Early hydration of ye'elimite: insights from thermodynamic modelling
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1  Abstract
2 This study focuses on better understanding of early reaction of ye’elimite, the main constituent of calcium
3  sulfoaluminate cements and the effect of minor phases.
4  Thermodynamic modelling was used to calculate the solubility in the tri-dimensional space of Ca-Al-S-H,0 at
5  different alkali concentrations and compared to changes in the pore solution concentrations during the
6  ye’elimite reaction. It is demonstrated that the hydration pathways follow the stability fields of certain
7 hydrates. The interplay between the solution properties and the solubility of different phases results in an
8 increase of aluminium, sulfate, and calcium concentrations following the congruent dissolution of ye’elimite.
9 Moreover, once hydrates start to precipitate, their supersaturation does not change as intensely as the pore
10  solution concentration. This explains the slow reaction of pure ye’elimite. The same framework was applied
11  to explain fast reaction of ye’elimite in the industrial clinkers and particularly the effect of C1,A7 and alkalis.
12
13 Key words
14 A Hydration, A Reaction, B Thermodynamic Calculations, B Pore Solution, D Sulfoaluminate, E Modelling
15 1. Introduction
16  Ye'elimite phase is an important component of calcium sulfoaluminate (CSA) cements. CSA cement has been
17  used in China as the “third cement series” for more than 30 years for construction and special applications
18 [1] [2] and today, the production of CSA cement in China is more than 1 million tonnes per year [3]. Recently,
19 belite-rich CSA cements, so-called belite ye’elimite ferrite (BYF) cements are gaining increasing attention of
20  cement producers [4][5][6] as a low CO; alternative to Portland cement. Despite the long history of the CSA
21  systems use in many applications, the early hydration mechanisms of ye’elimite clinkers and/or cements are
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not well understood although the understanding of this mechanisms is very important since the hydration of
ye’elimite regulates the evolution of the early cement performance [2] [7].
With water alone, the hydration of ye’elimite is often idealized according to the simple equation:
1C,A;S +18 H —> 1 C,ASH,, + 2 AH, Equation 1

to form monosulfate and aluminum hydroxide, with the latter being usually X-ray amorphous. The addition
of anhydrite modifies the reaction to:

1C4A3S +2CS+38H > 1CxAS;H;, + 2 AH4 Equation 2
According to these reactions, the reaction products are monosulfate or ettringite and aluminium hydroxide
in the final product. The content of ettringite and monosulfate is regulated by the ratio between ye’elimite
and calcium sulfate. However, many publications [2] [8] [9][10] suggested that the reaction of ye’elimite with
water is more complex than these simplified reactions as summarised in. The products of the synthetic
ye’elimite reaction include a substantial amount of amorphous CAHio phase and ettringite in addition to
aluminium hydroxide and monosulfate [9][10]. The formation of CAH1o has also been observed in hydrated
industrial clinkers and cements [11] [12] [13][14]. The CAH1o phase precipitation is closely linked to the nature
of aluminium hydroxide. Aluminium hydroxide has three forms: XRD amorphous, microcrystalline phase or
crystalline gibbsite [15] [16] [17]. These forms are characterized by different solubilities, amorphous
aluminium hydroxide is the most soluble while gibbsite has the lowest solubility but it generally forms very
slowly at room temperature [18]. During the early hydration, the amorphous form of aluminium hydroxide
precipitates which stabilizes the CAH;o phase [11] [18] [8]. Later on, when microcrystalline aluminium
hydroxide forms, the CAH1, phase is destabilized. Hence, even the hydration of the neat ye’elimite phase is
more complex than the idealized reactions (1) and (2). Furthermore, the kinetics of the ye’elimite reaction
vary strongly depending on the system investigated. Synthetic, pure ye’elimite reacts slowly [2][9] [19] while
ye’elimite in industrial cements may react very rapidly [1] [8][20] [21] [22].
Despite considerable research on ye’limite / CSA hydration, there are few reported studies linking the pore
solution properties with the evolution of the solid phases. Such studies are needed for understanding the

early hydration mechanisms. Additionally, many of the studies focusing on early hydration investigated
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cement clinker or cements and using retarders [20] [23] [24], which may interfere with the hydration of the
ye'elimite. Consequently, this hinders understanding the mechanisms of early reactions. Additionally, the
earliest pore solution extractions reported are too late [20] [25] [26] [19] to capture all the early hydration
features as these are typically gained only after few hours after the mixing with water.

The two main process that governs the hydration phenomena are dissolution and precipitation [28]. A
suitable way to investigate the mechanisms of hydration is to compare the evolution of the pore solution
composition resulting from the dissolution of anhydrous phases with the solubility surfaces of hydrates that
may precipitate [28] [29]. In this paper, The GEM-Selektor software was applied to investigate the stability
of hydrates in the Ca-Al-S-K-H,0 system. The solubility surfaces for the main hydrates which may precipitate
during the reaction of ye’elimite were calculated and compared them to the solution data to investigate the
mechanisms of ye’elimite hydration, depending on the Ca, Al, S and alkali concentrations in the solution.
The thermodynamic modelling of the system Ca-Al-S-H,O and its sub-systems have been previously
investigated by Damidot and Glasser using the state of the art databases available at that time [30] [31] [32].
However, the pore solution was treated in a simplified form without considering ion speciation. This is an
important aspect since the measured data on the Al, Ca and S concentration vary between uM and hundreds
of mM during the hydration of ye’elimite. Additionally, the alkali concentration is typically limited to 0.1 - 1
mM in the synthetic systems but can be hundreds of mM in the industrial cements [25]. The use of a modern
geochemical software package, GEM-Selector, together with its standard database [33] [34] allows
calculation of aqueous ion activities and speciation for the particular system studied. This thermodynamic
database has been extended and updated considerably, as summarised in [11][18][35][36] allowing the state-
of-the-art modelling.

In the present work, the starting point is the simple and relatively well known system Ca-Al-H,0. It is analysed
to explain the early hydration of calcium aluminate cements. In the next sections, more complex systems are
presented including gradually the effect of alkalis and sulphate on the Ca-Al-H,0 system. Finally, the Ca-Al-S-

K-H,0 system is discussed from the perspective of the reaction of the pure ye’elimite and ye’elimite in a



71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

cement clinker in order to consolidate our knowledge on the early hydration of the calcium sulfoaluminate

phase.
2. Materials and methods

2.1. Thermodynamic modelling

Thermodynamic modelling was carried out using the geochemical modelling program GEM-Selector version
3.2 [37] [38] with thermodynamic data from the PSI-GEMS database [33] [34] supplemented by cement
specific data from the CEMDATA18 database [35][36]. The database compiles thermodynamic data for
hydrates such as ettringite, monosulfate and CAH;o. The thermodynamic database includes also data for
amorphous aluminium hydroxide (Al(OH)s(am), log Kso = 0.24 for the reaction Al(OH)s(am) + OH™ <> Al(OH)
[18]), which has a higher solubility than microcrystalline aluminium hydroxide (Al(OH)s(mic), log Kso = - 0.67
for the reaction AI(OH)s3(mic) + OH & AI(OH);; [35]. The CEMDATA18 database was completed with
thermodynamic data for the solubility of ye’elimite from [39] (AG°¢ = -7929.5 kJ/mol for Cas(Al¢012)SO04).

GEM-Selector is a broad-purpose geochemical modelling code which computes equilibrium phase
assemblage and speciation in a complex chemical system from its total bulk elemental composition. The
activity of a species i, {i}, is calculated with GEM-Selector from the measured concentrations in mol/kg H,0O,
m;, considering the formation of aqueous complexes as {i} = m;y;, where y; is the dimensionless activity
coefficient. The activity coefficients of the aqueous species y; were computed with the built-in extended
Debye-Hiickel equation with common ion-size parameter a; of 3.67 A for KOH solutions and common third

parameter by according to Equation 3:

- Ayzizx/j

logy, =————+=+b 1 Equation 3
1+ Byai\/? ’
where z; denotes the charge of species i, | the effective molal ionic strength in mol/kg H.0, b, is a semi-
empirical parameter (~0.123 kg H.O/mol for KOH electrolyte at 25°C), and A, and B, are P,T-dependent

coefficients; at 25°C and 1 bar pressure, A, = 0.5114 and B, = 0.3288. This activity correction is applicable up

to approx. 1 M ionic strength.
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2.2. Solubility curves and surfaces

This thermodynamic data were used to calculate the solubility of different hydrates under equilibrium
conditions as a function of calcium, aluminium, sulphur and potassium concentrations within the system Ca-
Al-S-K-H,0 and plotted as lines in 2-dimensional and as surfaces in 3-dimensional plots within the
concentration range 0.01 mM to 100 mM. The K* concentration was varied from 1 to 200 mM to assess the
effect of pH. The hydrates considered include hemihydrate, gypsum, portlandite, monosulfate, CAHo,
C,AH75, C4AH13, C3AHg, gibbsite and amorphous as well as microcrystalline aluminium hydroxide. The limited
number of the phases considered was to facilitate and accelerate the calculations. The selection of phases
included into the calculations has no impact on the results as interactions neither among the phases nor
between phases and the solution were considered.

The solubility line or surface for a given phase corresponds to the concentrations at saturation (saturation
index Sl is 0). The saturation index is defined as:

ST =log 4P Equation 4
Ksp
where IAP is theion activity product, i.e. the concentrations of the involved species in the investigated space

and Ksp is the solubility of the given phase. If the Sl is higher than 0, i.e. above the line or surface, the solution

is oversaturated, below it (SI < 0) is undersaturated with respect to that specific phase. The undersaturation
with respect to the dissolving ye’elimite was calculated as well. However, the solubility of the ye’elimite was
decreases by 20 log units to make plotting of its solubility line into graphs with the hydrated phases possible.
This was needed since the solubility of ye’elimite is significantly higher than the ones of hydrates. The

reduced solubility line is market as Y-20 in graphs.

2.3. Pore solution data

Finally, the calculated solubility curves and surfaces were compared with the available experimental data on
the pore solution concentrations. This enables the kinetic path of the early reaction of ye’elimite to be

tracked as well as the path through the solubility curves and surfaces of the hydrates based on the evolution
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of the pore solution. For the reaction of the pure ye’elimite early age solution data published in [9] were
used, where the ye’elimite hydration was investigated at w/b = 100 and 40 allowing the solution
concentrations to be followed during the early reaction. For the reactions occurring in cement clinkers, the
pore solution data from Zajac et al. [20] were used, where an industrial BYF clinker had been studied. The
clinker contained belite, ye’elimite and ferrite phase as the main components. In the industrial clinkers
ye’elimite reacts first, while the hydration of belite and ferrite phases occurs only after days of hydration [20]

[21] [40].

3. Results and discussion

3.1. Solubility lines in Ca-Al-H20 system

The solubility curves of the hydrated phases in the Ca—Al-H,0 and the Ca—Si—H,0 systems have been used to
interpret the hydration of the calcium alumina and calcium silicate phases, respectively [41] [28]. The
solubility diagram of Ca—Al-H,0 has been used to explain the early hydration of the calcium alumina cement
(CAC), and particularly the effect of C12A;7 on the acceleration of the hydration of the CA phase and on the
resulting phase assemblage [42] [43]. Upon contact with water, the CA phase from CAC dissolves and the
solution concentrations increase with a Ca/Al = 0.5 (as indicated by the dotted CA line in Figure 1). The
solution is always supersaturated with respect to aluminium hydroxide as soon as CA starts to dissolve. With
ongoing dissolution highlighted by the dotted line, the solution intersects the solubility line of CAH4o phase
as shown in Figure 1. However, the slow nucleation of CAH;o and aluminium hydroxide results in a long
induction period of the CAC. The presence of small amounts of C;,A; phase increases the Ca/Al, such that the
solution crosses earlier the solubility curve of C;AH7s which nucleates and precipitates rapidly, shortening

the setting time of the cement.
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Figure 1 Left: Solubility lines for the relevant hydrates formed during the hydration of CAC, Gb — gibbsite. Below
the lines the respective solid is undersaturated and cannot precipitate. Increase of the solution concentration
across the line will cause that the hydrate (solid) can form as it is thermodynamically more stable than the solution.
Right: pH map in the calcium alumina plane.

The arrows indicates the direction of the pore solution change during the hypothetical congruent dissolution. The
doted lines are showing the evolution of the solution during the hypothetical congruent dissolution of CA and

C12A7 phases. For this simulation, low S concentration of 0.0001 mM and K equal to 1 mM was used.

3.2. Effect of sulphur and alkali on the solubility relationships in the Ca — Al — H,0 system

In principle, this kind of graph and analysis can also be used for the examination of the hydration of ye’elimite
since it enables the solubility lines of the hydrates involved including ettringite (Et), monosulfate (MS),
aluminium hydroxide (AHs), CAH4, C;AH75s, C3AHg and CsAH13, to be plotted at any sulphur concentration.
However, this type of graph cannot be used to visualise varying sulphur concentrations or the effect of alkalis.
The dissolving ye’elimite releases three different elements into the solution: Ca, Al and sulphur. Their
speciation (Ca?*; CaOH*, ...) changes depending on solution concentrations, which increase during the
dissolution of ye’elimite. The effect of sulphur concentration is intuitive for the ettringite and monosulfate

phases, since they contain sulphur. However, sulphur has an even more pronounced effect on other, sulfate-

7
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free, phases because of the complex interactions within the pore solution as shown in Figure 2. Similarly, the
presence of the alkalis in the system has an effect on the ion speciation, ionic strength of the solution and
pH which modifies the solubility lines and surfaces calculated for a given scenario. In this section, both these
effects are illustrated and discussed. Note that OH" is not a free variable as its concentration is determined
by the concentration of Ca, Al, S and alkalis, if present, and the global charge balance.

In Figure 2 the solubility lines in the Ca — Al plane are compared for two sulphur concentrations. The solubility
lines of three hydrates important for the hydration of ye’elimite: aluminium hydroxide (amorphous and
gibbsite), CAHi, and ettringite, are plotted in the calcium — alumina plane in Figure 2 for sulphur
concentrations of 0.1 mM (solid lines) and 1 mM (dashed lines) . It is obvious that the sulphur concentrations
influence the solubility lines of all hydrates:

¢ aluminium hydroxide (Figure 2 Left): the shape of the curves depends on the sulphur concentration for

total Ca and Al concentration lower than 10 mM. It is noticeable that:

o At lower sulphur concentration, the solubility of aluminium hydroxide increases with increasing Ca
concentration as this increases the pH. At the higher sulphur concentration (which lowers the pH)
the curves are not monotonic. Alumina solubility decreases with increasing calcium up to ~ 0.5 mM,
while Ca concentrations > 0.5 mM solubilise aluminium hydroxide.

o At the lower sulphur concentration, the amorphous form of aluminium hydroxide is always in
equilibrium with much higher aluminium concentration than gibbsite. However, at S = 1 mM and
lower Ca concentration, the difference in the aluminium concentration between the two forms
becomes small.

o At Ca and Al above 10 mM, the sulphur concentration has little impact on the solubility lines of

either polymorph of aluminium hydroxide.

e Ettringite (Figure 2 Right): The increasing sulphur concentration results in a shift of the solubility line at

lower calcium and aluminium concentrations, while at higher Al and Ca concentrations, the increasing S
concentration results only in a slight increase of the ettringite solubility line. It is worth noticing, that the

curved solubility lines of ettringite is in equilibrium with two different aluminium concentration at calcium



177 concentrations above 2 mM, which is counter intuitive; i.e. a vertical line at Ca concentration = 5mM
178 would cross the solubility line twice.

179 e The increasing sulphur concentration increases the solubility of the CAH10 (Figure 2 Right) phase in the

180 range of Ca concentrations 0.1 to ~ 3 mM. At the other Ca concentrations, the S concentration has limited
181 impact (within the investigated range).
182

K=1mM

solid =0.1 mM S, doted =1 mM S

100 / \
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Figure 2 Solubility lines at different sulphur concentrations: CAH;o - CAHy phase, Ett — Ettringite, Gb — gibbsite,
AHam - aluminium hydroxide amorphous. The lines are showing the transition from liquid to solid. Increase of the
solution concentration across the line will cause that the hydrate (solid) is more thermodynamically stable than
the solution. The solid line shown the calculation results at 0.1 mM of S, and doted at 1 mM of S. K concentration
is 1 mM for both cases.

183

184  The evolutions observed have two explanations, depending on the chemical composition of the hydrates:

185 o For the hydrates that do not contain sulphur (aluminium hydroxide and CAH1o), the influence of the
186 sulphur can be attributed

187 o tothe change in the ionic strength of the solution that directly impacts activity coefficients
188 of the ions involved in the solubility products;
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o to the complex formation between Ca?* and SO.* in solution and

o tothelowering of OH concentration and consequently the decrease of the pore solution pH.

It should be noted that the OH" is present in all the dissolution reactions and is coupled to pH via the
equilibrium reaction H,O - OH™ + H*. For example the dissolution reactions of aluminium hydroxide and

CAHyp are at high pH as follows:

Aluminium hydroxide: Al(OH); + OH" = AI(OH)4~
CAHjo phase: CaAly(OH)s:6H,0 - Ca?* + 2Al(OH),™ + 6H,0

The evolution of the pH in the two investigated scenarios is shown in Figure 3: left shows the pH map
at the sulfate concentration of 0.1 mM and Figure 3-right at the sulfate concentration of 1 mM. The
dissolution of Aluminium hydroxide is amphoteric and the equilibrium aluminium concentrations
decrease strongly down to a pH of ~6.5 and then increases again at lower pH values. Figure 3 shows
how higher sulphur concentrations decrease the pH of the solution, in particular at low Ca and Al
concentrations. This decrease of solution pH strongly influences the solubility line of aluminium
hydroxide and explains the observed increase at very low Ca concentrations where the pH values
drop below 6. CAH;0 shows much less dependence on the sulphur concentrations as for the higher
range of the Ca and Al concentrations pH is only moderately lowered.

For hydrates that contain sulphur, the effect is more complex. Sulphur impacts not only ionic
strength, complex formation and pH (OH™ concentration) but in addition the solubility product since
the sulphur takes part in the dissolution reaction as shown below for ettringite:

Ettringite: CasAly(SO4)3(OH)12-26H,0 - 6Ca* + 2AI(OH)4~ + 3504% + 40H™ + 26H,0

On the one hand, increasing sulphur concentrations will push the solubility lines to lower Ca and Al
concentrations because it is the part of the dissolution equation. On the other hand, increasing
sulphur concentration lowers the OH™ concentration, which would shift the solubility lines to higher

Ca and Al concentrations.

10
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Figure 3 pH maps in the calcium alumina planes at the two sulphur levels 0.1 and 1 mM.

The effect of potassium on the solubility of the aluminium hydroxide, CAH;o phase and ettringite is shown in
Figure 4. Potassium increases both the ionic strength of the solution as well as its pH. This results in higher
aluminium concentrations in the presence of aluminium hydroxide and in a shift of the solubility line of
ettringite to lower Ca and Al concentrations. The effect on CAH1o is non monotonic. At lower Ca concentration
(< 3 mM), potassium lowers the Al concentrations. However, at high Ca concentrations (> 3 mM), more Al is

expected in the presence CAHj,.

11
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Figure 4 Solubility lines at different K concentrations: CAH, - CAH;o phase, Ett — Ettringite, Gb — gibbsite, AHam -
aluminium hydroxide amorphous. The solid line shown the calculation results at 1 mM of K, and doted 20 mM of

K. Sulphur concentration is 1 mM in both cases.

3.3. Three dimensional representation of the system

As shown above the interactions in the pore solution in the Ca-Al-S-K-H,0 system are complex as the sulphur
and potassium have a strong impact on the ionic strength, on complex formation and the pH of the solution.
These in turn significantly affect the solubility lines even of sulfate-free hydrates. Since the dissolution of
ye’elimite provides Ca, Al and sulphur to the solution, the analysis of solubility lines plotted in 2-dimensions
cannot capture the complexity of these systems and plots in 3-dimensions showing solubility surfaces instead
of lines are better suited. The three-dimensional diagram of solubility surfaces in the systems Ca-Al-S-H,0 is
shown in Figure 5 in the range of 0.01 to 100 mM Ca, Al and sulphur at K=1 mM. The surfaces for the phases
Ett, aluminium hydroxide (gibbsite), CAHi, C>AH;s, and C;AH;3 are shown as well as the theoretical
dissolution line of stoichiometric ye’elimite. It is noticeable that solubility surfaces of Ett, C;AH7s, and CsAH;3
are close to each other (note however the logarithmic scale) and their mutual distance as well as their
crossings vary depending on the concentrations in the pore solution. Note that the solubility surface of
monosulfate closely follows that of ettringite in the scenario modelled. The solubility surfaces of the
remaining two hydrates, aluminium hydroxide and CAHio, are distinctly different. While CAHjo is

12
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supersaturated only for high Al concentrations irrespective of those of calcium and sulphur, the solutions will
be supersaturated with respect to aluminium hydroxide for practically any concentration, except at very high
sulphur and calcium concentrations. Counter intuitively, the aluminium hydroxide solubility surface is the
most complex one, inspite of there being no calcium of sulphur in aluminium hydroxide. The complex shape
of the surface is a result of the interactions in the pore solution and their impact on pH. Note that the
solubility surfaces of the different forms of aluminium hydroxide (amorphous, microcrystalline, crystalline)
have a similar shape and are only ‘shifted’ along the vertical axis with aluminium concentration

Additionally, Figure 5 shows that during the theoretical calculated dissolution of the ye’elimite in pure water,
the solution is oversaturated with respect to several hydrates in the order aluminium hydroxide, CAH;0 and
ettringite. Finally, the solution becomes supersaturated with the respect to the remaining hydrates

investigated, if precipitation is not considered.

—r 100
Figure 5 Solubility surfaces
- 10
% for the system Ca-Al-S-H,0.
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So far, only generic results of the thermodynamic model have been considered and the complexity resulting
from the interactions in multi-species solutions of high ionic strengths discussed. The key messages are

following:
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e Hydration reactions in Ca-Al-S-K-H,0 system cannot be analysed based on total concentrations and
a model accounting for speciation at high ionic strength is necessary.
e Solubility surfaces of phases are complex and highly dependent on activities of all ions including those
not involved in the solubility product equation.
At the initial stage of hydration, some phases such as aluminium hydroxide are very sensitive to even small

changes in alkali or sulphur concentrations.

3.4. Reaction of ye’elimite in pure water

In this section, the dissolution of ye’elimite is considered in detail to identify the stable hydrate domains and
how these are affected by the changing Ca, Al and sulphur concentrations. In addition, the relation between
the solubility surfaces and the evolution of the measured pore solution concentrations during the hydration
of ye’elimite are discussed. At the beginning of this section, the hydration of the pure ye’elimite is presented
shortly, based on earlier publication [9].

Figure 7 shows the evolution of the phase assemblage during the hydration of ye’elimite focussing on early
age. In these experiments, pure lab-synthesized ye’elimite and pure water were used [9], such that very low
alkali concentration of lower than 1 mM was present. Initially, ye’elimite reacts slowly, particularly up to
about 200 minutes. During this period, the main hydration products are ettringite and an XRD amorphous
phase. The reaction of Ye'elimite accelerates at about 500 minutes, the main hydration products observed
are monosulfate and XRD amorphous phase. Ye’elimite is fully hydrated at about 700 minutes. More detailed

description of the hydration process of ye’elimite is summarised e.g. in [9] and further extended in [10].

14
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272 Figure 7 shows the measured concentrations in the pore solution and calculated saturation indexes. The Ca,
273 Al and sulphur concentrations increase in parallel up to about 90 minutes. During this period, little ye’elimite
274 reaction is observed. Between 90 minutes and 400 minutes, the solution changes with strongly increasing Al
275 concentration and a drop in sulphur. Finally, the concentrations decrease. The saturation indexes confirm
276  that the main hydration products are ettringite and monosulphate as described above when discussing XRD
277 data. Additionally, they suggest that the amorphous phase is composed of aluminium hydroxide and CAH1q
278 phase [9].
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Figure 7 Pore solution concentrations measured during the reaction of ye’elimite at w/s = 40 in pure water.

Measured concentrations from [9]
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279 In Figure 8 the measured pore solution concentrations from Figure 7 and [9] are compared with the
280 calculated solution concentration change during the pure dissolution of ye’elimite in pure water (indicated
281 by the red line) and the solubility surface of ettringite. The first measurements point (30 seconds) lies on the
282 calculated theoretical dissolution of ye’elimite indicating that the pore solution concentrations are changing
283  according to the theoretical dissolution line and no solids or a solid with a composition comparable to
284  ye’elimite have precipitated. The congruent dissolution path is followed up to about 90 minutes where
285 maximum solution concentrations of 15 mM Ca, 20 mM Al and 4 mM sulphur are reached.

286

000 ]
100_-'7::-‘,,»._

Al (mMol/l)
n

o
1

0.01 4

0.01 A S
0.01

100 10

1
Ca (Mmoly)

o1 s (mMolh)

0.1
100 901 S (Mol

Figure 8 Solubility surface of ettringite calculated at 1 mM K compared to the theoretical dissolution line of
ye’elimite (red) and measured concentrations of Ca, Al and S during the reaction of the synthetic, pure ye’elimite
at w/c = 100 (blue points) [9]. The first measurement point is after 30 seconds. The arrows indicate the time
evolution of the pore solution and the numbers the time of measurement in minutes. Both graphs show the
same results but viewed from different perspective.

287

288 After 90 minutes, the concentrations deviate from the congruent dissolution line, indicating the formation

289 of a solid rich in calcium and sulfate. During the further reaction of ye’elimite, the measured pore solution

290 concentrations stay close to the surface of ettringite and other hydrates (Figure 8 and compare to [9]) .
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While the 3 D-graphs allow all surfaces at to be plotted at the same time, the level of complexity in such

graphs is very high, consequently only intersections of surfaces from Figure 5 with different sulphur levels

are plotted in Figure 9 to facilitate the discussion of the results. Additionally, the 2 D-graphs show all three

crystallinities of aluminium hydroxide.
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Figure 9 Intersections of surfaces from Figure 5 at different sulphur concentrations: CAH;o, C;AH; s, C3AH¢ , C,AH3,
MS: monosulfate, Ett: Ettringite, Gb: gibbsite, AHmic — aluminium hydroxide microcrystalline, AHam - aluminium
hydroxide amorphous. The straight dotted line shows the projection of theoretical congruent dissolution line of
ye’elimite on the Ca — Al plane. The blue circles depict the Ca and Al concentration corresponding to the
concentration of S marked in the graph description. The plot at S = 2 mM corresponds to the first measurement
point at 30 s from hydration starting. The plot at S = 4 mM corresponds to the point after ~90 minutes of the

hydration. The ye’elimite line (Y-20) depicts solubility of ye’elimite decreased for 20 log units.

For the congruent dissolution of ye’elimite , the concentrations of Al, Ca and S should increase continuously
as visualised by the blue dotted line in Figure 9, S = 0.01 to 4 mM, until solids start to precipitate. This
theoretical dissolution line first crosses the solubility line of gibbsite; however, the precipitation of this
crystalline phase is very slow at ambient temperature, so rather amorphous or microcrystalline aluminium
hydroxide forms [18]. The solubility lines of the microcrystalline and amorphous forms of aluminium
hydroxide would be crossed at very low sulphur concentrations. However, in parallel to the Al and Ca
concentration, also the sulphur concentration increases, which lowers the pH values and changes the
solubility lines of aluminium hydroxide as had been discussed above for Figure 2. Thus, the further increase
of the solution concentrations does not result in significant increases in supersaturation with respect to
amorphous aluminium hydroxide (Figure 9 S =0.5, 1 and 4 mM) as the slope of the surface of AHam is similar
to the dissolution curve of ye’elimite at sulphur concentrations larger than ~0.5 mM. At later times of
dissolution, i.e. at sulphur concentrations above 0.5 mM, the theoretical dissolution line of ye’elimite crosses
the solubility line of ettringite followed by CAH1o phase. Further dissolution of ye’elimite results in continuous
increases of the supersaturation against the CAHio phase. However, the supersaturation with respect to
ettringite is limited because of the shape of its solubility surface almost parallel with the dissolution line
(compare with calculated Sl in Figure 6). The experiments with a pure ye’elimite ([9], Figure 7 and Figure 6)
demonstrate that the solution composition follows, after the first 90 minutes, the trend of the solubility
surface of ettringite, as also mirrored in the only moderate oversaturation of ettringite. Finally, it is noticeable

that during the first minutes of ye’elimite dissolution, the undersaturation with respect to monosulfate
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continuously increases. Only at the intermediate stages (after ~ 400 minutes) of the dissolution reaction
when the elements concentrations increase, monosulfate becomes oversaturated (corresponding to sulphur
concentration close to 4 mM). Gypsum is continuously undersaturated for all concentrations studied.

The shape of the solubility surfaces of the main hydrates is such that the continuous increase of the Al, Ca
and sulphur results in a relatively small increase of the supersaturation against the main hydrated phases
and thus in a relatively slow nucleation and precipitation, which explains the slow initial reaction of the
synthetic neat ye’elimite observed by calorimetry [9].

This low oversaturation occurs because gibbsite does not precipitate fast enough and only the amorphous
form of aluminium hydroxide precipitates to small extend during the first hours of ye’elimite reaction [9]. A
massive precipitation of gibbsite would deplete Al from the solution and the dissolution line would follow
the gibbsite surface instead of the congruent dissolution line in Figure 9. In such a case, the saturation
surfaces of ettringite and monosulfate would be crossed sooner (see Figure 9 at S = 2 and 4 mM) such that
the supersaturation with respect to ettringite and monosulfate would increase more rapidly leading to earlier
and more intense nucleation and precipitation of these two phases. A significant precipitation of CAH1o
(Figure 9, S = 2 and 4 mM) would have a similar effect, though less pronounced, and would lead to an earlier
nucleation and precipitation compared to the stoichiometric ye’elimite dissolution. In fact, the plot of the
experimental data and the congruent solubility curve illustrates that a small quantity of aluminium rich-
hydrates has precipitated [9] during the early hydration as shown in Figure 10. This lowers the aluminium
concentrations and results in a faster increase of the supersaturation which respect to the ettringite and later

on monosulfate than if no phase had precipitated.
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concentration assuming no precipitation.

Figure 11 shows the evolution of the measured pore solution concentrations between 90 minutes and 700

minutes of hydration at w/b = 40. It is noticeable that the increase of the alumina concentration at the end

of the dormant period is related to two phenomena:

Hydrates precipitation leads to the accumulation of the alumina in pore solution, indicating the
slower precipitation of AHam already discussed

The decrease of the sulphur concentration increases the pH of the pore solution and the shape of
the solubility surface such that monosulfate and ettringite continue to be supersaturated

This increase of pH leads also to a change of the aluminium hydroxide solubility surfaces, such that
after longer time the amorphous aluminium hydroxide becomes undersaturated and microcrystalline
aluminium hydroxide starts to form (in agreement with occurrence of a more crystalline aluminium

hydroxide as shown in Figure 7)
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sulphur concentrations.

The blue points show the measured pore solution
centration evolution during the measurement after
90 minutes at the highest sulphur level (~ 4 mM
sulphur). The other points represent the measured
data after 200, 400 and 700 minutes and low sulphur

concentrations (~ 0.01 mM sulphur after 700 min).

Until now, we have focused on the dissolution of neat stoichiometric ye’elimite and the effects caused by

the interactions in the high ionic strength solution. Based on the changes to the saturation surfaces modelled,

the sequence of events in the dissolving and hydrating systems could be explained. Even in this simpler case,

the interactions were complex. Here we investigate in detail the dissolution of ye’elimite in the BYF clinker

and the impact of reacting rapidly phases like alkali sulphates and Ci;A;.

At the beginning of this section, the hydration of the BYF clinker is summarised, based on an earlier

publication [20]. The evolution of the phase assemblage at the beginning of the hydration of BYF cement is

dominated by the reaction of ye’elimite and principally similar to the pure ye’elimite as shown in Figure 12.

It is noticeable that the dormant period is significantly shorter: ye’elimite starts to rapidly react after about

120 minutes of hydration.
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361
362  The pore solution evolution is shown in Figure 13. The evolution of the alumina concentration is similar to

363  that of pure ye’elimite, but with significantly higher concentration values. The concentrations of calcium and
364  sulphur are decreasing from the first measurement time, i.e. after 5 minutes from mixing with water. This
365 indicates, in contrast to the pure ye’elimite system discussed above, precipitation of calcium and sulphur rich
366  solids, consistent with the very early ettringite formation observed in these systems. Also, the sulphur
367  concentrations are significantly higher than observed for the ye’elimite reacting in pure water (c.f. Figure 7).
368  Additionally, the alkali concentration is high in industrial cements. The higher alkali concentration and high
369 initial sulphur concentrations are related to the alkali sulphates typically present in industrial and semi
370 industrial clinkers. Alkali sulphates dissolve almost instantly in mixing water leading to high alkali and sulphur
371 concentrations.
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Figure 13 Pore solution concentrations measured during the reaction of BYF clinker at w/s = 2 in pure water.
Measured concentrations from [9].

These differences are also related to the presence of minor phases that are formed during the clinkering
process and which significantly influence the hydration of ye’elimite in the cement. Calcium aluminate
phases, CA and Ci;A;, are often present in laboratory and industrial clinkers [12][13][14][44][45][46].
Particularly C12A; reacts rapidly during the first minutes of the cement hydration [20][45][46] and has been

shown to accelerate the kinetics of the ye’elimite hydration [10].

The effect of the presence of these phases on the dissolution process is explored in Figure 14 by plotting the
pore solution composition against the solubility surfaces. The solubility surfaces are calculated for alkali and
sulphur concentrations corresponding to data in Figure 13. In this work, the total alkali concentration at the
first measurement time was about 100 mM and this corresponds to a sulphur concentration of 50 mM
assuming they originate from readily soluble alkali sulphates. In order to simplify the analysis, we assumed
that potassium is the only alkali present and that its content does not change during the early age hydration
investigated. Again, the theoretical congruent dissolution curve of ye’elimite is plotted against the cross-
section of the solubility surfaces of the main hydrates at the different sulphur levels is shown in Figure 14.
The theoretical dissolution line of Ci,A; phase has been added (red dotted line). This C1,A7 dissolution line

runs nearly parallel to the ye’elimite dissolution line.
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Figure 14 Intersections of solubility surfaces at different sulphur concentrations: Gy is the solubility surface of
gypsum and Y is the ye’elimite solubility surface moved for 20 log units. In the calculation, an initial concentration
of 50 mM K,SO, was assumed.

The straight blue dotted line shows the theoretical congruent dissolution line of ye’elimite. The square blue points
depict the Ca and Al concentration corresponding to the concentration of sulphur indicated on the graph. The
straight red dotted line shows the Ca/Al ratio corresponding to the congruent, hypothetical dissolution of C;;A;

phase. The arrow indicates the effect of C;,A; on the dissolution of ye’elimite.
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The calculations reveals that the presence of 50 mM of K,SO, in the solution (Figure 14) has a limited impact
on the calculated shape of the solubility surfaces of the calcium alumina hydrates compared to the case of
the dissolution of ye’elimite in pure water. The addition of only K;SO4 does not change the pH values
significantly when compare to the pure water (data not shown here). Only when more sulphur is added (so
the S/K is increased), which lowers the pH values, the curves show similar shifts as observed in Figure 9; thus
the concentration of sulphur of 0.01 mM in pure water corresponds to concentration of sulphur of 50.01 mM
in K504 solution and 0.5 mM corresponds to 50.5 mM and so on.
There are two noticeable changes between the calculated solubility data for the pure water case and the
K2S04 solution:
o Gypsum becomes supersaturated at higher calcium concentration for the case with K,SO4 in solution.
Note that in the Figure 9 gypsum was always under-saturated.
o At each investigated sulphur level, ye’elimite is less under saturated when compared to the
dissolution of the ye’elimite in the water.
The K;S0, addition has a limited impact on the solubility lines of calcium alumina hydrates. Since the under-
saturation with respect to ye’elimite is lower at each sulphur level when compared to pure water case, its
reaction should be slower. However, the experiments provided in the literature show that ye’elimite reacts
significantly faster in the industrial cements; compare the kinetics of ye’elimite dissolution in Figure 6 and
Figure 12. The main reason for this acceleration is the C;,A; phase [10]. This phase has two pronounced
impacts on the calculated evolution of the pore solution during the dissolution of ye’elimite:
o The dissolution of Cy;A; increases the Al and Ca concentration relative to the sulphur released from
ye’'elimite.
o It moves the dissolution curve of the ye’elimite towards lower aluminium and higher calcium
concentrations as shown by the red dotted line in Figure 14,
These specific effects are confirmed by the pore solution concentrations measured during the dissolution of
ye'elimite in the presence on Cj;A; as discussed in detail in [10]. These phenomena have a pronounced

impact on the development of the pore solution concentration relative to the solubility surfaces during the
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dissolution ye’elimite in the cement clinker. At any given quantity of the ye’elimite dissolved, i.e. at the given
increase of the sulphur concentration in Figure 14, the solution is always more supersaturated initially with
respect to aluminium hydroxide and later on with respect to ettringite and CAH;0. Hence these phases can
precipitate earlier and faster. It is also noticeable that the presence of C12A; results in a different order in
which the solubility surfaces are crossed during the ye’elimite dissolution. While in the case of pure ye’elimite
(Figure 9), the solution is supersaturated with respect to aluminium hydroxide and later on with respect to
CAHyp and ettringite, the presence of C1,A7 and alkali sulfates in industrial clinkers modifies the pore solution
composition such that it is first supersaturated with respect to ettringite and later on with respect to CAH;o.
Overall, these changes contribute to the acceleration of ye’elimite hydration in the industrial cements
compared to the reaction of neat ye’elimite in pure water.

Another interesting point is the effect of alkalis on the evolution described above. The alkalis present as alkali
sulphate and those dissolved in the rapidly hydrating clinker phases (e.g. ye’elimite [27]) dissolve rapidly
during the first minutes of the cement hydration, which increases the pH of the pore solution and affects the
shape of the solubility surfaces. It should be noted that in the semi industrial and industrial cements the pH
of the pore solution is about 1 unit higher at all stages of the hydration than in the synthetic ye’elimite
dissolving in water (compare the data in [9], [10], [20], [25]). The effect of the alkali dissolution is shown in

Figure 15 for two S concentrations of 50.5 and 55 mM, respectively.
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Figure 15 Intersections of solubility surfaces at S = 50.5 and 55 mM and two K concentrations equal to 100 and
105 mM. The straight blue dotted line shows the projection of theoretical dissolution line of ye’elimite on the Ca
— Al plane. The square blue points depict the Ca and Al concentration corresponding to S = 0.5 at 1 mM from
ye’elimite. The straight red dotted line shows the Ca/Al ratio corresponding to the dissolving C;,A; phase.
434

435 For this comparison the solubility surfaces were calculated at the alkali level K = 105 mM and compared to

436  the 100 mM as shown in Figure 15. It is noticeable that the increasing alkali concentration modifies the shape
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of the solubility of ettringite and monosulfate in such way that they are crossed earlier and the
supersaturation increases more rapidly during the calculated dissolution of ye’elimite. Contrary, the solubility
surface of aluminium hydroxide is modified in the way that the solution is initially undersaturated with
respect to this phase at the higher alkali level. This can further contribute to the acceleration of the ye’elimite
hydration in industrial cement when compared to the pure ye’elimite reaction. It is important to notice that

the solubility surface of the gypsum is not significantly modified.

4. Conclusions

Thermodynamic modelling is a powerful tool to determine the variation of the system in presence of
solutions having known compositions. A knowledge of the equilibrium diagram is important even if the
system is dynamic (not at equilibrium) as occurs at the beginning of hydration: in fact it enables the kinetic
path of the reaction to be traced and so to determine if the solution is supersaturated or undersaturated
with respect to stable (or metastable hydrates if the metastable system is calculated) as mention already in
the 90s by Damidot and Glasser [30], [31] [32].

Contrary to previous studies on CAC and calcium silicates — the speciation model for high ionic strength
solutions enabled us to study the Ca-Al-S-K-H,0 system accounting for complex interactions in the pore
solution. By comparing the solubility surfaces with experimentally determined pore solution concentrations,
it is demonstrated that the hydration pathways follow the stability fields of certain hydrates.

For hydration of stoichiometric synthetic ye’elimite, the evolution of the pore solution concentrations
observed could be explained. During the initial dormant period, the saturation with respect to calcium
bearing hydrates changes significantly less than the changes of the concentrations would suggest. This is
caused by the interactions among the sulphur-bearing ionic species with alumina and calcium-bearing ones,
making the saturation surfaces almost parallel to the congruent dissolution line of ye’elimite. Once hydrates
start to precipitate, their supersaturation does not change as dramatically as the pore solution concentration.
Again, this is caused by the specific impact of the pore solution composition on the solubility of the involved

phases.
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The same framework was successfully applied to the early hydration of industrial calcium sulfo-aluminates
cements and shows how the presence of alkalis and C12A7 can accelerate the kinetics of ye’elimite hydration.
While the alkalis from soluble salts such as (Na,K)SO,4 have little impact on the hydration path, alkalis
dissolved in clinker forming phases move the solubility surfaces of the hydrated phases towards lower
concentrations of Ca, Al and sulphur which accelerates the hydration process. A similar impact could be
associated with the presence and dissolution of C1,A; from clinker.

The qualitative as well as quantitative agreement of the modelling results with the experimental data and
observations not only proves the applicability of thermodynamic modelling to assessment of the hydration
of calcium sulfo-aluminates, but also enables identification of the mechanisms involved which leads, finally,
to apredictive model for the hydration pathways depending on the initial conditions and material

compositions.
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