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The solid solution between Al- and Fe-ettringite Cag[Al; — xFex(OH)g]2(SO04)3:26H,0 was investigated.
Ettringite phases were synthesized at different Al/ (Al 4 Fe)-ratios (= Xajtotal), SO that X, increased from 0.0
to 1.0 in 0.1 unit steps. After 8 months of equilibration, the solid phases were analyzed by X-ray diffraction
(XRD) and thermogravimetric analysis (TGA), while the aqueous solutions were analyzed by inductively
coupled plasma optical emission spectroscopy (ICP-OES) and inductively coupled plasma mass spectrometry
(ICP-MS). XRD analyses of the solid phases indicated the existence of a miscibility gap between X tora1 = 0.3-
0.6. Some of the XRD reflections showed two overlapping peaks at these molar ratios. The composition of the

aqueous solutions, however, would have been in agreement with both, the existence of a miscibility gap or a
continuous solid solution between Al- and Fe-ettringite, based on thermodynamic modeling, simulating the

experimental conditions.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Ettringite occurs in natural alkaline environments (like Ca-rich
igneous rocks, contact metamorphosed Ca-rich sediments or bioclastic
sediments cemented by gypsum) with different chemical compositions,
e.g. Cag(Al)2(S04)3(0OH)q2- 25H,0 [ 1], Cag(S1,AlLB)3(504)2(0,0H)12(OH) 4
26H,0 [2] and Cag(ALSi)»(S04)>(B(OH)4)(OH)12 - 26H,0 [3]. Iron contain-
ing analogues Cag(Fe(lll)15Alo3Mn(11)02)2(S04)2.3(B(OH)4)12(OH)12-
25H,0 [4] and Cag(Si,AlFe),(S04)3(Cl,0H),-xH,0 [5] have been reported.
The structure of these minerals has been well investigated (e.g. [6-10]).
Ettringite and it analogues form hexagonal, prismatic crystals. In pure
aluminum containing ettringite columns of [Al(OH)g]>~ octahedra are
linked together by calcium ions. The (OH) groups are shared between Al-
octahedra and Ca-polyhedra and each of the latter contains four water
molecules, which are located on the outer surface of the columns. AI(III)
can be substituted by Fe(IIl) as well as by e.g. Cd(II) and Cr(III) [11-14].
The sulfate tetrahedra can be partially or entirely replaced by e.g. Se05~
and Cr03~ [15-17].

Ettringite occurs not only in natural environments, but is also formed
during hydration of Portland cement and super-sulfated blast furnace
slag cements [18]. It forms from the cement clinker phases aluminate
(idealized CasAl;05) and ferrate (idealized Cay(AlsFe; —x)20s), gypsum/
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anhydrite (CaSO,4-2H,0/CaS0,4) and water. The Fe(IIl) present in ferrite
can either partly replace AI(IIl) in ettringite or in other hydrates form
during cement hydration such as monosulfate (Cay[Al; — yFey(OH)gl>
(SO4)-6H,0) or hydrogarnet (Cag[Al; —xFe,(OH)4]2(OH)4), or it can
precipitate as Fe(OH)s, or as Ca-Al-Fe-gel [19-26]. The differentiation
between iron free and iron containing phases in the hydrated cement
samples is very difficult by the methods commonly used in cement
chemistry (i.e. X-ray diffraction (XRD), thermogravimetric analysis
(TGA), environmental scanning electron microscopy (ESEM), Raman
spectroscopy), since the structural modification of the crystals is small
and therefore difficult to detect. Pure iron containing ettringites (Cag[Fe
(OH)6]2(S04)3-26H,0) have been synthesized and their solubility has
been determined [12,27-29]. Buhlert and Kuzel [11] investigated the
solid solution series between Al- and Fe-ettringite. They suggested a
possible miscibility gap between 20 and 30 mol% Al (Xa; = 0.2-0.3), but
the results were ambiguous, since the detected peak broadening was
weak. Neubauer et al. [30] stated that ettringite phases immediately
formed after the mixing of cement with water show a high substitution
of aluminum by iron and of sulfate by carbonate. They performed in-situ
X-ray diffraction and evaluated their data with Rietveld refinement.
Neubauer et al. [30] found that the c lattice parameter of ettringite is
highest at the very early hydration period of the cement. During the
induction period they observed a decrease of the c parameter. From that
they concluded that probably the ettringite crystals ripe, incorporating
aluminum and sulfate.

The goal of this study was to examine the formation of solid
solutions of the system Cag[Al; _ xFeyx(OH)g]2(SO4)3-26H,0 and to
determine the solubilities of the solid phases. The different solids were
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synthesized and a thermodynamic model was established and
compared to the experimental results of the solid and the liquid
phases.

2. Methods
2.1. Synthesis of the solid solution series

A solid solution series Cag[Al; — xFex(OH)g]2(S04)3-26H,0 was
synthesized by adding freshly prepared CaO, Fe,(SO4)3-5.3H,0 and/
or Aly(SO4)3-16.2H,0 to 0.032 M KOH-solution. The amounts of the
reactants were varied in that way that X a1 increased from Xa tota1 =
0.0 to Xa| totat = 1.0 in 0.1 unit steps; the liquid/solid ratio was constant
(I/s=10) in all experiments. Xaj tota1 is defined as the molar ratio of Al
added to the system: X total = XA]"+'XF where x,; are the moles of Al
and X are the moles of Fe added to the system.

The mixtures were stored in sealed PE bottles and shaken at 20 °C for
eight months. In contrast to Al-ettringite, where equilibrium is reached
after a couple of days [31], for Fe-ettringite equilibrium is reached only
after approximately 6 months [29]. Therefore the different mixtures of
the solid solution series were equilibrated for 8 months.

After equilibration, the solid and the liquid phases were separated
by vacuum filtration through 0.45 pm nylon filters. Both the mixing
and the filtration were done in a Ny-filled glove box (N, was
continuously bubbled through KOH-solution) to minimize CO,
contamination. Afterwards the solid and the liquid phases were
analyzed to characterize the precipitates and the dissolved concen-
trations of the different elements.

2.2. Characterization of the solid phases

After separating the liquid and solid phases, the solid precipitates
were dried for three weeks in N,-filled desiccators over saturated
CaCl, solution; relative humidity was approximately 30%. The dry
solid phases (masses of the solid phases amounted to 3.7 g-4.8 g for
each sample) were ground by hand with an agate mortar in a N,-filled
glove box to <63 pm and analyzed by X-ray diffraction (XRD) and
thermogravimetric analysis (TGA). For environmental scanning
electron microscopy (ESEM) studies, a part of the dry solid phases
was not ground but freshly fractured.

The XRD analyses were performed on a PANalytical X'Pert PRO
system using CuK, radiation (generator: 40 kV and 40 mA). The
samples were transferred by backloading into specimen holders of
16 mm diameter. The measurement was carried out between 5 and
80° 26 with a measuring speed of approximately 0.1°/s. For evaluation
of the data the software X'Pert HighScore Plus V. 2.0a was used. To
determine the lattice parameters of the different synthesized phases
the following evaluation steps were carried out: first the background
was set manually, and then a peak search was performed followed by a
profile fitting. The indexing of the reflections was done using the Treor
method. Approximately 45 reflections up to 75° 26 were used for
indexing. The cell parameters were then refined by least square
algorithm. These cell parameters served as input for a Rietveld
refinement of the lattice parameters using the ettringite structure
published by Goetz-Neunhoeffer and Neubauer [38]. The refined
parameters were background (5th order polynom), specimen dis-
placement, scale factor, lattice parameter, profile parameters U, V, W
(Pseudo Voigt profile), and preferred orientation in (100).

For TGA (Mettler Toledo TGA/SDTA851¢) about 8-12 mg of the
ground sample was heated under N, over a temperature range of 30 to
980 °C at a rate of 20 °C/min.

The weight loss measured by TGA was used to calculate the
amount of ettringite formed assuming that up to 300 °C only
water evaporated (Cag[Al; _ xFex(OH)g]2(S04)3-26H,0-32H,0 =
3Ca0-[Al; _ 4FeyO15]>-3CaS0y).

ESEM studies were performed on Philips ESEM FEG XL 30 using
low vacuum mode (at approximately 1 Torr H,0).

2.3. Characterization of the liquid phase

One part of the liquid phases of each sample was instantly diluted
(1:10 for inductively coupled plasma optical emission spectroscopy
(ICP-0OES) and 1:100 for inductively coupled plasma mass spectro-
metry (ICP-MS)) with nitric acid (diluted 1:10 from Merck HNO3
suprapur quality, 65%, with high-purity water (18.2 MQ/cm),
prepared by a MilliQ-Gradient A10 System (Millipore)) in order to
stabilize metals in solution and prevent the adsorption of the
dissolved ions into the PE vials used. Another part of each sample
was left untreated to measure the pH-value. This was done without
any delay to minimize CO,-contamination. Prior to the measurements
the pH-meter (Knick pH-Meter 766 with a Knick SE 100 pH/Pt 1000
electrode) was calibrated with 0.001 to 1.0 M KOH-solutions.

The concentrations of calcium, sulfur and potassium were
measured by ICP-OES (Varian, VISTA Pro) and the concentration of
aluminum and iron by ICP-MS (Finnigan MAT, ELEMENT2).

2.4. Thermodynamic modeling

Thermodynamic modeling was carried out using the geochemical
code GEMS [32]. GEMS is a broad-purpose geochemical modeling
code, which computes equilibrium phase assemblage and speciation
in a complex chemical system from its total bulk elemental
composition. Chemical interactions involving solids, solid solutions,
gas mixture and aqueous electrolyte are considered simultaneously.
The default database of GEMS code was used, which is based on the
PSI chemical thermodynamic database [33].

The Gibbs free energy of formation at 25 °C of the ettringite phases
was adjusted to 20 °C using following equation:

T T
CO
8, = G — SO (T —Ty) — / / 2 ardr
Th Ty

T
= AGY, —s‘;D(T—TO)—ao<T1nT—O —T+T0) (1)
2
S A (L)
—050,(T—Ty)" — a, 5 — 03
2T -T2 VT

Where A,G° is the apparent Gibbs free energy of formation at any
given temperature, which refers to the Gibbs free energy of the
elements at 25 °C, T = the given temperature (293.15 K in this study),
To=298.15 K, S° is the entropy, C§ is the heat capacity and ao, a;, a;
and as are empirical coefficients (see Eq. (2)).

C)=ay+ a;T + a,T "% + a5T*°. 2)

A more detailed description of the temperature correction used in
GEMS is given in [34-35].

Activity coefficients of aqueous species y; were computed with the
built-in expanded extended Debye-Hiickel equation in Truesdell-
Jones form with individual parameters a; and common third
parameter b, [33]:

—A,Z VI
logy; = — X" +b,I 3
gYi T ()
where z; denotes the charge of species i, I the effective molal ionic
strength, b, =0.064, and A, and B, are P,T-dependent coefficients.
This activity correction is thought to be applicable up to 1-2 m ionic
strength [32,36].
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3. Experimental results
3.1. Solid phases of the solid solution series

X-ray diffraction patterns of the solid phases are presented in Fig. 1.
For the solid solution series Cag[Al; _ xFex(OH)g]>(S04)3-26H,0 a shift
of the reflections to lower d-values (i.e. to higher 20 values) was
observed as Xajtota1 increased. This is due to the smaller ion radius of
aluminum (0.51 A) compared to iron (0.64 A) [37]. For four reflections
(20=19, 23, 29, and 35° (hkl data: 104, 114, 116 and 216, cf. Table 1),
dashed lines in Fig. 1a) two overlapping peaks between Xaj tota1 = 0.3
and Xajtota=0.6 were observed. The presence of two reflections
indicates that in the Al- and Fe-ettringite solid solution series a
miscibility gap exists. The absence of overlapping peaks for the main
reflection at 20~9°; CuK, radiation (see Table 1) could indicate a
continuous solid solution. However, the main reflections of pure Al-
and Fe-ettringite are very close to each other (cf. Fig. 1b and Table 1).
Thus, this reflection cannot be used for the interpretation of an
existing miscibility gap and/or continuous solid solution.
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Fig. 1. X-ray diffraction spectra for ettringite synthesized with different Xaj ot ratios.
(a) *: Fe-ettringite (main peak at 20=9.13 [28]; +: Al-ettringite (main peak at
20=9.09); C: calcite (main peak at 20 =29.62); G: gypsum (main peak at 26 = 11.59).
The dashed lines mark the reflections with two overlapping peaks between Xaj toral =
0.3 and Xaj tota1 = 0.6. (b) *: Fe-ettringite (main peak at 20 =9.13 [28]; +: Al-ettringite
(main peak at 20=9.09), C4AH;9: Ca4[Al(OH)g)o(OH),-12H,0 (main peak at
20=28.30).

Table 1

Selected reflections of X-ray diffraction powder patterns of Al- and Fe-ettringite.

20 Cu Ko

hkl Al-ettringite Al-ettringite® Fe-ettringite Fe-ettringite®
[40] this study [28] this study

100 9.091 9.130 9.131 9.115

104 18.911 18.912 18.539 18.525

114 22.944 22.937 22.662 22.634

116 29.645 29.631 29.099 29.075

216 35.023 34.985 34.598 34.566

2 Samples contained 10% SiO, as internal standard and were displacement corrected.

The c-axis of pure Fe-ettringite equaled approximately 22.0 A.
With increasing amount of Al(III) incorporated in the solid phase the
length of the c-axis decreased (Fig. 2a) to about 21.5 A. This shift of
0.5 A is again in accordance to the different ionic radii of aluminum
and iron. In contrast, the determined length of the a-axis in the
ettringite lattice increased when more Al(III) entered the solid phase
(Fig. 2b). For pure Al-ettringite the determined value was about
11.24 A, while for pure Fe-ettringite a value of about 11.19 A was found.
This shift of 0.05 A of the a-axis was ten times smaller than the shift of
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Fig. 2. Values of the c-axis (a) and the a-axis (b) determined by XRD for ettringite
synthesized with different Xaj (ot ratios. Reference code: Buhlert and Kuzel: [11];
McMurdie et al.: [28]; Goetz-Neunhoeffer and Neubauer: [38]; Goetz-Neunhoeffer
et al.: [39]; Moore and Taylor: [40].
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the c-axis. This increase of the a-axis when more Al(III) entered the
solid phase cannot be explained by the different ionic radii. It can only
be stated that due to the decrease of the c-axis and the increase of the
a-axis a compression occurs on the ettringite lattice when more
aluminum enters the solid phase. For comparison Fig. 2 also shows the
determined values of the a- and c-axis of previous studies [11,28,38-
40]. Considering both, the observation of two overlapping peaks and
the steep decrease (increase, respectively) of the lattice parameters
between Xa 1ora1 = 0.3 and 0.6, a miscibility gap between Xaj tota1 = 0.3
and 0.6 is possible (contrary to the study of Buhlert and Kuzel [11],
who suggested a miscibility gap between Xy tota1 = 0.2-0.3).
Furthermore traces of other phases were detected:

- from XAl,total =0.5to 10, C4AH19, Ca4[Al(OH)5]2(OH)2 . 12H20,

- from Xaj tota1 = 0.6 to 1.0, gypsum, CaSO4-2H,0,

- and since TGA analysis revealed traces of CO,, traces of calcite, CaCO3
seemed to be in the system from Xy ¢ora1 = 0.0 to 1.0 (despite special
attention to exclude CO, intrusion during sample preparation).

Thermogravimetric analysis showed that the ettringite phases lost
their water molecules between 30 and 150 °C (cf. Fig. 3). Besides the
loss of water the loss of traces of CO, between 625 and 700 °C, which is
an evidence for calcite, was detected. In Fig. 3a the loss of weight
during heating is presented for three selected samples: X tota1 = 1.0,
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Fig. 3. (a) Weight loss of the solid phases at the Xaj ¢otar ratios of 0.0, 0.5 and 1.0 during
TGA measurements. (b) Derivative curves of thermogravimetric analysis for ettringite
synthesised at the Xaj total ratios of 0.0, 0.5 and 1.0.

Table 2
Weight of the solid phases after drying.

Xaltotal Ettringite [g] Calcite [g] Sum of the solid phases [g]
0.0 4.63 0.03 4.66
0.1 3.96 0.04 4.00
0.2 4.80 0.05 4.85
0.3 413 0.04 417
04 3.98 0.04 4.02
0.5 419 0.05 424
0.6 429 0.07 4.36
0.7 434 0.07 441
0.8 4,05 0.05 410
0.9 3.71 0.05 3.76
1.0 3.68 0.06 3.74

Masses of ettringite and calcite calculated from TGA measurements.

Xaltotal=0.5 and Xpjota1 =0.0. The sample Xajtora= 1.0 showed a
slightly higher loss of weight than the sample Xaj tota; = 0.5 and X tota1 =
0.0. The more iron that is present in the solid phase the “heavier” is the
solid phase and the smaller is the proportion of the water in the solid
phase. The theoretical total weight loss of Al-ettringite is about 45.9%
and of Fe-ettringite 43.9%. This difference of 2% is almost the same
difference as measured in these experiments (43.7% and 41.6%,
respectively). Al-ettringite loses its water mainly between 30 and
150 °C; a small additional maximum is visible in the derivative weight
curve at approximately 250 °C (Fig. 3b). This is in accordance to findings
of other studies [11,27,31] which assigned this additional maximum to
Al-ettringite. However, for pure Fe-containing ettringite this peak and
thus the loss of water at this temperature, was not observed [11,27].

TGA analyses indicated for the ettringite phases in the presence of
saturated CaCl, solutions a total water content of 30 to 31 H,0
molecules. From the loss of water of the solid phases the masses of the
different phases were calculated. The mass of calcite was calculated
from the CO, weight loss. The results are presented in Table 2.

As discussed in Moschner et al. [29], the formation of Fe-hydroxide
at low molar ratio of X otar is likely and was indicated by the slight
reddish color of the these samples. But freshly precipitated Fe-
hydroxide is XRD amorphous and thus difficult to detect. TGA
reference curves of Fe(OH)s, lepidocrocite and goethite (Fig. 4)
showed that the loss of water of X-ray amorphous Fe-hydroxide
overlapped with the loss of water of ettringite. Hence, the formation of
Fe-hydroxides could not be excluded and the molar ratios of Fe and Al
incorporated in the solid phases are not exactly known. Therefore, Xy,
total 1S given always in this article which refers to the total amount of
aluminum added to the system (see Section 2.1).
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Fig. 4. Derivative curves of thermogravimetric analyses of Fe(OH)3 (Merck), lepidocrocite,
and goethite.
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Fig. 5. Microstructure of ettringite at Xaj tota = 0.5 (ESEM).

ESEM studies showed that both, Al- and Fe-ettringite, precipi-
tated in their typically needle-like shape. Fig. 5 shows one picture for
Xaltotat = 0.5 as an example. The shape of the ettringite needles did
not change significantly at different X tora ratios. ESEM studies also
revealed the presence of some poorly or non-crystalline areas.

3.2. Liquid phase of the solid solution series

Analyses of the liquid phases of the solid solution series gave
information about the composition of the aqueous solution in
equilibrium with the different solid phases. The results are presented
in Table 3.

The concentration of the dissolved iron in the aqueous solutions
was in the range of 0.0 to 1. 3 pmol/L. The lowest concentration was
obtained when iron is the dominating element in the solid phase
(XalLtotat = 0.0 and 0.1). At higher ratios of Xaj (ot the iron concentra-
tion was slightly higher. Nevertheless, at a ratio of Xajtota = 1.0,
where no Fe-sulfate has been added, iron could be detected (Table 3).

The concentration of aluminum in the aqueous solutions of the
different solid phases showed its maximum at the ratios of Xaj tota1 =
1.0 and Xaj tora1 = 0.9. Then it decreased rapidly and remained constant
at about 10 pmol/L at lower Xp ot Values. But it cannot be excluded
that the measured low concentration of aluminum in the samples at
ratios between Xaj totay = 0.8 and 0.0 was due to contamination, since
in the used KOH-solution, which was treated like the samples, also an
Al concentration about 10 pmol/L could be detected, even though
special attention was paid to exclude contamination.

The highest calcium and sulfur concentrations occurred at a ratio
of Xajtotai = 0.0, i.e. in the absence of aluminum. Both, calcium and
sulfur, decreased between Xaj tora1 = 0.0 and Xaj tora1 = 0.8. At Xajtotal =
0.9 to 1.0 significant lower concentrations were measured. Thus the
low iron concentrations, which are limited by the presence of Fe-
hydroxide, were reflected in higher calcium and sulfur concentrations,
while the relatively high aluminum concentrations led to lower Ca and
S concentrations in the aqueous solutions.

4. Thermodynamic modeling

The ion concentrations and the solubility of Cag|Al; _ yFex(OH)g]>
(S04)3-26H,0 (x=0.0, 0.1, 0.2,..., 1.0) at 20 °C were calculated using
the geochemical code GEMS [32]. The thermodynamic data used are
compiled in Table 4. Lothenbach et al. [41] give for Al-ettringite a
solubility product of log Kso, al-ettringite = —44.9 £ 0.7 at 25 °C for the
reaction

Cag[Al(OH),],(S0,),-26H,056Ca" + 2A1(OH); +3S0;  +40H
+ 26H,0. (4)

Using the data given in Table 5 and using Eq. (1) this refers to a
solubility product of log Kso, al-ettringite = —45.5+0.7 at 20 °C. The
thermodynamic data of the ion species used for calculating the Gibbs
free energy of reaction at 20 °C as well as at 25 °C are presented in
Table 6. For Fe-ettringite a solubility product of log Kso, re-ettringite =
—44.7 4+ 0.7 has been measured at 20 °C [29]. For modeling the solid
solution series between Fe- and Al-ettringite, the total solubility
product was normalized so that the number of exchangeable sites was
reduced to 1: Cas[Al; _4Fe,(OH)g](S04)15- 13H,0.

Assuming a continuous solid solution between Al- and Fe-
ettringite the calculated ion concentrations agreed well with the
measured concentrations, except for the ratio of Xajtota1 = 0.0, where
the measured concentrations were scattered (Fig. 6a). Although the
standard deviation of the single measurements was small, the
reproducibility seemed not to be that good. Fig. 6b shows the
composition of the modeled solid phases. Since calcite was detected
by TGA (see Fig. 3a and Table 2), CO, was additionally fed into the
initial bulk composition of the modeled experiments corresponding to
the observed amount of calcite in the solid phases.

Taking the results of XRD analysis into account, the ion concentra-
tion was modeled considering a miscibility gap between Xaj tora1 = 0.25
and 0.65. For modeling the binary Redlich-Kister model was used
(Eq. (5)), which is based on Guggenheim's expansion series for the

Table 3

Measured ion concentrations in the aqueous solution.

Xaltotal Measured pH OH™ [mmol/L] Al [pmol/L] Ca [mmol/L] Fe [pmol/L] S [mmol/L] K [mmol/L]

0.0 123 17 10.6 £0.1 14.90 £ 0.03 0.0440.04 2442 +0.12 35.58+£0.11

0.0° 12.2 17 n.d. 4.38 £0.01 0.094 4+ 0.001 9.114+0.07 26.45 £ 0.05
0.0° 124 23 n.d. 3.95+0.01 0.148 +0.001 5.5440.04 26.52 +0.05
0.1 123 13 75+0.0 4.35+0.00 0.5+0.04 14114+0.18 33.04 +£0.46
0.2 123 13 10.7+0.1 3.53+£0.01 0.2440.05 13.26 +0.07 32.94+0.13
0.3 123 17 12.04+0.2 2.8140.01 0.18 4+ 0.02 11.97 4+ 0.08 33.89+0.14
0.4 123 19 1024+04 3.1540.01 0.284+0.14 11.50 4 0.09 34.22 +£0.07
0.5 123 20 104403 3.9040.05 0.57 4+0.01 10.53 £0.04 33.63+£0.03
0.6 123 21 12.6+0.3 3.06 £0.01 0.7940.07 9.79 £ 0.05 34.53 +0.07
0.7 12.2 20 103403 2.3240.01 0.4140.02 8.47 +£0.02 32.614+0.07
0.8 12.1 20 176+ 0.6 1.7240.01 0.61+0.07 7.36+0.07 31.92 £ 0.06
0.9 12.1 19 1300+ 17 0.2740.00 1.254+0.06 5.48 +-0.08 32.514+0.39
1.0 12.2 20 1945 +£40 0.25+0.00 0.52+40.01 430+0.03 31.84+0.03
KOH-solution 12.6 +£04 <DL <DL <DL 33344014
Detection limit - - <0.2 <0.2 <0.04 <2.0 <03

3Results from precipitation and °from dissolution experiments given in [29].
n.d.: not determined.
Detection limits are given for the undiluted solutions.
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Table 4
Thermodynamic data given at 25 °C.

Table 6
Thermodynamic data at 20 and 25 °C used to calculate the apparent Gibbs free energy of
formation of Al-ettringite and Fe-ettringite.

Aqueous species Reactions log K or Reference
log B Species A,G° [Kk]/mol] at 20 °C AG® [K]/mol] at 25 °C Reference
Ca®t +H,0=CaOHT +H* —12.78 [33] HoOliquid —236.835 —237.183 [45]*
Ca®* 4503~ = CasS0 2.30 [33] OH™ —157.318 —157.270 [45]
Ca®* + HCO3 = CaHCO% 1106 [33] Ca** —553.071 —552.790 [45]
Ca®* +HCO5 =CaCO%+H" —7105  [33] C03~ —528.220 527.982 [45]
K* +H,0=KOH? +H™* —14.46 [33] AI(OH)z —1301.298 —1301.845 [45]
K* 4503~ =KSO; 0.85 [33] Fe(OH)z —841.696 —842.624 [45]
H,0=0H™ +H" —14.00 [33] Norm — 744353 — 744,459 [45]
Fe* +H,0=Fe(OH)?>" + H* —219 [33] Al-ettringite —15196.53 —15205.94 b,[41]
2Fe** 4 2H,0 = Fe,(OH)4" + 2H™ —2.95 [33] Fe-ettringite —14272.73 —14282.36 [29]
34 - 5+ + _
13:53‘3* +Z:Hé(?—_l;:?é(l-lo)i)i 2-1:3 " _ ggg E;} 2 In GEMS, the log K data of the PSI Database [33], which are applicable at standard
34 2 3 + : pressure and temperature only, are merged with a subset of the supcrt database, as is
Fe>* + 3H,0 = Fe(OH)$ + 3H —12.56 [33] documented in detail in [45]
Fe" -+ 4H,0 = Fe(OH); +4H* —2160  [33] ?,“‘Thi Steud cta :
Fe3* + H* +S03~ = FeHS03 " 447  [33] ! Y-
Fe* + 505~ =FeSOf 4.04 [33]
Fe;“rZSO%’:Fe(SCzM)z’ 538 [33] but between Xaj tora1 = 0.6 and 0.9 for sulfur and hydroxide ions the
+ — + + _ . . .
’“3 +H;0=AI(OH)™ +H 4.96 33] concentrations were somewhat higher and for calcium even clearly
AP* +2H,0 = Al(OH)3 +2H* —10.59 [33] hich trati lculated Fig. 7a). Th del
APT + 3H,0 = Al(OH) + 3H™ —16.43 33] igher concentrations were calculate (see Fig. 7a). e mode
AP* +4H,0 = Al(OH); +4H* 2288 33] without a miscibility gap fitted somewhat better to the experimental
APT +503~ = AISO 3.90 [33] data of the aqueous phase (cf. Figs. 6a and 7a), which was contrary to
APT + 250‘217 = Al(S04)2 5.90 [33] XRD results.
Minerals log Kso Reference
Gypsum CaS0,-2H,0(s) = Ca** + —458 [33]
SO3~ +2H,0 (a)
Portlandite Ca(OH)y(s) +2H" = 22.80 [33] 10000
Ca’* +2H,0 calculated ¢(Ca) O  measured ¢(Ca)
Calcite CaCOs(s) + H* = CaHCOF 1.849  [33] calculated ¢(S) ® measured ¢(S)
Fe-ettringite Cag[Fe(OH)g]2(SO4)3-26H,0 = —44.0 [29] 1000 calculated ¢(Fe) * measured ¢(Fe)
6Ca®* + 2Fe(OH)z +3S03~ + § calculated c(Al B measured c(Al)
40H™ +26H,0 E = = calculated c(OH) A measured ¢(OH)
Al-ettringite Cag[Al(OH)6]2(S04)3-26H,0 = —449 [41] g o 100
6Ca%+ + 2A1(0H); + 3502 + = = )
40H™ +26H,0 ~ E OH 4 _a & & —h—=a--4
Fe(OH); (am.) Fe(OH)s(am) + 3H* s Fe** + 3H,0 5.00 [33] % 3‘ 10 & £ 'y e - S
Fe(OH); (microcr.)  Fe(OH)s(mic) 4+ 3H" =Fe* + 3H,0 330 a - = - - B - A
w9 B Al
(a) this paper. Eﬁ % 14 * . b
& * # =
excess Gibbs energy (Ggx) of mixing for non-ideal binary solid % ;r Fe ® & f .
solutions. 0.1y
*
GEX =RT ‘XAl—ettrin ite 'XFe—ettrin ite [ao + a; (XAl—ettrin ite — XFe—ettrin ite)] 0.01 y T ; i 4 ! . A ' .
s ® 8 s 00 01 02 03 04 05 06 07 08 09 10
(5) X
Al total
(b)
where Xapettringite Stands for the mole fraction of Al-ettringite in the
miX and Xre_etringite O the mole fraction of Fe-ettringite in the mix; ao 8-
and a; are the Guggenheim parameters; for further details see
[34,42,43]. The dimensionless Guggenheim parameters (see Table 7) 71
were calculated using the computer program MBSSAS [42]; these = 6
parameters were then fed into the model established by GEMS. E
_The calculated ion concentrations apd thg composition of the = 5 AL /T esetingite solkd solution
solid phases of the solid solution series with a miscibility gap &
between Xa)tota1=0.25 and 0.65 are presented (together with the =
experimental data) in Fig. 7. The modeled concentrations did not [:] 3
differ much from the calculated data of a continuous solid solution,
24
Table 5 1 -
Thermodynamic data of Al-ettringite and Fe-ettringite at 25 °C. (,_llf.:;hy drozide
— — 0 -
Mt ] el |22 00 01 02 03 04 05 06 07 08 09 10

AG° in kJ/mol —15206 —14282
AH® in k]/mol —17535 —16600
s%in J/(mol K) 1900 1937
°, in J/(mol K) 2174 2200
a 1939 1922.384
a 0.789 0.855
ay 2,020,870

X Al total

Fig. 6. (a) Measured and calculated concentrations of calcium (Ca), sulfur (S), iron (Fe),
aluminum (Al), and OH™ concentration in the aqueous solution for ettringite
synthesized with different Xa total ratios assuming a continuous solid solution and the
formation of calcite and Fe-hydroxide. (b) Calculated solids assuming a continuous solid
solution and the formation of calcite and Fe-hydroxide.
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Table 7
Guggenheim parameters for a non-ideal solid solution between Al- and Fe-ettringite
with a miscibility gap.

Miscibility gap 0.20-0.60 0.20-0.70 0.25-0.65 0.30-0.60 0.30-0.70
Guggenheim parameter ap 2.02 2.18 210 2.04 2.12
Guggenheim parameter a; —0.368 —0.194 —0.169 —0.153 0

The parameters used in the model are in bold.

Since the results obtained from experiments and modeling were
ambiguous the solubility products of Fe-ettringite and Al-ettringite as
well as the total solubility products of the solid solution series were
determined. The dissolution reaction of Cag[Al; _yFe,(OH)g]2(SO4)3*
26H,0 is given by

Cag[AI(OH), + Fe(OH)], (S0,);-26H,0=6Ca" + 2((Al(OH),
+ Fe(OH); )) + 3805 +40H + 26H,0. (6)

According to this dissolution reaction the total solubility product
(3I1) can be calculated (cf. [42,44]).

IIT = {Ca’"}*-{(AI(OH); + Fe(OH); )}*-{s0;” }*-{OH™ }*-{H,0}**

.. 7
where {} denotes the activity. ™
(a)
10000
calculated ¢(Ca) O measurede(Ca)
calculatede(S) ® measurede(S)
1000 calculated ¢(Fe) * measuredc(Fe)
calculatede(Al) B  measuredc(Al)
— = calculatedc(OH) A  measurede(OH)
OH

L_A_.—A-—A-q—i—'l"

¢(Ca, Al, S, OH’) in mmol/L

& 8 =
B g
* * ¥ *
*
7 1
i
0.01 T T r T . T v T T 1
0.0 0.1 0.2 03 04 05 06 07 08 09 1.0
Xaltotal
(b)
9
84
7
E Fe(-Al)-cttringite
£ solid solution
= 54
2 44 Al(-Fe)-ettringite
2 solid solution
I~ 34
2
! Fe-hydroxide

Calcite
00 01 02 03 04 05 06 07 08 09 1.0

Xartotal

Fig. 7. (a) Measured and calculated concentrations of calcium (Ca), sulfur (S), iron (Fe),
aluminum (Al), and OH™ concentration in the aqueous solution for ettringite
synthesized with different Xuj a1 ratios assuming a miscibility gap between Xaj total =
0.25-0.65 and the formation of calcite and Fe-hydroxide. (b) Calculated solids assuming
a miscibility gap between Xj) ot = 0.25-0.65 and the formation of calcite and Fe-
hydroxide.

-40 -40
m log S/l(a)
1 O log K, (b, c)
4] calculated 277 of an ideal solid solution | 42
—-=-=calculated 277 with a miscibility gap between X o = 0-25-0.65
I
W 444 . L -44
g | e =
5 i P
46 L = - -46
o ]
=
-48 - -48
-50 T v T y T T T T T T T -50
0.0 0.2 0.4 0.6 0.8 1.0
X altotal

Fig. 8. Calculated and published solubility products of ettringite phases at different
Xaltotal Tatios. (a) this study, (b) [29], and (c) [41].

On the basis of the measured ion concentrations and the analyzed
composition of the solid phases, 3IT could be calculated with GEMS
using the activities of the species for every sample. The calculated total
solubility products at 20 °C are presented in Fig. 8. The obtained
solubility products varied between log 3IT= —46.4 (Xajtota =0.3)
and log 3TT= —43.6 (Xaj tora = 0.0) and did not show a clear trend. If
the formation of an ideal solid solution was assumed, the modeled total
solubility product between the two end members showed an almost
linear trend, while, assuming a miscibility gap between X tota1 = 0.25
and 0.65, 311 stayed constant in the range of the miscibility gap, and
then decreased abruptly from Xajora =0.85-1.0. In the case of a
miscibility gap the total solubility products are higher than for an ideal
solid solution. Given the scatter of the experimentally determined
solubilities it cannot be concluded if the observed solubilities
represent an ideal solid solution or a miscibility gap. The measure-
ments of the dissolved concentration of a single solubility experiment
showed a good reproducibility and thus a low standard deviation (see
Table 3 and Figs. 6-8). The reproducibility of such a solubility
experiment, however, is much smaller as illustrated in Figs. 6-8.
Small differences in the concentration of the different ion species
result in relatively large difference in the total solubility product of the
solid solution series of ettringite (cf. Eq. (7)). As the solubility products
of pure Al- and Fe-ettringite differ only in 0.8 log units and as the
standard deviation of the two end members is +0.7 log units, the
observed scatter of the total solubility products represented rather the
scatter of the experimental data than any real trend. Hence, neither an
ideal solid solution, nor a miscibility gap could be excluded by
calculating the total solubility products.

5. Conclusion

Both, pure aluminum and pure iron ettringite are well investigated
minerals. But the miscibility of these two phases has been sparingly
investigated. Buhlert and Kuzel [11] suggested the presence of a
miscibility gap between the molar ratios of X tora1 = 0.2 to 0.3, since
they found by XRD analysis a broadening of the main peak in this
range. In this study XRD analysis indicated the presence of a
miscibility gap between the molar ratios of Xaj a1 =0.3 and 0.6 in
the solid solution series of Al- and Fe-ettringite. Four reflections (104,
114, 116 and 216) clearly showed two overlapping peaks for the
samples from Xajtotal = 0.3 t0 Xaitotai = 0.6. Contrary to Buhlert and
Kuzel [11], the c-axis showed not a gently but a sudden decline when
more aluminum entered the solid phase. It should be noted that the
synthesis method for the ettringite phases used by [11] (presence of
excessive gypsum, no pH adjustment, slightly higher temperature, and



G. Moschner et al. /| Cement and Concrete Research 39 (2009) 482-489 489

less equilibration time) was different than the method used in this
study. Thus, any discrepancies can be most likely ascribed to these
different synthesis methods.

Thermodynamic modeling was carried out to confirm the
assumption of a miscibility gap in the solid solution series of Al- and
Fe-ettringite. The calculated ion concentrations within the aqueous
phase did not show a significant difference between the composition
of the aqueous phases in equilibrium with a continuous solid solution
or in equilibrium with a solid solution with a miscibility gap. In
addition, the total solubility products (for both, ideal solid solution
and miscibility gap) were modeled and compared with the experi-
mentally obtained solubility data. Given the scatter of the experi-
mentally determined solubilities it cannot be concluded if the
observed solubilities represent an ideal solid solution or a miscibility
gap.

Although the analyses of the aqueous phases were somewhat
ambiguous, analyses of the solid phases indicated the existence of a
miscibility gap for the solid solution series Cag[Al; _ xFex(OH)g]2(SO4)3-
26H,0 between Xy tora = 0.3 and 0.6.

Finally, it has to be pointed out that within other systems, with
different conditions to those used in these experiments, the formation
of a solid solution series between Al- and Fe-ettringite can be
preferred or inhibited. For example, the formation of Fe-ettringite is
much slower than the formation of Al-ettringite [29], therefore for the
formation of Al-/Fe-ettringite phases enough time is required. Higher
temperature will lead to a diminution of the miscibility gap (see
Eq. (5)).
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