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Abstract:

In the present paper, polymerization of alkali activated metakaolin (MK) and its
structural changing, using 2M NaOH, 8M NaOH, and 16M NaOH solutions were followed by
means of X-ray photoelectron spectroscopy (XPS), Diffuse reflectance infrared Fourier
transform spectroscopy (DRIFT), Raman spectroscopy and Scanning electron microscopy
(SEM). XPS analysis revealed that changing of NaOH concentration did not affect the types
of formed bonds in the material. At the same time, the amount of sodium and aluminum
increased with the NaOH molarity. The latter steps could be especially interesting because it
may indicate the possibility of 'dosing' the amount of Al incorporated by changing the NaOH
concentration in the solution. DRIFT analysis revealed that the absorption band for Al'"
located at 800 cm™ is shifted towards the smaller values. Changing the concentration of
NaOH, the chemical content did not change, but the structural changes are observed. Raman
spectroscopy detected that the most dominant peaks at ~400 cm™ and 519 cm™ originate from
Si-O-Al and Si-O-Si bending modes. With increasing the NaOH concentration, peaks at 1019-
1060 cm™ become more prominent as a result of polymerization. Both analyzes (DRIFT and
Raman) confirmed the presence of quartz. SEM analysis showed that different structures are
created by changing the concentration of NaOH.

Keywords: Metakaolin; Geopolymer; NaOH; X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy.

1. Introduction

In recent years, there has been great interest in alkaline activated materials (AAM).
Alkaline-activated materials are increasingly used and researcher’s interests are greater for
this class of material in the previous period [1-7]. In addition to the natural raw materials u
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Increasingly sophisticated methods are confirming the polymerization mechanisms that are
still under discussionare still under discussion are being confirmed by increasingly
sophisticated methods. The alkali activation process is a chemical reaction between
aluminosilicate - oxides and alkali metal silicate solutions under a very alkaline condition,
where a three-dimensional geopolymer structure is obtained as the product [8-10].

Alkaline activated materials, a new class of alumino-silicate materials, are attractive
because of their excellent mechanical properties, durability and thermal stability. In addition,
they are of great interest due to the reduced energy requirement for their manufacture and the
high sustainability. AAM are a new class of materials obtained by activation of inorganic
precursors mainly constituted of silica, alumina, and low calcium oxide content. Activation
occurs thanks to the use of strong alkaline solutions such as NaOH, KOH, and those of
sodium silicate. Unlike other industrial processes (e.g., sol-gel, clinkerization, sintering
processes), alkali activation process does not require expensive chemical reagents, use of
carbonate-based raw materials or high temperature thermal treatments. The consolidation
process of the activated precursors occurs at room temperature or by curing at a temperature
lower than 100 °C. The most recent investigations highlight the alkali activation process as
one of the possible routes towards the production of novel ceramic materials consolidated at
low temperature [2]. Furthermore, it is possible to produce controlled porosity components by
introducing foaming agents to the mixture at the fluid state, before hardening, and by
controlling the thermal curing cycle. The possibility of using various kinds of aluminosilicate
materials as a raw material to produce new ceramic materials for specific applications involves
several advantages such as: (i) saving not renewable resources and, consequently, their
safeguard; (ii) reducing CO2 emission and, consequently, a good action on climate change;
(iii) producing materials with excellent mechanical, adsorption, exchange and thermal
properties. The resulting three-dimensional structure consists of Si — O — Al groups arranged
in several phases: amorphous, semi-crystalline and one or more crystalline phases [3]. Our
previous research [2, 13] confirmed that the chemical and mineralogical composition does not
change with the aging of samples, but the structure of the material, as well as its properties, is
modified. These studies followed the polymerization process by day (after 7, 14, 21 and 28
days) and it was concluded that the mineralogical composition did not change and that with
the aging of the samples, a more compact and solid material was obtained [14]. Additional
studies using FTIR and MALDI-TOF methods confirm that material structure is changing
[15]. Also, a description of the aging of geopolymer made from fly ash is presented in the
paper of A. Savi¢ et. al. [33] Apart from the structure modification, changing the NaOH
concentration also affects the radiological properties [3]. Raman spectroscopy has been used
in several studies on silicate solutions [16-18] to investigate the effects of different
parameters, such as the contributions of monomers and oligomers [18, 19].

The aim of this paper is to examine the structural changes in alkali activated
metakaolin that occur after the polymerization process, initiated by different concentrations of
NaOH. For that purpose, the samples were subjected to different NaOH solutions, enabling to
follow structural, chemical, and physical changes of geopolymers using various experimental
techniques. The obtained result open a perspective to optimize the structural properties of
alkali activated metakaolin by controlling the amount of NaOH in the solution.

2. Materials and Experimental Procedures
2.1. Materials and methods

Metakaolin was obtained from kaolin by thermal treatment at 750°C. Previous FTIR
studies have shown, that Al'Y absorption band was at 800 cm™ [15]. Alkaline activation in 2M
NaOH, 8M NaOH, and 16M NaOH solution leads to the formation of geopolymer materials
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denoted as GP2M, GP8M, and GP16M, respectively. All samples were synthesized under the
same conditions, and after complete polymerization of the alkali-activated material (28 days),
DRIFT, Raman spectroscopy, XPS, and SEM analysis were conducted in order to reveal the
differences between the as-synthesized samples.

2.2. Characterization
2.2.1. XPS (X-ray photoelectron spectroscopy) analysis

Surface characterization was conducted using a SPECS instrument for XPS analysis.
The powder samples were subjected to thermal treatment for 3 h at 90°C in air, and amount of
adsorbed water was sufficiently reduced to allow the measurements. Shortly after, samples
were removed from the furnace, attached on an adhesive tape, and introduced into the vacuum
load lock and analyzing chamber.

Photoelectron emission was obtained from aluminum anode excited by
monochromatic Al Ka line with photon energy of 1486.67 eV. Survey spectra were recorded
prior to detailed spectra. The main photoelectron lines of detailed spectra were acquired in
the fixed analyzer transmission mode with pass energy of 20 eV (FAT 20), an energy step of
0.1 eV and a dwell time of 2 s. Electron flood gun was used for charging compensation of the
samples showing insulating properties. Binding energy axis was calibrated from the C 1s line
position, assuming that it corresponds to adventitious carbon situated at 284.8 eV. The atomic
sensitivity factors which are provided by the manufacturer were used for the composition
analysis according to the characteristic photoelectron line intensities. The fitting of
photoelectron lines was done using pseudo-Voigt GL (30) (30% Lorentzian, 70% Gaussian)
profiles. FWHM of contributions from the same photoelectron line were assumed to be
constant during the fitting. Ratio between the 2ps, and 2py, photoelectron lines corresponding
to the same bond were fixed to the theoretical 2:1, while the spin-orbit splitting in Al 2p and
Si 2p lines was fixed to 0.44 eV and 0.63 eV, respectively.

2.2.2. DRIFT analysis

In this paper, the structural analysis of the samples was monitored using DRIFT
analysis. All samples were turned into a fine powder and dispersed homogeneously into
anhydrous potassium bromide (KBr) pellets (1.5 mg/150 mg KBr). A more detailed
description of the methods used is presented in the paper Nenadovi¢ et al. [20]

2.2.3. Raman spectroscopy

Raman spectroscopy of geopolymer samples were acquired on a LabRAM HR
Evolution equipment. The working range was from 200 up to 1200 cm*, by using 532 nm
laser line. Spectrometer is equipped with a grating acquiring 1800 lines/mm and with 100x
microscope lens. Acquisition integration time was kept constant at 60s/4 cycles, while power
applied on a sample was 25 mW.

2.2.4. Scanning electron microscopy

In order to analyze the microstructure and morphology of the surface of the samples,
the SEM analysis method was used. The analysis was done using field emission scanning
electron microscopy (FESEM, Tescan MIRA 3 KSMU) at 20 kV. Before the analysis, the
samples were coated with Au/Pd alloy by sputtering.
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3. Results and Discussion
3.1. XPS analysis

XPS analysis was performed on metakaolin samples treated with 2M NaOH (GP2M),
8M NaOH (GP8M), and 16M NaOH (GP16M). The composition of the four samples obtained
using atomic sensitivity factors is summarized in Table I. The metakaolin used in these
experiments is accompanied by a quartz phase. The third chemical phase in all samples are
organic impurities, as evidenced by the presence of carbon. Since quantitative composition
analysis of multiphase systems cannot be performed correctly using this approach, the data
presented in Table | can be only considered as a relative measure and general trends of the
composition changes with the molar content of NaOH.

Tab. | Composition of samples based on the intensity of dominant photoelectron lines.

Sample C (%) 0 (%) Si (%) Al (%) Na (%)
GP2M 11.0 53.7 26.2 6.0 3.1
GP8M 43 55.1 24.7 11.6 4.3
GP16M 5.5 55.3 225 115 5.2

The composition of the samples GP8M and GP16M is identical in the frame of the
experimental error, suggesting that doubling the NaOH content did not affect the synthesized
material. However, we clearly see drop of Na, but also of Al, if NaOH content is further
reduced. This result is particularly interesting, since one can apparently tune the amount of,
not only Na but also Al incorporated into the geopolymer structure, by adjusting the alkaline
solution. At the moment, the mechanism behind this effect is unclear. One possible
explanation could be changing the pH of a solution affects the precipitation rate of aluminum.

In our previous work, we developed a consistent peak model for geopolymer samples
[13]. Al 2pz, and Si 2py, lines are expected at about 74.5 eV and 102.4 eV, respectively.
Another silicon phase i.e. quartz, is also present, with Si 2ps, photoelectron line situated at
about 103.5 eV. Particularly significant is O 1s line which consists of three contributions
related to the —ONa group (O1 at ~ 529.6 eV), the sialate-siloxo group (O2 at ~ 531.2 eV) and
the Si-OH group and quartz (O3 at ~ 532.8 eV). In this particular set of samples, we observe
differential charging between the geopolymers and quartz, the latter resolves Si-OH
contribution from geopolymers from the quartz contribution in O 1s. The original peak model
is therefore modified in order to consider this fact: O 1s line was fitted to 4 contributions. The
fourth peak corresponds to quartz, with the position defined relative to that of the Si 2psp»
contribution of quartz: O4 — Si2 = 429.4 eV. The intensity of the peak O4 is calculated from
that of Si2, using the previously determined composition of the quartz phase, SiO;g [13].
Apart from this constraint for the O4 peak, all other oxygen contributions were fitted as free
parameters. The results of the fitting are shown in Table II.

The positions of the Al 2ps, and Si 2ps, lines and of the contributions O1-3
practically coincide with the expected positions for the same type of geopolymers [13], thus
justifying the applied fitting procedure. This is also a clear indication that amount of NaOH in
the solution does not affect the chemical bonds formed in this phase. The only exception
could be the position of the Sil contribution, which shifted for about 0.4 eV towards higher
binding energies in the GP2M sample, in which the amount of Al is significantly reduced
(Table I). From the known intensities of the Si 2p and Al 2p lines attributed to geopolymer,
we determined the Si:Al ratio in this phase using the corresponding atomic sensitivity factors.
In this particular case the approach is correct, since we compare signals originating from the
same chemical phase. Besides, difference between the signal attenuation of the two lines, e.g.
due to the hydrocarbon overlayer, can be readily neglected due to the similar kinetic energies
of the corresponding photoelectrons (~1407 eV and ~1380 eV of Al 2p and Si 2p lines,
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respectively). In final, we estimate the Si:Al ratio to 1.56 in GP8M and GP16M, and to 4.05

in GP16M.
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Fig. 1. High resolution XPS spectra of: a) Al 2p, b) Si 2p and c) O 1s photoelectron lines
taken from GP8M sample, and the corresponding fittings.

Tab. Il High resolution spectra fitting results of photo-electronic lines of geopolymer

samples.
Sample O 1s (eV/%) Si 2pap (eVI%) Al 2psp
01 02 03 04 Sil Si2 (eV/%)
GP2M | 529,6/5,0 | 531,2/79,6 | 532,8/9,4 | 533,9/6,0 | 102,7/94,0 | 105,1/6,0 | 74,4
GP8M | 529,8/13,7 | 531,3/55,3 | 532,9/4,7 | 533,8/26,3 | 102,4/62,2 | 104,2/37,8 | 75,0
GP16M | 529,8/13,7 | 531,2/60,5 | 532,7/9,8 | 533,1/16,0 | 102,3/79,8 | 103,9/20,2 | 74,6
3.2. DRIFT analysis

The effect of chemical structure changing with increasing the NaOH concentration
during the geopolymerization can be observed from Fig. 2. The broadening of absorption
bands is more pronounced using higher concentration 8M and 16M of NaOH.
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Fig. 2. DRIFT spectra of obtained geopolymers (GP) with different NaOH concentrations:
a) GP2M, b) GP8M and c) GP16M.

The expected AIY absorption, has been detected at 793 cm™, after the
geopolymerization process. The presence of quartz was confirmed by bands at 793 cm™,
692 cm™,558 cm™ and 445 cm™. These bands originate from two types of Si — O deformation
vibrations - Si with basal O (793 cm™) for GP2M and Si with apical O (692 cm™, 558cm™ and
445 cm™) for GP 8M and GP16M. In the region of Si-O valence vibration bands, pronounced
peak was observed at 1015 cm™, which originates from the stretching of the Si bond with the
apical and basal O in the plane. Weak band intensities of all samples were detected at 1635
cm originating from OH valence and HOH deformation vibrations of adsorbed water.

The most interesting are bands at 793 cm™ and 692 cm™ in the GP spectrum.
According to the literature data, in the region from 800 cm™ up to 550 cm™one can find
vibration bands that belong to Secondary Building Units (SBUs). SBUs consists of
interconnected SiO* and AlO* tetrahedral structures, creating different merged rings [21, 22].
Observing the given spectra, it is noticed that all the bands are shifted to the right. The Al-O
band at 793 cm™ (GP2M) is slightly shifted as well as the band at 692 cm™ (GP8M). There is
a trend of new bands shifted to the right with increasing concentration of NaOH with
formation of Si—-O-Al (Si) bond band.

3.3. Raman spectroscopy analysis

Sample analysis using Raman spectroscopy shows that geopolymers examined have
spectra that can be compared with the silicates, particularly the silicate glasses. As is known,
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silicate glass creation consists out of a controlled modification of the 3D Si-O network by
replacement of Si** covalent bonded atoms by noncovalent bonded atoms, hence decreasing
the number of Si-O bridges and the connectivity of the network [14].

The results of Raman spectroscopy of geopolymer samples are reported in Fig. 3. In
the sample GP2M the main Raman peaks are located at 357 cm™ and 399 cm™. The first peak
can originate from the Si-O and/or Al-O vibrations, the Na-O modes contribute to it as well
[21, 23-25], while the second peak corresponds to the bending modes of Si-O-Al [24].
Although The shoulder at ~ 429 cm™ can be induced by Si-O symmetric ring-breathing
vibrations in a 5-fold or more-fold planar rings. However, some of the authors have assigned
this peak to the asymmetric bending modes [23]. The peak at 585-600 cm™ 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(8[Rs]) [22, 27].
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Fig. 3. Raman spectroscopy of geopolymer samples.

In the literature, it is often mentioned that the rage of 700-900 cm™ corresponds to symmetric
Si-O or Al-O stretching modes [24]. Furthermore, it is indicated that the peak at ~700 cm™
can dominantly correspond to the contribution of 4-member rings. It should be noticed that
the peak which covers the bands at 790 and 802 cm™ can be primarily attributed to Si-O-Si
bending symmetric modes in geopolymers [25, 26]. Some authors [26-28] pointed out that a
peak at 780 cm™ originates from the vibrations of Si-O-Si network and AlQ, units with three
bridging oxygens (BO) and one nonbridging (NBO). In addition, modes corresponding to Si-
OH stretching vibration of SIO(OH);™ can also contribute to this peak [29, 30]. The shoulder
at 460-470 cm™ that is detectable in the geopolymer samples, could be related to the position
of the strongest a-quartz mode, which is usually assigned to the symmetric stretching Si-O-Si
vibrations within the SiO, tetrahedron which was confirmed by DRIFT methods. As the molar
concentration of NaOH increases, we see that there are no significant changes in the peaks in
GP8M and GP16M, the peaks become clearer and more linear. In the GP16M sample, we
notice that after 760 cm-1 there are no more peaks, which may be an indication that all MK
reacted. In the paper Ivanovi¢ et al., a more detailed analysis of metakaolin is presented.
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3.4. SEM analysis

SEM analysis was performed to identify the metakaolin reactants on the alkaline
activator and to verify the internal microstructure. During the process of geopolymerization,
different types of morphology were created. Fig. 4 shows the surfaces of the analyzed
samples. Sodium hydroxide alkaline activator dissolved metakaolin particle, and that process
leads to the formation of an inorganic polymer gel phase [31]. By using different
concentrations of NaOH, different microstructures are formed.

, W . d
SEM HV: 20 kV. WD: 7.01 mm f SEMHV: 20 kV H SEMHV:20kv WD: 7.20 mm
View field: 109 pm Det: inBeam 20 pm View field: 10.8 pm Det: InBeam 2 pm View field: 4.33 pm Det: InBeam 1 pm
SEM MAG: 1.99 It SEM MAG: 20.0 kx SEM MAG: 50.0 kx

a) b) c)

Fig. 4. SEM microphotographs of geopolymer samples a) GP2M, b) GP8M, c) GP16M.

Fig. 4a shows the morphology of the GP2M sample. The analyzed sample shows a
foam structure, on the basis of which it is assumed that the metakaolin hardening process is
incomplete, which leads to incomplete geopolymerization. It is evident that the structure of
GP2M is much weaker compared to other samples. The layered porous gel structure of
sample GP8M is shown in Fig. 4b. There are also a large number of individual particles. The
samples show a porous microstructure formed by unreacted micron size particles and
geopolymer matrices formed during polycondensation. Based on the images, one can see that
with the increase of NaOH, the newly formed sample contains part of the structure of the
sample with a lower concentration of NaOH, that a new structure is formed and those two
parts of the sample represent the newly formed structure. GP8M (Fig. 4b) shows that the
microstructure consists of a dense plate formed by geopolymerization of metakaolin.
However, the geopolymer dense sheets observed indicate that these are the strongest
constituents. Finally, the sample that was polymerized with the highest concentration of
NaOH - GP16M (Fig. 4c) shows more pronounced copolymer crystallites with a tendency to
form dendritic structures. It is obvious that the concentration of the activator plays a
significant role in the structure of the geopolymer and that with an increase in its
concentration comes an increase in the degree of crystallinity, while GP2M and GP8M show
a more amorphous and foamy structure.

4. Conclusion
The influence of NaOH concentration in both previous and these studies confirmed

occurrence of crosslinking higher degree of aluminosilicate materials. X-ray photoelectron
spectroscopy (XPS) analysis confirmed an increase in the Si:Al ratio from 1.56 to 4.05, which
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further supports the fact that the degree of crosslinking has increased. It was also shown using
the XPS method that there was no change in chemical bonds with increasing NaOH
concentration. DRIFT analysis confirmed that there has also been a change in the structure of
geopolymers through the broadening of absorption bands. It has been observed that with
increasing NaOH concentration, the absorption bands shift to the right.

Raman spectroscopy revealed an interesting behavior of a geopolymer crosslinked
with a higher concentration of NaOH. This is where vibrations of the Si-O-Si network and
AlO, units with three bridging oxygens (BO) and one nonbridging (NBO) occur. As the
concentration of alkali increases, the peaks of the Raman spectrum become more and more
pronounced, and at wavelengths over 800 cm™ there are no more peaks, which indicates that
all metakaolin has reacted.

Scanning electron microscopy confirmed structural changes in all samples.
Depending on the hydroxide concentration, various structural phenomena occur in
geopolymers. At the lowest concentration, a foamy structure is observed, while with
increasing concentration, a more compact and crystalline structure appears.

All applied characterization methods have shown that they are complementary in the
case of characterization of this system and that there is indeed a change in the degree of
crosslinking with increasing sodium hydroxide concentration.
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Casxcemak: YV osom paoy, npahena je nonumepuzayuja aikaiHo akmueupaHoz Memaxaoiuta
(MK) u mezoge cmpykmyphe npomene, kopuuthervem 2M NaOH, 8M NaOH u 16M pacmeopa
NaOH. Ilpomene cy npahene pendeenckom ¢pomoenekmpouckom cnexkmpockonujom (XPS),
oughysnom pecghnexcujom ungpaypeene @ypujeose mpancgopmayuje (DRIFT), Pamarnogom
cnekmpockonujom u ckenupajvhom enexkmponckom mukpocxkonujom (SEM). XPS ananusza je
nokasaia oa npomerna kouyenmpayuje NaOH nuje ymuyana na munose ghopmupanux eeza y
mamepujany. Hcmospemeno, KoOMUYUHA HAMPUjyma u aiyMuHujyma ce noegehasana ca
monaprnowhy NaOH. Ilocnedwu xopayu moey Oumu noceOHO UHMEPECAHMHU jep Mo2y
yrazueamu Ha Mmoeyhnocm 'oozupara’ konuuunme Al unxopnopupanoe npomenom
xonyenmpayuje NaOH y pacmeopy. DRIFT ananusa je omkpuia 0a je oncez ancopnyuje 3a
AV koju ce mnanasu na 800 cm™ nomepen ka marwum epednocmuma. ITpomernom
konyenmpayuje NaOH, xemujcku cadpowcaj ce Huje merbao, anu cy youene CMpyKmypHe
npomene. Pamanosa cnekmpockonuja je omxpuia 0a HajooMunanmuuju nuxoeu na 400 cm™
u 519 em™ nomuuy uz Si-O-Al u Si-O-Si nauuna casujara xemujckux eesa. Ca noseharenm
konyenmpayuje NaOH, nuxosu na 1019-1060 cm™ nocmajy cee uspascenuju kao pesynmam
noaumepuzayuje. Obe ananuze (DRIFT u Paman) nomepoune cy npucycmeo xeapya. SEM
ananuza je nokazaia 0a ce npomeHom kouyewmpayuje NaOH cmeapajy paznuuume
cmpykmype.

Kuwyune peuu: memaxaonun, eceononumep, NaOH, pendzencka Gomoenekmpoucka
cnexmpockonuja (XPS), Pamanosa cnekmpockonuja.
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