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This study explores the effect of aqueous chemical environment on the dissolution rate of the minerals
v-C.S and fayalite, identified as primary phases of ladle furnace steel slag and copper slag. y-C.,S and
fayalite were exposed to solutions of NaOH and Ca(OH),, chosen to mimic the pore solutions of
alkali-activated and Portland-cement based binders. While both from the olivine mineral group, y-C,S
and fayalite displayed opposing dissolution trends with respect to pH. The rates of y-C,S dissolution
were observed to decrease with higher pH, while fayalite dissolution rates increased with pH, and
both relationships were described via empirical functions of the form R = k - a;;+. The contrasting
dependence of dissolution rate on pH for both minerals was attributed to the formation of chemically

distinct surface layers on both minerals during dissolution. These results have significance for
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blending of slags with high olivine contents in binders with a range of aqueous chemical

environments.

1. Introduction

Cement production has been identified as a sector in which widescale reductions in greenhouse gas
emissions will be difficult to achieve due to existing economies of scale [1]. An analysis by the
United Nations Environment Program Sustainable Building and Climate Initiative concluded that
increased use of supplementary cementitious materials (SCMs) as replacement for Portland cement
clinker and more efficient use of Portland cement clinker in concretes represent the best strategies for
reduction of CO; emissions [2]. Providing a sufficient supply of SCMs to the cement industry is a
challenge as the traditionally used SCMs, fly ash and blast furnace slag, are either well-used [3] or
have threatened supply chains [4]. The range of potential SCMs has been broadened by the research
community to meet this growing demand, encompassing calcined clays, biomass ashes, steel slags,
non-ferrous slags, and bauxite residues. Two industrial wastes produced in large volume but with
minimal use as SCMs are steel slag and copper slag [5]. Steel and copper slags are produced in
massive and increasing quantities; steel slag production is estimated to be equal to 10-15% of total
steel production, putting global steel slag production at 190-290 million metric tons in 2018 [6], while
global copper slag production is 35-40 million metric tons in 2018 [7] (based on 2.2-2.5 tons of

copper slag for every ton of copper [8,9]).

The scale of global steel and copper slag production has prompted research efforts aimed at
identifying suitable concretes in which to use these materials. As an umbrella term, steel slag
encompasses an array of slags, including but not limited to basic oxygen furnace slag, electric arc
furnace slag, and ladle furnace slag (LFS). In this study, we focus on LFS because of its mineralogy

and previously demonstrated application in concretes. The physical and chemical properties of LFS,
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as well as its applications in construction materials, have been reviewed, and interested readers are
referred to [10]. LFS has been identified as weakly cementitious when used in Portland cement based
concretes or blended with blast furnace slag [11,12]. Alkali activation of LFS has also been
investigated, where increases in activator concentration resulted in mortars with higher compressive
strength [13,14]. Similarly, the properties and utilization of copper slag have been reviewed before
and interested readers are referred to [8,15,16]. In general, copper slag is characterized as an inert
material with good performance as an aggregate with little to no cementitious properties [15]. Much
research into copper slag usage has centered around its use as a fine aggregate replacement, with
studies generally observing improved technical performance at low replacement [17-19]. Efforts have
been made to chemically activate copper slags in the same manner as has been successfully
implemented for fly ash and blast furnace slag, although with limited success [20,21]. Studies using
amorphous copper slags have reported the synthesis of load-bearing inorganic polymers formed with
the aid of an activating solution [22,23]. Despite the work done to date on the performance of these
slags in various concretes, there remains an important gap in the understanding of their reactivity in
the aqueous chemical environments typical of Portland-cement or alkali-activated pore solutions. As
dissolution of a precursor is the first step in the development of strong, load-bearing binder,
understanding how these materials dissolve and how dissolution rates are affected by the aqueous

environment is key to their effective use [24,25].

While steel slag and copper slag are heterogeneous materials, the mineral phases of both come from
only a few mineral groups. Here, we focus on the primary mineral phases of LFS and copper slag; y-
C5S (calcio-olivine, y-Ca,SiO4) and fayalite (Fe.SiOs), respectively. The reasons for studying the
dissolution kinetics of these two minerals are twofold. First, y-C»S and fayalite are the primary phases
of their respective slags, meaning that the dissolution kinetics of these mineral phases will have a
major impact on the dissolution of the overall slag [11]. Second, y-C.S and fayalite are both members
of the same mineral group; the olivines. While these two minerals have been the subject of limited

research, a third mineral in the olivine mineral group, forsterite (Mg2SiO.), has been widely studied
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by geochemists due to its prominence in the earth’s crust. As members of the same mineral group, y-
C,S, fayalite, and forsterite are all expected to exhibit similar properties and reactivity in solution [26—
28]. Past work on forsterite is therefore pertinent to this work on y-C,S and fayalite. Most studies of
forsterite dissolution are in acidic solutions and previous studies [29] have shown the mechanism of
olivine dissolution at low pH to proceed through ion exchange of metal cations with H" ions in
solution. In this region, the rate of dissolution has been described as a function of H" ion activity,

described in Eq (1);
R=k- a,’}+ (1)

where R is the rate of dissolution of olivine, k is the rate coefficient, ay+ is the activity of " in
solution, and 7 is an empirically determined constant. Eq (1) is typically plotted in the form of

log(R) = log(k) — n - pH, meaning that a positive value of n implies that dissolution rates decrease
with higher pH. For forsterite dissolution in acidic solutions, 7 has been reported in the range 0.46 to
0.54 [30]. Eq (1) has also been used to describe the dependence of dissolution rate as a function of pH
in basic solutions. The value of n for forsterite dissolution in basic solutions has been the subject of
fewer studies, but has been variously proposed to be 0.22 [31], 0.25 [30] and -0.39 [32],
demonstrating a lack of consensus. Decreasing rates of dissolution at higher pH is a behavior contrary
to the majority of silicates [33]. Despite extensive studies of forsterite at low pH, y-C,S and fayalite,
while common in slags, are comparatively understudied. Westrich et al. calculated a value for n of
0.42 for y-C,S in acidic solutions, but to the best of our knowledge no studies have reported rates of y-
C,S as a function of pH in basic solutions. Several studies have investigated the hydraulicity of y-C,S
by means of calorimetry [34-36]. Fayalite has been studied both in acidic and basic solutions, often
with conflicting conclusions. In acidic solution, positive values of n have been reported (0.69 and
0.74) [37,38]. An increase in dissolution rate at higher pH (n of -0.39 [39] and -0.31 [37]) has been

proposed based on comparison with other iron silicates, but not experimentally confirmed.
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In this study, we explore the effect of the aqueous environment on the rate of dissolution of y-C,S and
fayalite. The dependence of dissolution rate on pH are measured in NaOH and Ca(OH), solutions
designed to mimic the aqueous environments typical of Portland-cement (moderate pH, high Ca) and
alkali-activated (high pH, low Ca) binders. By understanding how these minerals react in basic
solutions, the reactivity of slags with high olivine content can be anticipated for a range of aqueous

chemical environments typical of traditional and alternative binders.

2. Materials and Methods

2.1 Materials

LFS consists of multiple calcium silicate minerals (including diopside, merwinite, wollastonite and
larnite), with y-C,S often present as the major phase. In order to focus on this dominant phase, a
synthetic y-C,S was used to study y-C,S dissolution kinetics in this work. In contrast, fayalite is
typically the only silicate phase present in copper slag. In this study, both a synthetic fayalite and a
fayalitic copper slag (referred to as fayalite slag) were used to study the dissolution kinetics of

fayalite.

All y-C,S powders were synthesized using the modified Pechini synthesis method, based on the
method described by Nettleship et al. [40,41]. Stoichiometric quantities of Ca(NQ3).4H,0 (19.543 g)
(>99.995%, Alfa Aesar) and colloidal silica (7.421 g of 34 wt% colloidal silica) (LUDOX TMA,
Sigma Aldrich) were combined in a beaker with 150 mL of deionized water. The solution was stirred
at 240 rpm, and brought to a boil in a water bath. Citric acid (91.3 g) (ACS reagent, >99.0%, Sigma
Aldrich) was added to the solution, which was then covered using aluminum foil. The solution was

stirred for 30 minutes, after which the foil was removed and ethylene glycol (60.876 g) (Fisher
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Scientific) was added. Throughout the process, the water bath was repeatedly replenished until the
solution started to turn viscous (several hours), at which point the solution (now gel) was poured into
silicone molds. The gel was dried out completely in a drying oven at 170 °C for 24 hours before being
ground up in a mortar and pestle and calcined at 1400 °C for 6 hours. The powder was calcined 4
times to achieve a pure y-C,S phase. The product was washed repeatedly in isopropanol to remove

smaller particles (<1 pm) from the surface of the y-C,S powder.

The chemical composition of the fayalite slag (source: Hindalco Industries, Mumbai, India) as
determined by XRF is shown in Table 1. Chemical composition was determined on an Axios
PANalytical XRF (based on dry material in its most stable oxidation state). Fe is reported as Fe;O;
although it is present as Fe(Il) in fayalite. The fayalite slag was ground for 5 minutes in a SPEX
tungsten carbide grinding vial set and washed repeatedly with isopropanol to remove smaller particles
(<1 um) prior to dissolution tests. The synthetic fayalite was synthesized using Fe (<212 um, Acros
Organics, 99%), Fe,O3 (30-50 nm, Alfa Aesar, 98%) and SiO, (<0.5 um, Alfa Aesar, 99.9%)
precursors. Precursor powders were subjected to 30 minutes of high energy ball milling under argon
atmosphere in a SPEX tungsten carbide grinding vial set. The powder was heated to 750 °C under
argon atmosphere for 24 hours. The heating cycle was repeated 3 times and the powder ball milled

under argon atmosphere between each heating cycle.

Table 1. XRF composition of fayalitic copper slag.

Oxide wt% mol% (excl. LOI)
[Na,O 0.34 0.61

MgO 1.13 3.12

ALLO3 2.83 3.09

Si0; 21.68 40.20
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SO3 1.91 2.66
KO 0.78 0.92
CaO 1.76 3.50
Ti0, 0.24 0.33
Fex0s 59.94 41.82
CuO 0.83 1.16
MoO; 0.31 0.24
PbO 0.24 0.12
ZnO 0.86 1.18
LOI 6.25 0

Phase composition was determined by X-ray powder diffraction (XRPD). XRPD data was collected
using high speed Bragg-Brentano optics on a PANalytical X’Pert Pro MPD operated at 45 kV and 40
mA. HighScore Plus software was used for quantitative X-ray diffraction (QXRD) using Rietveld
analysis [42]. y-C,S was synthesized to a purity of > 98%, with the remainder B-C,S impurities. The
synthesized fayalite was found to be > 99% fayalite, with metallic iron being the only impurity
detected. The major mineral phase of the fayalite slag was fayalite. Minor phases of sodium sulfate,
hematite and copper metal were detected through a combination of XRPD and SEM-EDS analysis. X-

ray diffractograms for all three materials are included in the Supplementary Information.

The presence of an amorphous iron-silicate phase in the fayalite slag could not be definitively
identified. However, such a glassy phase would be likely to have an impact on the overall dissolution
rate of the slag. As the material of interest in this study is fayalite, dissolution rates of both pure

synthetic fayalite and fayalite slag were compared.

Krypton adsorption measurements at 77K were carried out using a Micromeritics 3Flex surface

characterization analyzer (Micromeritics Instruments Corporation) to assess the specific surface area



165  of the samples. Prior to the measurements, the samples were activated under secondary vacuum at
166  200°C for 12 hours. The Kr adsorption isotherms collected were interpreted using multi-point

167  Brunauer-Emmett-Teller (BET) analysis for surface area determination [43] over the range 0.06—0.20
168  relative pressure (P/Py) and with a Kr cross-sectional area of 0.210 nm?. The determination of the

169  minimum amount of sample needed was based on previous calibration of the instrument published in
170 the Supplemental information of [44]. This calibration was achieved by varying the amount of an

171  alumina reference material provided by the manufacturer that exhibits a calibrated surface area of 0.22
172 +£0.03 m?* g''. A minimum absolute sample area of 0.04-0.05 m? in the sample cell was needed in

173 order to obtain reliable results. In our case, the surface area of the samples varied from 0.4 m? g™! to
174 2.4 m? g! corresponding to a mass of sample needed from 15 mg to 100 mg depending on the

175  considered material. To ensure the reliability of the results obtained, 300-400 mg have been used for

176  each sample. Particle size distributions are included in the supplementary information and were

177  recorded using a laser-diffraction particle size analyzer (Beckman Coulter Inc., LS 13320).

178

179 2.2 Dissolution

180

181  The dissolution behavior of the powders was investigated in different aqueous environments: y-CS in
182 0.0001 M (mol Na/L), 0.0005 M, 0.001 M, 0.005 M, 0.01 M, 0.05 M, 0.1 M, 0.5 M NaOH solutions
183  and 0.001 M (mol Ca/L), 0.0017 M, 0.0038 M, and 0.012 M Ca(OH): solutions; and both fayalite

184  materials in 0.0001 M (mol Na/L), 0.001 M, 0.01 M, and 0.1 M NaOH solutions. All solutions were
185  bubbled with N, gas for a minimum of 30 minutes prior to dissolution experiments and all

186  experiments were performed under N> atmosphere in a glove box to reduce any potential carbonation.
187  The dissolution experiments were performed at liquid:solid ratios of 10,000:1 in batch reactors to

188  prevent precipitation of reaction products, e.g. calcium silicate hydrate (CSH). 0.05 g of powder was

189  added to 500 mL of solution to initiate dissolution. 5 mL of solution was removed at specified
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intervals for further analysis and the solution was immediately replenished with 5 mL of pure

solution. Samples were not stirred to avoid particle abrasion.

An Agilent 5100 Vertical Dual View ICP-OES with an autosampler was used to analyze elemental
concentrations of relevant elements during dissolution. Calibration standards were prepared from two
standard solutions: one containing 1000 mg/L Si in H,O and one containing 1000 mg/L each of Ca,

Al, Na, K, Mg, Fe, and S in 4% HNO3 (Elemental Scientific, Omaha, NE).

Solution pH’s were measured using a Thermo Orion Ag/AgCl combination triode with Automatic
Thermal Correction probe stored in KCl solution. Alkali error from measurements of the 0.1 and 0.5
M NaOH solutions was accounted for by calibration of the pH meter using NaOH solutions of known

concentration.

The morphologies and particle sizes of the powders were imaged using scanning electron microscopy
(SEM). Powders were packed onto carbon tape and imaged on a JEOL 6610 Low Vacuum SEM

equipped with an EDAX detector and energy-dispersive X-ray spectrometer (EDS).

Surface chemistries were measured using a Thermo Scientific K-Alpha+ XPS with an Al K-alpha X-
ray source and a beam spot size of 400 um. Samples were filtered, washed in ethanol and dried under
vacuum for several hours at ambient temperature. Powders were packed onto Cu tape for analysis.

Elemental concentrations were calculated using the Avantage program.

GEM-Selektor v3.3 (http:// gems.web.psi.ch/) [45,46] with PSI-Nagra [47] and Cemdatal8 [48]
databases were used to calculate ion activity products. The aqueous electrolyte model used to

determine the activity of ions in solution was the extended Helgeson form of the Debye-Hiickel
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equation with ion size and extended term parameters of NaOH background electrolyte (4 =3.31 A and
b, = 0.098 kg mol™") [49]. The osmotic coefficient and the Debye-Hiickel extended term were used to

calculate the activity of water and neutral species respectively.

3. Results

3.1 y-C,S dissolution

The effect of pH on the dissolution rate of y-C,S in NaOH and Ca(OH), is shown in Figure 1.
Dissolved Si (Figure 1A) and Ca (Figure 1B) concentrations are reported in NaOH solution. The high
background concentration of Ca in Ca(OH), solutions resulted in an insignificant change in overall Ca

concentrations from dissolved Ca, and only Si concentrations are reported for Ca(OH). solutions.
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Figure 1. Dissolution kinetics of y-C5S in solutions of NaOH (A and B) and Ca(OH); (C) at
liquid:solid ratios of 10,000:1. Dissolved Si and Ca concentrations (milli-molarity) are shown as a
function of time for different solution molarities. Saturation states for calcium silicate hydrate (CSH)
are represented by the horizontal dotted lines. As CSH was only predicted to precipitate in the 0.012
M Ca(OH); experiment, it is the only solution for which the CSH saturation is shown. Error bars

represent maximum and minimum values of triplicate experiments.

For both NaOH and Ca(OH), solutions, the dissolution of y-C,S is slower when the pH increases. For
all NaOH molarities, a fast dissolution rate is observed during the first 6 hours. Dissolution slows to a
constant rate between 6 hours and 96 hours and rates appear to decrease beyond 96 hours. In Ca(OH)»

solutions, Si concentrations did not increase rapidly up to 6 hours as in NaOH solutions. The rate of Si
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dissolution in Ca(OH), reaches a steady-state between 6 and 48 hours, before decreasing slightly. We
refer here to the constant rate of dissolution as the “steady-state” regime. Dissolution in NaOH
solutions proceeds congruently within the uncertainty of the ICP-OES measurements. Changes in Ca
concentration due to y-C,S dissolution were obscured by the high background concentration of Ca in
the Ca(OH); solutions. It is not known with certainty if dissolution in Ca(OH), solutions proceeded
congruently. The rapid dissolution during the first 6 hours in NaOH solutions is likely due to one of: 1)
dissolution of small particles with high specific surface area that completely dissolve within the first
few hours; i) dissolution of impurity -C,S which dissolves orders of magnitude more rapidly than y-
C,S. The apparent decrease in rate beyond 96 hours of dissolution in NaOH solutions appears to be
due to depletion of starting material — 0.3 mM of Si in solution corresponds to 50% of the starting
material. The decrease in rate in Ca(OH), happens earlier and may also be due to depletion of the
starting material, but it is not clear if this is the case. It is worth noting that no phases are expected to
precipitate in either NaOH or Ca(OH); solutions at these concentrations based on calculated saturation
states of relevant phases (as calculated in GEMSelektor). Growth of a surface layer, either through
formation of a leached layer or a precipitated secondary mineral, that slows dissolution at later ages is
the most likely explanation for this trend. This is discussed below. Only in 0.012 M Ca(OH), after 48
hours are reaction products in the form of calcium silicate hydrate (based on the solid solution model
of [50]) expected to precipitate. Otherwise, no reaction products are expected in the other NaOH or
Ca(OH); solutions. The pH of the 0.0001 M, 0.0005 M and 0.001 M NaOH solutions rose from values
of 10, 10.85, and 11.11 to 10.93, 11.07, and 11.21, respectively, by 6 hours of dissolution due to
formation of OH™ ions in solution following Ca*" dissolution from the y-C,S. There was no

discernible change in the pH over time for the other NaOH and Ca(OH); solutions.

Scanning electron micrographs of y-C,S particle surfaces after 120 hours of exposure to NaOH and
Ca(OH); solutions are shown in Figure 2. Powders exposed to lower pH solutions are more etched,
indicating greater extent of dissolution in agreement with the [CP-OES data discussed above. The

formation of etch pits on a dissolving surface is well documented in the literature as a mechanism for
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mineral dissolution at far from equilibrium conditions [51-55]. The smaller extent of pitting on the
particles at higher pH suggests weaker driving force for dissolution, and lower extent of dissolution
than in low pH solutions. There is also no evidence of formation of reaction products at this length

scale.
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Figure 2. Scanning electron micrographs of y-CsS pre- and post-exposure to NaOH or Ca(OH);

solutions of varying pH.

Changes in the surface chemistry of the calcium silicate particles as a function of time were monitored

using X-ray photoelectron spectroscopy. Table 2 shows the Ca/Si ratio at the surface of calcium

silicate powders exposed to pH 10 and pH 11 NaOH. The Ca/Si ratio for the pristine powder has been

normalized to 2 (the Ca/Si ratio of the dissolving mineral) and all other Ca/Si ratios scaled

accordingly. The Ca/Si ratio decreases over time and the change is more pronounced in lower pH

solutions with greater extents of dissolution. The electron escape depth for SiO; is on the order of 2.6
m [56], and Zakaznova-Herzog et al. estimated the analysis depth for olivines and pyroxenes to be

on the order of 7.8 nm (x3 the electron escape depth) for an Al K-alpha source [57]. This analysis



286  depth represents tens of monolayers at the surface a depth which is likely to partly obscure surface

287  specific chemistry. Further interpretation of these results will be discussed below.

288

289  Table 2. Ca/Si ratios at the surface of the sample as measured by XPS. Errors are based on the range

290  observed from 10 measurements.

291
Ca/Si atomic Ca/Si atomic
ratio (pH 10 ratio (pH 11
NaOH) NaOH)
Pre-dissolution 2.00+0.07 2.00+0.07
1 day exposure 1.85+0.03 1.96+0.02
7 days exposure 1.54+0.04 1.74+0.04
292

293 3.2 Fayalite Dissolution

294

295  The effect of pH on the dissolution rate of fayalite slag and synthetic fayalite is shown in Figure 3A
296  and 3B respectively. Fe data is not reported as goethite (a-FeO(OH)) is known to precipitate at very
297  low Fe concentrations in basic solutions, and no meaningful kinetic information can be discerned

298 from Fe concentrations.

299
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301  Figure 3. Dissolution kinetics of; A — fayalite slag and B — synthetic fayalite, in solutions of NaOH at

302 ligquid:solid ratios of 10,000:1. Dissolved Si concentrations (milli-molarity) are shown as a function of
303 time for different solution molarities. Error bars represent maximum and minimum values of triplicate
304  experiments.

305

306  While the rate of fayalite dissolution is pH dependent, the trend is opposite to that of y-C,S with

307  fayalite experiencing faster dissolution at higher pH. Approximately steady-state dissolution occurs
308  between 12 and 72 hours at each NaOH molarity. The reason for initial decreases in Si concentration
309  during fayalite slag dissolution from 3 to 6 hours for 0.0001 M, 0.001 M, and 0.01M solutions is not
310  known. At later age, the most likely reason for the decline in dissolution rate is the growth of a

311  goethite precipitate layer on the surface of the fayalite particles which inhibits dissolution. The

312 surfaces of both the synthetic fayalite and fayalite slag particles were imaged using SEM pre- and
313 post-dissolution, although no discernible difference was observed. Possible reasons for the different
314  dissolution behavior of y-C,S and fayalite are discussed below.

315

316 4. Discussion

317
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4.1 Rate of dissolution in basic media

The rate of dissolution of y-C,S was calculated from the steady-state dissolution regime using Eq (2);

ﬂ Vsoln

R (moles cm™2s71) =
At Aggr mv;

2)

where ACyx (mol L) is the change in element i concentration over change in time 4t (s), Vioi (L) is the
volume of the solution, Ager (cm’ g) is the specific surface area of the powder from BET, m (g) is the
mass of powder in solution, and v; is stoichiometry of element i in the dissolving olivine (vcy =2, vsi =
1). BET specific surface areas of y-C»S and fayalite slag were measured to be 0.42+0.01 (cm’ g/) and

0.59+0.01 (cm’ g '), respectively.

Rates of dissolution of y-C.S as a function of pH in NaOH, Ca(OH), and acid solutions are shown in
Figure 4A. Rates of dissolution of in NaOH and Ca(OH), solutions are from this study while rates in
acid are from Westrich et al [58], the only other study that reported y-C,S dissolution rates, to the
authors’ knowledge. Linear fits are based on the form of Eq (1), with the slope corresponding to #.
Calculated rates use Si concentrations in solution. The average value of n for NaOH solutions across
all experiments was 0.24, although values from 0.18 to 0.33 were calculated from repeat experiments.
This result agrees with reported forsterite dissolution rates as a function of pH in basic solution, where
values of n = 0.25 are typically reported [30]. For Ca(OH); solutions, the average value of n was 1.2,
with values from 1.17 to 1.25 being measured. y-CsS rates are fitted with a slope of 0.5 in acidic pH
[58] in line with the vast majority of experimentally determined values of n = 0.5 for forsterite
dissolution [30]. The rates of the dissolution in acid and NaOH solutions approximately converge at
neutral pH. In contrast to y-C,S dissolution rates, fayalite dissolution was faster at higher pH. Rates of
fayalite dissolution are complicated by the redox chemistry of iron, as has been reported previously in
the literature [37,39,59,60]. Rates of fayalite slag and synthetic fayalite dissolution as a function of pH

are shown in Figure 4B. The model of Wogelius and Walther [37] shown in Figure 4B is not based on
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experimentally measured rates and is an extension of a model for fayalite dissolution in acidic
solution. This extension assumed that the rate as a function of pH in basic solution follows a rate law
of the form of Eq (1), where n = -0.31. No value of # is proposed here due to the sparsity and
uncertainty of the data, and the previously proposed n = -0.31 appears to fit adequately. It is notable
that the dissolution rates of both the synthetic fayalite and the fayalite slag show the same pH
dependence, and absolute dissolution rates differ by less than one order of magnitude. The slightly
higher fayalite slag dissolution rates may be due to presence of small quantities of amorphous iron
silicate. In this context, the dissolution rates of the synthetic fayalite can be used to estimate the
dissolution rates of the fayalite slag. In the case of LFS, the constituent phases generally consist of
more than just y-C,S — the dissolution rates of the other constituent phases would need to be studied in

order to estimate LFS dissolution rates.

A-yCS B - Fayalite
- N : ) -12- § NaOH - fayalite slag .
‘\"E - Acid (Westrich et al.) E @ NaOH - synthetic fayalite
5 ®  NaOH (this study) w | Model of Wogelius
" ¢ Ca(OH), (this study) ‘= & Walther (1992) o o
=" O3t
g 2 .
= E
-1+ —
2 R=ka? T
& 8 -
m_12, R=kal*
o H o
R 4 6 8 10 12 14 s 0 1 o 12 13
pH pH

Figure 4. A: Rates of dissolution of y-C»S in NaOH, Ca(OH); and acid solutions as a function of pH.
B: Rates of dissolution of fayalite slag and synthetic fayalite in NaOH solution as a function of pH.
Data in A is from [58], model in B is from [37]. The error bars represent minimum and maximum
rates of triplicate experiments, where the major source of error is in measured Si concentrations

across experiments.
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The different dissolution rates of the olivines have in the past been explained in terms of the rate of
hydration shell formation [25,58]. More rapid exchange of water from solvent into the hydration
sphere of the dissolved cation correlate with higher dissolution rates. While the rate coefficient for
water exchange from the solvent into the hydration sphere of Ca** is higher than that of Fe?" [58], the
different forms of pH dependence at pH > 10 means that y-C,S dissolution rates are slower than

fayalite dissolution rates for pH > 10.

The stronger pH dependence of dissolution rates in Ca(OH), solution is due to the common-ion effect.
High concentrations of Ca already in solution slow dissolution of y-C>S by lowering the

thermodynamic driving force for dissolution. Dissolution proceeds via the chemical reaction shown in

Eq (3);
Ca,Si0,(s) + 3H,0(aq) — 2Ca?*(aq) + H3Si0; (aq) + 30H™ (aq) 3)

Eq (3) is irreversible under far from equilibrium conditions such as those described in this study. An

often used general rate law for mineral dissolution is shown in Eq (4) [52];

mAGy

Rate = —k, []; a;” 1- eT] = —k, [I; a;” [1 - (ﬂ)m] Q)]

Ksp

where k. (mol cm™ s!) is the rate coefficient of the dissolution reaction, a;nj is the activity of aqueous

species X in the rate-determining step (in this case, []; a;” = ap+), m is a constant, AG; is the Gibbs
free energy of reaction, R is the gas constant, 7 is the temperature, /AP is the ion activity product, and
Ksp is the solubility product of the dissolution reaction. Smaller ion activity products correspond to a
system further from equilibrium with a stronger driving force for dissolution. In highly dilute systems,
such as the ones presented here, the ion activity product is assumed to remain constant during
dissolution as the dissolved aqueous species do not significantly change the ion activity product of the
solution over the course of the experiment. However, the ion activity product for Eq (3)

(agau AH,sio; aly-), is greater in Ca(OH) solutions due to the large background concentration of

Ca ions already in solution. This is illustrated in Figure 5, where the ion activity product of each
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solution (calculated in GEM-Selektor) is plotted as a function of pH. NaOH solutions have lower ion
activity products therefore higher rates of dissolution than Ca(OH); solutions of the same pH. These
results are in contrast with Oelkers et al. who reported rates of forsterite (Mg,Si04) to be independent
of Mg and Si concentration [61]. However, their study was performed in acidic media and at lower
cation and Si concentrations (<1.5 mM) than in this study. It is worth noting that Nicoleau et al.
measured the change in dissolution rate as a function of ion activity product as a means of a
calculating the solubility product, Ksp, for CsS, B-C-S, and CaO [62]. Calculating Ksp in this way
requires more extensive measurements over a broader range of ion activity products than those

presented in this study.

2 da
4
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8 19t | -
(@)] ++ E NaOH
o + A Ca(OH), ]

1 1 1 1 1
10.5 11.0 11.5 12.0 12.5 13.0
pH

Figure 5. lon activity products (based on Eq (3)) as a function of pH for NaOH and Ca(OH);

solutions. The error bars represent the minimum and maximum values of triplicate experiments.
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4.2 Surface Chemistry

Surface chemistry, as probed by XPS, provides insight into what limits dissolution of y-C,S and
fayalite [60]. As described above, y-C,S powders were Ca deficient at the surface following exposure
to NaOH solution. The Ca deficiency was more pronounced at lower pH and at later dissolution times.
There are two possibilities for this Ca deficiency. The first possibility is Ca leaching from the surface,
leaving a Si-rich skeleton at the surface. XPS studies of forsterite have shown a surface enriched in
Mg in basic solutions, and surfaces deficient in Mg in acidic solutions [57,63—66]. These studies
concluded that below pH 9, the surface is depleted in Mg due to an ion exchange reaction involving
H" ions from the solution, while in more alkaline solution, selective leaching of Si from olivine
surfaces occurs. In the present study, Si-rich surfaces are observed in basic solution, meaning
selective surface leaching is not the mechanism being observed here. A related phenomenon involves
formation of an Si-rich layer at the surface of olivines and other calcium silicate minerals following
exposure to solution. This phenomenon, first reported by Hellman et al. [67], is described as a coupled
dissolution-precipitation reaction in which silica phases precipitate on the surface of the dissolving
mineral. These porous layers do not necessarily hinder dissolution and can form in solutions in which
anhydrous amorphous silica is undersaturated in the bulk solution, as is the case for the aqueous
systems in this study [68,69]. Transition electron microscopy and energy dispersive X-ray analysis
has identified a Si-rich surface layer of thickness <5 nm on weathered forsterite [70]. Si-rich layers
have also been reported on the surface of other calcium silicate minerals, including wollastonite, -
C,S, anorthite, and diopside [68,70,71]. This phenomenon most likely accounts for the observed Ca/Si
ratios in the present study. The decrease in the Ca/Si ratio with time suggests continued growth of an
amorphous silica layer on the surface of the particles over the timescale of the experiment.
Additionally, at lower pH, there is more Si in solution available for the formation of such a layer
resulting in a thicker layer than for particles exposed to higher pH solution. The leached layer and
coupled interfacial dissolution-precipitation mechanisms need not be mutually exclusive — Maher et

al. developed a framework that described mineral dissolution proceeding through formation of a
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leached layer and newly precipitated amorphous layer on top of the leached layer [72]. A coupled
dissolution-precipitation process has also been used to describe the dissolution of calcium-
aluminosilicate glasses, which emphasized the undersaturation of reaction products with respect to
bulk solution concentrations [73]. Further analysis of the surfaces through transmission electron

microscopy is required to clarify this point.

XPS of the fayalite slag surface is shown in Figure 6. The oxidation state of iron pre-dissolution is
shown as a function of depth into the surface in Figure 6A and the effect of exposure to NaOH is
shown in Figure 6B. In both cases, argon milling into the surface successively removes surface
material allowing the oxidation state of Fe beneath the surface to be revealed. In Figure 6A, deeper
milling reveals a transition from Fe(Ill), characteristic of an oxidized surface layer, to Fe(II),
characteristic of bulk fayalite. The intensities of the Fe2pi, and Fe2ps,, shift from Fe(Ill) binding
energies (710.8 eV in hematite) to lower binding energies associated with Fe(II) bonding (709.5 eV in
wistite) [74]. Similar shifts are seen in the satellite peaks of Fe2pi,» and Fe2ps/» as a function of depth.
Figure 6B shows the XPS spectra of fayalite slag pre-dissolution, and fayalite slag after 7 days of
NaOH exposure as a function of depth into the material. Post exposure to NaOH, Fe2pi and Fe2ps
peaks shift to the left, indicating more Fe(IIl) bonding. This is understood to be due to the
precipitation of goethite (Fe(III)O(OH)), which precipitates at very low Fe concentrations in basic
solution. Argon milling of the NaOH exposed surface results in a shift back towards Fe(II) bonding,

characteristic of bulk fayalite.
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Figure 6. X-ray photoelectron spectra of Fe2pi,» and Fe2ps;; binding energies of fayalite slag surface.
A: Argon milling into fayalite slag. B: Argon milling into fayalite slag following exposure to NaOH

for 7 days.

The presence of an Fe(IlI) oxidized surface, in combination with a rapidly precipitating Fe hydroxide
surface layer in basic solutions, results in a surface that has little resemblance to that of bulk fayalite.
This difference manifests itself in a different dissolution rate dependence on pH than that of y-C-S.
The formation of iron-containing precipitates on the surface of iron-bearing olivines has been

identified previously. Comparing rates of dissolution of Mg,SiO4 with Mg sFe(2S104, Golubev found

the dissolution rate of the iron containing mineral to be an order of magnitude slower which was
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attributed to precipitation of Fe(IIl) containing phases at the surface of the dissolving mineral [75].
Schott and Berner described cation depletion at the surface of fayalite in oxic and anoxic acidic
solution [76,77]. In anoxic conditions, XPS revealed the surface to be deficient in iron after 30 days of
exposure to pH 6 solution due to ion exchange of H" ions for Fe** ions in the crystal structure. Under

oxic conditions, the surface appeared to be enriched in iron.

5. Conclusions

Quantifying the rates of dissolution of ladle furnace steel slag and copper slag as a function of their
aqueous environment offers insight into their expected reactivity in conventional or alternative
concrete. Here, we quantify the reactivity of these slags through kinetic studies of their major phases
from the olivine mineral group — y-C,S and fayalite. y-C>S dissolution rates decreased with increasing
pH, while fayalite dissolution rates increased with increasing pH. The reasons for the differing
behavior was attributed to differences in the surface layers of the two minerals. y-C,S developed a Si-
rich surface layer which did not inhibit the overall dissolution. In contrast, an oxidized Fe(IlI) surface
pre-dissolution combined with an iron hydroxide precipitate formed during dissolution to alter the

form of the dependence of dissolution rate on pH.

These results have strategic implications for the re-use of steel slags with high y-C,S contents and
fayalitic copper slags in concrete systems. One typical strategy to increase the dissolution rate of
precursors in such systems is raising the pH of the aqueous phase of the binder, a process normally
achieved through alkali activation. However, alkali activation of steel slags where y-C.S is the major
phase will not improve the reactivity of the overall slag. Similarly, alkali activation of fayalitic copper
slags will improve the reactivity of the slag but iron hydroxide will precipitate more quickly at higher
pH, and gains in reactivity are unlikely to be sufficient to justify the use of an alkali activator.
Improving our understanding of the reactivity of the major crystalline phases of alternative SCMs

provides insight into strategies to derive benefit from their use.
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