatively wide 

concentration range does not depend on the shear 

rate even at high SiO2/Na2O ratios [15, 16]. 

Figure 4 shows the effects of temperature on 

the speed of sound of different prepared alkali ac-

tivators which will be used in process of alkali ac-

tivation of metakaolin.  
 
 

 
 

Fig. 4. Effect of temperature on the speed of sounds of alkali 

activators 
 

 

As for the value of the speed of sound (Fig 

4), a small increase is observed with increasing 

temperature in solutions of 2MAA, 4MAA and 

6MAA, which can be an indicator of increased ion 

mobility in solution. Knowing the values of the 

density and viscosity of a silicate solution at a giv-

en temperature may be sufficient to calculate its 

composition without chemical analysis because 

these properties can be reliably and repeatedly 

measured even for metastable solutions [16]. These 

systems have been shown to behave like conven-

tional liquid systems; that is, they decrease with 

increasing temperature due to thermal expansion of 

the liquid. The proposal of appropriate correlations 

which could be used to calculate the measured val-

ues as a function of temperature of the tested sys-

tems for their further use in other applications 

could be an additional goal of this paper. 

 
3.2. Characterization of metakaolin  

and geopolymer samples 

 

3.2.1. Raman and FTIR analysis 
 

The results of Raman spectroscopy of MK 

and geopolymer samples are reported in Figure 5. 

The most intense peak in the MK powder appears 
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at  264 cm–1. According to the literature data, the 

position of this peak could be assigned to the 

strongest in-plane deformation vibrational mode 

O-Si-O in the muscovite [17]. The peaks at  400 

cm–1 and 519 cm–1 originate from the bending 

modes of Si-O-Al and Si-O-Si, respectively [18]. 

A peak at 790–810 cm–1 is also observed. This 

peak includes the bands at 790 and 802 cm–1 which 

can be attributed to Al-O bonds in Al2O3 [19] and 

to Si-O-Si bending symmetric modes in the MK 

[20, 21]. A wide peak at 930–1010 cm–1 results 

from the bands that correspond to the stretching 

vibrations of Si-O bonds in SiO2 [19]. 
 

 

 
Fig. 5. Raman spectra of metakaolin and geopolymer samples: 

a) MK; b) 2MG; c) 4MG; d) 6MG; e) 8MG 
 

 

As shown in Figure 5, Raman spectra of ge-

opolymer samples significantly differ from the 

spectrum of metakaolin. In the 2MG, the main 

Raman spectra peaks are located at 357 cm–1 and 

399 cm–1, where the second peak corresponds to 

the bending modes of Si-O-Al [18]. Although the 

first peak can originate from the Si-O and/or Al-O 

vibrations, the Na-O modes contribute to it as well 

[22]. The shoulder at ~ 429 cm–1 can be induced by 

Si-O symmetric ring-breathing vibrations in 5-fold 

or more-fold planar rings. However, some of the 

authors have assigned this peak to the asymmetric 

bending modes [20]. The peak at 585–600 cm–1 

can be associated not only to the deformation of 

the bridging oxygen (BO) bonds in X-O-X (X: Si 

or Al) and to a rocking motion of BO in structural 

units that contain nonbridging oxygen (e.g., in 

structural units with NBO/X =1) [25], but also 

partly to the ring-breathing mode of three-

membered rings, D2([R3]) [20, 23]. In some of the 

geopolymer samples (4MG and 6MG), a decrease 

of the last mentioned peak was noticed, followed 

by the occurrence of the strong peak at 639 cm–1. It 

is assumed that peak at 639 cm–1 corresponds to 

the symmetric stretching modes of X-O (X: Si or 

Al) bonds [18]. In the 4MG and 6MG samples, 

changes in intensity ratio of the strongest peaks (in 

the 350–405 cm–1 region) were also recorded as 

well as an enhancement of the peaks at ~700 cm–1 

and 780–820 cm–1. In the literature, it is often men-

tioned that the rage of 700–900 cm–1 corresponds 

to symmetric Si-O or Al-O stretching modes [18, 

26]. Furthermore, it is indicated that the peak at 

~700 cm–1 can dominantly correspond to the con-

tribution of 4-membered rings. It should be noticed 

that the peak which covers the bands at 790 and 

802 cm–1 can be primarily attributed to Si-O-Si 

bending symmetric modes in geopolymers [20, 

21]. Some authors [27] pointed out that a peak at 

780 cm–1 originates from the vibrations of Si-O-Si 

network and AlO4 units with three bridging ox-

ygens (BO) and one nonbridging oxygen (NBO). 

In addition, modes corresponding to the Si-OH 

stretching vibration of SiO(OH)3
 can also contrib-

ute to this peak [28]. On the other hand, it is possi-

ble that the peak at 780–820 cm–1 partly corre-

sponds to Al-O bonds in Al2O3 within the residual 

MK [19]. The weak peak at 515 cm–1 also indi-

cates some residual amount of MK in the 4MG and 

6MG samples. The shoulder at 460–470 cm–1 that is 

detectable in the geopolymer samples could be re-

lated to the position of the strongest -quartz mode, 

which is usually assigned to the symmetric stretch-

ing Si-O-Si vibrations within the SiO4 tetrahedron. 

However, the occurrence of two strong peaks in the 

range 1019–1060 cm–1, which is observed in the 

samples 4MG and 6MG, is not detected in the MK 

sample or in the GP2M and GP8M samples. The 

first peak, observed at about 1030 cm–1 in 4MG, is 

attributed to Si-O-stretching vibrations ( O-SiO–) 

[28]. The second peak, located at 1062 cm–1, be-

longs to the area that includes asymmetric stretching 

modes X-O (X: Si or Al) as in zeolites [18, 20, 25]. 

That peak can also be related to the contribution of 

the Q3 polymerization type such as νs (Si–O) (Q3), 



M. Ivanović, S. Nenadović, V. P. Pavlović, I. Radović, M. Kijevčanin, V. B. Pavlović, Lj. Kljajević 

Maced. J. Chem. Chem. Eng. 40 (1), 107–117 (2021) 

112 

where index 3 refers to the number of bridging ox-

ygens (BO) per tetrahedron [22, 23, 29]. 

Figure 6 shows the FTIR spectra of the geo-

polymers (2MG, 4MG, 6MG and 8MG) that have 

been aged for 28 days at room temperature. The 

strong peaks at 3450 cm–1 and 1640 cm–1 originate 

from OH valence and HOH deformation vibrations 

of adsorbed water. With increasing molarities, the 

intensity of the band at 3450 cm–1 increases. Small 

peaks at 2922 cm–1 and 2849 cm–1 occur due to 

organic impurities of C-H vibrations. 
 

 

 
 

Fig. 6 FTIR spectra of metakaolin and geopolymer samples 

after aging twenty eight days at room temperature:  

a) MK; b) 2MG; c) 4MG; d) 6MG; e) 8MG 
 

 

The bands located at 1100 cm–1 and 1000 

cm–1 that belong to the stretching of the Si–O 

bonds are shifted to the right. The form of these 

bands changes due to structural arrangements with-

in the geopolymer, which are induced by changing 

the concentration of the NaOH in activator solu-

tions. The broadening of these bands is more nota-

ble when using 8M NaOH. The FTIR Si–O bend-

ing bands are found at 800 cm–1 and between 890 

cm–1 and 975 cm–1. The band at approximately 

1050 cm–1 is assigned to the Si–O stretching of 

tetrahedrons in which silicon is surrounded by 

three bridging oxygen units and one non-bridging 

oxygen [30–32]. This structure is the building 

block of the Si–O–X (X = Si, H, O) geopolymer. A 

shift of the Si–O–X stretching band towards lower 

wave numbers shows lengthening of Na or H 

bonds and shrinkage in the bond angle [33]. This 

shift can be also attributed to an increase of the 

fraction of silicon sites with non-bridging oxygen 

atoms [34]. FTIR spectra of our geopolymer mate-

rials show a shift of the Si–O–X stretching band: 

its position is 1056 cm–1 (MK), 1041 cm–1 (2MG), 

1033 cm–1 (4MG), 1026 cm–1 (6MG), and 1020 

cm–1 (8MG). The peak at 710 cm–1 in the FTIR 

spectra of geopolymer samples (for the molarity 

above 2M) could indicate an asymmetric Si-O-Al 

bond [33]. The intensity of the peak at 710 cm–1 

increases with the rise of NaOH concentration. 

These changes indicate that there are fine changes 

in the aluminosilicate structure as the geopolymer 

synthesis progresses with increasing alkaline acti-

vator concentrations. The presence of quartz was 

evidenced by the Si-O-Si vibrations from quartz at 

793 cm−1, which confirmed that the quartz impuri-

ty was stable, independent of the heat-treatment 

temperature. Also, according to some authors, the 

range of 800–550 cm–1 includes the bands that cor-

respond to the vibrational connections of the sec-

ondary building units (SBUs). SBUs are formed by 

joining SiO4 and an AlO4 tetrahedron, whereby 

numerous rings are formed. This area is a finger-

print of the geopolymer structure. This type of ad-

diction was not observed for the samples 2MG and 

4MG. Besides, the peak that occurs in the MK at 

471 cm–1 moved to the lower value of 455 cm–1 for 

the 6MG and 8MG samples.  
If we look at the end of the process (28th day) 

we can clearly see the influence of molarity. The 

peak that occurs at 1041 cm–1 for the sample 2MG 

moved to the position at 1020 cm–1 for the sample 

8MG. With increasing the molarity of NaOH, the 

intensity of the band at 793 cm–1 decreases with re-

spect to the intensity of the band at 710 cm–1. 

 

3.2.2. XRD and SEM/EDS analysis 
 

MK and 2MG, 4MG, 6MG, and 8MG sam-

ples were analyzed by XRD in order to investigate 

changes in all of the samples’ mineralogical struc-

ture. Figure 7 shows the XRD patterns of  MK and 

the XRD patterns of powdered geopolymer sam-

ples aged for twenty eight days. 

Due to the structural difference of the amor-

phous phase in metakaolin and geopolymer sam-

ples, the aluminosilicate broad humps appear in 

different positions (metakaolin, 15–35° 2θ; geo-

polymer samples, 12°–38° 2θ). The centers of the 

broad humps shift to a higher angle, and the hump 

of geopolymer samples is broadened after geopol-

ymerization, which indicates the new structure of 

amorphous phase [35]. 
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Fig. 7. XRDP of metakaolin and geopolymer samples after 

twenty eight days aging at room temperature:  

a) MK; b) 2MG; c) 4MG; d) 6MG; e) 8MG  
 

 

XRD analysis of metakaolin and all geopol-
ymer samples revealed their amorphous-like struc-
ture, which indicates short range ordering of all 
samples with crystalline phases of SiO2 (α-quartz, 
ICSD 89), muscovite and illite. After the process 
of alkali activation of aluminosilicates, several au-
thors [36–39] observed the formation of new semi-
crystalline and crystalline phases. In our case, no 
new crystalline phases were formed. The fact that 

the part of the diffractogram indicating the pres-
ence of the amorphous phase has shifted to a wider 
range shows that there have been structural rear-
rangements in the amorphous phase. Regarding the 
changes in the amorphous part of the geopolymer 
samples, no large differences were observed based 
on XRD analysis. 

The SEM analysis was employed to investi-

gate the morphology of powdered geopolymer 

samples and metakaolin samples. Figure 8 shows 

the SEM images and the EDS spectra of me-

takaolin, while Figure 9 shows SEM micrographs 

and EDS spectra of geopolymer samples. 

The presence of quartz and other impurities is 

noticeable on SEM micrographs (Fig. 8). On the sur-

face of lamellar porous MK aggregates, tiny crystal-

line particles smaller than 2 μm can be observed. 
The geopolymer samples show a microstruc-

ture of unreacted micron sized particles and a geo-

polymeric matrix that were formed during the pol-

ycondensation. The presence of quartz and the oth-

er crystal particles as impurities is more noticeable 

in geopolymer samples. The accumulation of im-

purity particles, which includes the present crystal-

line phases that were detected by XRD analysis, is 

most pronounced in the 2MG sample. This is a 

consequence of the least amount of geopolymer gel 

created as an amorphous phase, due to the lowest 

molarity of the alkaline activator. They are seen as 

clusters of these particles arranged on the surface 

of an amorphous gel which is of a very different 

shape. These particles did not participate in the 

geopolymerization process. Quartz is usually de-

tected as an impurity of kaolinite clays. At first 

view, the microstructures of all the geopolymer 

samples obtained seem to be similar. 

 

 

  
 

Fig. 8. SEM micrographs of metaphase of kaolin-metakaolin 



M. Ivanović, S. Nenadović, V. P. Pavlović, I. Radović, M. Kijevčanin, V. B. Pavlović, Lj. Kljajević 

Maced. J. Chem. Chem. Eng. 40 (1), 107–117 (2021) 

114 

  
a) 

  
b) 

  
c) 

  
d) 

Fig. 9. SEM micrographs of geopolymer samples and its EDS spectra: a) 2MG, b) 4MG, c) 6MG and d) 8MG 
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Figures 9a, 9b and 9c show separate phases 

of stick-shaped crystallites as well as agglomerated 

particles of geopolymer gel structure. 8MG (Fig. 

9d) shows a microstructure consisting of dense 

plates formed by geopolymerization of metakaolin 

with a group of crystalline rods. These crystalline 

forms merge in some places, which can be attribut-

ed to the recrystallization of some kind of silicon 

or Al-OH form [30]. However, the geopolymer 

dense plates that are observed indicate that these 

are the strongest constituents. The presence of 

higher amounts of hydroxyl ions will favor the dis-

sociation of different silicate and aluminate spe-

cies, subsequently promoting further polymeriza-

tion between them, which means that geopolymeri-

sation is accelerated in a highly concentrated alka-

line environment [35]. The elemental composition 

of the area presented in the EDS analysis was 

found to be dominated by silicon, aluminum, and 

sodium. Ca, Cu, K, Fe, Zn are present in smaller 

percentages. Unlike previous research [13], we 

noticed that changes in the ratio of the solid and 

liquid phases lead to very fine changes in the struc-

ture. Such changes are reflected in the mineral and 

microstructural properties. The results obtained 

also indicate that the formulation of the alkaline 

activator is very important and that it plays a key 

role in the geopolymerization process. Therefore, it 

is necessary to examine the influence of thermody-

namic parameters of the alkaline activator on the 

properties of geopolymers in real conditions. The 

introduction of new instrumental methods would 

give us more information about possible connec-

tions (i.e., structural units of inorganic polymers-

geopolymers). The XPS analysis of geopolymer 

samples shown in the previous research [40] al-

lows us to discuss more about the contributions of 

individual bonding.  
 

 

 
 

Fig. 10. SEM micrographs of plate of 8MG geopolymer  

sample 

In contrast to the powder samples, we illus-

tratively present the 8MG SEM micrograph as a 

plate obtained before grinding (Fig. 10). 

A glass rod irregularly arranged in different 

directions can be seen through the surface of the 

cast sample. In addition, small irregularly shaped 

particles smaller than 10 µm can be seen on the 

surface, which represent the already mentioned 

impurities. 
 
 

4. CONCLUSION 

 

Various types of solutions can be used as ac-

tivators in the synthesis of geopolymers. The 

chemical and physical properties of each activator 

will play a role in determining the properties and 

values of the geopolymers synthesized by them. 

The use of NaOH as an part of activator in geopol-

ymer synthesis and of metakaolin as precursor is 

very widespread due to their low cost, wide availa-

bility and low viscosity. The viscosity of sodium 

silicate solutions decreases markedly with increas-

ing temperature. The system with the highest con-

centration of NaOH shows significantly higher 

viscosity compared to the other three analyzed sys-

tems, especially at lower temperatures. These sys-

tems have been shown to behave like conventional 

liquid systems – they decrease with increasing 

temperature due to thermal expansion of the liquid. 

The obtained results related to thermodynamic pa-

rameters of alkaline activators are the basis for fur-

ther research on the rheology of geopolymers as 

inorganic polymers. The inorganic polymers were 

obtained by the alkaline activation of calcined kao-

lin-metakaolin, which is a material of very com-

plex composition and structure. XRD, FTIR, Ra-

man spectroscopy and SEM analysis were used to 

investigate the structure of the geopolymer sam-

ples. The present study contributes to a broader 

explanation of the mechanisms which occur during 

the geopolymerization process. EDS analysis 

showed that silicon is the element with the highest 

content in all samples, which is another indicator 

of the crystalline phase. Our research also pointed 

out that Raman spectroscopy and FTIR spectros-

copy are suitable methods to detect the polymeri-

zation. All three methods confirmed the existence 

of crystalline phases, where the minerals quartz, 

kaolinite, and muscovite predominated. Namely, 

our data confirm the high sensitivity of Raman 

spectroscopy in identifying the main hydrated and 

anhydrated phases. FTIR results correlated with 

Raman analysis confirmed changes in the phonon 

spectrum due to the polymerization process. The 
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obtained results can be useful for further research, 

especially for predicting the behavior of a system.  
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