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1 Introduction 

Calcium sulfate, either present as gypsum, bassanite, an-

hydrite or a combination of the three, plays a paramount 

role in cement chemistry. Its use as setting regulator al-

lows the adjustment of a sufficiently long workability of 

concrete. While its retarding effect on the C3A hydration 

(aluminate reaction) has formerly been drawn back to a 

physical barrier formed by an ettringite layer that hinders 

diffusion, today most researchers regard surface chemical 

effects as the dominating mechanism [1, 2]. The effects of 

calcium sulfate on the aluminate reaction have been ex-

tensively investigated since the landmark paper of Lerch 

[3], however, interaction of sulfate ions with C-S-H only 

came into focus of research during the past decade [4–7]. 

Recent investigations have shown that the hydration rate 

of C3S is enhanced significantly in the presence of calcium 

sulfate as well, independent of the availability of aluminum 

[8, 9]. In addition, the morphology changes from agglom-

erated in absence, to needle like C-S-H in presence of sul-

fate [4, 6]. The C-S-H formed before the aluminate reac-

tion in hydrating cement was observed to take up 

significant amounts of sulfate [4–6, 10, 11] and thereby 

influencing the point of depletion of the solid sulfate carrier 

[7]. This was considered as the main reason for the accel-

erated aluminate reaction in blended cements, where 

C-S-H formation is accelerated due to the filler effect, re-

sulting in the adsorption of more sulfate [12]. The incor-

poration is assumed to be a reversible coupled adsorption

mechanism of Ca2+ and SO4
2- complexes, which are de-

sorbed after the depletion of the solid sulfate carrier [4, 5,

13]. Mota et al. [4] were only able to measure SO4 uptake

after 7 and 28 days by EDX as the degree of hydration was

not high enough at earlier ages, while Berodier et al. [6]

proved sulfate uptake after three days. Quennoz and

Scrivener [5] demonstrated in model cements that the

S/Ca ratio is about twice as high between the silicate and
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aluminate peak (18 h) than that after 72 h. Similar obser-

vations were made by Gallucci et al. [14] during the hy-

dration of a CEM I. Data obtained by Jansen et al. [15] 

resulting from a complete mass balance approach proved 

that all sulfate precipitated as ettringite after sulfate de-

pletion. Matschei et al. [16] measured a relatively low sul-

fate binding capacity of below 0.15 mmol SO4
2- per g of 

dried C-S-H and pointed out the condition of the sulfate in 

the C-S-H (in other words the binding mechanism) is un-

clear, as most data stems from electron beam analysis. As 

cements become more complex due to the increasing and 

versatile use of supplementary cementitious materials 

(SCMs), possible interaction of sulfate ions with the SCMs 

need to be considered as well. This applies in particular for 

calcined clays, which can strongly interact with ions from 

the pore solution due to their high specific surface area 

(SSA) and negative surface charge [17, 18]. It is indi-

cated, that adsorption of calcium and sulfate ions can oc-

cur directly onto the SCM’s surface, leading to an even in-

creased acceleration, a higher sulfate demand and a 

sharper sulfate depletion peak, compared to pure filler ef-

fect [19–21]. Furthermore, a pronounced ettringite for-

mation could be observed in clinker free model systems 

containing metakaolin [21]. In the light of an increasing 

use of blended cements, especially with calcined clay and 

limestone (LC³), the understanding of the interaction of 

sulfate ions from the pore solution and the SCMs and C-S-

H needs to be improved. The objective of this study is to 

further clarify the impact of possible hosts for sulfate dur-

ing the dissolution of the solid sulfate carrier in blended 

cement. In addition, a possible retarding effect on the alite 

hydration due to an early depletion of the sulfate carrier 

should be elaborated. These issues are tackled using a re-

duced cementitious model system consisting of monoclinic 

alite blended with anhydrite and different types of SCMs, 

which is investigated during early hydration by isothermal 

calorimetry and in-situ-XRD. 

2 Materials and Methods 

Monoclinic alite was synthesized by sintering CaCO3, SiO2, 

MgO and Al2O3 in the stochiometric balanced ratio to 

achieve a chemical composition of 71.7 wt% CaO, 

25.9 wt% SiO2, 1.8 wt% MgO and 0.6 wt% Al2O3. Magne-

sium and aluminum were added to obtain the M3 poly-

morph. The homogenized powders were calcined for 16 h 

at 1000 °C and sintered several times for 5-6 h at 1400 °C 

in a laboratory muffle furnace with intermediate grinding 

and homogenization. The final product was ground to the 

required fineness in an agate tool. Phase purity was 

checked by powder XRD. Anhydrite (C$) was retrieved by 

dehydration of gypsum for 16 h at 380 °C. XRD analysis 

revealed a composition of 87.4 wt% Anhydrite II, 8.9 wt% 

Bassanite and 3.7 wt% Anhydrite III. Three different SCMs 

were chosen for investigation: a metakaolin (MK) with a 

purity of 93 wt% [21], a limestone (LS) containing 100 

wt% calcite [19] and ground granulated blast furnace slag 

(BFS) with an amorphous content of 96.5 wt%, designated 

as S1 in [22]. The chemical composition as well as the 

physical parameters are given in Table 1. The hydration of 

the systems was investigated using pastes with a water-

to-binder ration of 0.5. The mix design is provided in table 

2. The heat flow was measured during the first 36 hours 

of hydration in a TAM Air isothermal calorimeter at 25 °C. 

Data was processed and evaluated as described in [19]. 

Phase development was monitored by in-situ-XRD meas-

urements in a PANalytical Empyrean diffractometer 

equipped with a cooling stage to adjust the sample tem-

peratures to 25 °C as well. The sample was covered with 

a 12 µm Kapton film to prevent drying and carbonization. 

Time dependent quantitative phase analysis was carried 

out as described in [20], using Profex-BGMN [23]. 

Table 1 Chemical composition and specific surface area (SSA) meas-

ured by BET of the investigated materials 

 Alite MK LS BFS 

SiO2 25.9 5 - 35.7 

Al2O3 0.6 3.5 - 11.9 

Fe2O3 - 3.5 - 0.8 

CaO 71.7 3.5 55.5 41.4 

MgO 1.8 7 0.4 7.5 

SO3 - 7 - 1.4 

Na2O - - - 0.3 

K2O - - - 0.3 

TiO2 - - - 0.5 

LOI - - 44.1 < 0.1 

SSA [m2/g] 0.6 14.1 5.2 1.2 

 

Table 2 Mix Design 

Mix Alite [wt%] C$ [wt%] SCM [wt%] 

Alite 5C$ 95 5 - 

Alite 30LS 70 - 30 

Alite 30MK 70 - 30 

Alite 5C$ 30LS 66.5 3.5 30 

Alite 5C$ 30MK 66.5 3.5 30 

Alite 5C$ 30BFS 66.5 3.5 30 

Alite 10C$ 30LS 63 7 30 

Alite 10C$ 30MK 63 7 30 

 

3 Results and Discussion 

3.1 Influence of SCMs on the heat flow curves of 

alite-C$ systems 

The hydration of alite in presence of 5 wt% C$ starts after 

an induction period of approx. 5 h and shows a heat flow 

maximum at 13 h (Figure 1). All three investigated SCMs 

induce an acceleration of the alite hydration, but this is not 

directly coupled to their specific surface area. The LS gen-

erates the strongest acceleration and enhancement of the 
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reaction. The heat flow maximum is accelerated by 6.4 h. 

The BFS only induces a minor acceleration of the alite re-

action of 2.8 h. In the MK-blended system, the alite heat 

flow peak is accelerated by 4.2 h and enhanced signifi-

cantly. Beyond that, a clear shoulder appears, which indi-

cates a second reaction taking place.  

The stronger impact of LS on the silicate reaction com-

pared to MK, despite of the lower SSA, was already ob-

served in [19] and attributed to the preferred surface of 

LS regarding C-S-H precipitation on the one hand, and the 

stronger agglomeration of MK particles, which reduces 

their filler capacity, on the other. The higher heat flow in 

the BFS- and MK-blended systems after the main peak in-

dicates a chemical contribution from the SCM, despite a 

lower DoH of Alite. 

 

 

Figure 1 Heat flow curves of the reference system Alite 5C$ blended 

with 30 wt% of SCMs during the first 36 hours of hydration 

3.2 Influence of alite dissolution and sulfate con-

sumption by the different SCMs 

The sulfate consumption during the hydration of Alite 5C$ 

proceeds with the dissolution of alite (Figure 2), which in-

dicates the incorporation of Ca2+ and SO4
2- into C-S-H, as 

already described by several authors [4–7, 9, 11]. The an-

hydrite is depleted after 25 h. At this point, the degree of 

alite hydration is at 39.7 %, which is equivalent to the for-

mation of 22.3 wt% C-S-H, assuming a composition of 

C1.7SH2.6. The formed C-S-H can thus incorporate approx. 

13 wt% C$, which corresponds to a sulfur/calcium ratio of 

0.07, being slightly higher than the values given in litera-

ture for C3S/C3A systems or blended OPC measured by 

SEM/EDS (0.04-0.06 [7]). The correlation between the 

time of depletion of anhydrite and the heat of hydration or 

degree of alite hydration up to this point reveal the differ-

ent mechanisms of sulfate consumption in the systems in-

vestigated. A higher heat of hydration comes along with a 

higher degree of alite hydration. In the reference system 

(Alite 5% C$), 39.7 wt% of the alite must be dissolved, 

until anhydrite is depleted. Nearly the same degree of hy-

dration (DoH) is reached in the system with LS (37.3% 

DoH, 15.4 wt% C-S-H). This indicates that the sulfate ad-

sorption mechanism is nearly unaffected in the presence 

of limestone, leading to the same sulfur/calcium ratio of 

0.07. The major effect causing the accelerated sulfate con-

sumption in this system is the strong acceleration of alite 

hydration due to the pronounced filler effect of limestone. 

This mechanism has been well described in [12]. In con-

trast, the system with MK and 5 wt% C$ only requires a 

DoH of 27.4% to deplete the solid anhydrite, verifying that 

further mechanisms accelerate sulfate consumption. This 

is in line with previous investigation in blended OPC sys-

tems, where sulfate depletion was reached at a lower de-

gree of alite hydration in metakaolin-rich systems [19]. 

However, while in the real cementitious systems, a higher 

metakaolin content did not induce a higher ettringite con-

tent at the point of sulfate depletion, the alite systems with 

MK and C$ investigated here form ettringite right after 

mixing. It is quite remarkable that this reaction starts be-

fore the acceleration period, where the first portlandite 

precipitates. This proves that the initially dissolved calcium 

and the rather moderate alkalinity are sufficient to dissolve 

aluminum from the MK and form up to 2 wt% of ettringite. 

This value stagnates until alite dissolution starts after 5 h 

and provides portlandite as reaction partner, which indi-

cates a lack of calcium in pore solution during the first 

hours. These results are in line with studies of a clinker-

free MK system [21], where sufficient portlandite as a re-

action partner leads to continuous ettringite formation. 

The ettringite content at the point of sulfate depletion 

(10.0 h) in the system Alite 5% C$ MK is approx. 3.0 wt% 

(considering a slight overestimation of ettringite), which 

corresponds to 1.0 wt% C$. The remaining 1.4 wt% of 

dissolved sulfate can be explained by adsorption on the C-

S-H surfaces, considering the sulfur/calcium ratio derived 

from the reference system. In comparison to OPC sys-

tems, where early ettringite formation can be fully ex-

plained by the initially dissolved C3A, the adsorption of sul-

fate on the MK surfaces seems to play a minor role. The 

absence of initial C3A dissolution could also indicate a lack 

of calcium availability, which might affect the adsorption 

behaviour on the negatively charged surfaces of the Mk 

particles as well as the ettringite formation. The fact that 

there is no significant additional ettringite formation in MK-

rich blended OPC systems [19, 24], despite the potential 

of MK of contributing significantly to ettringite formation 

before acceleration period and sulfate depletion as shown 

here, needs further exploration.  

The incorporation of 30 wt% BFS to the Alit-5C$ system 

only results in a minor change compared to the reference 

system. The course of the alite quantification differs 

mainly in an earlier onset when using BFS. This is due to 

the higher SSA of the BFS compared to alite. After 36 

hours, the DoH of the alite is higher compared to the ref-

erence but significantly lower compared to the other 

blended systems. The formation of ettringite starts only 

after about 12 hours due to the lower reactivity compared 

to MK. At this time, the main reaction of the alite already 

subsides (Figure 1), so that no interaction with the alite 

hydration can be detected. The fact that ettringite contin-

ues to precipitate after sulfate depletion in the MK- and 

BFS-blended systems confirms that sulfate gets desorbed 

from the C-S-H afterwards and is available for ettringite 

formation [12]. 
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Figure 2 Phase development during the first 36 hours of hydration; 

a) alite, b) anhydrite and c) ettringite.  

 

Table 2 Evolved heat and degree of Alite hydration until the point of 

sulfate depletion for the investigated systems 

System Time of sul-

fate deple-

tion [h] 

Heat until 

sulfate de-

pletion [J/g] 

DoHalite at 

sulfate de-

pletion [%] 

DoHalite 

after 

36h [%] 

Alite 5C$ 25.0 206 39.7 43.6 

Alite 5C$ 30LS 8.75 187 37.3 77.4 

Alite 5C$ 30MK 10.0 145  27.4 70.8 

Alite 5C$ 30BFS 19.5 213 43.7 51.8 

Alite 10C$ 30MK 20.0 298 48.9 58.6 

Alite 10C$ 30LS >36.0 349* - 71.4 

*)after 36 h, as anhydrite is not depleted before 36 h 

 

3.3 Influence of C$-content on the hydration rate 

of blended alite systems 

The impact of the C$-content on the hydration rate was 

investigated for the LS- and MK-blended system (Figure 

3). In absence of C$, the reaction rate is lower in both 

systems. This is well known from experiments in pure C3S 

systems in presence and absence of C$ and attributed to 

a change in the growth mechanism of C-S-H and a higher 

nucleation density [8]. Apparently, the hydration in the 

system Alite 30MK seems to be more suppressed com-

pared to Alite 30LS. This can partly be drawn back to the 

heat flow attributed to the ettringite formation in the 5C$ 

system. The broader alite peak is due to the higher alumi-

num content in the pore solution. This underlines once 

more the importance of proper sulfation of calcined clay 

blended cements. However, an additional increase in C$ 

content does not further enhance alite hydration. This 

proves, that presence of sulfate is only important during 

acceleration period, as in the two 5C$ systems sulfate is 

already depleted during the main hydration peak. The re-

sults from the systems with 10 wt% C$ based on the alite 

content confirm furthermore, that the sulfate content of 

the C-S-H at sulfate depletion represents the maximum 

possible value. In the system Alite 10C$ 30MK, the calcu-

lated sulfate/calcium ratio is identical to the system with 

5C$. In the system Alite 10C$ 30LS there seems to be too 

little C-S-H to dissolve all of the anhydrite. After 36 h, 

there are still approx. 0.5 wt% anhydrite present (Figure 

2b). Considering the calculated C-S-H content of 26.6 wt% 

after 36 h leads to a possible incorporation of 13.5 wt% 

C$, which is almost similar to the value retrieved after sul-

fate depletion in the 5C$ system. 
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Figure 3 Influence of C$ content on the course of the heat flow of the 

systems with MK and LS. 

The comparison of the cumulative heat after 36 hours 

shows hardly any differences between the sulfate-free 

alite 30LS and 30MK systems (Figure 4). The significantly 

higher filler effect of the LS during the first hours of alite 

hydration is compensated for in the MK system up to 36 h. 

The addition of C$ in these systems causes an additional 

acceleration of the alite hydration. While the LS systems 

show only a slight heat evolution after the main reaction 

of the Alite has completed, the MK systems continue to 

exhibit a significant heat evolution. This can be explained 

by the reactivity of the MK and the resulting continuous 

ettringite formation. After about 25 h, this yields a higher 

cumulative heat in the MK compared to the LS systems. A 

further increase in heat evolution can also be observed for 

the BFS system due to its reactivity after the alite 

hydration has subsided. 

Figure 4 Cumulative heat for all systems investigated during the first 

36 hours of hydration. 

 

4 Conclusion 

The presented results reveal significant differences re-

garding the influence of sulfate consumption during early 

hydration of alite between the three investigated SCMs, 

namely limestone, metakaolin and blast furnace slag and 

therefore further contribute to the understanding of the 

sulfate balance of blended cements. The following conclu-

sions can be drawn: 

1. The C-S-H precipitated during the hydration of alite-

C$ systems can take up approx. 13 wt% of C$ which 

is equivalent to a sulfur/calcium ratio of 0.07. 

2. Limestone acts as the strongest filler and therefore 

accelerates the alite hydration, and thus sulfate up-

take by C-S-H the most. 

3. Metakaolin reacts significantly faster than blast fur-

nace slag and contributes to ettringite formation right 

from the beginning of hydration before precipitation of 

portlandite. This proves that metakaolin-rich calcined 

clays are potentially able to contribute to hydrate 

phase formation and thus sulfate consumption before 

the acceleration period. In the system investigated, 

this effect makes up 42% with regards to sulfate de-

pletion. 

4. The lower degree of alite hydration in the system with 

metakaolin is in line with results by the authors de-

rived from blended OPC systems. However, in latter 

systems no contribution of the metakaolin to ettringite 

formation before sulfate depletion could be evidenced. 

This fact requires further elaboration in future studies. 

5. The positive impact of sulfate on the alite hydration is 

only present during acceleration period. Afterwards, 

no significant effect is detectable. 
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