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A B S T R A C T

The investigations of clinker-free model and synthetic cement systems reveal deeper insight into the behavior of 
metasmectite during early hydration. The use of metasmectite accelerates the aluminate clinker reaction and 
influences the degree of hydration of alite. Its chemical reactivity can be demonstrated in clinker-free as well as 
model cement systems by direct quantification of the metasmectite, its portlandite consumption and C-S-H 
formation. The influence on sulfate balance reveals an interaction of metasmectite’s negatively charged surfaces 
with ions from the pore solution and demonstrates that sulfate adsorption does not solely take place on surfaces 
of C-S-H. Overall, it can be concluded that the impediment of the alite hydration during early hydration due to 
metasmectite is rather insignificant compared to metakaolinite and is within the range of metaillite. These 
findings provide a significant contribution to the expected widespread use of calcined clays with a low meta-
kaolinite content in cementitious systems.

1. Introduction

The widespread use of calcined clays (CC) will depend crucially on 
the utilization of different clay sources, including a variation of the 
amount of 1:1 and 2:1 clay minerals. This is indispensable, as the de-
mand for concrete and thus for clinker-reduced binders will further rise 
[1]. Therefore, understanding the influence of calcined clays during 
early hydration of blended cement is essential for their widespread use 
in modern cements and concretes. Common clays are a mixture of 
different phyllosilicates and accompanying minerals and thus represent 
a very complex material with divergent mineralogical composition, 
chemical reactivity and surface properties [2,3]. This complexity is re-
flected in the influence of CC on the silicate and aluminate clinker re-
action during early hydration, which is still the subject of current 
discussions. The surface properties and thus the adsorption of ions from 
the pore solution on the surfaces of the C3A [4], the surfaces of the C-S-H 
[5,6], as well as directly on the surfaces of the CC [7–10], and the 
reactivity of the CC itself at very early stages of cement hydration 
[8,10,11] have been identified in various studies as key parameters for 

influencing the sulfate balance. Even if there is a correlation between the 
formation of C-S-H (alite reaction) and the dissolution of the sulfate 
carriers for pure cement systems [6,12,13], studies have shown that this 
cannot be the only factor when CC is used [9,10]. Accordingly, the 
surfaces of the C-S-H are not sufficient to adsorb the sulfate completely 
and additional surfaces are required. Furthermore, the reactivity of the 
CC influences the sulfation of the systems, as investigations on clays with 
a high metakaolinite (MK) or metaillite (MI) content confirmed [7,10].

Calcined Smectite (metasmectite, MS) has been identified as the most 
reactive 2:1 clay mineral in cementitious systems [14–16]. Therefore 
smectite-rich clays have attained increased attention as a promising 
extension to kaolinitic clays [17]. However, the impact of MS on the 
early hydration of blended cements has not been addressed so far, apart 
from the well-known fact, that MS reacts significantly slower compared 
to MK with regards to portlandite consumption [16,17]. The dissolution 
of MS in alkaline systems is approx. one fourth compared to MK and 
appears to be an incongruent process [18]. Werling et al. [19] found that 
this incongruent dissolution behavior of MS is more pronounced during 
the early dissolution phase (<24 h) than after 7 d. MI, on the other hand, 
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shows congruent dissolution behavior for moderate calcination tem-
peratures in the range between 650 and 800 ◦C [19,20].

The present study focuses primarily on MS and belongs to a series of 
preceding systematic investigations of MK, MI and metamuscovite (MM) 
[8,10]. Both, in clinker-free model systems and in model cement sys-
tems, in situ XRD quantification of the early reactions during the first 50 
h provides a deeper insight into the behavior of MS. The comparison of 
the 1:1 calcined phyllosilicate (meta-phyllosilicate) MK and various 2:1 
meta-phyllosilicates (MS, MI and MM) contributes significantly to the 
knowledge of complex composite cements with the addition of CC.

2. Materials and methods

2.1. Characterization of metasmectite

The examined smectite is a montmorillonite dominated clay from the 
Westerwald region (Germany). The characterization of metasmectite 
(MS) is based on the characterization of the meta-phyllosilicates meta-
kaolinite (MK), metaillite (MI) and metamuscovite (MM) in [8,10]. The 
smectite was calcined in platinum crucibles at 800 ◦C for 30 min in a 
preheated muffle furnace. After calcination, the sample was cooled in a 
desiccator at room temperature. The calcination temperature was cho-
sen based on the dehydroxylation peak of thermogravimetric analysis. A 
detailed description of the methods used for characterization can be 
found in publications of clinker-free model systems [8,21]. Table 1
summarizes the physical parameters as well as the zeta potential of the 
metasmectite investigated in a synthetic model pore solution according 
to [22]. Table 2 provides its chemical and mineralogical composition.

2.2. Clinker-free model systems

The investigations on the clinker-free model systems with MS were 
carried out in alkaline solution (100 mmol l− 1 sodium hydroxide 
(NaOH) and 500 mmol l− 1 potassium hydroxide (KOH)) with a liquid to 
solid ratio of 1.0 and portlandite (CH) as reaction partner. Two test se-
ries were carried out with and without sulfate carrier (C$). The 
nomenclature of the systems is based on their components MS-CH (50 
wt-% MS and 50 wt-% CH without sulfate) and MS-CH-C$ (45 wt-% MS, 
45 wt-% CH and 10 wt-% calcium sulfate (C$)).

2.3. Synthetic cement (SyCEM) systems

The synthetic cement (SyCEM) consists of the magnesium and 
aluminum stabilized M3 polymorph of alite and cubic tricalcium 
aluminate (C3A). Gypsum and bassanite were used as sulfate carrier. A 
second reference system was prepared with 10 wt.-% of limestone 
powder (SyCEM-10LL). The procedure for clinker synthesis and the 
specifications of the limestone powder are given in [10]. The composi-
tion of the reference systems and their specific surface areas (Blaine) are 
provided in Table 3. The composition of the reference systems was 
chosen so that the silicate and aluminate peaks could be observed 
separately in the calorimeter, thus enabling a better assessment of the 
influence of the meta-phyllosilicates on the respective reactions.

The two reference systems were each substituted with 20 wt-%. of 

metasmectite. The designation of the resulting systems corresponds to 
their compositions (SyCEM-20MS or SyCEM-10LL-20MS). The w/b 
value for all tests is 0.6 in order to achieve proper homogenization and 
preparation despite the high water demand of the meta-phyllosilicates.

2.4. Test program

This section describes briefly the various tests conducted within this 
investigation. Further details regarding the experimental setup are given 
in [8,10,25]. Thermogravimetry, isothermal calorimetry and in situ X- 
ray diffraction were performed for clinker-free model systems as well as 
for the model cement systems. The materials were equilibrated over-
night in a heating cabinet at measurement temperature (25 ◦C), stirred 
manually with a spatula for 60 s directly before the start of the mea-
surements and then immediately transferred to an appropriate crucible. 
The measurement temperature of 25 ◦C allows synchronizing the 
clinker-free and cementitious systems on the one hand, and the calo-
rimetry and in situ XRD tests on the other, without significant unin-
tentional desiccation of the Kapton film covered sample during the in 
situ XRD measurement. In addition, the solubilities of silicon and 
aluminum were determined time-dependently after 6 h, 20 h, 48 h and 7 
d in the alkaline solution used for the clinker-free model systems 
(Section 2.2) according to Buchwald and Kaps [26]. The values after 7 
d supplement the already published data of the MK, MI and MM [8]. The 
reactivity test (R3) of the meta-phyllosilicates was performed by 
isothermal calorimetry according to ASTM C1897–20 [27].

Thermogravimetric (TG) investigations were carried out with 
Netzsch STA 449 F3. The exact process for sample preparation and the 
experimental procedure and formulas used for calculating the bound 
water and CH content is explained in [8,25]. The bound water was 
determined using the temperature interval from 20 to 400 ◦C and the CH 
content in the temperature interval between 450 and 550 ◦C.

Isothermal calorimetry experiments were performed with TA in-
struments TAM Air calorimeter at 25 ◦C for 50 h with 2 g of quartz sand 
in the reference chamber. The heat flow was normalized to 1 g of solid in 
case of clinker-free model systems [8] and to 1 g of the SyCEM in case of 
the synthetic cement systems [10].

In situ XRD measurements were conducted with a PANalytical 
Empyrean diffractometer equipped with a primary Bragg–BrentanoHD 
monochromator and a PIXcel1D linear detector. The experimental setup 
is given in [8,10]. The measurements were quantified using Rietveld 
refinement [28,29] with a combination of G-factor and PONKCS method 
[30,31] according to Bergold et al. [32] with High Score 4.8 [33]. 

Table 1 
Specific surface area (BET), particle density (PD), 
particle size distribution (PSD) and zeta potential of 
the metasmectite.

MS

BET [m2/g] [23] 37.9
PD [g cm− 3] [24] 2.71
d10 [μm] 5.2
d50 [μm] 21.8
d90 [μm] 7.4
Zeta potential [mV] − 9.0

Table 2 
Chemical and mineralogical composition of the metasmectite.

Oxides (wt.-%) MS Phases (wt.-%) MS

SiO2 59.5 Smectitea 27
Al2O3 19.3 Illite/Mica 4
Fe2O3 9.0 Quartz 15
CaO 2.9 Feldspar 11
MgO 1.9 Anatase 2
SO3 <0.1
Na2O 1.1
K2O 1.4
TiO2 2.1
LOI 1.3 X-ray amorphous 39

a The smectite content of the raw clay is 60 ± 3 wt.-%.

Table 3 
Composition of the two reference systems in [wt-%] and their specific surface 
area (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
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Table 4 lists all structures used for Rietveld refinement. For the appli-
cation of the PONKCS method, hkl phase models were developed 
(Kapton film) and calibrated as explained in [8,10,25]. The same pro-
cedure was applied to create and calibrate the hkl-phase model of MS. A 
schematic illustration of the refinement routine is given in [8]. For MS, 
both the scaling factor of the hkl-phase models and the crystalline 
structure were refined and presented as a sum.

The evaluations of the degree of hydration (DoH) of alite, the degree 
of reaction (DoR) of MS, the calculation of CH consumption and C-S-H 
formation as well as the key data concerning the aluminate reaction 
were carried out in the same way as for MK, MI and MM as described 
elsewhere [10]. For a better comparison and classification of the results 
of the MS, data from [10] is also shown in the graphs of the evaluations 
in the present work.

3. Results and discussion

3.1. Reactivity of metasmectite

The time-dependent solubility of silicon and aluminum in alkaline 
solution (see Section 2.2) after 6 h, 20 h, 48 h and 7 d of the meta- 
phyllosilicates is shown in Fig. 1. Up to 48 h the results of the ion sol-
ubility are in the order MK > MI > MS > MM. After 7 d, MS yields a 
higher solubility compared to MI and thus has a higher increase between 

48 h and 7 d which holds as well in comparison to MK. This observation 
correlates very well with the development of the heat evolution of the 
meta-phyllosilicates in the reaction test (Fig. 2). While MS still exhibits a 
significant increase in heat of reaction beyond 48 h, MK and MI have 
almost completed their heat development at 48 h and reveal no further 
significant reaction. Thereby, it must be mentioned that the meta- 
phyllosilicate content is lower in the case of MS than the other meta- 
phyllosilicates. The ion solubility as well as the heat of hydration is 
low for MM in both cases over the entire test period of 7 d.

The time dependent correlation of the evolved heat and ion solubility 
(Fig. 3) yields to a very good regression (R2 = 0.99) over all 16 data 
points (four meta-phyllosilicates at four different points in time, see 
Fig. 1). This confirms that, in addition to the heat of reaction, the sol-
ubility of Si and Al can be used as a parameter for the reactivity of CC 
regardless of the type of meta-phyllosilicate. However, a distinct com-
parison of the 2:1 meta-phyllosilicates MS and MI shows a slight dif-
ferentiation. While the values of MS tend to be above the regression line 
(black dashed line in Fig. 3), the values of MI are below the regression 
line. As described for metasmectite by Garg and Skibsted [18] and 
Werling et al. [19], an incongruent dissolution of Si and Al for MS 
compared to MI might explain the observed differences and serve as a 
driving force, which leads to a higher reactivity of MS than of MI after 
two days onwards.

Table 4 
Phases, authors and ICSD numbers used for Rietveld refinement.

Phase Author ICSD-No.

Silicon [34] 52266
Alite [35] 94742
C3Acubic [36] 1841
Gypsum [37] 92567
Anhydrite [38] 16382
Smectite [39] 161171
Illite [40] 166963
Muscovite [41] 68548
Quartz [42] 174
Anatase [43] 9852
Anorthite [44] 22022
CH [45] 34241
AFt [46] 155395
AFm-Hca [47] 263124
Tobermoriteb [48] 403090
Kuzelitec [49] 100138

a Hemicarboaluminatehydrate.
b Structure information used for creating hkl-phase model for C-S-H.
c Structure information used to quantify Calcium Aluminum Sulfate Hydrate 

(Ca4Al2O6(SO4) × 14 H2O PDF-Nr: 42-0062 [50], abbreviation:C4A$ × H14, 
monosulfate).

Fig. 1. Time-dependent silicon (Si) and aluminum (Al) solubility in alkaline solution after 6, 20, 48 h and 7 d.

Fig. 2. Reactivity test (R3) by isothermal calorimetry according to ASTM 
C1897-20 [27].
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3.2. Investigations of the clinker-fee model systems

Fig. 4 shows the results of the TG analyses. CH is already consumed 
by the pozzolanic reaction during the first 6 h both with and without 
sulfate. Nevertheless, the amount of water bound (Hbound) in the hydrate 
phases formed (products of the pozzolanic reaction) are low at this point 
in time. After 48 h, differences between the two systems are more clearly 
recognizable and the system with sulfate has a higher CH consumption 
and more bound water. This is mainly due to the formation of AFt in the 
presence of sulfate.

The results of the in situ XRD investigations and calorimeter mea-
surements of the clinker-free model systems are combined in Fig. 5. 
Error bars of a duplicate determination were added for the corre-
sponding phases after 50 h. At the beginning (during the first 4–5 h), an 
initial, accelerated dissolution of the CH can be observed. No crystalline 
hydrate phases can be quantified at this point. The bound water 

determined by the TG measurements can be explained by poorly crys-
talline C-S-H phases at early ages according to Bergold et al. [32]. 
Thereafter the CH dissolution continues on a lower level until the end of 
the measurement. A similar observation can be made for the dissolution 
behavior of MS. The quantifications show a continuous dissolution 
process and no interval with a significant reaction as can be observed for 
MK [8]. A first C-S-H (“long-range-ordered” [32]) formation can be 
quantified approx. 35 h after water addition. The addition of C$ (Fig. 5, 
right graph) leads to AFt formation after approx. 18 h, which progresses 
steadily until the end of the measurement. The heat flow measurements 
also reflect the XRD quantifications of the MS systems. Following the 
initial heat flow, the system with sulfate (MS-CH-C$) yields a higher 
heat flow over the entire measurement period with a slight maximum at 
the beginning of AFt formation. Overall, MS exhibits a similar reaction 
behavior as MI during the first two days in the clinker-free model sys-
tems [8]. The high amount of dissolved CH and C$ in comparison to 
hydrate phases formed indicates adsorption of calcium and sulfate on 
the surface of MS particles as described by Maier et al. for kaolinitic and 
illitic clay surfaces [7] and by Myers et al. [4] for C3A surfaces.

3.3. Investigations of the model cement systems

The results of the TG investigations after 6 and 48 h of the model 
cement systems are provided in Fig. 6. The differences are very small 
after 6 h both for the CH content and in the bound water up to 400 ◦C. In 
contrast, after 48 h there are clearer differences visible between refer-
ences and systems containing MS, especially concerning the CH content. 
This indicates CH consumption by the pozzolanic reaction of the MS. 
Differences in the DoH of the alite can be assumed as a further expla-
nation for the lower CH content compared to the references.

The results of the in situ XRD investigations and calorimeter mea-
surements of the model cement systems containing MS are combined in 
Fig. 7. Error bars of a duplicate determination were added for the cor-
responding phases after 50 h. Additionally, the calorimeter curve of the 
reference systems from [10] is provided. The calorimeter measurements 
indicate a slight acceleration of the silicate reaction and a pronounced 
acceleration of the aluminate reaction due to the addition of MS. The 
results are in line with the observations obtained with MK, MI and MM 
[10]. This also applies for the in situ XRD quantifications which reveal 
an initial aluminate reaction through C3A and sulfate carrier dissolution, 
as well as AFt formation after the first scan (15 min). As already shown 
by Hesse [51], complete sulfate carrier dissolution is accompanied by 
accelerated AFt formation until the maximum AFt content (AFtmax) is 
reached. The formation of monosulfate at the expense of AFt can be 
observed in the subsequent progress of the reaction in the LL-free sys-
tem. The addition of LL promotes the formation of hemicarboaluminate 
hydrate, as predicted by thermodynamic modeling [52,53]. The silicate 
clinker reaction starts with a clear dissolution of alite and the formation 
of CH at the end of the dormant period. The first C-S-H can be observed 
at a later time (delay of 2–3 h), which is associated with the later for-
mation of quantifiable “long-range-ordered” C-S-H according to Bergold 
et al. [32]. This is in line with the clinker-free model systems described 
in Section 3.2.

3.4. Evaluation and discussion of the results

3.4.1. Implications regarding the reactivity of meta-phyllosilicates
Fig. 8 summarizes the DoR of the four meta-phyllosilicates of the 

clinker-free model systems (a) and the model cement systems (a) derived 
from in situ XRD quantifications. The values of MK, MI, and MM are 
taken from [8,10]. Despite the clear error propagation when calculating 
the DoR from XRD quantifications, which have been discussed in detail 
[54,55], clear trends are visible and can be identified. Adding sulfate to 
the clinker-free model systems leads to a higher DoR for MS, as observed 
before for other meta-phyllosilicates. This can be attributed to sulfate as 
reaction partner for the aluminum of the meta-phyllosilicates and is 

Fig. 3. Time dependent correlation of the R3 evolved heat and ion solubility 
(sum of Si and Al) at 6, 20, 48 h and 7 d of MS in comparison with MK and MI.

Fig. 4. Results of the TG investigations (CH-content and bound water) of the 
clinker-free model systems without sulfate (MS-CH, left side of the graph) and 
with sulfate (MS-CH-C$, right side of the graph) after 6 and 48 h. CH start is the 
starting point after mixing the powder sample with water.
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therefore caused by the AFt formation. The significantly higher DoR of 
MK supports this hypothesis, since MK provides by far the most 
aluminum for the reaction. Without the formation of calcium aluminate 
hydrates in the absence of sulfate, the high aluminum content might lead 
to an increased concentration of aluminum in the pore solution, which 
hinders further dissolution of the meta-phyllosilicates. The incorpora-
tion of aluminum into the C-S-H phases does not appear to be sufficient. 
The DoR of the meta-phyllosilicates in the model cement systems differs 
less. It is noticeable that the degree of reaction of the MK with LL 
(SyCEM-10LL) decreases in comparison to the model cement (SyCEM). 
For MI and MS, the tendency is the other way around, whereby the 
differences between the model cements are rather small and thus within 
the error of quantification with the PONKCS method [56]. MM has a 

very low reactivity in all systems (clinker-free and model cement) and 
can be regarded as a filler rather than a reactive SCM, as already re-
ported [10]. This confirms the results of the R3 test and is in line with the 
classification of inert material according to Snellings [57] with an 
evolved heat of <100 J/g SCM. Overall, the quantifications show com-
parable DoR for MS and MI after the first two days.

The DoR derived by XRD quantifications of the meta-phyllosilicates 
is correlated with the evolved heat of the reaction test in Fig. 2 and the 
ion solubility (sum of Si and Al, Fig. 1) after 48 h is shown for the clinker- 
free model systems in Fig. 9 and in Fig. 10 for the model cement systems. 
These correlations confirm the expected relationship between the 
determined DoR of the meta-phyllosilicates and their evolved heat from 
the reaction test as well as their Si and Al solubility. The coefficient of 
correlation (R2) is higher for the model cement than for the clinker-free 
model system. The absence of the sulfate carrier in the clinker-free MK/ 
MI/MS/MM-CH model systems (dashed line, Fig. 9) is a hindrance for 
the correlation which demonstrates the importance of the sulfate carrier 
for the reaction and heat release of the Al dissolved from the meta- 
phyllosilicates. Care must be taken when trying directly to derive of 
the degree of reaction of the meta-phyllosilicates from the evolved heat 
or Si and Al solubility, since the physical and surface properties of the 
meta-phyllosilicates also have a significant effect on the reaction 
behavior of the composite cements [9]. Nevertheless, a significant re-
action contribution can be expected from CC, even from 2:1 meta- 
phyllosilicates, already during early hydration and thus also during 
the main reaction of the cement clinker phases.

A further classification of the reactivity of the calcined meta- 
phyllosilicates can be derived from their CH consumption (Fig. 11) 
and the C-S-H formation (Fig. 12). The values of MK, MI and MM in both 
figures are adopted from [10]. For a better clarity, Fig. 12 shows the 
trend lines for the C-S-H formation only from 12 h onwards. A CH 
consumption by MS is observable after approx. 20 h and the values range 
between MM (no CH consumption) and MI. The MM trend lines of C-S-H 
formation are also in the range of MI. Uncertainties due to the quanti-
fication with the PONKCS method and the assumption of a C-S-H 
composition during early hydration according to [58,59] have already 
been presented and discussed in connection with quantifications in 
systems with MK, MI and MM [10]. Analogous to the DoR, the CH 
consumption and C-S-H formation of the MS is in the range of the MI.

Overall, the preceding investigations of the clinker-free [8] and the 
model cement systems [10] reveal comparable reactivity of the 2:1 clay 
minerals MS and MI during early hydration. 2:1 meta-phyllosilicates 

Fig. 5. Combined illustration of in situ XRD quantifications (left y-axis) and calorimeter measurements (right y-axis) of the clinker-free model systems of MS without 
sulfate (A) and with sulfate carrier (B). The error bar of a duplicate determination after 50 h is shown. In the case of MS, this was used to calculate its degree 
of reaction.

Fig. 6. Results of the TG investigations (CH-content and bound water) of the 
model cement system (SyCEM, left side of the graph) and the cement system 
with LL (SyCEM-10LL, right side of the graph) after 6 and 48 h. The values of 
the reference systems are taken from [10].
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from the mica group (MM) exhibit no reactivity in this respect. MS can 
form hydrate phases solely with CH and even more in combination with 
CH and C$ as reaction partners. An incongruent dissolution process of 
MS as stated by [18] might be the driving force for a higher reactivity of 
the MS compared to MI from two days onwards. In both the clinker-free 
and the model cement systems, MS goes through a continuous dissolu-
tion process and thus exhibits clear reactivity even during early 
hydration.

3.4.2. Influence of meta-phyllosilicates on the clinker reaction and the 
sulfate balance

The influence of MS on the silicate clinker reaction is illustrated by 
the DoH of alite derived from XRD quantifications in Fig. 13. In com-
parison to the corresponding reference systems, MS induces a rather 
insignificant reduction of the DoH of alite. This is consistent with the 
already published data added in Fig. 13 from [10]. The authors assume 

that the aluminum in pore solution (chemical reactivity of the meta- 
phyllosilicates) and sulfate balance (adsorption on surfaces of the 
meta-phyllosilicate particles) in the pore solution are, to a certain 
extent, responsible for the inhibition of the alite reaction. A high amount 
of aluminum dissolved from the meta-phyllosilicates, therefore leads to 
a stronger inhibition of the silicate reaction and, thus, to a lower DoH. A 
difference between the MS system without (SyCEM-20MS) and with LL 
(SyCEM-10LL20MS) can only be observed at the beginning of alite hy-
dration (5–20 h after water addition). After 50 h, the DoH reaches 67.9 
wt-% in the SyCEM-20MS and 69.0 wt-% in the SyCEM-10LL20MS. 
Thus, the impact of LL appears to be lower on MS than on MK and MI.

It is much more difficult to identify the influence of the meta- 
phyllosilicate on the aluminate clinker reaction. Table 5 summarizes 
the key data regarding the aluminate reaction of the MS systems 
compared to the reference from [10]. As already seen from the combined 
representation of the heat flow and the XRD quantifications, the onset of 

Fig. 7. Combined illustration of in situ XRD quantifications (left y-axis) and calorimeter measurements (right y-axis) of SyCEM-20MS (A) and SyCEM-10LL20MS (B). 
Additionally, the calorimeter curve of the reference systems taken from [10] is provided. The error bar of a duplicate determination after 50 h is shown. In the case of 
MS, this was used to calculate their degree of reaction.

Fig. 8. DoR of the meta-phyllosilicates after 50 h in clinker-free model systems (A) and model cement systems (B). The values for MK, MI and MM for the clinker-free 
system are taken from [8], for the model cement systems from [10]. The error bars were determined using the values after 50 h from Figs. 5 and 7.
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the accelerated AFt formation with the addition of MS is around 7–8 h 
earlier than in the corresponding reference system. As already discussed 
in [10], the differences of the reaction rate is almost negligible and 
within the quantifiable error. Overall, the results are in line with the 
studies of MK, MI, and MM from [10].

The influence of the meta-phyllosilicates on the sulfate balance is 
presented in Fig. 14. The results of investigations with MK, MI, MM [10], 
and MS illustrate the difference between the pure filler effect, as in the 
case of MM, and the obvious influence of surface properties and chem-
ical reactivity for MS, MK, and MI. The correlation of the DoH of the alite 
at the time of aluminate onset (see Table 5) and the adsorbed sulfate by 
available surfaces (clinker, meta-phyllosilicates, hydrate phases) proves 
a clear reduction of the DoH of alite and a shift to higher sulfate con-
tents. Thus, in the case of MS, the adsorption of the sulfate cannot take 
place exclusively on the surfaces of the C-S-H, as described by Zunino 
and Scrivener [60]. Adsorption of sulfate does take place on the nega-
tively charged surfaces of the meta-phyllosilicate surfaces (see Table 1) 
as described [9,10]. In terms of its influence on the sulfate balance, MS 
ranks close to MI, between MM and MK. The higher capacity of MS to 

adsorb ions from the pore solution compared to MM can be partly 
explained by its higher BET surface area. Nevertheless, it is noticeable 
that the zeta potential of MS in synthetic cement pore solution is in the 
range of MM (− 9.5 mV) and has a lower value than MI (− 28.0 mV) [10]. 
Here, an incongruent dissolution process of the MS possibly explains the 
deviating behavior of MS and MM. MM behaves inert and does not 
dissolve at all. It can therefore be regarded as a filler. Consequently, no 
change in the surfaces of the MM is expected. Incongruent dissolution of 
the MS, on the other hand, could cause a change in its surface properties 
and thus its zeta potential. There are no studies on this so far. Further 
investigations are necessary in order to identify the fine differences 
between MS and MI. It must be pointed out again that the MS content is 
lower compared to the other meta-phyllosilicates and that this effect 
could be even more pronounced with higher smectite contents in the 
raw clay.

4. Conclusion

The complementary investigations of the metasmectite (MS) to 

Fig. 9. Correlation of the DoR of the clinker-free model systems with the evolved heat of the reaction test (Fig. 2) after 48 h (A) and the ion solubility (sum of Si and 
Al, Fig. 1) after 48 h (B).

Fig. 10. Correlation of the DoR of the model cement systems with the evolved heat of the reaction test (Fig. 2) after 48 h (A) and the ion solubility (sum of Si and Al, 
Fig. 1) after 48 h (B).
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investigations of metakaolinite (MK), metaillite (MI) and meta-
muscovite (MM) [8,10] in clinker-free model and in model cement 
systems lead to the following conclusions: 

• Overall, MS exhibits a proper reactivity after 7 d, while the impact on 
early clinker hydration is moderate.

• MS yields an autonomous hydrate phase formation in clinker-free 
model systems characterized by a continuous dissolution of MS and 
precipitation of C-S-H and AFt without a pronounced heat flow 
maximum after the initial heat flow.

• The silicon and aluminum solubility as well as the evolved heat from 
the reaction test indicate clearer differences between MS and MI 
from two days onwards. An incongruent dissolution of MS might 
explain their fine differences.

• The reactivity of the MS in cementitious systems is comparable the 
reactivity of MI during early hydration regarding their degree of 
reactivity, the CH consumption and C-S-H formation.

• The addition of MS accelerates the aluminate clinker reaction and 
impedes the alite reaction rather insignificant and to a much lower 
extend than MK.

• MS affect the sulfate balance of the cementitious system by adsorbing 
ions from the pore solution on its negatively charged surfaces

Fig. 11. CH consumption as a consequence of the pozzolanic reaction of the 
meta-phyllosilicates based on the calculated values from alite hydration. The 
reference systems, as well as the values from MK, MI, and MM, are illustrated 
more transparently since they are already published [10].

Fig. 12. C-S-H formation as a consequence of the pozzolanic reaction of the 
meta-phyllosilicates based on the calculated values from alite hydration. The 
individual values of the reference systems, as well as MK, MI, and MM, are not 
shown for a better overview, but only the trend lines from 12 h onwards.

Fig. 13. Degree of Hydration (DoH) of alite calculated from XRD quantifica-
tions. The values except of MS are taken from [10].

Table 5 
Summary of key data concerning the aluminate reaction.

SyCEM 20MS SyCEM- 
10LL

10LL20MS

Time onset AFt [h] 19.75 12.50 19.50 11.50
AFt Start [wt-%] 1.68 0.73 1.34 0.69
AFt at onset [wt-%] 5.77 3.60 5.06 3.09
Reaction rate [wt-%/h] 0.21 0.23 0.19 0.21
1Monosulfate/2Hemicarboaluminate 
[wt-%]

1.91 2.81 3.72 4.22

Fig. 14. Correlation of the SO3 content with the DoH of alite at the onset of 
accelerated AFt formation. The SO3 content is calculated as difference between 
the total SO3 content and the SO3 bound in AFt analogous to [9]. The MS values 
are supplemented with data from [10].
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