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Abstract 25 

Potentialities and suitability of metakaolin-based geopolymers in Cultural Heritage have 26 

been explored. In particular, in order to evaluate their possible use as restoration materials in 27 

conservation of historic manufactures, mortars have been prepared by adding aggregates of Italian 28 

ornamental stones to alkali-activated metakaolin with binder/sand ratio of 1:1. To improve 29 

workability, geopolymer binders have been synthesized from metakaolin and sodium silicate 30 

solution with water/solid ratios between 0.33 and 0.66 and SiO2/Al2O3 and Al2O3/Na2O molar ratios 31 

of 3.70 and 1.04, respectively, and characterized by several techniques, including mechanical 32 

strength tests according to UNI EN 196-1. All binders display good mechanical properties, with 33 

compressive and flexural strength values as high as 72 MPa and 6 MPa, respectively, and 34 

decreasing with increasing water/solid ratio. The increase of water in geopolymer formulation has 35 

little negative effect on the aluminosilicate gel development and on the strength of these materials.  36 

Mortars display a homogeneous and compact matrix, bonded (silicoaluminate aggregates) or 37 

interlocked (carbonate) with aggregates. Their compressive strengths fall in the masonry mortars 38 

class M20 range. Their pore size distribution guarantees good breathability and adaptability to the 39 

substrate. The final materials mimic the original stones, with good aesthetic compatibility. 40 

 41 

Keywords: metakaolin; geopolymer; alkali silicates; Cultural Heritage 42 
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1. Introduction 44 

Conservation practices make cultural heritage available to future generations. The 45 

maintenance of historic structures brings to the use of traditional materials and methods, but more 46 

and more frequently new ones are developed and proposed to safely preserve or restore monuments 47 

and artworks, including constructions manufactured in the last decades (Corradi et al., 2008; 48 

Valluzzi et al., 2014).  49 

A new class of materials alternative to traditional binders, obtained by reaction of alkali with 50 

aluminosilicates, has been developed with a view towards reducing the CO2 footprint of 51 

construction materials. Alkali activated materials (AAMs), including those called geopolymers, can 52 

exhibit a wide variety of properties and characteristics, depending on the raw material selection and 53 

processing conditions (Duxson et al., 2006; Provis, 2013; Provis and Bernal, 2014). They have 54 

therefore recently emerged as novel engineering materials with commercial and technological 55 

potential (Palomo et al., 2014; Van Deventer et al., 2012). They are prepared under mild processing 56 

conditions from inexpensive feedstocks, such as industrial wastes, like ground blast furnace slags 57 

and fly ashes, or calcined clays. Metakaolinite (MK), obtained by the calcination of kaolin clays, is 58 

considered to be a suitable precursor for geopolymer production due to its reactivity and predictable 59 

and tunable properties of the final geopolymer (Duxson et al., 2006; Siddique and Klaus, 2009). It 60 

has been shown that properties of geopolymers, such as high level of resistance to a range of 61 

different acids and salt solutions, low shrinkage and low thermal conductivity, are best achieved by 62 

MK-based geopolymers rather than fly ash-based ones (Duxson et al., 2007a; Palomo et al., 1992; 63 

Palomo et al., 1999). Exploitation of these properties will depend on the development of 64 

applications in which the relatively high cost of metakaolin compared to fly ash is not a driving 65 

consideration and in which a fairly pure and homogenous material is necessary. Cultural Heritage, 66 

in the authors’ opinion, could be one of the contexts in which geopolymer-based binders prepared 67 

from high-grade metakaolin can find application and in which the abovementioned properties are of 68 

extreme importance. 69 
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Geopolymers have frequently been proposed as binder phases in mortars (Arellano-Aguilar 70 

et al., 2014; Kamseu et al., 2014; Pelisser et al., 2013; Vasconcelos et al., 2011), while very few 71 

applications in cultural heritage are reported in literature (Elert et al., 2008; Hanzlíček et al., 2009). 72 

Due to the large variability and different typologies of masonry structures included in our cultural 73 

heritage, a specific knowledge of both the materials to be repaired and the restoration materials is 74 

required. Experimental studies of the properties of retrofitting materials are indeed decisive to 75 

improve the knowledge of the whole restoration process. Mortars used in restoration practices 76 

should respect the requirements of compatibility with the original material from the chemical, 77 

physical and mechanical points of view, including showing similar aesthetic features (Van Balen et 78 

al., 2005; see also: ICOMOS/ISCARSAH Committee, Recommendations for the analysis, 79 

conservation and structural restoration of architectural heritage, 2005). In detail, their mechanical 80 

behaviour should guarantee good adhesion to the substrate and the ability to adapt themselves to the 81 

masonry movements, being softer than the original material (Gulotta et al., 2013b; Lanas and 82 

Alvarez-Galindo, 2003). Naturally, the great variability of historical buildings and structures needs 83 

a case-by-case approach, where the use of unconventional materials might result convenient.  84 

In this work, mortars (the term is used here to generally indicate a mixture of binder and 85 

aggregates) have been synthesized by using MK-based geopolymers as binder phase. The effects of 86 

a fluid slurry on the mechanical strength, binding capacity and chemical properties of the products 87 

are investigated. The study has been organized as follows: 88 

- a high-quality kaolin has been selected as starting material in order to i) respect the high 89 

standard requested in the field of restoration of cultural heritage structures, and ii) have a 90 

convenient ‘reference system’; 91 

- geopolymer binders have been prepared with different water/solid ratios. Maturation has 92 

been carried out at room temperature in order to simulate an outdoor setting; 93 

- physico-chemical characterization of binders has been carried out by Fourier Transform 94 

Infrared Spectroscopy in Attenuated Total Reflectance (FTIR-ATR), X-ray Powder 95 
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Diffraction (XRPD), Mercury Intrusion Porosimetry (MIP) and mechanical tests. 96 

Microstructural features and their variations with water/solid ratio have been analyzed in 97 

detail by Field Emission Scanning Electron Microscopy (FESEM) and discussed with 98 

respect to binding efficiency of geopolymer formulation; 99 

- geopolymer-based mortars have been synthesized by using i) standard sand and ii) powders 100 

from two different ornamental stones as aggregates;  101 

- the effect on the final product of including fine size fraction (< 63 µm) of ornamental stones 102 

aggregates has been evaluated from the aesthetic and physico-chemical viewpoints.  103 

 104 

2. Materials and methods 105 

2.1 Materials 106 

A high-quality kaolin clay, labelled Sl-K and composed of 73 wt% kaolinite and 23 wt% 107 

quartz, was used as raw material. It was provided by Sibelco Italia S.p.A. and derives from the 108 

Seilitz kaolin deposits (Germany). More information about its chemical composition, particle size 109 

distribution and dehydroxylation kinetics were given by Gasparini et al. (2013). A study making use 110 

of this kaolin clay to produce geopolymers has been reported by Gasparini et al. (2015). The kaolin 111 

powder was submitted to thermal treatment at 800°C for 2 hours to obtain the reactive metakaolin, 112 

hereafter labelled Sl-MK, characterized by a specific surface area of 12.04(5) m
2
/g, as measured by 113 

nitrogen adsorption BET analysis. Sodium silicate solution supplied by Ingessil s.r.l. (Na2O 14.37 114 

wt%, SiO2 29.54 wt%, H2O 56.09 wt%) and NaOH pellets (Sigma-Aldrich, purity ≥ 98%) were 115 

used. 116 

For the preparation of geopolymer-based mortars (see par. 2.2.2), a standard siliceous 117 

natural sand conforming to norm UNI-EN 196-1:2005, provided by Société Nouvelle du Littoral, 118 

and crushed ornamental stones were used as aggregates. Two varieties of Italian stones, Pietra di 119 

Angera and Pietra Serena, mainly employed for decorative purposes, were selected. Pietra di 120 

Angera is a dolostone (yellow variety), and the sample used for this work comes from the collection 121 
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of the Department of Earth and Environment Sciences of University of Pavia. Pietra Serena, a 122 

sandstone characterized by low porosity and mainly composed of quartz, feldspars, micas and 123 

fragments of silicate and carbonatic rocks, was provided by Consorzio Pietra Serena of Firenzuola, 124 

Italy. Chemical compositions of these stones, determined by FESEM-EDAX energy dispersive 125 

spectrometry (EDS), are reported as oxides wt% in Table 2.  126 

 127 

2.2 Sample preparation 128 

2.2.1 Geopolymer binders 129 

For the synthesis of geopolymer binders, the sodium silicate solution was modified by 130 

adding distilled water and dissolving solid sodium hydroxide; four different sodium silicate 131 

solutions were prepared with H2O/Na2O ranging between 10 and 20. Sl-MK was allowed to react 132 

with each of these solutions, in order to obtain, for all samples, the following molar ratios: 133 

SiO2/Al2O3 = 3.7 and Al2O3/Na2O = 1.04. In fact, a SiO2/Al2O3 ratio of around 4 provides the MK-134 

based geopolymers with the highest strength and without formation of crystalline zeolite-type 135 

phases, as reported in the literature (Duxson et al., 2005; Fletcher et al., 2005; Komnitsas and 136 

Zaharaki, 2007). In particular, SiO2/Al2O3 ratio of 3.7 was selected in order to mature geopolymers 137 

at room temperature and obtain high values of mechanical resistance, as indicated by the 138 

compressive strength vs. composition contour plot reported in Fig 1 of Burciaga-Diaz et al. (2012). 139 

Different H2O/Na2O molar ratios were used with the aim of improving the slurry workability, and 140 

obtaining water/solid ratios between 0.33 and 0.66. Sample labels and water/solid ratios used for the 141 

synthesis are reported in Table 1. 142 

Water/solid ratio is a variable that influences physical and mechanical behaviour of mortars 143 

and concrete. In case of concrete, compressive strength is inversely correlated to water/solid ratio 144 

through the Abrams’ generalization law. Furthermore, a ratio between 0.30 and 0.40 reduces 145 

durability issues due to increasing of the porosity and development of hydration products (A  tcin, 146 

2003). In mortars, the increase of water content improves their workability, but eventually reduces 147 
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the strength of hardened products. It was observed that the minimum water/solid ratio required to 148 

make a cement mortar workable is about 0.50 (Haach et al., 2011; Rao, 2001; Singh et al., 2015). In 149 

geopolymer synthesis, water results to have great effects on the development of geopolymer gels 150 

and on the properties of the final products. In terms of strength, the minimization of water/solid 151 

ratio corresponds to an increase of compressive strength and to a reduction of permeability (Rashad, 152 

2013; Van Deventer et al., 2012; Zhang et al., 2010).  153 

Geopolymer binder samples were prepared by adding Sl-MK powder to the alkaline 154 

solutions and mixing for 10 minutes to form homogenous slurries. Mixing operations were 155 

performed by using a mechanical mixer, according to the European technical standard (UNI-EN 156 

196-1:2005), under controlled conditions of temperature and relative humidity (20°C and 65% 157 

R.H., respectively). Samples were poured into prismatic steel moulds (4 × 4 × 16 cm
3
) and 158 

compacted by mechanical vibration for 60s to remove entrained air. Specimens were cured in 159 

climatic room for 28 days at 20°C and 65% R.H. before testing. Three specimens for each 160 

geopolymer binder were prepared. 161 

 162 

2.2.2 Geopolymer-based mortars 163 

Three geopolymer-based mortars were prepared by mixing the geopolymer binder slurry 164 

GpB_0.66 with, respectively, standard sand (StS_GpM) and powders obtained by grinding Pietra 165 

Serena (PS_GpM) and Pietra di Angera (PA_GpM).  166 

Mortars were prepared in compliance with the requirements of UNI-EN 196-1:2005, but for 167 

StS_GpM, a binder/sand ratio of 1:2 (weight/weight) was used, thus giving a mortar with 168 

water/solid ratio of 0.23, whereas for mortars with crushed ornamental stones, PS_GpM and 169 

PA_GpM, a binder/aggregate ratio of 1:1 was used to obtain mortars with a water/solid ratio of 170 

0.39. For these samples, the granulometric fraction smaller than 0.5 mm was used as aggregate in 171 

the preparation of mortars. Clayey fractions were also included to make the colour tone of the 172 

mortars similar to that of their respective stone. 173 
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Each paste was mixed for 10 minutes, poured into prismatic steel moulds (4 × 4 × 16 cm
3
) 174 

and compacted by mechanical vibration for 60s. All samples were submitted to maturation phase in 175 

climatic room for 14 days at 20°C and 90% R.H., then were de-moulded and cured at the same 176 

conditions for other 14 days. 177 

 178 

2.3 Sample Characterization 179 

2.3.1 X-ray Powder Diffraction (XRPD) 180 

XRPD analyses were carried out on all samples by using a Philips PW1800/10 X-ray 181 

diffractometer, equipped with a Cu anticathode and a graphite monochromator. Data were collected 182 

in the range 2-65° 2θ with an angular step of 0.01° 2θ and time per step of 5s.  183 

 184 

2.3.2 Fourier Transform Infrared Spectroscopy in Attenuated Total Reflectance (FTIR-ATR) 185 

FTIR-ATR spectra were collected at room temperature in the range of wavelength between 186 

670 and 4000 cm
-1

 with 4 cm
-1

 resolution by means of a ThermoScientific Nicolet iN10 MX micro-187 

spectrometer. Spectra, recorded in ATR with a liquid nitrogen-cooled mercury cadmium telluride 188 

array detector, were calculated by Fourier transformation of 256 interferometer scans and total 189 

scanning time of 90s. A germanium hemispherical internal reflection element (IRE) crystal with a 190 

diameter of 300 µm was used. The ATR accessory is mounted on the X-Y stage of the FTIR 191 

microscope, and the IRE crystal makes contact with the sample via a force level with pressure of 2 192 

Pa. A 150 × 150 µm
2
 aperture size was used. IR spectra were recorded on the surface of compressed 193 

powder pellets of geopolymer binders. 194 

 195 

2.3.3 Thermogravimetric analysis (TGA) 196 

TG analyses were performed by using a TA instruments Hi-Res Modulated TGA 2950 197 

Termogravimetric Analyzer. 15 mg of finely ground powders of geopolymer binders were heated in 198 
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a Pt crucible at 10°C/min heating rate under nitrogen atmosphere in the temperature range 30-199 

1000°C. 200 

 201 

2.3.4 Field Emission Scanning Electron Microscopy (FESEM) 202 

A Field Emission Scanning Electron Microscope TESCAN Mira 3 XMU-series, equipped 203 

with an EDAX energy dispersive spectrometer, was utilized to investigate samples textures from 204 

micrometric to nanometric scale. Analyses of the morphological features were performed on 205 

fracture surfaces of the specimens, obtained by placing thin splinters of material directly on the 206 

stab. Samples were covered by 5 nm carbon coating before being investigated to prevent charge 207 

built-up on electrically insulating sample surface. Images were collected using backscattered 208 

electron (BSE) and secondary electron (SE) at a working distance of 15.8 mm with an acceleration 209 

voltage of 20 kV and 30 kV. Microstructural observations at the nanometer scale were carried out 210 

by InBeam mode using a working distance of 5 mm. EDS analyses (on spots and on areas of 25 211 

µm
2
) were done with accelerating voltage of 20 kV, working distance of 15.8 mm, beam current of 212 

20 µA and spot diameter of about 5 µA, acquiring for 100s per spot analysis. Chemical 213 

compositions were determined considering 100 wt% oxide content on an H2O- and CO2-free basis 214 

and are reported in Table 2.  215 

 216 

2.3.5 Mercury intrusion porosimetry (MIP) and gas pycnometry 217 

A Micrometrics Autopore IV 9500 series mercury intrusion porosimeter was used to analyze 218 

prismatic samples of approximately 1 × 2 × 2 cm
3
. A pressure from 0.10 to 60000.00 psia was 219 

applied. Results are reported in Tables 1 and 3 for binders and mortars, respectively. 220 

Densities of mortars were measured by a ULTRAPYC 1200e gas ultrapycnometer 221 

(Quantachrome Instruments, USA) and are reported in Table 3. Measurements were carried out in a 222 

sample chamber of 48.1 cm
3
 and using nitrogen as pycnometric gas. For each sample, density was 223 
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obtained by averaging six measurements. Data accuracy is < ±0.02% and reproducibility is < 224 

±0.01%. Stainless-steel spheres were used for instrument calibration. 225 

 226 

2.3.6 Mechanical tests 227 

Flexural strengths of geopolymers and mortars cured for 28 days were measured by the three 228 

point bending mode on 4 × 4 × 16 cm
3
 prismatic specimens. Compressive strengths were measured 229 

using a Controls press equipped with a 250 kN load cell on residual pieces obtained from flexural 230 

tests according to UNI-EN 196-1:2005 (Methods of testing cement – Part 1: Determination of 231 

strength; 2005). Data are reported in Tables 1 and 3 for binder and mortars, respectively. 232 

 233 

2.3.7 Colorimetry 234 

Colorimetric measurements of geopolymer-based mortars and original ornamental stones 235 

were carried out by a Konica Minolta CM-2600d instrument. A spot of 6 mm in diameter was used. 236 

For each sample, six measurements were performed on different areas of the external surface. 237 

Values are reported in Table 3 and are expressed in the CIELAB (L*,a*,b*) colour coordinates 238 

system, where L* defines lightness and ranges from 0 (total absorption or black) to +100 (white), 239 

whereas a* and b* denote the green/red and blue/yellow values, respectively, both ranging between 240 

-60 and 60. 241 

 242 

3. Results 243 

3.1 MK-based geopolymer binders 244 

3.1.1 Structural properties 245 

No significant differences in the diffraction patterns of geopolymer binders with different 246 

water content were observed. XRPD patterns of all samples show a broad hump between 20 and 35° 247 

2θ, typical of the amorphous phase of geopolymers. The only crystalline phase revealed by XRPD 248 

is quartz, which derives from the kaolin precursor and remains stable up to about 1000°C. No peaks 249 
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associated with zeolite phases and soluble salts were detected. XRPD patterns are not reported here 250 

being essentially featureless; however the pattern for GpB_0.66 is used for comparison with mortars 251 

in par. 3.2.1. 252 

As for XRPD, also FTIR-ATR spectra of powders of geopolymer binders show similar 253 

features (Figure 1). A broad band centered at about 990 cm
-1

 (peak maxima calculated from first 254 

and second derivatives of the IR signal are reported in Table 1) represents the fingerprint of the 255 

aluminosilicate geopolymer phase and demonstrates the formation of the geopolymer network in all 256 

samples, as reported in many studies (Irfan Khan et al., 2015; Lee and Van Deventer, 2003; Lee and 257 

van Deventer, 2004). Peaks in this region are related to asymmetric stretching of the Si-O-T bonds, 258 

where T is Al or Si in tetrahedral coordination. This band has been fitted by using three Lorentian 259 

components: one for the aluminosilicate gel, one for metakaolinite and one for quartz. The fits, 260 

carried out by using the Multipeak Fitting package of Igor Pro 6.37, converged for the 4 261 

formulations with nearly flat residuals curves. Fitted positions of peaks from metakaolinite and 262 

quartz are centered, respectively, at around 1050 and 1140 cm
-1

 for all samples, as expected. Peak 263 

from the aluminosilicate gel is centered at 990 cm
-1

, as reported in literature. It is worth noting that 264 

the relative area of quartz peak is about 15% and constant for all samples, while relative areas of 265 

peaks from gel and metakaolinite show, with changing water content, slight variations which are 266 

opposite one to the other. From inset of Figure 1 and data in Table 1, it is evident how the relative 267 

area of peak from gel represents the largest part of the main peak area, and it decreases slightly with 268 

increasing the water content in the geopolymer formulation. This may be interpreted as implying 269 

that there is a reduction in the actual amount of gel, and hence of reactivity, at high water/solid 270 

ratio. However, geopolymer relative peak area is large at water/solid ratio of 0.66, thus implying 271 

that the metakaolinite conversion is high, and likewise the gel binder amount.  272 

No features due to the presence of new crystalline phases are evident in the spectra but small 273 

bands at around 1400 cm
-1

 can be related to CO3
2-

 stretching vibrations and thus reveal the 274 

formation of sodium carbonates. Sodium carbonate formation can be due to an excess of Na
+
 275 
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cations that are mobile within pore network and, as water evaporates, are brought onto the surface 276 

and can then react with atmospheric CO2. Trona, Na3(HCO3)(CO3)·2H2O, and other sodium 277 

carbonates, such as thermonatrite, Na2CO3·H2O, have already been observed as efflorescence in 278 

geopolymers and, although they may sometimes coexist, the nature and extent of efflorescence is 279 

related to humidity conditions during curing (Criado et al., 2005; Krivenko and Kovalchuk, 2007; 280 

Xie and Kayali, 2014). No correlation between carbonate formation and water/solid ratio of 281 

geopolymers is noted. Samples have been cured in air-tight containers and carbonate peaks are not 282 

evident in spectra collected on the surface of the as-demoulded samples but start to appear ca. 4h 283 

after the samples are exposed to air. It must be noted that IR spectra have been measured in ATR 284 

mode with Ge crystal, which is very sensible to surface effects (calculated penetration depth at 45° 285 

and 1000 cm
-1

 is 0.65 μm). The amount of carbonates is very low and below XRPD detection limit, 286 

and the only evidence of their presence is given by these IR peaks. However, the presence of 287 

potentially harmful compounds, such as soluble salts, could influence the potential applicability of 288 

geopolymers in restoration and precautions have to be taken into account. In restoration practices, 289 

the development of soluble salts is a common issue and the possible formation of potential harmful 290 

products needs to be accurately investigated with respect to the substrates to be restored. 291 

The presence of water in geopolymers is proved by the bands at around 3400 and 1640 cm
-1

, 292 

related to OH asymmetric stretching and H-O-H bending vibrations of molecular water, 293 

respectively. Both bands, and in particular that ascribed to OH-stretching, are broad and indicate a 294 

large disorder of hydroxyl groups and water molecules. Further indications on the presence of water 295 

and hydroxyl groups are also inferred by TG analysis. All the geopolymers of this study show the 296 

TG pattern typically observed for MK-based geopolymers (Provis and Van Deventer, 2009). 297 

Weight loss due to dehydration of loose water begins above room temperature and continues up to 298 

300°C, when the bulk of free water has evaporated. At this temperature the weight loss is of about 299 

16-17% for all the samples, irrespective of the water/solid ratio used for the synthesis. In fact, the 300 

largest weight loss occurs below 200°C, as already observed in other studies (Barbosa and 301 
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MacKenzie, 2003; Duxson et al., 2007b; Kong et al., 2007). Above 300°C and up to 800°C there is 302 

a further weight loss, which increases slightly from 1.6% for GpB_0.33 to 3.2% for GpB_0.66. 303 

Weight loss in this temperature range is attributed to dehydroxylation of chemically bound water, 304 

therefore the observed differences might suggest a difference in the amount of hydroxyls linked to 305 

the geopolymer gel.  306 

Porosity of geopolymer binders increases from 21.5% to 31.8% with increasing the 307 

water/solid ratio from 0.33 to 0.66, as reported in Table 1. All samples are characterized by 308 

mesoporosity, with median pore radius ranging between 0.0057 and 0.0076 µm. 309 

 310 

3.1.2 Mechanical properties 311 

The mean values of three tests for flexural strength and six tests for compressive strength are 312 

reported in Table 1 and plotted in Figure 2. High values of compressive strength, between 72 MPa 313 

and 59 MPa, were obtained, with compressive resistance decreasing linearly with increasing the 314 

water/solid ratio. These values are higher than those reported in UNI-EN 998-2:2010 for masonry 315 

mortars, but similar to those reported in UNI-EN 206-1:2006 for high performance concrete (C 316 

60/75). Considering the absence of aggregates in geopolymers, samples with low water content, 317 

such as GpB_0.33, could be preferentially chosen for structural applications. 318 

Flexural strength slightly decreases with increasing water with a maximum difference of 2.5 319 

MPa between samples with 0.33 and 0.66 water/solid ratio, respectively. At the end of flexural 320 

strength tests, specimen section fractures appeared flat and orthogonal to traction direction, the 321 

same fracture mode found in ceramic materials. Flexural data are in accordance with those reported 322 

in literature for MK-based geopolymers. Kamseu et al. (2014) found similar values for samples 323 

enriched with different percentages of fine aggregates. Furthermore, it has been demonstrated that 324 

flexural strength of MK-based geopolymers subject to aggressive media shows little or no variation 325 

(Palomo et al., 1999). Reduction of mechanical strength values with increasing water/solid ratio 326 
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may be ascribed to the increase of porosity rather than to a reduction of MK conversion into 327 

geopolymer.  328 

The increase in water content has also extended the setting time of the samples. GpB_0.33 329 

hardened after one day, while 10 days were necessary for GpB_0.66. However after 28 days all 330 

specimens were suitably hardened to be used for mechanical tests. 331 

 332 

3.1.3 Textural and microstructural properties 333 

Differences in the morphology of the geopolymer binder matrices are hereafter analyzed 334 

based on high resolution SEM images at increasing magnifications. At low magnifications (500x 335 

and 5Kx) (Figure 3, left panel), the presence of porosity, porous size, matrix homogeneity and 336 

diffusion of micro-fractures network were taken into account. At 500x, the micrographs show, for 337 

all samples, a homogeneous and dense texture. In GpB_0.33, spherical pores of 50-70 micron in 338 

size are evident, whereas such porosity is not present in other samples. At this length scale, a 339 

textural feature common to all samples is the presence of micro-sized defects, such as micro-voids, 340 

which may be ascribable to entrapped air, and micro-cracks due to sample cutting and vacuum 341 

extraction during sample preparation. At 5Kx, the amorphous features are confirmed. No crystalline 342 

phases and few unreacted or partially reacted MK particles are found. The morphological features 343 

of the binder matrix show little difference among the samples: an articulated and rough surface is 344 

always evident, although the irregularities are at a shorter length scale for GpB_0.53 and GpB_0.66 345 

samples. 346 

Analyses at higher magnifications (50Kx to 150Kx) display clearly the differences in the 347 

microstructural features of geopolymer binders with different water/solid formulations (Figure 3, 348 

right panel). At this length scale, the distribution of grains, the rounding of the spherical particles, 349 

the development degree and the compaction mode were investigated. At 50Kx, it is evident how the 350 

matrix of sample GpB_0.33 shows a tendency to organize itself into parallel layers, a morphological 351 

feature related to MK. At higher magnification (150 Kx), concatenated spherical particles, 352 
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interconnected to create small clusters of aluminosilicate gel, become visible. The arrangement in 353 

parallel planes is still visible. Sample GpB_0.46 displays the same structural arrangement as 354 

GpB_0.33, with an increase in particle size. With increasing the water content (GpB_0.53 and 355 

GpB_0.66), particles become smaller than 50 nm and well confined into isolated elements. The 356 

matrix is made of ultra-fine particles, partially bonded together, and directionality disappears. An 357 

increase of matrix porosity is also evident, as confirmed by MIP measurements.  358 

 359 

3.2 Geopolymer-based mortars 360 

All geopolymer-based binders of this work show high mechanical strength, low porosity and 361 

relatively high amount of aluminosilicate binding phase. Therefore, the most fluid (and hence 362 

workable) formulation, i.e. GpB_0.66, was used to prepare mortars. These were prepared using 363 

different materials: a sandstone (Pietra Serena), a dolostone (Pietra di Angera) and standard sand. 364 

The latter was used to evaluate the binding capacity of the binder. 365 

 366 

3.2.1 Structural properties 367 

Diffraction patterns of mortars PS_GpM and PA_GpM are reported in Figure 4 and 368 

compared to those of GpB_0.66 and of original stones used as aggregates. For both samples, 369 

patterns show the peaks characteristics of quartz, deriving from the kaolin precursor, and of their 370 

respective aggregates, as expected. No efflorescence appears on mortar samples. XPRD analyses, 371 

performed after 90 days from mortars synthesis, confirmed the absence of any new crystalline 372 

phases. The presence of aggregates rich in aluminum (in PS_GpM) and calcium (in PA_GpM) 373 

could help reduce carbonate formation, producing an increase of crosslinking in the geopolymer 374 

binder and reducing the mobility of alkalis, as already noted by Najafi Kani et al. (2012).Densities 375 

of mortars, as measured by pycnometry (Table 3), are similar to those of their respective stones; this 376 

can be interpreted as a positive feature, if considering these materials for use in replacement 377 
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practices. Moreover, such values are of the same order of magnitude of those reported for MK-378 

based geopolymers of composition Si/Al = 1.9 (Duxson et al., 2005). 379 

Percent porosity of all mortars is nearly half that of the binder GpB_0.66, as expected (see 380 

data in Tables 1 and 3). However, while porosity of PA_GpM is similar to that of the “yellow” 381 

variety of Pietra di Angera, porosity of PS_GpM is higher than that of Pietra Serena (Cantisani et 382 

al., 2013; Fratini et al., 2014). Pore size distributions of all mortars fall in the mesoporosity range 383 

and are reported in Figure 5, where are compared with that of the geopolymer binder GpB_0.66. 384 

While the binder and the mortar with standard sand show almost unimodal distributions with a 385 

sharp main peak, mortars with ornamental stones show broad and multimodal distributions. In all 386 

three cases, the main peak in the differential curves of mortars is shifted towards larger pore size 387 

than in the binder, and there are additional pores, which are greater in size. Differences in pore size 388 

distribution of mortars are expected considering the differences in type, quantity, granulometric 389 

distribution as well as porosity of aggregates themselves.  390 

Differential curve for mortar StS_GpM, prepared with standard sand, exhibits a sharply 391 

defined peak in the 0.004 to 0.015 µm range, indicating a nearly unimodal distribution of pore sizes. 392 

The presence of a sharply defined intrusion peak in the differential curve indicates the intrusion of 393 

mercury throughout a pore network connected to the specimen surface. Therefore, the main 394 

intrusion peak observed here corresponds to the minimum throat dimension of an interconnected 395 

capillary network. 396 

In the other two mortars, the main band is large, displays many features and is centered at 397 

larger pore dimensions than StS_GpM. A second, more rounded peak appears at a larger pore size. 398 

In fact, the whole granulometric fraction smaller than 0.5 mm was used for the synthesis of 399 

PA_GpM and PS_GpM, including the fine size fraction (< 63 µm) of the crushed rock. This favours 400 

binder compaction in the mortars and reduces the amount of low-size pores if compared to the 401 

standard mortar Sts_GpM. Differential and cumulative intrusion curves for PA_GpM and PS_GpM 402 

clearly reveal how the global porosity is the result of the contribution of the porosity of both 403 
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aggregates and geopolymer binder. In PS_GpM, the pore size distribution below 0.032 µm displays 404 

features similar to those generally observed for different varieties of Pietra Serena sandstone 405 

(Cantisani et al., 2013; Fratini et al., 2014; Manganelli Del Fa, 1987). The same effect can be 406 

observed for the pore size distribution of PA_GpM, moreover, for this mortar, porosity of Pietra di 407 

Angera itself can contribute further to the porosity in the range between 0.1 and 1 µm (Soggetti and 408 

Zezza, 1983). The second rounded peak in the differential curve is usually attributed to larger pores 409 

present in the interfacial zone between aggregate and binder paste. In the differential curve of 410 

PA_GpM, this is more pronounced and broader than in the other two mortars, thus reflecting on the 411 

one side the aforementioned contribution of aggregates, but also a less linked interface between 412 

geopolymer gel and carbonate aggregates. Conversely, such porosity is reduced in StS_GpM and 413 

PS_GpM due to the reaction of geopolymer with siliceous aggregates. 414 

A large porosity range distribution is particularly relevant in conservation issues in outdoor 415 

environments (e.g., Gulotta et al., 2013a). The low percentage porosity associated to large median 416 

pore radius of geopolymer-based mortars could be considered as a positive feature for possible 417 

restoration applications. Although this may not reduce or inhibit the decay of the original stone, it 418 

could offer better breathability and adaptability of mortar to the original substrate.  419 

 420 

3.2.2 Mechanical properties 421 

The results of mechanical tests on geopolymer-based mortars are reported in Table 3. No 422 

shrinkage of the gel during the curing was observed for all samples. 423 

For StS_GpM, a compressive strength of 75(2) MPa was measured, comparable to the value 424 

obtained for the geopolymer binder GpB_0.33. This result encourages considering the use of a 425 

slight high amount of water rather than of plasticizers to improve fluidity and workability of a 426 

binder in restoration applications. With the use of plasticizers, Pacheco-Torgal et al. (2011) 427 

obtained compressive strength values of up to 50 MPa. The flexural strength is higher compared to 428 

geopolymer binders. The average value of 9(1) MPa confirms how the addition of aggregates favors 429 
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a decrease of fragility of the final product, which could bring benefits if used as retrofitting 430 

material. Observed flexural/compressive strength ratio of StS_GpM is similar to those reported for 431 

Pietra Serena and Pietra di Angera (Cantisani et al., 2013; Fiumara et al., 1979; Soggetti and Zezza, 432 

1983). 433 

PS_GpM and PA_GpM show compressive strength lower than StS_GpM, but in agreement 434 

with those recommended in UNI-EN 998-2:2010 for the masonry mortars class M20. The 435 

mechanical tests results can be explained by considering the morphology (low sphericity grains) of 436 

aggregates and that fine powders have also be used. In detail, for PA_GpM, deleterious effect on 437 

strength of adding significant percentages (> 20%) of alkaline earth carbonate minerals was already 438 

reported by Yip et al. (2008). For PS_GpM the fine aluminosilicate powders admixtures may play 439 

part in the geopolimerisation process, for example they may change local Al/Si ratio. The formation 440 

of nanometric neogenic crystals, which may have influenced the mechanical strength, has been 441 

observed by high magnification SEM (see par. 3.2.3). Although the negative effect on mechanical 442 

properties, these findings suggest further studies on the use of Pietra Serena itself as precursor in the 443 

synthesis of geopolymers.  444 

 445 

3.2.3 Textural and microstructural properties 446 

Mortar StS_GpM (Figure 6) has a quite compact microstructure, only few micro-fractures 447 

are observed within the mortar matrix or along the aggregates rims, likely due to cutting of the 448 

specimens for metallographic preparation. At high magnifications, the binder phase appears more 449 

homogeneous and compact if compared to that of the naked binder GpB_0.66. The spherical 450 

particles that compose the matrix show a particle size between 50 and 0.5 nm with a sub-rounded or 451 

rounded shape. The compaction of the mortar binder and its lower porosity with respect to the 452 

naked binder are due to the presence of aggregates. 453 

In PS_GpM sample (Figure 7), aggregates are poorly sorted, as expected considering that 454 

powders have not be sieved, and are characterized by low sphericity grains, with an angular or sub 455 
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angular shape. A more detailed analysis of microstructure of quartz and feldspar grains evidences 456 

an incipient dissolution; boundaries of these siliceous minerals show embayments at a few micron 457 

length scale. At the interaction zone with the matrix, mica rims are sharp and regular. Few needle-458 

shaped crystals are observed in this sample. Their small crystal size made EDS analyses impossible; 459 

however, on the basis of their morphology, these crystals could be attributed to framework silicates 460 

zeolites or feldspathoids. It could be hypothesized that such neogenic crystals may be due to the 461 

fine size fraction of Pietra Serena, which supplies soluble silico-aluminate phases. The availability 462 

of aluminum and silicon in solution may alter the Si/Al ratio on a local scale thus promoting zeolite 463 

crystallization.  464 

PA_GpM (Figure 8) shows a network of micro-cracks in the binder matrix and along binder-465 

aggregate interfaces. Cracks follow a preferential orientation starting from the grain rims and 466 

continuing in the binder with a radial trend. The particles size is poorly sorted, with a size ranging 467 

from coarse to very fine. The aggregates shape is from sub-angular to sub-rounded, with uneven 468 

rims with indentations where the binder phase fills the primary porosity. No microstructures 469 

associated with dissolution processes are observed. The boundary between aggregates and binder is 470 

sharp and well defined and follows grains irregularities. No structures characteristic of C–S–H gel 471 

are observed. However, EDX analyses indicate Ca and Mg uptake of geopolymer gel around 472 

aggregates particles. Likely, Ca and Mg concentrations remain low enough to avoid the formation 473 

of C-S-H, as indicated by Yip et al. (2008). 474 

 475 

3.2.4 Aesthetic compatibility 476 

Mortars PS_GpM and PA_GpM, prepared with powders of Pietra Serena and Pietra di 477 

Angera as mineral admixtures, may find application as decoration mortars or as sealing and 478 

repairing mortars for small gaps in masonries and stone artifacts. For these puroposes, their 479 

aesthetic features should be similar to those of the original stone. Rock fines have been added to 480 

homogeneously color the resulting mortar and colorimetric measurements performed. The average 481 
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of six measurements of L*,a*,b* space for each sample is reported in Table 3. As expected, diluting 482 

rock powders into a white matrix results in a solid with nearly the same color hue and paler than the 483 

original rock. Difference in color hue angle, hab = tan
-1

(b*/a*), is less than 1 for PA_GpM and about 484 

4 for PS_GpM. The main differences are due to lightness ΔL* and color saturation ΔC*, which is 485 

4.9 and 1.9 for PA_GpM, and PS_GpM, respectively. The color variation between stone 486 

references and mortars has been evaluated by using the total color difference, expressed as ΔE = 487 

sqrt[(L*1L*2)
2
+(a*1a*2)

2
+(b*1b*2)

2
]. In both cases, the difference in visual appearance of the 488 

samples is small, being ΔE = 5 and 11 for PA_GpM and PS_GpM, respectively, but however 489 

distinguishable by human eye. These results confirm the purpose to obtain recognizable materials. 490 

 491 

4. Conclusions 492 

Geopolymers are promising materials with potential use in many application fields, in 493 

particular as high performance, environmental-friendly materials for structural applications and 494 

possible replacement for ordinary Portland cement. However, Cultural Heritage is one additional 495 

field in which MK-based geopolymers may find application, thanks to their high durability and 496 

versatile range of physical properties that may possibly be tailored to guarantee functional and 497 

aesthetic compatibilities with the remnants of original materials.  498 

Geopolymers have been obtained after consolidation of a fluid slurry without the use of 499 

plasticizers and additives and resulted to be largely composed by amorphous binding material and 500 

showed high strength and low porosity. The presence of aggregates from ornamental stones, namely 501 

Pietra Serena and Pietra di Angera, resulted in a reduction of strength, which however falls in the 502 

masonry mortars class M20. This may open the way to use them as sacrificial material for 503 

restoration of stone objects, as compatibility depends on the support features, hence mechanical 504 

compatibility should be adjusted to each particular case also in function of the destination of use. In 505 

these mortars, microfines seem to contribute to further reduce carbonate formation, which is 506 

however low. An increase of compaction and reduction of porosity of the matrix with respect to the 507 
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plain binder has also been observed, pore size distribution of the mortars are similar to those of the 508 

used ornamental stones, thus suggesting the possibility to tune breathability of the mortars by 509 

adjusting their formulation. Functional compatibility means not to damage the old masonry and in 510 

second place to be able to protect it against external actions. Water is one of the most effective 511 

destruction agents for old masonry: water transport, dissolution and transport of salts, but also 512 

biological colonization are issues to take into consideration and further studies are in hand to better 513 

evaluate them. 514 

Finally, the use of rock fines allows to obtain materials that mimic the stone, thus reaching 515 

good aesthetic compatibility. In particular, mortars of the same color of the rock but slightly paler 516 

have been obtained. In restoration practice, this would allow to obtain materials that are 517 

recognizable, albeit similar, to the original substrate.  518 

In the quest of designing new, high-performance materials that meet the requirements of 519 

sustainability and compatibility with the artifacts, this study shows good potentialities of 520 

geopolymer-based materials for uses in Cultural Heritage. 521 
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Figure captions 659 

 660 

Figure 1. FTIR spectra of geopolymer binders between 675 and 4000 cm
-1

. In the inset: relative 661 

peak area of aluminosilicate gel as a function of the water/solid ratio. 662 

Figure 2. (a) Compressive strength and (b) flexural strength of geopolymer binders as a function of 663 

the water/solid ratio. 664 

Figure 3. FESEM micrographs of geopolymer binders with different water/solid ratios at different 665 

magnifications. Left panel: 500x (left); 5Kx (right). Right panel: 50Kx (left); 150Kx (right). 666 

Figure 4. XRPD patterns of geopolymer mortars (red) and respective ornamental stones used as 667 

aggregates (black). XRPD pattern of geopolymer binder GpB_0.66 (blue) is also reported for 668 

comparison. Dol = Dolomite; Kfp = K-feldspar; Ms = Muscovite; Qtz = Quartz. 669 

Figure 5. Pore distributions in geopolymer-based mortars as determined by MIP. Dotted line: 670 

StS_GpM; dot-dashed line: PS_GpM; dashed line: PA_GpM. Pore distribution in geopolymer 671 

binder GpB_0.66 is reported for comparison as solid line and refers to the right axis. 672 

Figure 6. FESEM micrographs of geopolymer-based mortar StS_GpM at different magnification. 673 

In the inset: quartz grain included in matrix (magnification of 2.5Kx). 674 

Figure 7. FESEM micrographs of geopolymer-based mortar PS_GpM at different magnifications. 675 

Figure 8. FESEM micrographs of geopolymer-based mortar PA_GpM at different magnifications. 676 



Table 1. Details of geopolymer binders 

Sample 
H2O/Na2O 

ratio 

water/solid 

ratio 

Si-O-T 

(cm
-1

)
a
 

Relative 

peak area
a
 

Compressive 

strength (MPa) 

Flexural 

strength (MPa) 

Porosity 

(%) 

Median pore 

radius (µm) 

Mass loss 

(%)
b
 

GpB_0.33 10 0.33 986 0.69(5) 72(3) 6.1(8) 21.5 0.0057 18 

GpB_0.46 14 0.46 979 0.68(5) 66(4) 4.9(1) 24.3 0.0052 19 

GpB_0.53 16 0.53 990 0.67(5) 63(8) 4.9(7) 29.8 0.0064 19 

GpB_0.66 20 0.66 987 0.63(5) 59(4) 3.6(5) 31.8 0.0076 20 
Standard deviations are in parentheses. 
a
From FTIR spectroscopy. Si-O-T peak position is calculated from the first and second derivatives of the IR line. Relative peak area is calculated from the areas of the fitted 

Lorentian components of the main IR band as the ratio between the area of the Lorentian curve centred at 990 cm
-1

 and the area of the whole band (standard deviation from the 

fit). 
b
From TG analysis. 
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Table 2. Chemical compositions (wt%) of 

Pietra di Angera and Pietra Serena. 

Oxides Pietra di Angera Pietra Serena 

MgO 33(2) 6.3(6) 

CaO 64(2) 5(1) 

SiO2 0.8(2) 59(1) 

FeO 2.2(1) 6.2(5) 

Al2O3  16(1) 

Na2O  2.9(7) 

K2O  2.7(7) 

SO3  0.5(2) 

TiO2  1.4(4) 

Total 100(1) 100(1) 
Standard deviations are in parentheses. 

Table 2
Click here to download Table: Table 2.docx

http://ees.elsevier.com/clay/download.aspx?id=473434&guid=c91622c9-099d-448f-8fd8-b9faa87877f0&scheme=1


Table 3. Details of geopolymer mortars and ornamental stones used as aggregates. 

Sample 
Compressive 

strength (MPa) 

Flexural 

strength (MPa) 

Porosity 

(%) 

Median pore 

radius (µm) 

Density 

(g/cm
3
) 

Colorimetric CIELAB coordinates 

L* a* b* 

Sts_GpM 75(2) 9(1) 17.3 0.0090 2.419(5) - - - 

PA_GpM 18(5) 3.2(9) 17.8 0.0254 2.767(7) 81.3(4) 6.1(5) 22(1) 

PS_GpM 21(3) 3.6(8) 14.1 0.0243 2.962(1) 73(1) -0.07(1) 3.9(4) 

Pietra di Angera - - - - 2.706(5) 80.2(7) 7.2(1) 26.4(6) 

Pietra Serena - - - - 2.941(1) 62.2(7) -0.45(5) 5.5(1) 
Standard deviations are in parentheses. 
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