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ABSTRACT 11 

The fast loss of fluidity of sodium silicate-activated slag (SS-AAS) systems have been widely 12 

studied in the literature. In this study, the rheology of these cements has been correlated with 13 

the evolution of the reaction products formed over time. For this purpose, a combination of 14 

experimental characterization techniques, to study the pore solution composition and 15 

microstructure of SS-AAS pastes and thermodynamic calculations have been applied. 16 

17 

The initial precipitation of an ill-defined N-A-S-H and C-N-A-S-H leads to a fast increase of the 18 

storage modulus after 40 minutes of reaction. These reaction products are formed from the 19 

reaction of the Na+ ions and silicate ions of the activator with the Ca2+ and aluminate species 20 

dissolved from the slag. However, when a shear is applied, the structure breaks down and 21 

fluidity is recovered, that infers that the attractive forces between the particles are low at the 22 

early stages of hydration. 23 

24 
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1. INTRODUCTION 28 

For a concrete formulation to be acceptable, it is not sufficient to meet the mechanical 29 

strength, volume stability or durability requirements laid down in national and international 30 

standards. It must also be delivered on site with sufficient time for mixing, transport, casting 31 

and consolidation. This means that it must exhibit suitable workability and rheology [1, 2]. 32 

 33 

Worldwide environmental concerns are driving the study and development of new 34 

construction materials with a lower carbon footprint.  Alkali-activated cements and concretes 35 

are considered among such materials in which, compared to traditional cements and 36 

concretes, the portland clinker content of the binder is substantially lowered and replaced by 37 

industrial waste and by-products. Although many studies have been conducted on the 38 

mechanical strength and durability of alkali-activated binders [3-7], much fewer have 39 

explored their rheology [8]. One particularly intriguing phenomenon is the peculiar 40 

rheological behaviour of sodium silicate-alkali activated slag (SS-AAS) cementitious systems. 41 

Earlier studies showed that the workability and rheology of these materials are closely related 42 

to the alkalis concentration and silica modulus of the activating solution [9]. A faster loss of 43 

fluidity occurs as the SiO2/Na2O and the percentage of Na2O increases. Furthermore, under a 44 

constant shear rate, a fast increase and decrease of the shear stress was observed in SS-AAS 45 

pastes prepared with sodium silicate solutions containing 4% Na2O and silica modulus 46 

between 1 and 1.5, while only a fast increase of the shear stress occured for silica modulus 47 

above 1.5 [9]. Palacios et al. [10] showed that lengthening mixing times improved the 48 
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workability of SS-AAS systems, while enhancing mechanical strength and reducing drying 49 

shrinkage (a significant problem in these alkaline systems). 50 

 51 

The rapid loss of workability and the especially short setting times observed in SS-AAS pastes, 52 

mortars and concretes have often been attributed to primary C-(A)-S-H formation, which 53 

would be the product of the immediate chemical reaction between the Ca2+ ions dissolving 54 

out of the slag into the highly alkaline medium and the silicate ions already present in the 55 

activator [11, 12]. It has been hypothesized that the formation of this C-(A)-S-H would lead to 56 

the flocculation of the slag particles and to flow loss. However, empirical evidence of the 57 

existence of the primary C-(A)-S-H has proved elusive to date, and this issue constitutes the 58 

key aim of this study. 59 

 60 

For this purpose, the evolution of the composition of the pore solution and solids during the 61 

early reactivity of SS-AAS pastes was monitored and correlated with the time evolution of the 62 

rheological properties of the pastes during the first 5 hours of reaction. Furthermore, the 63 

impact of the mixing time on the rheological properties of SS-AAS pastes has been explored. 64 

The new scientific understanding provided by this study will enable us in the future to develop 65 

new strategies to extend the workability of SS-AAS cements. 66 

 67 

2. EXPERIMENTAL 68 

2.1. Materials  69 

A granulated vitreous blast furnace slag supplied by Ecocem (France) was used in this study. 70 

Its chemical composition was determined by X-ray fluorescence (XRF) using a Philips PW-1004 71 
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XRF spectrometer (see Table 1). Figure 1 presents the particle size distribution of the slag 72 

dispersed in isopropanol measured by laser light scattering (Malvern MasterSizer S 73 

equipment) with a Dv50 value of 10.42 µm.  74 

 75 

A commercial sodium silicate solution (27.0 wt% SiO2, 8 wt% Na2O and 65 wt% H2O; supplied 76 

by Merck) and NaOH (98% purity from Panreac) were used for the preparation of the activator 77 

solution. Sodium silicate, NaOH and ultrapure water (ρ=18.2MΩ·cm, TOC around 1–2 ppb) 78 

were mixed in the appropriate amounts to obtain an alkaline sodium silicate (SS) solution with 79 

4% Na2O by weight of slag, SiO2/Na2O = 1.5 and H2O/Na2O =11.1. This solution composition 80 

was chosen because it has been reported in previous studies [9, 12] to result in pastes with 81 

poor rheological properties.  82 

 83 

Table 1. Chemical composition (wt%) of the blast furnace slag  84 
 

CaO SiO2 Al2O3 MgO Fe2O3 MnO SO3 Na2O K2O TiO2 P2O5 LoI IR 

wt% 38.5 38.7 11.2 8.6 1.1 0.3 1.0 0.6 0.4 0.4 0.1 -1.0 0.0015 

LoI: Loss on ignition measured at 1000 oC according to EN 196-2:2014. The negative value is due to the 85 

oxidation of sulphides to sulphates; IR: insoluble residue according to UNE 80230:2010  86 
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 87 

Figure 1. Particle size distribution of the blast furnace slag 88 

2.2. Sample preparation and test performed 89 

SS-AAS pastes were prepared by mixing at room temperature 80 g of blast furnace slag with 90 

44 g of the alkaline sodium silicate activator (liquid/solid ratio = 0.55) for 30 s at 200 rpm with 91 

a mechanical stirrer using an anchor geometry (6 cm of diameter) in a plastic container with 92 

an internal diameter of 9 cm. The pastes were afterwards mixed during 3 minutes at 700 rpm. 93 

The test carried out on these pastes are described below. 94 

 95 

2.2.1. Rheological behaviour 96 

Three different rheological tests were carried out on SS-AAS pastes: 97 

§ Measurements at constant shear rate: Pastes were placed in a Haake Rheowin Pro 98 

RV1 rotational viscometer fitted with a grooved Z38/S cylindrical rotor blade. The 99 

evolution of the apparent viscosity of the SS-AAS pastes was tested for 70 minutes at 100 

a constant shear rate of 100 s-1 at 25 oC ± 0.1 °C.  101 
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§ Small amplitude oscillatory shear (SAOS) measurements were carried out using a 102 

Malvern Kinexus Lab+, a stress-controlled rheometer equipped with serrated parallel 103 

plates [13] at room temperature (23 ± 0.1 °C). The diameter of the plates was 25 mm 104 

and the gap between plates was 1 mm. After mixing, the paste was poured on the 105 

lower plate of the rheometer before the upper plate was set into position and 106 

covered to limit evaporation. The sample was sheared at 100 s−1 for 30 s and after a 107 

10 s resting time, the measurement sequence started. The limits of the linear 108 

viscoelastic range (LVR), where the rheological properties of the materials are not 109 

strain- or stress-dependent, were first determined by identifying the critical value of 110 

strain 𝛾"   through a strain sweep test: a strain amplitude (from 0.0001% to 100%) at 111 

a constant frequency of 1 Hz was applied and the end of the linear elastic regime was 112 

defined as when the storage modulus G’ falls to 90% of the plateau value [14]. The 113 

viscoelastic property G’ (storage modulus) of the SS-AAS slag pastes was then 114 

investigated in a large time domain by applying for 70 min a constant shear strain 115 

(lower than 𝛾") and a constant frequency of 1 Hz to the material, and by recording the 116 

subsequent stress. This test is used as an indication of the time-dependent structural 117 

changes within the material. 118 

§ Effect of the mixing time on the rheology of SS-AAS pastes: pastes were prepared by 119 

mixing 500 g of slag with 275 g of the alkaline sodium silicate solution as described in 120 

section 2.2. Pastes were initially mixed at 200 rpm during 30 s and afterwards mixed 121 

during 3 or 5 minutes at 700 rpm. The evolution of the shear stress over time of the 122 

pastes was measured using a VISKOMAT NT (Schleibinger) equipped with a vane 123 

geometry and a constant shear rate of 100 s-1 was applied during the measurement. 124 

The use of this equipment enabled to test bigger batches of paste and confirm the 125 
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anomalous rheological behaviour of SS-AAS pastes previously measured by using the 126 

Haake Rheowin Pro RV1 rotational viscometer. 127 

 128 

2.2.2. Pore solution composition 129 

SS-AAS pore solutions were extracted at different times by using the steel die method and 130 

filtered with a nylon 0.45 µm membrane filter. An aliquot of the samples was immediately 131 

acidified with HNO3 2% wt. to prevent the precipitation of solids and analysed by Inductively 132 

Coupled Plasma – Optical Emission Spectrometry ICP-OES (VARIAN 725 ICP-OES). Pore 133 

solutions were diluted with HNO3 2% wt. in a proportion of 1:50 to measure Al, Ca, Fe, Mg 134 

and K; and 1:2000 to measure Si and Na concentrations.  135 

 136 

The pH of the pore solution was measured on the remaining solution at 25oC ± 0.1 °C with a 137 

Crison pH meter (pH Basic 20). The electrode was calibrated with standard buffers (pH 4, 7 138 

and 10). The measured pH values in the presence of 1 to 3 M Na are expected to 139 

underestimate the real pH value by a factor of 0.3 to 0.5 pH units due to the alkali error caused 140 

by the presence of high Na-concentrations [15]. 141 

 142 

Moreover, static NMR 27Al measurements were carried out on a Bruker Avance III 500 143 

spectrometer at 11.7 T. Spectra were taken in a commercial static broadband Bruker probe. 144 

All spectra were recorded following a one pulse excitation with a recycle delay of 1 s and 80 145 

number of transients. The pulse length was determined to be 3.75 μs by taking the maximum 146 

of the nutation curve of aluminum in a 0.1 M Al(NO3)3 aqueous solution. This solution also 147 

served as the external standard for calibrating the signal intensity and the chemical shift scale. 148 

The paste was introduced into a 5 mm diameter PTFE NMR tube immediately after mixing. At 149 
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regular time intervals, the signal was recorded as the reaction progressed. Since the sample 150 

was not spinning, due to the strong quadrupolar coupling of 27Al (a spin 5/2) in the slag, only 151 

the dissolved aluminium contributed to the signal. Solid reaction products of weak 152 

quadrupolar coupling might also contribute to a certain extent but this was neglected. This 153 

methodology has already been successfully applied to metakaolin geopolymer pastes [16]. 154 

The 27Al resonance integrated intensity was calibrated with respect to an Al(NO3)3 aqueous 155 

solution of known concentration. As the liquid fraction of the sample is evolving over time as 156 

it is consumed during the hydration, the amount of Al in solution measured by NMR was not 157 

converted into an effective pore solution concentration. 158 

 159 

2.2.3. Microstructure of pastes 160 

Solvent replacement is the most widely applied method to stop the hydration of cementitious 161 

materials. However, organic solvents might interact with the silicates of the activator present 162 

in the pore solution of the pastes at early times; in SS-AAS pastes this was previously identified 163 

by Chen et al. [17]. In the present paper, a deeper study of the artefacts introduced by the 164 

organic solvents on SS-AAS microstructure has been done and an alternative method to stop 165 

of the reaction in fresh sodium silicate-activated materials has been applied. 166 

 167 

The microstructure of quenched pastes was analysed at different reaction times over the first 168 

5 hours by the following techniques: 169 

• Fourier-transform infrared spectroscopy (FTIR) spectra were obtained by using a 170 

Nicolet 6700 spectrometer (Thermo Scientific). KBr pellets were prepared by mixing 1 171 

mg of sample and 200 mg of KBr. Frequencies were scanned in the range of 4000 – 172 

400 cm-1, with a resolution of 4 cm-1. 173 
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• 29Si and 27Al magic angle solid nuclear magnetic resonance (MAS NMR) spectra were 174 

acquired on a BRUKER MSL 400 spectrometer. A 4-mm (outer diameter) ZrO2 rotor 175 

was used at a spinning frequency of 10 kHz. The 29Si and 27Al spectra were obtained at 176 

resonance frequencies of 79.49 and 104.2 MHz, respectively. Chemical shift values 177 

were referenced to tetramethylsilane (TMS) and to a 1 M solution of AlCl3 as external 178 

standards for 29Si and 27Al, respectively. In the 29Si MAS NMR measurements the pulse 179 

length was 4.5 µs, the recycle delay 10 s and the number of scans 5600. For the 27Al 180 

MAS NMR measurements the π/6 pulse length was 2 µs, the recycle delay 5 s and the 181 

number of scans 1200.  182 

• SS-AAS pastes were observed by scanning electron microscopy (SEM) with a Hitachi S-183 

4800 in secondary electrons mode, attached to an Bruker XFlash 5030 EDX 184 

microanalysis unit. Prior to imaging, the specimens were carbon coated. 185 

• The BET surface area (SSABET) measurement was done using a BET multi-point nitrogen 186 

physisorption equipment (ASAP 2420). The samples were previously degassed in an 187 

external degassing station at 40 oC under N2 flow for 16h [18]. 188 

• Thermogravimetric analysis was performed with a TGA-DSC-DTA Q600 from TA 189 

Instruments. Around 40 mg of samples was heated in an alumina crucible from 30 to 190 

1100 oC with a heating rate of 10 oC/min under N2 atmosphere (100 ml/min).  191 

 192 

2.6 Thermodynamic modelling 193 

Gibbs Energy Minimization software (GEMS-PSI) [19] was used to determine the phase 194 

assemblage of the SS-AAS paste over the first 5 h of reaction. The GEMS-PSI [20] and the 195 

Cemdata18 [21] thermodynamic databases were used to calculate the solid phases 196 

precipitated; the C-N-A-S-H phase was modelled using the so-called “CNASH” model [21, 22], 197 
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which considers the uptake of alkali and aluminium in C-S-H phases. The data were completed 198 

with data for Na-containing zeolites [23]. It should be noted that the general thermodynamic 199 

database used in [20] describes the aqueous silica complexes at high silica concentration only 200 

poorly, due to the uncertainty associated with the data for polynuclear silica species. The 201 

formation of quartz, pyrite, goethite, and hematite in the hydrated cements was suppressed 202 

in the calculations for kinetic reasons. The composition of hydrated slag was modelled based 203 

on slag composition as determined by XRF data (Table 1) and the nominal composition of the 204 

sodium silicate solution used. 205 

The measured concentrations of the pore solution were used to calculate the saturation index 206 

(SI) of different solids to assess which solids could potentially precipitate. The SI with respect 207 

to a solid is given by log(IAP/KS0), where IAP is the ion activity product calculated from 208 

activities derived from the measured concentrations in the solution and the solubility 209 

product, KS0, of the respective solid [20]. A positive saturation index implies oversaturation 210 

indicating that the solid could form, while a negative value indicates undersaturation, the 211 

respective solid cannot form or will dissolve. As the use of saturation indices can be 212 

misleading when comparing phases, which dissociate into a different number of ions, 213 

“effective” saturation indices were calculated by dividing the saturation indices by the 214 

number of ions participating in the reactions [24]. The SI values for hydroxy-sodalite 215 

(Na8Al6Si6O24(OH)2·2H2O), Na-chabazite (Na2Al2Si4O12 6H2O), natrolite (Na2Al2Si3O10 2H2O), 216 

and faujasite X (Na2Al2Si2.5O9 6.2H2O), hydrotalcite (Mg4Al2(OH)14·3H2O), CNASH (the SI were 217 

expressed with respect to CaO(SiO2)1.5(Na2O)0.3125(H2O)1.1875, the end-member of the C-N-A-218 

S-H solid solution with the highest oversaturation), M-S-H, and strätlingite 219 

(Ca2Al2SiO2(OH)10×3H2O) were divided by 22, 8, 7, 6.5, 12, 4.75, 5.5 and 6 respectively to obtain 220 

effective SI. The activity coefficients of the aqueous species were calculated using the 221 
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extended Debye-Hückel equation, which is applicable up to approx. 1 to 2 M ionic strength 222 

[25]: 223 

𝑙𝑜𝑔&'𝛾( =
−𝐴,𝑧(.√𝐼
1 + �̇�𝐵,√𝐼

+ 𝑏,𝐼 + 𝑙𝑜𝑔&'
𝑋89
𝑋9

 224 

 225 
𝛾(  represents the activity coefficient, 𝑧(  the charge of the species	𝑖, 𝐴, and 𝐵, are 226 

temperature- and pressure-dependent coefficients, 𝐼 is the effective molal ionic strength, 𝑋89 227 

the molar quantity of water and 𝑋9 the total molar amount of the aqueous phase. Using 228 

NaOH as background electrolyte, the common ion size parameter �̇� equals to 3.31 Å and 𝑏,, 229 

a short-range interaction parameter, to 0.098 [26]. 230 

3. RESULTS 231 

3.1. Rheological behaviour 232 

Figure 2Figure 2 shows the evolution of the apparent viscosity of the SS-AAS pastes over the 233 

first 70 minutes of reaction. During the first 40 minutes, a steady decrease of the apparent 234 

viscosity was observed as the structure broke down with the applied shear. Afterwards, a 235 

sharp increase of the apparent viscosity occurred that reached a maximum at around 47 236 

minutes, with a subsequent reduction of this rheological parameter. This rise of the viscosity 237 

occurred before the initial setting of the paste (occurring when a sufficient number of 238 

interparticle bridges are formed) at around 80 min (see Table S1 in supplementary material). 239 

However, it is worth highlighting that rheological and setting time measurements were 240 

carried out in different conditions, under a continuous shear in the former and in static 241 

conditions in the latter. A similar evolution of the viscosity has been measured by using a 242 
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Viskomat NT rheometer equipped with a vane geometry (see Figure S1), confirming that no 243 

artefact was involved in this anomalous rheological behaviour.   244 

 245 

The sharp increase of the viscosity could be related to (a) an increase of the viscosity of the 246 

interstitial fluid [11]; or (b) the interparticle bridges formed by the early reaction products 247 

growing onto the slag particles. Additional rheological tests performed on quartz sand (with 248 

a similar particle size distribution to the slag) mixed with the sodium silicate solution (the 249 

same than the one used in the preparation of SS-AAS pastes) have shown a constant apparent 250 

viscosity of the paste over the test (see Figure S2 in supplementary material). This meant that 251 

the rise of the viscosity of SS-AAS pastes was related to the initial chemical reactivity of the 252 

slag in contact with the alkaline solution. In fact, the calorimetry curve shown in Figure S3 (in 253 

supplementary material) showed after 30 minutes a first peak (with a maximum at 1 h) thus 254 

demonstrating the initial reactivity of the slag. This initial peak has been widely explained in 255 

the literature to correspond to the initial dissolution of the slag to form a primary C-S-H [11], 256 

something that we will further explore in this paper.  257 

 258 

To gain further insights into the reaction and structuration of the pastes in its fresh state, 259 

SAOS measurements were carried out [27]. As shown in Figure 3, where the storage modulus 260 

G’ and the loss modulus G” are plotted as a function of the strain, just after mixing, the SS-261 

AAS paste had a critical strain 𝛾"  of 0.01%. The critical strain establishes the limit of the linear 262 

viscoelastic regime (LVR) of the pastes: that is the strain at which the initial structure of the 263 

material has been sufficiently modified to produce the rupture of particle network of 264 

interactions [28]. The order of magnitude of the critical strain thus highlights the ability of the 265 

structural network to be deformed under stress and defines the nature of interactions. The 266 



 13 

small critical strain observed here, substantially lower than the one usually reported  for 267 

Portland cement [29] or geopolymer systems [16], is associated with short range links 268 

between the particles [28].  Figure 4 shows the evolution of the storage modulus G´ over the 269 

reaction time at a constant shear strain of 0.005% (lower than 𝛾"). This parameter did not 270 

significantly change during the first 17 min of reaction, afterwards a slight increase was 271 

observed and a sharp rise of G´ took place after 40 minutes of reaction. This indicated a fast 272 

structuration of the system after this time, at a time which matched the increase of the 273 

viscosity shown in Figure 2. The measurement was stopped after 70 minutes, at which time, 274 

the modulus reached the limit of the rheometer at 300 kPa.  275 

 276 

Figure 2. Evolution of apparent viscosity over time in SS-AAS pastes. There is a transient 277 

increase of viscosity around 40 min. This was indicative of the temporary formation of a 278 

structure that eventually broke down under shear. 279 
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 280 

Figure 3. Strain sweep of SS-AAS slag paste for the determination of the critical strain. 281 

Measurements were carried out immediately after the mixing stage. Log scales in both 282 

axis have been used. 283 

 284 

  285 

Figure 4. Evolution of the storage modulus over time for the SS-AAS paste prepared using 286 

a sodium silicate solution with a SiO2/Na2O=1.5 and 4%wt Na2O by weight of slag. 287 
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 288 

 289 
3.2. Pore solution composition 290 

3.2.1. Analysis of the pore solution over time 291 

The evolution of the pH and composition of the pore solution of the SS-AAS paste over the 292 

first 5 hours of reaction are shown in Table 2. The pH values remained almost constant over 293 

time, with a value between 13.1 and 13.3. An increase in the concentrations of Al, Ca and Mg 294 

was observed during the first 30 minutes because of the initial dissolution of the slag. 295 

Afterwards, a significant drop in the concentration of these elements, together with Na and 296 

Si, occurred. After 5 h of reaction the concentrations of Al, Ca and Mg were, respectively, 71%, 297 

98% and 99% lower than those measured at 30 minutes. This was related to a change in the 298 

balance between the slag dissolution and the precipitation to the hydration products. It is 299 

worth highlighting, that the drop of these main elements in the pore solution occurred above 300 

30 minutes, when the viscosity and the storage modulus increased (see Figure 2 and Figure 301 

4). 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 
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Table 2. Measured composition of pore solutions from SS-AAS over the first 5 hours of 312 

reaction 313 

Reaction time 
(minutes) 

pH1 Al2 
(mmol/L) 

Ca2 
(mmol/L) 

Mg2 
(mmol/L) 

Fe2 
(mmol/L) 

Na2 
(mmol/L) 

Si2 
(mmol/L) 

15 13.1 17.20 47.77 16.37 0.46 2779 2173 

30 13.2 27.75 69.61 23.00 0.49 2198 2187 

60 13.2 22.97 24.85 9.16 0.11 1673 1567 

90 13.2 18.25 6.58 3.01 0.01 1567 1356 

120 13.3 16.34 3.17 2.44 0.01 1919 1076 

180 13.3 12.74 3.83 1.13 0.03 1499 911 

240 13.3 9.32 1.17 0.38 0.01 1169 563 

300 13.3 7.90 0.70 0.21 0.00 1544 512 

1 The measured pH values in the presence of 1 to 3 M Na are expected to underestimate the real pH value by a 314 
factor of 0.3 to 0.5 pH units due to the alkali error [15]; 2measurement error ± 10% 315 
 316 

In-situ monitoring of the aluminium species in the pore solution over time was performed by 317 

static liquid-state 27Al NMR. This technique enables to detect primarily the aluminium in the 318 

pore solution while the signal coming from the solid phases is minimized. As shown in Figure 319 

5, at 15 minutes of reaction, almost no tetrahedral aluminium species were detected in the 320 

interstitial fluid. Afterwards, an abrupt raise of the amount of aluminium signal occurred 321 

reaching a maximum at around 37 minutes. From that moment on, the amount of aluminium 322 

in solutions steadily decreased until 90 minutes of reaction, after which it remained constant 323 

within experimental error (+/- 3 µmol). The evolution of Al in solution measured by ICP-OES 324 

and NMR matched and a drop of Al concentration is detected at the very moment when the 325 

elastic modulus of the paste increased. 326 
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 327 

Figure 5. Evolution of Al in the pore solution of SS-AAS pastes determined by ICP-OES (in 328 

mmol/l) and 27Al MAS NMR (in µmol). ICP and NMR data cannot be directly compared 329 

since one measures a concentration and the other a quantity but the trends clearly 330 

matched. 331 

 332 

3.2.2. Effective saturation indexes over time in SS-AAS 333 

The determination of saturation indices from the concentrations determined in the pore 334 

solutions by ICP-OES offers the possibility of assessing independently which solid phases could 335 

form or are expected to dissolve. The effective saturation indices are plotted in Figure 6. The 336 

positive SI values show that the solutions were at all-time oversaturated with respect to M-337 

S-H, C-N-A-S-H and several Na-containing zeolites: hydroxy-sodalite 338 

(Na8Al6Si6O24(OH)2·2H2O), natrolite (Na2Al2Si3O10 2H2O), Na-chabazite (Na2Al2Si4O12 6H2O) 339 

and faujasite X (Na2Al2Si2.5O9 6.2H2O), indicating that these solids could potentially form. The 340 

solutions were also oversaturated with respect to brucite, hydrotalcite and siliceous 341 

hydrogarnet (Ca3Fe2(SiO4)0.84 (OH)8.64); data not shown. The positive effective saturation 342 
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indices suggest that strätlingite could precipitate during the first hours, when the Al 343 

concentrations are relatively high, but any strätlingite would be destabilised at later ages 344 

when the solutions become under saturated (negative SI).  345 

 346 

The calculated saturation indices generally increased with time up to 30 minutes, but showed 347 

a decrease after 60 minutes indicating the nucleation of solids within this timeframe, 348 

consistent with the observed changes in viscosity and storage modulus.  349 

 350 

 351 

Figure 6. Calculated effective saturation indices as a function of hydration time. A positive 352 

saturation index indicates oversaturation, a negative value undersaturation. 353 

 354 
 355 
 356 
 357 
 358 
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3.3. Arrest of the reaction of sodium silicate-activated slag pastes  359 

To correlate the rheological properties of SS-AAS pastes with the formation of hydration 360 

products over time, it is essential to effectively arrest the reaction of the pastes to be analysed 361 

without introducing artefacts. This is a relevant issue at early stages when high concentration 362 

of silicates is found in solution that might interact with organic solvents. 363 

 364 

3.3.1. Solubility of sodium silicate solution in organic solvents 365 

The solubility of the sodium silicate solution in organic solvents, commonly used to stop 366 

cement hydration such as acetone, ethanol and isopropanol was initially investigated. Organic 367 

solvent – sodium silicate mixes with a weight ratio of 1:10 and 1:1 were prepared; the former 368 

shown in Figure 7 while the latter in Figure S4 in the supplementary material. After contact 369 

of both compounds, the solution became turbid and a gel-type product formed at the bottom 370 

of the glass tubes. The amount of gel-type product depended on the type and amount of 371 

organic solvent, being the highest for ethanol-containing mixes and increasing with the 372 

solvent content. This observation agreed with previous studies [30] that considered the 373 

hydrolysis and condensation reactions of sodium silicate in alcohol solvents such as ethanol.  374 

 375 

Figure 8 shows the FTIR spectrum of the sodium silicate solution and of the precipitate formed 376 

after contact with the organic solvents. The spectrum of the sodium silicate solution shows a 377 

main band at 1004 cm-1 assigned to Si-O asymmetric stretching vibration of [SiO(OH)3]- and 378 

[SiO2(OH)2]2- (Q1 and Q2, respectively) species and two bands at 459 and 619 cm-1 associated 379 

to the deformation of Si-O-Si of various Qn species [31]. The FTIR spectra of the precipitate 380 

showed a shift of the band associated to the asymmetric stretch of Si-O from 1004 to 1040-381 

1080 cm-1 with respect to the initial sodium silicate solution that confirmed the higher 382 
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polymerization degree of the precipitated product with respect the starting sodium silicate 383 

solution.  384 

 385 

The possible formation of this condensation product on the slag surface might introduce 386 

several artefacts during the characterization of fresh SS-AAS pastes (see Figures S5 and S6 in 387 

the supplementary material). Therefore, an alternative method, described in the section 388 

below, has been used to stop the reactivity of SS-AAS pastes.  389 

 390 

 391 

Figure 7. Mixes of organic solvent:sodium silicate solution in a ratio of 1:10. The formation 392 

of a white gel-type product is observed. Reference tube contains exclusively the alkaline 393 

sodium silicate solution (SS). 394 

 395 
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 396 

Figure 8. FTIR spectra of the alkaline sodium silicate solution (SS) before and after 397 

treatment with ethanol, acetone and isopropanol in a ratio of organic solvent:SS of 1:1  398 

 399 
 400 
3.3.2. Method to stop reaction of fresh SS-AAS pastes 401 

SS-AAS pastes were prepared as described in section 2.2 and after 12 minutes of reaction, 402 

three different methods to stop the reaction were applied: 403 

a. Solvent replacement with acetone and ethanol 404 

The paste was initially treated during 45 s with acetone using a paste:solvent ratio of 3:10. 405 

Afterwards the solvent was vacuum filtered through a nylon filter with a size pore of 0.45 µm 406 

and the acetone treatment was repeated once. Finally, the solid was treated with 10 ml of 407 
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ethanol during 15 s. After further filtration, the solid was vacuum filtered and dried in a 408 

desiccator under vacuum until constant weight. 409 

 410 

b. Freeze-drying 411 

SS-AAS paste was directly submerged into liquid nitrogen and after 1 h introduced in a freeze 412 

dryer device (TELSTAR CRYODOS) that keeps the temperature at -25 oC and pressure at 17 413 

mPa. The sample was removed after 24 h. 414 

 415 

c. Water and isopropanol treatment 416 

SS-AAS paste was firstly mixed with ultrapure water, ρ=18.2MΩ·cm, TOC around 1–2 ppb, (1 417 

g of paste and 20 g of ultrapure water). The solid was vacuum filtered, and the water 418 

treatment repeated. With this procedure, the non-reacted sodium silicate was removed and 419 

the reaction of the slag stopped. After vacuum filtration, the solid was washed with 420 

isopropanol (solid:isopropanol = 1:10), filtered and transferred to a desiccator under vacuum 421 

until constant weight. A similar procedure was previously proposed by Chen et al. [17]. We 422 

further discuss the benefits of using this alternative method in comparison with standard 423 

protocols used for Portland cement systems. 424 

 425 

The obtained solids were analysed by SEM, TGA, FTIR and N2 adsorption techniques. From the 426 

micrographs in Figure 9a, the presence of a precipitate on the surface of the slag treated with 427 

acetone-ethanol can be observed. This may be attributed to the precipitation of the silicate 428 

species in alcohol and acetone [17] described in section 3.3.1.1. Furthermore, a layer of an 429 

unknown product is detected on the slag surfaces when the freeze-drying method is applied 430 

(see Figure 9b). The formation of this layer is not observed when slag is activated with NaOH 431 
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and freeze dried as shown in Figure S7 (supplementary material); which suggests that the 432 

sodium silicate solution was the main responsible for this artefact. With both treatments, the 433 

formation of products on the slag surface leads to a decrease of the SSABET with respect to 434 

the starting slag. In particular, SSABET decreased from the initial 1.27 m2/g to 0.7-0.5 m2/g (see 435 

Table 3). In addition, a weight loss of around 4% has been measured for the samples treated 436 

with acetone-ethanol and freeze-drying; which is rather high weight loss for samples that 437 

have only reacted over 12 minutes with typically small amount of reaction products. 438 

 439 

In contrast, no precipitate was identified in samples treated with water-isopropanol, leading 440 

to a similar SSABET as observed for the initial slag, and to a small weight loss in the TGA analysis 441 

that fits with the early studied hydration time (12 min). 442 

 443 

Figure 10 shows the FTIR spectra for the anhydrous slag and the pastes 20 min after exposure 444 

to different treatments. The very wide band observed in all cases between 730 cm-1 and 445 

1200 cm-1 was associated with the ʋ3 (Si-O) stretching vibrations in the SiO4 tetrahedra 446 

[6].  The spectra exhibited a second wide band at 509 cm-1, generated by the bending 447 

vibrations (ʋ4 (O-Si-O)) [32]. The asymmetric stretching vibration bands attributed to the Al-448 

O bonds in the AlO4 groups present in the slag appeared at 700 cm-1 to 690 cm-1 [33].  449 

 450 

A comparison between the spectra for the anhydrous slag and the SS-AAS pastes after 451 

different treatments revealed the band at 730 cm-1 to 1200 cm-1 to be significantly wider in 452 

two types of samples, those treated with acetone and ethanol and those exposed to freeze-453 

drying. That broader band would denote the presence of a lower order reaction product, such 454 

as a gel containing the organic solvents (see Figure 8) or the layer of sodium silicate visible in 455 
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in the freeze-dried samples (Figure 9c). In contrast, the bands attributed to the Al-O bonds in 456 

the AlO4 groups appeared to remain unaltered in the pastes, irrespective of the method used 457 

to stop the slag reaction.  458 

 459 

The above results led to the conclusion that the initial washing of the SS-AAS pastes with 460 

water and subsequent treatment with isopropanol is the best method to arrest the reaction 461 

of SS-AAS pastes at early ages. Contrary to the organic solvent exchange and freeze-drying 462 

methods, no precipitates have been detected on the slag surface. Consequently, this 463 

alternative method was chosen to investigate the evolution of microstructure of early SS-AAS 464 

pastes in the next section. 465 

 466 

Table 3. SSABET of SS-AAS pastes after 12 minutes of reaction using different methods to 467 

stop their reaction. The starting slag has a SSABET of 1.27 m2/g and a weight loss of 0.2%. 468 

Method to arrest 
the reaction 

Acetone – Ethanol Freeze drying Water - isopropanol 

SSABET (m2/g) 0.73 0.57 1.52 

Weight loss (%) 
determined by TGA 

3.8 4.3 0.3 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 
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 478 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 9. (a) Starting blast furnace slag and slag particles after treatment of the SS-AAS 479 

pastes with: (b)Acetone-Ethanol; (c) Freeze-drying and (d) Water-isopropanol. SS-AAS 480 

pastes were tested after 12 minutes of reaction  481 

 482 

 483 

 484 

 485 
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 486 

Figure 10. FTIR spectra of the SS-AAS pastes treated with: (a) Acetone-Ethanol; (b) Freeze-487 

drying and (c) Water-isopropanol. SS-AAS pastes were tested after 20 minutes of reaction  488 

 489 

3.4 Microstructural characterization of pastes over time 490 

Table 4 shows the weight loss in the temperature range between 50 oC and 500 oC attributed 491 

to the bound water of the initial hydrates for the SS-AAS pastes over the first 5 h of hydration. 492 

The four samples showed a mass loss peak at around 650 oC attributed to the presence of 493 

CaCO3 in the initial slag due to its weathering; the TGA curves are shown in Figure S8 in the 494 

supplementary material.  495 

 496 

At 12 minutes, the weight loss was very similar to the one of the starting slag, confirming the 497 

low advancement of the reaction at this age. In contrast, after 46 minutes and 5 h of reaction, 498 

a weight loss of around 2% and 4%, respectively, were measured that infers the formation of 499 



 27 

reaction products at the time when the storage modulus and viscosity of SS-AAS pastes 500 

dramatically rises.  501 

 502 

Table 4. Weight loss (%) of the starting slag and SS-AAS pastes at different reaction times 503 

measured by TGA 504 

Range of temperature (oC) 
Weight loss (%) 

Starting slag SS-AAS pastes 
12 min 46 min 5 h 

25 - 500 0.25 0.34 1.96 3.82 

500 - 1000 0.50 0.38 0.58 0.57 

 505 

Figure 11 shows the FTIR spectra (in the 1700 - 400 cm-1 region) of the starting slag and the 506 

SS-AAS pastes up to 5 h of reaction. The spectra for the 9 min and 20 min pastes were very 507 

similar to the spectrum for the anhydrous slag, further confirming the low degree of reaction 508 

at such short activation times. After 46 min and 60 min, both the ʋ3 (Si-O) (at around 968 cm-509 

1) and the ʋ4 (O-Si-O) (at around 500 cm-1) bands widened, denoting lower short-range 510 

structural order in the pastes studied. Five hours into the reaction, the ʋ3 (Si-O) band at 511 

980 cm-1 was narrower and shifted to higher wavenumbers than in the original slag, indicating 512 

the formation of more highly polymerised reaction products.  513 

 514 

 515 

 516 
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 517 

Figure 9. FTIR spectra of the SS-AAS over time 518 
 519 

The 29Si MAS NMR spectra for the anhydrous slag and its hydrated pastes are reproduced in 520 

Figure 12, whilst the spectrum for the sodium silicate solution used to activate the slag is 521 

shown in Figure S9.  The decomposition results are given in Table 5. The anhydrous slag was 522 

the primary source of the signal at -75.5 ppm in all the samples. In addition, a broad shoulder 523 

was present after 46 min. It was centered around -85.5 ppm extending between about -524 

80 ppm and -105 ppm. This chemical shift range corresponds to the resonances of the Qn 525 

(mAl) (n=1,2,3,4 and m=0, 1, 2 3) units associated with all the silica containing moieties 526 

outside the slag (in slag, mainly Q0 environments are present [34]), namely the solution 527 
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silicate oligomers (at around -92 ppm) and the alumino-silicate gel, at around -89 ppm 528 

(Q3(1Al)) and – 99.5 ppm (Q4(4Al)) [16]. The signals associated with C-A-S-H would also 529 

overlap with this region, so we cannot totally discard the presence of a small amount of C-A-530 

S-H at this reaction time. After 5 h, the intensity of the signal at -85.5 ppm increased. 531 

Consequently, the evolution of the 29Si MAS NMR spectra were associated with alumino-532 

silicate gel [16] and C-A-S-H product, which would increase with reaction time 533 

 534 

The 5 h 27Al MAS NMR spectra obtained for the anhydrous slag and the SS-AAS pastes are 535 

reproduced in Figure 13. The main peak narrowed as reaction proceeded. In glass, the breadth 536 

of the resonance of quadrupolar nuclei can be directly related to structural disorder via the 537 

Czjzek model [35]. Consequently, the observed narrowing could be due either to the passage 538 

of aluminium from a vitreous environment to a more organized C-A-S-H one, or to the 539 

preferential dissolution of the more disordered fractions of the slag. Actually, both 540 

phenomena are likely to occur simultaneously.  541 

 542 

The microstructural surface of the slag particles was characterised by scanning electron 543 

microscopy (SEM) before and during the reaction with the sodium silicate solution (see Figure 544 

14). The SEM micrographs showed that the slag particles roughened as the reaction 545 

proceeded. After 46 min a very compact granular structure could be distinguished across the 546 

entire surface of the slag particles. This would confirm the formation of hydrates on the slag 547 

surface from around 40 minutes of slag reaction.   548 

 549 

 550 
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 551 

Figure 10. 29Si MAS NMR spectra of the starting slag and SS-AAS pastes over 5 h of 552 

reaction. Subtracting the contribution of the slag from the spectra reveals resonances in 553 

the range of -85 ppm corresponding to alumino-silicate gels and C-A-S-H; their intensity 554 

increased with time. 555 
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Table 5. Analysis of the 29Si MAS NMR spectra of the starting slag and SS-AAS pastes over 556 

5 h of reaction 557 

 558 

 Starting slag 46 min 90 min 5 h Assignment 

δ (ppm) -75.5 -75.5 -75.5 -75.5 Q0 

Width (ppm) 13 13 13 13  

Integral (%) 100 79 77 66  

δ (ppm) 
 -85.5 -85.5 -85.5 Unresolved hydrates and 

silicate oligomers 

width  24 24 24  

Integral (%)  21 23 34  

 559 

 560 

 561 

Figure 11. 27Al MAS NMR of the SS-AAS pastes at different reaction times. The resonances 562 

narrowed with time indicating the formation of products with higher ordering and 563 

aluminium site symmetry than the original slag. 564 

 565 

 566 

 567 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 

(e) 

 

(f) 

 
(g) 

 

(h) 

 

Figure 12. SEM image of the starting slag and SS-AAS over 5 hours of reaction; (a, b) 568 
starting slag; (c, d) at 12 minutes; (e, f) at 46 minutes and (g, h) at 5 h. After 46 min, the 569 

formation of reaction products is observed on the slag surface. 570 
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3.5 Thermodynamic modelling 571 

Thermodynamic modelling was also used to calculate the kind and amount of hydrates that 572 

can be expected to form upon slag reaction as summarised in Figure 15. The main hydrates 573 

predicted are C-N-A-S-H containing Na and Al, and a zeolitic precursor (here represented by 574 

hydroxy-sodalite), in agreement with different experimental and modelling results [36]. In 575 

addition, a minor amount of M-S-H, brucite and FeS (troilite) are predicted; the formation of 576 

a hydrotalcite like phase is predicted at above 20% slag reaction. The formation of C-A-S-H 577 

and hydrotalcite is observed commonly in alkali activated slags [37], as well as the 578 

precipitation of ill-defined N-A-S-H instead of a crystalline zeolite [3]. The formation of ill-579 

defined and rather disordered tetrahedral-coordinated aluminosilicates is more likely to 580 

occur on shorter timeframes instead of crystalline zeolites as their formation is kinetically 581 

limited [38]. Thus, at early times, where we have a low degree of slag reaction of up to 20% 582 

the formation of ill ordered N-A-S-H gel and C-N-A-S-H, in agreement with the NMR results, 583 

can be expected to dominate the hydrates formed and thus the rheological properties.  584 

 585 
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 586 

Figure 13. Modelled volume of hydrates formed in the sodium silicate containing 587 

solution as a function of the degree slag reaction. The formation of a poorly ordered N-A-588 

S-H precursor gel instead of the calculated OH-sodalite is expected.  589 

 590 

 591 

4. DISCUSSION 592 

Several studies [9, 39, 40] have addressed the poor rheological properties of SS-AAS 593 

cementitious systems, that worsen with the increase of siliceous modulus and alkali 594 

concentration [9]. The formation of an early C-(A)-S-H has been pointed as the main 595 

responsible of the fast loss of fluidity of SS-AAS cements, however, no experimental evidences 596 

for that have been shown up to date. In this study, we correlate the rheology of SS-AAS 597 

systems with the evolution of the pore solution composition and hydration products formed 598 
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over time. Furthermore, the impact of the mixing time on the rheological properties of these 599 

alkaline cements was investigated. 600 

 601 

In a first step, an alternative protocol to stop the early reaction of SS-AAS had to developed, 602 

as the sodium silicate in the pore solution precipitates in the presence of organic solvents 603 

normally used to stop the reactivity of Portland cements (see Figures 7 and 8). Two 604 

consecutives washing of the SS-AAS pastes with ultrapure water (in a solid:water ratio 1:20) 605 

and a subsequent treatment with isopropanol and vacuum drying have been proved to be an 606 

optimum way to stop the early reactivity of SS-AAS without introducing artefacts. This 607 

method is mainly suitable for fresh samples (with high content of silicates in the pore 608 

solution). Otherwise, organic solvent exchange can be used in SS-AAS systems with longer 609 

reactions times and low silicate concentration in solution. 610 

 611 

4.1. Correlation between the rheological properties and the evolution of the pore solution 612 

composition and reaction products 613 

Small amplitude oscillatory shear measurements have enabled to monitor the structuration 614 

of SS-AAS pastes with a solution containing SiO2/Na2O =1.5 and 4% Na2O by weight of slag.  615 

Over the first 30-40 minutes of reaction, an increase of aluminate species, Ca and Mg, due to 616 

slag dissolution, was measured by 27Al NMR and ICP-OES (Figure 5 and Table 2). At this stage, 617 

FTIR and NMR analysis confirmed the absence of hydration products, explaining an almost 618 

constant value of the measured storage modulus (see Figure 4). However, after 30-40 minutes 619 

of reaction, a drastic drop of the concentrations of Al, Si, Ca and Mg in the pore solution 620 

occurred, indicating a supersaturation of the solution and the precipitation of reaction 621 

products that led to a sharp increase of the storage modulus of SS-AAS. By 29Si MAS NMR 622 
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(Table 5), the proportion of silicon of unreacted slag is estimated to be only about 79%. Since 623 

the initial amount of silicon in slag in the reaction mixture was 86% (the rest coming from the 624 

activator), that means that the advancement of hydration of the silicate part of the slag at 45 625 

min was 8%. This number, obtained by 29Si NMR, does not consider aluminates but can be 626 

taken as rough estimate of the advancement of slag reaction. This amount of hydration 627 

products was small but enough to modify the structure of the paste. 628 

 629 

The combination of FTIR and NMR measurements together with thermodynamic modelling 630 

has enabled us to identify the nature of these early hydration products. After 40 minutes of 631 

reaction, FTIR (Figure 11) and 29Si MAS NMR (Figure 12) data confirmed the formation of a 632 

reaction product highly polymerized, in particular, a broad signal centred at around -85 ppm 633 

in the 29Si MAS NMR could indicate the formation of an aluminosilicate gel and C-A-S-H. This 634 

agrees with the thermodynamic modelling results that predicts, at the early stages of the slag 635 

reaction, the co-existence of an ill-defined N-A-S-H and C-N-A-S-H. Both, the ill-defined N-A-636 

S-H and C-N-A-S-H formed from the reaction of the Na+ and silicate species originally in the 637 

solution with the Ca2+ ions and aluminate species dissolved from the slag. The removal of Mg 638 

and silicate ions can be also linked to the precipitation of M-S-H as predicted by 639 

thermodynamic calculations; however, this might be present in very low amounts, and it was 640 

not detected by FTIR or NMR. At 5 h of reaction, the amount of hydration products has 641 

increased as shown in the FTIR spectra (Figure 11) and 29Si MAS NMR (Figure 12). In particular, 642 

the FTIR spectra showed a narrowing of the ʋ3 (Si-O) band at 980 cm-1 with the increase of 643 

the hydration time that indicates the formation of a more organized C-N-A-S-H, as also 644 

observed by 27Al MAS NMR. 645 

 646 
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While in Portland cement systems the nucleation of C-S-H in the contact areas between 647 

particles leads to an increase in the shear modulus at very low degrees of hydration [29], in 648 

SS-AAS systems, the formation of an ill-defined N-A-S-H and C-A-S-H of a few nanometers is 649 

the main responsible of the rapid flow loss. The formation of an aluminosilicate gel has been 650 

also concluded to be the responsible for the increase of the elastic modulus in sodium silicate-651 

activated metakaolin systems [16].  652 

 653 

In contrast, in NaOH-AAS, no silicate species are initially in solution and the concentration of 654 

silicate and aluminium species as well as Ca ions slowly increases as slag dissolves. 655 

Thermodynamic calculations (shown in Figure 16) predicted that no N-A-S-H is expected to 656 

form in such NaOH-AAS systems while experimental data indicated that the precipitation of 657 

C-A-S-H can take several hours [41], which together would explain why the NaOH-AAS 658 

systems remain fluid for longer time and have a longer setting times than SS-AAS systems. 659 

 660 
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 661 

Figure 14. Modelled volume of hydrates formed in the NaOH-AAS pastes (with 4%wt Na2O 662 

by weight of slag) as a function of the degree slag reaction.  663 

 664 

The next question to address is, why does the viscosity decrease when a constant shear is 665 

applied to SS-AAS cements as observed in Figure 2? According to the results, the slag starts 666 

to dissolve from the first moment of contact with the alkaline solution, releasing Ca, Al, Si and 667 

Mg into the pore solution. Once supersaturation is reached, a N-A-S-H precursor gel and C-668 

(N)-A-S-H are formed leading to the flocculation of the particles. However, the attractive 669 

forces are relatively small, probably because of the low amount of hydrates formed, and a 670 

shear is able to break down the particles interaction. A sketch of the proposed mechanism is 671 

shown in Figure 17. The use of sodium silicate solutions with a higher SiO2/Na2O and/or higher 672 

percentage of Na2O would lead to the faster and higher amount of the reaction products, 673 
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inducing higher attraction forces between particles that cannot overcome even by applying a 674 

constant shear as previously shown by Puertas et al [9]. 675 

 676 

 677 

 678 

Figure 15. Sketch of the mechanism behind the decrease of the shear stress of SS-AAS 679 

under constant shear. Full coverage of the slag particle with the reaction products is not 680 

required to induce their flocculation. 681 

 682 

4.2 Impact of the mixing time on the rheological properties of SS-AAS pastes  683 

An increase of the mixing time has been previously concluded to delay the setting times of 684 

SS-AAS [10]. For this reason, we have studied the effect of increasing the mixing time from 685 

3.5 minutes to 5.5 minutes on the evolution of the shear stress of SS-AAS pastes. As shown in 686 

Figure 18, an extension of 2 minutes of the mixing time delays around 30 minutes the time of 687 
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appearance of the sharp increase of the shear stress (and consequently apparent viscosity). 688 

Again, the structure breaks down afterwards under shearing. The area under both curves is 689 

relatively similar independently of the applied mixing time (734 and 864 Pa.s, for pastes mixed 690 

during 3.5 and 5.5 minutes, respectively). However, a lower intensity of the peak is observed 691 

for pastes mixed for longer time. This might involve that the number of flocs formed over 692 

time is the same but they are formed at lower speed when pastes are mixed for a longer time. 693 

 694 

The extension of the fluidity of SS-AAS systems is essential to easily place them in practice. 695 

Current superplasticizers have been proved to lose their dispersing properties when sodium 696 

silicate is used as activating solution in alkali-activated slag systems. Their lack of solubility in 697 

these alkaline solutions and the highly competitive adsorption between the superplasticizers 698 

and the silicates of the activating solution [42] are the main responsible of their 699 

ineffectiveness. As shown in this study, a longer mixing leads to an extension of the period 700 

where the system remains fluid, however, extra mixing is not enough and an alternative 701 

strategy must be found. From the results obtained in this study, we now understand that it is 702 

essential to identify effective retarding admixtures that delay the slag reactivity and the early 703 

formation of the N-A-S-H precursor gel and C-N-A-S-H. The addition of maleic acid [43] or 704 

nano-ZnO [44] has been probed in the literature to delay the reaction of sodium silicate-705 

activated slag cements. While the former does not affect to the nature of the hydration 706 

products, the latter slows down the reactivity of the slag by forming calcium zincate at the 707 

early stage of the hydration and depleting the calcium in solution to form C-N-A-S-H. We need 708 

now to further expand these studies and understand the impact of effective retarders on the 709 

fluidity of SS-AAS cements. 710 

 711 
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 712 

 713 

Figure 16. Evolution of the shear stress over time in SS-AAS pastes prepared with mixing 714 

times of 3.5 and 5.5 minutes. A delay of 30 minutes in the time of appearance of the 715 

increase of the shear stress is observed as the mixing time increases. 716 

 717 

CONCLUSIONS 718 

In this paper, a combination of experimental characterization techniques, to study the 719 

pore solution composition and microstructure of SS-AAS pastes, and thermodynamic 720 

calculations have been applied to understand their anomalous rheological properties. The 721 

initial precipitation of an ill-defined N-A-S-H (precursor of N-A-S-H gel) and C-N-A-S-H cause 722 

the fast increase of the storage modulus, and loss of fluidity, after 40 minutes of reaction. 723 

Both reaction products are formed from the reaction of the Na+ ions and silicate ions in the 724 

initial activating solution with the Ca2+ and aluminate species dissolved from the slag.  725 

If a shear is applied, the viscosity of SS-AAS pastes dramatically decreases after reaching 726 

a maximum value. This allows to infer that the attractive forces between the particles with 727 
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the early hydrates are low, probably due to the small amount of reaction products formed at 728 

the early stages, and deflocculation takes place.  729 

An increase of the mixing time delays the time at which the dramatic increase of the shear 730 

stress occurs and the flocculation rate of SS-AAS pastes.   731 

An alternative method has been used to arrest the reaction of sodium silicate-activated 732 

slag (SS-AAS) pastes that involves an initial treatment of the SS-AAS pastes with water to 733 

remove the sodium silicate in solution and decrease the pH, and a subsequent treatment with 734 

isopropanol. This has been proved to avoid artefacts for the microstructural analysis of the 735 

SS-AAS pastes.  736 

 737 
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