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Abstract:

The effect of Ca®* amount and sintering temperature on mechanical properties of
geopolymer-brushite (GPB) binders was investigated. Brushite and raw abandoned kaolinite
clay thermally transformed into metakaolin were used for GPB synthesis. The complete phase
and structural analyses were performed by X-ray powder diffraction, and Fourier transforms
infrared spectroscopy (FT-IR). The pore-filling effect as a consequence of Ca’* ions
incorporation into the hybrid geopolymer networks improved the compressive strength. On
the other hand, the chosen biscuit sintering at 800 and 900°C caused the phase
transformation of brushite into calcium pyrophosphate, which negatively affected the
compressive strength of such materials. The obtained results indicate that the usage of
relatively high sintering temperatures is not always the necessary step for producing
geopolymer-based types of cement with prominent mechanical properties.
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1. Introduction

Manufacturing and the use of Portland cement as a binder are resource-exhausting,
energy-intensive processes that release large amounts of greenhouse gas (CO,) into the
atmosphere.[1] The Production of 1 ton of Portland cement requires about 2.8 tons of raw
materials, including fuel and other materials. Moreover, manufacturing 1 ton of cement
generates about 1 ton of greenhouse gas.[2] Therefore, the replacement of conventional
cement, plastics, and many mineral-based products would have a positive impact effect
reducing CO, emissions from cement clinkers, limiting toxic metal contamination of
freshwater resources resulting from mining operations, and reducing the over-use of common
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organic plastics.[3] This motivated many researchers to identify materials that to sustainable
development, such as promoting recycling and managing solid waste or the reuse of
abandoned raw materials [4-8].

Inorganic polymer concretes, a.k.a. geopolymers have emerged as novel engineering
materials with the potential to become a substantial element of the construction industry being
more environmentally sustainable and presenting a key to the manufacturing-caused pollution
minimization.[9] Formation of these types of materials usually involves an alkali activation of
industrial alumosilicate-rich waste materials such as fly ash and blast furnace slag, a process
that leaves a very small carbon footprint in comparison to the traditional concretes. Alongside
that, such materials can even exhibit better chemical and mechanical properties, in some
aspects, compared to ordinary Portland cement, while being cost-effective [3,4,6]. The main
attribute of geopolymer technology refers to the robustness and versatility of the
manufacturing process. It enables products to be tailor-made from a range of fly ash sources
and/or other aluminosilicate raw materials, with specific properties, such as high compressive
strengh gains, high level of resistance to a range of different acids and salt solutions, and
inherent protection of steel reinforcing due to high residual pH and low chloride diffusion
rates, for a given application [6,10-12].

Geopolymerization, represents a reaction that chemically integrates minerals and
involves naturally occurring silico-aluminates, includes a precursor — any source of silica and
alumina that dissolves in the alkaline activator solution. The product of the geopolymer
reaction is considered to be an alkali-activated aluminosilicate binder. Mechanism of
geopolymerization process involves the polycondensation reaction of geopolymeric
precursors i.e. alumino-silicate oxide with alkali polysiliates yielding polymeric Si-O-Al
bond:

Mn [_(Si - 02)2_ AI - O]n ° WHZO

where M is the alkaline element, z is 1, 2, or 3 and n is the degree of polycondensation
[13,14]. Polycondensation of silica and alumina precursors (fly ash, kaolin, metakaolin) and a
high alkali content are utilized to attain structural strength of the geopolymer instead of the
presence of calcium-silicate hydrate matrix in regular cement [13,15]. Kaolinite
(2Si0,-Al,04-2H,0) belongs to the group of clay minerals, widely used in ceramic industries
for many years [16]. To enhance the mechanical properties and the compressive strength of
the kaolinite, high-temperature heat treatment with an addition of calcium ions is usually used
[17,18]. The higher the temperature used during the process, the shorter the time needed to
obtain the final product [13,19]. Brushite (CaHPO,-2H,0), an environmentally friendly
material, often serves as a source of calcium ions. The formation of Ca-Al-Si units as a
consequence of calcium ions incorporation in the geopolymer structure can increase
compressive strength due to the microstructural porosity disruption. Besides the improvement
in the compressive strength, reaction time can be significantly reduced with calcium source
addition [13,20].

This work used raw abandoned kaolinite clay from the Rudovci deposit (Serbia) as Al
and Si source for geopolymer binder production. The influence of the brushite addition in
different concentrations on the mechanical properties of the geopolymer binder was
investigated. Furthermore, different biscuit sintering temperatures were studied as the
potential boosters for the compressive strength of the material.

2. Materials and Experimental Procedures

Brushite was synthesized by the solution-precipitation reaction, as previously
described by Mirkovi¢ et.al.[21]. The kaolinite clay used in this experiment is of high quality,
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localized in abandoned deposit Rudovci, Lazarevac district (Serbia). Physicochemical
characteristics of the used kaolinite are previously described by authors [22]. Kaolinite was
thermally treated at 750°C for three hours to produce metakaolin. Geopolymer material
samples were synthesized using metakaolin mixed with activator solution prepared from 6M
sodium hydroxide (analytical grade) and sodium silicate in relation to 1:1.6. In five separate
geopolymer mixtures 2 wt%, 4 wt%, 6 wt%, 8 wt%, 10 wt%. of pure brushite material were
added. After the activation reaction step, the obtained geopolymer-brushite (GPB) material
samples were put into conic molds and left to age for 28 days at room temperature. All
prepared samples were calcined at 800°C (GPBgy) and 900°C (GPBggg), With a heat rate of
2°/min and 1h retention time in an air atmosphere using a high-temperature electrical furnace
(Elektron Serbia). X-ray powder diffraction (XRPD) analysis was performed to examine
phase analysis of synthesized and calcinated materials. Characterization was carried out with
Ultima 1V Rigaku diffractometer, equipped with CuKao,; , radiations, using a generator voltage
(40.0 kV) and a generator current (40.0 mA). For all powdered samples the range of 5-80° 26
was used in a continuous scan mode with a scanning step size of 0.02° and at a scan rate of
10 °/min using D/TeX Ultra high - speed detector. All samples were placed in high-purity a
monocrystalline silicon plate, which was used as a sample carrier. Each sample was
previously prepared to a grain size of fine powder in a porcelain mortar and sieved through a
0.355 mm sieve. The PDXL2 (Ver. 2.8.4.0) software was used to evaluate the phase
composition and identification.[23] All investigated powders were identified using the ICDD
data base.[24] The list of selected ICDD card numbers used for identifications contain:
brushite: 01-072-0713, quartz: 01-075-8322, muscovite: 01-080-0734, albite: 01-089-6427,
nepheline: 00-035-0424, anorthite: 00-041-1486, Calcium Aluminium Silicate: 00-023-0105,
beta-Ca,P,0;: 00-009-0346 and berlinite: 01-076-0233.

FT-IR spectra for all synthesized GPB, GPBgy and GPBggy Samples were obtained
at Nicolet 6700 FT-IR instrument (Thermo Scientific) in the range between 4000 and 400 cm™
! using the ATR technique with a Smart Orbit accessory (diamond crystal). The accuracy of
FT-IR was 4 cm™'. The uncertainty of the method with a 95 % confidence interval was 0.2
cm™' recorded for 20 independent measurements of the band at 1601.2 cm™' that originates
from the certified polystyrene standard. The number of scans for IR sample measurements
was 32, while the number of scans for background measurements was 16.

The measurement of compressive strength of cylindrical samples prepared prior to
analysis with a height and diameter ratio of 1.6, was carried out on Instron M 1185 testing
machine, with a loading rate of 2 mm/min. All compressive strength measurements were
conducted in triplicate.

3. Results and Discussion

The phase composition of the synthesized GPB samples containing different amounts
of brushite (from 2 to 10 wt%) is shown in Figure 1 (a). Since quartz is the main secondary
mineral that follows clay minerals and remains undisturbed in the matrix during the alkaline
activation process, the peaks originating from quartz were present in all investigated samples.
Sharp and narrow peak at about 27° 26, belongs to sodium-tecto-alumotrisilicate (albite) with
the chemical formula NaAlISizOg. This phenomenon may be due to the contribution of Na
from the alkaline activator solution (sodium hydroxide and sodium silicate) and the possible
preferential orientation of the albite. Compared to pure metakaolin,[18] in the case of as-
prepared GPB samples wide broad hump region was shifted from 15 to 35 and from 20-40 26
range. This can be explained by the network’s modification caused by depolymerization of
the raw metakaolin and the polycondensation of precursors. Moreover, the characteristic
peaks of kaolinite were not present in the XRPD patterns, indicating formation of the
geopolymer matrix. The presence of brushite peaks in the as-prepared samples occurred due
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to the formation of hybrid geopolymer material, where brushite phase is incorporated to
polymer matrix. The results of XRPD analysis of sintered samples at 800°C (GPBgg) and
900°C (GPByy) are shown in Fig. 1 (b, c). Based on obtained results the peak of quartz and
nepheline (NaAlSiO,) are indicated as the main phases. The geopolymer samples sintered at
800°C contains mainly quartz with an amount of nepheline, while the increase of sintering
temperature to 900°C led to a higher structural order of nepheline phase. These two phases
were more pronounced for the GPBgy and GPBgy samples with higher amounts of brushite.
Anorthite and calcium aluminum silicate were detected in the GPBgy Samples. The most
significant difference between XRPD patterns between GPB and GPBgy and GPBgy Was
obtained in the range 25-35 26, due to the transformation of brushite to [B-calcium
pyrophosphate [25,26]. This phase transformation occurred due to the sintering temperature
increasing.
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Fig. 1. a) XRPD spectra of the as-prepared GPB samples; b) GPBgy samples sintered at
800°C; ¢) GPBgy samples sintered at 900°C.
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The FT-IR spectra of as-prepared GPB samples and GPB samples biscuit sintered at 800°C
(GPBggo) and 900°C (GPBgy) are shown in Fig. 2. In the case of non-sintered samples peaks
in the region, about 3500 cm™ and 1600 cm™ originated from stretching vibration of lattice
water and surface adsorbed water. These peaks vanished after calcination due to water
evaporation, Fig. 2 (b, ¢). The -P—O—Al-O- vibration in the polymer structure gave rise to
absorptions at approximately 560 cm™. The bands at ~ 710 cm™ and ~ 870 cm™ might be
attributed to Si-O-Al and Si-O-Si vibrations, respectively. The broad peak at about 1020 cm™
for all prepared samples was related to the asymmetric stretching vibration of siloxo, sialate,
and phospho-siloxo units in the geopolymer structure. The band at about 530 cm™ originated
from Si-O-Al vibrations and it was shifted to lower wave numbers compared to the IR
spectrum of pure metakaolin. This represents clear evidence that the polycondensation
process occurred and GPB structure was formed [18]. A significant difference in IR spectra
for non-sintered and biscuit sintered samples can be seen in the region between 1000 cm™ and
500 cm™. It can be explained by phase transformation of incorporated brushite into calcium
pyrophosphate and deterioration of hybrid phospho-siloxo network structure at used sintering
temperatures. The absorptions at approximately 650 cm ™' and 500 cm ' are characteristic for
acid phosphates and originate from (H-O-)P=0 vibrations and these bands were visible for
non-sintered samples. The appearance of intense peaks at 1250 cm™ and 480 cm™ in the case
of GPBgyy and GPBgy samples might be connected with P-O and P-O-P vibrations of calcium
pyrophosphate [22], Fig. 2 (b, ).
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Fig. 2. The FT-IR spectra of as-prepared GPB samples and GPBgg and GPBggg
samples biscuit sintered at 800 and 900°C.

The compressive strength values for all investigated GPB materials are presented in
Fig. 3. Unexpectedly, the best results were obtained for non-sintered samples. This can be
explained by the phase transformation of brushite to pyrophosphate during the sintering
process. This phase change probably disrupts the highly ordered polymer structure of hybrid
poly(phospho-siloxo) and poly(siloxo-sialate) Ca-rich networks [18]. Polymer degradation
consequently decreased the compressive strength by weakening the structure’s density, Fig. 3
(b, c). In all cases, the highest values of compressive strength were achieved for samples with
brushite weight amount in the 4-8 % range, although the values are nearly the same. The
increase in Ca amount influenced the geopolymer structure due to a pore filling effect of Ca
ions, causing higher compressive strengths [18].

The results presented in Fig. 3 undoubtedly suggest that the usage of relatively high
sintering temperatures in geopolymer-based cement processing is not always necessary. The
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fact that the non-sintered samples showed better mechanical properties in comparison to
sintered ones indicates that the energy consumption can be significantly reduced when using
such materials as binders.
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Fig. 3. Compressive strength of as-prepared GPB samples and GPBgy and GPBgy Samples
biscuit sintered at 800 and 900 °C.

4. Conclusion

Geopolymer-brushite binders were successfully synthesized using raw abandoned
kaolinite clay with different weight percentages of brushite addition. X-ray powder diffraction
and Fourier transform infrared spectroscopy confirmed the formation of geopolymer in all
investigated samples. It was found that the presence of brushite improves the compressive
strength of the polymer as a result of Ca?* ions incorporation into the hybrid geopolymer
network. On the other side the sintering process at 800 and 900°C led to deterioration of
compressive strength. It is believed that the structure disruption and appearance of the
pyrophosphate phase which take place during sintering are responsible for the low
compressive strength of sintered samples. The obtained results point out that the use of high-
temperature treatment is not obligatory for the design and the production of geopolymer-
based cement materials. Finally, the utilization of raw clay from abandoned site to obtain
novel eco-friendly material as a possible manufactuiring binder surely has a positive impact
on local waste reduction and energy consumption.
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Caxcemax. Y o06om pady uchumugan je ymuyaj Koauuune oodamoz Opywuma u
memnepamype CUHMEPOSArbd HA MeXAHUUKAd Ceojcmea 2eonoaumep-opyuum eesusda. Kao
NONA3HU Mamepujany 3a Ccunme3zy Kopuuwihenu cy KAOTUHUMCKA 2IUHA U CUHMEMUCAHU
opywum. Komniemua aswa u CcmpyKmypHa aumaniuza uzepuiena je ougpaxyujom
PEHO2EHCKUX 3paka Ha npaxy u uxgpaypsenom cnekmpockonujom ca Dypujeosom
mpancgopmayujom. Epexam oodamka bpywuma y ceononumepry mampuyy nodoomuiao je
NPUMUCHY 48PCMORY, 00K je ODUCKEUMHO nederbe U3azeano (asny mpancghopmayujy opyuuma
V Kamujym nupogocham wimo je HeeamusHO YMuyaio HA NPUmMucHy ugpcmohy makeux
mamepujana.  Jlobujenu pesyimamu  ykazyjy 0a Kopuwhere pelamueHo  BUCOKUX
memnepamypa CUHmMepo8arbd Huje Y8eK Heonxo0an KOPAaxK 3d NPou3goow)y yemenma Ha 6a3u
2e0N0IUMEPA Ca UCMAKHYIMUM MEXAHUYKUM C80jCTHEUMAL.

Kauyune peuu: ceononumepru yemenmuu mamepujanu, o6pyuium, OUCKEUMHO CUHIMEPO8aArve,
Mexanuuke ocodune.
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