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Abstract 24 

Wet chemistry and spectroscopic investigations were conducted to study Fe(III) uptake 25 

by calcium-silicate-hydrate (C-S-H) at different Ca/Si ratios. Wet chemistry experiments 26 

were carried out by using a 55Fe radiotracer while 29Si NMR and XAS spectroscopy were 27 

performed on C-S-H phases loaded with different Fe(III) concentrations. Sorption kinetics 28 

experiments indicates that equilibrium was attained within 30 days. Over the studied 29 

concentration range, Fe(III) sorption was linear, irrespective of the difference in pH of the 30 

suspension and the Ca/Si of C-S-H. In addition, Fe(III) sorption on C-S-H phases was 31 

significantly stronger than Al(III) sorption. The total Fe(III) uptake by C-S-H phases, however, 32 

was limited by the lower solubility of Fe(OH)3 compared to Al(OH)3; up to 1 mol Fe/kg C-S-H 33 

(molar Fe(III)/ Si ≈ 0.001) could be taken up.  29Si NMR and EXAFS data suggest Fe(III) uptake 34 

in octahedral coordination into the interlayer of the C-S-H phases with Ca/Si ratios 1.2 and 35 

1.5. However, such an uptake mechanism appears unlikely in the case of the C-S-H phase 36 

with Ca/Si 0.8 because structural parameters of Fe(III) deduced from EXAFS are different. 37 

 38 

1 Introduction 39 

Understanding the mechanisms of iron interaction with cementitious materials is of 40 

utmost importance for predicting the service life and design of reinforced concrete 41 

structures. Accelerated corrosion of iron results in the precipitation of corrosion products at 42 

the interface with cement paste, which leads to corrosion-induced damage by expansive 43 

cracking of the concrete cover (Bertolini et al., 2013). Interaction of iron with cementitious 44 

materials could also have an impact on the long-term performance of the engineered 45 

barriers in cement-based repositories for low and intermediate level waste (L/ILW). Safety 46 

assessments consider that cementitious materials significantly retard the release of 47 

hazardous radionuclides into the surrounding environment (Chapman and McCombie, 48 

2003). It is anticipated that the barrier effect of cementitious materials against radionuclide 49 

release will be effective over tens of thousands of years. Over this long period of time, 50 

corrosion-induced long-term interaction of ferric and ferrous iron with cement phases could 51 

lead to phase changes in the cement matrix and thereby severely reduce the barrier effect.  52 
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In the area of research related to the safe disposal of radioactive waste, reliable 53 

predictions of materials behavior for such long periods of time are increasingly based on 54 

appropriate modelling approaches involving chemical reactions and transport processes in 55 

connection with the temporal evolution of the chemical conditions in the cementitious near 56 

field of a L/ILW repository (e.g. Huang et al., 2018 ). In this context, corrosion science faces a 57 

new challenge that is allowing reliable prediction of natural corrosion processes over the 58 

very long time of concern for a repository for radioactive waste, which was set to 105 years 59 

in the Swiss disposal concept for L/ILW. It is worth noting that a combination of chemical 60 

reactions, i.e. the oxidation of ferrous iron, and diffusive transport of the ion has recently 61 

been proposed to improve predictions of the progress of natural corrosion processes with 62 

time (Stefanoni et al., 2018). Implementation of chemical processes in numerical codes for 63 

reactive transport further requires that the relevant chemical species can be expressed in 64 

terms of their thermodynamic properties. In the case of cementitious systems the progress 65 

made in the development of thermodynamic models and determination of the necessary 66 

thermodynamic data (Lothenbach and Winnefeld, 2006; Lothenbach et al., 2011; 67 

Lothenbach et al., 2019) allows, nowadays, to accurately predict the mineral compositions 68 

of cement pastes and chemical compositions of the pore solutions of cement pastes in the 69 

course of the hydration process. This is possible for a large variety of cement types and for a 70 

wide range of conditions, such as variations in the initial compositions of the cements, 71 

changes in temperature, and the effect of external parameters, as for example the ingress of 72 

porewater from geological formations that promote cement alteration (e.g. Damidot et al., 73 

2011; Kosakowski and Berner 2013; Lothenbach et al., 2010; Lothenbach et al., 2011) . 74 

Nevertheless, the interaction of iron corrosion products with cementitious materials, in 75 

particular in anoxic (i.e. reducing) conditions, are presently not adequately modelled due to 76 

the lack of thermodynamic data for Fe interaction with calcium silicate hydrate (C-S-H) 77 

phases. The present study aims to improve the current situation by providing a mechanistic 78 

understanding of Fe(III) uptake by C-S-H for future thermodynamic modelling of interaction 79 

processes during the course of iron/steel corrosion in concrete structures. Note that the 80 

uptake of Fe(II) by C-S-H phases is currently being investigated in a parallel study (Mancini et 81 

al., 2019). 82 

The sorption potential of metal cations of cement paste is mainly determined by C-S-H 83 

phases, which is the most abundant component of cement paste. C-S-H phases produced by 84 
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cement hydration are nearly amorphous, but they are subjected to high recrystallization 85 

rates (Mandaliev et al., 2010a). Their structural order can be described by a defective 86 

tobermorite structure, i.e. calcium oxide layers bonded to dreierketten silica chains on both 87 

sides (Allen et al., 2007; Merlino et al., 2001; Richardson, 2004; Taylor, 1997). The layered 88 

structure of these silica chains and Ca-O layers is intercalated by an interlayer space, where 89 

increasing amount of Ca is hosted when Ca/Si increases (Geng et al., 2017; Lothenbach and 90 

Nonat, 2015; Renaudin et al., 2009b;). The interlayer was found to also expose hosting sites 91 

for radionuclide uptake. The uptake potential of C-S-H phases has been studied for several 92 

radionuclides, such as Zn(II) (Ziegler et al., 2001), U(VI) (Harfouche et al., 2006; Tits et al., 93 

2011), Eu(III) (Pointeau et al., 2001; Schlegel et al., 2004), Sr(II) (Tits et al., 2006a), Ra(II) 94 

(Lange et al., 2018; Olmeda et al., 2019; Tits et al., 2006b), Np(IV) (Gaona et al., 2011; Tits et 95 

al., 2014), and Nd(III) (Mandaliev et al., 2010a; Mandaliev et al., 2010b). 96 

In addition to heavy metals, the incorporation of Al(III) in C-S-H phases has been 97 

observed, forming the so-called C-A-S-H phases (Andersen et al., 2003; L’Hôpital et al., 2015; 98 

L’Hôpital et al., 2016a; L’Hôpital et al., 2016b; Myers et al., 2015; Richardson et al., 1993). 99 

Al(III) is incorporated in different coordination environments in C-S-H phases depending on 100 

the Ca/Si and Al/Si ratios (L’Hôpital et al., 2016b). For example, at low Ca/Si ratio, Al(III) in 101 

tetrahedral coordination replaces Si(IV) at the bridging position of the dreierketten silica 102 

chains while at high Ca/Si ratio Al(III) in octahedral coordination competes with other 103 

cations for uptake into the interlayer of C-S-H. 104 

In strongly alkaline solution, Fe(III) is known to have a tetrahedral coordination 105 

geometry (Sipos et al., 2008). At the same conditions, in complex salts, Fe(III) is found to be 106 

bound preferentially in octahedral coordination (Sipos et al., 2008). Ferric iron is known to 107 

replace Al(III) in Al(III)-bearing cement phases, such as Fe-ettringite, Fe-monosulphate, Fe-108 

hemicarbonate, and Fe-monocarbonate (Dilnesa et al., 2011; Dilnesa et al., 2012; Möschner 109 

et al., 2008; Möschner et al., 2009). Furthermore, Fe/Al siliceous hydrogarnet was identified 110 

as the thermodynamically stable Fe(III)-bearing phase in ordinary Portland cement (Dilnesa 111 

et al., 2014a, 2014b; Vespa et al., 2015). Fe(III) uptake by C-S-H phase is still poorly 112 

understood while evidence for Fe(III)-C-S-H interactions exists. Labhasetwar and co-authors 113 

(1991) postulated that Fe(III) is taken up into the interlayer space of C-S-H phases at low 114 

Ca/Si ratio coinciding with Ca(II) release. On the basis of results from Mössbauer 115 

spectroscopy the authors further postulated that Fe(III) is present in octahedral 116 
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coordination in the interlayer. Also Faucon et al. (1996) reported that Ca(II) in C-S-H is 117 

replaced by Fe(III) during cement leaching.  118 

In this study, Fe(III) uptake by C-S-H phases was investigated by wet chemistry 119 

experiments, 29Si NMR, and X-ray absorption spectroscopy (XAS). Kinetics of the uptake 120 

process and sorption isotherms were determined. Moreover, the pH dependence of the 121 

Fe(III) speciation and its consequences on the uptake process as well as the effect of the 122 

Ca/Si ratio on the uptake process were studied. A mechanistic model for the uptake process 123 

is proposed and a comparison is made between the structural models for Fe(III) and Al(III) 124 

uptake by C-S-H phases. In this paper Fe always refers to Fe(III), unless stated otherwise. 125 

 126 

2 Material and methods 127 

2.1 Materials  128 

2.1.1 General 129 

Throughout this study the solutions were prepared using “pro analysis” (analytical-130 

grade) chemicals. Deionized, de-carbonated water (Milli-Q water; 18.2 MΩ∙cm-1) generated 131 

by a Milli-Q Gradient A10 purification system (Millipore Billerca, USA) was used for the 132 

preparation of solutions and for sample dilution. The pollyallomere centrifuge tubes 133 

(Beckman Instruments Inc.) used for the wet chemistry experiments were washed, left 134 

overnight in a solution of 0.1 M HCl, and thoroughly rinsed with deionized water. All wet 135 

chemistry experiments were carried out in glove boxes under a N2 atmosphere (O2, CO2 < 136 

0.1 ppm) 137 

2.1.2 Titanium dioxide 138 

A titanium dioxide (TiO2) suspension was prepared according to a procedure by Tits 139 

et al. (2014). The material (Aeroxide P25, Evonik Industries AG, Germany) is a mixture of 140 

86% anatase and 14% rutile. For the sorption experiments, the pH of the suspensions was 141 

adjusted with 1.0 M NaOH solution. The pH had to be adjusted several times over a period 142 

of few days to compensate for the deprotonation reactions on the TiO2 surface. 143 

2.1.3 Synthesis and characterization of C-S-H phases 144 
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C-S-H phases were prepared by mixing CaO (calcium oxide) and SiO2 (silica fume 145 

Aerosil 300, Evonik Industries AG, Germany) in different proportions according to the target 146 

Ca/Si ratios (i.e. 0.8, 1.2, 1.5) and using the “direct reaction” method (Atkins et al., 1992; Tits 147 

et al., 2006a). Hereafter they will be denoted as C-S-H 0.8, C-S-H 1.2, and C-S-H 1.5, 148 

respectively. CaO was prepared by decomposing CaCO3 (Merck, Germany) at 1000°C until a 149 

constant weight was achieved. Deionized, ultrapure Milli-Q water was boiled and purged 150 

with nitrogen for 2 hours. Stoichiometric amounts of CaO and SiO2 were mixed to reach a 151 

final solid-to-liquid ratios (based upon the dry mass CaO + SiO2) of 5 g/L for the sorption 152 

experiments. NaOH was used to adjust the pH of the suspensions if necessary. The 153 

suspensions were stored in closed polyethylene (PE)-flasks and equilibrated on an end-over-154 

end shaker for one month in the glove box with N2 atmosphere prior to use. After one 155 

month, an aliquot of each suspension was sampled for the characterization of the solid 156 

phase, where the solid and liquid phases were separated by centrifugation (1 h, 95,000 g). 157 

The supernatant solution was filtered through a 0.22 μm nylon filter. The solids were dried 158 

in equilibrium with 8% NaOH solution in an airtight box placed in the glove box with N2 159 

atmosphere and subsequently analysed by X-ray diffraction (XRD) and thermogravimetric 160 

analysis (TGA).  161 

 162 

2.2 Sorption experiments  163 

Batch sorption experiments were carried out with Fe on the synthesised C-S-H 164 

phases and TiO2 to determine the partitioning of Fe between solid and liquid phase. Fe 165 

partitioning was determined as a function of equilibration time (kinetics) and Fe loadings 166 

(sorption isotherms). Radiotracer experiments with 55Fe were carried by diluting small 167 

quantities of the 55Fe source stock solution (t1/2 = 986 days, PerkinElmer Inc., USA, 1.7 MBq 168 

in 0.01 mL in 1 M HCl) to prepare tracer solutions at the required Fe concentrations. The pH 169 

of the C-S-H suspensions varied in accordance with the equilibrium conditions determined 170 

by the solid compositions (Ca/Si ratio of C-S-H phases) or by adjustment to higher pH with 171 

1.0 M NaOH. The pH of the TiO2 suspensions was adjusted with NaOH. For the kinetic 172 

experiments, the samples were equilibrated on the end-over-end shaker and regularly 173 

sampled up to 12 and 120 days in the case of TiO2 and C-S-H suspensions, respectively. 174 
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Sorption isotherms were determined at three pH values for C-S-H 0.8 and C-S-H 1.5. In these 175 

experiments increasing volumes of FeCl3 solutions (0.09 M, 0.02 M, and 0.008 M) labelled 176 

with 55Fe (concentration active Fe/ inactive Fe = 3.5×10-7)  were added to the suspensions 177 

and shaken end-over-end for 40 days. The total initial Fe concentration used in isotherm 178 

experiments ranged from 4.3×10-3 M to 3.9×10-6 M. After equilibration, an aliquot of each 179 

suspension was withdrawn and diluted with HCl 0.01 M (HCl 0.1 M in case of the 180 

suspensions with pH > 13) in order to dissolve the solid phase. The remaining suspension 181 

was subjected to centrifugation (1h, 95,000 g) and the supernatant solution was sampled in 182 

triplicates and used for radio assay. 55Fe activities in the acidified suspensions and the 183 

supernatant solutions were determined along with standards and blanks by liquid 184 

scintillation counting (LSC) using a Perkin Elmer Tri-Carb A2750 liquid scintillation analyser 185 

with energy windows set between 2-10 keV. Samples for LSC were prepared by mixing 5 mL 186 

aliquots of the acidified suspensions or the supernatant solutions with 15 mL scintillator 187 

(Ultima Gold XR, Packard Bioscience, USA). The solid contents (C-S-H, TiO2) were too low to 188 

cause any significant quenching effects by remaining solid particles. Standards and blanks 189 

had the same solution compositions as the samples.  190 

The speciation and solution as well as the solubility of Fe(OH)3 and Al(OH)3 were 191 

calculated using the Gibbs Energy Minimization (GEM) Selektor code (Kulik et al., 2013) 192 

along with the PSI thermodynamic database (Hummel et al., 2002; Thoenen et al., 2014) for 193 

Fe- and Al-hydroxides. 194 

 195 

2.3 
29

Si NMR 196 

C-S-H samples with a Ca/Si ratio = 0.8 and 1.5 and loaded with 1000 ppm and 5000 197 

ppm Fe were studied by 29Si NMR. In addition, the corresponding Fe-free C-S-H were 198 

analysed as reference. The single-pulse 29Si NMR spectra were acquired at 79.4 MHz on a 199 

Bruker Avance-II 400 spectrometer (9.4 T) using a 4 mm Bruker CP/MAS probe, PSZ (partially 200 

sintered zirconia) rotors and spinning speeds of νR = 4.0 kHz or 10.0 kHz. The experiments 201 

employed a (π/4) excitation pulse (τp = 1.75 µs for γB1/2π ≈ 70 kHz) and a relaxation delay of 202 

30 s. The saturation-recovery and spin-counting 29Si NMR experiments were performed at 203 

59.5 MHz on a Varian INOVA-300 spectrometer, employing a homebuilt CP/MAS probe for 7 204 

mm o.d. PSZ rotors and a spinning frequency of νR = 7.0 kHz. The saturation-recovery 205 
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experiments used 12 saturation pulses (π/2, γB1/2π ≈ 40 kHz) separated by 1.0 ms delays, 206 

prior to the recovery delay. The 29Si chemical shifts are referenced to neat tetramethylsilane 207 

(TMS) using a sample of β-Ca2SiO4 (δ = -71.33 ppm) as a secondary reference.  208 

 209 

2.4 Synchrotron-based investigations 210 

2.4.1 Sample preparation 211 

Fe K-edge XAS measurements were performed on Fe-doped C-S-H phases, CaO, SiO2 212 

and TiO2. The C-S-H phases were synthesised according to the procedure described above. 213 

CaO, SiO2, and TiO2 were prepared with the same solid to liquid ratio used in the 214 

experiments (5 g/L for CaO and SiO2, 0.2 g/L for TiO2). CaO and SiO2 chemicals were those 215 

used for the preparation of C-S-H phases. The pH of the suspensions was adjusted to 12.5 216 

with 0.03 M NaOH. Appropriate volumes of FeCl3 solutions (5 × 10-3 M) were added to the 217 

suspensions in order to achieve the target Fe loadings (typically > 500 ppm). The Fe-218 

containing suspensions were equilibrated end-over-end up to 60 days. After equilibration, 219 

suspensions were centrifuged (1h, 95,000 g). The supernatant solutions were sampled for 220 

ICP-OES measurements, and the wet pastes were placed into Plexiglas sample holders and 221 

sealed with Kapton tape. All samples were sealed in ICP-OES vials, which contained a wetted 222 

water absorbent at the bottom, and stored inside a glove box with N2 atmosphere to avoid 223 

drying-out and carbonation. 224 

 225 

2.4.2 Data collection and fitting 226 

XAS measurements were conducted at the Samba beamline (Soleil, Saint Aubin, 227 

France) and at the Dutch-Belgian beamline (Dubble - European Synchrotron Radiation 228 

Facility (ESRF), Grenoble, France). Both beamlines are equipped with a Si (111) crystal 229 

monochromator. The monochromator angle was calibrated by assigning the energy of 7112 230 

eV to the first inflection point of the Fe K-edge spectrum of an iron foil. The measurements 231 

were performed at room temperature in transmission mode in case of the references using 232 

ionization chambers and in fluorescence mode in case of the Fe-loaded paste samples using 233 

the high-quality detectors available at the beamlines (Samba: Canberra 35-elements 234 
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monolithic planar Ge pixel array detector; Dubble: 9-elements monolithic detector). For 235 

each sample, several spectra were recorded, deglitched if necessary, and merged. 236 

EXAFS (extended X-ray absorption fine structure) data reduction was performed by 237 

using the ATHENA software package (Ravel and Newville, 2005). Upon background 238 

subtraction the energy was converted to photoelectron wave vector units (Å-1) by assigning 239 

the ionization energy of Fe K-edge (E0 = 7112 eV) to the first inflection point of the 240 

absorption edge. Radial structure functions (RSFs) were obtained by Fourier transforming 241 

the k3-weighted χ(k) spectra between 2.0 and 10.0 Å-1 using a Kaiser-Bessel window function 242 

with a smoothing parameter of 4. Multi-shell fits were performed in the real space across 243 

the first three shells (ΔR = 1 to 5 Å-1) to determine the structural parameters of the absorber 244 

atom (coordination number (N), bond length (R), Debye-Waller (σ2) factor). Note that the 245 

fitting space for the references was reduced to 4 A-1. Theoretical scattering paths were 246 

calculated using FEFF 8.2 (Ankudinov et al., 1998; Rehr et al., 1991) and structures of 247 

different minerals (described below) as model. The goodness of the fit was evaluated on the 248 

basis of the residual factor (R-factor). The amplitude reduction factor (S0
2) was fixed to 0.83 249 

as previously reported by Wang et al. (2016). 250 

 251 

3 Results and discussion 252 

The XRD and TGA patterns revealed that the main component of the synthesised C-S-H 253 

samples is a tobermorite-like material. The basal spacings of the C-S-H phases C-S-H 0.8 and 254 

C-S-H 1.5 were determined to be ~13.5 Å and ~11.0 Å, respectively. As expected, the 255 

interlayer decreases with increasing Ca/Si ratio because of the higher amount of Ca atoms in 256 

the interlayer and thus closer silica chains attracted by the positive charge of Ca (Geng et al., 257 

2017; Lothenbach and Nonat, 2015; Renaudin et al., 2009). 258 

 259 

3.1 Sorption experiments 260 

The uptake of 55Fe onto C-S-H phases and TiO2 can be expressed in terms of a Kd value 261 

(distribution coefficient), which is commonly used to quantify the partitioning of a 262 

radiotracer between solid and liquid phase in case of linear sorption. The Kd value is defined 263 

as follows: 264 
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��= 
Cs,eq

Cl,eq
=	

(C0	-	Cl, eq)

Cl,eq
 x	

V

M
													(m3 kg-1) (1) 265 

where Cs,eq is the equilibrium Fe concentration traced via 55Fe activity sorbed on C-S-H 266 

phases [mol kg-1], Cl,eq is the equilibrium concentration in solution [mol∙m-3]. The difference 267 

between the initial 55Fe activity in suspension (C0) and the activity determined in the 268 

supernatant (Cl,eq) corresponds to sorbed 55Fe. M is the dry weight of the C-S-H phase [kg], 269 

and V is the volume of solution [m3]. Note again that the dry weight corresponds to the sum 270 

of CaO and SiO2 masses used to synthesise a C-S-H phase with the target Ca/Si ratio, 271 

meaning that water is disregarded in the mass calculations (Tits et al., 2006b). Isotherm data 272 

are presented as the quantities of Fe sorbed per kg solid (dry weight of C-S-H) versus the Fe 273 

equilibrium concentration. In addition, the Fe/Si mol ratios of the C-S-H phases are shown 274 

along the second y-axis.  275 

The sorption studies were carried out at high 55Fe activities (count rate of initial 55Fe-276 

containing suspension > 5 × 105 cpm/mL) in order to be able to quantify the Kd value on the 277 

basis of statistically significant count rates (Tits et al., 2002). The initial 55Fe activity of the 278 

suspension (C0) was determined from an aliquot withdrawn from the suspension prior to 279 

phase separation by centrifugation while the activity in solution (Cl,eq) was determined from 280 

an aliquot of the supernatant solution after phase separation. It was observed that the way 281 

the tubes were handled after centrifugation had an effect on the count rate and further on 282 

the scatter of the data. For example, small amounts of nanoparticles released from the solid 283 

to the supernatant solution after phase separation resulted in enhanced count rates of the 284 

supernatant solution and consequently lower sorption values leading to large experimental 285 

uncertainty on the sorption values (estimated ± 30%). Sorption of the 55Fe tracer on the 286 

walls of the polyallomer centrifuge tubes was checked by mass balance calculations and 287 

found to be negligible at the given solid-liquid ratio of the C-S-H samples. 288 

 289 

3.1.1 Fe sorption on TiO2 290 

Titanium dioxide (TiO2) is known to have a low solubility and recrystallization rate 291 

and further to be chemically stable in alkaline conditions (Schmidt and Vogelsberger, 2009). 292 

Radionuclide incorporation into the chemical structure of this mineral is very unlikely, and 293 
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therefore TiO2 is well suited to study radionuclide surface complexation behaviour in 294 

alkaline conditions (Comarmond et al., 2011; Tits et al., 2014). 295 

Kinetic experiments with 55Fe on TiO2 were carried out in NaOH solution (pH = 12.5) 296 

at a total Fe concentration of 10-8 M, which is below the solubility limit with respect to 297 

microcrystalline Fe(OH)3(mc) under these conditions. The results showed that the chemical 298 

equilibrium was reached within 3 days (see Fig. S1 in Supplementary Information (SI)). The 299 

Kd value was estimated to be 32 m3/kg from these kinetic studies.  300 

The isotherm measurements showed that Fe sorption onto the TiO2 surface is linear 301 

at low Fe concentrations while Fe(III)-hydroxide precipitation occurred at higher 302 

concentrations (Fig. 1a). The Kd value in the linear range of the sorption isotherm was 303 

estimated to be 68 m3/kg, which is consistent with the Kd value determined from the kinetic 304 

experiments within the experimental uncertainty. Above an aqueous Fe concentration of 10-305 

7 M (dashed vertical line in Fig. 1a), precipitation of Fe(OH)3(mc) occurred which is in line 306 

with thermodynamic calculations showing that the solubility limit of amorphous Fe-307 

hydroxide is about three orders of magnitude higher than that of microcrystalline Fe-308 

hydroxide (Table 1).  309 

Table 1 Solubility limits for amorphous and microcrystalline Fe(OH)3. Thermodynamic data 310 

were taken from Thoenen et al. (2014). 311 

Solubility limit (mol/L) 

pH amorphous microcrystalline 

11.5 1×10-5 1×10-8 

12.5 1×10-4 1×10-7 

13.0 3×10-3 3×10-6 

13.5 1×10-3 1×10-6 
 312 

Fe(OH)4
-is the main species in solution under the highly alkaline conditions of C-S-H 313 

systems and its fraction increases with pH (Fig. S2 in SI). Fe uptake by TiO2 was observed to 314 

decrease with increasing pH (Fig. 1b). The effect of Fe hydrolysis on sorption was modelled 315 

in terms of a sorption reduction factor (Fred) (solid line in Fig. 1b). The latter factor accounts 316 

for the partitioning of Fe between solid and liquid phase which is pH dependent due to the 317 

formation of Fe(OH)4
-.  The pH dependent reduction of the Kd value was calculated from 318 

Eq.(2): 319 
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 (2) 320 

where K2
’
 corresponds to the stepwise stability constant of the following reaction at a given 321 

ionic strength (Table 2): 322 

Fe(OH)3 (aq) + H2O = Fe(OH)4
- + H+ 323 

 324 

Table 2: Stepwise stability constants for the Fe(III)-hydroxyl species used in the model at I = 325 

0. Log*K4
0 = log*β4

0 – log*β3
0. Thermodynamic data were taken from Thoenen et al. (2014). 326 

Notation was chosen according to the sequence of hydrolysis reactions.  327 

 328 

Species Log*βn
0 

Log*K4
0 

Fe(OH)3 -12.56 

Fe(OH)4
-
 -21.60 -9.04 

 329 

The good agreement between modelled and experimental data implies that the 330 

decrease in the Kd value results from increasing Fe(OH)4
- concentrations in solution (Fig. 1b). 331 

Thus, for surface complexation as dominant mechanisms, we may anticipate that Fe uptake 332 

decreases with increasing pH in the typical range of cement systems 10.5 < pH < 13.5. 333 

F��� =
	

�

	

= 1 + (

	∗ �
�

����
),
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334 

 335 

Figure 1: a) Sorption isotherm of Fe on TiO2 (pH 12.5); the dotted vertical line indicates the 336 

stability field of Fe(OH)3(mc), b) pH dependence of Fe sorption on TiO2.The solid line was 337 

modelled by considering the sorption reduction factor defined in Eq. (2). The total Fe 338 

concentration in the samples amounts to 10-8M. 339 

3.1.2 Fe sorption on C-S-H 340 

The Ca/Si ratio of C-S-H phases in cement pastes typically ranges between 0.8 and 341 

1.6 (Deschner et al., 2012; Taylor et al., 2010). Low Ca/Si ratios are observed in cement 342 

pastes if Si-rich supplementary material is added to the initial cement mixture (Lothenbach 343 
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et al., 2011). Sorption experiments were performed with C-S-H phases that cover the typical 344 

range of Ca/Si ratios, i.e. Ca/Si ratios = 0.8, 1.2 and 1.5. The kinetic experiments showed that 345 

the chemical equilibrium of Fe uptake is attained within 30 days (Fig. S1 in SI). The mean Kd 346 

value was estimated by averaging all Kd values determined in the kinetic experiments after 347 

attaining equilibrium conditions and from the isotherm measurements (Table 3 and Table S1 348 

in SI). Note that the uncertainty on the data was large due to the large scatter in the 349 

experimental data. The Kd values (expressed in terms of m3/kg) of all C-S-H phases were 350 

similar within the uncertainty range. They were normalized to surface area (expressed in 351 

terms of L/m2) in order to account for different specific surface areas of the C-S-H phases. 352 

Sunda et al. (2015) observed that the surface area of C-S-H phases decreased with 353 

increasing Ca/Si ratio. In this study we used an upper estimate for the surface area of C-S-H 354 

1.5 which was based on experiments at Ca/Si = 1.4. (Suda et al., 2015). The surface-355 

normalized mean Kd value seems to increase with increasing Ca/Si ratio of the C-S-H phases 356 

but the trend is statistically not significant. The Kd values of the C-S-H phases, however, are 357 

significantly higher than TiO2 indicating that Fe uptake by C-S-H phases is stronger than by 358 

TiO2 and that other mechanisms in addition to surface complexation may be important. 359 

 360 

Table 3: Kd values experimentally determined and normalized with respect to the surface 361 

area.  362 

 363 

Surface area 

(m
2
/g) Kd (m

3
/kg) Kd (L/m

2
) 

experimental normalized 

C-S-H 0.8 333a 710 ± 148 2.1 ± 0.5 

C-S-H 1.2 214a 698 ± 175 3.3 ± 0.8 

C-S-H 1.5 193a* 679 ± 151 3.5 ± 0.8 

TiO2 56b 50 ± 18 0.9 ± 0.3 

a) Suda et al, 2011; * value for C-S-H phase with Ca/Si ratio = 1.4 
b) Schmidt and Vogelsberg, 2009; Comarmond et al., 2011 

 364 

Sorption isotherms were determined for the C-S-H phases with Ca/Si ratios = 0.8 and 365 

1.5. The Fe sorption behaviour was linear over the entire aqueous Fe concentration range 366 

for both C-S-H phases (slope = 1) (Fig. 2). In contrast to sorption onto TiO2, Fe uptake by C-S-367 

H phases linearly increased over the entire investigated Fe concentration range, implying 368 



15 
 

that formation of the solubility-limiting phase microcrystalline Fe(OH)3 was not observed. 369 

Precipitation of amorphous Fe(OH)3(am) presumably occurred at higher Fe concentrations 370 

in the system with C-S-H 0.8 as the data at higher Fe loadings slightly deviate from the linear 371 

trend of the sorption isotherms (Fig. 2).  372 

The results showed that neither the C-S-H composition nor the pH have any notable 373 

effect on Fe sorption. The sorption data for C-S-H 0.8 and 1.5 coincide within the 374 

experimental uncertainty (Fig. 2). Note that a significant pH effect has been anticipated on 375 

the basis of the pH dependence of Fe uptake by TiO2 (Fig. 2 solid line) and because a strong 376 

decrease of uptake was observed with increasing pH in the case of Al(III) (Barzgar et al., 377 

2019). For Al(III), also an increase of uptake at higher Ca/Si was observed experimentally 378 

(L’Hôpital et al., 2016), which was related to an ordering effect of Ca on Al binding in the 379 

interlayer (Barzgar et al., 2019). For Fe in C-S-H phases, however, the effect of pH is 380 

negligibly small or even absent suggesting that in addition to surface complexation, other Fe 381 

uptake mechanisms may be important. The different effect of pH and Ca on Al(III) and Fe(III) 382 

uptake indicates that Fe has a different binding mechanism in C-S-H than Al(III) because 383 

Al(III) in tetrahedral coordination replaces Si(IV) at the bridging position of the dreierketten 384 

silica chains. The extent of Fe uptake, however, seems not to depend strongly on the Ca/Si 385 

ratio and accordingly the C-S-H structure.  386 
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 387 

Figure 2:  Sorption isotherms of Fe on C-S-H 0.8 (a), and C-S-H 1.5 (b). The experimental data 388 

showed a linear sorption (slope = 1 of the dashed lines). The x-axis are the same for figure a) 389 

and b). The left vertical axis indicates the sorbed Fe concentration, while the molar ratio of 390 

Fe sorbed to Si of C-S-H is shown along the right vertical axis. Calculated solubility limits for 391 

Fe-hydroxide are summarised in Table 1. The solid lines show the hypothetical positions of 392 

the sorption isotherm at pH 13 (C-S-H 0.8) and 13.5 (C-S-H 1.5) under the assumption that 393 

the presence of Fe(OH)4
- (Eq.(2)) leads to the same sorption reduction as observed on TiO2. 394 

 395 
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3.2 29
Si NMR 396 

Iron-loaded (0, 1000 and 5000 ppm) C-S-H 0.8 and C-S-H 1.5 (Fig. S3 in SI) were 397 

equilibrated for 30 days. The 29Si MAS NMR spectrum of the Fe-free C-S-H 0.8 sample (Fig. 3) 398 

allowed identification of resonances from the Q� , Q�
� , and Q�

�  tetrahedral SiO4 sites of the 399 

C-S-H structure at -79.4, -83.6 and -85.3 ppm, respectively, where the Q�
�  resonance is seen 400 

as a shoulder to the Q�
�  peak. Q�

�  and Q�
�  identifies silica in the pairing and bridging positions 401 

of the dreierketten structure, while Q�  sites are dimers and end-of chain silica sites. The Q�
�  402 

resonance was not resolved in the corresponding spectrum of the C-S-H 1.5 sample, which 403 

was dominated by the Q�  and Q�
�  resonances at -79.1 ppm and -84.6 ppm, respectively. A 404 

determination of the relative peak intensities from simulations of the spectra allowed 405 

calculation of the average mean chain lengths (MCL) of silicate tetrahedra, giving the values 406 

MCL = 17.9 for C-S-H 0.8 and MCL = 2.6 for C-S-H 1.5, which are typical values for C-S-H 407 

samples with low and high Ca/Si ratios (Richardson, 2014).  408 

The resolution of the centerband resonances in the -75 to -87 ppm region was rather 409 

similar for the samples with and without Fe. The main difference is a small increase in 410 

linewidth for the Q�  resonance of the C-S-H 1.5 samples on going from Fe-free conditions, 411 

FWHM = 2.1 ppm, to the samples with 1000 ppm Fe (FWHM = 2.6 ppm) and 5000 ppm 412 

(FWHM = 2.8 ppm). However, a similar effect was not observed for the C-S-H 0.8 sample, 413 

where the Q�
�  peak exhibits a linewidth of ~2.4 ppm for all samples. The most clear 414 

reflection in the 29Si NMR spectra of Fe in the samples (Fig. 3) is the increasing intensities of 415 

the spinning sidebands, observed at approx. 16, -32, -130, and -180 ppm, the effect being 416 

most pronounced for Ca/Si = 1.5 with increasing Fe content. Following an earlier 29Si NMR 417 

study of Fe in anhydrous Portland cements (Poulsen et al., 2009), these spinning sidebands 418 

are associated with the dipolar coupling between the magnetic moments of the unpaired 419 

electrons from Fe and the nuclear spin of 29Si. This interaction is inversely proportional to 420 

the cube of the distance between the unpaired electron and the 29Si nucleus (1/(���  !�" )#). 421 

Thus, the Fe ions are in a closer vicinity to Si sites in the high Ca/Si sample as compared to 422 

low Ca/Si. 423 
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 424 

Figure 3:  
29Si MAS NMR spectra of the C-S-H 0.8 (black) and C-S-H 1.5 (blue) samples that 425 

are, from top to bottom, Fe-free and loaded with 1000 and 5000 ppm Fe. The spectra 426 

employ a spinning speed of 4.0 kHz except for insets of the Fe-free samples, which 427 

correspond to a spinning speed of 10.0 kHz, where all intensity is gathered in the shown 428 

centerbands from approx. -75 to -87 ppm. 429 

 430 

The magnetic moment of the electron spin was approx. 3300 times larger than the 431 

nuclear 29Si spin moment. Therefore, the coupling between these spins also provides a very 432 

efficient dipolar relaxation mechanism for the 29Si magnetization, proportional to 433 

1/(���  !�" )%. For Fe in the nearest environment to 29Si, this may result in decay of the free 434 
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induction decay (FID) within a few tens of microseconds and thereby partly during the dead-435 

time between the radio-frequency (rf) pulse and the acquisition of the FID in single-pulse 436 

NMR experiments. A measure for the signal reduction, caused by efficient relaxation by the 437 

unpaired electrons of Fe(III), can be obtained by ‘spin-counting’ single-pulse 29Si NMR 438 

experiments, where the signal intensity is compared (for weighed samples) in fully- relaxed 439 

29Si NMR spectra. Using this approach, and the spectra of the Fe-free C-S-H samples as 440 

intensity reference (I0), results in the reduction in signal intensities (I) listed as normalized 441 

intensities in Table 4. These I/I0 values are very similar for the Q�  sites of C-S-H 0.8 and the 442 

Q�  sites of C-S-H 1.5, i.e., roughly 95% and 90% at Fe contents of 1000 and 5000 ppm, 443 

respectively. However, at significantly stronger effect is seen for the Q�  sites of C-S-H 1.5, 444 

indicating that the Fe ions are closer to these sites in the C-S-H 1.5 structure as compared to 445 

the Q1 sites. 446 

 447 

Table 4: 29Si spin-lattice relaxation times (T1 and T1’) from saturation-recovery NMR 448 

experiments and normalized intensities (I/I0) from spin-counting NMR for the C-S-H 0.8 and 449 

C-S-H 1.5 samples with different levels of Fe.* 450 

Ca/Si Fe(III) Si site T1 T1’ I/I0 

 (ppm)  (s) (s1/)2 (%) 
0.8 0 Q2 94 ± 4 - 100 

 1000 Q2 - 3.7 ± 0.4  95.3 
 5000 Q2 - 5.5 ± 0.6 89.1 

1.5 0 Q1 67 ± 4 - 100 
  Q2 77 ± 5 - 100 
 1000 Q1 - 0.234 ± 0.013 94.3 

  Q2 - 0.160 ± 0.008  82.6 
 5000 Q1 - 0.060 ± 0.003 91.6 
  Q2 - 0.036 ± 0.003 68.7 
* The 29Si NMR experiments were performed at 7.05 T. The spin-lattice relaxation times was 451 

determined from single-exponential fits for the Fe-free samples and from a stretched 452 

exponential relationship for the Fe(III) containing samples, providing the relaxation times, T1 453 

and T1’, in s and s1/2, respectively (see section 3.2).  454 

 455 

Further evidence for these trends was obtained by a determination of the 29Si spin-456 

lattice relaxation times (T1) for the Q� , Q�  sites in the individual C-S-H samples, employing 457 

the saturation-recovery pulse sequence (Markley et al., 1971). The latter parameter is 458 



20 
 

conveniently used for samples exhibiting very long relaxation times. In the absence of 459 

paramagnetic ions, the evolution of the 29Si magnetization, as a function of the recovery 460 

time (τ), follows a single-exponential relationship, Mz(τ) = M0[1 – exp(–τ/T1)], allowing the 461 

determination of the conventional spin-lattice relaxation time, T1. However, this relationship 462 

does not hold in presence of paramagnetic ions, as a result of the strong unpaired electron – 463 

nuclear spin dipolar couplings, where a ‘stretched exponential’ relationship may 464 

alternatively be used, Mz(τ) = M0[1 – exp(–(τ/T1’)1/2)] (Tse and Hartmann, 1968). This 465 

stretched exponential relation has been successfully used in 29Si NMR studies of silicate 466 

minerals containing small amounts of paramagnetic ions (e.g., Fe3+, Co2+, Ni2+, Co2+,) 467 

(Hartman and Sherriff, 1991; Hartman et al., 2007) and of the alite and belite phases in 468 

Portland cements (Poulsen et al., 2009; Skibsted et al., 1995). As an example, Figure 4 469 

illustrates the 29Si magnetization as a function of the recovery time for Fe-free C-S-H 1.5 and 470 

the sample including 1000 ppm Fe along with the optimized fits using the single-exponential 471 

and stretched exponential relationships, respectively. The resulting spin-lattice relaxation 472 

times, T1 (s) and T1’ (s1/2), are summarized in Table 4. Rather long T1 values were observed 473 

for both Fe-free samples, as generally found for silicate minerals in the absence of 474 

paramagnetic ions. For the Fe containing samples, the T1’ values were markedly longer for 475 

C-S-H 0.8 as compared to C-S-H 1.5 at both Fe concentrations. Furthermore, the T1’ values 476 

were shorter for the Q�  site as compared to the Q�  environments in C-S-H 1.5, supporting 477 

the result from the spin-counting 29Si NMR experiments. This indicates that Fe ions are in a 478 

nearer environment to the Q�  sites as compared to the dimers and end-group Q� sites. 479 

 480 

 481 
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 482 

Figure 4: The observed magnetization, Mz(τ), as a function of the recovery time (τ) in 483 

saturation-recovery 29Si NMR experiments for C-S-H 1.5 including (a) no Fe, and (b) 1000 484 

ppm Fe. The curves correspond to (a) single-exponential and (b) stretched-exponential fits 485 

to the data, resulting in the T1 and T1’ relaxation times, respectively, listed in Table 4. The 486 

Mz(τ) values are shown on arbitrary intensity scales. Note the different τ-axes in (a) and (b).  487 

 488 

3.3 XAS spectroscopy 489 

Iron-loaded C-S-H samples were equilibrated up to 60 days and analysed by Fe K-edge 490 

absorption spectroscopy. Three different Fe loadings were applied to the C-S-H phases with 491 

Ca/Si ratios = 0.8 and 1.5 (600 ppm, 12,000 ppm, and 50,000 ppm) and the C-S-H phase with 492 

Ca/Si ratio = 1.2 (900 ppm, 15,000 ppm, and 60,000 ppm) (Fig. S3 in SI). In addition, CaO, 493 

SiO2, and TiO2 were loaded with 600 ppm Fe and analysed.  494 

3.3.1 Comparison of coordination environments of Fe in C-S-H and references  495 

Normalized XANES spectra are displayed in Figure 5a. All spectra showed pre-edge 496 

features at 7114.5 eV, which are caused by electronic transition from the 1s to 3d states in 497 

the iron atom (Wilke et al., 2001). The intensity and shape of the pre-edge reflect the 498 

coordination environment of Fe, i.e. low intensity for octahedral and strong intensity for 499 

tetrahedral sites (Wilke et al., 2001). The strongest pre-edge was observed in the SiO2 500 

spectra, while for the other samples the intensity of the pre-edge was similar although 501 

significantly weaker as compared to SiO2. Thus, the pre-edge features suggest that Fe bound 502 

to SiO2 is located in a tetrahedral coordination environment, whereas an octahedral 503 
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coordination environment is expected for all the other samples (the spectrum of TiO2 is 504 

reported in Fig. S4). This observation is in line with the results reported by Pokrovski et al. 505 

(2003) who investigated the influences of aqueous silica on the hydrolyses of Fe. These 506 

authors showed that the intensity of the pre-edge increases with increasing silica 507 

concentration, indicating a higher presence of tetrahedral Fe in the solution.  508 

The effect of time on Fe uptake was investigated for C-S-H 0.8 and 1.5 with low Fe 509 

loadings (600 ppm). Figure 5b shows the radial structure function (RSF) of the samples 510 

equilibrated for 1 and 30 days. The C-S-H 1.5 sample revealed a strong peak at R+ΔR ~ 2.95 511 

Å after one day of equilibration. This backscattering contribution was not observed at the 512 

given position after 30 days (long dashed line in Fig. 5b) while a strong backscattering 513 

contribution appeared at R+ΔR ~ 3.12 Å. In C-S-H 0.8, the sample equilibrated for one day 514 

showed a peak at R+ΔR ~ 3.05 Å, whose intensity was much less after 30 days. The 515 

differences in the intensities of the spectra in the samples after 1 and 30 days reaction 516 

reveal differences in the coordination environments as further discussed in section 3.3.2. 517 

The kinetic experiments showed that the equilibrium state of the uptake process is reached 518 

within 30 days (in agreement with wet chemistry experiments), suggesting that the 519 

coordination environments determined after 30 days are representative of the 520 

thermodynamically stable Fe speciation in the C-S-H systems.  521 

The backscattering contribution observed at R+ΔR ~ 2.95 Å in the C-S-H 1.5 spectrum 522 

after one day was also visible in the CaO spectrum. This finding suggests that Fe 523 

coordination to Ca atoms occurred initially on the C-S-H surface. Nevertheless, the 524 

coordination number and distance of the neighboring Ca atoms was different after 30 days 525 

as indicated by the peak shift. This finding shows that, in the long term, a mechanism 526 

different from coordination to Ca atoms on the C-S-H surface accounts for Fe uptake. The 527 

Fourier transformed (FT) spectrum of Fe-loaded SiO2 showed much weaker backscattering 528 

contributions as compared to those of the Fe-loaded CaO and C-S-H phases. It should be 529 

noted that the FT of the Fe-loaded SiO2 sample revealed spectral features that were similar 530 

to those of C-S-H 0.8 after 30 days. The FT showed two small peaks at 2.30 Å and 2.70 Å and 531 

a peak at 3.20 Å with a slightly higher intensity (short dashed line in Fig. 5b). The 532 

backscattering contribution at the two shorter distances are clearly visible in the C-S-H 0.8 533 

sample after 30 days while the peak at the longest distance could be present both in the FT 534 
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of the C-S-H 0.8 and C-S-H 1.5 samples after 30 days. This finding suggests Fe coordination 535 

to neighboring Si atoms in both C-S-H 0.8 and 1.5 samples.  536 

 537 

 538 

Figure 5: a) Fe-K edge spectra and b) Fourier transforms of Fe sorbed on C-S-H 0.8 and 1.5, 539 

CaO, and on SiO2 at different equilibration times (Fe loadings = 600 ppm). The dotted line in 540 

panel a) highlights the pre-edge feature at 7114.5 eV. In panel b) the dotted lines indicate 541 

2.30 Å, 2.70 Å, and 3.20 Å and the dashed line refers to 2.95 Å.  542 

 543 

A multi shell fitting approach was applied to determine the structural parameters for 544 

Fe bound to CaO, SiO2 and TiO2 (Fig. 6 and Table 6). The SiO2 spectra was fitted by replacing 545 

an Al by a Fe atoms in a zeolite structure (Gualtieri and Passaglia, 2006). The first 546 

backscattering peak corresponds to the nearest O shell. Fe was found to be surrounded by 547 
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four O atoms reflecting a tetrahedral geometry, as already suggested by the strong pre-edge 548 

(Fig. 5a). The Fe-O distance was determined to be 1.85 ± 0.01 Å. The second and the third 549 

shells were fitted by considering Si and O backscattering contributions, respectively. The 550 

Debye-Waller factor for Si was fixed for the goodness of the fit. The best fit was achieved 551 

with two Si atoms at a distance of 3.20 ± 0.02 Å, and four O atoms at 3.61 ± 0.02 Å indicating 552 

surface complexation of Fe. 553 

The CaO spectrum was fitted by considering 6 O atoms. This reflects an octahedral 554 

coordination environment, which is again in agreement with the pre-edge feature. Note that 555 

the Fe-O distance in octahedral coordination is longer than in tetrahedral coordination. A 556 

second backscattering contribution caused by the presence of 4 Ca atoms in the second 557 

shell (3.47 ± 0.02 Å) was observed. The fitting could not be improved by considering further 558 

contributions. The large number of neighboring Ca atoms suggest incorporation into a CaO 559 

structure rather than surface complexation. 560 

Determination of the sorption isotherm on TiO2 showed linear Fe sorption up to 300 561 

ppm (0.005 mol/kg; Fig. 1a). It should be noted that the EXAFS sample prepared with a Fe 562 

loading of 600 ppm on TiO2 was supersaturated with respect to microcrystalline 563 

Fe(OH)3(mc). In fact, the spectrum showed features similar to that of Fe(OH)3, for example 564 

the small peak at k ~ 7.5 Å-1 and the backscattering contribution at ~ 2.7 Å. In addition, a 565 

multi-shells fit provided structural parameters that were similar for Fe bound to TiO2 and 566 

Fe(OH)3 within experimental errors (Table 5). 567 
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 568 

Figure 6: a) Fe K-edge spectra of CaO, SiO2, and TiO2 loaded with Fe and of Fe(OH)3, b) 569 

corresponding Fourier transform of experimental (black solid line) and fitted spectra 570 

(colored dashed lines), c) k3-weighted EXAFS function for the Fourier-backtransform spectra 571 

obtained from Fig. 6b. 572 

Table 5: Structural parameters derived from EXAFS Fe K-edge data analysis of CaO, SiO2, 573 

TiO2, and Fe(OH)3. Calculated uncertainties are given in parentheses. N = number of 574 

neighboring atoms, R = interatomic distance, σ2 = Debye-Waller factor, ΔE = energy shift, R – 575 

factor = residual factor. 576 

Sample Fe(III) Shell N R σ
2
 ΔE R-factor 

(ppm) (Å) (Å2) (eV) 
CaO 600 Fe-O 6* 2.02 (.02) 0.005 (.002) -0.69 (1.5) 0.002 

Fe-Ca 3.9 (1.6) 3.47 (.02) 0.004 (.002) 

SiO2 600 Fe-O 4.8 (.3) 1.85 (.01) 0.004 (.001) 8.51 (.9) 0.003 

  Fe-Si 1.4 (.4) 3.20 (.02) 0.003*   

  Fe-O 3.7(1.2) 3.61(.02) 0.002 (.001)   

TiO2 600 Fe-O 4.5 (1.1) 2.00 (.02) 0.008 (.004) 1.34(1.8) 0.004 
Fe-Fe1 5.9 (1.0) 3.07 (.02) 0.013 (.006) 
Fe-Fe2 3.0* 3.46 (.08) 0.020 (.015) 

Fe(OH)3 - Fe-O 5.5 (.6) 1.96 (.03) 0.014 (.005) -0.21 (1.3) 0.001 
Fe-Fe1 4.0 (.8) 3.03 (.03) 0.015 (.002) 
Fe-Fe2 3.9 (.8) 3.42 (.03) 0.006* 

Fe(OH)3
a) - Fe-Fe1 4.5 3.01    

  Fe-Fe2 3.9 3.43    
*) Fixed parameters 
a) Manceau and Drits, 1993 
 577 
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3.3.2 Structural models for Fe uptake by C-S-H phases 578 

The EXAFS spectra of the Fe-loaded C-S-H samples were significantly different in some 579 

key features. This prompted us to distinguish two types of coordination environments. The 580 

type 1 coordination environment was observed for C-S-H 1.2 and 1.5 samples at low Fe 581 

loadings, and at intermediate Fe loading in case of the C-S-H 1.5 sample. The main features 582 

of the corresponding spectra were the double peak at k3 ~ 3.8 Å-1 and a small peak at k3 ~ 5.7 583 

Å-1 (Fig. 7) while the RSFs showed a peak at R+ΔR ~ 3.1 Å. The features were less 584 

pronounced for C-S-H 0.8 at low Fe loadings. In contrast, the type 2 coordination 585 

environment was observed for the samples with intermediate Fe loading on C-S-H 0.8 and 586 

1.2 and at the highest Fe loadings for all C-S-H phases. These spectra showed features 587 

similar to those observed in the Fe(OH)3 spectrum. These findings suggest that formation of 588 

Fe(OH)3 dominated the structural arrangement of Fe in these samples.  589 

Multi-shell fitting was performed by taking into account the type 1 and 2 classification. 590 

In case of the type 1 coordination environment, the 11 Å tobermorite structure was used to 591 

model the EXAFS spectra of the C-S-H 1.2 and 1.5 at low Fe loadings (Merlino et al., 1999). 592 

29Si NMR revealed that the position of Fe is likely close to the silica chain at high Ca/Si ratio, 593 

and therefore a structural model was developed which was based on the replacement of Ca 594 

by Fe in the interlayer (see section 3.3.2.1). Such a replacement is less likely for the C-S-H 595 

0.8 sample according to the 29Si NMR data and further, a different structural model was 596 

required to fit the EXAFS data of C-S-H 0.8 at low Fe loading (see section 3.3.2.2). Indeed, 597 

attempts made to fit the EXAFS data of Fe-loaded C-S-H 0.8 by considering Ca-Fe 598 

replacement in the tobermorite structure were not successful. The structural model to fit 599 

the type 2 coordination environment was based on the Fe-hydroxide structure (see section 600 

3.3.2.3). 601 

 602 

3.3.2.1 Type 1 coordination environment of C-S-H 1.2 and 1.5 at low Fe loading 603 

All FTs showed a pronounced peak at R+ΔR ~ 1.7 Å, which corresponds to the 604 

backscattering contribution from the nearest oxygen shell (Fig. 7). The structural parameters 605 

were similar for this shell in all samples (Table 6). The number of neighboring oxygen atoms 606 

(NO) was found to vary between 5.5 ± 0.6 and 6.7 ± 1.6, thus indicating octahedral 607 
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coordination. The Fe-O distance (RFe-O) was very close to 2.00 Å in all samples while the 608 

Debye Waller factor (σ2) varied slightly between 0.004 ± 0.001 Å2 and 0.006 ± 0.001 Å2. 609 

For the C-S-H phases with Ca/Si ratio 1.2 and 1.5, the presence of backscattering 610 

atoms at farther distances was indicated by the peaks at R+ΔR ~ 3.6 Å and ~ 4.3 Å, which 611 

could accurately be fitted by considering Fe-Si and Fe-Ca backscattering contributions. 612 

About four neighboring Si atoms were determined at RFe-Si 3.56 ± 0.03 Å (low Fe loading) and 613 

3.62 ± 0.01 Å (intermediate Fe loading). Four neighboring Si were also found by Gaona et al. 614 

(2011) in case of Np(IV) uptake into C-S-H. The number of neighboring Ca atoms was 615 

determined to be 2.2 ± 0.5 in the C-S-H 1.5 sample with 600 ppm Fe loading. In order to 616 

reduce the residual, some parameters for Si and Ca were fixed in case of the C-S-H 1.2 617 

sample with the 900 ppm as well as the C-S-H 1.5 sample with 12,000 ppm Fe loading, such 618 

as Debye-Waller factors and coordination numbers of Ca in C-S-H 1.5, and the coordination 619 

numbers of Si and Ca in C-S-H 1.2.The fixed parameters corresponds to those derived for the 620 

sample with 600 ppm Fe loading (Table 6). However, the fitting approach seems to be 621 

justified with a view to the resulting Fe-Ca and Fe-Si distances (e.g. for C-S-H 1.2 RFe-Ca = 3.56 622 

± 0.03 Å, RFe-Ca = 4.34 ± 0.03 Å; and for C-S-H 1.5 RFe-Si = 4.35± 0.04 Å), which are consistent 623 

with those of the C-S-H 1.5 sample with 600 ppm Fe loading (RFe-Si = 3.57 ± 0.01 Å and RFe-Ca 624 

= 4.36 ± 0.03 Å). 625 

The fits could further be improved by considering a second oxygen shell. About 15 626 

oxygen atoms were determined at RFe-O2 between 4.43 ± 0.01 Å and 4.45 ± 0.03 Å. The 627 

number of second shell oxygen atoms is consistent for the three Fe-loaded C-S-H samples. 628 

The presence of water molecules in the interlayer of C-S-H phases accounts for the relatively 629 

large number of neighboring oxygen atoms at farther distance. The exact number of water 630 

molecules in the structure of C-S-H phases may depend on drying conditions (Allen et al., 631 

2007; Bayliss, 1975; Brunauer, 1972; Gutteridge and Parrott, 1976; Roosz et al., 2017; Smith 632 

and Bayliss, 1972). 633 

A structural model for Fe coordination in the interlayer of the C-S-H samples with Ca/Si = 634 

1.2 and 1.5 can be proposed on the basis of the structural parameters deduced from EXAFS 635 

spectroscopy and supported by the 29Si NMR data (Fig. 8) by considering the substitution of 636 

Ca by Fe in the interlayer of C-S-H phases. Atomic distances and numbers of neighboring 637 

atoms indicate that Fe is directly bonded to Si tetrahedra of the dreierketten silica chains 638 

adjacent to the interlayer space. The 26Si NMR results showed that Fe in C-S-H phases with a 639 
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high Ca/Si ratio interacts more strongly with the Q�  sites as compared to the Q�  sites, thus 640 

indicating direct connection to the silica chain. 641 

  642 

Figure 7: Experimental Fe K-edge spectra of Fe-doped C-S-H phases showing type 1 643 

coordination environment (except for C-S-H 0.8). a) k
3-weighted spectra and b) the 644 

corresponding Fourier transform of experimental (black solid line) and fitted (colored 645 

dashed lines), and c) the k3-weighted EXAFS function of the Fourier-backtransform spectra 646 

obtained from Fig. 7b. The coordination environment of Fe in the C-S-H phase with Ca/Si = 647 

0.8 was fitted by considering a separate phase (see section 3.3.2.2).  648 

Table 6: Structural parameters derived from EXAFS Fe K-edge data analysis of C-S-H phases 649 

loaded with Fe. Calculated uncertainties are given in parentheses. N = number of 650 

neighboring atoms, R = interatomic distance, σ2 = Debye-Waller factor, ΔE = energy shift, R – 651 

factor = residual factor. 652 

Sample Fe(III) Shell N R σ
2
 ΔE R-factor 

(ppm) (Å) (Å2) (eV) 

C-S-H 1.5 600 Fe-O1 5.8 (.5) 1.99 (.01) 0.006 (.001) 4.13 (1.1) 0.001 
Fe-Si 4.5 (1.0) 3.57 (.01) 0.008 (.002) 
Fe-Ca 2.2 (.5) 4.36 (.03) 0.003 (.001) 

Fe-O2 14.8 (2.5) 4.45 (.03) 0.005 (.002) 

C-S-H 1.5 12,000 Fe-O1 5.5 (.6) 2.02 (.01) 0.004 (.001) 4.53 (1.2) 0.002 
Fe-Si 4.8 (.7) 3.62 (.01) 0.008* 
Fe-Ca 2* 4.35 (.04) 0.003* 

Fe-O2 16.1 (2.9) 4.45 (.01) 0.007(.001) 
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C-S-H 1.2 900 Fe-O1 6.7 (1.7) 2.00 (.01) 0.005 (.001) -2.1 (1.5) 0.005 
Fe-Si 4* 3.56 (.03) 0.008 (.002) 
Fe-Ca 2* 4.34 (.03) 0.003 (.001) 

Fe-O2 15.3 (3.2) 4.43 (.01) 0.005 (.002) 

C-S-H 0.8 600 Fe-O 6* 1.97 (.02) 0.006 (.001) 3.28 (1.5) 0.022 

  Fe-Si 4.6 (1.3) 3.15 (.07) 0.005 (.003)   

  Fe-Ca 2.8 (.8) 3.19 (.05) 0.003*   

  Fe-Fe 2* 3.34 (.05) 0.012 (.007)   

*) Fixed parameters. 
 653 

 654 

Figure 8: Proposed structural model for the uptake of Fe in the interlayer at high Ca/Si ratio 655 

of C-S-H phases. The water molecules in the interlayer are not shown in the model as their 656 

number is unknown and depends on drying conditions. 657 

 658 

3.3.2.2 Type 1 coordination environment of C-S-H 0.8 at low Fe loading   659 

Several attempts were undertaken to fit the spectra of C-S-H 0.8 loaded with 600 660 

ppm Fe. A multi-shell fit approach based on the structural model of Fe uptake by C-S-H 661 

phases as proposed earlier by Labhasetwar et al. (1991) failed. The latter authors reported 662 

that Fe can replace Ca in the interlayer space of C-S-H phases with low Ca/Si ratio. 663 

Labhasetwar et al. (1991) developed the model solely on the basis of Mössbauer data 664 

without providing any supporting evidence. 665 
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The 11 Å tobermorite structure proposed by Hamid (1981) was used in the present 666 

work as model and an Fe atom was manually inserted close to the bridging site in the 667 

interlayer. The Hamid (1981) structure was preferred to the Merlino et al. (2001) structure 668 

since it contains less Ca in the interlayer and thus reflects better the studied Ca/Si ratio. In 669 

addition, structural models involving two other possible Fe positions in the interlayer, i.e. 670 

close to the pair sites and Ca substitution at the bridging site, were tested (see Fig. S5 in SI). 671 

They did not improve the fits. As previously mentioned, the 29Si NMR studies suggest that 672 

incorporation of Fe in C-S-H phases depends on the Ca/Si ratio and that C-S-H phases with 673 

high Ca/Si ratios are more susceptible to Fe incorporation than phases with a low Ca/Si ratio 674 

and long silicate chain lengths. The observed variations in centerband linewidth, spinning 675 

sideband intensity, signal reduction (I/I0) and spin-lattice relaxation times support a model 676 

at low Ca/Si ratio, where Fe is predominantly bonded to the surface of the C-S-H particles or 677 

present as clusters/separate particles respectively. For this purpose, additional multi-shell 678 

fits using a Fe-Ca-Si rich mineral as model (e.g. babingtonite - Ca2(Fe2+,Mn)Fe3+Si5O14(OH) 679 

(Araki and Zoltai, 1972)) were performed  which resulted in good agreement between the 680 

fitted and experimental spectra. As previously described, the first peak represented the 681 

backscattering contribution from the nearest oxygen shell. The number of oxygen atoms 682 

was fixed to 6 indicating an octahedral geometry in accordance with the weak pre-edge (Fig. 683 

5b). The intensity of the pre-edge was comparable to that in the C-S-H phases with high 684 

Ca/Si ratios. Presence of further backscattering was indicated by a broad peak, which was 685 

successfully fitted by considering Si, Ca, and Fe atoms. About four neighboring Si atoms 686 

were determined at a distance of RFe-Si of ~ 3.15 Å ± 0.07 and about three Ca atoms at RFe-Ca 687 

of ~ 3.19 Å ± 0.05. A third backscattering contribution resulted from two Fe atoms located at 688 

a distance of RFe-Fe ~ 3.34 Å ± 0.05 but the radial distances were quite close. As a 689 

consequence, the spectra could not be accurately fitted if one of these contributions was 690 

omitted from the model. The number of Fe as well as the Debye-Waller factor of Ca had to 691 

be fixed. The presence of a Fe-Fe contribution, as well as the interatomic distances and the 692 

number of neighbors, excludes a possible formation of Fe-Si-Hydrogarnet (Vespa et al., 693 

2015).  694 

The model provided by the multi-shell fit suggests the formation of a secondary 695 

phase or clusters presumably on the surface of the C-S-H phase. Fe is octahedrally 696 
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coordinated to oxygen atoms in this phase. The other three shells have similar radial 697 

distances (in particular the second and third shells) and contain Si, Ca, and Fe, respectively. 698 

 699 

 700 

Figure 9: Fe K-edge of Fe(OH)3 and Fe-doped C-S-H phases showing type 2 coordination 701 

environment. a) k3-weighted spectra, b) the corresponding Fourier transform spectra of 702 

experimental (black solid line) and fitted (colored dashed lines), c) the k3-weighted EXAFS 703 

function of the Fourier-backtransform spectra obtained from Fig. 9b. 704 

 705 

3.3.2.3 Type 2 coordination environment 706 

On the basis of thermodynamic modelling it was expected that the precipitation of 707 

microcrystalline or amorphous Fe(OH)3 occurred in C-S-H samples at high Fe loadings (≥ 708 

12,000 ppm). EXAFS spectroscopy was performed on highly Fe-loaded C-S-H samples in 709 

order to prove the formation of Fe-hydroxide and decipher the coordination environment of 710 

Fe in these conditions. For example, at pH 12.5 and above an aqueous Fe concentration of 711 

10-7 mol/L (corresponding to ~ 3000 ppm of sorbed Fe), the C-S-H suspensions was expected 712 

to be supersaturated with respect to microcrystalline Fe(OH)3(mc) (Table 1). 713 

In a first stage of data analysis, the structural parameters of the Fe(OH)3 reference 714 

were deduced from multi-shell fitting (ΔR = 1 to 5 Å-1) by considering a single oxygen shell 715 
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(NO = 5.5, RFe-O = 1.96 ± 0.03) and two iron shells (NFe1 = 4.0, RFe-Fe1 = 3.03 and NFe2 = 3.9, RFe-716 

Fe2 = 3.42) (Table 5). The fitted structural parameters agree within the experimental 717 

uncertainties with parameters reported earlier for an amorphous Fe-hydroxide by Manceau 718 

and Drits (1993) (Table 5). All Fe-loaded C-S-H samples showed characteristic backscattering 719 

contributions comparable to Fe(OH)3 (Fig. 9). However, Fe bonded to C-S-H phases at the 720 

high loadings revealed a slightly lower number of neighboring oxygen atoms compared to 721 

Fe(OH)3 (Table 5 and 7). For the Fe-loaded C-S-H samples, NO varied between 3.6 ± 0.8 and 722 

4.7 ± 1.2, implying a tetrahedral rather than an octahedral coordination sphere. The Fe-O 723 

distances agreed with those of Fe(OH)3 within the experimental uncertainty. Furthermore, 724 

the low residual indicated good agreement between experimental and modelled spectra. 725 

Considering additional backscattering contributions, e.g. by an additional oxygen shell and 726 

Ca and Si neighboring atoms, as suggested by Christensen and Christensen (1978) and 727 

Szytuła et al. (1968), did not improve the goodness of fit. Therefore, the slightly lower 728 

number of neighboring oxygen atoms in C-S-H samples as compared to Fe(OH)3 suggests 729 

that the precipitated phase could be a poorly ordered amorphous Fe(OH)3. 730 

The spectra of the C-S-H samples with Ca/Si ratio = 0.8 and loaded with 12,000 ppm 731 

and 50,000 ppm Fe revealed the same spectral feature as the C-S-H phases with the higher 732 

Ca/Si ratios and data analysis resulted in structural parameters that were consistent with 733 

those of the latter C-S-H phases (Table 6). Precipitation of this Fe-rich phase occurred at 734 

lower Fe concentration in the C-S-H 0.8 suspension than for the C-S-H 1.2 or 1.5 suspensions 735 

in line with the lower solubility of Fe(OH)3 at the lower pH value in the low Ca/Si C-S-H  736 

suspension (Table 1). 737 

 738 

 739 

 740 

 741 

 742 

 743 

 744 

 745 
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 746 

 747 

Table 7 Structural parameters derived from EXAFS Fe K-edge data analysis of the C-S-H 748 

samples showing precipitation. Calculated uncertainties are given in parentheses. N = 749 

number of neighboring atoms, R = interatomic distance, σ2 = Debye-Waller factor, ΔE = 750 

energy shift, R – factor = residual factor. 751 

Sample Fe(III) Shell N R σ
2
 ΔE R-factor 

(ppm) (Å) (Å2) (eV) 
C-S-H 1.5 50,000 Fe-O 3.6 (.8) 2.00 (.02) 0.006 (.004) 4.76 (1.9) 0.001 

  Fe-Fe1 4.0* 3.01 (.05) 0.019 (.008)   
  Fe-Fe2 3.9* 3.36 (.06) 0.019 (.008)   

C-S-H 1.2 15,000 Fe-O 4.7 (1.2) 2.02 (.02) 0.006 (.004) 3.33 (1.0) 0.002 
  Fe-Fe1 4.7(.9) 3.09(.05) 0.016 (.008)   

  Fe-Fe2 3.3 (.9) 3.38 (.05) 0.016 (.008)   
C-S-H 1.2 60,000 Fe-O 4.1 (.6) 2.00 (.02) 0.006 (.004) 5.01 (1.3) 0.002 

  Fe-Fe1 4.6 (.6) 3.06 (.04) 0.012 (.005)   
  Fe-Fe2 3.4 (.7) 3.29 (.01) 0.012 (.004)   

C-S-H 0.8 50,000 Fe-O 4.0 (.5) 2.02 (.02) 0.006 (.003) 5.44 (1.4) 0.008 
  Fe-Fe1 5.2 (1.3) 3.09 (.05) 0.020 (.007)   
  Fe-Fe2 2.8 (1.3) 3.31 (.09) 0.020 (.007)   

C-S-H 0.8 12,000 Fe-O 4.0 (.6) 1.93 (.02) 0.060 (.040) 4.78 (1.2) 0.001 

  Fe-Fe1 4.8 (.8) 3.01 (.04) 0.021 (.006)   

  Fe-Fe2 3.2 (.8) 3.29 (.06) 0.021 (.006)   

*) Fixed parameters. 
 752 

3.4 Comparison of Fe(III) and Al(III) uptake by C-S-H phases 753 

A comparison of the sorption data for Fe uptake by C-S-H phases as obtained in this study 754 

and those for Al reported earlier by L’Hôpital et al. (2015 and 2016) is shown in Fig. 10a. At 755 

the same metal loading, the concentration of Al in solution was about an order of a 756 

magnitude higher than that of Fe. Conversely, the Fe loading was about an order of a 757 

magnitude higher than that of Al at the same aqueous concentration. The Kd value for Al 758 

was estimated to range between 50 and 80 m3/kg from the data reported in Fig. 10a, while 759 

the Kd value for Fe was around 700 m3/kg (Table 3). This finding shows that Al uptake by C-S-760 

H phases is significantly weaker than that of Fe. It is noteworthy that the difference in 761 

sorption intensity is also reflected by the difference in solubility of the Al- and Fe-hydroxides 762 
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(Fig. 10b). The solubility diagrams calculated for Fe and Al indicate that the solubility of Al is 763 

higher than that of Fe in the studied pH range of 11.5-13.5 (Fig. 10b). Thus, the one order 764 

difference in the Kd values corresponds to the almost one order difference in the solubility 765 

of gibbsite and Fe(OH)3(am). The maximum uptake of Al by C-S-H, however, is higher than 766 

the Fe uptake due to the higher solubility of gibbsite compared to Fe(OH)3. 767 

Aluminium occupies different crystallographic positions in C-A-S-H phases (Renaudin 768 

et al., 2009a; L'Hôpital et al., 2016a). At low Ca/Si ratio, Al in tetrahedral coordination 769 

replaces Si(IV) at the bridging position of the dreierketten silica chains while at high Ca/Si 770 

ratio, Al may also be present in octahedral coordination and competes with other cations 771 

(such as Ca) for uptake into the interlayer of the C-S-H phases. In this study, we show that at 772 

high Ca/Si ratio, Fe is also octahedrally coordinated in the interlayer of C-S-H phases. 773 

Therefore, Fe could compete with Al (and other cations) for uptake into the interlayer. 774 

Nevertheless, such possible competitions are expected to occur only at low Fe 775 

concentration, where Fe does not precipitate as Fe(OH)3.  776 
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 777 

Figure 10: a) Comparison between sorbed Fe and Al in C-S-H phases. The vertical dashed line 778 

represents the solubility limit observed by EXAFS spectroscopy. Note the different y-axes for 779 

the two Ca/Si ratios. The pH of experiments is as follows: 12.5 in this study, 11.8-11.9 in 780 

L’Hôpital et al. (2015), and 12.0-12.6 in L’Hôpital et al. (2016a, b). b) Solubility of amorphous 781 

Al(OH)3 (black dashed line), gibbsite (black line), microcrystalline Fe(OH)3 (red line), and 782 

amorphous Fe(OH)3 (red dashed line). 783 

 784 

3.5  Implications for radwaste disposal  785 

This study shows that Fe(III) strongly interacts with C-S-H phases, the most important 786 

component of cement paste, and that it is preferentially bonded in the interlayer by 787 

coordination to Si tetrahedra of the dreierketten silica chains adjacent to the interlayer 788 
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space. In addition, it had been shown previously that Fe(III) can substitute Al in AFt, AFm 789 

phases, and siliceous hydrogarnet (Möschner et al., 2008; Möschner et al., 2009; Dilnesa et 790 

al., 2011; Dilnesa et al., 2012; Vespa et al., 2015). Hence, the strong interaction of Fe(III) 791 

with C-S-H phases and Al-bearing cement phases implies that the mobility of Fe(III) in 792 

cement pastes is significantly limited by sorption, for example, at the steel-cement interface 793 

where Fe(II,III) oxides and hydroxides are present as products of steel corrosion. The limited 794 

solubility of Fe(III) oxides and hydroxides on the one hand, e.g. due to magnetite formed in 795 

the course of the anoxic steel corrosion in a repository for radioactive waste, and the strong 796 

retardation of Fe(III) by cement phases on the other hand suggests that Fe(III) might 797 

preferentially be accumulated in the vicinity of the corrosion front.  798 

The results from this study further show that Fe(III) occupies structural positions in 799 

the interlayer that may also accommodate metal cations, in particular actinides. For 800 

example, Gaona et al. (2001) identified ~ 8 O atoms, ~ 3 Si atoms and ~ 12 Ca atoms as 801 

neighboring atoms for Np(IV)-loaded C-S-H phases. While the number of neighboring Ca 802 

atoms seems unrealistically high and may involve also second shell oxygen atoms as 803 

demonstrated in this study, Gaona et al. (2011) proposed a structural model for Np(IV) 804 

coordination in the interlayer of C-S-H phases similar to that presented for Fe(III) in this 805 

study. This finding hence implies that Np(IV) and Fe(III) may occupy the same 806 

crystallographic positions in the interlayer which could result in competitive sorption of the 807 

two cations.  808 

In summary, Fe(III) either precipitates as Fe(III) hydroxide in cementitious 809 

environments, it is incorporated in the crystal structure of cement phases, or it is adsorbed 810 

onto their surface, while aqueous concentrations are very low. These processes are not only 811 

relevant to assess the fate of Fe(III) in cement systems, but they may also have a 812 

competitive effect on other radionuclide uptake. 813 

 814 

4 Conclusion 815 

Fe(III) uptake by C-S-H phases occurs within 30 days and the sorption isotherms are 816 

linear over a large concentration range of Fe. The Kd value for Fe(III) uptake by C-S-H phases 817 

is estimated to be ~700 ± 150 m3/kg irrespective of the Ca/Si ratios of the C-S-H phases thus 818 

indicating very strong bonding of Fe(III). The sorption of Fe on C-S-H phases shows no pH 819 
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dependence as indicated from the Fe(III) sorption studies on TiO2. This finding reveals that 820 

other uptake mechanisms than surface complexation may be important. The different 821 

effects of pH and Ca on Al(III) and Fe(III) uptake further indicate that Fe(III) is subjected to a 822 

different binding mechanism in C-S-H as compared to Al(III). 823 

The NMR and XAS investigations reveal different binding modes of Fe on C-S-H phases 824 

with Ca/Si ratio = 1.2 and 1.5 and on C-S-H phase with Ca/Si ratio = 0.8 at low Fe(III) 825 

loadings: 826 

• 29Si NMR shows that Fe(III) is possibly located in the interlayer of C-S-H phases at 827 

high Ca/Si ratio. The structural parameters deduced from EXAFS spectroscopy 828 

support this finding. We propose that Fe(III) is octahedrally coordinated in the 829 

interlayer of the C-S-H phases with Ca/Si ratios = 1.2 and 1.5, including direct 830 

coordination of Fe(III) to Si tetrahedra of the dreierketten silica chains adjacent 831 

to the interlayer space.  832 

• For the C-S-H phase with a low Ca/Si ratio of 0.8 significant Fe(III) uptake by the 833 

interlayer can be excluded based on the 29Si NMR data. On the basis of the 834 

EXAFS data, Fe(III) is considered to form a separate secondary Ca-Si-rich phase 835 

(or clusters) on the surface of C-S-H. 836 

 837 

A comparison of the Al(III) and Fe(III) sorption data indicates significantly stronger 838 

bonding to Fe(III) by C-S-H phases as compared to Al(III). Fe(III) seems to be preferentially 839 

bonded octahedrally in the interlayer space, while Al(III) bonding occurs in IV, V and VI-fold 840 

coordination and, further, Al(III) can occupy several crystallographic positions in the C-S-H 841 

structure.  842 

The present study indicates that corrosion-induced processes could have an effect on 843 

the chemical composition of cement phases at the interface between steel/iron and 844 

cementitious materials with implications for radionuclide retention. On the one hand, on 845 

the basis of the structural information available from this study on the uptake of Fe(III) by C-846 

S-H phases and the corresponding information available from literature on the uptake of 847 

tetravalent actinides (e.g. Np(IV)), sorption competition between actinides and Fe(III) 848 

corrosion product is likely to occur. This process could reduce radionuclide retention by the 849 

cementitious barrier. On the other hand, formation of Fe(III) corrosion products, which 850 

might form due to the limited sorption capacity of cement phases for Fe(III), is likely to have 851 
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no detrimental effect on radionuclide retention, or even improve it. Detailed assessments of 852 

the two opposite effects have to be based on considerations accounting for the inventories 853 

of steel/iron and cementitious materials present in the near field of a repository for 854 

radioactive waste.  855 

 856 

 857 

 858 

 859 

Supporting Information 860 

Supplementary information section contains four figures and one table. Figures S1 and S2 as 861 

well as Table S1 provide additional information in conjunction with the sorption 862 

experiments discussed in section 3.1. A comparison between the sorption isotherms and the 863 

Fe-doped C-S-H samples prepared for EXAFS spectroscopy and 29Si NMR is shown in Figure 864 

S3. Figure S4 Fe K-edge spectra of CaO, SiO2, and TiO2. Three verified Fe locations in the C-S-865 

H with Ca/Si = 0.8, which failed as input data to fit the experimental spectra are shown in 866 

Figure S4. 867 
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Highlights 

• Fe(III) is strongly sorbed into the C-S-H structure 

• At high Ca/Si ratio of C-S-H, Fe(III) is taken up in the interlayer with an octahedral 

geometry 

• At low Ca/Si ratio of C-S-H, Fe(III) is not bound in the interlayer but rather forms a Fe-

rich phase on the surface of C-S-H  

• Fe(III) uptake by C-S-H is stronger than that of Al(III) 
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