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Abstract 14 

Different ages of white cement pastes hydrated at 100 % RH and 25ºC or 65 ºC were 15 

characterised with 
29

Si MAS NMR spectroscopy. The findings showed that raising the curing 16 

temperature from 25ºC to 65 ºC accelerated hydration of the belite phase considerably, inducing 17 

a seven fold rise in its one day degree of hydration, while alite phase hydration grew by a factor 18 

of only 1.5 in the first day. Moreover, the C-S-H gel formed at the higher temperature had a 19 

longer mean chain length and a higher initial uptake of Al
3+

. Lastly, curing at a higher 20 

temperature stabilised only one crystalline aluminate phases, calcium hemicarboaluminate.   21 

 22 
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1. Introduction 25 

Portland cement is a poly-phase material containing silicates (alite and belite), aluminate, 26 

ferrites and sulfates, whose hydration is complex and difficult to study due to the many factors 27 
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involved. Some are intrinsic to the cement itself, such as its composition (differing clinker 28 

mineralogies, the use or otherwise of additions) and fineness or specific surface, while others 29 

are related to hydration conditions, including the water/cement ratio, absence or presence of 30 

admixtures and curing provisions (relative humidity and temperature). The reaction products 31 

deriving from portland cement hydration include a scantly crystalline calcium silicate hydrate 32 

known as C-S-H gel, the main binding phase in cement-based binders, as well as portlandite 33 

(CH) and smaller proportions of sulfoaluminate hydrates (AFt and AFm). Alite, is the main 34 

clinker phase, hydrates quickly and is consequently the phase that affords cement pastes their 35 

early age mechanical strength, a role it surrenders to belite in later age pastes 16). 36 

White cement is characterised by a careful selection of the raw materials used in its 37 

manufacture, for it must ensure L  87 whiteness, measured as specified in Spanish standard 38 

UNE (1). For that reason, white cement clinker may not contain iron in its composition, an 39 

element that acts as an effective flux in grey cement. The absence of such a flux calls for higher 40 

clinkerisation temperatures and the use of raw mixes with a lower lime saturation, i.e., to 41 

clinkers with higher proportions of belite than found in grey cement.  42 

White cement is often used in both precast and cast-in-place architectural concrete. 43 

Applications include precast curtain walls and facing panels, terrazzo surfaces, stucco, cement 44 

paint, tile grout, and decorative concrete. It is especially suitable for exposed aggregate finishes 45 

and for making colored cements containing pigments as additions (21). Precast concrete 46 

products are manufactured at high curing temperatures. On the one hand, temperature is known 47 

to accelerate the hydration rate in all cement phases (16), raising early age strength, whereas 48 

older age performance is better in ambient- than high temperature-cured cement 16, 28).  On 49 

the other, temperature modifies cement paste microstructure considerably, inducing an uneven 50 

distribution of hydration products and greater paste porosity 829, 30), while altering the 51 

composition of the pore solution (30). High temperatures likewise alter C-S-H gel composition, 52 

lowering its Ca/Si ratio (15, 16, 35); however, other authors reported that the temperature does 53 

not apparently influence in the Ca/Si (17, 25, 30).The proportions of stable cement hydration 54 

phases also change with curing temperature (13). Studies conducted by Damidot et al. (10-12) 55 

show that at ambient temperature, ettringite is the sole stable calcium sulfoaluminate, while at 56 

50 ºC and 85 ºC, calcium monosulfoaluminate hydrate also has a stability field. 57 
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One of the techniques most commonly used to monitor portland cement hydration is 58 

isothermal conduction calorimetry (50), which records the heat released during hydration 59 

reactions and the times when they take place. Since this method does not provide information 60 

on the nanostructure of the C-S-H gel formed, however, supplementary trials such as SEM/EDS 61 

or TEM/EDS must be run to obtain information on gel composition. 
29

Si magic
 
angle

 
spinning

 62 

nuclear
 
magnetic

 
resonance

 
(
29

Si MAS NMR), by contrast, delivers information on C-S-H
 
gel 63 

nanostructure and the evolution of silicate phase hydration reactions. 64 

The present study aimed to analyse the variations in the nanostructure of the C-S-H gel 65 

obtained by hydrating white cement with a high belite content at two temperatures, and monitor 66 

the degree of hydration attained by alite and belite over time at each temperature. The 67 

laboratory technique used to this end was primarily 
29

Si MAS NMR. 68 

2. Experimental 69 

The white cement used in this study, classified as BL I 52.5 R in Spanish standard UNE 70 

80305 (2) , was provided by CEMEX. Its chemical composition is given in Table 1. 71 

Table 1. XRF chemical analysis of white cement BL I 52.5 R 72 

Table 2 lists the mineralogical composition of the cement calculated by substituting the 73 

percentages of the oxides identified with XRF (Table 1) in the Bogue formulas (7), modified to 74 

include the Ca
2+

 ions found not only in the silicate (alite and belite) and aluminate (tricalcium 75 

aluminate and ferrite) phases, but also in CaCO3 and CaSO4·2H2O. 76 

Table 2. Mineralogical composition of white cement (modified Bogue analysis) 77 

White cement was hand-mixed at a water/cement (w/c) ratio of 0.425 for 3 minutes. The 78 

pastes were cured at 100 % relative humidity (RH) at 25 ºC or 65 ºC. The hydration reaction 79 

was detained at 1, 28, 62 or 182 days with acetone, followed by vacuum drying for 80 

approximately 1.5 hours.   81 

The hydrated pastes were studied on a BRUKER AVANCE-400 (9.4 T) 
29

Si MAS NMR 82 

spectrometer operating at 79.4 MHz for 
29

Si. The samples were packed into 7-mm ZrO2 rotors 83 

(active sample volume, 150 mg). Free induction decay (FID) signals were acquired via magic 84 

angle spinning and continuous pulse proton decoupling at a field strength (B2/2) of 2 kHz. The 85 

other instrumental settings were: pulse length, 7 µs; spinning rate, 4 kHz; scans, 128. Kaolin 86 

( = -91.5 ppm), referenced to TMS ( = 0 ppm), was used as the external control for chemical 87 

shift in all the 
29

Si MAS NMR experiments. The relaxation delay (d1) was 60 seconds, a value 88 
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that met the quantitativity criterion, for it was five times greater than the longitudinal relaxation 89 

(T1) as calculated with the saturation-comb experiment (33).  90 

Longitudinal 
29

Si relaxation times (T1) were measured for both the anhydrous WPC and 91 

the paste hydrated for 62 days at 25 ºC (BL62d). The saturation-comb consisted of a train of 25 92 

/2 saturation pulses of duration 7 µs separated by delays of 30 ms. Spectra were obtained for 93 

the anhydrous WPC and BL62d with the following values of variable delay (): 1, 2, 4, 6, 10, 15 94 

20, 40, 60 and 100 s. Each spectrum in the series was acquired with 16 scans at a MAS 95 

spinning rate of 6 kHz. A relaxation delay of 60 s was applied to prevent excessive probe and 96 

sample heating. The anhydrous WPC findings were: for belite, T1 = 9  2 s; T1 was not 97 

calculated for alite, for according to the literature (43), it yields shorter T1 values than belite. The 98 

T1 values found in paste BL62d were 6  1 s and 7  1 s, respectively, for the Q
1
 and Q

2
 units in 99 

the C-S-H gel formed.  100 

The solid-state 
27

Al MAS NMR experiments were performed on a Varian Agilent 101 

INOVA 17.6 T spectrometer (
1
H resonance frequency, 750 MHz; 

27
Al resonance frequency, 102 

195.36 MHz) fitted with a T3 MAS solid probe. The samples were loaded into 3.2 mm zirconia 103 

rotors. 
27

Al MAS spectra were acquired using a single pulse sequence, a pulse width of 1 μs 104 

(B1/2 = 60 kHz), spinning speeds of about 22 kHz, a 3 s relaxation delay and 512 scans. 105 

27
Al MAS NMR chemical shift was zeroed to the external standard used, a 1.0 M aqueous 106 

solution of AlCl3·6H2O. 107 

Spectrum processing and signal deconvolution-based quantitative integration were 108 

performed with MestRe-C v3.9 (8) software. 109 

Fourier transform infrared spectroscopy (FTIR) spectra were recorded on a NICOLET 110 

6700 FT-IR series spectrophotometer. Specimens were prepared by mixing 1mg of sample with 111 

300 mg of KBr. Spectral analysis was performed over the wavenumber range 4 000–400 cm
-1

 at 112 

a resolution of 4 cm
-1

. 113 

Powder X-ray diffraction (XRD) studies were conducted on a Bruker D8 Advance 114 

diffractometer, consisting of a high voltage, 3 kW generator, a (1.54 Å CuK) copper anode X-115 

ray tube normally operating at 1.54 kV and 50 mA, a Lynxeye detector with a 3 mm antiscatter 116 

slit and a (0.5 %) Ni K-beta filter. It was not fitted with a monochromator (i.e., K2 was not 117 
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eliminated). Readings were taken at 2 diffraction angles ranging from 5 to 60º, with a step size 118 

of 0.019º and a count time per step of 0.5 s. 119 

PhreqeeC software was used to determine the concentration of aluminium of some 120 

phases in equilibrium in a closed system at 25ºC and 65ºC. The solubility product data for all the 121 

compounds at 25ºC were taken from Stronach (45) (Table 3), and the solubility product data at 122 

65ºC were directly calculated with PhreqeeC sofware according to Van’t Hoff equation. 123 

3. Results and discussion 124 

The 
29

Si MAS NMR spectrum for the anhydrous cement (Figure 1) was characterised by 125 

a relatively narrow signal  at around -71.3 ppm attributed to belite (9, 20) and a series of wide 126 

signals between -66 ppm and -77 ppm, attributed to alite (23). These signals were much wider 127 

than the bands characteristic of pure tricalcium and dicalcium silicate, due to the uptake of ions 128 

such as Al
3+

,
 
Mg

2+ 
and Fe

3
 in the crystalline structure of these two phases (48) during their 129 

formation in the furnace.  130 

The experimental spectrum was simulated with three bands: a narrow signal at 131 

-71.3 ppm, associated with belite (that can be likened to β-C2S) and two wider signals at -69.89 132 

ppm and -73.51 ppm, attributed to alite (which can be likened to C3S). This deconvolution 133 

process is similar to the method proposed by Rawal et al. (37), who found an optimal simulation 134 

for alite with only two signals, using T1- filtered 
29

Si spectra, instead of the nine bands with 135 

variable Lorentzian/Gaussian ratios used by other authors in their simulations (36, 43). 136 

Establishing appropriate deconvolution parameters for the anhydrous WPC spectrum is 137 

instrumental to obtaining meaningful or logical results, for while good fits can be obtained using 138 

wholly incongruent parameters, the molar percentages obtained for the alite and belite phases 139 

will vary widely. 140 

The molar percentages obtained for alite and belite after deconvolution of the 
29

Si MAS 141 

NMR spectrum for anhydrous white cement were 65.61 % and 34.39 %, respectively. Using 142 

these percentages and the total amount of SiO2 determined with XRF, the percentages by 143 

weight for alite and belite were, respectively, 54.13 % and 21.40 %, for a belite/alite ratio of 144 

0.395. That value concurred with the 0.393 calculated with the modified Bogue formulas (Table 145 

2). The close correlation between the values obtained with the two techniques provided 146 

evidence of accurate deconvolution of the 
29

Si MAS NMR spectrum for anhydrous WPC. 147 
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Figure 1. Deconvolution of the 
29

Si MAS NMR spectrum for anhydrous WPC 148 

C-S-H, a gel formed during WPC hydration, is characterised by a sandwiched structure, 149 

with a central layer of Ca-O flanked on both sides by finite chains of SiO4 tetrahedra in 150 

dreierkette arrangement: sets of three, in which the two end tetrahedra share their oxygen 151 

atoms with the central Ca-O core, while the central or bridging tetrahedron joins the other two 152 

(39, 46, 47). Although C-S-H gel consists essentially of Si
4+

, O
2-

 and Ca
2+

 ions, it may also 153 

contain different ions present in the starting materials, such as Al
3+

, Na
+
 or  SO4

2-
 (39, 41). 154 

Figure 2 shows the 
29

Si MAS NMR spectra for pastes of different ages obtained by 155 

hydrating WPC at 25 ºC or 65 ºC. In NMR nomenclature, silicon tetrahedra are symbolised as Q
 156 

with a superscript, n, indicating silicate connectivity, i.e., the number of oxygen atoms shared 157 

with the adjacent silicon atoms (27). Further to that system, these spectra contained: Q
0
, 158 

isolated tetrahedra (bands at -67 ppm to -76 ppm associated with anhydrous alite and belite); 159 

Q
1
, chain-end tetrahedra or dimers (signal at -79 ppm); and Q

2
, mid-chain groups where both 160 

adjacent tetrahedra are occupied by silicon atoms (at -85 ppm), The latter two, attributed to the 161 

C-S-H gel formed during cement hydration (6, 38), overlapped with a third signal at around 162 

-82 ppm, associated with Q
2
(1Al) units, i.e, mid-chain groups in which one of the adjacent 163 

tetrahedra contained aluminium. This final signal was not clearly distinguishable on these 164 

spectra but was necessary to accurately simulate the experimental 
29

Si MAS NMR spectrum 165 

with deconvolution techniques. The presence of this tetrahedrally coordinated Al
3+

 in lieu of the 166 

Si
4+

 in the bridge position, -Al(IV)-, was corroborated by the analysis of the 
27

Al MAS NMR 167 

spectra reproduced in Figure 3. Note the signal at around 70 ppm, associated with Al
3+

, in 168 

addition to the signals characteristic of hydrated aluminates in the 0 to 20 ppm range, denoting 169 

octahedrally coordinated Al
3+

, -Al(VI)- (5, 44). A signal observed at around 35 ppm was 170 

attributed to pentacoordinated Al
3+

 -Al(V)- , resulting from the replacement of Ca
2+

 ions in the 171 

interlayered C-S-H structure (18). Other authors (40), using transmission electron microscopy 172 

and energy dispersive spectroscopy (TEM/EDS), have identified the presence of aluminium in 173 

the composition of C-S-H gel. 174 

Figure 2. 
29

Si MAS NMR spectra for WPC paste cured at (a)
 
25 ºC and (b) 65 ºC 175 

Figure 3. 
27

Al MAS NMR spectrum for 62 day WPC paste cured at 25 ºC. 176 
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The percentages of the Q
n 

units present in the various types of paste, determined by 177 

deconvoluting the spectra, are given in Table 4. Two deconvolution procedures were used, 178 

applying other authors' proposals. On the one hand, a previously described method similar to 179 

the system proposed by Rawal et al. (37) was used to simulate the signals for the anhydrous 180 

cement remaining in the paste. On the other, a procedure based on a proposal by Andersen et 181 

al. (4) was deployed to simulate the C-S-H gel signal. This latter method consists essentially of 182 

setting initial values for the peak associated with the Q
2
(1Al) units in the C-S-H gel in all the 183 

hydration series to simulate the experimental spectrum. In other words, the following 184 

parameters were maintained constant: a) the Lorentzian/Gaussian ratio (at 0.5); b) signal 185 

position (chemical shift); and c) peak width (in a given Hz range). To process these spectra, the 186 

Q
2
(1Al) peak width was maintained in the 220 ± 25 Hz range. This value was the mean found 187 

for five deconvolutions each of the spectra for a given hydration time and curing temperature 188 

and very similar to the value calculated by Andersen et al. (4). Particular care was taken in 189 

deconvoluting the peak associated with belite, the width of whose signal was held constant 190 

across the entire hydration series at the value obtained in the spectrum for anhydrous cement. 191 

Some authors (4, 37) use an extra signal at around -73.2 ppm throughout WPC hydration to 192 

simulate the remaining unreacted silicate phases, which they associate with -C2S. No such 193 

signal was used to deconvolute the spectra analysed in this study because the bands 194 

characteristic of that phase (49) were not detected with FTIR (Figure 4). These bands appear at 195 

950 cm
-1

 (asymmetric stretching band generated by the Si-O bonds in the SiO4, 3) and at 564 196 

cm
-1

 and 492 cm
-1

 (bending bands generated by the 4 in SiO4), and do not overlap with other 197 

silicate phase signals (alite and -C2S). No diffraction line whatsoever was observed for -C2S in 198 

the XRD studies, either. 199 

Figure 4. FTIR spectrum for anhydrous WPC and the -C2S polymorph. 200 

As hydration advanced, the Q
0
 unit signals associated with the anhydrous silicate 201 

phases declined as a whole, while the formation of Q
1
 and Q

2
 units intensified at both curing 202 

temperatures (Figure 5 and Table 4). The temperature induced intensification of Q
2
 unit 203 

formation and decline in Q
1
 unit formation in the 28 day materials was significant, for it inferred 204 

changes in C-S-H gel nanostructure with temperature. The Q
2
(1Al) units, in turn, were observed 205 

to form more actively with temperature at early ages only, an indication that temperature 206 
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favoured the initial uptake of Al
3+

 in the C-S-H gel, which remained essentially flat after 207 

approximately 62 days. It was probably due to faster reaction of C3A with rise cured temperature 208 

according to previous studies (16). 209 

Table 4. 
29

Si MAS NMR for WPC pastes at 25 ºC and 65 ºC 210 

Figure 5. Variation in the proportion of Q
n
 units in the C-S-H gel formed during WPC 211 

hydration at 25 ºC and 65 ºC. 212 

In the literature, the degree of cement hydration (β) or the amount of C-S-H gel formed 213 

is generally found from the following equation: β = Q
1
+Q

2
 = 100-Q

0
 (3, 26). This equation 214 

showed that, at all ages, total silicate hydration in the paste rose with temperature (Figure 6 and 215 

Table 4), with hydration values of close to 100 % in the 182 day specimens hydrated at 65 ºC. 216 

Nonetheless, the information provided by this equation is not broken down into the alite and 217 

belite phases. The degree of hydration in these phases was consequently calculated with the 218 

equation proposed by Justnes et al (24), in which the relative areas of the signals obtained by 219 

deconvoluting the 
29

Si MAS NMR spectra for the cement pastes -A(t)- are divided to the relative 220 

area of the same signals in the spectrum for the anhydrous cement -A(t=0)-, according to the 221 

following equation: hydration degree of Alite/belite (%) = [1 – (A(t)/A(t=0))] x 100.  222 

Figure 7 shows the variation in the degree of silicate hydration over time in BL I 52.5 R 223 

cement, at both temperatures. As expected, the degree of alite and belite hydration rose with 224 

curing time and temperature. Hydration was consistently higher in alite than in belite at any 225 

given temperature and curing age due to the difference in their reaction kinetics. Emphasize that 226 

the temperature affected the belite hydration rate intensely, especially at the initial ages. At day 227 

1 belite hydration grew seven-fold when the curing temperature was raised, while alite only rose 228 

by a factor of 1.5. Finally, the degree of belite hydration in pastes cured at 25 ºC was higher 229 

than reported in the literature (37). 230 

Figure 6. Variation in total cement paste hydration with curing time at 25 ºC and 65 ºC. 231 

Figure 7. Degree of hydration in (a) alite and (b) belite in WPC pastes cured at 25 ºC and 232 

65 ºC. 233 

Moreover, the relationship between the degree of total hydration and the percentage of 234 

both Q
1
 and Q

2
 units in the C-S-H gel (Figure 8) proved to be linear, with correlation coefficients 235 

(R
2
) ranging from 0.935 to 0.996. The slope of the line for the Q

1
 units declined with rising curing 236 
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temperature, whereas the slope for the Q
2
 units rose significantly, an indication that temperature 237 

affected not only reaction kinetics but also the structure of the gel formed.  238 

Figure 8. Q
1 
and Q

2 
units in the C-S-H gel formed during WPC hydration vs total degree of 239 

silicate hydration at 25 ºC and 65 ºC. 240 

Another important characteristic of C-S-H gels is their mean chain length (MCL). Figure 241 

9 shows that as hydration progressed, the C-S-H gels formed had longer MCLs, suggesting that 242 

the polymerisation took place in keeping with the usual pattern: two monomers joining to form a 243 

dimer; monomer + dimer + dimer joining to form a pentamer and, less frequently, monomer + 244 

dimer + pentamer joining to form an octamer (22). MCL rose significantly with curing 245 

temperature, with 182 day gels cured at 65 ºC exhibiting mean chain lengths of 6.13 compared 246 

to 4.27 in the pastes cured at 25 ºC. In other words, at 65 ºC the gels formed consisted primarily 247 

of pentameric silicates and a smaller proportion of octamers, whereas at 25 ºC they comprised 248 

essentially dimers and pentamers. The increase in MCL with curing temperature has been 249 

reported in C3S (42) and WPC (32) hydration studies, although the latter authors made no 250 

mention of any steep rise in the degree of belite hydration with curing temperature. 251 

The chain lengths found here for the pastes cured at 25 ºC were similar to the findings 252 

observed by other authors (32). They were somewhat higher, however, than reported by 253 

Andersen et al. (4), for white cement hydrated at 20 ºC, even though these authors used the 254 

same deconvolution procedure and chemical shift and peak width (in Hz) values as in this study, 255 

as well as a constant L/G ratio of 0.5 to simulate the Q
2
(1Al) signal. 256 

Figure 9. Variation in MCL for the C-S-H gels obtained by hydrating WPC at different 257 

curing temperatures. 258 

Some authors have noted that longer chain lengths could be obtained by increasing the 259 

amount of tetrahedrally coordinated Al
3+

 taken up in the C-S-H gel, because Al
3+

 is located in 260 

the bridging tetrahedra. The Al(IV)/Si ratio (Figure 10) found with the equation proposed by 261 

Richardson (38) rose up to the age of 62 days in the samples cured at 25 ºC, while in the 262 

samples hydrated at 65 ºC, the Al(IV)/Si ratio was much higher at early ages and declined with 263 

hydration time. Temperature changes the proportions of stable aluminate phases and enhances 264 

the solubility of several aluminate hydrates, which would explain these results.  265 
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Further to the XRD findings, the 1 day pastes hydrated at both curing temperatures 266 

contained calcium hemicarboaluminate (Hc) as the sole crystalline aluminate phase, while at 267 

25 ºC, traces of ettringite may have been present. Over time, ettringite (AFt), co-existing with 268 

calcium monosulfoaluminate (AFm) or calcium hemicarboaluminate, crystallised in the samples 269 

cured at 25 ºC, whereas in the pastes cured at 65 ºC, only calcium hemicarboaluminate was 270 

found.  271 

Table 5 gives the theoretical aluminium dissolved concentration for different phases in 272 

saturated aqueous solutions at the two experimental temperatures, as calculated with PhreqeeC 273 

software (34). Note that the aluminium dissolved concentration rose with temperature, according 274 

to Lothenbach (31). 275 

Table 5. Dissolved aluminium concentration in solutions in contact with hydrated phases in 276 

cement cured at 25 ºC and 65 ºC 277 

The aluminate phases may be assumed to react faster at 65 ºC, which would translate 278 

into a higher aluminium dissolved concentration in the water at early ages, when the rate of C-279 

S-H gel precipitation is high. That would explain the higher initial uptake of Al
3+

 in the gel 280 

structure. Over time, the amount of aluminium dissolved available in the solution would decline, 281 

although hydration continues. The new gels formed would have a lower Al
3+

 content and 282 

consequently a lower mean Al(IV)/Si ratio. 283 

No AFt formed at 65 ºC, nor was monosulphate obtained, while Hc was the sole 284 

crystalline aluminous phase present at all the ages studied. Hence, higher temperature led to 285 

greater sulfate ion uptake/absorption in the C-S-H gel (14, 19). Lastly, either monosulphate or 286 

hemicarboaluminate was observed (Figure 11). 287 

Figure 10. Variation in the Al(IV)/Si ratio in the C-S-H gel formed during WPC hydration at 288 

25ºC and 65ºC. 289 

Figure 11. Diffractograms for the pastes obtained by hydrating WPC at 25 ºC and 65 ºC, 290 

where CH is portlandite, AFt is ettringite, AFm is calcium sulfoaluminate and Hc is 291 

calcium hemicarboluminate. 292 

4. Conclusions 293 

The present study used 
29

Si nuclear magnetic resonance to determine the effect of 294 

temperature (25 ºC and 65 ºC) on alite and belite hydration, the nanostructure of the C-S-H gel 295 

and the phase ratios obtained in a white cement. 296 
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  Temperature accelerated the hydration rate of both silicates, but belite much more 297 

intensely, for its degree of hydration was up to seven times greater in the 1 day 298 

samples cured at 65 ºC than in the same age samples cured at 25 ºC. 299 

  The C-S-H gels obtained at 65 ºC had a much longer mean chain length than the 300 

gels obtained at 25 ºC due to the steep rise in Q
2
 unit, and a decline in Q

1
 unit, 301 

formation in the former. 302 

 The proportion of Al
3+

 taken up in the C-S-H gels obtained at 65 ºC was initially very 303 

high and declined with hydration time, while in the gels obtained at 25 ºC uptake was 304 

initially lower and grew with curing time. 305 

 The pastes hydrated at 25 ºC contained ettringite together with calcium 306 

monosulfoaluminate hydrate or calcium hemicarboaluminate hydrate, while the latter 307 

was the sole crystalline aluminate present in the pastes cured at 65 ºC.  308 

 309 
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FIGURE CAPTIONS 429 

 430 

Figure 1. Deconvolution of the 
29

Si MAS NMR spectrum for anhydrous WPC 431 

 432 

Figure 2. 
29

Si MAS NMR spectra for WPC paste cured at (a)
 
25 ºC and (b) 65 ºC 433 

 434 

Figure 3. 
27

Al MAS NMR spectrum for 62 day WPC paste cured at 25 ºC. 435 

 436 

Figure 4. FTIR spectrum for anhydrous WPC and the -C2S polymorph. 437 

 438 

Figure 5. Variation in the proportion of Q
n
 units in the C-S-H gel formed during WPC hydration 439 

at 25 ºC and 65 ºC. 440 

 441 

Figure 6. Variation in total cement paste hydration with curing time at 25 ºC and 65 ºC. 442 

 443 

Figure 7. Degree of hydration in (a) alite and (b) belite in WPC pastes cured at 25 ºC and 65 ºC. 444 

 445 

Figure 8. Q
1 
and Q

2 
units in the C-S-H gel formed during WPC hydration vs total degree of 446 

silicate hydration at 25 ºC and 65 ºC. 447 

 448 

Figure 9. Variation in MCL for the C-S-H gels obtained by hydrating WPC at different curing 449 

temperatures. 450 

 451 

Figure 10. Variation in the Al(IV)/Si ratio in the C-S-H gel formed during WPC hydration at 25ºC 452 

and 65ºC. 453 

 454 

Figure 11. Diffractograms for the pastes obtained by hydrating WPC at 25 ºC and 65 ºC, where 455 

CH is portlandite, AFt is ettringite, AFm is calcium sulfoaluminate and Hc is calcium 456 

hemicarboluminate. 457 

 458 
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Table 1. XRF chemical analysis of white cement BL I 52.5 R 459 

SiO2 Al2O3 Fe2O3 MgO CaO Na2O SO3 K2O TiO2 P2O5 LOI 

21.71 4.85 0.32 0.88 65.08 0.15 3.82 0.57 0.12 0.06 2.387 

LOI: loss on ignition at 1 000 ºC 460 

Table 2. Mineralogical composition of white cement (modified Bogue analysis) 461 

 462 

 463 

 464 

 465 

 466 
 467 

Table 3: Solid phase chemical equilibrium constants at 25ºC 468 

 469 

Table 4. 
29

Si MAS NMR for WPC pastes at 25 ºC and 65 ºC 470 
Temperature 

(ºC) 

Time 

(days) 

Q
n
 (%) MCL β (%) AlIV/Si 

Q
0
 Q

1
 Q

2
 Q

2
(1Al)    

 

25 

1 62.24 22.75 10.73 4.28 3.51 37.76 0.057 

28 28.07 40.33 18.64 12.95 3.89 71.93 0.090 

62 23.56 39.82 21.87 14.75 4.20 76.44 0.096 

182 19.26 41.53 23.17 16.04 4.27 80.74 0.100 

 Time 

(days) 

Q
n
 (%) MCL β (%) AlIV/Si 

 Q
0
 Q

1
 Q

2
 Q

2
(1Al)    

 

65 

1 31.36 32.04 20.23 16.37 4.76 68.64 0.119 

28 14.00 33.13 33.74 19.13 5.77 86.00 0.111 

62 7.51 34.64 42.20 15.65 5.79 92.49 0.085 

182 0 35.22 48.87 15.91 6.13 100 0.080 

* Very low intensity signal, close to noise level, therefore regarded as approximately zero 471 

 472 
Table 5. Dissolved aluminium concentration in solutions in contact with hydrated phases in cement cured at 25 473 

ºC and 65 ºC 474 

Dissolved phase 

Al concentration (mmol/kg solvent) pH 

25 ºC 65 ºC 25 ºC 65 ºC 

AFt 5.536·10
-4
 5.177·10

-3
 11.002 10.845 

Hc 2.453·10
-3
  ↓ 5.466·10

-2
  ↓ 11.719 11.898 

C3AH6 2.477·10
-3
  ↓ 7.635·10

-2
 11.632 11.943 

AFt + Hc + CH 1.964·10
-5
  ↓ 1.163·10

-2
  ↓ 12.472 12.167 

AFt + CH 6.675·10
-6
 1.392·10

-4
 12.472 12.173 

Hc + CH 1.894·10
-5
  ↓ 1.163·10

-2
 ↓ 12.472 12.167 

AFt + Hc 2.453·10
-3
  ↓ 5.466·10

-2
  ↓ 11.719 11.898 

↓ Other phases precipitated 475 

476 

Phase WPC (wt%) 

C3S 54.32 

C2S 21.37 

C3A 12.31 

C4AF 0.98 

Mineral Dissolution reaction Log K 
Portlandite Ca(OH)2 + 2 H

+
 = Ca

2+
 + 2 H2O 22.82 

C3AH6 Ca3Al2O6:6H2O + 12 H
+
 = 3Ca

2+
 + 2 Al

3+
 + 12 H2O 78.66 

Ettringite Ca6Al2S3O24H12:26H2O + 12 H
+
 = 6 Ca

2+
 + 2 Al

3+
 + 3 SO4

2-
 + 38 H2O 55.22 

Hemicarboaluminate Ca4Al2CO9:11H2O + 12 H
+
 = 4 Ca

2+
 + 2 Al

3+
 + CO3

2-
 + 17 H2O 69.86 
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