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Abstract 13 

This paper explored reported the effect of sewage sludge ash (SSA) on the mechanical 14 
and microstructural properties of geopolymers based on metakaolin (MK) involving two 15 
different SiO2/Na2O molar ratios (0.8 and 1.6), two temperature curing conditions (25°C 16 
and 65°C) and various ages of curing (1, 3, 7, 14, 28, 90 or 180 days). The geopolymers 17 
tests were characterized performed using different techniques: as X-ray diffraction 18 
(XRD), thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy 19 
(FTIR), Scanning Electron Microscopy (SEM) and compressive strength of mortars. 20 
Tests were performed for both high (65°C) and room (25°C) temperature curing 21 
conditions lasting for 1, 3, 7, 14, 28, 90 or 180 days. The geopolymeric samples were 22 
activated using sodium hydroxide and sodium silicate solutions using two different 23 
SiO2/Na2O molar ratios (0.8 and 1.6). The compressive strength tests showed that the 24 
replacement of MK by SSA in 10 wt.% when cured at 25 °C with the highest SiO2/Na2O 25 
molar ratio reaches similar compressive strengths after 14 days of curing compared to 26 
the samples with only MK, which reached a maximum compressive strength of 50.8 MPa 27 
at 180 days. The FTIR analyses carried out in the geopolymer pastes with SSA (10 wt.% 28 
of SSA and 90 wt.% of MK) showed a formation of N-A-S-H gels in the samples cured at 29 
25 °C. The microstructural studies by XRD, TGA and SEM pointed out the formation of 30 
a crystalline phase as Na P-type zeolite in MK/SSA based-geopolymer pastes cured at 31 
65 °C, which explained the loss of compressive strength of the samples cured at high 32 
temperature. However, the SSA retarded the crystallization process in the MK based-33 
geopolymer. 34 

Keywords: Geopolymer, Alkali-activated cement, Ash, Sewage sludge, Sewage sludge 35 
ash, Urban waste, Waste management  36 
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1.  Introduction  44 

Current world population is approximately 7.6 billion and the prediction for 2100 is about 45 

11.2 billion. This represents a population increase of 53%  (United Nations, 2017). This 46 

implies exponential urban area growth and, consequently, an increase in waste 47 

generation. In this sense, environmentally friendly solutions are necessary in order to 48 

maintain the balance of nature: new approaches to waste management and a major 49 

reduction in greenhouse gas emissions.  50 

The main contribution of the building construction sector to the reduction of these 51 

problems is mainly associated with the reuse of waste materials and the production of 52 

greener cementitious materials. In recent years, an alternative class of  class of 53 

alternative inorganic binding material, geopolymers, has drawn a lot of attention in 54 

materials science due to their mechanical properties, durability and, principally, due to 55 

the reduced environmental impact associated with their production [1–3]. Geopolymers, 56 

also called alkali-activated binders, have a tri-dimensional structure formed by a poly-57 

condensation of aluminosilicate precursors reacting with alkaline activating solution [4,5].  58 

Several aluminosilicate-based materials can be used as precursors for geopolymer 59 

production, including natural (volcanic ashes, diatomaceous earth), synthetic 60 

(metakaolin) and waste materials (fly ash, blast furnace slag, ceramic, mining wastes, 61 

glasses, sludge ashes) [6–8].  62 

 63 

Sewage sludge ash (SSA) is an ash generated from the combustion of sewage sludge 64 

from wastewater treatment plants [9,10]. Its production is estimated from 0.1 kg up to 65 

30.8 kg per population equivalent per year (kg/p.e/year) in European Union [11] and the 66 

main components of the SSA are SiO2, Al2O3, Fe2O3, CaO, MgO and P2O5. 67 

Several papers focusing on the application of SSA on Portland cement mortars, bricks, 68 

ceramics and glass production can be found on the literature [12-17]. ProblablyProbably, 69 

the main studies about SSA are related to its use as pozzolanic material in blended 70 

mortars due to the presence of amorphous SiO2 and/or Al2O3 on its chemical composition 71 

[18-21].  72 

Although SSA may exhibit a potential application as a precursor in geopolymeric 73 

systems, its use for this purpose is recent. In 2010, Yamaguchi and Ikeda [22] studied 74 

the preparation of geopolymeric materials from sewage sludge slag. At room 75 
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temperature, samples containing both only SSA or samples containing 75% of coal fly 76 

ash and 25% of sewage sludge slag presented slow setting time. For samples cured at 77 

80 ºC, a rapid solidification was observed.  78 

For alkali-activated binders based on binary systems of blast furnace slag/SSA, 31 MPa 79 

in compression was reached for samples with 20 wt.% of SSA activated with 6 mol.kg-1 80 

NaOH and cured during 90 days [23]. Chakraborty et al. [24] assessed ternary systems 81 

of SSA, quicklime and blast furnace slag activated with sodium hydroxide solution 82 

obtaining the maximum compressive strength (31.3 MPa) after 28 curing days for mortar 83 

activated with 50% of NaOH solution, 20% of quicklime, 10% of blast furnace slag and 84 

70% of SSA. 85 

Studies related to MK-based geopolymeric mortars containing SSA are scarce [25]. After 86 

7 curing days at room temperature, MK-based mortar containing 10 wt.% of SSA 87 

presented similar compressive strength to mortar without SSA (about 28MPa). In the 88 

same study, the loss of compressive strength for MK-based mortar containing 20 wt.% 89 

of SSA is reduced when compared to MK-based geopolymer [25].  90 

Due to theA waste with a significant concern in many countries over the growth of solid 91 

waste generation, a waste material with high potential application is the ash generated 92 

from the combustion of sewage sludge from wastewater treatment plants, well-known as 93 

sewage sludge ash (SSA) [9,10]. Its 94 

Sewage sludge generation is estimated at anywhere from 0.1 kg up to 30.8 kg per 95 

population equivalent per year (kg/p.e/year) in European Union [11]. Incineration is an 96 

environmentally friendly alternative disposal method for sewage sludge and it has been 97 

considered to mitigate the effect of their increased volume, converting it into energy and 98 

fuel (Cies̈lik et al., 2015; Kelessidis and Stasinakis, 2012; Syed-Hassan et al., 2017; 99 

Yang et al., 2015). The incineration process reduces de-watered sewage sludge volume 100 

by approximately 90%.  101 

There are many studies focused on the application of sewage sludge ash (SSA) on 102 

Portland cement mortars, bricks, ceramics and glass production (Baeza et al., 2014; 103 

Monzó et al., 2003; Perez Carrion et al., 2013; Smol et al., 2015; Tarrago et al., 2017; 104 

Yusuf et al., 2012). The main components of the SSA are SiO2, Al2O3, Fe2O3, CaO, MgO 105 

and P2O5. The presence of SiO2 and/or Al2O3 in amorphous state makes this waste 106 

material a potential pozzolanic material [12–15]. Due to its chemical composition, Tthere 107 

are many studies focused on the application of sewage sludge ash (SSA) on Portland 108 

cement mortars, bricks, ceramics and glass production [16–21].   109 
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Although the SSA may exhibit a potential for use as a precursor due to its chemical 110 

composition, its use in geopolymeric binders is recent. Li and Poon (2017) studied the 111 

incorporation of sewage sludge ash and cathode ray tube funnel glass in Portland 112 

cement mortars. The cement was replaced by sewage sludge ash in three different 113 

proportions (10, 20 and 30 wt.%) and the sand was totally replaced by cathode ray tube 114 

funnel glass. The flexural strength was increased when 20 wt.% of cement was replaced 115 

by SSA, in comparison with standard Portland cement mortar. Moreover, the flexural 116 

strength was higher when compared to mortar containing fly ash or ground granulated 117 

blast furnace slag, which can be explained by a reduction in the effective water/binder 118 

ratio due to the high water absorption of SSA.  119 

Although the SSA has the potential for use as a precursor due to its chemical 120 

composition, its use in geopolymeric binders is recent. The oxides as Al2O3, SiO2 and 121 

CaO in the sewage sludge slag present substantial contribution in the poly-condensation 122 

of the amorphous phases in the coal fly ash based-geopolymers. However, these 123 

geopolymeric-mortars cured at room temperature  present a slow hardening process, 124 

and in high temperature (80 °C), the results is not yet satisfactory [22]. Moreover, 125 

Yamaguchi and Ikeda (2010) studied a geopolymeric material formed by a mixture of 126 

sewage sludge slag (SSS) and coal fly ash. The results showed that Al2O3, SiO2 and 127 

CaO in the SSS contributed to the poly-condensation of the geopolymeric phases. 128 

However, mortar cured at room temperature presented a slow hardening process, and 129 

curing at 80 °C was necessary to obtain better results.the addition of SSA in a range of 130 

20 wt.% in metakaolin (MK) based-geopolymers cured at 65 °C leads to a lower loss of 131 

compressive strength. Further, if the schedule curing is in a room temperature, the MK 132 

based-geopolymers containing 10 wt.% of SSA present similar compressive strength 133 

compared to the one with only MK. Nevertheless, the influence of the SSA on MK-based 134 

metakalolin only were studied in early stage of the curing time (1 to 7 days) [23].  135 

 136 

Istuque et al. (2016) investigated the behaviour of the SSA on metakaolin based-137 

geopolymer for very short curing time (from 1 to 7 days). The results showed that a 138 

replacement of metakaolin (20 wt.%) by SSA leads to a lower loss of compressive 139 

strength in geopolymer cured at elevated temperature (65°C). Besides, geopolymers 140 

containing 10 wt.% of SSA cured at room temperature presented similar compressive 141 

strength when compared to the metakaolin (MK)-based geopolymer with up to 7 curing 142 

days.  143 
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In the case of high calcium content Aalkali-activated binders, the addition of SSA (20 144 

wt.%) did not prejudice the mechanical properties of binary system of blast furnace slag 145 

(BFS) and SSA obtaining a maximum compressive strength of 31 MPa [24]. Further, in 146 

a ternary system of SSA, quicklime (QL) and BFS in the proportion of 7:2:1 present 147 

satisfactory results as containing a binary system of blast furnace slag/SSA were studied 148 

by Tashima et al. (2017) and Chakraborty et al. (2017) .a maximum bulk density (1810 149 

± 6 kg.m-3), a minimum apparent porosity (11.1 %), optimum compressive strength (31.3 150 

± 1.5 MPa), flexural strength (3.9 ± 0.25) and flexural modulus (1.61 ± 0.065 GPa) [25].  151 

Between this and that,  The obtained results showed thatthat  SSAthe SSA is a potential 152 

sustainable precursor in this type of binder.  153 

As can be observed, scientific knowledge related to the use of SSA as a precursor in the 154 

production of alkali-activated binders is very limited, and, systematic studies on this topic 155 

should be performed. Hence, this study aims to assess the long-term influence of SSA 156 

in MK-based geopolymer, as well as the influence of the SiO2/Na2O molar ratio and 157 

curing conditions for SSA/MK-based geopolymers. Thereby, X-ray diffraction (XRD), 158 

thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR) and 159 

scanning electron microscopy (SEM) analyses on pastes and compressive strength tests 160 

on geopolymeric mortars were carried out. 161 

 162 

2. Experimental 163 

2.1. Materials 164 

Metakaolin (MK) supplied by Metacaulim do Brasil™ was the main aluminosilicate 165 

source used in this study. The SSA used as non-conventional aluminosilicate precursor 166 

was produced by an auto-combustion process of sewage sludge from a sewage 167 

treatment plant (Serviço Municipal Autônomo de Água e Esgoto – SEMAE, in São José 168 

do Rio Preto city – São Paulo, Brazil). The chemical compositions of both MK and SSA, 169 

determined by X-ray fluorescence (XRF), are given in Table 1. Both materials, MK and 170 

SSA, presented a significant content of SiO2 and Al2O3 as main oxides, which are 171 

elementary oxides to the development of the geopolymer structure.with 58.39 wt.% and 172 

32.72 wt.% of SiO2 and 35.47 wt.% and 20.72 wt.% of Al2O3 for MK and SSA, 173 

respectively. As-received MK was used in this study and according to the particle size 174 

analyser (Mastersize 2000 from Malvern Instruments), this material present d(50) of 175 

18.16µm, d(90) of 53.96 µm and a mean particle diameter of 23.90 µm. On the other 176 

hand, SSA was ground in a ball mill for 50 minutes before its use obtaining d(50) of 11.17 177 

µm, d(90) of 52.45 µm and a mean particle diameter of 20.28 µm.   178 

Código de campo cambiado

Con formato: Fuente: (Predeterminada) Arial

Con formato: Fuente: (Predeterminada) Arial

Con formato: Fuente: (Predeterminada) Arial

Código de campo cambiado

Con formato: Fuente: (Predeterminada) Arial

Con formato: Fuente: (Predeterminada) Arial

Código de campo cambiado

Con formato: Fuente: (Predeterminada) Arial

Con formato: Fuente: (Predeterminada) Arial



A siliceous sand from Castilho city (São Paulo – Brazil) with a fineness modulus of 2.05 179 

and specific gravity of 2.67 g/cm³ was used in the geopolymeric mortars.  An inert filler 180 

(siliceous material) with particle diameter lower than 53 µm was used for comparison. 181 

Sodium hydroxide (98% purity) and sodium silicate solution (8.9% Na2O, 29.7% SiO2 182 

and 61.40% H2O) were used in the preparation of the alkaline activating solution. 183 

 184 

Table 1 - Chemical Compositions (%, in mass) of metakaolin (MK) and sewage sludge 185 

ash (SSA). 186 

Oxides 
(%) SiO2 Al2O3 Fe2O3 P2O3P2O5 CaO SO3 TiO2 MgO K2O Na2O Others LOI 

SSA  38.28 20.72 11.27 7.28 5.51 4.18 3.73 1.91 0.73 0.70 1.97 3.72 
MK 58.39 35.47 2.71 - 0.01 - 1.51 0.3 1.44 - 0.07 0.10 

   187 

 188 

 189 

 190 

2.2. Geopolymeric mortar preparation 191 

Table 2 shows the mix proportions for all assessed samples. For all cases the 192 

water/binder ratio, sand/binder ratio and concentration of Na+ (mol of Na+ per .kg-1 of 193 

water, mol.kg-1) were fixed at 0.6, 2.5 and 8.0, respectively. The binder was the sum of 194 

MK and SSA and the water content was the sum of water in sodium silicate solution and 195 

the added tap water to get the 0.6 water/binder ratio. The concentration of Na+ was fixed 196 

at 8.0 mol.kg-1 due preliminary studies performed by authors where the compressive 197 

strength of SSA/MK-based geopolymeric mortars was assessed for different 198 

concentration of Na+ (8, 10 and 12 mol.kg-1). According to the preliminary results, the 199 

increment on the Na+ concentration reduces the compressive strength of mortars in 36% 200 

for 10 mol.kg-1 and 60% for 12 mol.kg-1.   201 

 202 

The influence of curing conditions (room temperature curing at 25 °C with RH~95% and 203 

thermal curing at 65 °C with RH~95%) and the influence of SiO2/Na2O molar ratio (0.8 204 

and 1.6) were assessed for the MK/SSA system. Both parameters are considered key 205 

factors in the geopolymerization process [26–28]. 206 
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The nomenclature of geopolymeric samples is as follows: xSSA 8-z W, where x 207 

represents the percentage of SSA (0 or 10), “8” represents the sodium molality (8 mol.kg-208 
1), z is the SiO2/NaO2 molar ratio (0.8 or 1.6) and W is associated with the curing condition 209 

(R for room temperature and B for thermal bath curing). 210 

The samples were cast in cubic moulds (50x50x50 mm3) and demoulded after the first 211 

24 hours. Specimens were maintained in the respective curing conditions until the 212 

compressive strength test age (1, 3, 7, 14, 28, 90 and 180 days). The compressive 213 

strength tests on the geopolymeric mortars were performed in an EMIC Universal 214 

machine with a 200 ton load limit and during the test was maintained a loading rate of 215 

0.25 ± 0.05 MPa/s. 216 

 217 

Table 2. Mix proportions for assessed samples. 218 

Geopolymeric mortar 
MK SSA 

Curing condition 
SiO2/Na2O water/binder sand/binder Na+ 

% mass (molar ratio) (mass ratio) (mol.kg-1) 

0SSA 8-0.8 R 100 0 Room temperature 0.8 0.6 2.5 8 

0SSA 8-0.8 B 100 0 Thermal bath 0.8 0.6 2.5 8 

10SSA 8-1.6 R 90 10 Room temperature 1.6 0.6 2.5 8 

10SSA 8-1.6 B 90 10 Thermal bath 1.6 0.6 2.5 8 

 219 

 220 

2.3. Geopolymeric paste preparation 221 

Pastes with the same mix proportions and curing conditions as geopolymeric mortars 222 

were produced to assess the geopolymerization reaction. X-ray diffraction (XRD) 223 

patterns for both raw materials and geopolymeric pastes were obtained using a 224 

Shimadzu XRD-6000 system. The tests were performed using a current intensity of 40 225 

mA at 30 kV, a step angle of 0.02º, a step time of 1.20 s/step, with Cu-Kα radiation and 226 

a Ni filter in 2θ range 5-60º. 227 

A Mettler Toledo TGA850 thermobalance was used to analyze pastes by 228 

thermogravimetry (TGA). The parameters employed in TGA were: temperature range of 229 

35-600 °C with a heating rate of 10°C.min-1 and a N2 atmosphere (75 mL.min-1 flow). The 230 

samples were tested in sealed aluminum crucibles (100 µL) with a pinhole in the lid. FTIR 231 

analysis was performed using a BRUKER TENSOR 27 in the wavenumber range of 400 232 

to 4000 cm-1. Scanning electron microscopy (SEM) images of fractured surface pastes 233 

were obtained using a ZEISS model EVO LS15. 234 

Con formato: Fuente: (Predeterminada) Arial

Con formato: Fuente: (Predeterminada) Arial



 235 

3. Results and Discussion 236 

3.1. Compressive strength test  237 

The compressive strength test was performed to assess the influence of SSA on long-238 

term mechanical development of SSA/MK-based geopolymers. The results for both 239 

SiO2/Na2O molar ratios cured at 25 °C are depicted in Fig. 1. For both cases, an increase 240 

in compressive strength over time was observed. However, the samples with the highest 241 

SiO2/Na2O molar ratio (1.6) displayed, in general, higher compressive strength for all 242 

curing ages. Greater compressive strength provided by high SiO2/Na2O molar ratio (1.9) 243 

was also pointed out by Cheng et al. (2015). who studied the influence of the SiO2/Na2O 244 

molar ratios on waste catalyst/MK-based geopolymer. The increasing of the SiO2/Na2O 245 

molar ratio increases the dissolution rate of the aluminosilicates moleculesnetwork into 246 

monomer species, which interact with others yielding large tridimensional molecules, 247 

which precipitates in the form of amorphous sodium aluminosilicate hydrate (N-A-S-H) 248 

gels, then,  composing a harder and compacted structure [26,29–31]. 249 

In addition, the samples of 0SSA and 10SSA with the highest SiO2/Na2O molar ratio 250 

reached their maximum levels at about 48-50 MPa at 7 and 14 days of curing, 251 

respectively. The reference sample (0SSA) reached a maximum compressive strength 252 

of 31.2 and 50.3 MPa at 180 days of curing to the lowest (0.8) and the highest (1.6) 253 

SiO2/Na2O molar ratio, respectively. The sample containing SSA (10SSA) with the lowest 254 

SiO2/Na2O molar ratio (0.8) reached a maximum compressive strength of 26.4 MPa at 255 

180 days, which was slightly lower than the reference sample value (31.2 MPa) at 180 256 

days of curing.  257 

However, the sample 10SSA with the highest SiO2/Na2O molar ratio reached a very 258 

similar compressive strength after 14 days of curing compared to the sample 0SSA with 259 

the same SiO2/Na2O molar ratio and time of curing; the value reached was 50.8 MPa at 260 

180 days of curing.  261 

As can be observed, SSA affects, mainly,  the hardening process of samples with both 262 

SiO2/Na2O molar ratios. The geopolymerization reaction and the compressive strength 263 

development in the first curing days at 25 °C were retarded. For the lowest SiO2/Na2O 264 

molar ratio, the sample 0SSA showed at least 90% of the final compressive strength 265 

after only 7 days of curing that it reached after 180 days of curing, while the sample 266 

10SSA exhibited at least 90% of its final compressive strength at 180 days after only 14 267 

days of curing. For this curing temperature (25ºC), SSA reactivity did not compensate for 268 
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the reduction of 10% of MK content. For the highest SiO2/Na2O molar ratio, the 0SSA 269 

sample reached 90% of its final strength at 180 days of curing after only 1 day of curing. 270 

In addition, when 10% replacement (10SSA) was carried out, this condition was only 271 

achieved after 14 days, indicating that SSA strongly affects the first stage of the 272 

geopolymerization process. Although, an similar delaying effect was reported to fly ash 273 

due to an Al-rich gel transformation into Si-rich aluminosilicate gel,  such reason is not 274 

clear to explain the delaying effect of SSA [32]. 275 

To verify the influence of the SSA in the hardening of the MK based-geopolymer with the 276 

highest SiO2/Na2O molar ratio, a compressive strength test was carried out in the MK 277 

based-geopolymer mortar with 10 wt.% of the MK replaced by an inert filler (siliceous 278 

material) with particle diameter lower thanunder 53 µm. The replacement of MK by an 279 

inert filler provided a parameter to compare the result displayed by the sample 10SSA.  280 

The mix dosage was maintained in the same conditions as the sample 10SSA presented 281 

in Table 2. A compressive strength test was performed with 1 day of curing at both 282 

temperatures (25 °C and 65 °C).    The mortars cured at 25 °C and 65 °C displayed 283 

compressive strengths of 46.7±1.3 MPa and 43.5±1.6 MPa, respectively. The results 284 

showed that replacement of the MK in 10 wt.% by inert filler did not result in a delay in 285 

the hardening of the sample, confirming the delay effect of SSA (10SSA mortars cured 286 

during 1 day at 25 °C and 65 °C displayed compressive strengths of 25.7±2.1 MPa and 287 

20.8±2.3 MPa, respectively).  288 

Therefore, it was clear that the chemical composition of the SSA was the main factor in 289 

explaining the delay in the geopolymer reaction shown by the 10SSA system. Probably 290 

the presence of P2O5 or SO3 are generating this delaying effect. Although a delay was 291 

reported in the first days of curing of the samples with the highest SiO2/Na2O molar ratio, 292 

the compressive strength of the sample 10SSA displayed behaviour similar to that of the 293 

sample 0SSA after 14 days of curing, when both were cured at 25 °C. This behaviour 294 

was not observed in the samples with the lowest SiO2/Na2O ratio. 295 

Fig. 2 shows the compressive strength of samples activated by means of both SiO2/Na2O 296 

molar ratios and cured at 65 °C. As reported for the samples cured at 25 °C, the samples 297 

with the highest SiO2/Na2O molar ratio cured at 65 °C also developed greater 298 

compressive strength at all curing times. However, the compressive strength of the 299 

samples cured at 65 °C decreased over time, at least after 14 days, in contrast to the 300 

samples cured at 25 °C, which presented increasing compressive strength at least until 301 

180 days of curing. The compressive strength loss in samples cured at high temperature 302 

is also reported by Zhang et al. (2015). These authors pointed out this fact as a 303 
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thermodynamic issue: the gel-type products from the metakaolin geopolymerization 304 

reaction are meta-stable and the environment with an elevated humidity and high 305 

temperature can produce the transformation of these amorphous products into more 306 

crystal-ordered structures (zeolite structures) [33]. Furthermore, the elevated 307 

temperature increases the early compressive strength, on the other hand, the 308 

accelerated consolidation of the structure likely does not result in good quality gels [34]. 309 

 310 

The samples of 0SSA and 10SSA with the lowest SiO2/Na2O molar ratio cured at 65 °C 311 

reached a maximum compressive strength of 29.2 MPa at 3 days of curing and 22.6 MPa 312 

at 14 days of curing, respectively. In that case, the replacement of MK by SSA in 10 wt.% 313 

decreased the maximum compressive strength reached by the 0SSA geopolymer by 314 

23%. However, the maximum compressive strengths reached by samples with the 315 

highest SiO2/Na2O molar ratio cured at 65°C were 50.6 MPa at 1 day of curing and 41.0 316 

MPa at 7 days of curing, respectively for 0SSA and 10SSA mixtures, which resulted in 317 

slightly lower compressive strength reduction (19%) when compared to 0.8 SiO2/Na2O 318 

molar ratio.  319 

 The loss of compressive strength, in percentage, to the samples with the lowest 320 

SiO2/Na2O molar ratio until 180 days of curing, in relation to the maximum compressive 321 

strength reached, was 38% and 29% for the samples of 10SSA and 0SSA, respectively. 322 

The loss of compressive strength was greater in the presence of SSA. However, this 323 

behaviour was different from the samples with the highest SiO2/Na2O molar ratio. The 324 

presence of SSA in the geopolymer decreased the loss of compressive strength. The 325 

sample containing SSA (10SSA) presented a loss of compressive strength of 44% while 326 

the samples with only MK (0SSA) presented a loss of compressive strength of 51%, both 327 

of them after 180 days of curing. This behaviour of loss of compressive strength over 328 

time shown by the SSA in MK based-geopolymer with curing at 65 °C was also pointed 329 

out in a previous study of short-term curing of the SSA/MK based-geopolymer [2325]. 330 

The same retarding behaviour in geopolymer reaction pointed out for the samples cured 331 

at 25 °C occurred in the samples cured at 65 °C. With respect to the lowest SiO2/Na2O 332 

molar ratio, the compressive strength of the mortar 10SSA was approximately 24% less 333 

than the compressive strength of mortar 0SSA at both temperatures at 1 day of curing. 334 

However, when the SiO2/Na2O molar ratio was increased to 1.6, the compressive 335 

strengths of the mortars 10SSA cured at both temperatures, when compared to mortars 336 

0SSA values, were approximately 43% and 59% lower on the first day of curing at 25 °C 337 

and 65 °C, respectively.  338 
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To verify the influence of the SSA in the hardening of the MK based-geopolymer with the 339 

highest SiO2/Na2O molar ratio, a compressive strength test was carried out in the MK 340 

based-geopolymer mortar with 10 wt.% of the MK replaced by an inert filler (siliceous 341 

material) with particle diameter lower than 53 µm. The replacement of MK by an inert 342 

filler provided a parameter to compare the result displayed by the sample 10SSA.  343 

The mix dosage was maintained in the same conditions as the sample 10SSA presented 344 

in Table 2. A compressive strength test was performed with 1 day of curing at both 345 

temperatures (25 °C and 65 °C).   The mortars cured at 25 °C and 65 °C displayed 346 

compressive strengths of 46.7±1.3 MPa and 43.5±1.6 MPa, respectively. The results 347 

showed that replacement of the MK in 10 wt.% by inert filler did not result in a delay in 348 

the hardening of the sample.  349 

Therefore, it was clear that the chemical composition of the SSA was the main factor in 350 

explaining the delay in the geopolymer reaction shown by the 10SSA system. Although 351 

a delay was reported in the first days of curing of the samples with the highest SiO2/Na2O 352 

molar ratio, the compressive strength of the sample 10SSA displayed behaviour similar 353 

to that of the sample 0SSA after 14 days of curing, when both were cured at 25 °C. This 354 

behaviour was not observed in the samples with lowest SiO2/Na2O ratio. 355 
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356 

 357 

Fig. 1. Compressive strength development of metakaolin-based geopolymers with [Na+] 358 

= 8 mol.kg-1 and for both SiO2/Na2O molar ratios (0.8 and 1.6). Reference (0SSA) 359 
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samples and samples with 10 wt.% replacement of MK by SSA (10SSA) were cured at 360 

room temperature (R, 25ºC). 361 

 362 



363 

 364 

Fig. 2. Compressive strength development metakaolin-based geopolymer with [Na+] = 365 

8 mol.kg-1 and for both SiO2/Na2O molar ratios (0.8 and 1.6). Reference (0SSA) 366 



samples and samples with 10 wt.% of SSA (10SSA) were cured in a thermal bath at 367 

65ºC (B). 368 

 369 

3.2 X-rays RDdiffraction analyses 370 

XRD analyses were carried out on all mix proportions cured for 7 days in a  thermala 371 

thermal bath and at 90 days for both curing conditions (room temperature and thermal 372 

bath). The diffraction patterns of the SSA/MK geopolymers pastes with SiO2/Na2O ratio 373 

equal to 0.8 and 1.6,1.6, respectively are shown in Fig.ures 3 and 4.  374 

 375 

A baseline deviation can be noted in the range 16–32° and 18–32°, respectively, in the 376 

XRD pattern for both raw materials, MK and SSA, which is characteristic of the presence 377 

of an amorphous phase [35,36]. However, the XRD patterns of pastes also showed a 378 

baseline deviation in most of the SSA/MK based-geopolymer systems (16°- 38°), which 379 

can be attributed to the occurrence of the geopolymeric reaction and, consequently, the 380 

formation of geopolymeric gel (N-A-S-H gel) [31,37,38]. The exceptions are the samples 381 

with 90 days of curing at 65 °C that presented a slight deviation of the baseline due to a 382 

minor content of amorphous phases. A less content of amorphous phases in this sample 383 

could be associated with , which is attributed to a the crystallization process of the 384 

amorphous phases. For these samples, the formation of Na P-type zeolite 385 

(Na3.6Al3.6Si12.4.14H2O, PDFcard#401464) crystalline phase was observed.  386 

 387 

TThe transitionformation of the amorphous gel into the ordered structure (crystalline 388 

phases) explains the loss of compressive strength of the sample cured at sealed high 389 

temperature environmental, which cause microstructure changes and internal stress 390 

[39]. Then, as can be seen in the Fig. 2, such transition might had occurred mostly after 391 

the first 14 days of curing. For these samples, the formation of Na P-type zeolite 392 

(Na3.6Al3.6Si12.4.14H2O, PDFcard#401464) crystalline phase was observed. 393 

 394 

The elevated temperature curing triggers an acceleration of the geopolymerization 395 

reaction; however, it also activates the crystallization of the gel for a longer time. Such 396 

behaviour can be seen was observed, primarily, in the compressive strength of the 397 

sample 0SSA with the highest SiO2/Na2O molar ratio, which reached a maximum in 1 398 

day of curing. Due to the meta-stability of amorphous phases, a loss in compressive 399 

strength over time occurred. At 90 days of curing, the sample 10SSA with the lowest 400 

SiO2/Na2O molar ratio cured at 65 °C, exclusively, presented, in addition to Na P-types 401 
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zeolites, FAU-type zeolite (Na2Al2Si4O12.8H2O, PDFcard#391380) as a new crystalline 402 

phase. According to Pal et al. (2013), Tthe formation of FAU-type zeolite is favored in 403 

the alkaline activation reaction mainly for alkaline solutions with a low SiO2/Na2O ratio 404 

[40]. Crystalline phases such as muscovite ((KAl3Si3O10(OH)2, PDFcard#210993), quartz 405 

(SiO2, PDFcard#331161), and anhydrite (CaSO4, PDFcard#371496) present in SSA/MK 406 

geopolymer are from the MK and SSA mineralogy composition. Kaolinite (Al2Si2O5(OH)4, 407 

PDFcard#140164) and hematite (Fe2O3, PDFcard#130534) appear only in the diffraction 408 

of the MK and SSA, respectively. Neither of the samples with 90 days of curing at 25 °C, 409 

0SSA and 10SSA, presented a formation of new crystalline phases. That behaviour is 410 

consistent with the compressive strength development of the samples cured at room 411 

temperature showed in the Fig. 1, which did not present any loss of compressive 412 

strength. 413 
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414 



 415 

Fig. 3. XRD patterns of SSA/MK geopolymers with a SiO2/Na2O molar ratio of 0.8 (Key: 416 

F - FAU-type zeolite; K – kaolinite; M - Muscovite; P – Na P-type zeolite; Q – Quartz; A 417 

– Anhydrite; H – Hematite) 418 



419 



 420 

Fig. 4. XRD patterns of SSA/MK geopolymers with a SiO2/Na2O molar ratio of 1.6 (Key: 421 

K – Kaolinite; M - Muscovite; P – Na P-type zeolite; Q – Quartz; A – Anhydrite; H – 422 

Hematite) 423 

 424 

3.3. Fourier-transform infrared spectroscopy TIR analyses 425 

The infrared spectra of precursors MK and SSA, as well as, the infrared spectra of 426 

geopolymeric pastes with the highest SiO2/Na2O molar ratio are given in Fig. 5.  In the 427 

infrared spectra of the MK, the bands at 1032 cm- 1 , 1010 cm-1, 534 cm-1 and 424 cm-1 428 

are associated with the tetra-coordinated Si or Al asymmetric stretching vibration of the 429 

Si-O-T group (T= Si or Al) [28,41].  The peaks at 912 cm-1 and 794 cm -1, presented in 430 

the spectra of the MK, correspond to the stretching vibration Al-OH with coordination VI 431 

[42], which indicated the presence of the kaolinite structure that was confirmed by the 432 

XRD analyses. The bending or stretching of T-O-T (T= Si or Al) bridges of 433 

aluminosilicates is assigned to the band at 464 cm-1 [38]. Bands in the regions of 434 

frequency 534 cm-1 and 663 cm-1 are linked with Si-O and Al-O vibrations [38,43].  435 
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For SSA spectrum, the asymmetric stretching vibration of the Si-O-T group appeared at 436 

1100, 1040, 671, 665, 611 and 594 cm -1(Tashima et al., 2017 [243]. The Si-O double 437 

band at 796 – 778 indicated the presence of quartz  [(44]Rodríguez et al., 2010), which 438 

was confirmed by the XRD analysis of the SSA.  439 

Accordingly to the literature,  the main absorbance band of the geopolymer is in the 440 

region attributed to an asymmetric stretching vibration of the Si-O-T group (T= Si or Al) 441 

in the range of 1300-900 cm-1 [34, 38]. In Fig. 5 is shown the infrared spectra of 442 

geopolymeric pastes with the highest SiO2/Na2O molar ratio (1.6) after 3 and 90 curing 443 

days for both room temperature and thermal bath, where can be observed the 444 

asymmetric stretching vibration of the Si-O-T group between 991 cm-1 and 977 cm-1.  445 

Furthermore, when these bands are compared to the same band in the infrared spectra 446 

of the precursors, MK and SSA, there is a shift of this band to a lower frequency, which 447 

is attributed to the formation of an amorphous phase as N-A-S-H gel [445–476]. Such 448 

shifts is due to random substitutions of tetrahedral Si (SiO4) by Al (AlO4) in the 449 

tridimensional geopolymer structure, which leads to a local change of the Si-O bond 450 

environment [48](Erdogan, 2015). 451 

 Comparing the effect of SSA and the curing condition on the infrared spectra of 452 

geopolymeric samples, no clear distinction was observed. For all cases, the bands 453 

observed in the region of 700-400 cm-1 are attributed to the unreacted phases of 454 

precursors (MK and/or SSA).  455 

In Fig. 6 are depicted the infrared spectra of geopolymeric pastes with different 456 

SiO2/Na2O molar ratio after 90 curing days at both room temperature and thermal bath 457 

condition. For all samples, the asymmetric stretching vibration of Si-O-T group are 458 

centered between 991 and 974 cm-1. Comparing these values to the bands observed for 459 

precursors (1032–1014 cm-1), a displacement for lower values are observed indicating 460 

the formation of N-A-S-H gel [454-476]. 461 

The infrared spectra of the geopolymeric samples with the highest SiO2/Na2O molar ratio 462 

and the precursors, MK and SSA, are given in Fig. 5. In the spectra of the MK sample, 463 

the bands at 1032 cm- 1, 424 cm-1 and 534 cm-1 are associated with the tetra-coordinated 464 

Si or Al asymmetric stretching vibration of the Si-O-T group (T= Si or Al) [28,41]. The 465 

same asymmetric stretching vibration of the Si-O-T group appeared in the spectra of the 466 

SSA (1014 cm-1, 516 cm-1 and 424 cm-1).  The peaks at 912 cm-1 and 794 cm -1, presented 467 

in the spectra of the MK, correspond to the stretching vibration Al-OH with coordination 468 

VI [42], which . These peaks indicated the presence of the kaolinite structure in the 469 

mineralogical composition of the metakaolin, which is confirmed by the XRD analyses 470 
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(Kenne Diffo et al., 2015). The bending or stretching of T-O-T (T= Si or Al) bridges of 471 

aluminosilicates is assigned to the band at 464 cm-1 [38]. Bands in the regions of 472 

frequency 534 cm-1 and 663 cm-1 are linked with Si-O and Al-O vibrations [38,43]. For all 473 

geopolymer samples shown in Fig. 5, the main absorbance band is in the region attributed 474 

to an asymmetric stretching vibration of the Si-O-T group (T= Si or Al) which is in the 475 

range of 1300-900 cm-1 [34]. However, when these bands are compared to the same 476 

band of the precursors, there is a shift to a lower frequency, which is attributed to the 477 

formation of an amorphous phase as N-A-S-H gel [44–46].  The geopolymer with SSA 478 

displayed the same behaviour compared to the sample with only MK. The peaks in the 479 

region of 400-700 cm-1 remained for all geopolymeric samples. The comparison between 480 

samples prepared with the highest SiO2/Na2O molar ratio and the lowest SiO2/Na2O 481 

molar ratio is shown in Fig. 6. For both SiO2/Na2O ratios there was a similar significant 482 

displacement of the main band centered above 1000 cm-1 from the precursors to a lower 483 

frequency (980 cm-1 region) for the geopolymeric samples. Additionally, there are no 484 

important differences in the FTIR spectra of the samples with 10 wt.% of SSA (10SSA) 485 

and control pastes (0SSA). 486 



487 

 488 



Fig. 5. FTIR analysis for geopolymer samples with the highest SiO2/Na2O ratio (1.6) 489 

cured at room temperature (R) condition or in a thermal bath (B) condition during 3 and 490 

90 days. 491 



492 



 493 

Fig. 6. FTIR comparison between samples with different SiO2/Na2O molar ratios (0.8 494 

and 1.,6) cured during 90 days at room temperature (R) or in thermal bath (B) condition 495 

with 10 wt.% of SSA (10SSA) and 0 wt.% of SSA (0SSA). 496 

 497 

3.4. Thermogravimetric G analyses  498 

TG analyses were carried out on the samples with the highest (1.6) SiO2/Na2O molar 499 

ratio cured for 3 and 90 days at room temperature and in a thermal bath, and they are 500 

shown as DTG curves in Fig. 7. The TG analyses were exclusively carried out on the 501 

samples with the highest SiO2/Na2O molar ratio to assess the influence of the SSA in the 502 

mortars that presented superior performance regarding the compressive strength. As 503 

can be seen in Fig. 7, two mass losses were remarkable in the geopolymeric samples 504 

(L1 and L2).  505 

The L1, related to the decomposition in the range 50-200ºC, is attributed to the mass loss 506 

of the dehydration of N-A-S-H gels [26,43,48,49] from the activation of the precursors 507 

(MK and SSA). The L2, associated with the range 200-400 ºC, is attributed to two main 508 

events: on one hand, the decomposition at high temperature of N-A-S-H gel (loss of 509 
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hydroxyl groups) and, on the other hand, the mass loss of the decomposition and 510 

removal of hydroxyl group from Na P- zeolite type [40,5048,5149]. In order to distinguish 511 

these two events, a mass loss associated only to the zeolite decomposition, which 512 

means the mass loss of the peak, was calculated (See Fig. 7, Lz). 513 

In Table 3, the amount of the mass loss related to each range of temperature (L1, L2), 514 

the mass loss associated with the zeolite decomposition (Lz) and the total mass loss (LT) 515 

of the geopolymeric samples are shown.  516 

For pastes cured for 3 days, the sample 10SSA cured at both temperatures, 25 ºC and 517 

65 ºC, presented greater mass loss (8.6% and 8.4%, respectively) associated with the 518 

first dehydration of N-A-S-H gels (L1) when compared to the sample 0SSA (8.2% and 519 

8.3%, respectively).  520 

For samples cured for 90 days at 65 ºC, a peak on the L2 zone of DTG curves could be 521 

observed (Fig. 7). This peak is associated with the decomposition of Na P- zeolite type 522 

[40,5048]. The area of the peak was calculated (Lz). Such behaviour was expected due 523 

to the crystallization process, which usually takes place for long-term curing periods at 524 

high curing temperature [39]. The zeolite formation was also observed on the XRD 525 

analyses presented in Fig. 4. Comparing the mass loss associated with the 526 

decomposition of zeolites (Lz) of the sample 10SSA to the control sample, the retarding 527 

effect of SSA on the crystallization of MK based-geopolymers for samples cured at 65 528 

ºC (3.7% for 0SSA and 3.2% for 10SSA) can be observed. This phenomenon can also 529 

be observed on the compressive strength tests. 530 

 531 

Table 3. Mass loss from TG analyses of the geopolymers prepared with the highest 532 

SiO2/Na2O ratio (1.60). LT, L1, L2 and Lz are total mass loss, mass loss in the range 35-533 

200 °C, in the range 200-400 °C and mass loss associated to zeolite decomposition, 534 

respectively. 535 

Geopolymer Samples 

Mass loss (%) 

3 days of curing  90 days of curing 

L1 L2 LT L1 L2 Lz LT 

0SSA 8-1.6 R 8.2 4.1 13.7 8.9 4.5 - 14.7 

10SSA 8-1.6 R 8.6 4.2 14.3 8.5 4.7 - 14.5 

0SSA 8-1.6 B 8.3 4.5 14.2 4.3 7.6 3.7 13.7 

10SSA 8-1.6 B 8.4 4.4 14.3 4.5 7.2  3.2 13.5 

 536 
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 538 



Fig. 7. DTG curves of the geopolymer samples with the highest SiO2/Na2O molar ratio 539 

(1.6) with 3 (3d) and 90 (90d) days of curing at 25 °C (R) or 65 °C (B) . 540 

 541 

3.5. Scanning electron microscopyEM analyses 542 

The microstructures of the geopolymeric pastes were studied by scanning electron 543 

microscopy analyses, which were carried out on the samples with the highest (1.6) 544 

SiO2/Na2O molar ratios due to the aim to assess the influence of the SSA on 545 

microstructure in the mortars that presented superior performance in relation to the 546 

compressive strength. In the Fig. 8, the microstructures of the geopolymers with 90 days 547 

of curing at 65 °C are shown. Both microstructures of the 0SSA paste (Fig. 8a) and the 548 

10SSA paste (Fig. 8c) presented a significant porosity, that could be due to the 549 

crystallization of the geopolymeric gels and, subsequently, to the formation of Na P-types 550 

zeolites [39,52]. Na P-types zeolites are identifiable by “ball-wool” (BW) or “pinecone-551 

like (PL)” crystal shapes, as shown in previous research [40,5048,5149,531,542]. 552 

However, Na P-type zeolite with pinecone-like crystal shapes was only identified in the 553 

sample 10SSA. In both samples, 0SSA and 10SSA, there were regions represented by 554 

the letter A (Fig. 8b) and B (Fig. 8d) that indicated how the crystallization process occurs. 555 

It can be seen that the massive geopolymeric gels transintionformation into crystalline 556 

phases. Fig. 9a-b and Fig. 9c-d show the microstructure of the samples of 0SSA and 557 

10SSA cured for 90 days at 25 °C. Both geopolymeric samples, 0SSA and 10SSA, 558 

presented massive geopolymeric gels [43,55] and no ordered structure was detected 559 

after the first 90 days of curing. 560 

 561 

Código de campo cambiado

Con formato: Fuente: (Predeterminada) Arial

Con formato: Fuente: (Predeterminada) Arial

Con formato: Inglés (Estados Unidos)

Código de campo cambiado

Con formato: Fuente: (Predeterminada) Arial

Con formato: Fuente: (Predeterminada) Arial

Código de campo cambiado

Con formato: Fuente: (Predeterminada) Arial

Con formato: Fuente: (Predeterminada) Arial

Código de campo cambiado

Con formato: Fuente: (Predeterminada) Arial

Código de campo cambiado

Con formato: Fuente: (Predeterminada) Arial

Con formato: Fuente: (Predeterminada) Arial

Código de campo cambiado

Con formato: Fuente: (Predeterminada) Arial

Con formato: Fuente: (Predeterminada) Arial

Código de campo cambiado

Con formato: Fuente: (Predeterminada) Arial

Con formato: Fuente: (Predeterminada) Arial

Código de campo cambiado

Con formato: Fuente: (Predeterminada) Arial

Con formato: Fuente: (Predeterminada) Arial

Código de campo cambiado

Con formato: Fuente: (Predeterminada) Arial

Con formato: Inglés (Reino Unido)



 562 

Fig. 8. SEM micrographs of geopolymeric pastes cured at 65ºC for 90 days with 563 

fractured surface: a) and b) 0SSA 8-1.6 B and c) and d) 10SSA 8-1.6 B (Key: PL – 564 

pinecone-like shape of the zeolite Na P; BW – ball-wool shape of the zeolite Na P; A 565 

and B: Transforming process of the geopolymeric gels into crystals). 566 

 567 
 568 
 569 



 570 

Fig. 9. SEM micrographs of geopolymeric pastes cured at 25ºC for 90 days with 571 

fractured surface: a) and b) 0SSA 8-1.6 R and c) and d) 10SSA 8-1.6 R. 572 

 573 

4. Conclusion 574 

This paper studied the effect of the SSA on the mechanical and microstructural 575 
properties as well as the influence of the SiO2/Na2O molar ratio on the MK based-576 
geopolymers resulting from long-curing time at room temperature and in a thermal bath 577 
at 65 ºC. From the findings that had been presented earlier, the following conclusions 578 
were drawn:  579 

- Samples with SiO2/Na2O molar ratio 1.6 yielded about 50 MPa after 14 curing days at 580 
room temperature for both 0SSA and 10SSA. 581 

- Geopolymeric binders based on MK presented a loss of compressive strength for long-582 
curing time when cured at 65ºC due the zeolitic phases formation.  583 

In relation to the samples cured at room temperature (25 °C), the highest SiO2/Na2O 584 
molar ratio (1.6) provided superior compressive strength in both samples of 0SSA (only 585 
MK) and 10SSA (10 wt.% of SSA and 90 wt.% of MK) compared to the samples with the 586 
lowest SiO2/Na2O molar ratio (0.8). The samples with the lowest SiO2/Na2O molar ratio 587 
reached compressive strength of 31.2 (0SSA) and 26.4 MPa (10SSA) at 180 days of 588 
curing, while for the highest SiO2/Na2O molar ratio the 10SSA samples reached similar 589 
compressive strength compared to the 0SSA, near 50, after 14 days of treatment. 590 
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- The addition of SSA causes a delaying effect on the hardening process of geopolymeric 591 
binders at 1 curing day. 592 

- SSA provided a retarding effect on the crystallization of geopolymeric gels into zeolite 593 
phases (Fau-type and Na P-type zeolites), indicating higher stability for geopolymeric 594 
gel. 595 

- Both samples' 0SSA and 10SSA with both SiO2/Na2O molar ratios presented the meta-596 
stability behavior when cured at high temperature (65 °C). However, the SSA provided 597 
a retarding effect on the transformation of the geopolymeric gels into zeolite phases, 598 
primarily in the sample with the highest SiO2/Na2O molar ratio. This means that SSA 599 
provides higher stability for geopolymeric samples. The sample containing SSA (10SSA) 600 
presented a loss of compressive strength of 44%, while the samples with only MK (0SSA) 601 
presented a loss of compressive strength of 51%. In the thermogravimetric analyses, the 602 
loss of mass due to the presence of zeolite phases in the geopolymer was lower in the 603 
10SSA sample (3.2 %) than in the 0SSA sample (3.7 %) indicating a retarding effect of 604 
SSA in the formation of zeolitic phase. 605 

- The loss of compressive strength of the 0SSA and 10SSA  samples cured at 65 °C is 606 
due to the formation of zeolite phases. In the samples with the lowest SiO2/Na2O molar 607 
ratio, we identified the presence of Fau-type and Na P-type zeolites. However, in the 608 
samples with the highest SiO2/Na2O molar ratio, we identified only an Na P-type zeolite 609 
formation. 610 

-The chemical composition of the SSA caused a delaying effect in the geopolymerization 611 
reaction, mainly in the samples with the highest SiO2/Na2O molar ratios, for both 612 
temperature of curing. The samples with SSA (10SSA) at 1 day of curing presented a 613 
compressive strength 24% lower than the sample with only MK (0SSA) regarding mortars 614 
with the lowest SiO2/Na2O molar ratio. In relation of the mortar with the highest 615 
SiO2/Na2O molar ratio, the compressive strengths of the sample 10SSA were 43 % and 616 
59 % lower than the values found for the sample 0SSA when cured at 25 °C and 65 °C, 617 
respectively. 618 
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