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Abstract 
Nowadays, the production of materials with reduced energy consumption and environmental impact is of considerable interest. In this sense, 

geopolymers can be considered as important alternatives to Portland cement, as they allow a significant reduction in CO2 emissions and have high 
mechanical properties and thermal and chemical resistance. In this experimental research, it was decided to prepare geopolymers from metakaolin: 
this precursor has, in fact, considerable chemical reactivity and allows the production of geopolymers with reduced setting times and with excellent 
mechanical properties. The characterization of precursors (kaolin and metakaolin) and metakaolin geopolymers was performed using X-ray dif-
fractometry (XRD), Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy. These techniques have highlighted both the complete 
transformation by calcination of crystalline kaolin into amorphous metakaolin and the formation of a metakaolin-based geopolymeric paste.
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Introduction

Geopolymers are a class of inorganic polymeric materials 
obtained by a chemical reaction between a reactive aluminosilicate 
raw material (metakaolin, volcanic ash, fly ash, blast furnace 
slag, kaolin, zeolite) and an activating alkaline solution. The 
geopolymerization process takes place at room temperature or 
in any case at temperatures below 300°C also according to the 
characteristics of the desired product. In the case of the use of 
aluminosilicate powders, they should have a silica and alumina 
content of more than eighty percent by weight (SiO2+Al2O3>80%wt.) 
in order to be considered as suitable raw materials to make 
geopolymers for structural applications. As regards their 
classification, geopolymers can be considered a subset of both  

 
alkaline-activated cements and inorganic polymers, characterized 
by a reduced calcium content and a high alumina content [1]. Two 
types of reagents must be selected to prepare a geopolymer (Figure 
1): the precursor based on aluminosilicate powders (metakaolin, 
fly ash, blast furnace slag and volcanic ash) and the activating 
alkaline solutions (alkali metals, commonly NaOH and sodium 
silicate, generally Na2SiO3). As regards the choice of the precursor 
[2], metakaolin is the most used raw materials for the production 
of geopolymers, because they exhibit a higher reactivity than the 
other raw materials (metakaolin>zeolite>blast furnace slag>fly 
ash>volcanic ash). In fact, a high reactivity of the aluminosilicate 
raw materials promotes the alkaline hydrolysis of the same powders 
in the activating alkaline solution. Furthermore, the advantages 
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linked to the use of metakaolin as a precursor for the preparation 
of geopolymers are linked to the reversibility of the process, to the 
remarkable reactivity and chemical purity of the metakaolin, which 
favors the formation of the geopolymeric matrix: in fact, thanks to 
this precursor it is possible to obtain geopolymers characterized 
by important mechanical properties and with reduced setting 
times, which are applicable in the field of restoration of cultural 

heritage [3, 4]. Furthermore, other fillers such as carbon nanotubes 
(CNTs), polypropylene fibers (PP), glass fibers or stainless steel 
particles can also be added to the geopolymeric paste to increase 
the flexural strength of the geopolymer (Figure 2). Once the raw 
materials are mixed, the dissolution and consolidation reactions of 
the geopolymeric mixture take place at temperatures higher than 
the ambient temperature and in general between 40 and 200°C.   

Figure 1: Scheme of preparation of geopolymers.

Figure 2:  Easy and inexpensive geopolymers preparation process.
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Geopolymerization is considered as the analogue of the synthesis 
of zeolites: the chemistry involved is similar, although the final 
products are different in composition and structure. In fact, zeolites 
possess a defined stoichiometric composition and crystalline 
structure, while geopolymers are mixtures of amorphous to semi-
crystalline structures [5,6]. The process of geopolymer formation 
involves the dissolution of the aluminosilicate-based precursors in 

an activating alkaline solution (alkaline hydrolysis): after carrying 
this hydrolysis phase, there is initially the condensation phase with 
the consequent formation of a gel and, then, the polycondensation 
polymerization with the elimination of a water molecules and, 
finally, hardening of the paste [7-12]. Figure 3 illustrates the overall 
polymerization process in alkali-activated geopolymers.

Figure 3: Polymerization process in alkali-activated geopolymers [7].

At the end of this process, an amorphous structure is obtained 
with a short-range order: it is a three-dimensional structure 
at the base of which there are tetrahedra of (SiO4)4- and (AlO4)5-, 
connected by means of oxygen atoms [13]. The main properties of 
geopolymers are: rapid hardening, high resistance to compression 
and abrasion, resistance to flame over 1000°C without emission of 
toxic gases, high chemical resistance to acids and saline solutions, 
minimum dimensional shrinkage and low thermal conductivity. 

Furthermore, if used as an alternative to Portland cement, they 
reduce CO2 emissions and have a lower cost of 10÷30% less than 
Portland cement when the source of alumino-silicate is constituted 
by fly ash. In addition, a comparison of both the physical-mechanical 
properties and those relating to the environmental impact of 
geopolymers with respect to Portland cement can be reported in 
the following Table 1.

Table 1: Properties and environmental impact of geopolymers compared to Portland cement [15].

Properties  Portland cement Portland cement Remarks

Environmental 
impact

CO2 emission 800–900 kg/ton 150–200 kg/ton CO2 emission in GP is during production of alkali 
hydroxide and silicate from carbonates

Embodied Energy                                                  
Water                                                                  

requirement

4000– 4400 MJ/ton                              
~600 L/ton

2200–2400 MJ/ton                        
~450 L/ton

As it mostly uses waste and by-products with no em-
bodied energy                                             GP do not need 

curing with water unlike Portland cement
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Physic-mechani-
cal properties

Setting time 30–300 min 10–60 min Usually set faster than Portland cement, but depends 
on raw material reactivity and alkali concentration

Compressive                                                               
Strength                                                                

Durability

33–53 MPa after                              
28 days                                           

Moderate

30–120 MPa after 
27 days          More 

durable than Portland 
cement

Strength can be tailored by optimizing raw 
material reactivity and alkali concentration                                                                                                                                    

     GP systems are alumino-silicate based system 
which are resistant to acid attack

From Table 1, it can be seen that the geopolymers have lower 
setting times than Portland cement, therefore the hardening 
phase occurs more quickly in the former than Portland cement 
and, moreover, this step does not require the presence of water 
unlike Portland cement. Furthermore, geopolymers have greater 
compressive strength and greater durability than Portland cement, 
with a reduction of the CO2 emissions produced, therefore with 
a reduced environmental impact. Furthermore, compared to 
Portland cement, the preparation process of a geopolymer does 
not determine the emission of NOx, SOx and CO, in addition to 
determining a reduced amount of CO2 [14,15]. A very important 
parameter to evaluate for these materials is the Si/Al ratio, through 
which it is possible to evaluate the spatial development of the 
geopolymer. In fact, for values of the Si/Al ratio between 1 and 3, 
the geopolymer has a three-dimensional lattice: all geopolymers 
potentially usable in substitution of cement for applications in 
construction or as inert matrices to store hazardous waste have 
values of the Si/Al ratio all within this range. For values of this Si/
Al ratio greater than 3, the geopolymer mainly presents a two-
dimensional lattice: in the event that Si/Al values equal to 35 are 
reached, the geopolymers produced are mainly used as adhesives. 
Fiber-reinforced geopolymers are used for high temperature 
applications, such as foundry molds, thermal insulation panels 
and walls, flame retardant materials for use in automotive and 
aeronautics. For these applications, geopolymers prepared mainly 
from raw materials such as metakaolin are required [16]. In this 
experimental work, geopolymers were prepared from metakaolin: 
this precursor was effectively calcined at T=750°C for 3h and, 
then, it is mixed with an 8M NaOH solution with sodium trisilicate 
powders in order to effect the geopolymerization process at 
T=80°C. The characterization of both the starting material (kaolin) 
and the precursors (metakaolin) and of the metakaolin hardened 
geopolymer pastes was carried out using X-ray diffractometry 
(XRD), Fourier Transform Infrared Spectroscopy (FTIR) and Raman 
Spectroscopy. These techniques highlighted both the complete 
conversion of crystalline kaolin into amorphous metakaolin and the 
formation of the typical amorphous structure of the geopolymers. 

Materials and Methods

Preparation of metakaolin based geopolymer

The reagents used for the preparation of the geopolymers 
are: kaolin (Riedel-de Haen) in the form of fine powder, sodium 
hydroxide pellets (Sigma Aldrich) and sodium trisilicate powder 
Na2Si3O7 (Fluka). The calcination of the kaolin was carried out by 
heat treatment at a temperature of 750°C for a time of 3 hours: 
following this calcination, the kaolin (K) was converted into 
metakaolin (MK). Subsequently, the preparation of the activating 
alkaline solution was carried out: to do this, sodium trisilicate 

powders were dissolved in an 8M solution of sodium hydroxide 
in an amount equal to 6 parts by weight of solid and 8 parts by 
volume of liquid. The geopolymeric mixture was prepared by 
adding and slowly mixing in a moplen mold the solid and the liquid 
in the ratio of 8 parts by weight of metakaolin (MK) and 12 parts 
by weight of the activating solution prepared as described above. 
The geopolymeric mixture, covered with a non-hermetic lid, was 
cured in a climatic chamber (Angelantoni model Challenge 160) 
at a temperature of 80°C and relative humidity values of 70% for 
about 1 hour: later, this consolidation phase of the metakaolin 
geopolymer in the climatic chamber was carried out for another 15 
hours with decreasing variations in relative humidity up to a limit 
value of 50%. 

X-ray diffraction (XRD)

X-ray diffraction (XRD) of the geopolymeric precursors 
(kaolin and metakaolin) and of the geopolymers obtained from 
this precursor were performed using a D8 Advance Bruker 
diffractometer: diffractograms were obtained with a step of 
0.02° and a step time of 2s. For the identification of the phases 
of the precursors (kaolin and metakaolin) and of the metakaolin 
geopolymers, this XRD method was used in the range 2θ=5°÷70°; 
the samples used for XRD analysis was prepared in powder form.

Fourier Transformed Infrared Spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) spectroscopy is a powerful 
technique, which allows to characterize the vibrational and 
rotational motions of condensed matter systems excited by IR 
radiation [17-27]. IR spectroscopy covers the range of 14000-10 
cm-1 of the electromagnetic spectrum; such a region can be divided 
into three different ranges: i) Near-IR (NIR) approximately 14000-
4000 cm-1; ii) Mid-IR (MIR) 4000-400 cm-1, and iii) Far-IR 400-10 
cm-1. FTIR technique is, under some regards, complementary to 
Raman scattering, inelastic neutron scattering and density function 
simulations, these techniques furnishing valuable information on 
the rotational and vibrational motions as well as on the systems 
structural properties. Fourier Transform Infrared Spectroscopy 
(FTIR) can be used to evaluate the functional groups present both 
in the silico-aluminate precursors and in the metakaolin based 
geopolymers: moreover, this technique allows to define the time 
for the formation of the geopolymeric structure and, it also allows 
to follow the behavior of this geopolymeric structure at different 
treatment times in order to evaluate the stability of the same 
prepared geopolymeric matrices. The FTIR study was carried out 
in the range 4000-400 cm-1 with a resolution of 4 cm-1 and each 
spectrum was obtained after 32 scans on samples of kaolin (K), 
metakaolin (MK) and on three geopolymers obtained by metakaolin 
(MK) named MKG1, MKG2 and MKG3.
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Raman Spectroscopy 

As far as Raman spectroscopy is concerned, Raman spectra 
of precursors (kaolin and metakaolin) an of metakaolin based 
geopolymers were obtained by the Spectrometer BRAVO (Bruker 
Optics); the fount was formed by two lasers operating at the 
wavelength of 785 nm and 1064 nm. Investigated spectral range 
was 300-3200 cm-1 at the temperature of 25°C; spot size value 
was 10-15 micron at a magnification value of 10x lens. Moreover, 
a data preprocessing has been done; in particular, the correction 
of baseline and the reduction of the instrumental noise has been 
applied. 

Results and Discussion

Brief description of the prepared samples

The hardened geopolymer pastes MKG 1,2,3 show somewhat 
similar chromatic (colour), physical (density, hardness, porosity) 
and mechanical (resistance and abrasion) characteristics. The 
differences observed are, in our opinion, largely attributable to the 
mixing procedure and less to the curing ones. For purely qualitative 
purposes, the image of one of the three prepared samples is shown 
in the following Figure 4.

Figure 4: Image of a representative fragment of the hardened geopolymer paste.

XRD analysis

The geopolymers diffractogram has not distinctive 
characteristics: these materials are amorphous regardless of 
the raw materials used and the process conditions. Generally, 
the XRD spectrum of a geopolymer is characterized by a wide 
“amorphous hump” for values of the diffraction angle 2θ≈27-
29°: however, some authors have described the presence of 
crystalline or semicrystalline phases, such as zeolitic phases in the 
presence of a very diluted alkaline solution. Figure 5 illustrates the 
diffractograms of the precursors (kaolin and metakaolin) and of the 
geopolymers obtained from the same metakaolin. The kaolin shows 
a cristalline structure with narrow peaks due to the presence of 
kaolinite and quartz: as regards metakaolin, this precursor shows 
a large diffraction amorphous hump at values of 2θ between 8° 

and 20° related to its amorphous structure. Furthermore, in the 
XRD spectrum of this metakaolin precursor, some peaks related 
to quartz (SiO2) have been detected. The alkaline activation of the 
metakaolin has determined the displacement of the “amorphous 
hump” towards higher diffraction angles: this is the amorphous 
phase, which consists of sodium aluminosilicate gel (N-A-S-H), and, 
it is a fundamental phase for the development of the mechanical 
properties of geopolymers obtained from metakaolin. Then, from 
Figure 5, observing the XRD spectra of two metakaolin based 
geopolymers (MKG1 and MKG2), we can see an amorphous 
structure, typical of geopolymers. Furthermore, the peak of quartz 
can still be observed in the metakaolin geopolymers, even after the 
geopolymerization reaction: this confirms its insolubility in this 
process of geopolymerization [28, 29].
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Figure 5: XRD spectra of kaolin, metakaolin and of metakaolin geopolymers (MKG1 and MKG2).

FTIR analysis

FTIR spectra of kaolin and metakaolin are given in Figure 6 
the band positioned at 1114 cm-1 is attributed to Si–O stretching 
vibrations in kaolin structure (Figure 6). A significant band at 1001 
cm-1 is assigned to Si–O–Si lattice vibration in kaolinite; sharp 
bands located at 950 and 910 cm-1 in the FTIR spectrum indicate 
surface OH bending and inner OH bending vibrations, that are 
mainly caused by Al–OH groups, respectively. Bands positioned at 
750, 680 and 527 cm-1 in the low frequency region are related with 
Si–O and Al–O vibrations: specifically, the band centered at 527 cm-1 
corresponds to Al(O,OH)6 octahedra in kaolinite. Another lower 
frequency band at 459 cm-1 is attributed to bending or stretching 
of T–O–T (T: Si or Al) bridge of aluminosilicates. Thermal treatment 

of kaolin at 750°C for 3h results in transformation of crystalline 
kaolin into amorphous metakaolin with the loss of internal water 
and dehydroxylation as it is evident from Figure 6. In this context, 
the characteristic bands observed in the FTIR spectrum of kaolin 
disappeared and broad features positioned at around 1036, 784 
and 416 cm-1 appeared (Figure 6). High frequency band at 1036 
cm-1 is attributed to stretching of Si–O bonds in amorphous SiO2: 
moreover, band positioned at 527 cm-1 in kaolin is replaced by a 
broad band at 784 cm-1, which is related to the vibrations of the 
AlO4 tetrahedron in metakaolin. FTIR band located at 459 cm-1 
in the FTIR spectrum of kaolin indicating T–O–T (T: Si or Al) 
aluminosilicate bridge is seen in the FTIR spectrum of metakaolin 
as well displaying a broader peak compared to kaolin [30]. 

Figure 6: FTIR spectra kaolin and metakaolin.
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Figure 7 shows the FTIR spectra of the three metakaolin-
based geopolymers (MKG1, MKG2 and MKG3): they show similar 
vibration bands, typical of geopolymeric materials. In fact, the main 
IR bands observed for these geopolymers and their interpretation 

are shown in the following Table 2: it is noted that the most 
important vibration to consider when evaluating the formation of 
the geopolymeric structure is the Si-O-Si vibrational stretching at 
1008–980 cm-1.

Table 2: IR characteristic bands and their interpretation [31].

Absorption bands Interpretation

3364 and 1652 cm-1 Hydration water

1008–980 cm-1 Si–O–Si stretching vibration

547 cm-1 Si–O–Al bending vibration

450–470 cm-1 Si–O–Si bending vibration

600–800 cm-1 Al–O–Si vibrations

1460 cm-1 Na2CO3

Figure 7:  FTIR spectra of MKG1, MKG2 and MKG3.

Furthermore, according to some researchers [32,33], it is 
possible to define, regardless of the starting precursors used for the 
geopolymers preparation, that the formation of the geopolymeric 
structure occurs when we observe a shift of the main band related 

to Si–O–Si stretching vibration positioned at 1008-980 cm-1 in the 
FTIR spectrum of the geopolymer precursor of about 40 cm-1 with 
the consequent positioning of this band in the FTIR geopolymeric 
spectrum at 940 cm-1 (Figure 8).
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Figure 8: FTIR spectra of the precursors (kaolin and metakaolin) compared with the spectra of the geopolymeric samples (MKG1, MKG2 and 
MKG3).

Raman Spectroscopy analysis

In the Raman spectrum of pure kaolin (Figure 9), five distinct 
bands can be observed: the ν1–ν4 bands are assigned to the 
OH stretching mode of the three inner surface hydroxyl groups. 
Moreover, the band at 3620 cm−1 is assigned to the stretching 
mode of the inner hydroxyl group: the band at 3685 cm−1 is Raman 
active (infrared inactive), and it is observed as a component of an 
unresolved doublet at 3693–3685 cm−1. The band at 3685 cm−1 is 

ascribed to the transverse optic mode, whereas the band at 3693 
cm−1 is assigned to the longitudinal optic mode. This band is of low 
intensity in the Raman spectrum, but it is strongly infrared active. 
The 3670 and 3652 cm−1 bands (ν2 and ν3) are weak and, they are 
described as the out-of-phase vibrational modes of the in-phase 
vibration observed at 3693 cm−1. The 3620 cm−1 OH band (ν5) is 
strong and sharp: the intensity of the OH stretching bands depends 
on the structural order of the kaolin [34].

Figure 9: Raman spectra of the pure kaolin OH stretching region [34].
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In addition to the OH stretching region, the most important 
spectral ranges observed in the Raman spectrum of kaolin (Figure 

10) are those of the Si-O (1090 cm−1), the OH bending (937 and 914 
cm−1), and the OH translational (795 and 755 cm−1) vibrations. 

Figure 10: Raman spectra of kaolin and metakaolin.

The most important spectral bands observed in the Raman 
spectrum of pure metakaolin (Figure 10) are those of the Si-O 

stretching vibration (1110 cm−1) and of silica (SiO2) vibration (514 
cm-1) [35].

Table 3: Raman bands of geopolymers [36-37].

Absorption bands Interpretation

590 cm-1 Silica or silica glass

662 cm-1 Si–O–Si

Figure 11: Raman spectra of MKG1, MKG2 and MKG3.
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Furthermore, Raman spectroscopy was performed on the three 
metakaolin based geopolymers named MKG1, MKG2 and MKG3 
(Figure 11): the Raman spectra of metakaolin geopolymers are 
characterized by the typical Raman bands of geopolymers (Table 
3). The peak at 590 cm-1 can be assigned to a vibration of silica or 
silica glass and the band located at 662 cm-1 can be assigned can be 
assigned to Si–O–Si stretching [36,37].

Conclusion

In this article, geopolymeric pastes have been effectively 
prepared using metakaolin as a precursor and as an activating 
alkaline solution a mixture of an 8M solution of NaOH, in 
which sodium trisilicate powders have been dissolved: the 
geopolymerization process took place at T=80°C. The experimental 
characterization of precursors such as kaolin and metakaolin and 
of the metakaolin based geopolymers was carried out by X-ray 
diffractometry (XRD), Raman spectroscopy and Fourier transform 
infrared spectroscopy (FTIR). These techniques showed the 
complete calcination of the kaolin with the consequent conversion 
from crystalline kaolin to amorphous metakaolin, and, furthermore, 
the formation of the typical geopolymeric amorphous structure is 
observed. 
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