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ABSTRACT  10 

 11 

Thaumasite formation is normally a slow process; however some studies have show that 12 

the presence of sucrose promotes its formation substantially. Many of today’s concretes 13 

contain organic admixtures and no research has been conducted to date to determine 14 

whether the presence of these admixtures may induce or favour thaumasite formation. 15 

The present study aimed to ascertain whether, like sucrose, admixtures may further that 16 

process, and to propose a working methodology to do so. 17 

The methodology used was: mixing sodium carbonate, sulfate and silicate solutions 18 

with a CaO solution with eleven commercial admixtures. The precipitates obtained after 19 

different curing times (up to 1 year) and temperatures (5 and 25 ºC) were characterised 20 

with FTIR and XRD.  21 

It was possible to distinguish between admixtures that did and those that did not favour 22 

thaumasite formation, i.e., products containing lignosulfonates or a mix of sodium 23 
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carboxylate and polysulfonate as well as aluminium-based accelerating admixtures 24 

favoured thaumasite formation. 25 

 26 
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1. Introduction 30 

 31 

Thaumasite is formed in concrete as a result of the reaction between sulfates and 32 

carbonates and the calcium silicate hydrates in the cement paste [1].  Statistical studies 33 

conducted in the UK have shown that sulfate attack and thaumasite formation are more 34 

prevalent in underground concrete exposed to low temperatures, high humidity, and 35 

environments with high sulfate contents, as well as concretes made with limestone 36 

aggregate [1]. Nonetheless, a number of cases of thaumasite-induced damage in 37 

concrete not exposed to those conditions have been reported [2-7]. Several studies have 38 

been reported showing that puzzolanic compounds, aluminium amount and even 39 

portlandite presence can reduce thaumasite formation [8-12]. 40 

Many of today’s concretes contain organic admixtures (some comprising industrial by-41 

products) that affect cement hydration in a variety of ways, modifying characteristics 42 

such as the dissolution or setting rates or paste flowability. Several recent reports have 43 

been published on thaumasite formation in gunned concrete in tunnels [13-15], where 44 

the concrete had been prepare using different  superplasticisers and accelerating 45 

admixtures to improve the workability of the fresh material and its adherence to tunnel 46 

walls and crown. 47 

 48 



 

To date, science has not addressed the question of whether the presence of these 49 

admixtures may induce or favour thaumasite formation and whether that might explain 50 

damage observed in concrete in temperate or warm climates [2, 5], young concrete or 51 

mortar not exposed to high sulfate ion concentrations [16].  52 

 53 

Thaumasite formation is usually, although not always, a slow process [4], whose 54 

reaction kinetics are governed by the slowest stage, the expansion of the tetrahedral Si 55 

coordination sphere in the C-S-H gel to the octahedral configuration in thaumasite [17, 56 

18]. 57 

 58 

Studies on thaumasite synthesis have shown that the presence of sucrose promotes its 59 

formation substantially [19-21]. Although the role of sucrose in the expansion of the Si 60 

coordination sphere is still under study, this compound is known to form an adduct with 61 

the Ca2+ ions in the solution, increasing portlandite solubility [21]. Moreover, Kinrade 62 

et al. [22] showed that certain aliphatic polyhydric alcohols readily yield solutions 63 

containing high concentrations of stable silicate anions in which the silicon may be 64 

penta- or hexa-coordinated with oxygen. To be able to generate significant amounts of 65 

such complexes, the polyalcohol must have at least four adjacent hydroxy groups, two 66 

with a threo configuration. 67 

 68 

Thaumasite formation is normally a slow process; however some studies have show that 69 

the presence of sucrose promotes its formation substantially, then the present study 70 

aimed to ascertain whether, like sucrose, admixtures may further thaumasite formation.  71 

 72 



 

To this end, the methodology used was the same as for thaumasite synthesis [20]: i.e., 73 

mixing sucrose solutions of carbonate, sulfate and sodium silicate with a CaO sucrose 74 

solution, but replacing the sucrose solution with one of two concentrations of 75 

commercial admixtures solution. 76 

 77 

2. Experimental 78 

 79 

For all the eleven admixtures, 2 different proportions of each particular admixture 80 

(Table 2) were used to prepare a series of calcium oxide, admixture and water mixes 81 

(mix X in Table 1). A series of aqueous solutions of sodium carbonate, sulfate and 82 

silicate were also prepared, with compositions as given in Table 1 (mix Y). After 83 

preparation and chilling to 5 ºC or keeping at 25 ºC, Y was poured over X and the mixes 84 

were stirred for 5 minutes in a closed container at 5 or 25 ºC. After 1, 2, 3, 6 or 9 85 

months or 1 year (or even up to 3 years) samples were filtered and obtained precipitated 86 

solid were examined by XRD and FTIR techniques. A reference aqueous mix 87 

containing the same oxide compositions as in Table 1 but no admixtures, was prepared 88 

and kept at 5 ºC for 1 year. After this time the sample was filtered and analysed by 89 

FTIR. 90 

 91 

Table 2 gives the name and amount of admixture added to the X mix. The proportion of 92 

admixture added to the solution was determined on the grounds of manufacturer 93 

recommended maximum and minimum amounts per kg of cement and assuming a 94 

water/cement ratio of 1/2. 95 

 96 



 

FTIR spectra were obtained on a Thermo Scientific Nicolet 600 spectrometer. Samples 97 

were prepared by mixing 1 mg of sample in 300 mg of KBr. Spectral analysis was 98 

performed over the range 4 000-400 cm-1 at a resolution of 4 cm-1. 99 

 100 

A Bruker D8 Advance X-ray diffractometer consisting of a high voltage, 3-kW 101 

generator and a (1,54-Å CuKα) copper anode X-ray tube normally operating at 40 kV 102 

and 50 mA, was used for the mineralogical characterisation of the samples. This 103 

instrument was coupled to a Lynxeye detector with a 3-mm anti-scatter slit and a (0.5 104 

%) Ni K-beta filter, with no monochromator. Patterns were recorded over the angular 105 

range 5-60º 2θ, with a step size of 0.02º 2θ, and a cont time of 5s per step. 106 

 107 

Thermodynamic modelling was carried out using the Gibbs free energy minimization 108 

program GEMS [23], with the internally consistent thermodynamic data set [24] 109 

expanded with the cement-specific database (CEMDATA) compiled in [25].  110 

 111 

3. Results 112 

 113 

Tables 3 and 4 summarise the crystalline phases identified by XRD in the precipitates 114 

obtained at 25 and 5 ºC, respectively, at ages of up to 1 year. 115 

 116 

At the concentrations and temperatures studied, portlandite and calcite were the only 117 

two crystalline phases detected at any age on the XRD traces for the precipitates from 118 

the solutions containing polycarboxylate- (superplasticisers, samples 6, 7, 8 and 11) or 119 

thiocyanate-based (accelerating admixture, sample 4) admixtures. The much lower 120 

intensity and greater width of the calcite than the portlandite diffraction lines denoted 121 

the lower proportion and poorer crystallisation of the former. No crystalline sulfate or 122 

tobermorite-type C-S- H gel was detected (Figure 1 shows the XRD patterns of two of 123 



 

these samples, 7 and 8). The XRD traces for samples 5A and 5B (nitrate-based 124 

admixture) stored at 25 ºC for up to 1 year yielded similar findings (XRD patterns not 125 

shown). 126 

 127 

The FTIR spectra for the 3-month samples (Figure 2), contained bands generated by the 128 

O-H bond stretching vibrations in portlandite (3643 cm-1) and water (3435 cm-1); a 129 

medium intensity band at around 1641 cm-1 attributable to the H-O-H bending 130 

vibrations in water; and a wide, intense band from 1400 to 1500 cm-1 due to the 131 

asymmetrical C-O bond stretching vibrations in carbonate groups, whose ν2 and ν4 132 

vibrations were observed at 872 and 712 cm-1, respectively, and attributed to the poorly 133 

crystallised calcite detected by XRD. The medium and small bands in the 1100-1130 134 

cm-1 area and at around 671 cm-1 were respectively interpreted to reflect sulfate group 135 

S-O bond symmetrical and bending vibrations. This sulfate might be amorphous or its 136 

proportion must have been below the XRD detection limit, since they were not observed 137 

on the diffractogram but were detected by FTIR. Lastly, the wide, medium intensity 138 

band at 900-1000 cm-1 and the weaker band at around 815 cm-1 were interpreted to be 139 

due to asymmetrical stretching vibrations generated by the Si-O bond in the C-S-H gel. 140 

These spectra were similar to the 1-year spectra for the same samples. 141 

XRD data show (Figures 3 and 4) that regardless of the admixture concentration, 142 

temperature and curing age, all solid precipitates obtained from mixes containing 143 

aluminium comprised of ettringite, calcite as well as, gypsum, brucite and portlandite, at 144 

some ages. The broad peak 2θ = 9.0-9.3º detected in the XRD patterns of the 145 

precipitates obtained from samples 3A and 3B at 5 and 25 ºC after already 3 months of 146 

reaction can be attributed to the formation of thaumasite and/or ettringite-thaumasite 147 



 

solid solution. After Barnett et al studies [26], the solid solution effects on structure, can 148 

be observed by XRD, since the positions of the peaks due to each phase are changing. 149 

It was noticed that while ettringite peak was decreasing, thaumasite peak was rising 150 

over the time (Figure 3) and after one year, reflexions of both phases could be 151 

distinguished. The amount of thaumasite was higher in the chill-cured samples with a 152 

lower proportion of admixture (3B at 5 ºC). The precipitates obtained from the 153 

admixture 2, in turn, only contained thaumasite when cured at 5 ºC with the smaller 154 

amount of admixture (2B) (Figure 4). 155 

 156 

FTIR spectra of the 3-month samples which were in contact with admixture 3  (Figure 157 

5) shown bands characteristic of ettringite, calcite; brucite (OH stretching at 3680 cm-1); 158 

and possibly portlandite, since the OH stretching vibrations in this phase may overlap 159 

with the ettringite vibrations.  160 

 161 

After only 90 days (Figure 5), the spectra exhibited bands characteristic of the 162 

octahedral silicon in thaumasite (SiO6 stretching and bending, 500 and 760 cm-1) in 163 

samples 3A and 3B stored at 5 and 25 ºC indicating thaumasite and/or solid solution 164 

ettringite-thaumasite formation. Furthermore, the low intensity of the absorption bands 165 

in the (tetrahedral silicon) C-S-H gel Si-O stretching vibration area (1000-900 cm-1) was 166 

an indication that practically no gel was formed, i.e., that this admixture inhibited C-S-167 

H precipitation. Over time, these chill-cured samples evolved towards thaumasite 168 

formation (3500, 3470, 3400, 1700; 1655; 1400; 1100; 871; 760; 676; 646; 587; and 169 

500 cm-1).  170 

 171 



 

After 1 year (Figure 6) the carbonates clearly shifted to 1400 cm-1, and whereas the 172 

bands due to tetrahedrally coordinated silicon Si-O vibrations (1000-900 cm-1) 173 

disappeared altogether, bands associated with ettringite were still visible, denoting its 174 

presence in the sample. 175 

 176 

The spectra for the 3A and 3B samples cured at 5 ºC varied similarly over time, 177 

although the thaumasite bands were consistently more intense in the samples with lower 178 

concentrations of admixture (Figure 6).  179 

 180 

FTIR spectra of samples which were in contact with admixture 2 (aluminium and 181 

potassium hydroxide-based accelerating admixture for gunned concrete, Figure 7), at all 182 

ages shown bands associated with ettringite (3644, 1110 and 610 cm-1) and calcite 183 

(1430; 875 and 712 cm-1) Portlandite and thaumasite bands were also observed on the 184 

spectra for the samples stored at 5 ºC containing the lower concentration of the 185 

admixture (2B). The band attributed to ν3 Si-O bond vibrations in the C-S-H gel (around 186 

960 cm-1), exhibited relatively low intensity at all ages and disappeared at the expense 187 

of thaumasite formation.  188 

When the admixture concentration was lower at 5 ºC, the XRD traces for the 1-month 189 

precipitates obtained in the presence of a lignosulfonate-based admixture (samples 1 190 

and 9, superplasticiser and plasticiser, respectively) contained only portlandite 191 

reflections (Table 4 and Figure 8), although the wider and increasingly more intense 192 

reflections that appeared over time were assigned to poorly crystallised calcite. After 2 193 

or 3 months, the diffractograms for the precipitates stored at 5 ºC also contained small 194 

thaumasite reflections whose intensity increased with time, but which did not appear at 195 

such early ages for the samples stored at 25 ºC. Nonetheless, the 1-year pattern for the 196 



 

sample 1A precipitate cured at 25 ºC contained intense diffraction lines attributable to 197 

thaumasite (Figure 8). For the samples at later ages weddellite was also observed. 198 

 199 

The FTIR spectra for the 1-month to 1-year samples stored at 5 ºC (Figure 9) confirmed 200 

the XRD findings. The 1-month samples generated wide bands in the carbonate and 201 

sulfonate group vibration areas, which may be an indication of their amorphous nature. 202 

An intense, narrow band was also observed in the O-H group stretching vibration area, 203 

denoting the presence of portlandite. The bands in the Si-O ν3 vibration area associated 204 

with the C-S-H gel (at around 950 cm-1) were also wide but scantly intense and very 205 

likely overlapped with some of the admixture bands (1045 cm-1). 206 

 207 

A comparison of the FTIR spectra for the 1-month and 1-year samples (Figure 9) 208 

revealed a shift in the carbonate C-O asymmetrical stretching bands to lower frequency 209 

numbers, centred at around 1400 cm-1; higher intensity of the sulfate S-O asymmetrical 210 

stretching band, centred at around 1100 cm-1; a decline in the Si-O asymmetrical 211 

stretching band associated with tetrahedrally coordinated silicates; and the appearance 212 

of SiO6 (octahedral silicon) bands. All these observations are indicative of the presence 213 

of thaumasite. 214 

 215 

The diffractograms for the 180-day precipitates obtained with a nitrate-based product 216 

(accelerating admixture, samples 5A and 5B) stored at 5 ºC (Figure 10) contained a low 217 

intensity diffraction line at 2θ = 9.25º, in addition to the calcite and portlandite 218 

reflections. The intensity of this third reflection grew with time and was clearly 219 

attributable to thaumasite in the samples stored at the low temperature for 270 and 365 220 

days (Figure 10). 221 



 

 222 

The FTIR spectra for these samples (5A as an example in Figure 11) showed a clear 223 

change after 90 days. The OH group vibrations present in thaumasite appeared as a 224 

signal in the 3650-3400 cm-1 area. The absorption associated with tetrahedral Si-O ν3 225 

vibrations declined, while the Si-O bands denoting the presence of octahedrally 226 

coordinated silicon characteristic of thaumasite became gradually more intense. The ν3 227 

vibration bands for the C-O groups, in turn, were observed to shift from 1435 cm-1 at 228 

the earlier ages to 1400 cm-1 (denoting the thaumasite carbonates) by the end of the trial 229 

(up to 3 years in this case). At the same time, the S-O ν3 bands grew narrower and 230 

shifted to 1100 cm-1, indicating a change in these groups toward the sulfate environment 231 

in thaumasite.  232 

Finally, portlandite, calcite and weddellite were the sole crystalline phases detected on 233 

the diffractograms for the precipitates obtained in the sodium carboxylate + 234 

polysulfonate-type product (retarding admixture, samples 10A and 10B) (Tables 3 and 235 

4) with one exception: sample 10B stored at 5 ºC also contained lines indicative of 236 

thaumasite (Figure 10).  237 

 238 

The FTIR spectra for the 10A samples (not shown) contained intense bands attributable 239 

to portlandite, sulfates and carbonates, and only weak bands in the ν3 Si-O vibration 240 

area. A decrease of the admixture concentration (10B sample), favoured the calcium 241 

silicate hydrate precipitation and inhibited calcium sulphate formation at early ages, 242 

(Figure 12). FTIR spectrum of sample 10 B preserved at 5 ºC for 1 year presents bands 243 

clearly attributable to thaumasite whereas the band ν3 Si-O (Si(IV)) towards 990cm-1 244 

has almost disappeared. 245 

4. Discussion  246 



 

The methodology used in the study was based on a procedure described by Strüble to 247 

synthesise thaumasite [19].and modified bye Aguilera et al. [20] . The CaO and sodium 248 

salt concentrations used in this study were as described in prior articles [20, 21], 249 

replacing the sucrose with admixtures at concentrations in keeping with the minima and 250 

maxima recommended in their respective data sheets. 251 

 252 

Thermodynamic modelling of the mix containing solutions X+Y in water (without 253 

admixtures) at 5 and 25 ºC in a closed system predicts the precipitation of thaumasite 254 

and portlandite. In the absence of admixtures which serve as a “catalysts”, the reaction 255 

rate was very slow and phases present in precipitates were identified at both 256 

temperatures as calcite, C-S-H gel and portlandite in agreement with experimental data 257 

where no gypsum was identified. The equilibrium composition of the solutions with 258 

those phases shows the values given in Table 5. 259 

 260 

In the present study, whenever polycarboxylate-type superplasticisers or thiocyanate 261 

accelerating admixtures (samples 6, 7, 8, 11 and 4) were added to the mix, portlandite 262 

precipitated as the major crystalline phase, along with a much smaller quantity of 263 

calcite. The FTIR spectra, however, exhibited bands that denoted the presence of C-S-H 264 

gel and sulfates (amorphous or absorbed on C-S-H [27, 28]) in the precipitates as well. 265 

The similarity of these bands to the signals detected for the admixture-free control 266 

precipitate (Figure 2) indicated that the admixtures neither inhibited C-S-H gel 267 

precipitation nor apparently affected the normal precipitation of the phases obtained 268 

during cement hydration. According to Neville [29], superplasticisers do not alter the 269 

structure of hydrated cement paste in any fundamental manner. The main effect is a 270 



 

more uniform distribution of cement particles, with the formation of ettringite crystals 271 

which are small and nearly cubic in shape rather than needle-like.  272 

 273 

The low intensity of the bands at around 900-1000 cm-1 on the spectra for samples 2 and 274 

3 signified that the precipitation of C-S-H gel was perceptibly inhibited from the earliest 275 

ages when the admixture used was an aluminium salt. This may have been due to a 276 

decrease in the Ca concentration in the solution as a result of the precipitation of 277 

ettringite, the majority crystalline phase in these samples.  278 

 279 

When aluminium sulfate (sample 3) was used as the admixture, the Si-O vibration 280 

bands characteristic for octahedrally coordinated silicon appeared at the earliest age 281 

analysed (90 days), denoting either the early precipitation of thaumasite or the initial 282 

presence of an ettringite-thaumasite solid solution. With time, the thaumasite content 283 

increased in these precipitates at the expense of ettringite and after 1 year thaumasite 284 

was the majority crystalline phase. 285 

 286 

The rate of thaumasite formation and its content in the precipitate was higher when the 287 

admixture contained aluminium sulfate than when it contained sodium aluminate, most 288 

likely due to greater concentration of sulphate ions in the solution. Aluminium has been 289 

reported to accelerate thaumasite formation [16,30] and some authors [26, 31,32] 290 

detected the existence of an Ett-Th solid solution in which a small amount of Al is 291 

replaced by Si in the ettringite structure.  292 

 293 

When lignosulfonate was used as an admixture (samples 1 and 9, superplasticiser and 294 

plasticiser for gunned concrete, respectively), the precipitate initially contained 295 



 

portlandite, amorphous CaCO3 [33] (later crystallizing to the calcite identified by XRD 296 

at later ages), likewise amorphous sulfates and amorphous calcium silicates. In the 297 

samples stored at 5 ºC, thaumasite was identified after just 2 months and its content was 298 

observed to grow throughout the trial. After 1 year, thaumasite was identified in only 299 

one of the samples cured at 25 ºC, 1A, but not in 1B, 9A or 9B. 300 

 301 

Lignosulfonate admixtures favoured the expansion of the Si sphere of coordination and 302 

thaumasite precipitation, but without wholly inhibiting the precipitation of calcium 303 

silicates. While nothing in the literature confirms that lignosulfonates furthers the 304 

octahedral coordination of Si, commercial lignosulfonate-based admixtures often 305 

contain lower amounts of sugar which, as noted earlier, forms a complex with Ca2+. The 306 

presence of weddellite in some of these samples could be an indication of presence of 307 

carbohydrates in the lignosulfonate admixtures, taking into account that oxalic acid has 308 

been reported as a product of carbohydrates oxidation reaction [34] and weddellite has 309 

been identified in synthesis of thaumasite in sucrose medium [35]. They may also 310 

contain polyalcohols, some of which, such as galactitol, manitol and sorbitol, yield high 311 

concentrations of stable polyolate complexes containing hexa-coordinated silicon [22]. 312 

The amorphous products formed (carbonates, silicates, sulfates) might be intermediate 313 

thaumasite precursors. 314 

 315 

Temperature played an important role in the case for nitrate-based admixtures (sample 316 

5). Thaumasite was observed after 6 months in the samples cured at 5 ºC, which was not 317 

the case for the samples stored at 25 ºC. The admixture appeared not to inhibit C-S-H 318 

gel precipitation at 5 ºC, but it did favour the change from tetrahedral to octahedral Si. 319 

 320 



 

Finally, temperature also had a significant effect on thaumasite formation in carboxylate 321 

and polysulfonate-based precipitates (retarding admixture 10), since thaumasite was 322 

only observed in sample 10B, which was cured at 5 ºC. The more dilute form of the 323 

admixture interfered substantially with sulfate precipitation, although the silicates 324 

appeared to precipitate normally. Nonetheless, with time it favoured the change in Si 325 

coordination and thaumasite precipitation. According to Neville [29], retarding 326 

admixtures are believed to modify crystal growth or morphology, adsorbing onto the 327 

rapidly forming membrane of hydrated cement and retarding the growth of calcium 328 

hydroxide nuclei.  329 

 330 

Retarding admixtures are normally used at high temperatures and their effect declines in 331 

cooler environments. This study showed that, at the lowest concentrations, thaumasite 332 

formed in the presence of retarding admixtures at low temperatures.  333 

 334 

As a rule accelerating admixtures are used at low temperatures, since when the 335 

temperature rises the drying rate is so high that it may cause shrinkage cracking. In the 336 

present study we have demonstrated that thaumasite can be formed with accelerating 337 

admixtures at low temperatures (5 ºC), while thaumasite was not formed at 25 ºC. 338 

 339 

The methodology applied in this study would have to be validated and refined, but in 340 

principle it distinguished between admixtures that did and those that did not favour 341 

thaumasite formation.  342 

 343 

5. Conclusions 344 

 345 



 

This study proposes a working methodology to differentiate between admixtures that do 346 

and do not favour thaumasite precipitation. 347 

 348 

The findings show that some admixtures furthered thaumasite precipitation when in 349 

contact with a solution containing sodium silicates, carbonates and sulfates and CaO,. 350 

This effect was more noticeable at lower temperature (5 ºC).  351 

The polycarboxylate- and thiocyanate-based products were the only admixtures studied 352 

that did not inhibit C-S-H gel, calcite and portlandite precipitation as well as did not 353 

promote thaumasite formation.  354 

Lignosulfonates furthered thaumasite formation, particularly at low temperatures, after 355 

the initial precipitation of amorphous compounds (possibly reaction precursors). 356 

 357 

The mixes containing sodium carboxylate and polysulfonate also favoured thaumasite 358 

formation, especially at low temperatures.  359 

 360 

Sodium aluminate or aluminium sulfate-based admixtures also fostered precipitation of 361 

the salt, particularly at low temperatures and concentrations. 362 
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Table 1. Concentration of solutions X and Y 492 
 493 

 X Y 
Reagent CaO Na2SiO3 Na2SO4 Na2CO3 

Mass 5.05  g 1.83 g 7.1 g 1.59 g 

Volume/Solvent 
250 ml/water + xg 

admixture 
250 ml/water 

Concentration 
X+Y 

0.18 M 0.03 M 0.1 M 0.03 M 

Volume X+Y 500 ml 
 494 

495 



 

Table 2. Admixture type, chemical base and concentration 496 
 497 

Admixture type Chemical base Name g admixture/ 
0.5 l solvent Name g admixture/ 

0.5 l solvent 

Superplasticiser Lignosulfonate 1A 6 1B 3 

Accelerating KAl(OH)4 2A 6 2B 3 

Accelerating Al2(SO4)3·14H2O 3A 6 3B 3 

Accelerating Thiocyanate 4A 2 4B 0.5 

Accelerating Nitrate 5A 2 5B 1 

Superplasticiser Polycarboxylate 6A 1 6B 0.3 

Superplasticiser Polycarboxylate 7A 0.3 7B 0.1 

Superplasticiser Polycarboxylate 8A 0.3 8B 0.1 

Plasticiser Lignosulfonate 9A 6 9B 3 

Retarding 
Sodium carboxylate +  

polysulfonate 
10A 15 10B 5 

Superplasticiser Polycarboxylate 11A 14 11B 5 

 498 
 499 

500 



 

Table 3. Crystalline phases identified by XRD in the precipitates obtained at 25 ºC and 501 
at different ages by using two proportions (A and B) each of eleven admixtures  502 
 503 

A 3 m 6 m 9 m 1 y B 3 m 6 m 9 m 1 y 

1 P,c,+ - - P,c,t,+ 1 P,c,+ - - P,c ,+ 

2 E,c,g E,c,g,AFm 2 E,c,p 

3 E,t,c,p,b E,t,c 3 E,t,c,p,b E,T,c,p,b  

4 P,c - 4 - - - - 

5 P,c C,p 5 P,c P,c,e 

6 P,c - 6 P,c - 

7 P,c - 7 P,c - 

8 P,c - 8 P,c - 

9 P,c - - P,c,+ 9 P,c - - P,c,+ 

10 P,c,+ - - +,p,c 10 P,c - - P,c,+ 

11 P,c - - P,c 11 P,c - - - 
p= portlandite; e = ettringite; c = calcite;  t = thaumasite; AFm = calcium monosulfoaluminate hydrate; b = brucite;  g = gypsum;  e-504 

tss = ettringite-thaumasite solid solution; capital letters = main phase; + = weddellite 505 
 506 

507 



 

Table 4. Crystalline phases identified by XRD in the precipitates obtained at 5 ºC and at 508 
different ages by using two proportions (A and B) each of eleven admixtures  509 
 510 
 511 
A 1 m 2 m 3 m 6 m 9 m 1 y B 1 m 3 m 6 m 9 m 1 y 

1 - P,t,c - - T,p,c,+ 1 P P,t,c - - P,t,c,+ 

2 - - E,c C,e,g E,c 2 - E,c,t,p 

3 - - E-Tss,c,p,b 3 - T,E,c,p,b 

4 - - P,c - 4 - P,c - 

5 - - P,c P,t,c 5 - P,c P,c,t 

6 - - P,c - 6 - P,c - 

7 - - P,c - 7 - P,c - 

8 - - P,c - 8 - P,c - 

9 P P,t,c - - P,t,c,+ 9  P,c - - P,c,t,+ 

10 P,c P,c,+ - - P,c,+ 10 P P,c - - P,c,t,+ 

11 P P,c - - P,c 11 - P,c - - - 
p= portlandite; e = ettringite; c = calcite; t = thaumasite; b = brucite; g = gypsum;  e-tss = ettringite-thaumasite solid solution; capital 512 
letters = main phase; + = weddellite 513 
 514 
 515 

516 



 

Table 5. Initial composition of the mixture solution (mol/l) and predicted final solution 517 
compositions in equilibrium with calcite, C-S-H gel and portlandite at 5 and 25ºC 518 
(mmol/kg) 519 
  520 

 
M 

(initial) 
mmol/kg  

(5ºC) 
mmol/kg 

(25ºC) 

C 0.03 0.0594 0.0467 

Ca 0.18 9.933593 7.8949055 

Na 0.32 320.16187 320.16217 

S 0.1 100.04662 100.04671 

Si 0.03 0.0463 0.0386 

pH 13.70 12.95 

 521 
522 



 

Figure 1. XRD patterns of precipitates obtained from solutions containing 523 
polycarboxylate admixtures (7A, 8A and 8B) at 25ºC and at different ages (90 and 180 524 
days). P = portlandite; C = calcite 525 
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 547 
 548 
Figure 2. FTIR spectra of precipitates obtained from solutions containing 549 
polycarboxylate (6A, 7A, 8A) or thiocyanate (4A) admixtures at 5ºC for 3 months and  550 
of precipitate in water (without admixtures) after 1 year is showed as reference. P = 551 
portlandite; C = calcite,   S-O = sulfate vibration; Si-O(Si(IV)) = tetrahedral silicate 552 
vibration from C-S-H gel 553 
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 579 
Figure 3. Detail of XRD patterns of precipitates obtained from solutions containing 580 
aluminium sulfate hydrate as admixture (3A and 3B) at different ages (90 days and 1 581 
year) and temperatures (5 and 25ºC). P= portlandite; E = ettringite; T = thaumasite; B = 582 
brucite 583 
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 586 
Figure 4. Detail of  XRD patterns of precipitates obtained from solutions containing 587 
potassium aluminium hydroxide as admixture (2B) at 25ºC and at different ages (90, 588 
180, 270 days, 1 year and 2 years). P = portlandite; E = ettringite; T = thaumasite  589 
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 592 

 593 
Figure 5. FTIR spectra of precipitates obtained from solutions containing aluminium 594 
sulfate hydrate as admixture (3A and 3B) at  90 days and at different temperatures (25 595 
and 5ºC). P= portlandite; E= ettringite; T = thaumasite; C = calcite; C-O = carbonates; 596 
S-O = sulfate vibration; Si-O(Si(IV)) = tetrahedral silicate vibration from C-S-H gel; Si-597 
O(Si(VI)) = octahedral silicate vibration from thaumasite 598 
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 601 

 602 
Figure 6. FTIR spectra of precipitates obtained from solutions containing aluminium 603 
sulfate hydrate as admixture (3A and 3B) after 1 year at 5ºC. P = portlandite; E = 604 
ettringite; T = thaumasite; C = calcite, B = brucite; S-O = sulfate vibration; Si-O(Si(IV)) 605 
= tetrahedral silicate vibration from C-S-H gel; Si-O(Si(VI)) = octahedral silicate 606 
vibration from thaumasite 607 
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 609 

 610 
 611 

Figure 7. FTIR spectra of precipitates obtained from solutions containing potassium 612 
aluminium hydroxide as admixture (2B) after 90 days and 1 year at 5º C. P = 613 
portlandite; E = ettringite; T = thaumasite; C = calcite; S-O = sulfate vibration; Si-614 
O(Si(IV)) = tetrahedral silicate vibration from C-S-H gel; Si-O(Si(VI)) = octahedral 615 
silicate vibration from thaumasite 616 
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 619 
Figure 8. Detail of  XRD patterns of precipitates obtained from solutions containing 620 
lignosulfonates as admixture (1A, 1B and 9B) at 5ºC (1A also at 25ºC) and at different 621 
ages (1 month, 2, 3 months and 1 year). P= portlandite; C = calcite; T = thaumasite; + 622 
weddellite. 623 
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 628 

 629 
 630 
Figure 9. FTIR spectra of precipitates obtained from solutions containing 631 
lignosulfonates as admixtures (1B and 9A) kept at 5º C at different ages (1 month and 1 632 
year). P= portlandite; C = calcite; T = thaumasite; C-O = carbonates; S-O = sulfate 633 
vibration; Si-O(Si(IV)) = tetrahedral silicate vibration from C-S-H gel. 634 
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 641 
Figure 10. Detail of  XRD patterns of precipitates obtained from solutions containing an 642 
admixture based on nitrate (5A or 5B) and a mix of lignosulfonate and sodium 643 
carboxylate (10B) at 5ºC and at different ages (180, 270 days and 1 year). P = 644 
portlandite; C = calcite; T = thaumasite; + weddellite. 645 
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 662 
Figure 11. FTIR spectra of precipitates obtained from solutions containing an admixture 663 
based on nitrate (5A) at 5º C and at different ages P= portlandite; C = calcite; T = 664 
thaumasite; C-O = carbonate vibration; S-O = sulfate vibration; Si-O(Si(IV)) = 665 
tetrahedral silicate vibration from C-S-H gel 666 
 667 
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 674 

Figure 12. FTIR spectra of precipitates obtained from solutions containing an admixture 675 
based on a mix of lignosulfonate and carboxylate (10B) at 5º C and at different ages (1 676 
month, 2 months and 1 year). P = portlandite; C = calcite; T = thaumasite; C-O = 677 
carbonate vibration; S-O = sulfate vibration; Si-O(Si(IV)) = tetrahedral silicate vibration 678 
from C-S-H gel; Si-O(Si(VI)) = octahedral silicate vibration from thaumasite 679 
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