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Two different binders composed of Portland cement, calcium sulphoaluminate clinker and calcium
sulphate were studied from early hydration to 28 days, one containing gypsum and one containing anhy-
drite at equimolar CaSO4 amount. Sodium gluconate was used as retarder to obtain a sufficient fluidity to
cast the samples. Solids were analyzed by X-ray diffraction, scanning electron microscopy and thermo-
gravimetric analysis and quantified by Rietveld refinement, while pore solutions were measured by
ion chromatography. Thermodynamic modelling was used to model the hydration process of the ternary
binders. This combined study allowed a precise understanding of the hydration process over time and the
determination of the composition of the crystalline and of the X-ray amorphous hydrates present in the
binders, which cannot be determined by conventional methods. Results show that the hydration mech-
anisms are similar in presence of gypsum or anhydrite, the difference being in the kinetics of reactions
due to the slower dissolution of anhydrite compared to gypsum in the presence of sodium gluconate.
The hydration starts with the formation of ettringite and of some X-ray amorphous hydrates. In the anhy-
drite-bearing system, the ettringite-forming reaction is stronger delayed by the addition of the retarder
compared to the gypsum-bearing system. This stronger delay results in the formation of a significant
amount of X-ray amorphous hydrates. The hydrates amorphous fraction is composed of different phases
and its chemical composition is changing over time. During early hydration, it is mainly composed of
aluminium hydroxide and strätlingite, while in the anhydrite-bearing system it can additionally contain
some monosulphoaluminate. At later ages, the aluminium hydroxide content decreases and additional
monosulphoaluminate and a C-S-H type phase are formed.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Mortars based on ordinary Portland cement (OPC), calcium
sulphoaluminate clinker (CSA) and calcium sulphate can achieve
fast setting, rapid hardening and high early strength [1–4], which
cannot be reached using OPC-based mortars alone. For those rea-
sons, mortars based on ternary binders represent an interesting
alternative for the production of dry-mix mortars. Due to the above
mentioned properties, these mortars allow a reduction of working
time on the construction sites. Besides this technological advan-
tage, the production of CSA clinker has attracted new interest as
it generates lower CO2 emissions than OPC due to a lower burning
temperature in the kiln, a lower CO2-release from the raw materi-
als (lower calcium carbonate content), and is easy to grind.
ll rights reserved.

nefeld).
The data provided in the literature on the hydration of ternary
binders based on OPC, CSA clinker and calcium sulphate, or on
similar binders based on laboratory synthesized materials are rare
[3–5]. In a previous paper, ternary blends with various OPC/CSA
clinker/anhydrite mass ratios were studied, with variable anhy-
drite contents from 8/3/0.5 to 8/3/1.25, and variable OPC contents
from 5/3/1 to 8/3/1 [4]. On the one hand, it was observed that the
assemblage of hydrate phases present in the binders after some
weeks is not strongly dependent on the changes in the starting ter-
nary composition, and includes ettringite, monosulphoaluminate,
hydroxy-AFm (C4AHx with x = 13–19 depending on relative humid-
ity), hemicarbonate, strätlingite and a C-S-H type phase (cement
notation will be used throughout the text with A: Al2O3, C: CaO,
F: Fe2O3, H: H2O, M: MgO, S: SiO2, S: SO3, T: TiO2). Some amor-
phous/micro-crystalline AH3 had formed at early age and was later
partially consumed during hydroxy-AFm- or monosulphoalumi-
nate-forming reactions. On the other hand, the changes in the
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starting ternary composition strongly influenced the ettringite to
monosulphoaluminate mass ratio.

The modification of the hydration process of OPC or CSA by dif-
ferent quantities or sources of calcium sulphate, such as gypsum,
hemihydrate or anhydrite, is well known. In OPC the type and con-
tent of calcium sulphate is optimized considering the amount and
the reactivity of the aluminate phase (C3A), in order to form
ettringite during early hydration [6]. In pure CSA cements, the hy-
drate assemblage is not strongly influenced by the amount and
type of calcium sulphate added. Ettringite and monosulphoalumi-
nate are formed due to the reaction of ye’elimite (C4A3S) with the
calcium sulphate source. However, the amount of added calcium
sulphate strongly modifies the ettringite to monosulphoaluminate
mass ratio and the water demand to complete full hydration [7–9].
The amount of ettringite is affected by the reactivity of calcium
sulphate (solubility and speed of dissolution) at early ages [8]. In
ternary binders, the reactivity and speed of dissolution of the
calcium sulphate is a key factor for the formation of ettringite or
monosulphoaluminate during early hydration [5]. If the reactivity
of the calcium sulphate is too low, monosulphoaluminate might
form instead of ettringite.

However, there are unsolved issues despite the available data
on the hydration mechanism of ternary binders. On the one hand,
an important fraction of X-ray amorphous hydrates are present in
the binders and their composition is still a matter of debate. AH3

and a C-S-H type phase are assumed to be part of it, while it could
also contain other hydrates not detectable using the X-ray diffrac-
tion technique or thermogravimetry (due to overlaps). On the
other hand, a previous study showed that the use of an organic re-
tarder is needed to obtain a sufficient workability, and that citric
acid efficiently retards the early hydration reactions, such as the
ettringite formation, in anhydrite-bearing ternary binders [3,4].
However, the impact of the addition of an organic retarder to
CSA-bearing ternary binders based on different calcium sulphate
sources has never been described in the literature.

In order to study these topics, two ternary binders based on
OPC, CSA clinker and gypsum or anhydrite were examined in the
presence of sodium gluconate (NaC6H11O7). To obtain the quantita-
tive composition of the solid phase, the hydrated binders were
studied by X-ray diffraction (XRD)/Rietveld refinement and ther-
mogravimetric analysis (TGA). The liquid phase was studied by
ion chromatography (IC), pH and total organic carbon measure-
ments in order to follow the chemical evolution of the pore solu-
tion over time and to evaluate the adsorption of the gluconate on
the cement particles or hydrate phases. Based on the obtained ana-
lytical data, thermodynamic modelling was used to calculate the
effective saturation indices and to simulate the evolution of the so-
lid and liquid phases over time. These thermodynamic calculations
coupled to analytical data allowed a better understanding of the
hydration mechanism and of the nature of the hydrates amorphous
fraction present in the ternary binders.
2. Materials

The chemical and mineralogical compositions of the raw mate-
rials can be found in Table 1. The chemical composition was mea-
sured by X-ray fluorescence (XRF), except for sulphur which was
determined with a Leco� apparatus. Free lime content was mea-
sured according to Franke [10]. The mineralogical composition
was determined from the X-ray diffraction (XRD) patterns using
Rietveld refinement. The OPC used was an OPC CEM I 52.5 R con-
taining 3.5% anhydrite and 0.9% hemihydrate. Its free lime content
was measured to be 0.25% and its Blaine fineness at 5030 cm2/g.
The CSA clinker used contained 62.8% ye’elimite (C4A3S) and
was characterized by CA and CA2 present as minor hydraulic
components, 8.1% and 3.1% respectively. It had a Blaine fineness of
4180 cm2/g. Both calcium sulphates used were technical products.
The gypsum contained some anhydrite (3.3%) and the anhydrite
some SiO2 (1.1%). To determine the amount of alkali sulphates in
the OPC and in the CSA clinker (K2SO4 and Na2SO4 in Table 1), 5 g
of cement or clinker were stirred in 50 ml of deionised water for
5 min. Solution was then filtered and Na and K concentrations in
solution were measured by ion chromatography. The selected
ternary gypsum- and anhydrite-bearing formulations (TER-G,
TER-A) were chosen to have the same total SO3 content (Table 1).
3. Methods

All the experiments were performed at 20 �C and at a water to
cement ratio of 0.42. For each sample, 900 g of cement were mixed
with 378 g of deionised water according to the EN 196-3 standard.
The pastes were cast in 500 ml polyethylene (PE) bottles, sealed
and stored in a thermostatic water bath. The increase of tempera-
ture during the first hours of hydration was measured for TER-G in
the centre of the bottle to check whether the temperature increase
was relevant. The temperature reached about 23.5 �C after 3 h, and
then quickly decreased to about 20.0 �C. The conditions were
nearly isothermal. The pore solutions were extracted after 1 h,
5 h 30, 15 h 30, 1 day, 7 days and 28 days. Unset samples were
pressure filtered to separate the solid and liquid phases (TER-G
at 1 h, TER-A at 1 h and 5 h 30), while the hardened samples were
treated with the steel die method to extract the pore solutions [11].
A maximum pressure of 250 N/mm2 was used to extract the pore
solutions from hardened pastes.

With a syringe equipped with a Nylon filter 0.45 lm, 4.5 ml of
the liquid phase of each sample were immediately collected and
placed into separate vessels. In the first PE-vessel 1 ml of solution
was diluted (1:10) with Milli-Q water for ion chromatography. The
second PE-vessel was filled with 3 ml of solution to determine the
pH value. A 35 ml glass vessel was filled with 0.35 ml of pore solu-
tion and diluted (1:10) with Milli-Q water for total organic carbon
(TOC) measurement. To determine the pH value, a Knick SE pH/
Pt1000 electrode was used. In order to minimize the alkali error,
fresh KOH solutions with known concentration were measured
(0.001 mol/l to 1 mol/l). The obtained values were correlated to
the calculated ones, considering the temperature during measure-
ment (�23 �C) and the ionic strength of the KOH solutions. The to-
tal concentrations of Al, Ca, Na, K, Si and S were determined using
ion chromatography (Dionex ICS-3000). The total organic content
(TOC) of the pore solution samples was measured using a Sievers
5310C.

Heat flow curves were obtained by isothermal calorimetry with
a Thermometric TAM Air instrument calibrated at 600 mW, in or-
der to obtain an overview of the hydration kinetics of the two ter-
nary binders. For the analysis, about 3.4 g of paste were mixed
inside the apparatus using the admix ampoules [12].

X-ray diffraction (XRD) and thermogravimetry (TGA) were used
to determine the mineralogical composition of the solid phase.
Prior to the analyses, hydration was stopped by plunging the sam-
ples 1 h in about 50 ml isopropanol and rinsing twice with diethyl-
ether. Samples were subsequently dried in a desiccator for about
12 h at room temperature. Prior to XRD and TGA, cement was
ground to a grain size <63 lm for the analysis. The thermogravi-
metric analyses were done with a Mettler Toledo TGA/SDTA851e,
where about 10 mg of sample were placed in an open vessel under
N2 atmosphere, heating up 20 �C/min up to 980 �C.

XRD data were collected using a PANalytical X’Pert Pro MPD
diffractometer in a h–2h configuration using incident beam mono-
chromator employing the Cu Ka radiation (k = 1.54 Å) with a fixed
divergence slit 1� and a rotating sample stage. The samples were



Table 1
Mineralogical and chemical compositions of the used materials and used formulations.

OPC (wt.%) CSA (wt.%) CSH2 (wt.%) CS (wt.%) OPC (wt.%) CSA (wt.%) CSH2 (wt.%) CS (wt.%) TER-G (g) TER-A (g)

C4A3S 62.8 SiO2 22.7 4.5 1.0 OPC 61.5 61.5
CT 5.7 AI2O3 3.7 45.0 0.4 CSA 26.7 26.7
C2AS 18.3 Fe2O3 1.4 1.5 0.4 CSH2 10.7

CA 8.1 CaO 64.9 36.1 33.3 40.2 CS 8.4
CA2 3.1 Na2O 0.20⁄ 0.07⁄

MA 1.8 K2O 0.70⁄ 0.35⁄ w/c 0.42 0.42
C3S 64.1 MgO 0.80 0.91 0.29 0.10
C2S 19.0 SO3 3.2 8.6 46.7 55.6
C4AF 1.9 TiO2 0.18 2.23
C3A 7.7 P2O5 0.14 0.08
CS 3.5 3.3 98.8 Mn2O3 0.05 0.02

CSH0.5 0.90 SrO 0.18 0.09

CSH2 96.7 Cl 0.03 <0.01

K2SO4 0.71 0.06 L.O.I. 1.8 0.7 21.5 1.4
Na2SO4 0.081 0.005
CaO (free) 0.25 0.01
MgO 0.20
SiO2 0.60 1.1
CaCO3 2.3

Mineralogical composition determined by XRD/Rietveld refinement. Chemical analyses by XRF, except for SO3 measured with a Leco� apparatus. CaO (free) determined
according to Franke [10]. Loss on ignition (L.O.I) measured until 950 �C. ⁄: Na2O and K2O contents measured by SEM/EDX are 0.39 ± 0.24 wt.% and 0.6 ± 0.2 wt.% in C3S,
0.15 ± 0.02 wt.% and 0.8 ± 0.3 wt.% in CA2 and 0.24 ± 0.01 wt.% and 0.2 ± 0.1 wt.% in CA. K2O content of C4A3S was measured at 0.6 ± 0.3 wt.%.
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scanned between 5� and 80� with the X’celerator detector. The
anhydrous OPC was analyzed according to the protocol presented
by Le Saout et al. [13] with the X’Pert High Score Plus 2.1 from
PANalytical. The phases used for the Rietveld refinement of the
CSA clinker and the ICSD codes (Inorganic Crystal Structure Data-
base, web version 1.1.0) of the structural data are given in Table 2.

Once the refinements of the raw materials had been done, the
unit cell dimensions and shape parameters of the anhydrous
phases were kept constant during the refinement of the diffracto-
gram of the hydrated pastes. The presence in the hydrated pastes
of some ill crystallized phases required an internal standard for
quantification [21 and references therein]. On that purpose, a
known quantity of an internal standard CaF2 (around 10 wt.%)
had been added to the mixtures and the entire pattern had been
fitted using the Rietveld method. The analyses were then corrected
by dividing the values obtained by Rietveld by the ratio of the mea-
sured to true amount of standard. The difference between the sum
of the corrected weight fractions of the crystalline components and
1 was assumed to represent the total weight fractions of the un-
known or X-ray amorphous hydrates. This amorphous fraction of
hydrates includes all the amorphous and/or micro-, nano-crystal-
line components that are not detectable using the XRD technique.
Results of Rietveld analyses gave the sum of the phases normalized
to 100 wt.%. Due to hydration reactions, water entered the solid
system and the amount of anhydrous phases decreased with time
by the effect of dilution. In order to avoid this apparent dilution
effect, the water content of the sample was deduced using the
Table 2
ICSD codes used for the Rietveld refinement.

Phases Formulae Crystal
system

ICSD References

Ye’elimite Ca4Al6O12SO4 Orthorhombic 80361 [14]
Cubic 9560 [15]

Gehlenite Ca2Al2O5SiO2 Tetragonal 67687 [16]
Calcium

monoaluminate
CaAl2O4 Monoclinic 260 [17]

Calcium dialuminate CaAl4O7 Monoclinic 16191 [18]
Perovskite CaOTiO2 Orthorhombic 62149 [19]
Spinel MgAl2O4 Cubic 77583 [20]
TGA results, so that the results were referred to the mass of anhy-
drous materials. The total could therefore be P100 wt.% (at w/
c = 0.42, maximum is 142 wt.% representing 100 g of dry cement
mixed with 42 g of water if all the water is incorporated in the sys-
tem). The final result was then normalized to 100% (g/100 g paste).
With this data representation, the ‘‘real’’ decrease or increase of the
various phases can be observed. The error from the Rietveld refine-
ment ranges between 5% and 20% for the clinker phases, while for
the calcium sulphates it can go up to 40%.

Energy-dispersive X-ray spectroscopic (EDX) analyses were
performed at the scanning electron microscope (SEM) in order to
determine the chemical composition of the main clinker phases
from the OPC and CSA clinkers, and to gain information on the
CaO content of some hydrates. The microscope was operated at
15 kV in the backscattered electron mode to select the positions
of the EDX analyses during which major and minor elements
were semi-quantitatively measured (Ca, Al, Si, S, Fe, Mg, Ti, Na, K,
Zn and Cr).

A mass balance calculation was used to determine the CaO,
Al2O3, SO3 and SiO2 contents of the X-ray amorphous fraction of
the hydrated pastes. In the one hand, the contents of the various
oxides in the whole system were calculated using the chemical
composition of the OPC, the CSA clinker and the calcium sulphates.
In the other hand, the contents of the various oxides in the
crystalline phases (anhydrous and hydrates) and their increase or
decrease observed by Rietveld refinement were considered. Chem-
ical composition of C3S, C4A3S, CA, C2AS and CT were measured by
EDX on the anhydrous clinkers, while the chemical composition of
the anhydrite and gypsum were known. For C3A, C2S and C4AF, val-
ues were taken from Taylor [22]. For calcite, quartz, spinel (MA),
ettringite and portlandite, oxides contents were calculated from
their theoretical stoechiometry, the two lasts being too small to
be separately measured by EDX. Finally, the chemical composition
of all the crystalline solids was deduced from the total composition
of the system for each oxide, giving the composition of the
amorphous fraction for this oxide.

In order to carry out the thermodynamic calculations, the geo-
chemical GEMS-PSI software was used linked to the cement-
specific CEMDATA database [23–27]. Thermodynamic modelling
was used to calculate the saturation indices of the various hydrate
phases which could potentially form in the hydrating binder, using
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Fig. 1. Heat flow curves obtained by isothermal calorimetry on the gypsum-bearing
(TER-G) and on the anhydrite-bearing (TER-A) systems during the first 24 h of
hydration.
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the composition of the pore solutions. This shows when and which
hydrates were in equilibrium with the pore solution, thus being
able to precipitate. When the pore solution is undersaturated with
respect to a certain solid, it is not formed. Thermodynamic calcula-
tions were also carried out to model the hydration processes of the
two studied ternary binders over time. The following modelling
strategy was applied: (i) The chemical compositions of the two
Fig. 2. Evolution of the solid phase composition over time deduced from X-ray diffractio
the anhydrite-bearing (TER-A) systems: (a and b) consumption of clinker phases a
Amorphous = X-ray amorphous hydrates, CA = monocalcium aluminate, C3A = alumi
CS = anhydrite, CSH2 = gypsum. The amount of solid is presented as g/100 g of paste in
dry-mixed cements were used as input, (ii) the dissolution kinetics
determined from XRD/Rietveld refinement for C3S, C2S, C4AF, C3A,
C4A3S, CA, CaCO3, CSH2 and CS were fitted using polynomial equa-
tions, while K2SO4, Na2SO4, hemihydrate, free MgO and free lime
were allowed to dissolve instantaneously and spinel (MA), quartz,
perovskite (CT), gehlenite (C2AS) were considered to be inert
(based on the XRD data), and (iii) the thermodynamic equilibria
for the solid phases involved in the hydration process were calcu-
lated by GEMS considering the given empirical dissolution kinetics
mentioned above. As no dissolution kinetics could be provided for
CA2 by the Rietveld refinement due to its low amount (<1 wt.%) in
the ternary blends and to peak overlap, the dissolution of CA was
used to model the CA2 decrease (the same empirical equation
was used). Free MgO was allowed to dissolve instantaneously
due to its very low concentration in the two ternary binders
(<0.06 wt.%), which did not strongly influence the modelled hydra-
tion process.
4. Results and discussion

In the absence of an organic retarder TER-G and TER-A set with-
in some minutes. However, in the presence of sodium gluconate,
TER-A is more retarded than TER-G. This is clearly visible on the
heat flow calorimetric curves (Fig. 1). TER-G heat flow curve shows
two peaks, the first one has a maximum heat flow around 30 min
and the second one around 3 h. In TER-A two similar peaks are ob-
served and delayed. The first peak has a maximum heat flow
n, Rietveld refinement and thermogravimetry for the gypsum-bearing (TER-G) and
nd calcium sulphates, (c and d) formation of hydrate phases. AFt = ettringite,

nate, C4AF = ferrite, C4A3S = ye’elimite, CH = portlandite, C3S = alite, C2S = belite,
order to avoid artefacts due to ‘‘dilution’’ effects (see methods description above).



Fig. 3. Selected derivative curves from the thermogravimetric analyses for a) the
gypsum-bearing system (TER-G) and b) the anhydrite-bearing system (TER-A).
The peak around 215 �C in the unhydrated mixes is related to the sodium gluconate.
The following curves were omitted for readability: TER-G at 15 h 30 (equal to 1 d),
TER-A at 1 h (similar to 5 h 30) and TER-A at 15 h 30 (similar to 1 d). AFt = ettringite,
Amorphous = partial signal related to the X-ray amorphous hydrates (part of the
signal probably overlaps with AFt or monosulphoaluminate at lower temperature
and is therefore not visible), CSH2 = gypsum. Monosulphoaluminate is an SO4–OH–
monosulphate solid solution close to C4ASH12.
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around 1 h 30 and the second one around 7 h. However, the second
peak seems to be composed of several convoluted peaks (shoulders
at 6 h and 10 h), suggesting a more complex hydration evolution
than TER-G at early ages with the formation and conversion of hy-
drates. The following paragraphs will always refer to the retarded
mixes.

4.1. Solid phase composition

In TER-G, the Rietveld refinement analysis reveals that within
the first hour only the rapid soluble phases of the OPC are dissolved
such as the soluble alkalis (K2SO4 and Na2SO4), free lime (CaOf) and
hemihydrate. Only little C3S dissolves within these first hours
(Fig. 2a and c), and continues to dissolve until later ages. According
to the Rietveld result, almost no or very little C4A3S seems to dis-
solve within the first hour (considering an error of 20% for
C4A3S). The period between 1 h and 5 h 30 is characterized by a
strong decrease in the C4A3S content and the complete consump-
tion of the gypsum (CSH2). This leads to the massive formation of
ettringite (AFt) due to the reaction (i) C4A3S + 2CSH2 + 34H ?
C3A�3CS�H32 + 2AH3, and of some X-ray amorphous hydrates
(Fig. 2c). From 5 h 30 to 7 days, C4A3S is dissolving in the absence
of gypsum. The AFt content stays constant, while the amount of
X-ray amorphous hydrates strongly increases. The period beyond
7 days is characterized by a decrease of the AFt content, while
some X-ray amorphous hydrates are still formed.

The hydrate phases observed in the derivative TGA curves for
TER-G (Fig. 3a) are partly in agreement with the XRD results,
including AFt and some X-ray amorphous hydrates, while mono-
sulphoaluminate is additionally found in the TGA curves at
hydration times of 7 and 28 days due to the reaction (ii)
C4A3S + 18H ? C3A�CS�H12 + 2AH3. A little amount of CH seems to
be present in the samples at 7 day and 28 day. The formation of
AFt starts within the first hour. In order to be able to form AFt, it
is obvious that some C4A3S or C3A had dissolved at that time, in
contrast to what was shown by Rietveld refinement. This discrep-
ancy is due to the uncertainty of the Rietveld refinement method,
which could be around ±2 g for 10 g of C4A3S (difference between
C4A3S in the dry mix and the corresponding Rietveld result for
the same sample). Even if the presence of some X-ray amorphous
hydrates is deduced from the derivative TGA curves, their nature
cannot be precisely determined using this method. The corre-
sponding broad and flat peak ranges between 200 �C and 400 �C
and could therefore be related to the presence of some AH3, which
would be in agreement with the AFt-forming reaction (i) men-
tioned above. However, AH3 is probably not the only phase respon-
sible for this signal. Moreover some additional peaks related to
some X-ray amorphous hydrates (e.g. a C-S-H type phase) could
be present at temperatures <200 �C overlapping with AFt and/or
monosulphoaluminate.

More information can be gained from a mass balance calcula-
tion based on the XRD data to estimate the CaO, Al2O3, SO3 and
SiO2 contents in the hydrates amorphous fraction, and its elemen-
tal molar ratios (Fig. 4a and c). In TER-G at 1 h, about 12% of the to-
tal Al2O3 of the system and no or little SiO2 or SO3 are present in
the amorphous fraction. This confirms that some AH3 forms in
TER-G within the first hour. Beyond 1 h, some SiO2 and SO3 are
contained in the amorphous fraction, showing that AFm-type
phase(s) and/or a C-S-H type phase could be present in it. The
decrease over time of the calculated Al to Si molar ratio in the
amorphous fraction is in agreement with the consumption of
AH3 and the formation of a C-S-H type phase during late hydration
reactions observed in similar ternary binders [4].

In TER-A the kinetics of clinker dissolution and hydrate phases
formation is different to the one of TER-G, except for the rapid dis-
solution of the alkali sulphates (K2SO4 and Na2SO4), free lime
(CaOf) and hemihydrate during very early hydration. Until 5 h 30,
C3S is the main phase to react and the volume of the X-ray amor-
phous fraction increases (Fig. 2b and d). As for TER-G, C3S continu-
ously dissolves in the investigated samples over time. The massive
consumption of C4A3S and anhydrite occurs later compared to TER-
G, between 5 h 30 and 1�d, leading to the massive formation of AFt
(Fig. 2d) via the reaction (i) C4A3S + 2CS + 38H ? C3A�3CS�H32 +
2AH3. The decrease of the AFt content starts beyond 1 day and is
coupled to the formation of some X-ray amorphous hydrates. Some
CH is present in TER-A at 7 day and 28 day (Fig. 2d). From the Riet-
veld refinement analysis, less AFt and more amorphous hydrates
and CH form in TER-A compared to TER-G.

The hydrate phases observed in the derivative TGA curves of
TER-A are partly in agreement with the XRD results (Fig. 3b),
including AFt and some X-ray amorphous hydrates, while mono-
sulphoaluminate is additionally found in the TGA curves. As previ-
ously mentioned, the composition of the hydrates amorphous
fraction cannot be gained from the derivative TGA curves. How-
ever, the mass balance calculation shows that some CaO, Al2O3,
SO3 and SiO2 are present in the amorphous fraction from the early
hydration period (Fig. 4b). It could therefore contain some mono-
sulphoaluminate and other AFm-type phases or a C-S-H type
phase. The mass balance calculations showed that the composition
of the hydrates amorphous fraction in TER-A is slightly modified
within the first hours of hydration, compared to TER-G where it
is more significantly changed with a strong decrease of the Al to
Si ratio (Fig. 4c and d).



Fig. 4. Estimation of the composition of the hydrates amorphous fraction deduced from mass balance calculations. CaO, Al2O3, SO3 and SiO2 contents compared to the
composition of the whole system (total paste composition) in (a) the gypsum-bearing system (TER-G) and (b) the anhydrite-bearing system (TER-A) and elemental molar
ratios in the hydrates amorphous fraction in (c) the gypsum-bearing system (TER-G) and (d) the anhydrite-bearing system (TER-A). Error bars are based on the calculated
uncertainty between the theoretical mix composition and the Rietveld refinement calculated composition of the ternary dry mixes, and on the error related to the TGA
method (including error propagation during calculation).
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4.2. Liquid composition

All results obtained from the chemical analyses of the extracted
pore solutions, including elemental compositions, pH and total
organic carbon measurements, are presented in Table 3. In pore
solutions from TER-G and TER-A, Na and K continuously increase
over time (Fig. 5a and b). They are released by the alkali sulphates
(Na2SO4 and K2SO4) and sodium gluconate (only Na) at the early
beginning and later by the dissolution of the clinker phases
[11,22,28,29], such as C3S and C3A from the OPC or C4A3S, CA2 or
CA from the CSA clinker (see Na2O and K2O contents measured in
these phases by SEM/EDX; footnote of Table 1).
Table 3
Measured total concentrations in the pore solutions from the ternary binders (w/c = 0.42)

Sample Time (days) pH Al (mmol/l) Na (mmol/l) K (mmol/l)

TER-G 0.04 11.98 4.3 319 124
0.2 12.41 5.1 385 188
0.6 13.04 5.5 392 202
1 13.06 5.5 406 215
7 13.61 5.0 525 274
28 n.e. 3.7 795 551

TER-A 0.04 12.55 7.5 314 123
0.2 12.57 5.0 316 124
0.6 12.31 4.6 505 249
1 13.06 6.1 528 273
7 13.65 5.5 687 384
28 13.84 3.6 933 657

TOC: total organic carbon, n.e.: not sufficient pore solution to perform measurement.
In order to be able to evaluate an eventual alkali uptake by the
hydrate phases, the discrepancy between the calculated and the
measured contents of alkalis in the pore solution was determined
(Fig. 6), taking into account only the measured dissolution of the
clinkers, of the easily soluble alkali sulphates and of the sodium
gluconate. The calculated and measured curves generally evolve
in a parallel way, showing that alkalis are hardly incorporated into
hydrate phases and that their increase in solution is mainly related
to their release from the clinker phases and to the decrease of the
pore solution volume over time. In TER-G the calculated values
tend to be overestimated between 1 h and 5 h 30, when AFt
and some X-ray amorphous hydrates are formed. Some small
.

Ca (mmol/l) Si (mmol/l) S (mmol/l) OH (mmol/l) TOC (mmol/l)

6.5 0.06 226 10 25
1.2 0.13 146 28 30
0.9 0.27 37 120 28
0.7 0.26 36 125 30
0.8 1.67 13 446 37
1.2 1.28 13 n.e. n.e.

23.0 0.14 143 39 80
27.8 0.05 150 41 96

1.9 0.15 277 22 38
3.0 0.47 129 125 44
0.6 2.61 29 485 47
1.4 1.87 42 760 n.e.
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Fig. 5. Total concentrations of major elements measured in the pore solutions in (a)
the gypsum-bearing system and (b) the anhydrite-bearing system. No OH� value is
presented for TER-G at 28 days, because not enough pore solution was extracted to
allow pH measurement. Fig. 6. Measured (meas) and calculated (calc) total concentrations of Na and K in

pore solutions: (a) in the gypsum-bearing system (TER-G) and (b) in the anhydrite-
bearing system (TER-A). The calculated curves were obtained considering an
instantaneous dissolution of the alkali sulphates from the OPC and CSA clinkers, the
release of Na from the sodium gluconate, and no uptake of alkalis by the forming
hydrate phases. The release of Na and K from clinker phases over time was
estimated from the Rietveld refinement results (dissolution kinetics) and from the
energy-dispersive X-ray spectroscopic analyses (Na2O and K2O contents in the
clinker phases) obtained at the scanning electron microscope. Error propagation
was calculated considering errors of 1% for the TGA, 5% for the IC and 0.1% for the
EDX analyses.

Fig. 7. Percentage of adsorbed organic carbon calculated from the total organic
carbon measurement of the pore solutions in the gypsum-bearing system (TER-G)
and the anhydrite-bearing system (TER-A). AFt = ettringite, CS = anhydrite.
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quantities of alkalis could therefore be sorbed by one or more of
these phases. According to Andac and Glasser [30], some K can
be sorbed by hydrates during the hydration of CSA cements beyond
3 days when monosulphoaluminate and strätlingite are formed.
Moreover, strätlingite was clearly identified to be a K-binding
phase in CSA cements [29]. Other literature data obtained on syn-
thetic gels, such as C-S-H, C-A-S-H or M-S-H, showed that Na and K
can be sorbed by these gels [31–34].

The Ca and S concentrations tend to decrease over time in the
pore solutions of TER-G and TER-A (Fig. 5). They are released by
the dissolution of C4A3S, of the calcium sulphates, and Ca is addi-
tionally released during free lime and OPC clinker dissolution. As
soon as they are released in solution, they are consumed to form
the AFt and some X-ray amorphous hydrates. Some SEM/EDX anal-
yses showed that the hydrates amorphous fraction contains some
Ca, which was confirmed by the mass balance calculations on the
solid phases.

The Al concentration in the solutions stays constant in TER-G
and TER-A (Fig. 5). It is balanced by the C4A3S dissolution, and
the formation of AFt and of some Al-bearing amorphous hydrates.
The dissolved Si concentration in TER-G continuously increases un-
til 7 days (Fig. 5a). It is released by the dissolution of C3S/C2S and is
incorporated in the hydrates amorphous fraction (Fig. 4a). Between
7 and 28 days, the dissolved Si concentration is rather constant
(Fig. 5a). This could be due to the formation of some Si-bearing
phases in the amorphous fraction, such a C-S-H type phase or an
AFm-type phase. The evolution of the Si contents in pore solutions
from TER-A is similar to the one observed in TER-G.

The evolution of the OH- concentration in solution is negatively
correlated to the S concentration and positively correlated to the
Na and K concentrations, as the charge balance of the solution is
maintained. For that reason OH- generally increases over time in
both TER-G and TER-A (Fig. 5). During early hydration pH values
are lower than 12.6, being similar to pH values observed in the
pore solutions of CSA cements [29]. At later ages they range be-
tween 13 and 14, being similar to pH values observed in pore solu-
tions of OPC [11,26,28,35].

The measurement of the total organic carbon concentration in
solution reveals that in TER-G, the percentage of adsorbed organic
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carbon reaches about 85% after 1 h and then stays constant (Fig. 7).
This means that 15% of the added gluconate stay in the pore solu-
tion until 28 days, whereas 85% are adsorbed. In TER-A, it is below
50% until 5 h 30 and then increases to about 83% and stays con-
stant. From Fig. 2, it can be deduced that the samples, where the
percentage of adsorbed organic carbon is higher than 80%, are
those containing relevant amounts of AFt and/or gypsum (TER-G
at 1 h). According to literature data, AFt in natural or synthesized
pore solutions can adsorb high amounts of negatively charged
polycarboxylate-based superplasticizers [36–39]. As the gluconate
used in the present study is also negatively charged, it could adsorb
on AFt surfaces. According to Zingg et al. [39–40] the number of
submicron particles, which are mainly AFt in OPC, is much higher
in cement paste at early age than in unhydrated cement. Therefore
the high specific surface area of AFt could be available for the
gluconate to adsorb, and could explain the high percentage of ad-
sorbed organic carbon observed in TER-G at 1 h. In TER-A within
the first hours, lower amounts of organic carbon are adsorbed,
about 50%, while AFt is not present in the pastes. In that case,
the gluconate could adsorb on another phase having a strongly po-
sitive zeta potential in pore solution such as e.g. an AFm-type
phase [36,38], which could be present in the hydrates amorphous
fraction of TER-A at early age as shown by the mass balance
calculations (Fig. 4b).

4.3. Thermodynamic modelling

4.3.1. Saturation indices
The effective saturation index shows which hydrates are in

equilibrium with the pore solution (saturation index = 0), or are
oversaturated (saturation index > 0), thus being able to precipitate.
When the pore solution is undersaturated with respect to a certain
solid (saturation index < 0), this latter is not formed but may dis-
solve if present. The calculations show that three hydrate phases
are oversaturated with respect to the pore solutions of TER-G or
TER-A at any hydration time (Fig. 8), AFt, monosulphoaluminate
Fig. 8. Effective saturation indices calculated for the ettringite (AFt), monosulp-
hoaluminate, AH3 (gibbsite), strätlingite (C2ASH8), C-S-H (jennite), portlandite (CH)
and gypsum (CSH2). An effective saturation index of 0 indicates the equilibrium
between the liquid and the solid phases. Jennite is presented for C-S-H, while
tobermorite would give a similar calculated trend.
and strätlingite (C2ASH8). Gibbsite (crystalline AH3), which is over-
saturated during early hydration, becomes undersaturated at later
ages. Gypsum is always undersaturated. C-S-H and CH are oversat-
urated with respect to the pore solutions only at later ages.

The model predicts the formation of crystalline AH3. This dis-
crepancy between the model and the analytical data is due to the
fact that the solubility product of AH3 is strongly dependent on
its crystallinity. At about 20 �C the amorphous AH3 has a solubility
product around 10�1.99 [41], the micro-crystalline AH3 around
10�0.22 [42,43], and the crystalline AH3 (gibbsite) around 10�0.06

[44]. In that case, the modelling program favours the formation
of the component with the lowest solubility product, respectively
gibbsite (according to the Ostwald step rule). Therefore in cement
systems, amorphous or micro-crystalline AH3 could form during
early hydration and could be progressively recrystallized to more
crystalline AH3.

The calculation of the saturation indices allows a better estima-
tion of the composition of the hydrates amorphous fraction present
in TER-G and TER-A. In TER-G until 1 day, this component should
be mainly composed of AH3 and could contain some additional
strätlingite (C2ASH8), explaining the Si content deduced from the
mass balance calculations (Fig. 4a). At later ages, while the AH3

content in the amorphous fraction decreases, a C-S-H type phase
can be formed. This could easily explain the calculated decrease
of the Al to Si ratio over time (Fig. 4a). Some monosulphoaluminate
could also form, as the S content in the amorphous fraction in-
creases at later ages (Fig. 4a). A similar scenario can be drawn for
TER-A. However in that case, some strätlingite and some mono-
sulphoaluminate could also form in the amorphous fraction within
the first hour of hydration (Fig. 4b).

4.3.2. Hydration mechanism
The thermodynamic modelling is used to calculate the stable

phase assemblage during the hydration based on the measured
dissolution of the clinker phases (XRD/Rietveld refinement). The
modelling reveals that the main differences between the hydration
mechanisms of TER-G and TER-A occur within the first day. For
that reason, the modelled compositions of the hydrated cements
are presented until 7 days in Fig. 9. In TER-G, the hydration process
begins with the formation of AFt and AH3 from the hydration of
C4A3S, which is in agreement with the analytical data and with
reaction (i) C4A3S + 2CSH2 + 34H ? C3A�3CS�H32 + 2AH3. The AFt
content strongly increases during the first hours, then stays more
or less constant, and finally decreases at later ages. This evolution
is in agreement with the Rietveld refinement results (Fig. 2c). Some
C-S-H and strätlingite are also modelled to form within the first
hours. As these phases are not observed by XRD, they could be
present in the hydrates amorphous fraction. This would explain
the increase of the Si content shown in Fig. 4a within the first hours
of hydration (mass balance calculation). Later, AH3 content de-
creases and after 1 day monosulphoaluminate starts to form.
According to the modelling, the composition of the monosulphoa-
luminate solid solution is close to the monosulphoaluminate end-
member (C4ASH12). As monosulphoaluminate is not observed by
XRD (only suspected beyond 7 days), it could be present in the
amorphous fraction, which is consistent with the increase of the
S content from 1 day shown in Fig. 4a. No CH was predicted to form
in the modelled hydration process.

Comparing the amorphous content calculated by XRD/Rietveld
refinement to the total amount of amorphous phases calculated
by the modelling, respectively those being absent from the XRD
patterns, strätlingite, AH3, C-S-H and monosulphoaluminate
(Fig. 10), there is a good correlation between the Rietveld and
the modelled results until 28 days. From this observation, we
can conclude that these four phases belong to the hydrates amor-
phous fraction. Moreover, during early hydration of TER-G, the



Fig. 9. Modelled hydration until 7 days of a) the gypsum-bearing system (TER-G) and b) of the anhydrite-bearing system (TER-A). Calculation made with w/c = 0.42 and 20 �C.
Results expressed as mass in g/100 g dry cement. AFt = ettringite, AH3 = gibbsite, CA = monocalcium aluminate, CA2 = monocalcium dialuminate, C3A = aluminate,
C4AF = ferrite, C4A3S = ye’elimite, CaCO3 = calcite, C3S = alite, C2S = belite, CS = anhydrite, CSH2 = gypsum. Monosulphoaluminate is an SO4–OH–monosulphate solid solution
close to C4ASH12. Inert includes the non hydraulic phases spinel (MA), CT, gehlenite (C2AS) and SiO2. C-S-H composition is a tobermorite–jennite solid solution close to the
jennite endmember, except for TER-G at early age where some tobermorite-amorphous SiO2 solid solution compositions were calculated (close to the tobermorite
endmember). Hydrotalcite is present in both mixes and approximately constant at low concentrations (<0.16 g/100 g dry cement). As no CA2 dissolution kinetics could be
deduced from the Rietveld refinement, the empirical function of the CA dissolution was used to model the CA2 decrease.
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monosulphoaluminate is formed as one of the X-ray amorphous
hydrates, which could at later ages increase its crystallinity.

In TER-A, little AFt is predicted to form within the first hour of
hydration, while the period where the higher amount of AFt is
formed is between 5 h 30 and 15 h 30 (Fig. 9b), which is in agree-
ment with the Rietveld refinement results (Fig. 2d). The AFt con-
tent decreases at later ages. Monosulphoaluminate is predicted
to form earlier in TER-A than in TER-G. This is certainly related
to the slower dissolution of anhydrite compared to gypsum, as ob-
served for CSA cements [8,29]. According to the modelling, AH3 and
strätlingite are formed during early hydration in addition to
monosulphoaluminate (Fig. 9b). This easily explains the observed
SiO2 and SO3 contents in the hydrates amorphous fraction at early
age (mass balance calculations; Fig. 4b). The most significant
discrepancies between the Rietveld refinement results and the
modelling results are the absence of CH and the high amount of



Fig. 10. Comparison between XRD/Rietveld refinement and modelled contents of
X-ray amorphous hydrates over time in the gypsum-bearing system (TER-G) and
anhydrite-bearing system (TER-A). Circles represent XRD/Rietveld refinement
results and continuous lines represent the modelled content of strätling-
ite + AH3 + C-S-H + monosulphoaluminate.
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monosulphoaluminate calculated by GEMS. However as for
TER-G, if the modelled amounts of monosulphoaluminate,
strätlingite, AH3 and C-S-H are considered to be part of the
hydrates amorphous fraction, the correlation between the Rietveld
results and the modelled results is good until 28 days (Fig. 10).
From these observations we can conclude that, as for TER-G, the
monosulphoaluminate is formed at early age as an X-ray amor-
phous hydrate which becomes more crystalline at later ages.
5. Conclusion

The combination of X-ray diffraction, Rietveld refinement and
thermogravimetric analysis with the measurement of the composi-
tion of pore solutions over time allows a precise understanding of
the hydration mechanism of OPC, CSA clinker and calcium sulphate
ternary blends. The overall hydration mechanisms are similar in
presence of gypsum or anhydrite, the main difference being in
the kinetics of reactions due to the slower dissolution of anhydrite
compared to gypsum in the presence of sodium gluconate, which
was added as retarding agent to achieve fluidity for sample casting.
The hydration starts with the formation of some ettringite and of
some X-ray amorphous hydrates, while ye’elimite, calcium sul-
phate and alite contents are decreasing. In the anhydrite-bearing
system, the ettringite-forming reaction is strongly delayed by the
addition of the sodium gluconate compared to the gypsum-bearing
system where it is only slightly delayed. This results in the forma-
tion of an important amount of X-ray amorphous hydrates before
the ettringite starts to form in the anhydrite-bearing system. At la-
ter ages, the ettringite content decreases in the ternary binders,
while some portlandite is formed. The volume of the hydrates
amorphous fraction present in the two ternary binders constantly
increases.

From the successful combination of the results obtained on the
solid and liquid phases with thermodynamic modelling, the com-
position of the hydrates amorphous fraction observed in the
ternary binders can be efficiently estimated. The mass ratio
between the phases present in the X-ray amorphous fraction
changes over time. In the gypsum-bearing and anhydrite-bearing
systems, the Al to Si ratio of the amorphous fraction decreases over
time. Within the first hours, the hydrates amorphous fraction is
mainly composed of aluminium hydroxide and strätlingite, while
in the anhydrite-bearing system it can additionally contain some
monosulphoaluminate due to the slower consumption of anhydrite
compared to gypsum. At later ages, the aluminium hydroxide
content in the amorphous fraction decreases and additional
monosulphoaluminate and a C-S-H type phase are formed.
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