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12 Abstract: Model cement systems form the basis for the systematic investigation of three 

13 calcined phyllosilicates. Metamuscovite acts as pure filler, accelerates alite hydration and leads 

14 to an increased degree of hydration of alite compared to the reference. A different picture 

15 emerges for metaillite and metakaolin. Despite the slight filler effect of the clay particles, the 

16 alite at the onset of the aluminate clinker reaction as well as after 2 days of hydration reaches 

17 significantly lower degrees of hydration. This indicates interaction of the negatively charged 

18 calcined clay surfaces with the sulfate from the pore solution. The chemical reactivity of the 

19 metaillite and metakaolin during early hydration can be demonstrated by direct quantification 

20 as well as by the consumption of portlandite and the formation of C-S-H. This leads to a better 

21 understanding of the effect of individual calcined phyllosilicates and help to predict the 

22 influence of complex calcined clays on early hydration. 

23 Keywords: calcined clay; supplementary cementitious material; reaction kinetics; calorimetry; 

24 in situ X-ray diffraction

25 1. Introduction

26 Calcined clays (CC) are among the most promising materials to meet the increasing demand 

27 for clinker-reduced binders, as they are globally and locally available in sufficient quantities 
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28 and qualities [1]. The mineralogical complexity as well as complex surface properties of CC 

29 are a challenge in predicting their influence on early hydration [2, 3]. An improved 

30 understanding of the mechanisms behind the influence of calcined clays on early hydration is 

31 essential for their widespread use in modern cements and concretes and has a high potential for 

32 saving CO2 [4]. 

33 Both, the mechanisms behind the influence of CC on the silicate as well as aluminate clinker 

34 reaction are currently under discussion and focus in case of the latter on the influence of 

35 different supplementary cementitious materials (SCMs) on the sulfate balance. Different 

36 theories are described regarding the impact on sulfate carrier dissolution and thus to an 

37 influence on the aluminate clinker reaction. All theories unite that adsorption effects on the 

38 surfaces of the C3A particles [5], on the surfaces of the formed calcium silicate hydrate (C-S-

39 H) phases [6, 7] or on the surfaces of the SCMs directly [8-10] influence the sulfate balance. 

40 According to their results, the reactivity of the SCMs used plays a minor role for the early 

41 hydration [7, 10]. Nevertheless, studies in clinker-free model systems show that both 

42 metakaolin (MK) and metaillite (MI) can independently form hydrate phases at very early 

43 times. Metamuscovite (MM) shows only a very low reactivity [9]. The relationship between the 

44 formation of the C-S-H and the dissolution of the sulfate carrier is well established for pure 

45 cement systems [7, 11, 12]. Thus, the influence of the aluminate clinker reaction, which is 

46 controlled by the dissolution of the sulfate carrier, is strongly dependent on alite reaction and 

47 the formation of C-S-H. This is also shown for the filler effect by the use of different SCMs. 

48 An accelerated alite hydration and consequently C-S-H formation accelerate the dissolution of 

49 the sulfate carrier [13]. Maier et al. [10] confirm this relationship in their reference systems and 

50 systems with limestone powder as filler. However, the results for CC with different kaolinite 

51 contents show that, in addition to the surfaces of the C-S-H, further surfaces are needed to 

52 completely adsorb the sulfate. In addition Jansen et al. [14] proved with a complete mass 
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53 balance approach that after the sulfate depletion, all sulfate is bound in ettringite (AFt). Thus, 

54 regardless of the mechanism and surfaces responsible for sulfate carrier dissolution and 

55 adsorption, desorption must occur to be available for reaction to AFt. Clearly sharper aluminate 

56 peaks during calorimetric measurements indicate differences of the desorption behavior and 

57 faster desorption of sulfate from metakaolin particles in comparison to C-S-H surfaces [10]. 

58 Investigations on CC with a high metaillite respectively metakaolin content show a clear 

59 influence, in particular on the sulfation of the systems depending on the meta-phyllosilicate 

60 used [8]. 

61 Despite great progress in understanding the mechanism of CC in cementitious systems, their 

62 mechanisms remain a subject of current debate. The complexity of the investigations with two 

63 multiphase mixtures, cement and clay, make the differentiation of physical and chemical effects 

64 very difficult. A reduction of the system to the clinker phases, which are decisive for the early 

65 hydration, as well as possible pure-phase meta-phyllosilicates form the basis and the starting 

66 point for the present work. The complete quantification of in situ X-ray diffraction (XRD) 

67 measurements during the first 50 h yield information on the influence of three individual, nearly 

68 pure calcined phyllosilicates (“meta-phyllosilicates”: metakaolin, metaillite and 

69 metamuscovite) on the early clinker hydration of a synthetic cement system. By reducing the 

70 cement to the fast clinker phases alite and C3A, aims to answer questions on the influence of 

71 individual meta-phyllosilicates on the silicate and aluminate clinker reaction as well as on the 

72 sulfate balance of the systems. The complete quantification of in situ XRD measurements 

73 including the poorly crystalline C-S-H phase, as well as the meta-phyllosilicates gives a deeper 

74 insight into the behavior of the different phyllosilicates. This will further verify the mechanisms 

75 described previously and strengthen the understanding of complex blended cement systems 

76 using CC.

77
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78 2. Materials and methods

79 2.1. Characterization of the meta-phyllosilicates

80 A detailed characterization of the meta-phyllosilicates (metakaolin (MK), metaillite (MI), 

81 metamuscovite (MM)) and descriptions of the methods used for characterization can be found 

82 in publications of clinker-free model systems [9, 15]. Table 1 summarizes the silicon (Si) and 

83 aluminum (Al) ion solubility and physical parameters as well as the zeta potential of the meta-

84 phyllosilicates investigated in a synthetic model pore solution [16], Table 2 provides their 

85 chemical and mineralogical composition.

86 Table 1 Si- and Al-solubility of 1 g meta-phyllosilicate in 400 ml MOH solution, specific 

87 surface area, particle density, water absorption capacity and zeta potential of the meta-

88 phyllosilicates investigated

MK MI MM

Si [mmol l-1] 7.97 3.44 0.44

Al [mmol l-1] 7.64 1.85 0.29

Si/Al [-] 1.07 1.86 1.55

BET [m2 g-1] [17] 14.1 82.4 10.9

PD [g cm-3] [18] 2.42 2.76 2.70

WAC [%] [19] 77.0 76.4 154.5

Zeta potential 

[mV] [16]
-47.3 -28.0 -9.5

89
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90 Table 2 Chemical and mineralogical composition of meta-phyllosilicates investigated

Oxides (wt%) MK MI MM Phases (wt%) MK MI MM

SiO2 54.5 49.5 47.4 Quartz 5.0

Al2O3 40.2 21.3 32.7 Anatase 0.6

Fe2O3 1.8 6.6 5.1 Phengite 1.4

CaO < 0.1 6.9 0.2 Illite 31.3

MgO 0.2 2.9 < 0.1 Calcite 3.6

SO3 < 0.1 < 0.1 < 0.1 Lime 0.5

Na2O 0.3 0.3 0.6 Portlandite 1.5

K2O 0.3 6.3 12.0 Muscovite 76.3

TiO2 1.4 0.7 0.9

LOI 1.3 5.4 0.9 X-ray amorphous 93.0 63.1 23.7

91 2.2. Synthetic cement (SyCEM) systems and test program

92 The synthetic cement (SyCEM) consists of synthetic monoclinic alite and cubic tricalcium 

93 aluminate C3A. Bassanite and gypsum were used as sulfate carrier. The magnesium and 

94 aluminum stabilized M3 polymorph of alite was synthesized with a composition of 71.7 wt-% 

95 CaO, 25.9 wt-% SiO2, 1.8 wt-% MgO and 0.6 wt-% Al2O3. The cubic C3A was synthesized in 

96 the stoichiometric ratio of 3:1 (3*CaO*Al2O3). For the respective synthesis, the corresponding 

97 powders were homogenized in a vibrating disk mill using an agate tool, calcined at 1000 °C 

98 and then sintered in platinum crucibles in several sintering steps at 1400 °C for 5 or 6 hours. 

99 Between the individual sintering steps, the samples were crushed in the agate tool and finally 

100 ground to the required fineness. Bassanite was produced from gypsum (Merck) by dehydration 

101 at 85 °C for 7 days. Two reference systems were prepared, one pure system (SyCEM) and one 

102 with 10 wt-% of limestone powder (SyCEM-10LL). The limestone powder consists of 92 wt% 

103 calcite, 6 wt% dolomite and 2 wt% quartz with a BET of 6.0 m2g-1 and a d50 of 20 µm. Its 
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104 characterization can be found in [20]. The composition of the reference systems and their 

105 specific surface areas (Blaine) are given in Table 3. 

106 Table 3 Composition of the two reference systems in [wt-%] and their specific surface area 

107 (Blaine) in [m2/g]

Alite C3Acubic Gypsum Bassanite LL Blaine

SyCEM 87.25 8.5 3.5 0.75 - ≈ 4050

SyCEM-10LL 78.525 7.65 3.15 0.675 10 ≈ 4100
108

109 The two reference systems were each substituted with 20 wt-%. of one of the three meta-

110 phyllosilicates. The naming of the systems corresponds to their compositions, such as SyCEM-

111 20MK or SyCEM-10LL-20MK. The w/b value for all tests is 0.6. In addition, sulfation of the 

112 accelerated meta-phyllosilicate systems was carried out. Gypsum was added for this purpose.

113 Isothermal calorimetry, in situ X-ray diffraction, thermogravimetry were performed. Before the 

114 start of each investigation, the materials were equilibrated overnight in a heating cabinet at 

115 measurement temperature (25 °C). The equilibrated samples were stirred manually with a 

116 spatula for 60 s and then immediately transferred to an appropriate crucible.

117 2.3. Particle size distribution

118 Particle size distribution (PSD) was performed on the three meta-phyllosilicates without and 

119 with ultrasonic treatment using the Bettersizer S3 plus from 3P Instruments. The stirrer was set 

120 to 900 rpm and then the sample was filled inside the instrument. After achieving optimum 

121 obscuration, the first measurement was carried out without ultrasound treatment. Subsequently, 

122 the sample was subjected to a 30 s ultrasonic treatment in the Bettersizer and then the PSD was 

123 measured again.
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124 2.4. Isothermal calorimetry

125 Isothermal calorimetry experiments were performed with TA instruments TAM Air calorimeter 

126 at 25 °C for 50 h with 2 g of quartz sand in the reference chamber. The measured heat flow was 

127 normalized to 1 g of the SyCEM. Data analysis was done with Origin 2018b.

128 2.5. Thermogravimetry

129 Thermogravimetric (TG) investigations were carried out with Netzsch STA 449 F3. The 

130 samples were stopped with acetone after 6 and 48 h of hydration. The exact process for sample 

131 preparation and the experimental procedure is explained in [20]. The bound water was 

132 determined using the temperature interval from 20 to 400 °C and is referred to weight percent 

133 of the paste and normalized to 1 g of the SyCEM. The evaluation of the bound water is carried 

134 out in three temperature ranges from approximately 20-140°C, 140-190°C, and 190-400°C. The 

135 CH content was calculated from the mass loss in the temperature interval between 450 and 

136 550 °C. The exact procedure and formulas for calculating the bound water and CH content are 

137 given in [9].

138 2.6. In situ X-ray diffraction

139 In situ XRD measurements were performed with a PANalytical Empyrean diffractometer 

140 equipped with a primary Bragg–BrentanoHD monochromator and a PIXcel1D linear detector.  

141 A diffractogram was taken repeatedly in 15 min from 6 to 40° 2Θ at 40 kV and 40 mA with Cu 

142 Kα radiation for 50 h (200 scans). The sample holder of the diffractometer was connected to a 

143 temperature device that allowed in situ XRD measurements at the same temperature as the 

144 calorimetric measurements thus ensuring good comparability of both methods. The 

145 measurements were analyzed with High Score 4.7 [21] using Rietveld refinement [22, 23] with 

146 a combination of G-factor and PONKCS method [24, 25] according to Bergold et al. [26]. 
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147 Table 4 lists all structures used for Rietveld refinement. In contrast to determining the phase 

148 content of the meta-phyllosilicates (section 2.1), the polycrystalline silicon disc was covered 

149 with Kapton film in order to calculate the factor G. For the application of the PONKCS method, 

150 hkl phase models were developed (Kapton film) and calibrated (free water, MK, MI, MM, 

151 calcium-silicate-hydrate (C-S-H)) for all non-crystalline components of the sample for which 

152 no structural data existed. The exact procedure is explained in [20] for creating the hkl-phase 

153 model of the Kapton film as well as for creating and calibrating the hkl-phase models of free 

154 water, MK and MM. The same procedure was applied to create and calibrate the hkl-phase 

155 model of MI. The C-S-H model was created according to Bergold et al. [26] and is described 

156 in detail in [9].

157 Table 4 Phases, Authors and ICSD numbers used for Rietveld refinement

Phase Author ICSD-No.

Silicon [27] 52266

Alite [28] 94742

C3Acubic [29] 1841

Gypsum [30] 92567

Calcite [31] 40107

Illite [32] 166963

Muscovite [33] 68548

CH [34] 34241

AFt [35] 155395

AFm-Hc1 [36]

Tobermorite2 [37] 403090

Kuzelite3 [38] 100138

158 1Hemicarboaluminatehydrate

159 2Structure information used for creating hkl-phase model for C-S-H

160 3Structure information used to quantify Calcium Aluminum Sulfate Hydrate (Ca4Al2O6(SO4) x 14 H2O 

161 PDF-Nr: 42-0062 [39], abbreviation:C4A$ x H14)

162 In order to ensure stable refinement over the measurement period of 200 scans, as few 

163 parameters as possible should be unlocked during Rietveld refinement, especially if the 
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164 PONKCS method is used with several hkl-phase models. The lattice parameter of the SyCEM 

165 phases alite, C3Acubic, gypsum and calcite were refined on pure powder samples and kept fixed 

166 during refinement of the paste. A schematic illustration of the analysis routine is given in [9]. 

167 For MI and MM, both the scaling factor of the hkl-phase models and the crystalline structure 

168 were refined and presented as a sum.

169 The degree of hydration (DoH) of alite or degree of reaction (DoR) of the meta-phyllosilicates 

170 was calculated from the respective initial values and the data from in situ quantification, 

171 smoothed by a fast fourier transformation (FFT) filter. The calculation of CH consumption and 

172 C-S-H formation is based on the difference between the quantified content and the content 

173 calculated from the reacted alite according to equation 1.

174 C3S + 3.9 H      C1.7SH2.6 + 1.3 CH (equation 1)

175 The reaction rate of AFt was calculated using the content of AFt right at the beginning of 

176 hydration (AFt start), the content of AFt at the onset of accelerated AFt formation (AFt at onset), 

177 and the time interval until the onset of accelerated AFt formation (Time until AFt onset) 

178 according to the following equation.

179 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 (𝐴𝐹𝑡)[𝑤𝑡% ℎ―1] =
𝐴𝐹𝑡 𝑎𝑡 𝑜𝑛𝑠𝑒𝑡 [𝑤𝑡%] ― 𝐴𝐹𝑡 𝑠𝑡𝑎𝑟𝑡 [𝑤𝑡%]

𝑇𝑖𝑚𝑒 𝑢𝑛𝑡𝑖𝑙 𝐴𝐹𝑡 𝑜𝑛𝑠𝑒𝑡 [ℎ]

180
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181 3. Results and discussion

182 3.1. Particle size distribution

183 The PSD without and after 30 s ultrasound treatment (a) and their differences in PSD (b) is 

184 shown in Figure 1. The results yields clear differences between the individual meta-

185 phyllosilicates. For MM, the ultrasound treatment leads only to small differences of 1 - 2 Vol.-

186 % at the peak. MI and MK, on the other hand reveal very significant differences and thus a clear 

187 refinement of the PSD by ultrasound treatment. These results indicate the extent to which the 

188 different meta-phyllosilicates agglomerate. MM hardly agglomerate while MI and MK clearly 

189 agglomerate with maxima at 60 μm and 40 μm respectively. Table 5 summarizes the d10, d50 

190 and d90 values before and after ultrasound treatment.

191

192 Figure 1PSD before and after ultrasound (US) treatment (a) and their differences (b)

193 Table 5 Summary of the results of the PSD before and after ultrasound treatment

MK MI MM

Before US After US Before US After US Before US After US
d10 [μm] 1.7 1.4 5.4 4.1 5.8 5.7
d50 [μm] 15.0 8.6 26.7 20.3 18.1 17.6
d90 [μm] 122.0 44.1 96.6 66.4 43.1 42.6
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194 3.2. Isothermal calorimetry

195 The heat flow of SyCEM with 20MK replacement and different sulfation (Figure 2a) shows a 

196 similar influence on the silicate reaction at all sulfation levels. Only a minor difference to the 

197 reference system can be observed. With limestone powder, all sulfation levels also behave 

198 synchronously with respect to the silicate reaction. Here, the addition of 20MK leads to an 

199 acceleration of the silicate reaction compared to SyCEM-10LL (Figure 2b). The influence of 

200 20MK on the aluminate reaction is identical with and without limestone powder. While the 

201 differences between the maximum of the silicate and the aluminate reaction in the reference 

202 systems are > 15 h, the addition of 20MK leads to a strong acceleration of the aluminate reaction 

203 and thus to a decrease of the difference to < 3 h. The low sulfate contents result from dilution 

204 of the reference systems with 20 wt-% meta-phyllosilicate. Adding more gypsum results in a 

205 comparable retardation of the aluminate reaction with and without limestone powder for both 

206 sulfation levels. The sulfation corresponding to the original sulfate content of the reference 

207 systems (2.0 and 1.8 % SO3) is not sufficient to reestablish the difference between silicate and 

208 aluminate reactions. Finally, a further increase of the sulfate content by 50 % leads to a 

209 retardation of the aluminate reaction beyond the level of the reference systems.

210

211 Figure 2Heat flow with 20MK replacement and different sulfation of SyCEM (a) and 

212 SyCEM-10LL (b) systems
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213 The calorimetric investigations of the 2:1 phyllosilicates MI and MM (Figure 3) yield a less 

214 pronounced acceleration of the aluminate clinker reaction compared to the MK systems. The 

215 difference between the maximum of the silicate and aluminate clinker reaction is 5 - 6 h. In case 

216 of the systems with MM a sulfation of 2.0 and 1.8 % resp. is already sufficient to reestablish 

217 the initial condition of the reference system. The retardation of the aluminate reaction in the 

218 systems with MI lies between MK and MM. The sulfation of 2.0 and 1.8 % is almost sufficient 

219 to reach the condition of the reference system. The silicate reaction is accelerated compared to 

220 the reference both with and without limestone powder for the SyCEM – 20MM systems and  

221 with limestone powder only for the SyCEM - 20MI systems. The influence on the silicate 

222 clinker reaction is comparable for MK and MI and differs from the influence on MM. Since the 

223 meta-phyllosilicates exhibit significant differences in their PSD and BET, no direct correlation 

224 of the physical filler effect and the PSD or BET of the meta-phyllosilicates can be established. 

225 Maier et al. [10] justify this observation based on a comparison between limestone powder and 

226 kaolinite-rich clays with an agglomeration of clay minerals compared to limestone powder. 

227 MM is not prone to such agglomeration (see Figure 1) and can thus exploit the physical 

228 influence of the silicate reaction by the filler effect and the available surfaces for nucleation of 

229 the C-S-H phases. 

230
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231 Figure 3Heat flow with 20MI or 20MM replacement and different sulfation of SyCEM (a) 

232 and SyCEM-10LL (b) systems

233 3.3. Thermogravimetry

234 The results of the TG measurements are presented in Figure 4. After 6 hours, the CH content 

235 differs hardly (Figure 4a and b). The systems with MM show slightly higher CH contents than 

236 the reference systems, which is in line with the stronger acceleration of the silicate reaction. 

237 The influence of the meta-phyllosilicates becomes clear after 2 days. Both without and with 

238 LL, the systems with MK and MI have lower CH contents than the reference, indicating the 

239 chemical reactivity of the meta-phyllosilicates. The MM systems are in the range of the 

240 reference after 2 d or reach a slightly higher value than the reference systems. Thus, no 

241 portlandite consumption and therefore no chemical reactivity of the MM is detectable. 

242 The sum of bound water is higher for all meta-phyllosilicates than for the corresponding 

243 reference systems (Figure 4c and d). This can be attributed to the accelerated alite hydration of 

244 the MM systems, and to the chemical reactivity of the phyllosilicates for MK and MI. In 

245 addition, for MK an increased water binding is visible in “Stage 2”. This corresponds to earlier 

246 observations [40] and is attributed to the higher content of reactive aluminum in MK compared 

247 to 2:1 phyllosilicates.
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248

249 Figure 4CH-content (a and b) and bound water (c and d) after 6 h and 2 d. The values are 

250 normalized to wt-% of the paste per gram of the synthetic cement (SyCEM).

251 3.4. In situ X-ray diffraction

252 0 shows the quantification of the reference systems (a and b) and the 20MK systems (c and d). 

253 Alite hydration progresses comparably for both reference systems. The onset of alite hydration 

254 after 4-5 hours is accompanied by the first formation of CH. Quantification of C-S-H is possible 

255 2-3 hours after the onset of alite hydration. This is due to the small crystallite size of the C-S-

256 H at the beginning of alite hydration, as shown by Bergold et al. [26]. With replacement of 

257 20MK, alite hydration appears to be slightly accelerated but less pronounced compared to the 

258 reference systems. 
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259 The aluminate reaction goes along with an initial dissolution of bassanite, gypsum and C3A, 

260 and initial formation of AFt between 0.7 and 1.7 wt-% (Table 7) after the first scan of the in 

261 situ XRD analysis (15 minutes). This is followed by continuous AFt formation until complete 

262 dissolution of the gypsum and subsequent accelerated AFt formation until it reaches its 

263 maximum content (AFtmax). Subsequently, the reaction in the limestone-free systems continues 

264 to form monosulfate hydrate (AFm-MS) at the expense of Aft while the addition of LL 

265 stabilizes AFt and its reaction to hemicarboaluminate hydrate (AFm-Hc), as already known 

266 from other studies [41, 42] and thermodynamic modeling [43]. Overall, the MK addition 

267 accelerates significantly the aluminate reaction. This is evidenced by the significantly earlier 

268 occurrence of AFTmax and higher contents of AFm-MS and AFm-Hc after 50 h compared to the 

269 respective reference system.

270 The decrease in MK content indicates a continuous reaction contribution of MK during early 

271 hydration. There exist only minor differences between the MK systems without and with LL 

272 and the content after 50 h declines to 6% for both systems due to its dissolution [44].

273 Figure 6 shows the quantification of the 20MI systems (a and c) and the 20MM systems (b 

274 and d). Adding 20MM accelerates the silicate reaction (onset of Alite hydration after 3-4 h) and 

275 significantly more alite reacts during the first 15 hours, which confirms the observations of the 

276 calorimetry measurements and indicates a better filler effect of the MM in comparison to MK 

277 and MI and less agglomeration of the MM particles. Analogous to the reference systems, the 

278 first CH formation occurs parallel to alite reaction, while the C-S-H is only quantifiable several 

279 hours later. 

280 Both, 20MI and 20MM strongly accelerate the aluminate reaction compared to the reference, 

281 but to a lesser extent than in the 20MK systems. AFtmax is reached after 12 – 14 h for all four 
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282 systems. The contents of AFm-Ms and AFm-Hc are similar for MI and MM, but significantly 

283 below those of the 20MK systems. 

284 The results indicate a higher chemical reaction contribution in the case of MK as observed in 

285 clinker free model systems [9], due to the higher absolute solubility of aluminum and the lower 

286 Si/Al ratio compared to the 2:1 phyllosilicates MI and MM. This is evidenced by the 

287 quantification of the MI and MM. The MM content is not provided, since no decrease can be 

288 determined during the first 50 hours and thus no chemical reaction contribution of the MM 

289 takes place. MI exhibits a very slow but continuous decrease and thus reaction contribution, 

290 which is significantly lower compared to MK.
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291

292

293 Figure 5  Quantification of in situ XRD measurements of the reference systems (a and b) and 

294 of the SyCEM - 20MK systems (c and d)

295
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296

297
298 Figure 6Quantification of in situ XRD measurements of the SyCEM - 20MI systems (a and 

299 c) and of the SyCEM - 20MM systems (b and d)

300 Figure 7 shows the quantification of the highly sulfated 20MK systems, which shifts the 

301 aluminate reaction to such an extent that it becomes similar to the reference system (dotted line 

302 in Figure 2). Compared to the 20MK systems with low sulfate content (0c and d), no difference 

303 is observed at the onset of Alit hydration. It is obvious especially for the systems without LL 

304 that significantly more alite reacts during the first 15 hours. The onset of accelerated AFt 

305 formation occurs after about 22 hours for both systems and is thus clearly shifted to a later point 

306 in time. In the time interval until accelerated AFt formation starts, more AFt is formed 

307 compared to the lower sulfated systems (0). As a result of the shift of the aluminate clinker 
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308 reaction, the formation of AFm-Ms or AFm-Hc occurs later and reaches a lower content after 

309 50 h compared to the undersulfated 20MK systems. The quantification of MK does not differ 

310 between the low and highly sulfated systems within the error margin.

311 Overall, it is confirmed that the additional sulfate addition strongly affects the aluminate as well 

312 as the silicate clinker reaction.

313

314 Figure 7Quantification of in situ XRD of the sulfated SyCEM - 20MK systems (dotted lines 

315 in Figure 2)

316 3.5. Implications regarding the interaction of meta-phyllosilicates with the 
317 silicate reaction

318 The calculation of the DoH of Alite from the XRD quantifications in Figure 8 clearly illustrates 

319 the different influence on the silicate clinker reaction by the individual meta-phyllosilicates. 

320 First, the comparison of the reference systems shows that the interaction of LL leads to a slight 

321 increase of the DoH of alite. The influence of limestone powder on early hydration is largely 

322 determined by its fineness [45]. A higher fineness leads to a stronger acceleration and thus to a 

323 higher DoH of alite compared to the reference system without LL replacement [10, 45]. The 

324 fineness of the LL used is in the range of the clinker phases (see Blaine values of the SyCEM 
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325 systems in Table 3), which means that this is not causing the acceleration of alite hydration 

326 here. However, the higher DoH of alite for the SyCEM-10LL system can be attributed to the 

327 additional dilution of the system and thus more space for the formation of hydrate phases and 

328 the filler effect of LL, which promotes the hydration of alite. This is confirmed when 

329 considering the systems containing meta-phyllosilicates, which show an increase of the DoH 

330 of alite in systems with LL. Compared to the reference systems, only the 20MM systems yield 

331 a higher DoH, while using 20MK or 20MI decreases in the DoH of alite. For their part, the 

332 meta-phyllosilicates show a gradation of the DoH of alite from MM with the highest, to MI and 

333 finally MK with the lowest DoH of alite. The strong decrease of the DoH of alite for the 20MK 

334 system is remarkable. Also in the 10LL20MK system, alite has a lower DoH compared to the 

335 reference. However, the addition of the limestone powder causes a lower decrease of the DoH 

336 of alite. Maier et al. [10] also report a decrease of the DoH of alite when using a calcined 

337 kaolinite-rich clay with a kaolinite content of 69 wt.%. They describe an accelerated alite 

338 hydration and an increase of the DoH of alite with the limestone powder used. The authors 

339 partly attribute this to the different behavior of LL and calcined clay particles. While LL 

340 provides a larger part of its surface for nucleation and growth of C-S-H phases, calcined clay 

341 particles tend to agglomerate. This leads to a significantly less pronounced filler effect than 

342 expected from the BET surface area and PSD of calcined clay particles. A second explanation 

343 provided is a different surface charge of the particles and an associated adsorption of Ca2+ and 

344 SO4
2- ions on the surfaces of the clay particles. The comparison of the zeta potentials of the 

345 meta-phyllosilicates delivers the most negative value for MK (Table 1), which can be regarded 

346 as the reason for the strongest interference regarding the ion balance of the pore solution. MI, 

347 on the other hand, causes a lower impediment of alite hydration, while for MM with the lowest 

348 zeta potential of -9.5 mV no impediment of alite hydration is detectable. On the contrary, the 

349 addition of MM has a strong filler effect comparable to fine limestone powder [45]. The 
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350 differences between the systems become even more apparent when the DoH of alite at the time 

351 of onset of accelerated AFt formation is examined (Table 8). While the MM systems reach the 

352 DoH of the reference systems, a significant drop in the DoH of the Alit can be observed for the 

353 MI and MK systems. This is another indication that the surfaces of the calcined clay particles 

354 influence the sulfate balance.

355 The additional dosage of sulfate to the 20MK systems leads to a significant increase of the DoH 

356 of alite compared to the low sulfate 20MK systems. This confirms the observations of [10, 46] 

357 that the timing of accelerated C3A dissolution and accelerated AFt formation significantly 

358 affects the DOH of alite. 

359 The clear shift of the aluminate reaction of the 20MI and 20MM systems already at a low 

360 addition of sulfate (dashed lines in Figure 3) also indicate a lower influence by adsorption 

361 effects of the 2:1 meta-phyllosilicates MI and MM compared to the 1:1 meta-phyllosilicate MK. 

362 It can be assumed that an additional sulfate addition to the 20MI systems would cause a slight 

363 increase of the DoH of alite, while the 20MM systems already reach a very high DoH in the 

364 low sulfated systems and thus do not require any further sulfate carriers from the perspective 

365 of the DoH of alite.
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366

367 Figure 8Degree of hydration (DoH) of Alite calculated from the XRD quantifications

368 3.6. Implications regarding the influence of meta-phyllosilicates on the sulfate 
369 balance

370 Even though the addition of meta-phyllosilicates accelerates the silicate reaction and thus leads 

371 to an earlier onset of alite hydration as described before [10, 47, 48], this does not result in a 

372 higher DoH of alite for MK and MI systems after completion of the main reaction. Figure 9 

373 shows the DoH of alite at the onset of the aluminate reaction depending on the difference of the 

374 total sulfate content and the bound sulfate content in AFt analogous to [10]. After [49, 50], the 

375 added sulfate carrier is completely dissolved at the onset of the aluminate reaction which is also 

376 the case in this study (0 - Figure 7). Thus, the sulfate that is not bound in AFt must be present 

377 in the pore solution or adsorbed on available surfaces. The data points of the two model cement 

378 systems SyCEM and SyCEM-10LL are close to each other (Figure 9), indicating only slight 

379 differences of the silicate and aluminate reaction. The PSD of the LL leads only to a slight filler 

380 effect and thus to a slight increase of the DoH of alite. The MM systems also show only small 

381 differences of the DoH of alite to their reference systems. The slight shift along the x-axis 
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382 indicates a somewhat lower AFt content, which can be explained by the significant acceleration 

383 of the aluminate clinker reaction and thus less time for AFt formation. Zunino and Scrivener 

384 [51] describe a correlation between the quantity of C-S-H phases formed and the acceleration 

385 of the aluminate clinker reaction due to the adsorption of sulfate on the C-S-H surfaces during 

386 their formation. For MM systems, the formation of the C-S-H and thus the DoH of alite can 

387 also be considered as the driving force for the acceleration of the aluminate reaction. The 

388 influence of MM on early clinker hydration is comparable to the influence of LL and, according 

389 to [45], depends essentially on the fineness of the particles: a higher fineness increases the DoH 

390 of alite. 

391 More differences exist for the MI systems, although the acceleration of the aluminate reaction 

392 is comparable for the MI and MM systems, respectively (see Figure 3). The DoH of alite is 

393 lower at the onset of the aluminate reaction in case of MI systems and significantly lower in 

394 case of MK systems. These observations are consistent with the observations of Maier et al. 

395 [10] who conclude that the meta-clay surfaces serve as host for the adsorption of sulfate in 

396 addition to C-S-H. The results in Figure 9 confirm this assumption. The adsorption of sulfate 

397 in the case of MI and MK cannot be attributed to the ongoing formation of C-S-H alone. In fact, 

398 the results illustrated in Figure 9 confirm the adsorption effects of calcium – sulfate complexes 

399 as reported by [5, 10] on the meta-phyllosilicate particle surfaces. This is consistent with the 

400 increasing negative zeta potential of the meta-phyllosilicates from MM over MI to MK (Table 

401 1, [16]) and in line with observations in systems with two kaolinitic clays with different zeta 

402 potentials [10]. A direct link to the BET surface or to the PSD (Table 1) cannot be established 

403 in the comparison of different meta-phyllosilicates.
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404

405 Figure 9Correlation of the SO3 content with the DoH of Alite at the onset of accelerated AFt 

406 formation (Table 8). The SO3 content is calculated from the difference between the total 

407 SO3 content and the SO3 bound in AFt analogous to [10].

408 The orange band in Figure 9 indicates the area of adequate sulfation based on the DoH of alite. 

409 The highly sulfated MK systems (half-filled points in Figure 9), indicate a higher DoH of Alite. 

410 The time shift of the aluminate clinker reaction (Figure 2) leads to an unimpeded alite hydration 

411 and a higher DoH of alite at the aluminate onset compared to the respective reference systems. 

412 Thus, for the present MK systems, adequate sulfation according the orange area can already be 

413 achieved with lower sulfate dosages. The higher amount of adsorbed sulfate (shift along the x-

414 axis) does not seem to influence alite hydration in the case of a retarded aluminate clinker 

415 reaction. 

416 The mechanisms behind the impediment of alite hydration remain unclear. It is known that 

417 aluminum, alkali and sulfate have a great influence on alite hydration [52, 53]. While the 

418 presence of sulfate has a positive influence on the DoH of the alite [53], the presence of 
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419 aluminum in the pore solution leads to an impediment of alite hydration [54]. In addition to the 

420 cement phases, another phase, the meta-phyllosilicates, could compete for the sulfate by 

421 adsorbing sulfate on their surfaces and thus hinder alite hydration. The high content of adsorbed 

422 sulfate and the rapid conversion to AFt in the highly sulfated systems support the conjecture of 

423 Maier et al. [8] that adsorbed ions are more readily desorbed on the meta-phyllosilicate surfaces 

424 than on C-S-H surfaces. Furthermore, Jansen et al. [14] show with their complete mass balance 

425 approach that the aluminum concentration in the pore solution increases significantly at the 

426 onset of accelerated AFt formation, but no aluminum can be detected in the pore solution up to 

427 this point. The authors assume that the aluminum already dissolved from the cement phases is 

428 adsorbed on surfaces or attributed to an aluminum enriched layer of C3A as stated by Myers et 

429 al. [5]. The influence of additional aluminum from the meta-phyllosilicates on the mass balance 

430 and pore solution could lead to an impediment of alite hydration.

431 3.7. Implications regarding the reactivity of the meta-phyllosilicates

432 Table 6 lists the DoR of the meta-phyllosilicates based on the value of the FFT fit after 50 h. 

433 Although the DoR from the XRD quantification has a large error [44] clear trends can be 

434 identified that are consistent with the observations from the clinker-free systems [9]. The DoR 

435 of the MK is around 48 ± 3 % for all MK systems and in the range reported by [55]. Thus, no 

436 differences in the DoR of the MK can be seen from the XRD quantification, neither by using 

437 LL nor by additional sulfate doses. Also for MI and MM the addition of LL has no impact on 

438 the DoR of the 2:1 meta-phyllosilicates. MI with a DoR of 20 % reaches about 40 % of the 

439 reactivity of MK. No reactivity is detectable for MM during the first 50 h, as already mentioned 

440 in section 3.4. The overall trend of the reactivity of the meta-phyllosilicates is in line with the 

441 reactivity observed in clinker-free model systems [9]. 
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442 Table 6 Degree of reaction (DoR) of the meta-phyllosilicates calculated based on the value 

443 after 50 h of the FFT fit of the in situ XRD quantifications

20MK
20MK - 

3.0 SO3

10LL

20MK

10LL

20MK - 

2.7 SO3

20MI
10LL

20MI
20MM

10LL

20MM

DoR

meta-

phyllo-

silicate

51 48 46 45 20 22 3 3

444

445 A part of the chemical reactivity of the meta-phyllosilicates can be illustrated by the time course 

446 of the CH consumption during the first 50 h (Figure 10). The calculation is based on the alite 

447 hydration and equation 1. In addition, the value calculated from TG analysis after 48 h is plotted. 

448 Figure 10 confirms again that MM does not show a pozzolanic reaction during early hydration 

449 and thus does not consume CH. The course is almost identical to the reference. The 

450 underestimation at the beginning of alite hydration can be explained by the very high hydration 

451 rate of alite and the low resolution of the in situ XRD analyses of 15 minutes. For the 20MI and 

452 20MK systems, a difference in the course of CH consumption is noticeable. Whereas in the 

453 case of MI, CH consumption is evident from about 20 h, in the case of the highly sulfated MK 

454 and the 10LL20MK systems, CH consumption starts after about 15 h. Only the 20MK system 

455 shows an even earlier CH consumption after about 10 h. Overall, the 20MK consumes more 

456 CH especially between 10 and 20 h, which could indicate an increased activity of the MK during 

457 this period which might influence the hydration of the clinker phases. However, the time course 

458 of the XRD quantification of the MK (0c) cannot validly confirm a higher reactivity between 

459 10 and 20 h. After 50 h, the CH consumption of all investigated 20MK systems is in a close 

460 range (see Table 8) analogous to the calculation of the DoR of MK. The general trends of the 

461 evaluation of the reactivity of the meta-phyllosilicates based on the CH consumption after 50 h 
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462 hours and after 48 h from the TG analysis, respectively, confirm the previous observations: MM 

463 shows no, MI a medium and MK the highest reactivity. 

464

465 Figure 10 CH consumption of all systems quantified based on alite hydration and 

466 equation 1 (section 2.6). In addition, the value calculated from TG analysis after 48 h is 

467 plotted.

468 The calculation of C-S-H formation (Figure 11) based on alite hydration and equation 1 yield 

469 the same trends. The C-S-H formation after 50 h (50 h value of the FFT fit Table 8) is 

470 underdetermined by about 2 wt.-% for the SyCEM and the 20MM systems. This under-

471 determination can consequently also be assumed for 20MI and 20MK systems, where the C-

472 S-H formation takes on slightly negative values (20MI) and positive values between 1.5 and 

473 2.6 % (20MK). The increasing trend for the MK and MI systems represents the C-S-H formed 

474 through pozzolanic reaction and verify a chemical reaction contribution of MK and MI.

475
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476

477 Figure 11 C-S-H formation of all systems quantified based on alite hydration and 

478 equation 1 (section 2.6)

479 The influence of the reactive aluminum of the meta-phyllosilicates is much more difficult to 

480 identify. The very high initial dissolution of the C3A means that sufficient aluminum is available 

481 for the formation of AFt already at the beginning of the hydration. Table 7 summarizes the key 

482 data concerning the formation of AFt. Within the error of quantifying the hydrating systems, 

483 the differences must be considered as small. The initial formation of AFt (AFt Start) right at the 

484 beginning of the hydration shows lower values for the meta-phyllosilicate systems compared to 

485 the respective reference systems. Lower AFt contents are also observed at the onset of 

486 accelerated AFt formation, with the most reactive meta-phyllosilicate MK surprisingly showing 

487 the lowest AFt content (AFt at onset). Thus, no direct influence of the reactive aluminum by 

488 higher AFt contents can be demonstrated. However, considering the reaction rate of the AFt 

489 (equation 2, section 2.6) until the onset of the accelerated AFt formation, slightly increased 

490 values are found for the MK and MI systems compared to the respective reference and MM 

491 systems. The extent to which an increased AFt formation rate can be explained by interaction 
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492 with the sulfate carrier through adsorption effects (Figure 9) or the reactivity of the meta-

493 phyllosilicates (Table 6) remains open at this point.

494 Table 7 Summary of the key data concerning the formation of AFt

SyCEM 20MK 20MI 20MM 20MK - 3.0 SO3

Time onset AFt [h] 19.75 8.50 11.00 11.75 22.00

AFt Start [wt-%] 1.68 1.09 1.02 1.15 0.79

AFt at onset [wt-%] 5.77 3.33 3.74 3.86 5.52

Reaction rate [wt-%/h] 0.21 0.26 0.25 0.23 0.22

SyCEM-

10LL
10LL20MK 10LL20MI 10LL20MM

10LL20MK – 

2.7 SO3

Time onset Aft [h] 19.50 6.75 9.50 11.50 21.50

Aft Start [wt-%] 1.34 0.90 0.96 0.91 0.68

AFt at onset [wt-%] 5.06 2.46 3.04 3.22 4.86

Reaction rate [wt-%/h] 0.19 0.23 0.22 0.20 0.19

495

496 Overall, the present investigation does not proof a direct influence of the reactivity of the meta-

497 phyllosilicates on the silicate clinker reaction and on the aluminate clinker reaction. 

498 Nevertheless, an influence on the sulfate balance by the reaction contribution of aluminum from 

499 the meta-phyllosilicates can be assumed, especially on the sulfation of the systems. Meta-

500 phyllosilicates with a higher reactivity cause a shorter time shift of the aluminate clinker 

501 reaction and thus a higher sulfate demand.

502 4. Conclusion

503 The present study clearly shows that such significant differences occur not only between 

504 limestone powder and calcined kaolinite-rich clays, but do already exist between individual 

505 meta-phyllosilicates The investigation of three different meta-phyllosilicates metakaolin (MK), 

506 metaillite (MI) and metamuscovite (MM) in model cement systems lead to the following 

507 conclusions:
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508  MM acts solely as filler without chemical reactivity during early hydration and 

509 accelerates the early alite hydration.

510  MK and MI accelerate the aluminate clinker reaction in all model systems and decrease 

511 the DoH of alite. The extent to which the negatively charged surface of the meta-

512 phyllosilicate particles influences the hydration of alite and C3Athrough adsorption and 

513 desorption effects of calcium - sulfate complexes is still not clear.

514  Due to agglomeration especially of MI and MK particles, no correlation of their 

515 influence on early hydration to PSD and BET surface area can be established for all 

516 three meta-phyllosilicates.

517  MK and MI show a clear chemical reactivity already during the first day of hydration, 

518 which can be determined directly by the quantification of meta-phyllosilicates as well 

519 as indirectly by the consumption of portlandite and increased contents of C-S-H. 

520  The extent to which the chemical reactivity of the meta-phyllosilicates has an influence 

521 on the reaction kinetics and sulfation of the systems cannot be finally clarified. 

522  The investigations in the model cement systems confirm the reactivity of the individual 

523 meta-phyllosilicates experienced in the clinker-free model systems [9]. In the present 

524 investigations, the reactivity of MI is about 40% of MK, while MM exhibits no 

525 measurable reactivity during the first two days.
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530 6. Appendix

531 Table 8 Summary of the values from the XRD quantification after 50 h (FFT5 - fit)

DoH Alite

at AFt onset
DoH Alite

CH 

consumption

C-S-H 

formation

SyCEM 51.5 70.2 - -2.0

SyCEM10LL 55.2 72.4 - -2.4

SyCEM20MK 15.2 59.9 3.5 2.6

SyCEM20MK - 3.0 SO3
59.0 74.3 3.8 1.9

SyCEM10LL20MK 22.7 66.9 2.7 1.5

SyCEM10LL20MK – 2.7 SO3
61.7 77.0 2.9 2.3

SyCEM20MI 33.1 67.5 0.8 -0,66

SyCEM10LL20MI 32.0 70.0 1.0 -0.2

SyCEM20MM 49.5 75.8 0 -2,2

SyCEM10LL20MM 50.7 76.4 0.3 -1.7

532
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