
Supplementary information 

to 

Titanium in GGBS-like calcium-magnesium-aluminosilicate glasses: Its role in 

the glass network, dissolution at alkaline pH and surface layer formation 

Simon Blotevogel1,§, Mathilde Poirier2, Delphine Vantelon3, Erwan Chesneau4, Charles-E Dutoit5, 

Valérie Montouillout4, Franck Fayon4, Judit Kaknics6, Gautier Landrot3,  Giuseppe D. Saldi7, Jacques 

Schott7, Hervé Vezin5, Cedric Patapy1, Martin Cyr1 

 1 LMDC, Université de Toulouse, INSA/UPS Génie Civil, 135 Avenue de Rangueil, 31077, Toulouse cedex 04, France 

2 Ecocem Materials, 324061, Block F1, Eastpoint Business Park, Dublin 3, Ireland 

3 Synchrotron SOLEIL, L’orme des merisiers, Saint Aubin BP48, 91192 Gif sur Yvette cedex, France 

4 CNRS CEMHTI UPR3079, 1D av. de la Recherche Scientifique, 45071 Orléans, France 

5 Université de Lille, CNRS, UMR8516-LASIRE, F-59000 Lille, France 

6  ArcelorMittal Maizieres Research, Voie Romaine, 57283 Maizières-les-Metz, France 

7 Géosciences Environnement Toulouse (GET), Observatoire Midi Pyrénées, Université de Toulouse, CNRS, IRD, 14 

Avenue E. Belin, 31400 Toulouse, France 

§Corresponding author; Email: simon.blotevogel@insa-toulouse.fr 

This file was published as supplementary material to DOI: https://doi.org/10.1016/j.jnoncrysol.2022.121708 

 

SI 1 – XRD-analysis of modified slag, model glass samples  

XRD analysis was carried out on a Bruker D8, equipped with a Cu-anticathode in Bragg-

Brentano configuration. Scan duration was 55 minutes for angles from 5° to 70° and air 

scattering was reduced by using a beam knife with variable height according to the angle of 

incidence. During measurement, the powdered samples were spun around the vertical axis to 

increase particle statistics. 

https://doi.org/10.1016/j.jnoncrysol.2022.121708


 

Fig. SI-1. XRD patterns of modified slags (a) and model glasses (b). All diffractograms 

show an amorphous hump, typical for glasses, and no systematic Bragg peaks. 

XRD analysis of glasses (Fig. SI-1) showed the amorphous hump typical for glasses and no 

systematic Bragg peaks, so the materials can be considered completely amorphous.  

 

SI 2 – Particle size distributions of powdered and sieved GGBS samples for dissolution 

at pH 11 

Particle size distributions (PSD) of powdered and sieved (40 µm < x < 80 µm) samples were 

determined using a CILAS 1090 laser diffraction granulometer operated with ethanol to prevent 

hydration during PSD measurements. Samples received 3 × 30 s ultrasonic treatment before 

measurement in order to avoid agglomeration. Directly thereafter, three successive 

measurements in Fraunhofer mode were carried out on each powder sample. 

Resulting PSD curves are displayed in Fig. SI-2. The samples show similar PSD with d50 

diameters of 56.8 and 56.6 µm for MG-1.2-Ti and MG-1.2-NoTi, 70.8 and 61.6 µm for MG-

0.8-Ti and MG-0.8-Ti, and 67.0 and 67.1 µm for MS-Red and MS-Ti-2.5, respectively. The 

PSD was judged to be sufficiently close for the powders to be considered to have the same 

reactive surface.  



 

Fig. SI-2. PSD curves of powdered and sieved (40 < x < 80 µm) GGBS samples used for 

dissolution experiments at pH 11. 

 

SI 3 - Influence of the monochromator on the pre-edge peak intensity 

The resolution of monochromator crystals may influence the pre-edge peak intensity in the 

XANES spectra. Farges et al. (1996) showed that the pre-edge height of Ni2.6Ti0.7O4 was 

significantly increased when successive Si-double monochromators of increasing spectral 

resolution were used: i.e. from Si-(111) < Si-(220) < Si-(311) [1]. During the LUCIA and 

SAMBA sessions, the resolutions of the Si-(111) and Si-(220) monochromators were 0.7 eV 

and 0.3 eV, respectively, at 5 keV. In order to determine the underestimation of the pre-edge 

peak intensity of results obtained on LUCIA compared to results obtained on SAMBA, three 

samples were measured on LUCIA using Si-(111) and Si-(311) monochromators with spectral 

resolutions of 0.7 eV and 0.15 eV, respectively, at 5 keV, using the same experimental setup. 

The samples r-TiO2, a-TiO2, MG-1.2-Ti were selected for the analyses. The results are 

presented in Fig. SI 3.  



 

Fig. SI-3: Influence of the monochromator on the pre-edge peak intensity of a) r-TiO2, b) 

a-TiO2, c) MG-1.2-Ti (cross section). 

The results show an increase of the pre-edge intensity of about +0.03 a.u. for r-TiO2, +0.04 a.u. 

for a-TiO2 and +0.04 a.u. for MG-1.2-Ti (cross section), between the Si-(111) and Si-(311) 

monochromators.  

 

SI 4 – XRD-analysis of reference materials used for XAS measurements 

XRD configuration during the analysis of reference materials was the same as described in SI 

1. XRD patterns of reference materials (Fig. SI-4) used in XAS analysis show the Bragg peaks 

typical for the expected phase. 

 

 



 

Fig. SI-4. XRD-patterns for reference materials used for XAS analysis. Black lines are 

patterns measured for reference materials used in this study. Red lines represent XRD 

patterns of minerals R040049 for rutile and R070582-9 taken from the rruff.org database, 

which are shown for comparison. 

 

SI 5 - Analysis of Mg, Al and Ca during pH 11 dissolution trials by ICP-OES 

Solution concentrations of Al, Ca and Mg were analyzed by ICP-OES as described in Section 

2.2.2 of the article. External precision of Ca, Mg and Al measurements were checked by 

measuring an SLRS-5 river water reference solution at the beginning and end of each session. 

Recoveries (n=6) of Al were within the limits of certified values; for Mg two out of 6 

measurements slightly exceeded certified values (recovery of 107% and 108%, respectively). 

The dissolution of Ca was stoichiometric relative to Si within experimental error in all samples 

(Fig. SI-5). Mg and Al dissolution for some samples was below the values expected for 

stoichiometric dissolution, likely due to minor precipitation of Mg- and Al-bearing phases such 

as hydrotalcite. 



 

Fig. SI-5. Dissolved mass calculated from Al, Ca and Mg solution concentration during 

the pH 11 mixed-flow dissolution experiment for modified slags (MS) and model glasses 

(MG) with and without Ti addition. Data for MG-1.2-NoTi are averaged from two 

independent runs with different flow rates and error bars correspond to a 95% confidence 

interval around the mean. Dissolution of Ca and Si were stoichiometric within 

experimental error. Mg and Al dissolution was below the amount expected for 

stoichiometric dissolution in some samples, likely due to minor precipitation of Mg- and 

Al-bearing phases like hydrotalcite.  

 

 



SI 6 – TEM line scan of the glass – surface layer interface 

Fig. SI-6 shows a line scan from the intact glass to the surface of the Ti-rich surface layer, using 

the same TEM-EDS technique as described in the article. At the interface between intact glass 

and Ti-rich surface layer there is a zone a few nm wide, where Si appears to be enriched (marked 

by a red arrow in the figure). This would be in line with the slag glass dissolution mechanism 

described by Newlands et al. (2017) [2]. 

 

Fig. SI-6. TEM-EDS line scan from intact slag glass towards the particle surface crossing 

the Ti-bearing surface layer. At the interface between intact glass and surface layer, a 

small zone (some nm, red arrow) enriched in Si is visible. 

 

SI 7 - EBSD analysis of an industrial slag sample after dissolution at pH13 

Electron Backscatter Diffraction (EBSD) was carried out on the surface layer of an industrial 

slag sample that had spinel inclusions in its glass structure (detailed characterization of the 

sample can be found under the sample ID GGBS15 in Blotevogel et al. (2020), [3]). The sample 

was exposed to a pH 13 solution as described in Section 2.3. The choice of the industrial sample 

allowed the difference between the diffracting spinels and the surface layer to be shown in the 

same image (Fig. SI-7).  

EBSD analysis was done on a JEOL JSM 7100F scattering electron microscope equipped with 

an EBSD Nordlys Nano (Oxford Instruments) at the Centre Raimond Castaing of Toulouse, 

France. A dozen grains were coated with a G1 resin and carbon lacquer. A section was then 



polished using an argon ion beam cross section polisher (IB- 19510CP, by JEOL) operating at 

6 kV. The resulting sample was tilted at 70°, and magnification was x100 at a working distance 

of 15 mm. The electron beam was operated at a voltage of 20 kV with a current of 20 nA.  

An EBSD diffraction pattern was collected both in the hydrated surface layer and in a spinel 

inclusion (Fig. SI-7). The results show no diffraction signal in the surface layer, which indicates 

that the layer is amorphous rather than crystalline. The spinel inclusion shows a diffraction 

pattern characteristic of the expected mineral structure.  

 

Fig. SI-7: EBSD diffraction patterns of the industrial slag IS-TiO2-0.78 in the surface 

layer and in a spinel inclusion after hydration. 

SI 8 – EPR measurements 

Besides the continuous wave (cw) EPR measurements described in the article, pulsed EPR 

measurements were performed. The titanium (III) environment was probed using the pulse 

sequence π/2-τ-π/2-t1-π-t2-π/2-τ-echo (hyperfine sublevel correlation spectroscopy, 

HYSCORE). The lengths of the π/2 and π pulses were 16 ns and 32 ns respectively with a delay 

τ = 200 ns. Two-dimensional HYSCORE signals were recorded after Fourier transform along 

t1 and t2. 

Fig. SI-8 shows the results for (a) continuous and (b, c) pulsed EPR measurements. Continuous 

EPR confirms the presence of paramagnetic Ti3+ in the reduced model glass, showing a 

resonance at g = 1.94 (HR=360mT at 9.84GHz) as expected for Ti3+ species (Fig. SI-8a) [4–7]. 

In the oxidized model glass, this resonance was not detected, indicating the absence of Ti3+.  

However, a sharp EPR line can be observed at g=2.0025, corresponding to a trapped electron. 

This result shows that this electron is not located in the Ti 3d orbitals and is due to a bond 

defect. Ti4+ cannot be detected by EPR due to its diamagnetic nature.  



Interactions with nearest-neighbor nuclei of Ti3+ were measured using HYSCORE 

spectroscopy. The magnetic field was set at 360 mT (Ti3+ line at 9.84 GHz) and the 

corresponding HYSCORE spectrum is given in Figure SI-8b. It clearly shows 25Mg (υ1=0.93 

MHz at 360 mT), 29Si (υ1=3.04 MHz at 360 mT) and 27Al (υ1=3.99 MHz at 360 mT) peaks 

indicative of a glassy environment. Moreover, the 29Si shows two distinct patterns, one 

dominated by a Fermi contact term with Aiso+2T = 2.6 MHz indicating that the 29Si is connected 

through a chemical bond via oxygen atom (0.07% of electron is located in the Si p orbital). The 

second pattern is dominated by electron-nuclear dipolar coupling with T = -0.2 MHz. 

Considering the single point approximation, the dipole-dipole term T ≈ gβgNβN/hr3 for I=1/2 

gives a mean distance for unbound Si of 0.4 nm, with g = 1.94, gN = -1.1106, and β and βN the 

electron and nuclear Bohr magnetons respectively. The HYSCORE spectrum of the trapped 

electron indicates that the defect is located near the 29Si and 27Al and only coupled by a dipolar 

mechanism. 

 

Figure SI-8. EPR analysis of model glasses produced under oxidizing and reducing 

atmospheres. (a) Set of cw-EPR spectra of MG-Ti-oxi and MG-Ti-red recorded at room 

temperature and 9.84 GHz. Representative EPR line measured on the TiF3 sample 

recorded at room temperature is presented in the inset. (b) HYSCORE spectrum recorded 

at 5K of Ti3+ in MG-Ti-red sample. T is the dipole-dipole coupling and Aiso is the isotropic 

Fermi contact term. (c) HYSCORE spectrum of the trapped electron in MG-Ti-oxi at 5K. 
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