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Abstract

Ground-granulated blast-furnace slags (GGBS) are common replacements of Portland
cement in low-carbon cements. However, small TiO, contents in the slag-glass significantly
reduce its cementitious reactivity. Here, we investigate the role of Ti in the glass network
and its influence on slag-glass dissolution. XANES and EPR analysis showed that 67% of Ti
was present as Ti(IV) with about 70 % in °!Ti and 30 % in "“Ti coordination and 33% as Ti(lll).
Initial dissolution rates at pH 11 were only slightly decreased (10-28%) by the presence of Ti
in model glasses and modified slags, dissolved Si after 7d even less. During dissolution, Ti
accumulated in an amorphous layer at the glass surface. At pH 11 the layer was mainly
composed of TiO, (66 wt.%), whereas it was intermixed with a hydrotalcite-like phase at pH
13. Ti K-edge XANES of the surface layer revealed a change of Ti coordination to 50% of Blyj
and 50% of "®Ti coordination at both pH. Our results suggest that the drastic loss of
cementitious reactivity in the presence of Ti is not only due to stabilization of the glass
structure by Ti, but also to the formation of a Ti-rich surface layer that may become

passivating.

1. Introduction

Ground-granulated blast-furnace slags (GGBS) are calcic-magnesium-aluminosilicate (CMAS)
glasses that are by-products from hot metal production. They are used as a cement additive,
replacing clinker/Portland cement to up to 95% in some applications. GGBS-containing
binders have superior long term properties, compared to traditional cements, including
increased chemical and mechanical resistance and decrease the CO, footprint of the
material."”” During the hydration reaction of blended cements, the vitreous slag dissolves in
an alkaline (due to the presence of cement or an activator) aqueous medium. Subsequently,
typical cementitious phases as calcium-aluminium-silicate-hydrates (C-(A)-S-H), various
layered double hydroxydes, and ettringite, precipitate providing mechanical strength to the

| 2,6,8

materia Large differences exist in short term reactivity of GGBS depending on its

composition.?® These differences can partially be explained by the polymerization degree of



the SiO, network that controls dissolution rates and subsequently short-term compressive

strength.g'lo'13

In GGBS glasses, mainly SiO, and, to a smaller extent, Al,Os; are the principal network
formers whereas CaO, together with small amount of MgO, is the main network

2,6,10,12-14

modifier. TiO, is present at the level of up to a few weight percent (wt%) in GGBS,

but its presence has been reported to have a negative effect starting from 1 wt. % TiO, in

blended cements.>3!>1¢

Standard mortars containing 75 % GGBS lost more than 50% of
compressive strength after 2 d of curing when 1.9 wt% TiO, were added to the slag. The
effect was only slightly smaller at 28 d.° The loss of reactivity in presence of Ti was recently
assigned to a stabilization of the glass network, supposedly resulting in lower dissolution

rates.’

The Ti coordination environment in glasses and melts has frequently been studied using X-

1821 |nformation on the

ray absorption near-edge structure (XANES) spectroscopy.
coordination environment of Ti is mainly inferred from the position and height of a pre-peak
before the K-edge.?® A recent study on GGBS glasses reported 4- and 5-fold coordinated
Ti(IV), with some 25% of Ti in Ti(lll) oxidation state.'” In other alumino-silicate glasses a
variety of coordination environments, with coordination numbers ranging from 4 to 6, were
reported depending on their non-bridging oxygen per tetrahedron (NBO/T) ratios, Ti content

18,20-22

and the presence of Al and large cations. This variability is interesting as there likely is

an impact of Ti-coordination on the rate of glass dissolution.?

The dissolution rates of slag-glasses at conditions close to the blended cement environment
are difficult to measure because of the low solubility of Mg bearing minerals at pH > 9.
Therefore, dissolution studies of slag-like glasses reported in literature used simplified

24,25 Snellings et al. (2013) showed that the dissolution

glasses containing only Ca, Al, and Si.
of slag-like glasses was stoichiometric at pH 13 and that the presence of Ca and Al in
solution, unlike that of Si or SO,4, decreased the dissolution rates.””> Newlands et al. (2017)
measured faster release of Ca in the first minutes of dissolution and slightly higher
dissolution rates of Si than Al in slag glasses at pH >12. This led to the formation of a leached

surface layer, including re-adsorption of Ca and precipitation of secondary phases.?* In many



silicate glasses, the formation of a surface layer was reported to decrease the dissolution

rates to different extents, depending on its compositionr.zs'28

Until now no dissolution rates were reported for Ti containing GGBS glasses. However,
elements of the IVB group, including Ti, were reported to decrease the dissolution rates of
(boro-)silicate glasses. Zr and Ti inhibit corrosion in 0.5M HNO; solution and notably
decrease network modifier interdiffusion.” Furthermore, Ti additions of 4 mol% (ca. 5 wt%)
in a borosilicate glass decreased its dissolution rate by about 50% at pH 7.2 This t is partly
due to higher free enthalpy of glass hydration, and thus slower dissolution rates.”>3%3*
Furthermore, it has been noted that Zr and Ti played a role in the densification and pore

closure of the gel layer in various experiments.”>**%

In this study, the effect of TiO, addition (0-2.5 wt% TiO,) on GGBS glass structure and
dissolution rates under alkaline conditions was investigated. The aim was to determine if the
mechanism by which TiO, decreases GGBS reactivity is the stabilization of the glass network
and consequently decreased dissolution rates, as proposed in literature.'’Therefore, we
performed mixed-flow dissolution experiments of model glass and modified slag samples at
pH 11 and 20°C to determine their dissolution rates. The pH value was chosen to be below
common cement conditions to prevent the precipitation of Mg-bearing phases. After the
dissolution runs the glass surface was analyzed using scanning and transmission electron
microscopies (SEM/TEM) to investigate the surface layer. To confirm the surface layer
formation also at cement conditions, we conducted SEM analysis of slag grains after ten days
of exposure at pH 13. Micro-focused Ti K-edge XANES analyses of the surface layer and the
unreacted slag were performed to determine the coordination of Ti. At pH 13 Mg was
detected in the surface layer, therefore also the Mg-environment in the GGBS and the

surface layer was investigated by Mg K-edge XANES.
2. Materials and Methods

In this study, multiple model glasses (MG) and modified slags (MS), with variable TiO,
content and Ca/Si ratios were prepared (section 2.1). Not all analysis were carried out on all
samples that were prepared for this study (Table 1). Dissolution rate at pH 11 (section 2.2)
was investigated during 7 d, on MS with the lowest (MS-Ref) and the highest Ti content (MS-

Ti-2.4) and model glasses with and without Ti addition, except MG-Ti-oxi and MG-Ti-red. This



pH was chosen to be below the pH of typical cement environments to avoid supersaturation
of Mg-bearing minerals. For these experiments powdered samples were sieved and the
fraction between 40 and 80 um was used. The samples were chosen to have large
differences in Ti contents and NBO/T to improve detection of effects on dissolution rate. For
surface analysis after dissolution at pH 11, including SEM, TEM and Ti- (section 2.4) and Mg
H-XANES (section 2.5), 250 mg of a MG-1.2-Ti sample was dissolved for 14 d.

To investigate the surface layer formation at a pH closer to the cement environment and still
avoid oversaturation of Mg-bearing minerals, dissolution experiments at pH 13 were carried
out on Ti-bearing, granulated samples (section 2.3): the MS sample with the highest Ti
content (MS-Ti-2.4) and the two Ti bearing MGs (MG-1.2-Ti and MG-0.8-Ti). After the
dissolution experiment the surface layer formation was investigated by SEM and Ti k-edge u-
XANES on polished section. In those samples, XANES spectra of intact slag were recorded in
the core of the reacted samples using the micro-focused beamline setup (section 2.5). To
check for differences between powdered and polished sample presentation, a powdered

MS-Ti-2.4 sample was also measured in this setup.

To investigate the Ti-environment in close to real slag-glasses, powder XANES analysis
(section 2.5) was carried on unreacted powders of all MS samples as well as on MGs
produced under oxidizing and reducing atmosphere (MG-Ti-oxi and MG-Ti-red). The latter
were used to study the influence of the presences of Ti(lll) on the XANES signal, therefore

those were the only samples analyzed by EPR (section 2.4).

Table 1. Overview of analysis carried out on each sample.

ID Dissolution SEM/TEM p.-.XANES SEM p.-.XANES H-XANES XAI\!ES
(Ti) after after (Ti) after (Mg) after (Ti) EPR
PH11  afterpH1l  © (41 pH13  pH13 pH 13 powders
MS-Ref X X
MS-Ti-1.6 X
MS-Ti-2.4 X X X X
MG-1.2-Ti X X X X X X X
MG-1.2-NoTi X
MG-0.8-Ti X X X
MG-0.8-NoTi X
MG-Ti-red X X

MG-Ti-oxi X X



2.1 Preparation of model glasses and modified slags

Model Glasses (MG) were prepared by mixing pure reagents. SiO, was added as
Fontainebleau sand (VWR), XRF analyses showed that oxides other than SiO, were below 0.1
wt%. Ca0, MgO and Al,03; were also purchased from VWR. To eliminate possible carbonation
products, CaO and MgO powders were calcined at 1100 °C in Pt-crucibles before use. The
TiO, powder was purchased from Rectapur (purity >98 % (m/m)). Modified Slag (MS)
samples were prepared by mixing an industrial GGBS (produced by ArcelorMittal, and
ground/commercialized by Ecocem Materials), with TiO, powder. The remelting procedure was

the same as for the model glasses.

Oxides mixtures of fixed compositions were placed in a graphite crucible in a Nabertherm
HT16/17 furnace preheated at 1600 °C. The furnace was purged with argon to limit
interaction of air with the graphite crucible. Once the temperature stabilized to 1600 °C
(temperature drop due to cooling effect of cold crucible), the samples were kept for 5
minutes to ensure complete melting. The samples were taken out of the furnace at 1600 °C
with a pair of pliers and quenched in a laboratory scale granulation device using pressurized
water flow. The recovered granulated slags were dried overnight at 110 °C. The amorphous
state of the samples was checked by XRD on powdered samples (supplementary information

(SI), Figure SI-1).

Six different MG were prepared: A set of two glasses with a Ca/Si molar ratio of 1.2 with
(MG-1.2-Ti) and without Ti addition (MG-1.2-NoTi). A second set of model glasses was
synthesized with a Ca/Si molar ratio of 0.8, again with (MG-0.8-Ti) and without TiO, addition
(MG-0.8-NoTi). The Ca/Si ratio of 1.2 is a typical value for GGBS, and the lower Ca/Si ratio of
0.8 was chosen to be comparable to other CMAS glasses reported in literature. Finally, a set
of two model glasses with a Ca/Si molar ratio of 1.1, was prepared to study the effect of
reduced and oxidizing conditions. MG-Ti-red was prepared like the other model glasses
under reducing conditions, whereas for MG-Ti-oxi a Pt-Rh crucible was used and the oven

was not Ar-purged.

Besides, four MS-samples with increasing TiO, amounts were prepared: MS-TiO,-1.1 (1.1
wt% TiO;), MS-TiO,-1.6 (1.6 wt% TiO,), MS-TiO,-2.0 (2.0 wt% TiO;) and MS-TiO,-2.4 (2.4 wt%

TiO;). As a reference (MS-Ref), an industrial slag sample was remelted using the same


https://www.sciencedirect.com/topics/engineering/arcelormittal

procedure but without any Ti addition. The exact compositions determined by XRF of the

final glass powders are displayed in Table 2, along with Ca/Si and Al/Si molar ratios.

The NBO/T ratio was estimated from composition of non-Ti bearing glasses, using the
formula (1). Therefore, structural hypothesis need to be made for the elements that were
taken into account. Ca and Mg were accounted for as network modifying cations

contribution 2 charges each, whereas Si was accounted for as network former, contributing

14,36,37

one tetrahedron per atom, in line with literature. The case of Al is more difficult as it

38-40

can occur in different coordination states in different glasses. All glasses investigated

here are in the peralkaline region, so that Al is expected to be in tetrahedral coordination.*

This is supported by experimental results on GGBS glasses that reported the large majority of

1014 1n tetrahedral coordination, Al contributes one tetrahedron

Al in 4-coordinate positions.
per atom, but also requires charge compensation due to its 3+ oxidation state. Ti was not
included in NBO/T calculation here, because the necessary structural hypothesis will be

experimentally examined in this study and discussed below.

NBO . 2Nca+ Zl’lMg—l’lAl (1)

T Ngij+na)

Table 2. XRF analysis of modified slags and model glasses. Elemental ratios are given as
molar ratios and NBO/T was calculated for glasses not containing Ti.

ID Type of GGBS Al,0, CaO MgO SiO, TiO, Ca/Si Al/Si  NBO/T
wt.% wt.% wt% wt% wt.% mol/mol mol/mol

MS-Ref Modifiedslag 9.8 424 69 379 0.7 1.21 0.31
MS-Ti-1.6  Modifiedslag 9.7 424 68 378 1.6 1.21 0.31
MS-Ti-2.4  Modifiedslag 9.6 418 6.8 374 24 1.21 0.31
MG-1.2-Ti Model glass 11.2 404 7.1 377 3.1 1.16 0.36

MG-1.2-NoTi Modelglass 11.6 41.7 7.3 39.0 - 1.16 0.36 1.86
MG-0.8-Ti Model glass 11.1 327 7.0 456 3.1 0.78 0.29

MG-0.8-NoTi Modelglass 11.5 33.8 7.2 47.1 - 0.78 0.29 1.33
MG-Ti-red  Modelglass 113 395 7.0 39.0 3.1 1.10 0.35
MG-Ti-oxi Modelglass 113 400 7.1 383 3.1 1.13 0.35

2.2 Dissolution runs on powdered samples at pH 11

2.2.1 Experimental design



Dissolution experiments at pH 11 were carried out in mixed-flow reactors. Subsamples of 15
g of granulated slag were ground for 15 s in a disc mill by Retsch. The resulting powders
were sieved and the fraction between 40 and 80 um was retained. The powdered samples
were subsequently suspended in acetone and exposed to an ultrasound treatment for 20 s,
after which the supernatant acetone was taken off to eliminate adhering small particles from
the powders. After acetone treatment, the samples were vacuum dried. The particle size
distribution (PSD) curves are similar enough to consider the same reactive surface for all the

samples (Figure SI-2).

Dissolution runs were carried out using custom made 250 mL polypropylene reactors at 25°C
with a continuous flow of about 2.0 mL/min using a peristaltic pump. To promote mixing of
the solution and to avoid particle loss through the outflow, the inflow was situated at the
bottom and the outflow at the top of the reactor. The solutions were stirred at 100 rpm
using a floating magnetic stirrer. A 80 mg subsample was put into the reactors and exposed
to a NaOH solution at pH 11 for 7 days. The experimental conditions (pH, sample mass, grain
size, flow rate) were chosen to keep the reacting solution undersaturated with respect to
Mg-bearing phases during the experiment, and at the same time to be able to measure
dissolved Ca, Mg, Al and Si by ICP-OES. Dissolution of a MG-1.2-NoTi sample was replicated
with 25% lower flow rate to estimate experimental error and to evaluate if calculated
dissolution rates were independent of flow rate/reactive surface ratios so that far-from

equilibrium conditions can be assumed.
2.2.2 Analysis of mixed-flow solutions

During the dissolution experiment, a 20 mL solution sample was taken at the outflow of the
reactors twice a day. Exact flow rate was determined by weighing and pH was checked to be
constant within experimental uncertainty. The solutions were immediately filtered at 0.45
um. Before chemical analyses, solutions were acidified to 2 vol.% HNOs and spiked with Y as
an internal standard at 1 mg/L. Concentrations of Ca, Mg, Al, Si and Ti were analyzed by ICP-
OES (Optima 7000, by Perkin Elmer). Internal precision was checked by measuring blank and
reference solutions every 20 samples. Quantification limits calculated as mean plus 10 x
standard deviation of analytical blanks (n=33, for Si n=28) were 23, 3, 9, 16 and 0.4 pg/L,

respectively for Ca, Mg, Al, Si and Ti. Analytical precision calculated as two standard



deviation interval around the mean of 0.1 mg/L (0.2 mg/L for Si) internal standard (n=13, for
Si n=15) were +14, +2, +3, +7 and %3 ug/L, respectively for Ca, Mg, Al, Si and Ti. Fluctuations
of plasma intensity were corrected for by analyzing an internal standard. If the internal
standard concentration differed by more than 10 % from the spiked concentration, the

measurement was repeated.

2.2.3 Reacted surface analysis

For the investigation of the reacted glass surface after dissolution at pH 11, a 250 mg MG-
1.2-Ti sample was reacted under the conditions described in section 2.2.2 for 14 days. After
14 days the remaining powder was immersed in 100 mL of isopropanol for 10 min in order to
stop the reaction and extract any remaining water. The sample was then filtered off, rinsed

with acetone and vacuum-dried.

The surface of reacted grains was analyzed using a FEI Helios NanoLab600i dual beam SEM-
FIB equipped with an Aztec Advanced SDD X-Max 80 mm? EDS detector at the Centre
Raymond Castaing, Toulouse, France. Subsequently, a vertical slice for TEM analysis was cut
using a Ga-ion beam and lifted out by an EasyLift micromanipulator. For the TEM slice
preparation, the ion column was operated at 30 kV for all the steps, except for final cleaning
of the specimen, for which tensions of 5 kV and 2 kV were used. The beam currents varied
between 47 nA and 15 pA. The electron beam was used to deposit a 20 nm thick carbon
layer over an area of 20 um x 2 um. The ion beam was then used to deposit a 3 um thick Pt
layer over the same area. The slice was partially cut out and a Pt needle was fixed. The
sample was lifted out in situ and then attached to a copper support grid. Thinning of the
specimen could then proceed using a gradual cross-section cleaning milling pattern, with a
final milling beam current of 80 pA. Finally, the 5 kV and 2 kV cleaning steps were carried out
on each side. TEM images were acquired with a JEOL 2100F TEM. The electron gun is a
Schottky emitter used with a voltage of 200 kV. The slice was observed with a Gatan
Ultrascan Camera in transmission and diffraction modes. The EDS spectrum and mapping

used a Bruker SDD. All the STEM images were done using a HAADF STEM detector.



2.3 Dissolution trials on granulated glasses at pH 13

2.3.1 Experimental design

To investigate surface layer formation of modified slags and model glasses at a pH close to
that of cement pore solutions, 300 mg of three Ti-containing granulated samples (MG-1.2-Ti,
MG-0.8-Ti and MS-Ti-2.5) were partly dissolved by circulating a NaOH solution at pH 13 for
10 days. Dissolution trials were carried out using the mixed-flow reactors described in
section 2.2. The granulated sample form was chosen to reduce the reactive surface and to

avoid oversaturation.

2.3.2 Sample preparation

After 10 days the remaining granules were immersed in 100 mL isopropanol for 10 min to
extract any remaining water. Subsequently, isopropanol solution was filtered off and the
samples were rinsed with acetone and vacuum dried. The three granulated slag samples
were then put into 20 g of MA2+ resin using 2.5 g of 100 CC catalyst (by Presi). After one
night of hardening, sample sections were polished to obtain grain cross sections, using three

successive SiC papers of 800, 1200 and 2400 grits.

2.3.3 Reacted surface analysis

All samples were stored under vacuum until Scanning Electron Microscopy (SEM) analyses.
Images and elemental maps were carried out at the LMDC laboratory (France) using a JEOL
JSM 6380 equipped with an Energy-Dispersive Spectrometer (EDS). The analyses were
conducted on the three polished cross-sections samples described in section 2.3.1. Before
analysis, the samples were carbon-coated. The SEM images were taken in back-scattered
electron mode using an acceleration voltage of 15 keV. Elemental maps of Al, Si, Mg, Ca and

Ti were collected using 5 cycles of 500 s.

2.4 EPR analysis

The redox state of Ti in unreacted powdered slag glass samples was investigated by Electron
Paramagnetic Resonance (EPR) spectroscopy at the LASIRE laboratory in Lille, France. All

samples were inserted into quartz Suprazil tubes. Continuous wave EPR (cw-EPR)



measurements were performed at room temperature on a conventional X-band Bruker
ELEXSYS E580 spectrometer operating at 9.8 GHz. The modulation frequency was set at 100
kHz and its amplitude was chosen at 0.5mT for MG-TI-red and MG-Ti-oxi to prevent
distortion due to over-modulation . The microwave power into the resonator was set at 4
mW (MG-Ti-red) and 0.6 mW (MG-Ti-oxi) in order to avoid saturation of the EPR line. A
small amount of TiF; was used as reference to estimate the amount of Ti(lll) species for each

sample.

2.5 Ti K-edge XANES experiments

To investigate the coordination number (CN) of Ti in slag glasses and alteration layers, two
sessions of Ti K-edge XANES experiments were carried out at the SOLEIL synchrotron facility
in Saint-Aubin (France) using the SAMBA and LUCIA beamlines. Details on the influence of
monochromator type and beamline setup on the pre-edge features can be found in the

supporting information (Figure SI-3).

2.5.1 Bulk powder analysis at SAMBA beamline

During the SAMBA session, three unreacted powdered modified slag samples (MS-Ref, MS-
Ti-1.6 and MS-Ti-2.5), as well as two unreacted powdered model glass samples prepared
under reducing (MG-Ti-red) or oxidizing conditions (MG-Ti-oxi), were studied. Pure samples
of rutile (r-TiO,, 99.8%), anatase (a-TiO,, 99.6%), and tistarite (Ti,03, 99.8%) were used as
reference compounds, their XRD patterns are shown in the supporting information (Figure
SI-4). All samples were pressed into metaborate pellets containing 1 wt% TiO,. The
monochromatic beam, which was delivered by a Si(220) double-crystal monochromator, was
calibrated at the Ti K-edge, using a Ti foil. Data were acquired in fluorescence mode (FY) for
the GGBS samples, using a 33 pixel fluorescence Ge detector (Canberra), and transmission
mode for the reference materials. Samples were orientated at 90° and 45° to the incident
beam to collect data in transmission and fluorescence mode, respectively. The XANES
spectra were recorded in a spectral range of 4850-5349 eV, using a step of 0.2 eV, and 20

scans were recorded for each sample.

2.5.2 Micro-focused analysis of reacted samples at LUCIA beamline



During the LUCIA session, three reacted granulated slag samples (MS-Ti-2.5, MG-1.2-Ti and
MG-0.8-Ti) as well as one reacted powdered sample (MG-1.2-Ti (powder)) were studied (see
sections 2.2 and 2.3 for details on sample preparation). The samples were fixed on copper
mounts using self-adhesives for the granulated slags, and carbon tape for the slag powder.
The same three mineral references as in SAMBA (r-TiO,, a-TiO,, Ti,O3) were measured for
quality control. The latter were prepared in cellulose pellets using 10 % TiO,. All XANES
spectra were acquired in fluorescence-mode using a Si-(111) double-crystal monochromator.
The beamline was calibrated at the Cr K-edge. The samples were placed in an angle of 80°
with respect to the incident beam, and 10° in relation to the 60 mm? SDD detector (Bruker).
Before spectra acquisition, fluorescence maps of the polished cross-sections were acquired
in order to target specific areas in the slag cores (unreacted area) and surfaces (reacted
area). The elemental maps were recorded using a micro-beam of 3.3 x 3.6 um, a step of 2-3
um and an exposure time of 200 ms. XANES spectra were collected on an energy range of
4850-5200 eV, using a counting time of 2 sec and a step of 2 eV at 4850 eV-4950 eV, 0.2 eV
at 4950.2-4990 eV, 0.5 eV at 4990.5-5030 eV and 1 eV at 5031-5200 eV. One to four spectra

were collected during each analysis.
2.5.3 XAS data treatment

XANES spectra were averaged and normalized using the Athena software.*’ The
normalization parameters were kept as identical as possible between all samples. The
absorption threshold Eq was set to 4982.5 eV, which corresponds to the maximum intensity
of the 2" inflection of the 1% derivative in the GGBS spectra. The spectra were normalized in
absorbance by fitting at least the first 40 eV before the pre-edge peak, and by subtracting
them as background. Subtraction of atomic absorption was performed by fitting a

polynomial line in the middle of the first main post-edge features.

Extraction of the pre-edge peak features (position, normalized height) was done using the
Fityk 1.3.1 software. Different methods were reported in the literature to extract the Ti
coordination of various silicate glasses and GGBS samples. All of them were based on a
nearly identical procedure, which used one lineshape to fit the pre-edge peak, and one to
several lineshapes to fit the post-edge features. Among these methods, Farges et al. (1996)

reported the use of 6 lorentzian functions to fit the 4960-5020 eV region of various Ti silicate



glasses;*® Cormier et al. (2011) used 2 lorentzian functions to fit the 4962-4975 eV region of
MgO-Si0O,-Al;03-Si0,-TiO, glasses;42 Romano et al. (2000) used 1 pseudo-voigt function, 1
arctangent function and 2 gaussian lines to fit the 4950-5020 eV region of TiO,-Al;03-K,0-
SiO, glasses,”! and Le Cornec et al. (2020) used 1 lorentzian function after removing an
arctangent function to fit a region (not specified) of various anhydrous industrial slags.’ All

were tested, and gave variations of £ 0.07 eV in position and £ 0.02 a.u in intensity.

In the present study, a variant of the methodology of Romano et al. (2000) was applied.*
The energy range between 4050-5020 eV was fitted using an arctangent function to model
the absorption edge, two gaussian lines to fit the first two main edge features, a single
gaussian line to fit the small shoulder in the absorption edge, and a lorentzian function to fit
the pre-edge peak. In the case of the mineral references, the pre-edge region was composed
of three peaks labelled Al, A2 and A3, so three Lorentzian functions were used for the
fitting. The position and normalized height of the pre-edge peak were then extracted from

the A2 peak.
2.6 Mg K-edge XANES experiments

Mg K-edge experiments were performed on the LUCIA beamline at the SOLEIL synchrotron
facility (Gif-sur-Yvette, France). The beamline was calibrated at the Al K-edge. Analyses were
carried out on the granulated slag MG-1.2-Ti. The sample surface was placed in an angle of
60° with respect to the incident beam, and 30° in relation to the 60 mm? SDD detector
(Bruker). All XANES spectra were acquired in FY mode, using a KTP monochromator. The
beam was focused down to 6 x 22 um?®. XANES spectra were collected on an energy range of
1250-1400 eV, using a counting time of 5 sec and energy steps of 2 eV between 1250-1300
eV, 0.2 eV between 1300.2-1320 eV, 0.5 eV between 1320.5-1340 eV, and 1 eV between
1341-1400 eV. Two spectra were collected both in the slag core and reacted surface, and
then averaged using the Athena software. The absorption threshold Eq was fixed to 1307.6
eV for the slag core, and 1309.5 eV for the reacted layer. These values correspond to the

maximum intensity of the first inflection of the 1% derivative of the XANES spectra.

3. Results

3.1 Dissolution of slag glasses at pH 11



3.1.1 Dissolved rates

The amount (wt %) of Si released as a function of time is shown in Figure 1. The more
polymerized model glasses MG-0.8-NoTi and MG-0.8-Ti (NBO/T ~1.3) released much less Si
(11.5 % and 8.6 % of Si, respectively) than MG-1.2-NoTi and MG-1.2-Ti (NBO/T~1.9; 49.3 %
and 48.8 % of released Si, respectively), during the 7 d of the experiment. Note that the
value for MG-1.2-NoTi is an average of two independent runs with different flow rates (1.8
and 2.0 mL/min). There was no systematic differences in Si releases that could be linked to
modifications of flow rates between the two runs. Therefore, only one dissolution regime at
far-from-equilibrium conditions can be assumed. Method error was estimated as the 2

standard deviation (2 SD) interval around the mean from these two runs.

A MS-Ref
71 4 MS-Ti-2.4 Al
e MG-1.2-NoTi A
=1 * MG-1.2-Ti A sl
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Figure 1. Dissolved mass of the initial glass calculated from Si 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 two standard

deviation interval around the mean.



Modified slags (MS-Ref and MS-Ti-2.4) with slightly higher Ca/Si and slightly lower Al/Si ratio
dissolved somewhat more during the 7d experiment than the MG-1.2 samples (57.1 % and
53.3 % of Si for MS without and with Ti addition, respectively). There is a tendency for
stronger dissolution of glasses that do not contain Ti. However, if the 2 SD interval is

assumed as the method error, this observation was only significant for the modified slags.

The mean dissolution rate of MS-Ref samples, during the first 2 days was 1.49 x 10°

mol(glass).s*.m™ if a spherical grain shape with a mean radius of 30 um and congruent
dissolution was assumed. Dissolution rates for the other samples shown in Table 3.
Calculated dissolution rates during the first 2 days follow the same logic as the dissolved
masses after 7 days, described above. Initial calculated dissolution rates were about 17%
higher in MS-Ref compared to MG-1.2-No-Ti and a factor x 6 higher than in MG-0.8-NoTi.
Dissolution rates of Ti bearing MS-Ti-2.4 was 10 % below MS-Ref and MG-1.2-Ti dissolved 12
% slower than MG-1.2-NoTi, during the first 2 days. Dissolution rate of MG-0.8-Ti was even
28 % below that of MG-0.8-NoTi.

Table 3. Mean dissolution rates during the first 2 d of the experiment, based on Si
measurments in solution assuming stoechimetric dissolution and using geometric surface
are. The surface area was calculated assuming a spheric grain shape with 30 um diameter.
The method error was estimated as 2 standard deviation interval around the mean of two

independent runs of MG-1.2-NoTi at different flow rates.

ID R log (R)
Molgjes.s™.m’?
MS-Ref 1.55E-06 -5.81
MS-Ti-2.4 1.39E-06 -5.86
MG-1.2-Ti 1.16E-06 -5.94
MG-1.2-NoTi 1.32E-06 £ 0.012 -5.88
MG-0.8-Ti 1.87E-07 -6.73
MG-0.8-NoTi 2.60E-07 -6.59

Ca-release during the 7 d experiment was similar to Si so that stoichiometric Ca release
relative to Si be assumed (Figure SI-5). However, for some samples, Mg and Al dissolved

slightly less than what would be expected for congruent dissolution (Figure SI-5). This



observation may result from minor precipitation of Mg and Al-bearing phases such as
hydrotalcite, due to the low solubility of Mg-bearing minerals at high pH. Ti could not be
detected in solution although its stoichiometric dissolution should have led to aqueous
concentrations largely above its ICP-OES detection limit, thus suggesting its non-

stoichiometric release.

3.1.2 Grain surface analysis by SEM/TEM of powders after pH 11 experiments

SEM observation of MG-1.2-Ti powders that were exposed to a NaOH solution at pH 11 for
14 d showed a cracked Ti-bearing layer on the surface of the grains (Figure 2). The layer was
about 1 um thick and in some places covered with small tripod-like objects. The latter may
indicate precipitation of secondary minerals as a higher sample mass (250 mg) was used
than in the dissolution experiments at pH 11, reported above. EDS analysis of the surface
layer showed Ti concentration of 44.6 wt.% TiO, (Figure 2, Point 1), against 4.5 wt.% TiO, in

the crack (Figure 2, Point 2).

Figure 2. SEM surface analysis (x2500) of MG-1.2-Ti powders after 14 d exposure to a
NaOH solution at pH 11. A cracked Ti-bearing layer covers the grain surfaces. The red
rectangle indicates the site where the vertical slice for TEM analysis was extracted.
Numbers indicate the spots on the surface layer and in the crack where EDS analysis was

performed.



The Ti-bearing surface layer was further investigated by extracting a vertical slice for TEM
analysis. Analysis of this slice confirmed a thickness of 1 um and showed that the layer was
mainly composed of Ti-oxide. EDS analysis resulted in about 66 wt.% TiO,, 20 wt.% CaO, 8
wt.% SiO,, 4 wt.% MgO and 3 wt.% Al,05 (Figure 3). Electron diffraction analysis showed that
the surface layer had no regular crystalline structure and can thus be considered as
amorphous (Figure 3). Beside the Ti-surface layer there was a few nm thick zone at the glass

surface that was enriched in Si and depleted in all other elements (Figure SI-6).

ERREIASSAEER

Intact glass

Figure 3: TEM image and EDS maps of the Ti-rich layer extracted from the powder by FIB.
The layer is about 1 pm thick and mainly composed of TiO, (66 wt.%). The electron

diffraction image on the top left indicates that the layer is amorphous.

3.2 SEM observations of grain cross-sections after 10 d at pH 13

SEM images and chemical maps of Si, Ca, Al, Ti, and Mg of slag grains (MG-1.2-Ti, MG-0.8-Ti
and MG-Ti-2.5) after 10 d exposure to pH 13 are displayed in Figure 4. The images show a
surface layer of about 10 um thickness, which is enriched in Ti and Mg and depleted in Si, Ca,
and Al, compared to the intact glass. The layer was 10 times thicker than in the TEM analysis
after pH 11 dissolution and contained Ti, Mg and Al. This is probably related to the pH of 13,
which leads to increased dissolution of slag grains and decreased solubility of Mg-bearing
minerals. In MG-0.8-Ti, the surface layer was however thinner (from 3 to 10 um) and not
present on all grains. This might be due to the lower dissolution rates of this more

polymerized glass. Small nodules of SiO, of about 5 um were also observed in all samples.



Figure 5 shows the evolution of the chemical composition of MS-Ti-2.5 from the core
(unreacted area) to the surface (reacted area) of a slag grain. On average, the concentration
increased from 9.3 to 16.1 wt.% in Al,0s3, 6.3 to 37.6 wt.% in Mg0O, and 2.6 to 18.3 wt.% in
TiO,, and decreased from 44.6 to 10.3 wt.% in CaO and 36.2 to 13.3 wt.% in SiO, from the
core to its surface. This corresponds to an enrichment by a factor 7 in Ti, 6 in Mg, and almost
2 in Al, and to a depletion by a factor 4 in Ca and almost 3 in Si in the surface layer. Mg and
Al were present in a molar ratio of 3:1 suggests and electron backscattered diffraction
(EBSD) measurements carried out on an industrial slag show that the surface layer is

amorphous to electron diffraction, even in the presence of Mg (Figure SI-7).



a) MG-1.2-Ti b) MG-0.8-Ti c) MS-Ti-2.4

10 um

Figure 4: SEM images and elemental maps of Si, Ca, Al, Ti and Mg in the granulated slags of

a) MG-1.2-Ti, b) MG-0.8-Ti and c) MS-Ti-2.5, after 10 d exposure to a pH 13 solution.
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Figure 5: a) Scanning line from the core to the surface of MS-Ti-2.5 after 10 d exposure to

pH 13 b) Corresponding elemental distribution in O, Ca, Si, Al, Mg and Ti.

3.3 Ti K-edge XANES measurements
3.3.1 Ti K-edge XANES analysis on bulk powder samples (SAMBA)

The slag-glass spectra (Figure 6a) were composed of three major peaks located at around
4970 eV (pre-edge peak A), 4986 eV (peak B) and 4998 eV (peak C). Due to the absence of a
long-range order, only few distinguishable features appeared after peak C in slag-glass
samples, in contrast to the mineral references.
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Figure 6. XANES spectra of Ti-modified GGBS, model glasses and mineral references
collected at a) SAMBA and b) LUCIA. All samples show a single pre-edge peak A at around
4970.0 eV, and two post edge features B at about 4986 eV and C at about 4998 eV. Mineral

references show more complex pre-peak features, in line with literature.”**

The precise absolute positions and normalized height of peak A are shown in Table 4. These
features were related to the coordination number (CN) of Ti** in various Ti-bearing minerals

182143 peak positions and heights were also determined for mixing of different

and glasses.
coordination states in one sample.*® Plotting our samples into the mixing scheme proposed
by Farges et al., 1997 (Figure 7, stars) showed that Ti was in “Ti, ®ITi and i coordination
states. This is consistent with another study on GGBS and slag-like glasses,44 where a mixture
of i and ®'Ti with traces of i was reported. Note that rutile and anatase mineral

references were correctly positioned in the i domain.

Table 4. Pre-edge absolute positions and normalized height of the GGBS samples and their

references.
ID Position (eV) | Normalized height

Ti,03 4969.4 0.08
a-Tio, 4971.6 0.15
r-Tio, 4971.2 0.13
MS-ref 4970.0 0.40

<

=

< MS-Ti-1.6 4970.0 0.38
MS-Ti-2.5 4970.0 0.40
MG-Ti-oxi 4970.1 0.49
MG-Ti-red 4970.1 0.42
Ti,O3 4969.6 0.06

<

O

2 a-Tio, 4971.6 0.13




r-TiO; 4971.2 0.15
MG-1.2-Ti-core 4970.0 0.41
MG-0.8-Ti-core 4970.1 0.32
MS-Ti-2.5-core 4969.9 0.35
MG-1.2-Ti-surface | 4970.5 0.28
MG-0.8-Ti-surface | 4970.2 0.31
MS-Ti-2.5-surface 4970.5 0.27
MG-1.2-Ti (powder) | 4970.6 0.27
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Figure 7. Pre-peak position and normalized height from Ti K-edge XANES, plotted in a
diagram from literature to determine the coordination state of Ti(IV) species in the slag-

glass samples and references compounds (modified from Farges et al., 1997).*



Besides CN, the pre-edge features can be influenced by the valence state of Ti.>™

Waychunas (1987) showed for example that the pre-peak position could shift by as much as
-2.0 eV when the oxidation state decreased from Ti(IV) to Ti(lll) in silicates and oxides with a
similar chemical composition and a same coordination number.*® Doyle et al., (2016),
showed however, that in samples containing Ti(lll) and Ti(IV) in the same coordination sites,
the pre-peak position was only dependent on the coordination and the presence of Ti(lll)
only slightly lowered the pre-peak intensity.”® A difference in pre-peak intensity of around
0.06, or 35% was detected between samples with 100% Ti(IV) (MG-Ti-oxi) and 100% Ti(n).*®
In our case, some variations in position and height can therefore be expected, especially as
the slag-glass samples were prepared under reducing conditions that allow for the formation

of Ti(Il).

To rule out major misinterpretation of pre-edge features, two model glasses with slag-like
composition prepared under oxidizing (MG-Ti-oxi) and reducing conditions (MG-Ti-red) were
analyzed using XANES and EPR analyses. EPR analysis confirmed the presence of
paramagnetic Ti(lll) in MG-Ti-red produced under reducing conditions, showing a resonance
at g=1.94 (Hg=360mT at 9.84GHz) (Figure SI-8).*4%71 | the oxidized model glass (MG-Ti-oxi)
this resonance was not detected, showing the absence of Ti(lll), as Ti(IV) cannot be detected
by EPR due to its diamagnetic nature. Using the TiF; sample as reference, we estimated the a
ratio of Ti(lll)/2Ti of 33% (+/-6%) in the MG-Ti-red sample. This value is close to the data
reported for industrial GGBS with a proportion of 24% (+/-7.2%) Ti(Ill).** In XANES
measurements the pre-edge position of Ti(lll) containing sample (MG-Ti-red) fell into the
same domain than the other slag samples. The normalized pre-peak height was slightly
lower (-0.06 a.u) in the presence of Ti(lll) than for the same sample containing exclusively
Ti(IV) (MG-Ti-oxi). The presence of Ti(lll) therefore may lead to an underestimation of the
pre-edge peak intensity by -0.06 a.u in the slag-glass samples. The pre-peak position should
not be affected. When pre-peak intensity was corrected for this relative decrease, all MG
and MS samples fell into the domain of 70 % BlTi and 30 % “Ti, with only a minor
contribution of ©'Ti in slag glasses, in the diagram (Figure 7) proposed by Farges et al.

(1997).23



3.3.2 Ti K-edge XANES analysis on reacted granulated slags and powdered samples (LUCIA)

The XANES spectra collected on the reacted slag samples are presented in Figure 6. The
normalized heights and positions of the pre-edge peaks are summarized in Table 4. For the
granulated slags exposed to pH 13, the analyses were carried out in the cores (intact glass)
and at the surfaces (Ti-rich surface layer). The position of the measurement was specified in
the sample names. For the powdered sample exposed to pH 11, only one measurement at

the grain surface was reported.

The XANES spectra of the slag cores were similar to those of powdered GGBS measured at
the SAMBA beamline: they were composed of a pre-edge at 4970 eV (peak A), and of two
post-edge features at about 4986 eV (peak B) and 4998 eV (peak C). The intensity of peak C
was slightly higher than that of peak B. Besides, there was a shoulder A’ in the absorption

edge at about 4976.5 eV (see Figure 8).

Figure 8 superposes the XANES spectra of the surface layers to their respective cores. In the
surface layer, the pre-edge peak A shifted towards higher energies (~ 4970.5 eV) and had a
lower intensity. The intensity of peak B was higher than that of peak C, while the inverse was
true for the slag cores. According to the literature, peaks B and C are related to the medium-

. 20,4
range structure around Ti.?>*

Therefore, the structural organization around Ti was different
between the unreacted slag cores and their reacted surface layers. The more pronounced
oscillations in the surface layer indicates that the latter has a higher medium-range order
than the unreacted slag. In MG-0.8-Ti, no difference was observed on the XANES spectra of
the surface layer and slag core. This is probably due to the smaller size (3-10 pum) of the Ti-

bearing layer in this sample, making it difficult to obtain an undisturbed surface layer signal.

The normalized heights and positions of the pre-peaks A were plotted in the mixing scheme
of Farges et al., 1997 (Figure 7, squares). As for SAMBA, the anhydrous slag cores fell into the
mixing domain of BTi +Bi +O0, The pre-edge peak intensity was however potentially
underestimated by 0.06 a.u due to the minor presence of Ti(lll) in the samples (see section

3.3.1). Inter-sample variability in positions and intensity was higher, possibly due to the



different monochromators used in the two sessions (see Supporting Information, SI-3).
Plotting the samples into the diagram (Figure 7) by Farges et al. (1997) resulted in about
50% of °!Ti and 50% of ®Ti.* The pre-peak position in XANES spectra of the surface layer of
MG-1.2-Ti (powder), dissolved at pH 11 and MG-1.2-Ti-layer dissolved at pH 13 were
identical. In addition, the features B and C were somewhat wider after dissolution at pH 11
than after dissolution at pH 13, but position and relative intensity were similar. Therefore,

the coordination environment of Ti in the surface layer was independent of pH values during

dissolution.
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Figure 8: Comparison of the Ti K-edge XANES spectra of the slag core and surface layer of

model glasses and modified slag samples.
3.4 Mg K-edge XANES measurements

Mg K-edge XANES spectra of the slag core and reacted surface of the granulated slag MG-
1.2-Ti are presented in Figure 9. The XANES spectrum of the slag core was composed of four
main features, located at about 1306.1 eV for a pre-edge peak P, 1309.2 eV and 1314.2 eV
for two main features A and B, and 1326.0 eV for a broader peak C. Previous studies on Mg-
bearing minerals and silicate glasses have attributed these features to various Mg

environments.’>™°

The pre-edge peak P was assigned to a highly asymmetric environment of
the first coordination shell. Peak A was related to the coordination number of Mg, as its
position shifts towards higher energies when the coordination number increases from [4]Mg
(1307.2 eV) to [8]Mg (1309.7 eV) in various Mg-bearing minerals. The [S]Mg and [G]Mg
coordination states have intermediate energy positions between 1308.6 and 1309.3 eV, but
cannot be differentiated because polyhedral distortion and multiple scattering influence the
peak position. Peak B was related to the first coordination shell of Mg, while peak C was
related to multiple scattering phenomena occurring within the outermost coordination
shells around Mg. According to the energy position of peak A (1309.2 eV), the anhydrous

slags contained Mg in five-fold and/or six-fold coordination. The low intensity of peak C

indicates the absence of long range order around Mg, typical for glasses.

In contrast to the anhydrous slag, the reacted slag surface spectrum was composed of two
well-defined features C’ (1317.9 eV) and D (1330 eV) in addition to the two main features A
and B. No pre-edge peak P was present. The features C' and D were related to multiple
scattering phenomena occurring in the outermost coordination shells around Mg.>*>® The
higher intensity of the features C' and D in the surface layer indicates a higher long-range
order around Mg atoms than in the slag. The energy position of peak A (1310.9 eV) suggests
a coordination >6 fold for Mg, however polyhedral distortions in the first coordination shell
of Mg, or multiple scattering phenomena can increase the peak A position of [S]Mg-bearing

52,53

minerals above 1310 eV. Altogether, the features A, B, C’ and D give a XANES spectrum

very close to that of hydrotalcite.””®
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Figure 9: Mg K-edge XANES spectra of the slag core and reacted surface of the granulated
slag MG-1.2-Ti.

4. Discussion

4.1 Ti and Mg in the slag structure

EPR analyses showed 67% of Ti(IV) and 33% of Ti(lll) in the slag samples in line with existing
literature."” After correction of pre-peak height for the presence of Ti(lll), Ti K-edge XANES
showed 70% of ®!Ti and 30% of Ti coordination state, with a minor contribution of (617,
These results are in line with previous studies on industrial slags, alkali, alkaline-earth and

17,18,22,42,43,47,59-64 4] -
The i

borosilicate glasses. coordination state corresponds to a

tetrahedral geometry and B to a pyramidal geometry. In both cases, Ti integrates the

alumino-silicate network of the slag glass.”’59

Mg K-edge XANES showed that Mg was mainly five-fold and/or six-fold coordinated in the
slag structure. The local environment of Mg is highly asymmetric, and shows a low structural
ordering at long distances. These results are consistent with previous studies on alumino-
silicate glasses and slags, where Mg acts as a network modifier cation, mainly in 6-fold

. . 14,52
coordination.'*?



4.2 Dissolution rates of slag glasses at pH 11

Mixed-flow dissolution experiments at pH 11 and 20°C showed only a small impact of TiO,
content on the dissolved Si masses (Figure 1). This was unexpected, since presence of Ti in
slag glasses leads to a drastic decline of reactivity in cementitious settings, and initial
dissolution rates were reported to significantly decrease for 4 mol% Ti (ca. 5 wt %) addition

213162365 Ho\wever, in our

in a soda-lime borosilicate glass exposed to a pure water solution.
study, the pH during the dissolution trials was much higher (pH 11) and the Ti concentrations
were well below (maximum of 1.9 mol%) those used in former Ti-bearing glass dissolution
trials.?® There was a clearer, but still small (about 10%), effect of Ti on the mean dissolution
rates calculated for the first 48h of the dissolution experiments. The effect was somewhat
stronger for the less polymerized MGs with 28 % slower dissolution of MG-0.8-Ti, compared

to MG-0.8-NoTi. However, these rates were calculated making the hypothesis of spherical

grain shape and homogeneous grain size, that cannot be verified with the present data.

The degree of polymerization of the glass network had a strong effect on dissolved glass
masses. The more polymerized model glasses, MG-0.8-NoTi and MG-0.8-Ti, dissolved about
a factor x 4 less within a week compared to the less polymerized homologues MG-1.2-NoTi
and MG-1.2-Ti. The calculated initial dissolution rates were even a factor x 5-6 lower (Table
3). The lower Al and Si content of modified slags (MS-Ref and MS-Ti-2.5) further increased
that difference. To be able to estimate the NBO/T value from composition for all glasses we
propose to integrate TiO, into the formular as a network former (2). This is in line with the
observations above, showing that Ti(lV) integrates the alumino-silicate network of slag-
glasses. However, it does not represent an accurate structural description, because Blyj
possibly needs charge compensation and we do not have more precise information on the

structural role of Ti(lll), that represents about a third of Ti.*">°

NBO 2ncat 2npmg—na)

(2)

Ngj+nal+nr;

Plotting the NBO/T (Ti) values, estimated from glass composition, against dissolution rates
calculated from Si release during the first 2 d of the experiment (Figure 10) shows all

samples fell on the same regression line. This suggests that for the small compositional



variations investigated here, dissolution rates were correlated to the ratio of bridging to
non-bridging oxygens and not by the nature of the network former ion. This is in line with

research showing a strong control of the quantity of NBO on the initial glass dissolution

11,66-68

rates. However, the correlation may not be valid outside of the range of compositions

investigated here, as the effects of NBO/T on dissolution rate have been reported to be non-

66,69

linear, depending on the glass composition. Changes in dissolution rate would also be

11,23,26,69

expected according to the nature of the network forming ion (e.g. Si, Al, Ti). This was

not observed here, but was reported for other silicate glasses in literature, 2350970

The way
Ti was taken into account in NBO/T (Ti) and the good correlation with dissolution rates
implies that for the compositions investigated in this study the addition of a few percent of
Ti did not change dissolution rates more than would an addition of the same amount of
another network former (e.g. Si). This is in contrast to the strong negative effect of presence

of a few weight percent of TiO, on the cementitious reactivity of slag glasses.g'le’65
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Figure 10. NBO/T (Ti) calculated from composition plotted against the mean dissolution
rate, calculated from geometric surface area, during the first 2 d of the dissolution
experiments at pH 11. The dashed line represents a linear regression computed on all
samples. Two standard deviation error calculated from the replication of MG-1.2-NoTi is

smaller that point.



Mixed-flow dissolution experiments at pH 11 and 20°C resulted in a mean dissolution rate of
MS-Ref of 1.55 x 10 mol(glass).s™*.m™ during the first 48 h. This value is about one order of
magnitude lower than that reported by Newlands et al. (2017) for the initial dissolution of
slag-like model-glasses at pH 13 after half an hour of dissolution. The model glasses in that
study contained no Mg and had relatively low NBO/T values of 1.1 (compared to 2.01 for
MS-Ref), so that the increase in dissolution rate is due to the higher solution pH. Increasing
pH values lead to stronger polarisation of Si-O bonds at the glass-solution interface and to

11,24,67

thus higher hydrolysis rates. The difference would probably be even larger for

comparable polymerized glasses.

Steady state dissolution rates of slag like model glasses (NBO/T= 1.1, no Mg) by Snellings
(2013) from batch dissolution experiments at pH 13 were one order of magnitude below the
values reported here.” This difference might be explained by lower NBO/T values and
relatively high solution concentrations in the batch experiments by Snellings 2013, that may

have reduced their dissolution rates.

Dissolution of all samples was stoichiometric within the limits of experimental uncertainty
for the main GGBS constituents Ca and Si. For some samples Mg and Al concentrations in
solution were below the values expected for congruent dissolution, likely due to minor
precipitation of Mg bearing phases such as hydrotalcite and brucite at high pH levels. Ti was
not detected in solution even though its stoichiometric release should yield detectable Ti
concentrations. Consequently, Ti may have precipitated or did not dissolve. An estimation of
rutile solubility based on trials at 100°C shows that our solution should become
oversaturated at a Ti concentration < 5 ug/L.71 This concentration is close to the detection

limit of the ICP-OES and would explain the non-detection of Ti in solution.

4.3 Surface layer formation

The formation of an alteration layer at the glass surface is commonly observed during
aqueous dissolution of glass. In most cases the formation is attributed to recondensation of
Si at the glass surface after leaching of more mobile network cations and precipitation of

silica due to super-saturation of the attacking solution.® In this study, however, the surface



layer is mainly composed of Ti, only a minor constituent of the initial glass. Even though the
presence of Ti, in the principally Si-alteration layer of a boro-silicate glass at pH 0 was
already observed in literature, our observation is different as virtually no Si was present in
the surface Iayer.72 This may be due to the experimental design with high pH, leading to the
dissolution of the alumino-silicate network and undersaturation with respect to amorphous
silica.” Indeed, at pH 11, the surface layer was about 1 um thick and contained mainly TiO,
(66 wt.% TiO,). At pH 13, the layer was larger (10 um), probably due to higher glass network
dissolution and TiO, (18.3 wt.% TiO,) was accompanied by Mg and Al. The surface layer
thickness appeared to be linked to the amount of glass alteration, as the thickness increased
with pH and at the same pH was lower for MG-0.8-Ti, that dissolved slower, slower

dissolution rates, than the other samples.

At both pH levels, the surface layer was amorphous to electron diffraction. Ti K-edge XANES
showed that Ti recondensated at the slag-glass surface, with 50% of B and 50 % of ©ITi
(against 70 % of BT and 30 % of i in the unreacted slag). Furthermore, there was a higher
medium-range order around Ti in the surface layer, compared to the slag. With the present
data it is impossible to judge if this recondensation happens with or without complete

dissolution of the TiO; units.

Ti K-edge XANES spectra of the surface layers were the same for both pH values. This
observation suggests that Ti binding environment was identical in both conditions, so that
Mg and Al in the surface layer are likely due to formation of a secondary phase and not
bonded to Ti. This is supported by the fact that no common Ti-Mg-bearing minerals are
reported in literature. The stoichiometric ratio of about 3 Mg : 1 Al, higher long-range order
around Mg, similarity of the Mg-XANES spectrum and thermodynamic stability at high pH,
suggest the formation of a hydrotalcite-like phase. This is in line with hydrotalcite
precipitation at the slag surface during the hydration reaction.” Yet, this phase remained
amorphous to electron diffraction, but hydrotalcite is often observed to be poorly crystalline
in cement environments.”” This observation highlights the possibility of secondary phase

precipitation within the surface layer pores.



4.4 Implications for GGBS based cementitious materials

Presence of TiO, in GGBS glasses has a significant negative impact on the early age

213151685 compressive strength of MS-Ti-2.5 was

compressive strength of blended cements.
reported to be 50 % below that of MS- Ref at 2 d and 28 d in standard mortars containing 75
wt.% of GGBS and 25 wt.% of ordinary Portland cement.’ Earlier studies ascribed this loss to
an increased strength of the glass network in the presence of Ti, resulting in lower

9,17

dissolution rates. Dissolution rate measurements reported here show small to not

detectable differences dissolved Si masses in 7d experiments and TiO, contents similar or

17 Even though Ti integrated the alumino-silicate network, these

superior to former studies.
observations suggest that the drastic losses of reactivity are not only due to an increased

stability of the glass network.

The presence of a Ti-bearing surface layer did not decrease the dissolution rate of slag
glasses in the dissolution experiment. This implies that the surface layer was sufficiently
porous to not significantly reduce diffusion of ions away from the glass surface into the bulk
solution. In the literature, reduction of glass dissolution rates due to surface layer formation

d.®*’®”7 In a cement setting with concurrent dissolution and

is commonly observe
precipitation, the Ti surface layer might become passivating. The experiments at pH 13
suggest that Mg-aluminates, such as hydrotalcite, might precipitate in the pores. Under real
cement conditions, precipitation of various hydrates in the Ti layer pores might reduce the
diffusion up to the point at which the Ti layer passivates the glass surface, thus explaining
drastic reactivity losses. This mechanism would be in line with significant losses of

compressive strength only starting from 2-days for most TiO, contents, as the Ti layer would

not form and become passivating immediately.’

5. Conclusions

The aim of this study was to investigate the role of Ti in the structure, dissolution rate and
cementitious reactivity of GGBS-like glasses. It was shown that Ti integrates the alumino-
silicate network in the slag glasses with 70 % in BITi and 30 % in “Ti coordination state.

Some 33% of Ti was present as Ti(lll). The presence of Ti in the slag glasses had only a minor



(reduction of 10-28%) impact on initial dissolution rates at pH 11 and even less on dissolved
Si after 7d. In contrast, calculated initial dissolution rates were found to be strongly affected
by the degree of glass network polymerization and proportional to the NBO/T (Ti) ratio.
During dissolution at pH 11 and pH 13 Ti accumulated in an amorphous phase at the slag
glass surface. This layer contained 66 wt.% of TiO, at pH 11 and 18 wt.% at pH 13. The
coordination environment of Ti in the layer increased from 70 % in BITi and 30 % in “Ti in
intact glass to 50% of 'Ti and 50% of "®!Ti in the surface layer at both pH. At pH 13, the Ti-
network was accompanied by Mg and Al likely in the form of poorly crystalline hydrotalcite.
The Ti-rich surface layer did not reduce dissolution rates at pH 11. However, in a cement
environment where hydrates precipitate the pores of the surface layer, this might be the
case. Our results suggest that drastic reduced cementitious reactivity of GGBS in the
presence of Ti is not only due to glass stabilization by network forming Ti but also by the
formation of a Ti-rich surface layer with passivating properties, which protects the

underlying surface against corrosion.
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