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Highlights: 

 

 Characterization of the intrinsic reactivity of ferrite extracted from SRPC 

 SR ferrite reactivity strongly depends on the Al/Fe ratio and medium 

 Synthetic ferrites do not mimic well the real material 

 Ferrite from SR0 and SR3 clinkers are distinguished only by their dissolution rate 

 At early age, portlandite favors iron incorporation in katoite and ettringite 

 

 

Abstract 

 

The aim of this study is to investigate the reactivity of ferrites extracted from Sulfate Resisting (SR) 

Portland cement clinkers, until now often neglected. Industrial materials and synthetic materials have 

been studied and compared in the whole range of the Al/Fe ratio. Highly diluted aqueous suspensions 

were used, ranging between pure water and more complex solutions simulating the pore solution in 

cement. Conductimetry was combined with ICP. 

The reactivity of ferrite depends on the environment and the aluminum content of ferrite. The reactivity 

of ferrites extracted from industrial SR0 and SR3 clinkers (C3A = 0 wt.% and C3A ≤ 3 wt.% 

respectively) can be distinguished from one another. Additionally, industrial ferrite was found to be more 

reactive than synthetic ferrite. The iron content of katoite and ettringite was investigated using XRD. It 

depends on the Al/Fe ratio of ferrite and the presence of calcium hydroxide in the solution. 
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1. Introduction 

 

Sulfate Resisting Portland Cement (SRPC) have been developed to be used in sulfated 

environments such as sea water and gypsum-rich soil. It is well known that the aluminate phases, more 

precisely the C3A phase1, play a key role in the resistance of Portland cements to external sulfate attack 

[1, 2]. Monosulfoaluminate, formed mainly by the C3A hydration, reacts with the sulfate from the 

environment and subsequently produces expansive ettringite responsible for cracks and swelling. The 

C3A content in SRPC clinkers was therefore limited in order to increase their sulfate resistance. Cement 

manufacturers decrease the C3A content by decreasing the “A/F modulus” (i.e. the Al2O3/Fe2O3 ratio) 

of the raw mix, leading to the formation of an iron-rich ferrite phase, where the Al/Fe ratio of the ferrite 

ranges between 0.7 and 1 [3], whereas Al/Fe >1 in ordinary Portland cement [4]. This ferrite phase, also 

called brownmillerite, is a wide solid solution between C2F and C6A2F, often written as Ca2AlxFe2-xO5 

with 0<x<1.4. 

However, poor performances of cements with low C3A content are sometimes observed in a 

highly sulfated medium, which raises the question of the intrinsic reactivity of the aluminoferrite phase 

in an external sulfate attack. Today, ferrite is attracting attention mainly due to the use of low CO2 

cements, such as high Fe Calcium SulfoAluminate (CSA) cement, or specific applications such as high 

Fe Calcium Aluminate Cement (CAC) and sulfate resisting cements [5-10]. The reactivity and hydration 

mechanisms of brownmillerite have been widely studied on synthetic material [6, 8, 11-29]. Most of the 

studies only deal with a single stoichiometry of the solid solution (C4AF, i.e. Al/Fe = 1), which are 

highly representative of the ferrites found in Portland cement, but not of SR cements or sulfo-aluminate 

cements. Few studies have actually been devoted to the reactivity of ferrites with other values of the x 

parameter in the solid solution, and it is now well known that their reactivity increases with the 

aluminum content [6, 19-22, 24]. Nevertheless, some studies have investigated the reactivity of 

industrial ferrite extracted by the SAM method [30, 31]. 

In this paper, we have chosen to study industrial ferrites extracted from four sulfate resisting 

Portland clinkers (0.7 < Al/Fe < 1) as well as a wide range of synthetic ferrites with different iron content 

(Al/Fe between 0 and 2). Compared to classical extraction protocols [32], we introduced a 

supplementary step to remove the C3A and sulfate phases [3]. This dual approach has made it possible 

to compare synthetic and industrial ferrite and then determine the important factors that play a role in 

reactivity. Given the crucial role of aluminum contributed by the C3A phase and considering the 

chemical variation in the brownmillerite composition, we can form the hypothesis that, despite the 

reputation of the low reactivity of ferrite, its aluminum content could play a key role in the sensitivity 

of brownmillerite to external sulfate. This sensitivity could be expressed by a critical value of the Al/Fe 

ratio (pivot value), a value which may not necessarily be equal to 1. 

The aim of this paper is to investigate whether a “pivot value” exists in the reactivity of ferrite, 

with respect to the aluminum content. Within this context, the reactivity of synthetic and industrial ferrite 

was investigated by conductimetry and by Induced Coupled Plasma – Optical Emission Spectroscopy 

(ICP - OES) in diluted solution. During the hydration of the systems, the dissolution of anhydrous phases 

and the precipitation of hydrates take place simultaneously at different rates, which leads to variations 

in the ionic species in solution. Thus, conductimetric monitoring, depending on ionic concentrations, 

makes it possible to highlight the different reaction stages. In diluted condition, there is an increase in 

the duration of the different hydration stages, which facilitates the comparison of the different systems 

studied. The conductimetry method was successfully used to track the dissolution of C3S and the 

nucleation of C-S-H [33-35] in diluted solution (water/cement = 400). Otherwise, investigation of 

cement hydration in diluted suspension enables the aqueous phase to be analyzed thoroughly. ICP – 

OES is also performed to monitor the calcium and aluminum concentration in a highly diluted solution 

(water/cement = 3000). This high water/cement ratio was chosen to prevent the precipitation of hydrated 

                                                      

1 C = CaO; S = SiO2; A = Al2O3; F = Fe2O3 in abbreviated stoichiometric oxide notation 
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phases. This method was developed by Nicoleau and Nonat and used to study the dissolution of C3S and 

C2S [36-38]. 

 

To investigate the hydration process of ferrite, industrial and synthetic ferrites were hydrated in 

pure water, saturated calcium hydroxide solution, saturated gypsum solution and saturated solution in 

calcium hydroxide and gypsum. These solutions were chosen to extend from the simplest (pure water) 

to the closest in terms of the cement pore solution at an early age (saturated solution in calcium 

hydroxide and gypsum). As a matter of fact, real cement brings to the solution both portlandite due to 

the calcium silicate reaction and sulfates due to the gypsum reaction. 

For each type of solution, a seven-day hydration of ferrite is performed using a diluted solution 

(weight ratio water over cement, w/c = 400). In pure water, in order to separate the set of reactions of 

ferrite from the reactions due to the presence of the solute in the three saturated solutions, we also 

performed a 30-minute hydration of ferrite in a very diluted solution (w/c = 3000). In all these 

experiments, the hydration process was monitored using conductimetry together with ICP-OES. In 

parallel with these techniques, X-Ray Diffraction (XRD) was used for phase identification and 

quantification and for a more precise analysis of the composition in terms of iron incorporation in the 

solid solutions of katoite and ettringite. 

 

2. Materials and methods 

 

2.1. Materials 

 

Two types of samples were used for reactivity studies: 

- Synthetic ferrite with various Al/Fe ratios 

- Ferrites from four commercial clinkers designated as A to D, supplied to SFIC by four plants in 

Europe. Two SR0 clinkers and two SR3 clinkers were used. SR0 means a cement with 0 wt.% 

of C3A content and SR3 means a cement with  ≤ 3 wt.% of C3A content [39]. These cements 

contain major silicate phases (C3S and C2S) which render very difficult both the interpretation 

of the reactions (conductimetry) and the analysis of the reaction product (ICP-OES and XRD). 

Therefore, dissolution methods were used in order to remove (i) the silicate compounds (SAM 

dissolution) and (ii) the sulfate and C3A compounds (AcA dissolution). 

 

2.1.1.  Synthetic brownmillerite 

 

Synthetic ferrite was obtained by firing a stoichiometric mixture of Al2O3 (≥ 98 %, Sigma-

Aldrich), Fe2O3 (≥ 95 %, Sigma-Aldrich, > 99.4% measured by X-ray fluorescence spectroscopy) and 

CaCO3 (AnalaR NORMAPUR, VWR) for 2 h at 1350°C in a platinum crucible, and then quenched in 

air. The product was manually ground in an agate mortar and re-fired at 1350°C for two additional hours. 

Using this procedure, various synthetic samples were produced, with the Al/Fe ratio values: 0, 0.1, 0.5, 

0.6, 0.7, 0.8, 0.9, and 1. 

 

2.1.2. Industrial brownmillerite: extraction by selective dissolutions 

 

A first step of selective dissolution using Salicylic Acid/Methanol extraction (SAM) was 

performed in order to dissolve the calcium silicates and free lime. The concentration of ferrite in the 

SAM residue was much higher. However, C3A and sulfate phases were still present. A second step of 
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selective dissolution using acetic acid (AcA) was used to dissolve the C3A and sulfate phases in the 

SAM residue to leave mainly the ferrite phase in the residue. Quartz and periclase were still present in 

the AcA residue. The samples and the extraction protocols are described in [3]. The average formula of 

the ferrites A to D are given in Table 1. The Al/Fe ratio runs between 0.71 and 0.95. Two families could 

be identified: an SR0 family (A&C) with Al/Fe ratio of 0.7 and an SR3 family (B&D) with Al/Fe ratio 

~ 0.9. 

 

Table 1  
Averaged ferrite formula from selected electron microprobe spot analysis using the SAM residue 

(standard deviations in parentheses). Data from ref. [3] 

Clinker Structural formula Al/Fe 

A SR0 Ca2.08(4)Mg0.13(1)Al0.69(8)Fe0.98(8)Si0.14(5)O5 0.71 (11) 

B SR3 Ca2.05(4)Mg0.10(2)Al0.80(16)Fe0.94(7)Si0.11(5)O5 0.87 (24) 

C SR0 Ca2.11(8)Mg0.16(5)Al0.67(7)Fe0.98(12)Si0.13(6)O5 0.69 (12) 

D SR3 Ca2.12(3)Mg0.11(1)Al0.80(9)Fe0.87(12)Si0.13(3)O5 0.95 (23) 

 

Fig. 1 illustrates the location of the industrial and synthetic ferrite compounds in the solid 

solution phase diagram depending on the Al/Fe ratio values. The composition of the synthetic samples 

was chosen to cover the whole domain of the Al/Fe ratio found for the industrial samples. 

 

 

Fig. 1. Solid solution of ferrite; synthetic ferrites are marked with crosses and industrial ferrites are 

marked by triangles. Domains of ferrite composition in SR cements, OPC and High Fe CSA/CAC are 

reported for comparison. 

 

2.2. Methods 

 

2.2.1. Experimental protocol for reactivity monitoring 

 

Pure water experiments were carried out using distilled and permuted water. A saturated 

Ca(OH)2 solution was prepared by dissolving pure Ca(OH)2 (≥ 96%, Honeywell) in excess in water, and 

vacuum-filtered using a 1.0 μm Millipore filter. The gypsum and gypsum/calcium hydroxide saturated 

solutions were obtained by the same protocol using CaSO4, 2H2O (NORMAPUR, Prolabo). Ferrite 

hydration was followed by conductimetry over seven days. The solutions were then vacuum-filtered 

Al/Fe

 Industrial ferrites

 Synthetic ferrites

C6A2FC4AFC6AF2C2F

0 0.5 1 2

OPCSR3SR0

High Fe CSA/CAC

DBAC
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again using a 1.0 μm Millipore filter. The residue was washed out with isopropanol to stop the hydration 

process. The residue was then stored in a vacuum desiccator and subsequently analyzed by XRD. The 

filtrate was kept for later ICP-OES analysis. In very diluted aqueous solution (w/c = 3000), the protocol 

was somewhat different. The experimental setup for the monitoring of the ionic concentration is 

described in [36]. The powder was diluted in stirred water. The evolution of the ionic concentration was 

tracked by ICP-OES every 30 seconds for 20 to 30 minutes. 

 

2.2.2. Conductimetry 

 

The conductivity of the solutions was recorded by a 2-pole conductivity cell (Radiometer 

Analytical) calibrated with a 0.1 mol.l-1 KCl solution at 25°C. All conductivity measurements were 

made at 25°C in a 400 ml reactor over 7 days. To avoid carbonation, a flow of N2 is ensured in the closed 

reactor. The solution is stirred (about 200 rpm) with a magnetic stir bar. 

 

2.2.3. ICP-OES 

 

ICP-OES measurements were performed on a 5110 Agilent Technologies spectrometer. The 

following wavelengths were used to measure the concentrations: Al (226.346 nm; 237.312 nm; 

257.509 nm; 308.215 nm; 396.152 nm), Ca (210.324 nm; 211.276 nm; 431.865 nm; 445.478 nm; 

643.907 nm) and S (181.972 nm; 182.562 nm). Filtrates were acidified by 1% HNO3. 

 

2.2.4. XRD 

 

XRD data were collected using a powder X-ray diffractometer (D8 Advance, Bruker AXS, 

Karlsruhe, Germany) in the Bragg-Brentano geometry (θ/θ). The instrument was operated in step-scan 

mode (steps: 1s, 0.005° in 2θ), between 5° and 90°. To minimize preferential orientation, the powder 

was prepared by backloading. Phase identification was performed using DIFFRAC.EVA software 

(version 5, Bruker-AXS, Karlsruhe, Germany, 2010–2020). Rietveld refinements were performed using 

TOPAS software (version 6, Bruker-AXS, Karlsruhe, Germany, 1999–2016) based on the fundamental 

parameters approach [40]. The starting structural models used for the refinements are given in Table 2. 

The refined parameters included scale factor, sample displacement, coefficients of the background 

described as a fifth-order Chebychev polynomial combined with a 1/X term, unit cell parameters, and 

crystallite size (referred to as Lvol-IB). The atomic positions and temperature factors of all phases were 

kept constant in the crystal structures. Preferred orientation was corrected using the March-Dollase 

algorithm [41] for the ettringite 100 Bragg lines. For the ferrite phase, additional refined parameters 

were added: a strain parameter (referred to as strain G) and the occupancy factors of aluminum and iron 

on tetrahedral and octahedral sites. For katoite, the occupancy factors of aluminum and iron on 

octahedral sites were also refined. 
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Table 2 

Phases of clinkers, SAM, and AcA residues: structural data, PDF and ICSD file numbers. For each 

phase, the ICSD codes (Inorganic Crystal Structure Database, web version 1.1.0) and PDF numbers 

(International Centre for Diffraction Data (ICDD) PDF, release 2002) are provided for information. The 

PDF number in parentheses corresponds to experimental data. 

Phase/mineral name Formula Symmetry 
Space 

group 
PDF file ICSD Reference 

C4AF 

Brownmillerite 
Ca2AlFeO5 Orthorhombic 

Ibm2 

(46) 

01-071-0667 

(00-030-0226) 
9197 [42] 

C2F 

Srebrodolskite 
Ca2Fe2O5 Orthorhombic 

Pcmn 

(62) 

01-071-2108 

(00-038-0408) 
14296 [43] 

Cubic C3A 

Tricalcium aluminate 
Ca3Al2O6 Cubic 

Pa-3 

(205) 

01-070-0839 

(00-038-1429) 
1841 [44] 

Katoite Ca3Al2(OH)12 Cubic 
Ia-3d 

(230) 

01-073-9982 

(00-024-0217) 
82404 [45] 

Ettringite 
Ca6 Al2 (SO4)3 

(OH)12.26(H2O) 
Trigonal 

P31c 

(159) 
(00-041-1451) 155395 [46] 

Calcium 

monosulfoaluminate 

Ca4Al2(OH)12(S

O4).6(H2O) 
Trigonal 

R-3 

(148) 
83-1289 100138 [47] 

Gypsum CaSO3.2(H2O) Monoclinic 
C12/c 

(15) 
01-071-2701 
(00-033-311) 

409581 [48] 

 

2.2.5. Specific area BET and SEM analysis 

 

Specific surface area was determined using the physical adsorption of nitrogen or krypton (for 

surfaces less than 10,000 cm².g-1) within the BET method. Before the measurement, samples were 

outgassed for one hour at 400°C. The measurements were performed at -196°C using a Micromeritics 

TriStar II coupled to a Micromeritics Smart VacPrep. Samples were investigated with a Scanning 
Electron Microscope (SEM) HITACHI S 4800 on a carbon tape.  

 

3. Ferrite hydration  

 

This part discusses, according to the literature, the hydration reactions of ferrite in water, 

sulfated solution, and carbonated solution. This will introduce the incorporation of iron in the hydrates. 

 

Pure water: 

The classic hydration reactions of ferrite in pure water solution are well known. They produce 

various hydrates, depending on the equilibrium between calcium, aluminum, and iron. The hydrates 

formed by the hydration process of ferrite and the hydration process of C3A are very similar, despite a 

significant discrepancy in the kinetics of their reactions. To simplify the following equations, ferrite is 

approximated to C4AF. The first step in the hydration process of ferrite is a partial congruent dissolution 

(equation 1). However, Tao et al. [49] have shown at the atomic scale that during the hydration process 

the attack on the tetrahedral sites occupied by aluminum is faster than on the octahedral sites occupied 

by iron. The increasing concentration of ions then allows the precipitation of hydrates. As for C3A, the 

first hydrates precipitate as hexagonal plates, C2AH8 and C4AH19, formed within 5 minutes (equations 

2 and 3) [24]. The C2AH8 and C4AH19 hydrates are unstable, and they dissolve and then precipitate as a 

cubic shaped hydrate (C3AH6) after 24h (equation 4). This process is quite slow, and hexagonal plates 

can still be observed after 4 months. The chemical formula of cubic hydrates is C3AH6, also designated 
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as hydrogarnet or katoite. These equations for the hydration process of ferrite are strictly identical to the 

C3A hydration reactions. However, in this case we consider that all the iron ions are contained in the 

Fe(OH)3 precipitating gel, also called ferrihydrite (equation 5). 

In saturated calcium hydroxide solution, the hydration process is strictly identical. Precipitation 

of the C4AH19 phase is favored compared to the C2AH8 phase. 

 

 

C4AF + 10H2O  4Ca2+ + 2Al(OH)4
- + 2Fe3+ + 12HO- 

1 

4Ca2+ + 2Al(OH)4
- + 6HO- + 12H2O ⇄ C4AH19 

2 

2Ca2+ + 2Al(OH)4
- + 2HO- + 3H2O ⇄ C2AH8 

3 

3Ca2+ + 2Al(OH)4
-  + 4HO- ⇄ C3AH6 (katoite) 4 

Fe3+ + 3HO- ⇄ Fe(OH)3 (ferrihydrite) 
5 

 

 

Katoite is the main hydrated phase of ferrite in the absence of sulfates. Katoite is a hydrogarnet 

which is part of the quaternary diagram C3AH6 – C3AS3 – C3FH6 – C3FS3. The hydrogrossular solid 

solution Ca3Al2(SiO4)3-x(OH)4x has been studied in depth [50, 51]. This is not the case for the C3AH6 - 

C3FH6 domain, which is still subject to discussion. Dilnesa et al. [52] have shown the lack of a solid 

solution between C3AH6 and C3FH6. However, katoite containing iron was often confirmed, where the 

Al/Fe ratio is always lower than in ferrite [12, 15, 18, 19, 26, 27, 53-55]. Usually, the formula of katoite 

which results in the hydration of C4AF is C3A0.845F0.155H6 [15]. The most complete work on the 

incorporation of iron in katoite was reported by Taylor [4], leading to an empirical formula estimating 

the iron and silica content in katoite, starting from its cell parameter (equation 6). This formula was also 

used by [55] to estimate the iron substitution in katoite from an SR cement: 

 

a (Å) = 11.71 + 0.16x + 0.144y  6 

 

where x = [Fe2O3] and y = [H2O] are the coefficients of the stoichiometric formula C3A1-xFxS3-y/2Hy of 

the solid solution. 

Incorporation of iron in hydrates strongly depends on the nature of the solution. Several authors 

have observed that hydrates obtained in calcium hydroxide solution or in the presence of C3S have a 

higher iron content than those obtained in pure water [18, 20, 54]. It is Perez’s work which first 

demonstrated that the iron content in the hydrate depends on the portlandite content [27]. The hydration 

process of ferrite with portlandite can be written thus (equation 7): 

 

C4AF + 10H + (
3x

1−x
− 1) CH  (1 +

x

1−x
) C3A1-xFxH6 + (1 −

x

1−x
) FH3 7 

 

where x ranges between 0 and 0.5. This equation will determine iron incorporation in katoite. 

For x between 0 and 0.25, portlandite is not a reactant but a product of the reaction, and the iron 

incorporation remains weak. For x between 0.25 and 0.5, portlandite becomes a reactant: iron 

incorporation is strong. 
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Sulfated water: 

In the presence of sulfate, the hydration process of ferrite is very different regarding the nature 

of precipitated hydrates. Anhydrite (CaSO4) has been chosen to describe the hydration process, but the 

mechanism remains valid for any other source of sulfate. As previously, the first step is a dissolution of 

ferrite (equation 8) and anhydrite (equation 9). The main hydrate that precipitates is ettringite 

Ca6Al2(SO4)3(OH)12⋅26H2O (C6AS̅3H32) (equation 10). The “AFt” notation is often used to designate 

ettringite, even if it is a general notation for every tri-substituted hydrate. Fe(OH)3 gel also precipitates 

(equation 11). 

 

C4AF + 10H2O  4Ca2+ + 2Al(OH)4
- + 2Fe3+ + 12HO- 

 8 

CaSO4  Ca2+ + SO4
2- 

 9 

6Ca2+ + 2Al(OH)4
-+ 3SO4

2- + 4HO- + 26H2O ⇄ C6AS̅3H32 (ettringite) 
 10 

Fe3+ + 3HO- ⇄ Fe(OH)3 (ferrihydrite) 
11  

 

When the sulfate content in solution is not sufficient, ettringite is not stable. It first dissolves and later 

precipitates in the form of calcium monosulfoaluminate C4AS̅H12 (equation 12) [56]. 

 

4Ca2+ + 2Al3+ + SO4
2- + 12HO- + 6H2O ⇄ C4AS̅H12 (calcium monosulfoaluminate) 12 

 

Several authors have investigated the iron incorporation in ettringite. Emanuelson confirmed by 

Energy-Dispersive X-ray (EDX) analysis the iron incorporation in ettringite, with the stoichiometric 

formula Ca6[Al0,5Fe0,5(OH)6]2(SO4)3·26H2O resulting from ferrite hydration [54]. Fukuhara [26] 
estimated that ettringite is substituted in iron by about 25% after ferrite hydration. 

The most complete work on iron incorporation in ettringite was done by Renaudin [57] and 

Möschner [58]. Möschner showed that the Al-Fe-ettringite solid solution is not continuous, with a 

miscibility gap between x = 0.3 and x = 0.6, where x is the coefficient in the 
Ca6[Al1−xFex(OH)6]2(SO4)3·26H2O stoichiometric formula. 

Equation 7 states that iron in katoite depends on the portlandite content in solution. A similar reasoning 

can be applied to the C4AF hydration in a sulfated environment which leads to equation 13: 

 

C4AF + (36 +
20𝑥

1−𝑥
) H + (

9𝑥

1−𝑥
− 1) CH + (3 −

3𝑥

1−𝑥
) CS̅  (1 +

𝑥

1−𝑥
) C6A1-xFxS̅3H32 + (1 −

𝑥

1−𝑥
) FH3 13 

where x ranges between 0 and 0.5. 

 

Carbonated water:  

This issue is in fact more complex due to the presence of CO2 and carbonates in the atmosphere 

and soils. In this case, parasitic reactions discussed below occur between the carbonates and the ferrite 

(equations 14 – 18). Whatever the efforts, it appears quite impossible to avoid them. In a carbonated 

solution, ferrite first dissolves (equation 14), and calcium hemi-carboaluminate precipitates (equation 

15). However, this calcium hemi-carboaluminate is unstable and subsequently dissolves and then the 
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monocarboaluminate precipitates (equation 16). In parallel with these reactions, iron can precipitate into 

Fe(OH)3 hydrate (equation 17) or into iron monocarbonate, also called Fe-monocarbonate, with a 

different water stoichiometry: Ca4Fe2(OH)12(CO3)(H2O)6 (equation 18). Unlike other hydrates, the 

recent work of Dilnesa [59] shows that no solid solution exists between Al and Fe-monocarbonate. 

 

C4AF + 10H2O  4Ca2+ + 2Al(OH)4
- + 2Fe3+ + 12HO- 14 

4Ca2+ + 2Al(OH)4
- + 0.5CO3

2- + 5HO- + 5.5H2O ⇄ C4AC̅0.5H12 (Ca-hemicarboaluminate) 15 

4Ca2+ + 2Al(OH)4
- + CO3

2- + 5HO- + 5H2O ⇄ C4AC̅H11 (Ca-monocarboaluminate) 16 

Fe3+ + 3HO-  ⇄ Fe(OH)3 (Ferrihydrite) 17 

4Ca2+ + 2Fe3+ + CO3
2- + 12HO- + 6H2O ⇄ C4FC̅H12 (Fe-monocarbonate) 18 

 

All the reactional routes discussed here are summarized in Fig. 2. 

 

Fig. 2. Hydration products of ferrite in different solutions: without sulfate (in pure water and calcium 

hydroxide solution), with sulfate (in gypsum and in gypsum and calcium hydroxide saturated solution) 

and in carbonated system; Katoite: Ca3Al2H12O12; Ettringite: Ca6Al2(OH)12(SO4)3·26H2O; Calcium 

monosulfate: Ca4Al2(OH)12SO4·6H2O; Hemicarboaluminate: Ca4Al2(OH)13(CO3)0,5(H2O)5; 

Monocarboaluminate: Ca4Al2(OH)12(CO3)(H2O)5 

 

4. Results and discussion 

 

 

Using the same material, either synthetic or industrial, the four hydration routes as defined in Fig. 

2 were investigated. 
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4.1. Ferrites before hydration 

 

Synthetic samples were analyzed by XRD to validate the purity of the material and to measure 

the unit cell parameters (Table 3). All samples are free from other phases. 

 

Table 3  
Rietveld refinement of the synthetic ferrites XRD patterns: unit cell parameters and criteria of fit 

(weighted-profile Rwp factor and R-Bragg factor and Goodness Of Fit - GOF). Errors for the lattice 

parameters are estimated standard deviations from the refinement. 

Al/Fe 

target 

Al/Fe  

refined 
a (Å) b (Å) c (Å) Volume (Å3) Rwp R-Bragg GOF 

0 0 5.59888 (4) 14.7673 (1) 5.42808 (3) 448.79 (1) 12.12 7.87 2.06 

0.1 0.19 5.5889 (2) 14.7287 (6) 5.4199 (2) 446.16 (3) 18.22 9.35 4.17 

0.5 0.58 5.5755 (2) 14.6065 (5) 5.3796 (1) 438.11 (2) 14.92 6.98 3.36 

0.6 0.61 5.5734 (2) 14.5926 (5) 5.3725 (2) 436.94 (2) 12.81 5.30 3.11 

0.7 0.78 5.5695 (1) 14.5738 (4) 5.3670 (1) 435.63 (2) 13.09 5.20 3.07 

0.8 0.87 5.5651 (1) 14.5589 (4) 5.3602 (1) 434.29 (2) 11.83 4.76 2.83 

0.9 0.89 5.5622 (1) 14.5462 (3) 5.3547 (1) 433.24 (2) 10.32 3.67 2.49 

1 0.99 5.5569 (1) 14.5237 (3) 5.3484 (1) 431.95 (2) 9.60 3.44 2.35 

 

Industrial ferrites are produced by quenching the liquid phase in the air-cooler at the outlet of the 

cement kiln (1450°C), whereas synthetic ferrites are produced by solid-state reaction route (1350°C). 

Consequently, the differences observed between industrial and synthetic ferrites concerning the 

chemical composition and the microstructure will influence the reactivity. Several parameters may be 

highlighted: 

- Silica and magnesium, found in industrial ferrites, can play a role in the hydration process [60]. 

- The synthesis temperature plays a role in cement phases hydraulicity and ought to be taken into 

account in the reactivity studies [61, 62]. 

- The most important parameter is the specific area, to which the dissolution rate is proportional. 

BET measurements have shown a specific surface area of  2,000 cm2.g-1 for synthetic ferrites 

and above 60,000 cm2.g-1 for the four industrial ferrites (AcA).  

 

4.2. Hydration of ferrite with pure water 

 

In pure water, the main hydrated phase of ferrite is katoite. Two experiments were performed. In 

the first, the whole process of hydration was monitored for a seven-day period with w/c = 400. Next, 

extra attention was given to the first periods of dissolution prior to any precipitation, using measurements 

at 30-minute intervals in diluted aqueous solution with w/c = 3000. 

 

4.2.1. Hydration of ferrite over seven days (w/c = 400) 

 

4.2.1.1. Synthetic ferrites 

 

The conductivity behavior depends on the Al/Fe atomic ratio. Let us consider an intermediate 

value of the Al/Fe ratio (Fig. 3A, Al/Fe = 0.7). At the beginning, the conductivity regularly increases, 

which corresponds to the initial dissolution process of ferrite. XRD analysis at this point does not 
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indicate the presence of hydrated phases. The evolution of conductivity shows a decrease due to the 

reduction of the solubility equilibrium deviation of ferrite. As the dissolution prevails in the first part of 

the reaction process, the initial slope of the conductivity as a function of time can be considered as a 

function of ferrite dissolution. The value of the slope of conductivity as a function of the Al/Fe ratio is 

plotted in Fig. 4. It increases linearly. The same then applies for the dissolution speed. Similar results 

have been found by Carlson during the first hour of hydration [19]. 

Next, at a given time ti, which we shall refer to as the inversion time, the conductivity reaches a 

maximum value, then decreases quite steeply and finally tends to plateau. The fall in conductivity 

corresponds to the massive hydrates precipitation process. Fig. 3A shows that the inversion time ti 

depends enormously on the Al/Fe ratio. Three trends of curves can be observed in Fig. 3A: 

- Trend 1: Neither dissolution nor precipitation; the curves remain quite flat (Al/Fe = 0 and 0.1). 

- Trend 2: The dissolution process is slow and the inversion time is still not attained after seven 

days (Al/Fe = 0.5 and 0.6). 

- Trend 3: The inversion time ti is about one to two days; these values are not really reproducible 

due to numerous other experimental parameters (Al/Fe = 0.7, 0.8, 0.9 and 1). 

Two domains are observed. With low aluminum content in ferrite (trends 1 and 2), the reactivity 

remains rather low, whereas it increases strongly above an Al/Fe value of about 0.7, this value then 

appearing as a pivot value of the reactivity. Low Al concentration values in solution indicate that the 

system is very close to hydrate solubility (Table 4). 

 

4.2.1.2. Industrial ferrite – SAM residues 

 

The SAM residue contains either ferrite and/or sulfates and C3A [3]. Ferrite and C3A behave in 

the same way in pure water and with sulfates. Therefore, the presence of C3A hides the ferrite reactivity 

and makes it difficult to interpret since the very origin of the final katoite in the solution is not clear. 

Moreover, the small sulfate amount contained in the SAM residue changes the reaction kinetics by 

replacing the katoite production of the ferrite with production of ettringite. For all these reasons, it 

appears necessary to remove both sulfates and C3A to prevent ettringite production. The AcA dissolution 

process makes this possible. 

 

4.2.1.3. Industrial ferrite – AcA residues 

 

The conductivity as a function of time for synthetic ferrites and AcA residues is plotted in Fig. 

3A and Fig. 3B respectively. Phases identified by XRD and ionic concentrations in the solution are 

given in Table 4. In pure water, all the AcA residues are totally hydrated within seven days, no anhydrous 

ferrite remains, and the main hydrated phase is katoite (Table 4). Looking at the conductivity behavior, 

it appears to be very similar to trend 3 as defined in the previous paragraph, with competition between 

the precipitation and hydration processes. Diffraction experiments give Al/Fe ratio values in the range 

0.7 to 0.9, also consistent with the values found for the synthetic ferrites with Al/Fe ratio from 0.7 to 1 

(trend 3). Another important effect is the specific surface area. Here, the specific surface area is greater 

than in synthetic compounds, with the result of enhancing the reactivity.  
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(A) 

 

(B)  

 
Fig. 3. Conductivity measurements of synthetic ferrites (A) and AcA residues (B) hydrated in pure 

water, w/c = 400 

 

 

Fig. 4. Conductivity slope from data of Fig. 3A in the first hour of synthetic ferrites hydrated in pure 

water as a function of the Al/Fe atomic ratio of anhydrous ferrite 

 

Table 4 

Phases identified by XRD, together with Ca and Al concentrations after 7 days in pure water and calcium 

hydroxide solution. AcA residues and synthetic ferrites, w/c = 400; XXX: major phase; X: identified 

 Al/Fe 0 0.1 0.5 0.6 
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n
 Anhydrous 

ferrite 
XXX X - - - - X X X X - - 

Hydrate 

Katoite C3AH6 
- XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX XXX 

Concentration 

Ca (mmol/l) 
16.60 14.71 20.16 15.33 10.46 13.68 13.04 14.66 12.84 14.31 12.67 9.69 

Concentration 

Al (mmol/l) 
— 0.12 

Very 

low 
0.76 

Very 

low 
0.79 

Very 

low 
1.01 

Very 

low 
0.91 

Very 

low 
0.10 

 

4.2.1.4. Carbonation 

 

Despite performing the reaction in pure water under N2 atmosphere, some carbonation can be 

observed due to the pollution of atmospheric carbon dioxide. In addition to the expected katoite, several 

carbonate hydrates can also be observed, depending on the stoichiometry: monocarboaluminate and 

hemicarboaluminate. A specific problem is raised with monocarboaluminate. XRD patterns exhibit two 

characteristic Bragg lines for the Al-monocarbonate and the Fe-monocarbonate. But between these two 

lines, an additional intermediate line can be observed (11.4° CuKα), clearly related to a mixed compound 

(Fig. 5). This compound has already been discussed by Dilnesa et al. [59], who referred it as Mc*. All 

these phases are hereinafter referred to as “carbonates”. In addition to the observed preferential 

orientation, the lack of structural model renders the quantitative analysis by XRD very difficult.  

 

 

Fig. 5. Fe-monocarbonate, Mc* and Al-monocarbonate signatures [59] in C4AF (Al/Fe = 1) hydrated 7 

days in a calcium hydroxide solution. 

 

 

4.2.2. Dissolution in water: w/c = 3000 

 

As shown previously, the monitoring of the conductivity gives precious information regarding 

the ferrite hydration process. However, it is impossible to distinguish industrial ferrites from one 

another. To overcome this drawback, the dissolution rate of residues was monitored by ICP 

measurement of ion concentrations in a very diluted solution (w/c = 3000). Such a high water to solid 

ratio is chosen to avoid precipitation of hydrated phases [36]. The evolution of the concentrations during 

the dissolution of SAM and AcA residues is displayed in Fig. 6 (trend 2 as defined previously). 

10.8 11.0 11.2 11.4 11.6 11.8
2q (degrees) CuKa

Al-Mc

Mc*

Fe-Mc
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SAM residues not only contain ferrite, but also C3A and alkaline sulfates, which dissolve in 

water, bringing additional ions into the solution. We observe an intense fluctuation of calcium 

concentration in the first two minutes for SAM residue A (Fig. 6A). To explain this fluctuation, we raise 

the hypothesis of an initial dissolution of the calcium sulfates contained in the SAM residue A, followed 

by fast precipitation. Concentration monitoring of AcA residue A (Fig. 6C) shows a similar phenomenon 

but on a smaller scale. For the SAM residues B and D, the high C3A concentration, respectively 8.5 and 

11.1 wt.%, renders the data interpretation rather difficult, due to the faster dissolution rate of C3A 

compared to ferrite, as already known [30, 63, 64]. The very sharp decrease in the concentration at some 

points is an artefact of the measurement due to air bubbles in the spectrometer’s tubes. 

Looking at Fig. 6, one can observe that the evolutions of aluminum and calcium concentrations 

both exhibit asymptotic values, for both SAM and AcA residues. The asymptotical concentrations are 

systematically higher for SR3 than for SR0 clinkers. The two SR0 and SR3 families of curves are well 

separated, with similar behavior of the two samples in each family. This derives from the higher Al/Fe 

ratio in the SR3 compounds, which induces a higher dissolution. It was possible to observe this 

phenomenon thanks to the very high w/c ratio that highlights the distinction between the two families. 

The dispersion of the data is higher for the SAM samples than for the AcA samples due to the 

contribution of the ions arising from C3A and sulfates, which partially masks the contribution of ferrite. 

Therefore, the AcA samples were used for our conductivity studies. As far as Electron Probe Micro 

Analysis [3] made it possible to distinguish SR0 from SR3 clinkers, it appears here that this simple 

chemical method is also able to distinguish these two types of compounds. 

 In the foregoing, the discussion has been restricted to calcium and aluminum ions. The reason 

is that, in all our experiments, iron was never detected by ICP, for its concentration remains very low. 

A hypothesis is the immediate precipitation of FH3 gel as soon as iron appears in the solution. This is 

consistent with the value of the precipitation constant pKs 2.6 [59], which implies that for a pH value of 

12, only 3x10-2 mmol of Fe(OH)4
- is needed for Fe(OH)3 precipitation. 
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 (A) 

 

(B)  

 
(C)  

  

(D)  

  
Fig. 6. Evolution of Al and Ca concentrations as a function of time for residues SAM and AcA in pure 

water, w/c = 3000 

 

4.3. Hydration of ferrite with calcium hydroxide solution 

 

A simplified equation of C4AF hydration in calcium hydroxide solution is given by equation 7, 

where x is related to iron incorporation in katoite (C3A1-xFxH6). Ferrite reactivity was then studied in 

water saturated with calcium hydroxide without a solid supply source. This solution was used so as to 

be closer to the hydration of ferrite in a cementitious matrix. The high concentration of Ca2+ and HO- 

ions will promote C4AH19 precipitation over C2AH8 precipitation. It will also decrease the amount of 

aluminum ions needed for hydrated phase precipitation. As for pure water, ferrite hydration was 

monitored by conductimetry with w/c = 400. Conductivity as a function of time for ferrites in calcium 

hydroxide solution is displayed in Fig. 7. For all ferrites, conductivity decreases over time, except for 

C2F, for which conductivity remains constant. The decrease is more pronounced for ferrite with Al/Fe 

ratio = 1 than for ferrites with low Al/Fe ratios (i.e. 0.1). The decrease in conductivity can be explained 
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by a decrease in the concentration of conductive species, arising from Ca2+ and HO- consumption, which 

is confirmed by the concentration values (Table 4). 

For x values over 0.25, portlandite is consumed, with strong iron incorporation in katoite. In the 

opposite case (x < 0.25), the excess of calcium in ferrite compared to C3A leads to portlandite CH 

production. The conductivity should then increase along with the pH and calcium concentration. This, 

however, is not observed, and the decrease in conductivity observed in Fig. 7 seems to indicate a strong 

iron incorporation in katoite (x > 0.25). 

 

 

(A) 

 

(B) 

 

Fig. 7. Conductivity measurements of synthetic ferrites (A) and AcA residues (B) hydrated in calcium 

hydroxide solution, w/c = 400 

 

 As in pure water, Rietveld quantification is impossible owing to the presence of carbonates. 

However, in our samples, all the ferrites were hydrated into katoite, except C2F (Al/Fe = 0) which 

remains unhydrated (Fig. 8). As soon as the ferrite contains aluminum, hydration is observed. 
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Fig. 8. XRD patterns of synthetic ferrites and AcA residues hydrated for 7 days in calcium hydroxide 

solution (f: ferrite, k: katoite, ca: carbonates) 

 

4.4. Al-Fe-Si katoite solid solution 

 

As seen previously, the hydration of ferrite in water, with or without portlandite, mainly produces 

katoite. In this paragraph, we will discuss in more detail the stoichiometry of katoite as a function of the 

iron content of the initial ferrite sample. Another point is the incorporation in katoite of the silicon 

existing as an impurity in the ferrite of a clinker. 

 

4.4.1. Incorporation of iron 

 

Here, we mainly used XRD, capable of giving precise values of the unit cell parameter of the 

cubic katoite. As seen previously, Taylor gave a linear formula (eq. Erreur ! Source du renvoi 

introuvable.) between the unit cell parameter and the iron content of the ferrite, i.e. the x parameter of 

the stoichiometric formula of katoite C3A1-xFxH6. This dependence of the unit cell parameter on the iron 

content is related to the difference between the ionic radius of the aluminum and iron ions (0.645 Å for 

Fe3+ vs 0.535 Å for Al3+ in octahedral coordination) [65]. When silicon is also present in katoite, a 

modification of this Taylor formula becomes necessary. The variation of the unit cell parameter was 

measured by XRD as a function of the Al/Fe ratio in various samples (Fig. 9). The behavior in pure 

water and in calcium hydroxide solution is very different. The unit cell parameter of katoite is shorter 

(0.5%) in pure water than in calcium hydroxide solution and corresponds to the value for katoite close 

to the stoichiometry C3AH6, with a low iron content. For ferrite samples of formulas close to C4AF, a 

fluctuation is observed in the iron content of the katoite (x close to 0)2 within the limits of validity of 

the Taylor formula. It can be noted that in pure water the Rietveld refinement of the site populations in 

                                                      

2 For other compositions of ferrite, a single sample was available, but the high precision of unit cell measurements 

makes it possible to state an x value very close to 0, within the validity of Taylor’s formula. 
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iron and aluminum predicts an iron content higher than the Taylor formula prediction. Conversely, the 

iron concentrations in the two approaches are consistent with hydration in calcium hydroxide solution. 

In this case, a quasi-linear variation of the katoite iron content is observed as a function of the initial 

ferrite iron content, with a fluctuation similar to that observed in pure water with C4AF, as already 

discussed. Another point is that the katoite iron content is higher in calcium hydroxide solution than in 

pure water (x in the range 0.4 to 0.6 compared to close to 0). 

 

 

Fig. 9. Cell parameter a of katoite and amount of iron incorporated in katoite calculated from Taylor’s 

formula as a function of the Al/Fe atomic ratio of ferrite 

 

4.4.2. Incorporation of silicon 

 

All the elemental analyses performed on industrial ferrites (X-Ray Fluorescence Spectroscopy, 

microprobe) exhibit a non-negligible silicon content, with about 3 wt.% SiO2 [3]. This silicon is 

localized as a constituent, inside the ferrite unit cell. The same applies after hydration, since silicon 

becomes a constituent of the unit cell of katoite, where a SiO2 formula replaces two water molecules 

[50]. No independent hydrated silicate is observed. It becomes interesting to transpose the analysis made 

below now including silicon. Then, the stoichiometric formula C3A1-xFxH6 of katoite becomes (equation 

19):  

 C3A(1-x)FxSy(1-x)H6-2y(1-x) 19 

 

where y is the SiO2/Al2O3 molar ratio of ferrite and x is the iron substitution. 

Taylor’s formula needs to be modified as (equation 20): 

 
x = 

a - 12.574 + 0.288 y

0.16 + 0.288 y
 20 

 

where a is the cell parameter of katoite. 
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Table 5 gives the unit cell parameters of the katoite obtained by hydration of our ferrites 

extracted (AcA) from the industrial clinker both in pure water and in calcium hydroxide solution. Here, 

the iron content x is calculated using equation 20. The SiO2/Al2O3 ratio y is extracted from microprobe 

measurements. The SiO2 and H2O contents are then directly derived from these values. 

 

Table 5  
Al/Fe ratios of ferrites with the corresponding cell parameters and the coefficient of the structural 

formulas of katoites (C3A(1-x)FxSy(1-x)H6-2y(1-x)) related to the Fe2O3, SiO2, H2O contents. For AcA 

residues, w/c = 400 after 7 days of hydration.  

  
Cell parameter 

a (Å) 

Fe2O3 

x 

SiO2 

y(1-x) 

H2O 

6-2y(1-x) 

 
Katoite 

(ICSD n°82404) 
12.5695 (11) 0 0 6 

Solution Ferrite (Al/Fe)     

Pure water 

0.69 (SR0 C) 12.5400 (2) 0.28 0.28 5.44 

0.71 (SR0 A) 12.5448 (2) 0.32 0.28 5.45 

0.87 (SR3 B) 12.5215 (2) 0.11 0.24 5.51 

0.95 (SR3 D) 12.5398 (1) 0.23 0.25 5.50 

Calcium 

hydroxide 

solution 

0.69 (SR0 C) 12.6252 (2) 0.60 0.16 5.69 

0.71 (SR0 A) 12.6247 (2) 0.61 0.16 5.68 

0.87 (SR3 B) 12.6173 (3) 0.51 0.13 5.73 

0.95 (SR3 D) 12.6215 (2) 0.37 0.20 5.59 

 

4.4.3. The case of the ferrihydrite gel FH3 

 

The stoichiometric equation 7 shows that the iron content in katoite is closely linked to the 

portlandite consumption, which drives the hydroxide FH3 production. In the literature, most authors 

claim that FH3 gel is not visible by XRD. However, the amorphous halos of FH3 gel (Fig. 10) is observed 

for ferrite samples with Al/Fe ratio r = 0.9 and 1, hydrated in pure water. The two broad diffuse halos 

around 33° and 61° (CuKα) appear clearly and correspond perfectly to the characteristic positions of 

ferrihydrite [66-68]. 

 

 

Fig. 10. Amorphous halos in the XRD pattern of ferrite (Al/Fe = 1) hydrated in pure water for 7 days, 

w/c = 400 
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In the following, the reactivity of ferrite in solution that initially contains gypsum, i.e. sulfate 

ions, was investigated. As previously, we will consider successively solutions without and with 

portlandite. 

 

4.5. Hydration of ferrite in a gypsum saturated solution 

 

A simplified equation of C4AF hydration in gypsum saturated solution is given by eq.13, where 

x is here related to iron incorporation in ettringite (C6A1-xFxS̅3H32). Here, ettringite replaces katoite 

compared to the previous case. To study the effect of sulfates on the hydration of ferrite, all the ferrite 

samples, both synthetic and industrial, were hydrated for seven days in a gypsum saturated solution (w/c 

= 400), without a solid reservoir of gypsum. This concentration corresponds to a S̅/A = 2.3 molar ratio. 

This concentration was chosen to allow high ettringite precipitation. The initial solution contains no 

solid sulfate: this choice makes it possible to be sure that all the initial sulfate ions are already in solution. 

The only dissolution effects that could then be observed in the experiments are due solely to the ferrite 

dissolution. 

Quantitative XRD Rietveld analysis was performed (Fig. 11 and Fig. 12) with a particular focus 

on the major phases: the initial ferrite and the final hydrated ettringite. Katoite and calcium 

monosulfoaluminate are never observed. Conductivity as a function of time for ferrites in a gypsum 

saturated solution is displayed, as shown in Fig. 13. The behavior of the synthetic and industrial ferrites 

also appears quite different both in XRD and in conductimetry experiments. 

 

4.5.1. Synthetic ferrites 

 

For synthetic ferrites hydrated with the Al/Fe atomic ratio r ranging between 0 and 0.8, XRD 

shows that ferrite remains the main phase, with a few percent of ettringite. However, for synthetic ferrites 

with an Al/Fe ratio r > 0.8, an inversion of the phases is observed and ettringite becomes the main phase 

after 7 days in a gypsum saturated solution. This is confirmed by the calcium and sulfur concentration 

measurements given in Table 6. The sulfur concentration decreases with respect to the Al/Fe atomic 

ratio r and becomes very small above r > 0.8, meaning that most of the sulfate atoms are consumed by 

ettringite. The same applies for the calcium concentration. As already observed for the hydration in pure 

water at the same w/c = 400 ratio, we get here a pivot value at the Al/Fe ratio r ≈ 0.9, to be compared to 

r ≈ 0.7 observed in pure water.  

Let us now consider the conductimetry experiments (Fig. 13A). Almost no evolution of the 

conductivity is observed for Al/Fe ratios r < 0.9, which is consistent with the pivot value observed with 

XRD. The two conductivity curves for r = 0.9 and 1 are similar except regarding the time scale. A sharp 

decrease in conductivity can be observed during the first days (part I), followed by a progressive rise 

and then a gently descending plateau (part II) with a sharp drop in between. In part I, the decrease is 

related to the precipitation of ettringite, which consumes Ca2+, HO-, SO4
2- ions from the sulfated solution 

and Al3+ and Fe3+ ions from the dissolution of ferrite. In part II, the conductivity increase is related to 

the dissolution of some solid phases. Usually, the dissolution of ettringite is observed when the solution 

runs out of sulfate, then leading to a precipitation of calcium monosulfoaluminate [12, 13, 17, 24]. 
Insofar as no calcium monosulfoaluminate is observed here, a re-dissolution of ettringite is precluded. 

Next, due to the lack of an initial solid sulfate phase, the only phase that can dissolve is the ferrite phase.  
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4.5.2. Industrial ferrites 

 

Looking at Fig. 12, it appears that the four industrial ferrites are nearly completely hydrated. 

The transformation from ferrite to ettringite appears at a lower Al/Fe ratio than in synthetic ferrite: with 

an Al/Fe ratio of about 0.7, the transformation is almost complete, with less than 5 wt.% of residual 

ferrite. For industrial ferrites (Fig. 13B), a sharp decrease in conductivity is observed the first day, 

followed by a plateau. Like for synthetic ferrites, the drop in conductivity can be explained by the fast 

precipitation of ettringite. When sulfate ions are consumed, the deviation from equilibrium is lesser and 

it slows the precipitation. Aluminum concentration is very low compared to sulfate concentration, which 

remains high, and ferrite is still present, as shown by XRD. The dissolution of ferrite is incomplete, and 

not all sulfate ions are consumed, in contrast to what happens with synthetic ferrites. This very low 

aluminum concentration, also observed on gypsum/C3A systems, is due to the fact that the system is 

very close to the ettringite solubility [69]. Usually, for hydration in solutions of pure water, calcium 

hydroxide solution, and gypsum and portlandite saturated solution, the industrial ferrites are more 

reactive than the synthetic ones, owing to various parameters, among which the large surface area seems 

to be important. It is not the case here. This system is the only one where industrial ferrites seem to 

display a particular behavior. 

 

  

Fig. 11. XRD patterns of ferrites hydrated for 7 days in a gypsum saturated solution (f: ferrite, 

e: ettringite) 
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Fig. 12. Amount of undissolved ferrite (squares) and precipitated ettringite (triangles) after 7 days in a 

solution saturated with gypsum, w/c = 400 

 

Table 6  

Calcium, aluminum, and sulfur concentrations after 7 days in a solution saturated with gypsum, w/c = 

400 

Al/Fe Ca (mmol/l) Al (mmol/l) S (mmol/l) 

0.1 14.41 Very low 12.94 

0.5 14.39 Very low 12.88 

0.6 14.41 Very low 12.94 

0.7 13.54 Very low 12.09 

0.8 12.70 Very low 11.03 

0.9 2.22 0.32 0.21 

1 1.60 0.96 0.05 

0.69 (SR0 C) 5.08 Very low 3.45 

0.71 (SR0 A) 3.63 Very low 2.04 

0.87 (SR3 B) 4.36 Very low 3.38 

0.95 (SR3 D) 3.20 Very low 1.17 
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(A) 

 

(B) 

 
Fig. 13. Evolution of the conductivity for synthetic ferrites (A) and AcA residues (B) in a gypsum 

saturated solution, w/c = 400 

 

4.6. Hydration of ferrite with a gypsum and portlandite saturated solution  

 

4.6.1. Synthetic ferrites 

 

After having studied the effect of sulfates on ferrite hydration, we will now compare it with a 

gypsum and portlandite saturated solution, here also without a solid reservoir. 

Over the 7 days of the experiment, the evolution of conductivity for all the synthetic ferrites is 

rather similar (Fig. 14), with slowly decreasing conductivity. Rietveld quantitative analyses of hydrated 

synthetic ferrites (Fig. 15) show that about 50 wt.% of ferrite is hydrated at the end of this period, and 

ettringite now represents about 50 wt.%. Approximately 35 - 50 mol.% of the initial sulfate has reacted 

with ferrite (Table 7) at the end of the experiment, therefore showing that the reaction is still ongoing. 

Next, adding portlandite to the solution has a retardation effect on the hydration of ferrite, compared to 

a gypsum saturated solution without portlandite. This has already been observed by previous authors 

[17, 19]. The same behavior is observed for all synthetic ferrite samples. 

 

4.6.2. Industrial ferrites 

 

Here, the evolution of conductivity is not very different from the evolution observed for 

synthetic ferrites. It appears to be a little faster (about twice as much), with a plateau at 6 days for ferrites 

SR3 B, SR0 C and SR3 D, meaning that the hydration of ferrite is nearly complete in these cases. Here, 

the distinction between SR0 and SR3 samples is hard to make. The behavior of ferrite SR0 A is slightly 

different, with a shallower slope and no plateau at 6 days, which means that the hydration is slower and 

still not completely achieved. This is confirmed by a dosage of the solution (Table 7) where remaining 

sulfate ions are found in solution A unlike in the other three (B, C and D) solutions. XRD confirms these 

results: ferrite SR0 A, hydrated for seven days, still contains 30 wt.% of anhydrous ferrite. As 

previously, the difference in behavior between industrial and synthetic ferrite can be partially explained 

by the comparative difference in surface area. 
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(A) 

 

(B) 

 
Fig. 14. Evolution of the conductivity of synthetic ferrites (A) and AcA residues (B) in a gypsum and 

portlandite saturated solution, w/c = 400 

 

  

Fig. 15. Amount of undissolved ferrite (squares) and formed ettringite (triangles) after 7 days in a 

gypsum and portlandite saturated solution, w/c = 400 

 

Table 7  

Calcium, aluminum, and sulfur concentrations after 7 days in a gypsum and portlandite saturated 

solution, w/c = 400 

Al/Fe Ca (mmol/l) Al (mmol/l) S (mmol/l) 

0.1 27.29 Very low 9.49 

0.5 24.90 Very low 8.29 

0.6 25.47 Very low 7.78 

0.7 24.25 Very low 7.87 

0.8 23.64 Very low 7.45 

0.9 24.79 Very low 7.87 

1 24.13 Very low 7.55 
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0.69 (SR0 C) 13.53 Very low 0.03 

0.71 (SR0 A) 19.50 Very low 3.15 

0.87 (SR3 B) 15.37 Very low 0.03 

0.95 (SR3 D) 13.83 Very low 0.04 

 

4.7. Al-Fe ettringite solid solution 

 

The incorporation of iron in ettringite was previously studied by XRD [58] and Raman 

spectroscopy [57] but only a few papers have studied iron incorporation in ettringite during the hydration 

of ferrite [20, 54]. Katoite crystalizes into octahedral-like crystals (Fig. 16A), whereas ettringite 

crystallizes into needle-like crystals (Fig. 16B), which makes ettringite very sensitive to preferential 

orientation. Therefore, XRD precise interpretation is more difficult and prevents a precise site 

occupancy refinement. It is therefore useful to find another solution. 

 

(A)

 

(B)

 
Fig. 16. SEM images of katoite, from C4AF hydrated for 7 days in pure water (A) and ettringite, from 

ferrite (Al/Fe = 0.5) hydrated for 28 days with gypsum (B) 

 

Fig. 17 presents the evolution of the unit cell parameter of the final ettringite as a function of 

the iron content of the initial ferrite. For the gypsum and portlandite saturated solution, a roughly linear 

increase of the c parameter can be observed as a function of the iron content. The higher cell parameter 

at higher iron content may be interpreted as a higher iron incorporation. This is similar to what is 

observed for solutions without sulfates, where calcium hydroxide also favors iron incorporation in 

katoite. Such behavior is not observed for the solutions without calcium hydroxide. Here, the unit cell 

parameter remains constant in a wide concentration domain, and the iron incorporation in ettringite 

remains lower. 
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Fig. 17. Cell parameter c of ettringite as a function of the Al/Fe atomic ratio of ferrite 

 

5. Conclusion 

 

In this paper, the intrinsic reactivity of industrial and synthetic ferrite was investigated. Thanks to 

the use of conductivity in diluted solution, ICP, and XRD, it was possible to monitor very precisely the 

reactivity of ferrites. 

The study of the reactivity using SAM and AcA residues confirms the need to dissolve the sulfates 

(AcA) from industrial ferrites in order to investigate the intrinsic ferrite reactivity. Indeed, sulfate 

proportions are very different from one residue to another, leading to unwanted reactions, independently 

of the nature of the ferrite. The presence of the C3A phase in SAM residues impedes data interpretation 

because its dissolution rate is higher than that of ferrite. 

There is an important difference in reactivity between industrial and synthetic ferrites. This can be 

explained by very different specific surface areas, impurities, and microstructure. However, studies with 

synthetic compounds enables progress to be made in the understanding of ferrite reactivity. It is also 

essential to study the industrial materials in order to understand the actual hydration process of ferrite. 

The results show that the Al/Fe ratio and the chemical environment are fundamental parameters 

which help drive the ferrite hydration process. The reactivity of SR0 and SR3 ferrites can be 

distinguished only by their dissolution rate. For synthetic ferrites, it can be observed that there is a pivot 

value of the Al/Fe ratio at which there is no hydration. This value varies with the chemical environment. 

However, in calcium hydroxide solution, whenever the ferrite contains aluminum, hydration is observed. 

 Iron incorporation in katoite and ettringite was confirmed by XRD. The iron proportion in 

hydrates is dependent on the Al/Fe ratio of anhydrous ferrite and the amount of calcium hydroxide 

available in solution. For katoite, which is cubic, the results confirm Taylor’s formula in calcium 

hydroxide solution for the whole solid solution range. For the more complex case of ettringite, the iron 

incorporation could not be precisely quantified. FH3 gel can also be identified by XRD when it is present 

in significant proportions. 

 Overall, ferrite can no longer be ignored and needs to be taken into account in addition to C3A. 

This justifies durability studies as a function of environmental classes. 
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