
Reactivity of crystalline slag phases in cementitious
systems

by

Brian Traynor

B.A. Nanoscience, Physics and Chemistry of Advanced Materials
Trinity College Dublin, 2016

Submitted to the Department of Materials Science and Engineering
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Materials Science and Engineering

at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

September 2021

© Massachusetts Institute of Technology 2021. All rights reserved.

Author . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Department of Materials Science and Engineering

July 20, 2021

Certified by. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Elsa A. Olivetti

Associate Professor
Thesis Supervisor

Accepted by . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Frances M. Ross

Chairperson, Department Committee on Graduate Studies





Reactivity of crystalline slag phases in cementitious systems

by

Brian Traynor

Submitted to the Department of Materials Science and Engineering
on July 20, 2021, in partial fulfillment of the

requirements for the degree of
Doctor of Philosophy in Materials Science and Engineering

Abstract

Portland cement manufacturing is thought to account for as much as 4-8% of global
CO2 emissions. Efforts to incorporate industrial wastes into concrete in order to offset
the environmental burden of traditional cements have been growing in recent years.
Reactive industrial wastes such as blast furnace slag and fly ash have been the subject
of much research and have been successfully implemented in blended cements as par-
tial replacements for Portland cement. Other wastes, such as steel and copper slags,
have been largely neglected due to their lower reactivity. Concurrent with efforts at
incorporating industrial wastes into concrete has been the development of alternative
concretes with different chemistries, e.g. alkali-activated materials, blended Portland
cements, and calcium sulfo-aluminate cements. This thesis focuses on improving our
understanding of how the constituent phases of steel and copper slags interact with
the aqueous phase of concrete, with the goal of identifying suitable applications in
concrete. The focus on the constituent phases is recognition of the fact that steel
and copper slags are too variable in composition to study on a case-by-case basis,
and only through studies of their constituent phases can we identify opportunities for
their use. First, I quantify the effect of aqueous chemical environment on the disso-
lution rate of the minerals calcio-olivine and fayalite, identified as primary phases of
ladle furnace steel slag and copper slag, respectively. Calcio-olivine and fayalite were
exposed to solutions of NaOH and Ca(OH)2, chosen to mimic the pore solutions of
alkali-activated and Portland-cement based binders. These results have significance
for incorporating high olivine content steel and copper slags in concrete. Second, I
elucidate the effect of aggregate surface chemistry on the type, morphology, and rate
of reaction product formation in Portland cement-type systems. Polished surfaces of
limestone, quartz, fayalite, and diopside were exposed to Ca and Si rich solutions and
the resultant reaction products were characterized using scanning electron microscopy.
The results of this study indicate that calcium silicate hydrate (the dominant reaction
product of Portland cement concretes) nucleation and growth kinetics are accelerated
on limestone surfaces relative to quartz, fayalite, and diopside surfaces, although no
differences in the morphology of the precipitated C-S-H is observed. The relevance
of this research is in the importance of the type and kinetics of reaction product for-
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mation on the surface of an aggregate, which plays a crucial role in the development
of hardened, load-bearing concrete. This experimental research is supplemented by
extensive literature review of the composition and microstructure of steel and copper
slags, as well as the dissolution rates and thermodynamics of dissolution in concrete
pore solution of the relevant steel and copper slag phases. This work serves to contex-
tualize the previous experimental research and to contribute towards the development
of a kinetic model that accounts for the reaction kinetics of both Portland cement
and crystalline slags (steel or copper slag). This thesis also presents a methodol-
ogy for calibrating pH meters in highly alkaline solutions such as those relevant to
cementitious systems.

Thesis Supervisor: Elsa A. Olivetti
Title: Associate Professor
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Chapter 1

Introduction

This chapter provides background on concrete and the chemistry of both incumbent

and alternative cements. The properties of steel and copper slags are then discussed -

the application of these materials in concrete is the basis for this thesis. The challenges

associated with the application of steel and copper slags in building materials are then

described. This chapter concludes by identifying of how this thesis serves to address

those challenges, and the specific research questions which are tackled later in the

thesis.

1.1 Concrete and its chemistry

Concrete has a long history as one of humanity’s most important technological inno-

vations. Modern cement manufacturing was born in 1824 when Joseph Aspdin took

out a patent for Portland cement – so called because of its resemblance to Portland

stone used on building facades of the time. Further improvements by his son, William

Aspdin, who recognized the critical role of calcination temperature on reactivity, ce-

mented his place as the inventor of “modern” Portland cement (PC). Optimization of

processing conditions and feedstocks over the intervening years has not substantially

changed the fundamental reaction processes. Initially, limestone (CaCO3) is trans-

formed into lime (CaO) and carbon dioxide (CO2) through calcination at 1450°C in

a kiln. The presence of siliceous clays in the kiln results in the formation of calcium
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silicates, primarily alite (C3S) 1 and belite (C2S). Finally, gypsum (C𝑆H2) is added to

the cement to control setting time of the concrete. Upon mixing with aggregate and

water, the reaction of the cement with water (a process is known as cement hydration)

results in a complex series of reactions that harden the composite over time, endow-

ing concrete with strength. Calcium silicate hydrate (C-S-H), the primary reaction

product of the cement, is the ‘glue’ that binds together the aggregates of the concrete

to provide good compressive strength. C-S-H is a poorly defined, amorphous, gel-like

reaction product with a Ca/Si ratio of anywhere between 0.7 and 2.3. The basic

molecular building block of the C-S-H phase is the linear silicate dreierketten unit,

which has a repeating unit of three silica tetrahedra, with every third tetrahedra be-

ing kinked. C-S-H forms a layered structure, with a layer consisting of calcium oxide

sandwiched by chains of dreierketten units forming silicate chains.

The global average CO2 emissions per ton of cement manufactured is estimated to

be anywhere from 0.6 - 1 tons [12]. When used to manufacture concrete, the presence

of aggregates and water – which have low associated CO2 emissions – dilutes the

CO2 emissions per ton of concrete by a factor of 5-10. Thus, concrete is a relatively

low-CO2 construction material, at least in comparison to the production of another

widely used construction material, steel about 3 tons of CO2 emitted per ton of steel

produced [13]. However, the sheer scale of concrete manufacturing and its growing

demand in developing countries means its production is thought to account for as

much as 4-8% of global CO2 emission (Figure 1-1).

Cement production has been identified as a sector in which wide-scale 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

CO2 emissions [14]. Providing a sufficient supply of SCMs to the cement industry

1C3S is here expressed in cement notation, where C=CaO, S=SiO2, H=H2O, A=Al2O3,
F=Fe2O3, c=CO3, M=MgO, 𝑆=SO3, K=K2O, and N = N2O
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Figure 1-1: Global CO2 emissions by sector. Adapted from [1].

is a challenge as the traditionally used SCMs, fly ash and blast furnace slag, are

either well-used [15] or have threatened supply chains [16]. 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.

Partial replacement of Portland cement with SCMs results in a blended Portland

cement. The most commonly used SCMs — blast furnace slag, fly ash, and calcined

clay — all have high alumina content. Hydration of blended Portland cements results

in a modified main reaction product - an aluminum substituted C-A-S-H type gel with

a disordered tobermorite-like C-S-H structure [17]. Complete replacement of Portland

cement with SCMs is also possible and has been demonstrated by alkali-activation

of blast furnace slag, fly ash, and calcined clay. These cements are known as alkali-

activated materials (AAMs) or geopolymers. Precursors deficient in calcium but rich

in silica and alumina are more reactive in aqueous alkaline environments and react

to form highly disordered, highly crosslinked aluminosilicate gels known as N/K-A-

S-(H). Alkali-activation relies on the fact that the dissolution rate of aluminosilicates

generally increases with increasing pH, which would otherwise be too slow to be useful
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in concrete. Comparisons between the structure of geopolymers and zeolites have been

made noted in numerous publications [18, 19] — zeolites are aluminosilicate minerals

composed of a dense 3-dimensional network of alumina and silica tetrahedrons with

loosely bound alkali cations charge balancing the AlO4+ in tetrahedral coordination

[20]. Another promising set of binders are based on calcium sulfo-aluminate cements.

In calcium sulfo-aluminate cements, precursor phases such as ye’elemite (C4A3𝑆),

C4AF, and C2S react to form monosulfate (C3A.CS.12H), ettringite (C3A.3C𝑆.32H),

and strätlingite (C2ASH8) reaction products. Empirical determinations of the amount

of reactive sulfate that results in the optimum mortar strength have been developed

[21]. These binders are promising due to their lower embodied energy relative to

Portland cement based binders.

It is worth noting that there are no specific hard delineations among what is called

Portland cement, blended Portland cement, alkali-activated material, geopolymers, or

calcium sulfo-aluminate cements. These terms represent points along a continuum

of cements whose chemistry varies from the Ca and Si rich composition of Portland

cements, to the Na, Al, Si rich composition of geopolymers. For example, C-S-H,

N-A-S-H and C-(N-)A-S-H gels may coexist as reaction products in the presence of

both a calcium source and an aluminosilicate source in alkaline medium. This concept

is depicted in Figure 1-2, in which precursors and reaction products are represented

within a SiO2, CaO, Al2O3 ternary phase diagram.

This thesis is focused on using steel and copper slags in building materials for

2 reasons: they are replete with crystalline phases whose composition makes them

good candidates for cementitious systems; and they are currently produced in large

quantities but with only sporadic existing use.

1.2 Metallurgical wastes

As described above, steel slag and copper slag are produced in large volume but have

minimal existing use as SCMs [22]. Steel and copper slags are produced in massive

and increasing quantities; steel slag production is estimated to be equal to 10-15% of
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Figure 1-2: Ternary phase diagram depicting the chemistry of the precursors and
reaction products of different cements. The underlying phases are reaction products,
while precursors are overlaid. Adapted from [2].

total steel production, putting global steel slag production at 190-290 million metric

tons in 2018 [23], while global copper slag production is 35-40 million metric tons in

2018 [24] (based on 2.2-2.5 tons of copper slag for every ton of copper [25, 26]). The

scale of global steel and copper slag production has prompted research efforts aimed

at identifying suitable concretes in which to use these materials.

1.2.1 Steel slag

The properties of steel slag vary depending on the steel-making process. There are

3 main classes of steel slag; basic oxygen furnace slag, electric arc furnace slag, and

ladle furnace slag. Basic oxygen furnaces (BOF), also known as Linz-Donawitz (LD)

furnaces, and variations on BOF furnaces account for 72% of global crude steel pro-

duction [27]. The BOF takes primarily molten iron as its input, with a minority of

steel scrap. The oxides CaO, MgO, FeO, and SiO2 typically account for 90% of BOF

slag composition. 𝛽-C2S, dicalcium ferrite, RO phase, and lime are most commonly

reported in BOF slag. Electric arc furnace (EAF) slag accounts for 28% of global
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crude steel production [27]. The EAF typically takes steel scrap as its primary input.

The higher variability in the composition of the inputs to the EAF translates to slags

with higher compositional variability compared to BOF slags. Ladle furnace (LF)

slags are used to produce steel alloys and take steel from BOFs or EAFs as input.

Due to the wide variation in the composition of steel alloys, slags from LFs are highly

variable in their composition. The physical and chemical properties of LFS, as well

as its applications in construction materials, have been reviewed, and interested read-

ers are referred to [28]. LFS has been identified as weakly cementitious when used in

Portland cement based concretes or blended with blast furnace slag [29, 30]. Alkali ac-

tivation of LFS has also been investigated, where increases in activator concentration

resulted in mortars with higher compressive strength [31, 32].

The most commonly cited challenge associated with the use of steel slag in concrete

is the reaction of free-CaO or free-MgO in BOF slags. The reaction of free-CaO

or free-MgO with water to produce hydroxides causes volume expansion and loss

of strength in the concrete. The free-CaO content of BOF slag used in asphalt is

limited to a maximum of 4% in Germany for this reason [33]. In China, similar

limits exist on the maximum allowed expansion of the slag due to the reaction of

free-CaO [34]. Weathering of slags allows the conversion of free-CaO and free-MgO

to their respective hydroxides prior to their application in concrete [33]. However,

there are drawbacks to this pre-treatment: weathering takes time, particularly for

the hydration of MgO; weathering requires storage space; and weathering may allow

heavy metals present in the slag to leach into the groundwater. The free-CaO and

free-MgO content may also be reduced through treatment of the molten slag in a

separate slag pot. This process involves maintaining the slag in its molten state

after its removal from the furnace and introducing additional oxygen and dry sand to

chemically bind the free-CaO and free-MgO [35]. Another method for removing free

lime involves heating the slag to 1673 K in air [36]. This results in the oxidation of

wüstite to hematite, which in turn reacts with free-CaO to precipitate brownmillerite

(Ca2Fe2O5). Heavy metal leaching should also be considered with regard to the use

of steel slags in concrete. The concentration of heavy metals in the slag is highly
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dependent on the type of steel being produced during formation of the slag. For

example, stainless steel LF slags contain higher concentrations of Cr than BOF or

EAF slags. However, Proctor et al. tested the extent of toxic metal leaching of 58 slags

from steel mills throughout the US and concluded that none of the slag types (blast

furnace slag, BOF, and EAF) are hazardous, as defined by the USEPA [37]. A review

of slag leaching data, performed by Piatak et al., identified As, Cr, and Mn from steel

slag and As, Co, Cr, Cu, Pb, and Zn from copper slag as elements of environmental

concern [38]. Leaching of these elements from their respective slags results in their

concentrations commonly exceeding the maximum allowable USEPA soil screening

levels. However, the encapsulation of slag in concrete inhibits mass transfer of toxic

metals from the slag to the environment. Roslan et al. demonstrated that EAF may

be effectively stabilized in concrete and observed concentration of leached metals are

within acceptable limits [39]. Given the differences environmental standards from

jurisdiction to jurisdiction, variability in slag composition, and the uncertainty in the

extent to which a slag is encapsulated in concrete, there is a considerable range in

assessing the toxicity of a given slag.

1.2.2 Copper slag

The production of copper slag involves two processes which produce slag as a byprod-

uct; matte smelting and converting. Slags from both processes are typically rich in

FeO, SiO2, Fe2O3 with minor quantities of Al2O3, CaO, and MgO [38]. The domi-

nant reaction during the smelting phase is the formation of fayalite (Fe2SiO4) due to

the reaction of FeO with SiO2. Slags with high SiO2 content are acidic and highly

viscous. An acidic slag makes the removal of acidic impurities (As2O3, Bi2O3, Sb2O3)

more difficult and higher viscosity makes handling of the slag more challenging. Ad-

ditionally, the formation of magnetite - through the reaction of FeO with Fe2O3 - can

hinder the slag formation process. For these reasons, the introduction of the basic

oxide CaO can be used to: reduce the acidity of the slag, thereby ameliorating the

removal of impurities; lower the viscosity of the molten slag; and disfavor the for-

mation of magnetite in favor of calcium ferrite. However, SiO2 solubility is lower in
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CaO-FeO𝑥 slags, and calcium ferrite slags corrode the refractories typically used in

copper smelting furnaces. In practice, slags may be: acidic, silica-rich, and fayalitic;

basic, calcium ferritic; or a balance between the two [40].

The type of slag depends on the type of furnace used during matte smelting and

converting. Historically, copper matte smelting was achieved using blast furnaces

and reverberatory furnaces, although these have been largely supplanted by newer

technologies, such as the flash furnace. Flash furnace smelting accounts for about

half of copper matte production. An SiO2/Fe mass ratio of 0.7-1.0 is typically used

through control of the quantities of flux used [41]. Copper matte is also produced via

the Ausmelt and Isasmelt processes [42]. The quantity of magnetite in the molten slag

during these processes is important and is typically around 5 wt% of the total slag.

Finally, submerged Tuyere furnaces, variations of which include Noranda, Teniente,

and Vanyukov, produce an estimated 15% of copper matte. The SiO2/Fe ratio in

the submerged Tuyere slags is typically 0.65, which results in a magnetite content of

15-20% [43]. Regardless of the type of furnace used, slags from copper matte smelting

are predominantly composed of iron silicates – fayalite or fayalitic glass – with lesser

quantities of magnetite. Copper matte is converted to blister copper most commonly

in Peirce-Smith converters. In Peirce-Smith convertors, SiO2/Fe slag ratios of 0.5 are

desirable, corresponding to magnetite quantities of 12-18%. More recent converting

technologies include Noranda converting and flash converting. Noranda slags are

SiO2-rich fayalitic slags and flash converting slags are more basic, calcium ferrite

slags [44]. Calcium ferrite slags are found only in flash convertors and in Mitsubishi

continuous converting furnaces.

The properties and utilization of copper slag have been reviewed before and inter-

ested readers are referred to [25, 45, 46]. In general, copper slag is characterized as an

inert material with good performance as an aggregate with little to no cementitious

properties [45]. 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 [47, 48, 49]. Efforts have been made to chemically

activate copper slags in the same manner as has been successfully implemented for
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fly ash and blast furnace slag, although with limited success [50, 51]. Studies us-

ing amorphous copper slags have reported the synthesis of load-bearing inorganic

polymers formed with the aid of an activating solution [52, 53].

1.2.3 Challenges with crystalline slag use

There are 2 major challenges associated with incorporating alternative precursors like

steel and copper slags into building materials.

The first challenge of using crystalline slags in building materials is the effect the

slag has on the kinetics of cement hydration. The kinetics of cement hydration is a

key aspect of the formation of an initially flowable, but ultimately hardened concrete.

Slow cement hydration will result in a concrete that takes to long to reach the pre-

scribed strength, while rapid cement hydration formation prevents the pouring and

settling of fresh concrete. In designing concretes which use alternative precursors or

SCMs, the cement hydration kinetics are necessarily different from the incumbent

system and understanding these differences is crucial to ensure the desired concrete

properties are achieved. The relevant processes involved in cement hydration are

precursor dissolution, mass transport of ions through aqueous or solid phases, and

nucleation and growth of reaction products. Given the high number of phases in

cementitious precursors, the high number of potential reaction products, and the si-

multaneous progression of each of the aforementioned processes, it is unsurprising

that models of cement hydration kinetics are highly simplified descriptions of real

systems. The presence of a crystalline slag affects 2 of these processes; precursor dis-

solution and the nucleation and growth of reaction products. A common assumption

in cement hydration models is that dissolution kinetics are not the rate limiting step

- nucleation and growth of reaction products or mass transport of ions away from a

dissolving surface are usually assumed to be rate limiting [54]. However, many of the

phases present are expected to dissolve much slower than the phases in incumbent

cements, meaning that dissolution may be the rate-limiting for many slag phases.

The presence of a crystalline slag may also have an effect on the kinetics of reaction

product formation. The surface chemistry of different minerals have been shown to
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change the nucleation rate of C-S-H [55].

The second challenge is variation in both the crystalline phases present in a given

slag and in the aqueous phase chemistry to which the slag is exposed. Crystalline slag

phases have different chemical and physical properties – some may dissolve rapidly,

others may dissolve slowly but be mechanically sound. Mix proportions for a concrete

which incorporates a given crystalline slag and has good mechanical properties are

not necessarily appropriate for other crystalline slags, even if both are ostensibly the

same slag, e.g. both slags are BOF slags. The variation in steel and copper slags

phase composition has many sources – the chemistry of the furnace feedstock, the

fluxes introduced to the furnace for slag formation, the cooling procedure for slags,

and the extent of weathering which the slag undergoes. The result of this is that

rarely are 2 slags identical. Finally, dissolution rates and rates of reaction product

nucleation on a surface are also a function of the aqueous environment to which the

slag is exposed. Dissolution rates are typically a function of pH, temperature, and

the concentrations of other aqueous ions. All of these solution properties vary from

concrete to concrete. Alkali-activated materials have highly alkaline, aluminum and

silicon rich aqueous phases, while Portland cement based binders have contents of

sulfur, calcium, and silicon. A mineral surface (e.g. limestone) which is observed to

accelerate nucleation rates of one reaction product type (e.g. C-S-H) may not have

the same effect on other reaction products (e.g. N-A-S-H). The importance of this

phenomenon rests on the observation that the region of the concrete in the vicinity of

the aggregate surface (up to 100 𝜇m from the surface) is typically the mechanically

weakest region of the concrete through which cracks form [56]. The formation of a

dense microstructure in this region is critical to the development of a mechanically

sound concrete. This goal of this thesis is to identify beneficial use pathways for steel

and copper slags by addressing the above mentioned challenges, as discussed below.

32



1.3 Research Questions and Thesis Plan

As discussed above, there exists variability in both the composition of steel and cop-

per slags, and in the aqueous phase of the concrete to which they are exposed upon

mixing. This variability makes case-by-case studies of specific slags under specific

aqueous conditions un-scalable. Rather, we require an approach that furthers our

understanding of how the crystalline phases present in steel and copper slags interact

with the aqueous solutions typical of cementitious systems. In this way, the overall

behavior of the whole slag can be approximated as the sum of the behavior of its

constituent phases. There are 2 ways in which the crystalline phases of a slag may in-

teract with the aqueous phase of the concrete in which they are incorporated; through

dissolution of ions from the crystalline phases into solution, and by precipitation of

ions out of solution onto the surface of the crystalline phases.

With regard to dissolution rates of crystalline phases from steel and copper slags,

it is not possible to measure the dissolution rates of all possible slag phases, and

here I focus on 2 olivine minerals - calcio-olivine and fayalite. These phases are of

interest for their abundance in steel and copper slags, respectively. The abundance of

these phases in steel and copper slags is examined further in Chapter 5. The research

questions with regard to the dissolution of these phases can be summarized as follows;

• What is the dissolution rate of these phases in basic solution?

• How does the dissolution rate change as a function of pH and Ca+2 concentra-

tion?

• What are the properties of the surface that determine the dissolution depen-

dencies of these phases?

These research questions are designed to address gaps in the literature surrounding

these phases. Firstly, measuring the previously unmeasured dissolution rate of both

phases under high pH conditions allows the reactivity of these phases to be assessed

in the context of cementitious systems. Secondly, determining the dissolution rate as
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function of pH and Ca+2 concentration informs the usefulness of these phases in alter-

native binders with different aqueous environments. For example, NaOH dominated

solutions are typical of alkali-activated materials and Ca(OH)2 dominated solutions

are typical of Portland cement based binders. Thirdly, elucidating how the surface

properties of a phase influence its dissolution behavior offers opportunities to better

understand the dissolution rate of chemically and structurally similar phases. These

research questions are addressed in Chapter 3.

The influence of the surface properties of crystalline phases on reaction product

formation was identified above as a key consideration for crystalline slag use in con-

crete. In this thesis I investigate the effect of aggregate surface chemistry on reaction

product formation in Portland cement-type systems. The primary research question

of this study is; how does aggregate surface chemistry affect the type, morphology,

and kinetics of reaction product formation? The effect of aggregate surface chemistry

is investigated on 4 surfaces; limestone, quartz, fayalite, and diopside. The first two of

these phases are chosen because of their existing widespread use as aggregates in con-

crete. The latter two are chosen because of their abundance in steel and copper slags

(see Chapter 5). The secondary research question of this study is; which properties

of the surface account for observed differences between the surfaces? These research

questions address gaps in the literature around the effect of surface chemistry on re-

action product formation. Previous investigations have focused on imaging aggregate

surfaces in mortars which are subject to physical constraints and local heterogeneity

in reaction product formation [57, 58, 55]. These research questions are important

for understanding the kinetics of reaction product formation, which profoundly influ-

ences the overall kinetics of cement hydration [54]. The type, morphology, and extent

of reaction product formation also influences the density of the microstructure in the

vicinity of the aggregate surface. The microstructure in this region is critical to the

development of a mechanically sound concrete. This study is contained in Chapter 4.

Chapter 5 returns to the central theme of this thesis; how can we best identify ben-

eficial uses for steel and copper slags in building materials? As discussed previously,

knowledge of the kinetics of each process (dissolution of precursors, mass transport,
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and nucleation and growth of reaction products) would allow for the development of

more sophisticated and flexible cement hydration models. However, there is scant

existing data measuring the kinetics of these processes. The experimental work in

Chapters 3 and 4 goes some way to rectifying this. In this chapter, I attempt to

build a model that accounts for the kinetics of both cement hydration and crystalline

slag, with a focus on the dissolution rates of the latter. These efforts serve primarily

to compile existing data of the kinetics of dissolution of these phases, to highlight

gaps in this data, and to demonstrate a highly simplified hydration model for these

systems. First, I complete a sweeping literature review to compile data on reported

phase compositions and microstructures of copper, BOF, EAF, and LF slags. Second,

dissolution kinetics for the most commonly observed phases in steel and copper slags

are collected. The thermodynamics of dissolution in cementitious systems for these

phases is also considered. Finally, the incorporation of crystalline slags into a ce-

ment hydration model is discussed. The framework offers a framework for identifying

suitable or synergistic mix designs in which to incorporate a given crystalline slag.

In Chapter 6, I outline a previously unpublished methodology for calibrating pH

meters in highly alkaline solutions such as those relevant to cementitious systems.

The relevance of this work stems from the requirement for accurate aqueous phase

characterization throughout the experimental work of this thesis. This methodology

uses an extended form of the Debye-Hückel equation to generate a calibration curve

of pH vs. the measured electrochemical potential (mV) based on a series of aqueous

alkali hydroxide solutions of known concentrations.

This thesis concludes with recommendations for future work and my outlook on

critical challenges faced by the research community in this field.
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Chapter 2

Experimental methods

2.1 Inductively Couple Plasma Optical Emission Spec-

troscopy (ICP-OES)

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 H2O and one containing 1000 mg/L each of Ca, Al, Na, K, Mg, Fe, and S in 4%

HNO3 (Elemental Scientific, Omaha, NE).

2.2 pH meter measurements

Solution pH values were measured using a Thermo Orion Ag/AgCl combination triode

with Automatic Thermal Correction probe stored in KCl solution. Alkali error from

measurements of highly alkaline solutions was accounted for by calibration of the pH

meter using NaOH solutions of known concentration, discussed in Chapter 6.
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2.3 X-ray photoelectron spectroscopy (XPS)

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 𝜇m. Samples were filtered,

washed in ethanol and dried under vacuum for several hours at ambient tempera-

ture. Powders were packed onto Cu tape for analysis. Elemental concentrations were

calculated using the Avantage program.

2.4 Scanning Electron Microscopy and Energy Dis-

persive X-ray Spectroscopy (SEM & EDS)

Two different instruments were used for scanning electron microscopy. The first was

used in Chapter 3. 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). The second of these was a Zeiss Merlin High Resolution

Scanning Electron Microscope which was used for imaging in Chapter 4.

2.5 X-ray diffraction (XRD)

Phase composition of the materials 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 soft-

ware was used for quantitative X-ray diffraction (QXRD) using Rietveld analysis [59].

2.6 BET surface measurements

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

3Flex surface characterization analyzer (Micromeritics Instruments Corporation) to

assess the specific surface area of the samples. Prior to the measurements, the sam-

ples were activated under secondary vacuum at 200°C for 12 hours. The Kr adsorp-
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tion isotherms collected were interpreted using multi-point Brunauer-Emmett-Teller

(BET) analysis for surface area determination [60] over the range 0.06–0.20 relative

pressure (P/P0) and with a Kr cross-sectional area of 0.210 nm2. The determination

of the minimum amount of sample needed was based on previous calibration of the

instrument published in the Supplemental information of [61]. This calibration was

achieved by varying the amount of an alumina reference material provided by the

manufacturer that exhibits a calibrated surface area of 0.22 ± 0.03 m2 g−1. A mini-

mum absolute sample area of 0.04-0.05 m2 in the sample cell was needed in order to

obtain reliable results.
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Chapter 3

Dissolution rates of olivines

This chapter explores the effect of aqueous chemical environment on the dissolution

rate of the minerals 𝛾-C2S and fayalite, identified as primary phases of ladle furnace

steel slag and copper slag. 𝛾-C2S and fayalite were exposed to solutions of NaOH and

Ca(OH)2, chosen to mimic the pore solutions of alkali-activated and Portland-cement

based binders respectively. While both from the olivine mineral group, 𝛾-C2S and

fayalite displayed opposing dissolution trends with respect to pH. The rates of 𝛾-C2S

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 = 𝑘𝑎𝑛𝐻+ . 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: the formation of an iron hydroxide layer on the

surface of the fayalite altered the pH dependence. These results have significance

for blending of slags with high olivine contents in binders with a range of aqueous

chemical environments.

This chapter is adapted from the following publication:

Brian Traynor, Ciara Mulcahy, Hugo Uvegi, Tunahan Aytas, Nicolas Chanut,

and Elsa Olivetti. Dissolution of olivines from steel and copper slags in basic

solution. Cement and Concrete Research, 133(March):106065, 2020 [62].
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3.1 Introduction

Despite the work done to date on the performance of copper and steel slags in various

concretes (see Section 1.2), 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 [63].

Dissolution rates are rarely measured in cement science. Geochemists have, how-

ever, been measuring the dissolution rates of geologically important minerals for

decades. Much experimental data has been collected on dissolution rates of olivines,

pyroxenes, and feldspars for the purpose of better understanding the weathering of

the earth’s crust. These studies seek to clarify the mechanisms of dissolution and the

dependency of dissolution rate on variables such as pH, temperature, and saturation

state. Many rate equations have been developed to described dissolution rates as a

function of other variables. The most widely adopted and applied rate equation was

developed by Aagard and Helgeson [64], shown in Equation 3.1;

𝑟𝜑𝑟 = 𝑘𝜑𝑟

∑︁
𝑖

𝑎
−�̂�𝑖,𝑗

𝑖

(︂
1 − 𝑒𝑥𝑝

(︂
− 𝐴

𝜎𝑅𝑇

)︂)︂
(3.1)

where 𝑟𝜑𝑟 (mol cm−2 s−1) is the dissolution rate of reactant mineral 𝜑𝑟, 𝑘𝜑𝑟 (mol

cm−2 s−1) is the rate coefficient for the hydrolysis of reactant mineral 𝜑𝑟, 𝑎
−�̂�𝑖,𝑗

𝑖 is the

activity of the i𝑡ℎ aqueous species raised to the power of the stoichiometric reaction

coefficient for the i𝑡ℎ aqueous species in the j𝑡ℎ reaction, 𝐴 (J mol−1) is the chemical

affinity for the overall dissolution reaction, 𝜎 is Temkin’s stoichiometric number, 𝑅

(J mol−1 K−1) is the gas constant, and 𝑇 (K) is the temperature of the solution. This

rate equation combines both microscopic and macroscopic features of the dissolution

process — the chemical affinity term links thermodynamics and kinetics, while the

activity product links surface chemistry to kinetics via transition state theory. Equa-

tion 3.1 has been interpreted and expanded by many researchers to explicitly include
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temperature dependences (through an activation energy term), and pH dependen-

cies. Lasaga offered the most general form of a dissolution rate equation, shown in

Equation 3.2;

𝑅𝑎𝑡𝑒 = 𝑘0𝐴𝑚𝑖𝑛𝑒
− 𝐸𝑎

𝑅𝑇 𝑎
𝑛𝐻+

𝐻+ 𝑔(𝐼)
∑︁
𝑖

𝑎𝑛𝑖
𝑖 𝑓(∆𝐺𝑟) (3.2)

where 𝑘0 (mol cm−2 s−1) is the rate constant, 𝐴𝑚𝑖𝑛 (cm2) is the reactive surface

area, 𝐸𝑎 is the apparent activation energy of the overall reaction, 𝑎𝑛𝐻+

𝐻+ is the activity

of aqueous hydrogen ions in solution raised to an empirical exponent, 𝑛𝐻+ , 𝑔(𝐼) is a

function which describes the dependence on ionic strength,
∑︀

𝑖 𝑎
𝑛𝑖
𝑖 is the activity of

aqueous ions other than hydrogen raised to an empirical exponent, 𝑛𝑖, and 𝑓(∆𝐺𝑟) is

a function which describes the dependence of rate on the distance from equilibrium

(solution saturation in the terminology of dissolution reactions). A great deal of ex-

perimental work has been devoted to determining the values of 𝑛𝐻+ and 𝐸𝑎, as well

as the form of 𝑓(∆𝐺𝑟). Determining values for 𝑛𝐻+ or 𝐸𝑎 requires measuring rates

at different pH values or temperatures while keeping all other variables constant. It

should be noted that many models describing the form of 𝑓(∆𝐺𝑟) exist, but exper-

imental difficulties in conducting dissolution rate experiments as a function of ∆𝐺𝑟

mean that the precise form of 𝑓(∆𝐺𝑟) remains elusive. Further complicating the mat-

ter is the fact that not all terms in Equation 3.2 are independent. For example, 𝐸𝑎

depends on 𝑎
𝑛𝐻+

𝐻+ , 𝑔(𝐼) depends on 𝑎
𝑛𝐻+

𝐻+ and
∑︀

𝑖 𝑎
𝑛𝑖
𝑖 , and ∆𝐺𝑟 is a function of

∑︀
𝑖 𝑎

𝑛𝑖
𝑖

and 𝑎
𝑛𝐻+

𝐻+ . Ultimately, this confusion stems from difficulties in describing series of

elementary dissolution reaction steps, as well as large uncertainties in experiments.

However, no single set of experiments attempts to probe every term in Equation 3.2.

At far from equilibrium conditions, dissolution rates generally show no depen-

dence on ∆𝐺𝑟 for small changes in solution composition. For this reason, the vast

majority of dissolution experiments are conducted at far from equilibrium conditions.

The majority of experiments are also performed in acidic or neutral conditions. Ex-

periments in which dissolution rates are measured as a function of pH or temperature

are relatively simple, while dissolution rate experiments as a function of the concen-
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tration of other aqueous ions or saturation state are experimentally more challenging.

Saturation states are calculated on the basis of the difference between the ion activity

product (IAP, denoted by 𝑄) and the equilibrium constant (𝐾) for the dissolution

reaction. The IAP is related to the Gibbs free energy of the dissolution reaction

(∆𝐺𝑑𝑖𝑠𝑠) through the law of mass action, shown in Equation 3.3;

∆𝐺𝑑𝑖𝑠𝑠 = 𝑅𝑇 × 𝑙𝑛
𝑄

𝐾
(3.3)

The relationship between dissolution rate and ∆𝐺𝑑𝑖𝑠𝑠 is non-trivial. Thermodynamics

dictates that the dissolution rate must go to zero as ∆𝐺𝑑𝑖𝑠𝑠 goes to zero. Understand-

ing the form of 𝑓(∆𝐺𝑟), as shown in Equation 3.2 is fundamental in understanding

dissolution rate laws. Many functionals form for 𝑓(∆𝐺𝑟) have been proposed. These

functions normally are derived from either transition state theory or crystal growth

theory and contain parameters that are determined empirically.

While steel slag and copper slag are heterogeneous materials, the primary mineral

phases of both come from only a few mineral groups. Here, we focus on the primary

mineral phases of LFS and copper slag; 𝛾-C2S (calcio-olivine, 𝛾-Ca2SiO4) and fayalite

(Fe2SiO4), respectively. The reasons for studying the dissolution kinetics of these

two minerals are twofold. First, 𝛾-C2S 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 [29]. Second, 𝛾-C2S 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 (Mg2SiO4), has been widely studied by geochemists due to

its prominence in the earth’s crust. As members of the same mineral group, 𝛾-C2S,

fayalite, and forsterite are all expected to exhibit similar properties and reactivity in

solution. Past work on forsterite is therefore pertinent to this work on 𝛾-C2S and

fayalite. Most studies of forsterite dissolution are in acidic solutions and previous

studies [65] 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
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rate of dissolution has been described as a function of H+ ion activity, described in

Equation 3.4;

𝑅 = 𝑘𝑎𝑛𝐻+ (3.4)

where 𝑅 is the rate of dissolution of olivine, 𝑘 is the rate coefficient, 𝑎𝐻+ is the activity

of 𝐻+ in solution, and 𝑛 is an empirically determined constant. Equation 3.4 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, 𝑛 has been reported in the range 0.46 to 0.54 [66]. Equation 3.4

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 [67],

0.25 [66] and -0.39 [68]. Decreasing rates of dissolution at higher pH is a behavior

contrary to the majority of silicates [69]. Despite extensive studies of forsterite at

low pH, 𝛾-C2S and fayalite, while common in slags, are comparatively understudied.

Westrich et al. calculated a value for 𝑛 of 0.42 for 𝛾-C2S in acidic solutions, but to

the best of our knowledge no studies have reported rates of 𝛾-C2S as a function of

pH in basic solutions. Several studies have investigated the hydraulicity of 𝛾-C2S by

means of calorimetry [70, 71, 72]. 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) [73, 74]. An increase in dissolution rate at higher

pH (𝑛 of -0.39 [75] and -0.31 [73]) has been proposed based on comparison with other

iron silicates, but not experimentally confirmed.

In this study, we explore the effect of the aqueous environment on the rate of

dissolution of 𝛾-C2S and fayalite. The dependence of dissolution rate on pH are mea-

sured in NaOH and Ca(OH)2 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.
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3.2 Materials and Methods

3.2.1 Materials

LFS consists of multiple calcium silicate minerals (including diopside, merwinite,

wollastonite and larnite), with 𝛾-C2S often present as the major phase. In order to

focus on this dominant phase, a synthetic 𝛾-C2S was used to study 𝛾-C2S dissolution

kinetics in this work. Fayalite is typically the only silicate phase present in copper

slag. For this reason, both a synthetic fayalite and a fayalitic copper slag (referred to

as fayalite slag) were used to study the dissolution kinetics of fayalite.

All 𝛾-C2S powders were synthesized using the modified Pechini synthesis method,

based on the method described by Nettleship et al. [76, 77]. Stoichiometric quantities

of Ca(NO3).4H2O (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 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 𝛾-C2S phase. The product was washed repeatedly

in isopropanol to remove smaller particles (<1 𝜇m) from the surface of the 𝛾-C2S

powder.

A fayalite copper slag was used as the primary fayalite source (source: Hindalco

Industries, Mumbai, India). The chemical composition as determined by XRF is

shown in Table 3.1. Chemical composition was determined on an Axios PANalytical

XRF (based on dry material in its most stable oxidation state). Fe is reported as

Fe2O3 although is present as Fe(II) in fayalite. The fayalite slag was ground in a
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Oxide wt% mol% (excl. LOI)
Na2O 0.34 0.61
MgO 1.13 3.12
Al2O3 2.83 3.09
SiO2 21.68 40.20
SO3 1.91 2.66
K2O 0.78 0.92
CaO 1.76 3.50
TiO2 0.24 0.33
Fe2O3 59.94 41.82
CuO 0.83 1.16
MoO3 0.31 0.24
PbO 0.24 0.12
ZnO 0.86 1.18
LOI 6.25 0

Table 3.1: XRF composition of fayalitic copper slag.

SPEX tungsten carbide grinding vial set and washed repeatedly with isopropanol to

remove smaller particles (<1 𝜇m) prior to dissolution tests.

Fayalite was synthesized using Fe (<212 𝜇m, Acros Organics, 99%), Fe2O3 (30-50

nm, Alfa Aesar, 98%) and SiO2 (<0.5 𝜇m, Alfa Aesar, 99.9%) precursors. Precursor

powders were subjected to 30 minutes of high energy ball milling under argon at-

mosphere 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 done 3 times and

the powder ball milled under argon atmosphere between each heating cycle. Phase

composition was determined by X-ray powder diffraction (XRPD), as described in

Section 2.5. 𝛾-C2S was synthesized to a purity of >98%, with the remainder 𝛽-C2S

impurities, shown in Figure 3-1.

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. A sample SEM-EDS image is shown in Figure 3-2. While

phases other than fayalite were detected in XRPD and SEM-EDS analysis, no other

phases containing Si were detected. The fact that Si appears to reside entirely in

fayalite is the basis for the assumption that dissolved Si is derived solely from fayalite

dissolution.
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Figure 3-1: XRPD pattern for 𝛾-C2S. Rietveld analysis indicated a pure 𝛾-C2S pow-
der. 𝛽-C2S was identified as the main impurity on previous calcinations but is present
in negligible quantities here. The arrow indicates the strongest 𝛽-C2S diffraction peak
and all other peaks belong to 𝛾-C2S.

XRPD Rietveld analysis of the synthetic fayalite is depicted in Figure 3-3. Only

metallic iron was detected as an impurity. Unreacted precursor amorphous silica was

not detected but may exist in small quantities (<5 wt%). Detecting amorphous silica

is complicated by the high background in the diffraction pattern due to Fe fluorescence

(Co x-ray source is used). SEM imaging of the synthetic fayalite revealed clusters of

nano-particles, shown in Figure 3-4. Small particle precursors were used to promote a

complete reaction to fayalite. While fayalite was synthesized to a high purity, particles

were not sintered.

The surface areas of the powders used were determined as described in Section

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

each sample.
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Figure 3-2: SEM-EDS analysis of fayalite slag surface. There are 3 distinct identifiable
regions: high iron and silicon concentration, attributed to fayalite; high sodium and
sulfur concentration region, attributed to sodium sulfate salt; and small regions of
high Cu (attributed to Cu metal) and Al concentration.

3.2.2 Dissolution

The dissolution behavior of the powders was investigated in different aqueous envi-

ronments: 𝛾-C2S in 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 and 0.001 M (mol Ca/L), 0.0017 M, 0.0038

M, and 0.012 M Ca(OH)2 solutions; and fayalite in 0.0001 M (mol Na/L), 0.001 M,

0.01 M, and 0.1 M NaOH solutions. The dissolution experiments were performed at

liquid:solid ratios of 10,000:1 in batch reactors to prevent precipitation of reaction

products, e.g. calcium silicate hydrate (CSH). 0.05 g of powder was added to 500 mL

of solution to initiate dissolution. 5 mL of solution was removed at specified intervals

for further analysis and the solution was immediately replenished with 5 mL of pure
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Figure 3-3: XRPD Rietveld analysis of the synthetic fayalite. Metallic iron is detected
as a minor phase.

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

H2O 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 values were measured, as described

in Section 2.2. The morphologies and particle sizes of the powders were imaged using

scanning electron microscopy (SEM), as described in Section 2.4. Characterization

of surface chemistries is described in Section 2.3.

GEM-Selektor v3.3 (http:// gems.web.psi.ch/) [9, 10] with PSI-Nagra [4] and

Cemdata18 [11] 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-Hückel equation with ion size and extended term param-

eters of NaOH background electrolyte (�̇� = 3.31 Å and 𝑏𝛾 = 0.098 kg mol−1) [78].

The osmotic coefficient and the Debye-Hückel extended term were used to calculate

the activity of water and neutral species respectively.
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Figure 3-4: SEM image of synthetic fayalite particle.

3.3 Results

3.3.1 𝛾-C2S

The effect of pH on the dissolution rate of 𝛾-C2S in NaOH and Ca(OH)2 is shown

in Figure 3-5. Dissolved Si (Figure 3-5A) and Ca (Figure 3-5B) concentrations are

reported in NaOH solution. The high background concentration of Ca in Ca(OH)2 so-

lutions resulted in an insignificant change in overall Ca concentrations from dissolved

Ca, and only Si concentrations are reported for Ca(OH)2 solutions.

At higher pH in both NaOH and Ca(OH)2 solutions, the dissolution of 𝛾-C2S is

slower. For all NaOH molarities, dissolution is rapid up to 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)2 solutions, Si concentrations did not increase rapidly up to 6

hours as in NaOH solutions. The rate of Si dissolution in Ca(OH)2 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 proceeds congruently

within the uncertainty of the ICP-OES measurements. The rapid dissolution up to 6

hours in NaOH solutions is likely due to one or both of: dissolution of small particles

with very high specific surface area that completely dissolve within the first few hours;
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Figure 3-5: Dissolution kinetics of 𝛾-C2S in solutions of NaOH (A and B) and
Ca(OH)2 (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. Sat-
uration 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)2
experiment, it is the only solution for which the CSH saturation is shown. Error bars
represent maximum and minimum values of triplicate experiments.

dissolution of impurity 𝛽-C2S which dissolves orders of magnitude more rapidly than

𝛾-C2S. The reason for the apparent decrease in rate at late age (96 hours in NaOH,

48 hours in Ca(OH)2) is not clear as no phases are expected to precipitate 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)2 after 48 hours are reaction products in the form of calcium silicate hydrate

(based on the solid solution model of [79]) expected to precipitate. Otherwise, no
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reaction products are expected in the other NaOH or Ca(OH)2 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 Ca2+ dissolution from the 𝛾-C2S. There

was no discernible change in the pH over time for the other NaOH and Ca(OH)2

solutions.

Scanning electron micrographs of 𝛾-C2S particle surfaces after 120 hours of ex-

posure to NaOH and Ca(OH)2 solutions are shown in Figure 3-6. Powders exposed

to lower pH solutions are more etched, indicating greater extent of dissolution in

agreement with the ICP-OES data discussed above. The formation of etch pits on

a dissolving surface is well documented in the literature as a mechanism for mineral

dissolution at far from equilibrium conditions [80, 81, 82, 83, 84]. 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.

Figure 3-6: Scanning electron micrographs of 𝛾-C2S pre- and post-exposure to NaOH
or Ca(OH)2 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 3.2 shows the

Ca/Si ratio at the surface of calcium silicate powders exposed to pH 10 and pH 11
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Ca/Si atomic
ratio (pH 10
NaOH)

Ca/Si atomic
ratio (pH 11
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

Table 3.2: Ca/Si ratios at the surface of the sample as measured by XPS. Errors are
based on the range observed from 10 measurements.

NaOH. The Ca/Si ratio for the pristine powder has been normalized to 2 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 SiO2 is on the order of 2.6 nm [85], 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 [86]. This analysis depth

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

surface specific chemistry. Further interpretation of these results will be discussed

below.

3.3.2 Fayalite dissolution

The effect of pH on the dissolution rate of fayalite is shown in Figure 3-7. Dissolved Si

concentrations in NaOH are reported. Goethite (𝛼-FeO(OH)) is known to precipitate

at very low Fe concentrations in basic solutions, and no meaningful kinetic information

can be discerned from Fe concentrations. Fe data is therefore not reported.

While the rate of fayalite dissolution is pH dependent, the trend is opposite to

that of 𝛾-C2S with fayalite apparently experiencing faster dissolution at higher pH.

Approximately steady-state dissolution occurs between 12 and 72 hours at each NaOH

molarity. The reason for initial decreases in Si concentration from 3 to 6 hours for

0.0001 M, 0.001 M, and 0.01M solutions is not known. At later age, the most likely

reason for the decline in dissolution rate is the growth of a goethite precipitate layer

on the surface of the fayalite slag particles which inhibits dissolution. The surfaces of

the fayalite slag particles were imaged using SEM pre- and post-dissolution, although
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Figure 3-7: Dissolution kinetics of; A - fayalite slag and B - synthetic fayalite, in
solutions of NaOH at liquid:solid ratios of 10,000:1. Dissolved Si concentrations (milli-
molarity) are shown as a function of time for different solution molarities. Error bars
represent maximum and minimum values of triplicate experiments.

no discernible difference was observed. Possible reasons for the different dissolution

behavior of 𝛾-C2S and fayalite are discussed below.

3.4 Discussion

3.4.1 Rate of dissolution in basic media

The rate of dissolution of 𝛾-C2S, 𝑅 (moles cm−2 s−1) was calculated from the steady-

state dissolution regime using Equation 3.5;

𝑅 =
∆𝐶𝑖

∆𝑡

𝑉𝑠𝑜𝑙𝑛

𝐴𝐵𝐸𝑇 𝑚𝜈𝑖
(3.5)

where ∆𝐶𝑖 (mol L−1) is the change in element 𝑖 concentration over change in time

∆𝑡(𝑠), 𝑉𝑠𝑜𝑙𝑛(𝐿) is the volume of the solution, 𝐴𝐵𝐸𝑇 (cm2 g−1) is the specific surface

area of the powder from BET, 𝑚(𝑔) is the mass of powder in solution, and 𝜈𝑖 is

stoichiometry of element 𝑖 in the dissolving olivine (𝜈𝐶𝑎 = 2, 𝜈𝑆𝑖 = 1). BET specific

surface areas of 𝛾-C2S and fayalite slag were measured to be 0.42±0.01 (cm2 g−1) and

0.59±0.01 (cm2 g−1), respectively.

Rates of dissolution of 𝛾-C2S as a function of pH in NaOH, Ca(OH)2 and acid
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are shown in Figure 3-8A. Rates of dissolution of in NaOH and Ca(OH)2 solutions

are from this study while rates in acid are from Westrich et al [6], the only other

study that reported 𝛾-C2S dissolution rates, to the authors’ knowledge. Linear fits

are based on the form of Equation 3.4, where 𝑛 describes the slope. 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

[66]. For Ca(OH)2 solutions, the average value of 𝑛 was 1.2, with values from 1.17

to 1.25 being measured. 𝛾-C2S rates are fitted with a slope of 0.5 in acidic pH [6]

in line with the vast majority of experimentally determined values of 𝑛 = 0.5 for

forsterite dissolution [66]. The rates of the dissolution in acid and NaOH solutions

approximately converge at neutral pH. In contrast to 𝛾-C2S 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

[73, 75, 87, 88]. Rates of fayalite slag dissolution as a function of pH are shown in

Figure 3-8B. The model of Wogelius and Walther [73] shown in Figure 3-8B is not

based on 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 Equation 3.4, where 𝑛 = —0.31.

No value of 𝑛 is proposed here due to the sparsity and uncertainty of the data, and the

previously proposed 𝑛 = —0.31 appears to fit adequately. Although the dependence

of dissolution rates on pH for fayalite is opposite to that of 𝛾-C2S, absolute rates of Si

dissolution from fayalite are 3 orders magnitude faster than 𝛾-C2S dissolution rates.

The stronger pH dependence of dissolution rates in Ca(OH)2 solution is due to

the common-ion effect. High concentrations of Ca already in solution slow dissolution

of 𝛾-C2S by lowering the thermodynamic driving force for dissolution. Dissolution

proceeds via the chemical reaction shown in Equation 3.6;

𝐶𝑎2𝑆𝑖𝑂4(𝑠) + 3𝐻2𝑂(𝑎𝑞) → 2𝐶𝑎2+(𝑎𝑞) + 𝐻3𝑆𝑖𝑂
−
4 (𝑎𝑞) + 3𝑂𝐻−(𝑎𝑞) (3.6)
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Figure 3-8: A: Rates of dissolution of 𝛾-C2S in NaOH, Ca(OH)2 and acid solutions
as a function of pH. B: Rates of dissolution of fayalite slag in NaOH solution as a
function of pH. The error bars represent minimum and maximum rates of triplicate
experiments, where the major source of error is in measured Si concentrations across
experiments.

Equation 3.6 is irreversible under far from equilibrium conditions such as those de-

scribed in this study. The affinity for the reaction to occur is defined in Equation

3.7;

𝐴 = 𝑅𝑇 × 𝑙𝑛

(︃
𝐼𝐴𝑃

𝐾𝑠𝑝

)︃
(3.7)

where 𝑅 is the gas constant, 𝑇 is the temperature, 𝐼𝐴𝑃 is the ion activity prod-

uct, and 𝐾𝑆𝑃 is the solubility product of the dissolution reaction. Larger affinities

correspond to a system further from equilibrium with a stronger driving force for

dissolution. In highly dilute systems, such as the ones in this system, the chemi-

cal affinity is assumed to remain constant during dissolution as the dissolved aque-

ous species do not significantly change the ion activity product of the solution over

the course of the experiment. However, the ion activity product for Equation 3.6

({Ca2+}2{H4SiO−
4 }{OH−}3, where {X} is the activity of aqueous species 𝑋 in solu-

tion) is greater in Ca(OH)2 solutions due to the large background concentration of

Ca ions already in solution. This is illustrated in Figure 3-9, where the ion activity

product of each solution (calculated in GEM-Selektor) is plotted as a function of

pH. NaOH solutions have lower ion activity products and therefore greater affinities

for dissolution than Ca(OH)2 solutions of the same pH. Although Oelkers et al. re-
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ported rates of forsterite (Mg2SiO4) to be independent of Mg and Si concentration

[89]. However, their study was performed in acidic media and at lower cation and Si

concentrations (<1.5 mM) than in this study.

Figure 3-9: Ion activity products (based on Equation 3.6) as a function of pH for
NaOH and Ca(OH)2 solutions. The error bars represent the minimum and maximum
values of triplicate experiments.

3.4.2 Surface Chemistry

Surface chemistry, as probed by XPS, provides insight into what limits dissolution of

𝛾-C2S and fayalite [88]. As described above, 𝛾-C2S powders were Ca deficient at the

surface following exposure to NaOH solution. The Ca deficiency was more pronounced

at lower pH and at later ages. There are two possibilities for this Ca deficiency. The

first possibility is Ca leaching from the surface, leaving behind a Si-rich skeleton.
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XPS studies of forsterite have shown a surface enriched in Mg in basic solutions, and

surfaces deficient in Mg in acidic solutions [86, 90, 91, 92, 93]. 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 this 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. [94], 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 [95, 96]. Transition electron microscopy and

energy dispersive X-ray analysis has identified a Si-rich surface layer of thickness <5

nm on weathered forsterite [97]. Si-rich layers have also been reported on the surface of

other calcium silicate minerals, including wollastonite, 𝛽-C2S, anorthite, and diopside

[95, 97, 98]. This phenomenon most likely accounts for the observed Ca/Si ratios in

this 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 leached layer and

newly precipitated amorphous layer on top of the leached layer [99]. 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 3-10. The oxidation state of

iron pre-dissolution is shown as a function of depth into the surface in Figure 3-10A

and the effect of exposure to NaOH is shown in Figure 3-10B. In both cases, argon
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milling into the surface successively removes surface material allowing the oxidation

state of Fe beneath the surface to be revealed. In Figure 3-10A, deeper milling

reveals a transition from Fe(III), characteristic of an oxidized surface layer, to Fe(II),

characteristic of bulk fayalite. The intensities of the Fe2p1/2 and Fe2p3/2 shift from

Fe(III) binding energies (710.8 eV in hematite) to lower binding energies associated

with Fe(II) bonding (709.5 eV in wüstite) [100]. Similar shifts are seen in the satellite

peaks of Fe2p1/2 and Fe2p3/2 as a function of depth. Figure 3-10B 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, Fe2p1/2 and Fe2p3/2

peaks shift to the left, indicating more Fe(III) 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. The presence of

an Fe(III) 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 𝛾-C2S. The formation of iron-containing precipitates

on the surface of iron-bearing olivines has been identified previously. Comparing rates

of dissolution of Mg2SiO4 with Mg1.8Fe0.2SiO4, Golubev found the dissolution rate of

the iron containing mineral to be an order of magnitude slower which was attributed

to precipitation of Fe(III) containing phases at the surface of the dissolving mineral

[101]. Schott and Berner described cation depletion at the surface of fayalite in oxic

and anoxic acidic solution [102, 103]. 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 Fe2+ ions in the crystal structure. Under oxic conditions, the surface

appeared to be enriched in iron.
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Figure 3-10: X-ray photoelectron spectra of Fe2p1/2 and Fe2p3/2 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.

3.5 Chapter Summary

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 - 𝛾-C2S

and fayalite. 𝛾-C2S 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. 𝛾-C2S developed
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a Si-rich surface layer which did not inhibit the overall dissolution. In contrast, an

oxidized Fe(III) 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

𝛾-C2S 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 𝛾-C2S 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. It is also worth acknowledging the absolute

dissolution rates of these phases – 𝛾-C2S dissolved several orders of magnitude more

quickly than fayalite, despite its pH dependence. 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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Chapter 4

Reaction product formation on

mineral surfaces

This chapter explores the effect of aggregate surface chemistry on the type, mor-

phology, and rate of reaction product formation in Portland cement-type systems.

Reaction product formation on the surface of an aggregate plays a crucial role in

the development of hardened, load-bearing concrete. Surfaces of limestone, quartz,

fayalite, and diopside were polished and then exposed to Ca and Si rich solutions

and the resultant reaction products were characterized using SEM. Experiments were

designed to ensure that the only variable between experiments is the composition of

the aggregate surface. The key results of this study indicate that C-S-H nucleation

and growth kinetics are accelerated on limestone surfaces relative to quartz, fayalite,

and diopside surfaces, although no differences in the morphology of the precipitated

C-S-H is observed. In the case of static solution experiments, there were no differences

in reaction product type, morphology, or kinetics among any of the 4 surfaces of in-

terest. Flow reactor experiments allowed for more controlled and protracted reaction

product formation, and revealed the accelerating affect of limestone surfaces but again

showed no differences in the type or morphology of reaction product. The results of

this study have implications for concretes which incorporate limestone, quartz, fay-

alite, or diopside containing aggregates, with a particular importance identified for

the kinetics of the nucleation and growth of C-S-H on limestone surfaces.
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4.1 Background

Steel and copper slags are composed primarily of crystalline phases which are not re-

active [29]. While these phases may not be suitable as direct substitutes for Portland

cement, they possess physical properties which make them suitable for use as aggre-

gates [29]. Additionally, steel and copper slags are composed of crystalline phases

(such as olivines and pyroxenes) that are more reactive than traditional aggregates

(such as quartz).

The interfacial transition zone (ITZ) is the region in concrete between the hy-

drated cement particles and the aggregate [56]. The ITZ is defined by fewer cement

grains due to the poor packing in the vicinity of the aggregate surface. The ITZ

has higher porosity which has a major influence on the mechanical properties of the

concrete due to the tendency for cracks to form in this region of the concrete. The

chemical properties of the aggregate surface influences reaction product formation

at the aggregate surface and, subsequently, the mechanical properties of the ITZ.

There are both physical and chemical properties of the aggregate surface which may

influence reaction product formation. Physical properties encompass the roughness

of the surface, which may promote heterogeneous nucleation, and space constraints

due to the packing of aggregate and cement particles, which may limit the growth of

reaction product grains. There are chemical properties of the aggregate surface which

may influence reaction product formation: (1) dissolution rate of the aggregate and;

(2) propensity for ion adsorption onto the aggregate surface leading to precipitation

of reaction products, also known as "templating". In the case of (1), the reaction

products forming at the surface of the aggregate may be chemically different due to

the presence of an aqueous ion which may not otherwise be present in the dissolving

cement. In the case of (2), the morphology or extent of reaction product formation

may be different due to the influence of the surface in promoting epitaxial growth,

or due to faster nucleation on the surface accelerated by preferential bonding of re-

action products with the surface [55]. These 2 effects are discussed in the following

paragraphs.
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An aggregate with a higher dissolution rate will have a higher concentration of

aqueous ions in the vicinity of the aggregate surface than a corresponding aggregate

with a slow dissolution rate. Higher concentrations of ions is more likely to result in

precipitation of reaction products. In OPC systems with inert aggregates, there is

initially a high concentration of Ca2+ ions close to the aggregate surface due to rapid

release and diffusion of Ca2+ ions from cement grains towards aggregate surfaces. The

high concentration of Ca2+ leads to formation of portlandite at the aggregate surface.

However, in the presence of a more reactive silicate aggregate, the dissolution of the

aggregate and availability of aqueous Si may result in the formation of calcium silicate

hydrate (C-S-H) being favored over the formation of portlandite. The formation of C-

S-H in this scenario can lead to a denser microstructure in the ITZ. This phenomenon

is not well-studied. Nie et al. studied the effect of a pozzolanic reaction involving

lighweight fine aggregate (LWFA) on the nucleation and growth of hydration products

[57]. Hydration products in the vicinity of the LWFA were observed to be different

from bulk reaction products. C-S-H and C-A-S-H reaction products were identified

as having formed due to the partial dissolution of the aluminosilicate LWFA.

An aggregate surface may also promote reaction product formation through pref-

erential adsorption of aqueous ions. Preferential adsorption of aqueous ions onto a

surface can serve as a precursor step in the precipitation of a reaction product. Ca2+

has a higher affinity for adsorbing onto calcite surface than SO2−
4 . Pourchet et al.

observed 7-fold greater adsorption capacity of Ca2+ over SO2−
4 onto calcite [104]. The

greater affinity of Ca2+ is corroborated by experimental observations of Ca2+ being the

potential determining ion for calcite surfaces [105]. Ouyang et al. studied the adhe-

sion mechanisms between C-S-H and limestone or quartz fillers [55]. They concluded

that the chemically adsorbed Ca2+ on the calcite surface interacts strongly through

ionic-covalent bonds with the C-S-H lamellae. This results in a strong bond between

the calcite surface and the C-S-H lamellae. This stronger bonding is manifested in

a higher number of C-S-H nuclei on limestone surfaces than on quartz surfaces, as

observed by scanning electron microscopy.

In spite of these previous studies, the role of surface chemistry on the the rate and
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types of reaction products formed at the surface is poorly studied. In previous studies,

reaction product formation has been tracked in mortar systems for which physical

properties of the aggregate surfaces, i.e. surface roughness and space constraints,

also play a role. Additionally, these studies have not extended beyond limestone,

quartz, and aluminosilicate phases [55, 57].

Therefore, this study seeks to examine the role of surface chemistry in reaction

product formation on limestone, quartz, fayalite, and diopside surfaces. Limestone

and quartz surfaces are of interest due to their ubiquity as aggregates in incumbent

concretes. Fayalite and diopside are of interest as major components of copper and

steel slags. The motivation for using of steel and copper slags in concrete is discussed

in Chapter 1. The two research questions of this study are;

• Can we design an experiment to study the influence of aggregate surface chem-

istry on the type, extent, and morphology of reaction products?

• How does the surface chemistry influence the type, morphology, and kinetics of

reaction product formation on limestone, quartz, diopside, and fayalite surfaces?

The chemistry of Portland cement systems is dominated by Ca and Si and C-S-H is

the dominant reaction product. For this reason, the systems studied here are limited

to solutions of Ca and Si. This allows C-S-H formation to be easily identified using

microscopy without the complication of minor reaction products. Throughout this

study, "reaction products" and "C-S-H" are therefore effectively interchangeable.

4.2 Experimental Methods

Distinguishing surface hydration products of different type and morphology in a mor-

tar is challenging. This is due to the microscopic and spectroscopic limitations in

characterizing hydration products precipitated on surfaces of the length scales re-

quired (10 nm - 100 𝜇m). These challenges are compounded in mortar systems in

which destructive sawing, casting, and polishing is often required. Furthermore, vari-

ability in the particle size, composition, and morphology of precursor cement and
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aggregate can lead to local variations in the observed hydration products. This study

aims to isolate the influence of mineral surface chemistry on C-S-H precipitation by

addressing the aforementioned sources of variability. To do this, we polish mineral

surfaces and expose them to prepared Ca and Si solutions with known concentrations.

By polishing the mineral surfaces, we remove the influence of surface morphology on

the precipitation rate. By using solutions of known concentration, we remove the po-

tential for variability in concentration of the pore solution in contact with the mineral.

This experimental design ensures that the only variable between experiments is the

composition of the aggregate surface. The concentrations of Ca and Si in the solu-

tion were chosen to mimic the concentrations of these elements in hydrated Portland

cement pore solutions [106].

4.2.1 Materials

Four mineral surfaces were investigated; limestone, quartz, diopside, and fayalite.

Limestone, quartz, and diopside chunks of natural origin were purchased from Ward’s

Scientific. A fayalite copper slag was used as the primary fayalite surface (source:

Hindalco Industries, Mumbai, India).

4.2.2 Sample preparation

In order to investigate reaction product formation on the surfaces of these materials,

polished surfaces were created. Mineral chunks were initially sawed using a diamond

band saw to make a roughly flat surface. The sawed chunks were then cast in epoxy

(EpoThin 2 resin and hardener, Buehler). The mounted samples were ground using

12 𝜇m grit SiC grinding paper until enough epoxy had been removed such that the

mineral surface was exposed. The surfaces were then polished using TexMet C (JH

Technologies) polishing cloths and oil-based diamond suspensions on an auto-polisher

with a disc speed of 150 𝑠−1 and a head speed of 60 𝑠−1. Surfaces were polished at

15 N for 20 minutes using 9 𝜇m diamond suspension, 20 N for 20 minutes using 3

𝜇m diamond suspension, and 25 N for 20 minutes using 1 𝜇m diamond suspension.
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Surfaces were sonicated for 5 minutes in isopropanol between each polishing step.

The polished surfaces were exposed to Ca and Si solutions using 2 experimental

set-ups, a static solution set-up and a flow reactor set-up, described below. For reac-

tion product formation in static solutions, the experiments were performed under N2

atmosphere in a glove box to limit the formation of carbonates. Solutions of Ca(OH)2

were prepared using Ca(OH)2 (98% purity, Acros Organics) and deionized (DI) water.

Solutions of sodium silicate were prepared using Na2SiO3.5H2O (crystalline/technical,

Fisher Chemical). Polished samples were positioned inside 1.125" diameter silicone

mold cups (Electron Microscopy Sciences). The polished sample surfaces were ex-

posed to 2 different solutions; 15 mM Ca(OH)2 solutions, and a mixture of 9 parts 15

mM Ca(OH)2 solution with 1 part 1 mM or 10 mM Na2SiO3.5H2O solution (referred

to here as the "mixed solution"). The concentrations of Ca and Si in the solution were

chosen to mimic the concentrations of these elements in hydrated Portland cement

pore solutions [106]. Immediately prior to deposition on the polished surface, the

solution of interest was filtered through a 0.2 𝜇m disposable filter. In the case of the

mixed solution, filtration followed immediately after the mixing of the 2 solutions. 10

𝜇L of solution was then deposited onto the polished surface within 1 minute of the 2

solutions being initially mixed together using a precision pipette. A small amount of

DI water was added to the bottom of the mold cup, which was then sealed in Parafilm

to provide a high humidity environment and prevent evaporation of the deposited 10

𝜇L drop. After a specified interval of time, the sample was removed from the mold

cup, immersed in isopropanol, and agitated gently to stop the reaction. The sample

was then dried gently with compressed air. For SEM analysis, the sample was im-

mediately coated in 10 nm Au. SEM imaging was performed on a Zeiss Merlin High

Resolution Scanning Electron Microscope.

For reaction product formation in flowing solutions, experiments were performed

in a 3D printed, mixed flow reactor. A schematic of the flow reactor is shown in

Figure 4-1. The key design features of this flow reactor include; 2 input barbs in the

reactor cap to allow 2 solution inputs, 2 output tubing barbs in the reactor to remove

solution, a suspended stirrer and stir mount to ensure a well-mixed reactor, and a wire
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mesh to hold the polished surfaces in place without interrupting the flow of solution.

This experimental set-up allowed Ca(OH)2 and Na2SiO3.5H2O solutions to be flowed

over the polished surfaces, thereby maintaining a constant C-S-H supersaturation in

the solution. In contrast to the static solution, this experimental set-up prevents

the depletion of Ca and Si in solution. Flow rates of 10 mL min−1 were used for

both inputs for all experiments. An IPC-N 8 channel peristaltic pump (Ismatec) was

used for pumping the solutions. Ca(OH)2 solutions were passed through a 0.2 𝜇m

disposable filter immediately prior to the beginning of the experiment.

Figure 4-1: Exploded schematic of flow reactor components.

4.3 Results and Discussion

4.3.1 Static solution

In all cases, observed reaction products may be formed from; precipitation of the

aqueous ions in the prepared solutions, dissolution of the mineral surface and re-

precipitation of the dissolved ions, or precipitation due to the interaction between
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aqueous ions in the prepared solutions and ions dissolved from the mineral surfaces.

Exposure to the mixed solution in the static solution setup did not result in

a significant difference in either the extent nor type of reaction product formation

on limestone and quartz surfaces. The similarity in the extent of reaction product

formation between the 2 surfaces is illustrated in Figure 4-2A (limestone) and 4-2C

(quartz) at low SEM magnification (x1,000). The percentage of the surfaces covered

by reaction products was calculated using ImageJ. Surface coverage was calculated in

ImageJ using the ’Find Edges’ routine, converting the image to binary, and adjusting

the binary threshold such that all reaction products were represented by white pixels

and the mineral surface was represented by black pixels. Following this procedure the

average surface area covered by reaction products was estimated to be 33.1±2% for

limestone and 32.5±3% for quartz. Averages are based on 6 images of each surface and

uncertainties are based on the standard deviation of the 6 images. High magnification

(x20,000) images of the surfaces reveal the presence of 2 main reaction products. The

first of these consists of hexagonal plates, recognised as portlandite [107, 108]. The

origin of this portlandite is most likely the 15 mM Ca(OH)2 starting solution in which

portlandite crystals are already present prior to the experiment. These crystals most

likely pass through the 0.2 𝜇m pore size filter. The second reaction product is more

abundant than the portlandite and has a globular morphology. This reaction product

is not seen on surfaces exposed to only Ca(OH)2. On the basis of the available aqueous

ions and the high supersaturation with respect to C-S-H precipitation in solution, this

reaction product is understood to be C-S-H. The presence of this reaction product on

both limestone and quartz surfaces in equal quantities lends further credence to this

assumption. Observed C-S-H morphologies are typically one of; reticular/honeycomb

shaped [109, 110, 111, 112], or needle-like [109, 113, 58, 110, 111]. Globular C-S-H has

also been observed, however [110, 114]. There does not yet exist a clear correlation

between solution conditions and C-S-H morphology, and it is unclear why the C-S-

H in these images possesses a globular morphology, although it may be related to

homogeneous C-S-H nucleation (discussed further below).

Surfaces exposed to only Ca(OH)2 solution were also imaged. Limestone surfaces
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Figure 4-2: Static solution SEM images of reaction products on limestone at low
magnification (A), limestone at high magnification (B), quartz at low magnification
(C), and quartz at high magnification (D). Surfaces were exposed to a solution of 15
mM Ca(OH)2 and 0.1 mM Na2SiO3.5H2O for 60 minutes.

showed 2 reaction products. The first of these has a rhombohedral morphology that

is attributable to portlandite [107, 108]. The second reaction product consists of

a large number of finger-like crystals. This reaction product is most likely calcium

carbonate. Calcium carbonates with very similar morphology have been reported

by [115, 116]. Additionally, this reaction product was observed on the majority of

limestone surfaces, but never on quartz surfaces. It stands to reason that the reactivity

of the limestone surface results in the liberation of carbonate ions into solution which

react with aqueous Ca and precipitate on the surface in the form of aragonite or

calcite. In fact, the dissolution rates of limestone, quartz, fayalite, and diopside

at pH 13 can be estimated to be approximately 10−10 mol cm−2 s−1, [117], 10−14

mol cm−2 s−1 [118], 10−15 mol cm−2 s−1 [119, 101, 120, 121], and 10−13 mol cm−2

s−1 [62], respectively. The limestone dissolution rate is 3 orders of magnitude more
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rapid than the next fastest dissolution rate and, in this context, the formation of

additional reaction products unique to limestone is unsurprising. Quartz surfaces

only show evidence of portlandite crystals. The surface is largely unchanged relative

to its appearance pre-exposure, and nanometer sized grooves from polishing are still

visible.

Figure 4-3: Static solution SEM images (x20,000 magnification) of limestone (A) and
quartz (B) surfaces exposed to 15 mM Ca(OH)2 for 60 minutes.

The absence of any difference in the type or extent of reaction products be-

tween the limestone and quartz surfaces exposed to the same mixed solution (15

mM Ca(OH)2 and 0.1 mM Na2SiO3.5H2O for 60 minutes (Figure 4-2)) does not cor-

respond with the results of Ouyang et al., who observed a greater number of C-S-H

nuclei on limestone surfaces than on quartz surfaces [55]. This implies that the surface

in these experiments is not driving the precipitation of the reaction products in our

experiments. This may be due to the fact that the reaction products are undergoing

homogeneous nucleation in solution. This would also serve to explain the unusual

globular morphology of the C-S-H, which stands in contrast to typical C-S-H mor-

phologies. Alternatively, precipitation may occur faster on limestone surfaces but 60

minutes is sufficient time for the reaction to run to completion and the concentration

of ions to reach an equilibrium, regardless of which surface is present. In any case,

the identical behavior of the limestone and quartz surfaces implies that differences

in surface chemistry are not being investigated in this experimental setup. For this

reason, fayalite and diopside surfaces are not investigated using the static solution
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experimental design.

Other observed products

Other reaction product were observed on limestone and quartz surfaces using the

static solution setup, and 4 notable examples are compiled in Figure 4-4. These

surfaces were exposed to different solutions for varying lengths of time and are not

necessarily representative of the whole surface. They are not included for comparative

purposes and are included rather as a point of reference and to highlight some of

the more frequently encountered reaction products with interesting morphologies.

Figure 4-4A, 4-4B, and 4-4D, show what appears to be the same reaction product at

increasing extent of formation. The morphology of the reaction product in each of

these images closely matches an increasing extent of C-S-H formation with honeycomb

morphology, as reported by [109, 110, 111, 112]. C-S-H with a honeycomb morphology

is also known as Type 2 C-S-H [109]. The greater extent of C-S-H formation is due

to the availability of a greater quantity of aqueous ions in solution. In the case

of Figure 4-4A this is due to a higher Na2SiO3.5H2O concentration in solution. In

the case of Figure 4-4B, this is due to the solution being un-filtered and a greater

quantity of portlandite available to supply Ca ions into solution. For Figure 4-4D,

the solution has both a higher Na2SiO3.5H2O concentration and is unfiltered. Figure

4-4C shows a limestone surface exposed to un-filtered 15 mM Ca(OH)2 and 1 mM

Na2SiO3.5H2O for 30 minutes. The reaction product in this image shows a needle-

or finger-like, dense, reaction product. This reaction product was only observed on

limestone surfaces that had been exposed to a solution with a high Ca/Si ratio.

Quartz surfaces exposed to the same solution did not show this reaction product.

Furthermore, reductions in the concentration of Ca in the solution resulted in only

the dense, honeycomb reaction product being formed. Given the criteria under which

this reaction product forms, it is suggested here that this is C-S-H which precipitates

on and grows outward from the carbonate fingers described in Figure 4-3A. C-S-H

with this morphology has previously been reported by [109, 113, 58, 110, 111]. He

et al. investigated the effect of C-S-H morphology on Ca/Si ratio and reported a
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Figure 4-4: Static solution SEM images of reaction products on (A) quartz surface
exposed to 15 mM Ca(OH)2 and 1 mM Na2SiO3.5H2O for 60 minutes, (B) limestone
surface exposed to un-filtered 15 mM Ca(OH)2 and 0.1 mM Na2SiO3.5H2O for 30
minutes, (C) limestone surface exposed to un-filtered 15 mM Ca(OH)2 and 1 mM
Na2SiO3.5H2O for 30 minutes, and (D) limestone surface exposed to 15 mM Ca(OH)2
and 1 mM Na2SiO3.5H2O for 60 minutes.

fibrous C-S-H morphology at higher Ca/Si ratios and sheet-like morphology at lower

Ca/Si ratios [113], broadly in agreement with the results presented here. C-S-H with

a needle-like morphology is also known as Type 1 C-S-H [109].

4.3.2 Flow reactor

In contrast to the static solutions, surfaces in a flow reactor are exposed to a solu-

tion of constant Ca and Si concentration. This prevents the solution from reaching

equilibrium over the course of the experiment, as was hypothesized to have occurred

in Section 4.3.1. Figures 4-5 to 4-8 illustrate the evolution of limestone, fayalite,

diopside, and quartz surfaces when exposed to a solution 13.5 mM Ca(OH)2 and
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150 𝜇M Na2SiO3.5H2O (A-B) or a solution of 27 mM Ca(OH)2 (C-D). A few key

points merit discussion. First, for surfaces exposed to 13.5 mM Ca(OH)2 and 150 𝜇M

Na2SiO3.5H2O, limestone shows the greatest extent of reaction product formation at

60 minutes and 180 minutes. Limestone surfaces show a partial but extensive coverage

of C-S-H at 60 minutes which gives way to a much denser honeycomb C-S-H at 180

minutes. Fayalite, diopside, and quartz surfaces show nuclei of an unknown reaction

product, likely C-S-H, particularly at 180 minutes. Second, portlandite crystals are

frequently observed on all surfaces due to their presence in the Ca(OH)2 solutions. A

higher number of portlandite crystals in a given image is not representative of the en-

tire surface - portlandite crystals may cluster together and be randomly deposited in

greater concentrations in a given location on the surface. Third, surfaces exposed to

27 mM Ca(OH)2 (C-D) show no evidence of reaction product formation. Limestone

surfaces appear to have undergone partial dissolution, evidenced by slight etching

around the polishing grooves.

Given the lack of extensive reaction product formation on the surfaces of fayalite,

diospide, and quartz, limestone and quartz surfaces were exposed to a mixed solution

with a higher Si concentration. This provides a solution which is more strongly

supersaturated solution with respect to C-S-H, which resulted in a greater extent

of C-S-H formation. This is illustrated for limestone surfaces and quartz surfaces

in Figures 4-9 and 4-10 respectively. Limestone surface show a greater a greater

extent of C-S-H formation at all time-points, although there is no difference in the

morphology of the C-S-H. Fayalite and diopside surfaces showed similar extent of

reaction to quartz and are not shown here.

The experiments performed using the flow reactor demonstrate no significant dif-

ferences in the type or morphology of C-S-H on the surfaces at equivalent times.

However, clear differences in the kinetics of C-S-H nucleation and growth were ob-

served amongst the 4 surfaces of interest: C-S-H nucleation and growth is more rapid

on limestone than on quartz, fayalite, or diopside. No significant difference in the

rate of nucleation and growth of C-S-H was identified among quartz, fayalite, and

diopside. Measurements of the rates of nucleation and growth of C-S-H on these
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Figure 4-5: Flow reactor SEM images of limestone surfaces exposed to; (A) 13.5 mM
Ca(OH)2 and 150 𝜇M Na2SiO3.5H2O for 60 minutes, (B) 13.5 mM Ca(OH)2 and 150
𝜇M Na2SiO3.5H2O for 180 minutes, (C) 27 mM Ca(OH)2 for for 60 minutes, or (D)
27 mM Ca(OH)2 for for 180 minutes.

surfaces represents an important direction for future work given the importance of

C-S-H nucleation and growth on the properties of a binder.

The reasons for the greater extent of C-S-H formation on limestone are not known.

As described in Section 4.1, the dissolution rate of the aggregate surface can influence

reaction product formation. The dissolution rate of limestone, quartz, fayalite, and

diopside at pH 13 can be estimated to be approximately 10−10 mol cm−2 s−1, [117],

10−14 mol cm−2 s−1 [118], 10−15 mol cm−2 s−1 [119, 101, 120, 121], and 10−13 mol cm−2

s−1 [62], respectively. The higher dissolution rate of limestone surfaces was evident

in the formation of CaCO3 when exposed to Ca(OH)2 solutions. In the case of the

static solutions, this CaCO3 appeared to result in C-S-H with a morphology different

from the other surfaces. The constant replenishment of aqueous ions in the flow

reactor more closely resembles the pore solution of concrete in which the precursors are
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Figure 4-6: Flow reactor SEM images of fayalite surfaces exposed to; (A) 13.5 mM
Ca(OH)2 and 150 𝜇M Na2SiO3.5H2O for 60 minutes, (B) 13.5 mM Ca(OH)2 and 150
𝜇M Na2SiO3.5H2O for 180 minutes, (C) 27 mM Ca(OH)2 for for 60 minutes, or (D)
27 mM Ca(OH)2 for for 180 minutes.

continually dissolving, and the differences among the surfaces observed in the static

solutions are not anticipated to be relevant to real cement systems. Understanding

the role of surface adsorption in the acceleration of C-S-H nucleation and growth on

limestone surfaces is also an important direction for future work. It is hypothesized

that the faster C-S-H nucleation and growth rates on limestone surfaces observed here

are due to either preferential ion adsorption or faster surface dissolution rates.

4.4 Chapter Summary

This chapter investigates the influence of surface chemistry on the morphology and

extent and of C-S-H formation. In short, the key finding of this chapter is that C-

S-H nucleation and growth kinetics are accelerated on limestone surfaces relative to
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Figure 4-7: Flow reactor SEM images of diopside surfaces exposed to; (A) 13.5 mM
Ca(OH)2 and 150 𝜇M Na2SiO3.5H2O for 60 minutes, (B) 13.5 mM Ca(OH)2 and 150
𝜇M Na2SiO3.5H2O for 180 minutes, (C) 27 mM Ca(OH)2 for for 60 minutes, or (D)
27 mM Ca(OH)2 for for 180 minutes.

quartz, fayalite, and diopside surfaces, although no differences in the morphology of

the precipitated C-S-H is observed. These finding are important in the context of

the formation of the ITZ: the type, morphology, and extent of the reaction products

formed can influence the mechanical properties of the ITZ. In the context of using

slags with high fayalite or diopside contents, these particular phases function in the

same way as quartz - they have no observable influence on the type, morphology, or

rate of reaction product formation.

Two experiment designs were used to study the influence of aggregate surface

chemistry on the type, extent, and morphology of reaction products. The flow re-

actor was found to offer a better comparison of the reaction kinetics than the static

solution setup. The constant replenishment of aqueous ions in the flow reactor setup

more closely resembles the pore solution of concrete in which the precursors are contin-
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Figure 4-8: Flow reactor SEM images of quartz surfaces exposed to; (A) 13.5 mM
Ca(OH)2 and 150 𝜇M Na2SiO3.5H2O for 60 minutes, (B) 13.5 mM Ca(OH)2 and 150
𝜇M Na2SiO3.5H2O for 180 minutes.

ually dissolving. Furthermore, the similarities between surfaces in the static solution

experiments implies that the surface is not driving the precipitation of the reaction

products in that setup. From the flow reactor experiments, it was concluded that

the nucleation and growth of C-S-H was accelerated on limestone surfaces relative

to quartz, fayalite, and diopside surfaces. It is hypothesized that the faster C-S-H

nucleation and growth rates on limestone surfaces observed here are due to one of:

preferential adsorption of Ca+2 ions which leads to more nucleation sites from which

C-S-H nuclei can grow; faster surface dissolution rates which contribute to greater

availability of aqueous ions in the vicinity of the surface; or a combination of both.
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Figure 4-9: Flow reactor SEM images of limestone surfaces exposed to 13.5 mM
Ca(OH)2 and 200 𝜇M Na2SiO3.5H2O for (A) 20 minutes, (B) 40 minutes, (C) 60
minutes, and (D) 180 minutes.
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Figure 4-10: Flow reactor SEM images of quartz surfaces exposed to 13.5 mM
Ca(OH)2 and 200 𝜇M Na2SiO3.5H2O for (A) 20 minutes, (B) 40 minutes, (C) 60
minutes, and (D) 180 minutes.
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Chapter 5

Framework for concrete mix design

using crystalline slags

In this chapter, a framework for rational concrete mix design incorporating Port-

land cement and complex crystalline slags is proposed. The phase composition and

microstructure of steel and copper slags are reviewed, resulting in the most compre-

hensive compilation of the composition of these complex materials. Dissolution rates

for all relevant phases at pH 13 are determined using various strategies. In combi-

nation with an empirical hydration model for Portland cement hydration, a kinetic

model for steel slag consumption based on dissolution rates is used to simulate the

kinetics of dissolution of a blended Portland cement-steel slag binder. The quantities

of Portland cement and steel slag consumed at various binder ages are used as inputs

into thermodynamic simulations in which the reaction product assemblage of the sys-

tem is determined. A case study on a 20 wt% steel slag, 80 wt% Portland cement

binder shows the preferential formation of AFm-phases over ettringite at later binder

ages, due to the presence of excess Al2O3 in the binder. The binder is redesigned to

incorporate additional gypsum: the presence of gypsum returns increases the quan-

tity of ettringite formed relative to AFm-phases. The implications of this model in

predicting the mechanical properties of the binder through the porosity of the binder

is discussed. This model represents an important first step in the development of a

flexible model for steel slag concrete mix design.
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5.1 Introduction

The variability in steel slags is a challenge to their use in concrete. Case-by-case

studies of steel slag use in concrete have made progress in understanding how the

properties steel slags translate to the performance of the concrete in which they

are used. A model that describes the evolution of the microstructure and reaction

products of a concrete based only the input materials to the concrete would represent

a powerful tool, allowing for rapid and flexible concrete mix design. A prerequisite of

a model of this kind would be information about the constituent phases of the input

materials as well as the kinetics of dissolution of those phases.

However, the dissolution rate of the input materials is not the only process that de-

termines the evolution of the concrete. If the solution into which a phase is dissolving

is saturated with respect to that phase, dissolution will not occur. This scenario arises

when the rate of consumption of aqueous ions is slower than the rate of dissolution.

There are two processes which hinder the consumption of aqueous ions and cause a

saturated solution with respect to the dissolving phase. First, the rate of nucleation

and growth of reaction products may be rate limiting. This is hypothesized to be the

cause of the induction period in Portland cement hydration which occurs in the hours

after the introduction of water. Initially rapid dissolution of the cement slows down

as the solution reaches saturation with respect to the dissolving cement phases due to

the slow rate of nucleation and growth of C-S-H. Second, mass transport of dissolving

ions may limit the consumption of dissolved ions. Mass transport is may be the rate

limiting mechanism at later ages of cement hydration (days to years), although this

is not well quantified [54]. In this hypothesis, the formation of reaction products in

the first hours and days of cement hydration covers precursor materials in a reaction

product through which dissolving ions must then diffuse in order to produce further

reaction product.

Hydration models are kinetic models that attempt to describe the extent of con-

sumption of the primary Portland cement phases (60% C3S, 15% 𝛽-C2S, 8% C3A,

8% C4AF) as a function of time. Calorimetry curves describe the rate of heat evo-
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lution during cement hydration, and hydration models are typically designed to fit

experimentally measured heat profiles. These models often attempt to describe the

hydration process through the use of physical models that describe the kinetics of

nucleation and growth (e.g. the Avrami equation), and mass transport (e.g. the

shrinking core model [122]). Fitting calorimetry curves in this manner is heavily

reliant on tuning parameters that result in a good fit for the experimental data. Hy-

dration models generally focus on timescales from hours to months during which it

is assumed that dissolution is never the rate-limiting reaction, and either mass trans-

port or nucleation and growth is. This assumption is valid over these timescales for

highly reactive cement phases. However, the introduction of slower reacting phases

could conceivably lead to dissolution acting as a rate limiting step.

In addition to kinetic considerations, the availability of aqueous ions must produce

an assemblage of reaction products that are not too expansive (leading to mechanical

instability), thermodynamically stable (or metastable), and durable. For this to oc-

cur, there must be a balance amongst the available aqueous ions. While finding this

balance may at times be a limitation in designing concretes with a suitable balance of

available aqueous ions, it can also represent an opportunity for synergy by combining

precursors which are rich in different elements. One example of this is the pozzolanic

reaction involving alumino-silicates and Portland cement. The high concentration of

Ca in solution at early ages of Portland cement hydration results in an excess of Ca

relative to Si, and portlandite (Ca(OH)2) precipitates as a result. The presence of an

Al and Si species in solution due to the dissolution of the alumino-silicate precursor

results in the reaction of surplus Ca with Al and Si species to produce C-A-S-H, an

aluminum substituted calcium silicate hydrate (written in cement notation);

𝐴𝑆2 + 3𝐶𝐻 + 6𝐻 → 𝐶 − 𝐴− 𝑆 −𝐻 + 𝐶2𝐴𝑆𝐻8 (5.1)

Related to this example is the synergy between precursors seen in limestone-calcined

clay-cement (LC3) systems [123]. LC3 systems are a promising alternative to purely

Portland cement based systems due to their lower environmental impact. In LC3 sys-
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tems, not only is the pozzolanic reaction present through the reaction of the alumino-

silicate calcined clay and the portlandite, there are further reactions between alumina

from C3A and limestone to produce hemicarboaluminate (written in cement notation,

where c = CO3);

𝐶3𝐴 + 0.5𝐶𝑐 + 0.5𝐶𝐻 + 11.5𝐻 → 𝐶4𝐴𝑐0.5𝐻12 (5.2)

and between the aluminates from the calcined clay and the limestone, leading to

further formation of hemicarboaluminate;

𝐴𝑆2 + 0.5𝐶𝑐 + 3.5𝐶𝐻 + 8.5𝐻 → 𝐶4𝐴𝑐0.5𝐻12 (5.3)

The formation of these additional phases results in dense microstructure and extensive

pore-filling, resulting in an LC3 binder with good mechanical properties and resistance

to corrosion. For precursors with a high quantity of available alumina, the pozzolanic

reaction may not consume all of the available alumina. In this case, introduction of

additional sulfate into the system can promote the reaction of alumina with sulfate.

This reaction serves as the basis for calcium sulfo-aluminate cements, in which pre-

cursor phases such as ye’elemite (C4A3𝑆), C4AF, and C2S react to form monosulfate

(C3A.CS.12H), ettringite (C3A.3C𝑆.32H), and strätlingite (C2ASH8). Empirical de-

terminations of the amount of reactive sulfate that results in the optimum mortar

strength have been developed [21].

The literature has demonstrated effective use of industrial wastes in building mate-

rials by following the principle of identifying synergistic reactions between precursors.

The pozzolanic reaction involving ground granulated blast furnace slag or fly ash has

been the focus of much attention, as has the geopolymeric reaction of these precur-

sors in the presence of an alkali-activator [124]. A synergy has also been identified for

ladle slags with high calcium and alumina content mixed with gypsum, or any other

calcium sulfate rich material [125, 126]. In fact, most EAF and LF slags contain high

Ca and Al contents, making them attractive precursors for calcium sulfo-aluminate

systems. This is illustrated in the model slags shown in Tables 5.6 and 5.8. In 5.6,
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Slag B has a high gehlenite (Ca2Al(AlSiO7) content and Slag C has a high mayenite

content (Ca12A14O33). In table 5.8, Slag A has high gehlenite content and Slags B

and C high mayenite content. These particular model slags represent a high content

of available Ca and Al, suitable for reaction with sulfate containing precursors. Slags

with high contents of Ca and Si bearing phases are most appropriate for use in C-S-H

or C-A-S-H binders, i.e. Portland cement or blended Portland cement based binders.

In tables 5.6 and 5.4, all six model slags have significant 𝛽-C2S content. The high

dissolution rate of 𝛽-C2S makes these slags promising candidates to for inclusion in

Portland cement or blended Portland cement based binders, where Ca and Si are

involved in the formation of C-S-H and/or C-A-S-H. Efforts at using high Fe-content

slags have also met with some success. The formation of F-S-H type binders has been

reported through alkali-activation of fayalitic slags [127, 52, 128, 129]. This represents

a promising avenue of research for steel and copper slags given the ubiquity of high

Fe content in these slags.

The purpose of this chapter is to contribute towards the development of a frame-

work that accounts for the reaction kinetics of both Portland cement and crystalline

slags (steel or copper slag). There are 3 main research questions that are answered

in this chapter;

• What is the phase composition and microstructure of copper, BOF, EAF, and

LF slags?

• To what extent can the dissolution rates of these phases be estimated from

existing literature?

• How can cement hydration kinetics and dissolution rates be used to model the

reaction product assemblage of mixed Portland cement-slag binders?

The first research question seeks to address a gap related to the lack of steel and

copper slag phase composition compilations. Answering this research question allows

the second research question to be answered. Once the most prevalent phases in these

slags have been identified, we develop a database for the dissolution rates of these
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phases. Finally, the dissolution rates of the slag phases are used to develop a kinetic

model for slag dissolution, which in turn is used to determine the evolution of the

reaction product assemblage of the Portland cement-slag binder.

5.2 Copper and steel slag composition

5.2.1 Phase composition

For each slag type (copper, basic oxygen furnace, electric arc furnace, and ladle

furnace), a comprehensive review of reported slag phases is compiled. Based on this

data, 3 model slags for each slag type are proposed. The purpose of these model

slags is to summarize the large number of reported slag compositions in a way that

illustrates the range of phase compositions within a given slag type. The model slags

are also used as a basis for modeling slag dissolution and reaction product formation

in Section 5.4.1.

Copper slag

Background on the production of copper slag is given in Section 1.2.2. In short, the

production of copper slag involves two processes which produce slag as a byproduct;

matte smelting and converting. Slags from both processes are typically rich in FeO,

SiO2, and Fe2O3,and have minor quantities of Al2O3, CaO, and MgO [38]. The

dominant reaction during the smelting phase is the formation of fayalite (Fe2SiO4). An

extensive literature review of reported copper slag phase composition was performed

in order to identify the most commonly reported phases. The results of this literature

review are summarized in Table 5.1, and the full literature review is included in the

Appendix. The predominance of fayalite, an amorphous phase, and an iron rich spinel

(reported as magnetite) is apparent.

In the context of the above background and literature review, it is possible to

propose 3 model slags whose compositions reflect the variation in of typical slag

compositions. This is shown in Table 5.2, whereby each of the 3 model slags is
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Phase Chemical formula Times reported/
Number of slags

Fayalite Fe2SiO4 23/28
Spinel/magnetite Fe3O4 22/28
Glass N/A 21/28
Pyroxene (Ca,Fe,Mg)(Ca,Fe,Mg)Si2O6 8/28
Quartz SiO2 6/28
Melilite (Ca,Na)2(Al,Mg,Fe2+)(Al,Si)SiO7 2/28
Leucite KAlSi2O6 2/28
Pyrite/Sphalerite FeS/(Fe,Zn)S 5/28
Copper/iron sulfides N/A 8/28
Copper metal Cu 7/28

Table 5.1: Summary of reported phase composition of copper slags.

similar to the typical phase composition from a given copper-making process The

difference between Slag A and Slag B is the abundance of olivine over glass – this is

a consequence of the cooling rate of the slag.

Olivine
(wt%)

Glass
(wt%)

Spinel
(wt%)

Pyroxene
(wt%) Process

Slag A 60 20 10 10 Matte smelting/Peirce-Smith con-
verting, slow cooled

Slag B 20 60 10 10 Matte smelting/Peirce-Smith con-
verting, quenched

Slag C 30 30 30 10 Flash converting

Table 5.2: Phase composition of model copper slags.

Basic oxygen furnace (BOF) slag

Basic oxygen furnaces (BOF), also known as Linz-Donawitz (LD) furnaces, and vari-

ations on BOF furnaces account for 72% of global crude steel production [27]. The

oxides CaO, MgO, FeO, and SiO2 typically account for 90% of BOF slag chemical

composition. 𝛽-C2S, dicalcium ferrite, RO phase, and lime are most commonly re-

ported in BOF slag. The presence of these phases is consistent both over the decades

and across countries, as illustrated in Table 5.3. The full literature review is included

in the Appendix. Three theoretical slags were designed to illustrate the variation in

the phase composition of BOF slags, shown in Table 5.4. BOF A has high RO phase

content, moderate quantities of 𝛽-C2S and dicalcium ferrite, and minor quantities of
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Phase Chemical formula Times reported/
Number of slags

𝛽-C2S Ca2SiO4 39/42
Dicalcium ferrite Ca2Fe2O5 35/42
RO phase/Wüstite (Fe,Mg,Mn)O 35/42
Lime CaO 28/42
Periclase MgO 12/42
Magnetite Fe3O4 17/42
Hematite Fe2O3 5/42
Calcio-olivine Ca2SiO4 5/42
Fayalite Fe2SiO4 5/42
Wollastonite Ca2Si2O6 7/42
Ferrosilite Fe2Si2O6 4/42
Enstatite Mg2Si2O6 4/42
C3S Ca3SiO5 16/42
Gehlenite Ca2Al(AlSiO7) 2/42
Glass N/A 5/42
Quartz SiO2 4/42
C4AF Ca4Al2Fe2O10 2/42
Mayenite Ca12Al14O33 2/42
Corundum Al2O3 2/42
Portlandite Ca(OH)2 18/42
Brucite Mg(OH)2 5/42
Calcite CaCO3 16/42

Table 5.3: Summary of reported phase composition of BOF slags.

magnetite, lime, and C3S similar to slags reported by [130] and [131]. BOF B has

high 𝛽-C2S content, moderate quantities of dicalcium ferrite and RO phase, and mi-

nor quantities of lime, C3S, and magnetite, similar to slags reported by [131]. BOF

C has high dicalcium ferrite and lime, moderate quantities of 𝛽-C2S and 𝛾-C2S, and

minor quantities of RO phase, C3S, and magnetite, similar to slags reported by [132]

and [133].

𝛽-C2S
(wt%)

Dicalcium
ferrite
(wt%)

RO
phase
(wt%)

Lime
(wt%)

C3S
(wt%)

Magnetite
(wt%)

𝛾-C2S
(wt%)

Slag A 30 15 30 5 5 10 0
Slag B 50 15 20 5 5 5 0
Slag C 20 35 5 15 5 5 15

Table 5.4: Phase composition of model BOF slags.
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Electric Arc Furnace (EAF) Slag

Electric arc furnace (EAF) slag accounts for 28% of global crude steel production

[27]. The EAF typically takes steel scrap as an input. The higher variability in the

composition of the inputs to the EAF corresponds to slags with higher compositional

variability compared to BOF slags. This is illustrated in Table 5.5 and the full

literature review is included in the Appendix. P associates with calcium silicate

phases, stabilizing the 𝛽 phase of Ca2SiO4, and Mn and Al substitutes with Fe in

dicalcium ferrite.

Phase Chemical formula Times reported/
Number of slags

𝛽-C2S Ca2SiO4 15/24
RO phase/Wüstite (Fe,Mg,Mn)O 16/24
Spinel (Fe,Mg,Mn,Ca)(Fe,Al,Cr)2O4 9/24
Calcio-olivine Ca2SiO4 3/24
Kirschsteinite CaFeSiO4 3/24
Gehlenite Ca2Al(AlSiO7) 9/24
Merwinite Ca3MgSi2O4 6/24
Bredigite Ca7MgSi4O16 4/24
Akermanite Ca2MgSi2O7 2/24
Cuspidine Ca4Si2O7(F,OH)2 2/24
Quartz SiO2 3/24
Brownmillerite Ca2(Fe,Al)O5 6/24
Hematite Fe2O3 4/24
Mn oxides N/A 3/24
Mayenite Ca12Al14O33 4/24
Periclase MgO 3/24

Table 5.5: Summary of reported phase composition of EAF slags.

Three theoretical slags were designed to illustrate the variation in the phase com-

position of EAF slags, shown in Table 5.6. EAF A has high RO phase and 𝛽-C2S

content and minor quantities of magnetite, olivine, and brownmillerite, similar to

slags reported by [134] and [135]. EAF B has high gehlenite (Ca2Al(AlSiO7) content,

moderate quantities of 𝛽-C2S and RO phase, and minor quantities of magnetite and

brownmillerite, similar to slag reported by [136]. EAF C has moderate quantities

of 𝛽-C2S, RO phase, and mayenite, and minor quantities of magnetite and olivine,

similar to slags reported by [137], [138], and [139].
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𝛽-C2S
(wt%)

RO
phase
(wt%)

Mag-
netite
(wt%)

Olivine
(wt%)

Brown-
millerite
(wt%)

Gehlenite
(wt%)

Mayenite
(wt%)

Slag A 35 50 5 5 5 0 0
Slag B 20 20 5 0 5 50 0
Slag C 25 45 5 5 0 0 20

Table 5.6: Phase composition of model EAF slags.

Ladle Furnace (LF) slag

Ladle furnaces (LF) are used to produce steel alloys and take steel from BOFs or

EAFs as input. Due to the wide variation in the composition of steel alloys, slags

from LFs are highly variable in their composition. Reported phases in LF slags are

compiled in Table 5.7 with the full literature review included in the Appendix.

Phase Chemical formula Times reported/
Number of slags

𝛽-C2S Ca2SiO4 11/18
Calcio-olivine Ca2SiO4 14/18
Periclase MgO 13/18
Mayenite Ca12Al14O33 12/18
C3A Ca3Al2O6 7/18
Wollastonite Ca2Si2O6 3/18
Diopside CaMgSi2O6 4/18
Glass N/A 5/18
Gehlenite Ca2Al(AlSiO7) 4/18
Bredigite Ca7MgSi4O16 4/18
Merwinite Ca3MgSi2O4 4/18
C3S Ca3SiO5 3/18
Quartz SiO2 2/18
Jasmundite Ca11(SiO4)4O2S 3/18
Fluorite CaF2 7/18
Spinel (Fe,Mg,Mn,Ca)(Fe,Al,Cr)2O4 3/18
Wüstite FeO 3/18
Portlandite Ca(OH)2 6/18
Dolomite (Ca,Mg)CO3 3/18

Table 5.7: Summary of reported phase composition of LF slags.

Three theoretical slags were designed to illustrate the variation in the phase com-

position of LS slags, shown in Table 5.8. LF A has high 𝛾-C2S content and minor

quantities of 𝛽-C2S, periclase, gehlenite (Ca2Al(AlSiO7), fluorite, and merwinite, sim-
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ilar to slag reported by [140]. LF B has high quartz content, moderate quantities of

𝛾-C2S and mayenite, and minor quantities of periclase, similar to slag reported by

[126]. LF C has high quantities of pyroxene, moderate quantities of 𝛾-C2S and mayen-

ite, and minor quantities of 𝛽-C2S and periclase, similar to slags reported by [28, 141].

𝛽-
C2S
(wt%)

𝛾-
C2S
(wt%)

Per-
iclase
(wt%)

May-
enite
(wt%)

Geh-
lenite
(wt%)

Flu-
orite
(wt%)

Mer-
winite
(wt%)

Pyr-
oxene
(wt%)

Quartz
(wt%)

Slag A 10 60 10 0 10 5 5 0 0
Slag B 0 20 5 20 0 0 0 0 50
Slag C 5 20 5 20 0 0 0 40 0

Table 5.8: Phase composition of model LF slags.

5.2.2 Slag microstructure

In real heterogenous slags, the distribution of phases may result in certain reactive

phases being completely surrounded by less reactive phases. A mineral that is in-

accessible in this way is "locked". Given that slag phases solidify in a sequence as

successive melting temperatures are reached during cooling, the probability of certain

phases being "locked" should be accounted for. Certain phases could be considered

to have a lower effective concentration in the slag due to this phenomenon. A process

for calculating "mineral locking" has been developed elsewhere and is not used here

[142]. Rather, microstructures of the relevant slag types are reviewed here in order

to identify which phases are more typically found as inclusions in a slag matrix and

may be more prone to mineral locking.

Copper slags

The microstructure of copper slag is dominated by 2 phases; Fe-rich olivine and

Fe-rich spinel. Depending on the thermal history, phases such as glass, pyroxenes,

melilite, and leucite may form. Vitkova et al. identify 6 solidification pathways

depending on the composition of the slag: in all cases a spinel phase is the first phase

to form at high temperature and a glassy matrix is the last phase to form with olivine,

pyroxene, leucite, and plagioclase identified as phases that may form at intermediate
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temperatures [143]. Spinel phases are the first phases to solidify (commonly identified

as the iron rich spinel end-member, magnetite), with grains that are typically spherical

or rectangular in shape [143, 144, 145, 146, 147], although dendritic morphologies have

been observed in rapidly cooled slags [143, 145, 148]. Grain sizes are in the range 10 -

100 µm. Wüstite may also form during initial solidification [145]. Grains of olivine are

formed following initial solidification. Olivine grains are typically described as either

lath-like [143, 144, 145], skeletal [146, 149], or spherical [150, 151], large melilite

(akermanite) grains [145], and spherical leucite grains [150]. A glassy matrix forms

last, locking other phases in place, as well as unreacted precursors such as metal

sulfides or metals.

BOF slags

The microstructure of BOF slag appears to be quite predictable due to the relatively

consistent thermal history and composition of all BOF slags. In fact, the mineralogy

has been reported to be largely independent of the cooling rate, although grain size

and shape is not [152, 153]. Cooling of slag initially forms phase composed of the

basic oxides CaO, MgO, and FeO. These oxides form phases such as lime, periclase, or

wüstite. The inclusion of Mn in a solid solution with Mg and Fe is common, resulting

in RO phase, or magnesio-wüstite, while lime typically appears as a separate phase.

Grains of residual lime are due to unreacted flux and are typically globular and range

in size from several microns to tens of microns [133, 152, 154, 155, 156]. Grains of

MgO from furnace refractory materials have also been reported [155, 157]. RO phase

or magnesio-wüstite grains are also globular but more angular than grains of lime

and range in size from 10 - 100 𝜇m [132, 133, 137, 138, 152, 153, 155, 156, 158, 159,

160, 161, 162, 163]. 𝛽-Ca2SiO4 solidifies around 1300°C. The 𝛽 phase of dicalcium

silicate is stabilized by the presence of P is BOF slag and forms a solid solution with

Ca3P2O8 [161]. 𝛽-Ca2SiO4 grains are typically globular and range in size from 10 -

100 𝜇m [132, 133, 138, 154, 156, 158, 160, 162]. Calcium ferrite begins to solidify at

temperatures < 1100°C and frequently forms as a matrix around calcium silicate and

basic oxide phases, although calcium ferrite “laths” have been reported [132].
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EAF slags

The microstructure and phases of EAF slag are more variable than either copper slag

or BOF slag due to the greater variation in EAF feedstocks. Spinel phases and other

basic oxide phases (wüstite, magnesio-wüstite) are the first phases to solidify. Wüstite

(magnesio-wüstite, RO phase) grains are typically globular inclusions on the order of

10 - 100 𝜇m [137, 139, 164, 165, 166, 167, 168] although dendritic wüstite is also

observed [139, 167]. Spinel grains are either euhedral [157, 169] or globular inclusions

[137, 168, 169, 170] and range in size from 10 - 100 𝜇m, similar to wüstite grains.

The spinel phase forms a solid solution which varies in composition predominantly

from magnetite (Fe3O4) to jacobsite (Fe(Fe,Mn)2O4) to magnesio-ferrite (MgFe2O4)

[169]. Cr associates with the spinel phase, and chromite (FeCr2O4) is also commonly

observed. V may also be associated with the spinel phase [167]. The final phase to

solidify forms the slag matrix, and various slag matrices have been observed: gehlenite

and brownmillerite [166]; monticellite [170]; larnite [137]; gehlenite and kirschsteinite

[168]; gehlenite and larnite [168]; olivine [167]; merwinite [171]; and akermanite [171].

There is a wide range in the type and morphology of phases that form at intermediate

temperatures. There is no systematic manner in which these phases form due to

variation in slag composition and cooling rates.

LF slags

The variability in LF slag composition translates to a corresponding variability in

microstructure and microstructure characterization is sparse in the literature. Spinel-

like MgO in a silica, calcia, alumina glass matrix was reported [157]. Adolfsson et

al. also reported a spinel like RO phase containing Mg, Fe, and Mn contained within

a calcium silicate matrix [30]. Brand et al. imaged a slag with a 𝛽-C2S matrix

containing wüstite and mayenite inclusions [137].
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5.3 Dissolution modeling

5.3.1 Rates of individual phases

On the basis of the above literature review of copper and steel slags, the following

crystalline phases have been identified as prevalent and deserving of further atten-

tion; 𝛽-C2S (Ca2SiO4), RO phase ((Fe,Mg)O), 𝛾-C2S (Ca2SiO4), fayalite (Fe2SiO4),

dicalcium ferrite/brownmillerite (Ca2Fe2O5/Ca2(Fe,Al)O5), magnetite (Fe3O4), py-

roxenes ((X)(Y)(Si,Al)2O6; X= Mg, Ca, Fe; Y = Mg, Ca, Fe), gehlenite/akermanite

(Ca2Al(AlSiO7)/Ca2Mg(Si2O7)), mayenite (Ca12Al14O33), merwinite (Ca3Mg(SiO4)2),

and lime (CaO). These phases are frequently observed across all 4 slag types.

The logarithm of mineral dissolution rates are typically observed to change linearly

as a function of pH, as described in Equation 5.4:

𝑙𝑜𝑔(𝑟) = 𝑙𝑜𝑔(𝑘0) − 𝑛× 𝑝𝐻 (5.4)

where 𝑟 (mol−1 cm−2 s−1) is the dissolution rate, 𝑘0 (mol−1 cm−2 s−1) is the dissolution

rate at pH 0, 𝑎𝐻+ is the activity of H+ ions in solution, and 𝑛 is the pH term

coefficient. The pH term coefficient is generally different in acidic (𝑛𝑎𝑐𝑖𝑑) and basic

(𝑛𝑏𝑎𝑠𝑒) solutions due to changes in the dissolution mechanism from acid to base, and

two pH term coefficients are required:

0 < 𝑝𝐻 < 7 : 𝑙𝑜𝑔(𝑟) = 𝑙𝑜𝑔(𝑘0) − 𝑛𝑎𝑐𝑖𝑑 × 𝑝𝐻 (5.5)

7 < 𝑝𝐻 < 14 : 𝑙𝑜𝑔(𝑟) = 𝑙𝑜𝑔(𝑘)0 − 𝑛𝑎𝑐𝑖𝑑𝑝𝐻 − 𝑛𝑏𝑎𝑠𝑒𝑝𝐻 (5.6)

In the following sections, the dissolution rate of each mineral at pH 13 is either

reported from a direct measurement of the dissolution rate at pH 13 or calculated by

extrapolating the dissolution rate to pH 13 using pH term coefficients. The lack of

dissolution rate data for phases in high pH systems necessitates a flexible approach

based on available data. In general, dissolution rates are at far from equilibrium

conditions in the absence of other aqueous ions.
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RO phase

The RO (reducing oxide) phase of slags consists of a solid solution of Fe, Mg, and Mn.

The Fe end-member is known as wüstite, the Mg endmember is known as periclase,

and the Mn endmember is known as manganosite. Given the high Fe concentration

of steel slags, the RO phase is typically close in composition to wüstite but may con-

tain significant Mg and Mn content. Within this solid solution, phases commonly

reported in slag include periclase, wüstite, magnesiowüstite, and ferropericlase. In-

homogeneities during slag solidification may result in multiple phases from this solid

solution being reported in a single slag. The hydration of periclase (MgO) to form

brucite (Mg(OH)2) is an expansive reaction, similar to the hydration of lime (CaO)

to form portlandite (Ca(OH)2). These expansive reactions can result in poor volume

stability of concrete due to deleterious expansive reactions. Wüstite does not hydrate

quickly and its hydration is not a problematic reaction. Geiseler and Schlösser in-

vestigated the hydration characteristics of RO phase as a function of the MgO and

FeO content. They reported no mechanical disintegration during hydration of the

RO phase at 84°C and 0.53 bar as long as the MgO content of the RO phase is less

than 70% [172]. Juckes also discusses the volume stability of MgO and suggests that

RO phase crystals with MgO content > 40% may be capable of hydration [131]. The

same trend was observed by Qian et al. in which higher contents of MgO resulted in

faster hydration [173]. Juckes highlights potential spatial distributions of MgO and

FeO in the RO phase - the higher temperature melting point of MgO may result in

a RO phase which is richer in MgO at its core than near the surface due to initial

solidification of MgO followed by surrounding FeO.

The dissolution rate of wüstite has been quantified by Jang and Brantley [174].

At 25°C and pH 5.8, wüstite has a dissolution rate of 1.6×10−13 mol cm−2 s−1

(log(𝑟)= −12.8) [174]. It dissolves more quickly under acidic conditions with an

acid pH term coefficient of 0.64. This dependence implies slower dissolution rates at

higher pH: extrapolation to pH 7 gives a dissolution rate of 2.7×10−14 mol cm−2 s−1

(log(𝑟)= −13.6). The effect of FeO content and pH on RO phase dissolution rate
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were qualitatively assessed by Strandkvist et al. [175]. RO phase with > 60 wt% FeO

was reported as not dissolving at all at pH 10. Extending the range of studied pH

values to 10 is tentative confirmation that the dissolution rate of wüstite continues

to decrease at least up to pH 10. Assuming that the base pH term coefficient is the

same as the acid pH term coefficient, extrapolation of the pH 7 dissolution rate to

pH 13 implies a dissolution rate of 3.9×10−18 mol cm−2 s−1 (log(𝑟)= −17.4).

The dissolution rate of MgO was measured by [176] up to pH 10. Based on the

observed trend in basic solution, the base pH term coefficient is estimated to be -

0.33. Extrapolating the dissolution rate to pH 13 gives a rate of 1×10−12 mol cm−2

s−1 (log(𝑟)= −17.4), 6 orders of magnitude faster than FeO dissolution.

Magnetite

Magnetite contains iron in both Fe(II) and Fe(III) oxidation states. The mechanism

of magnetite dissolution depends on whether aqueous conditions are oxic or anoxic.

Dissolution of magnetite proceeds most quickly via a reductive pathway which under

anoxic acidic conditions produces maghemite, 𝛾-Fe2O3;

𝐹𝑒𝑂.𝐹𝑒2𝑂3(𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒) + 2𝐻+ → 𝛾 − 𝐹𝑒2𝑂3(𝑚𝑎𝑔ℎ𝑒𝑚𝑖𝑡𝑒) + 𝐹𝑒2+ + 𝐻2𝑂 (5.7)

The dissolution rate of Fe2+ from magnetite was investigated by White et al. on 3

different magnetite samples of geological origin in pH 1 - 7 [177]. At pH 7, the average

reported dissolution rate for the 3 samples is 3.6×10−15 mol cm−2 s−1 (log(𝑟)= −14.5 )

with an average pH term coefficient of 0.24. As the dissolution of magnetite proceeds,

the surface layer gradually becomes enriched in Fe3+ in the form of maghemite, which

is less susceptible to solvation. Despite being linear for up to first thirty-six hours, the

reaction rate slows and is expected to become diffusion limited due to the formation of

a maghemite product layer. Assuming that the dissolution decreases with increasing

pH in basic solution at the same rate as in acidic solution, extrapolation of the pH

7 dissolution rate to pH 13 implies a dissolution rate of 1.1×10−16 mol cm−2 s−1

(log(𝑟)= −15.9). Dissolution rates of magnetite as a function of Fe(II) and oxalate
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concentration were investigated by [178]. At low concentrations of Fe(II) or oxalate

ions, the initial dissolution rate of magnetite was ∼ 1×10−11 mol cm−2 s−1. The 4

orders of magnitude difference in dissolution rate between these two studies illustrates

the large uncertainties in reported dissolution rate experiments.

Brownmillerite

Brownmillerite is a solid solution series of the form Ca2Al𝑥Fe2−𝑥O5, where x ranges

from 0 to 1.4. Brownmillerite and the iron endmember, Ca2Fe2O5 (calcium ferrite, or

srebodolskite), are commonly found in EAF slag and as a primary component of the

ferrite phase in Portland cement although the Portland cement ferrite phase (C4AF)

is an impure form of brownmillerite. Empirical fits of the hydration rate of the fer-

rite phase are already described for real cementitious systems [179, 7]. Meller et al.

measured the hydration rate of Ca2AlFeO5 in isolation at 30°C using measured using

energy dispersive diffraction (EDD) [180]. A rate constant of 0.015 h−1, equivalent

to a reaction rate of 7.8×10−12 mol cm−2 s−1 (log(𝑟)= −11.1), was calculated in the

absence of gypsum at a liquid to solid ratio of 0.5. The rate is dependent on the brown-

millerite’s stoichiometry: a higher Al/Fe ratio appears to increase the hydration rate

- the difference in hydration rate between Ca2Fe2O5 and Ca2FeAlO5 is about 1 order

of magnitude [181, 182, 183, 180]. In addition, the rate is increased by the presence of

sulfate, which at room temperature causes ettringite (Ca6Al2(SO4)3(OH)12·26H2O)

to form instead of the metastable hydrate [180]. Finally, the rate of dissolution at pH

10 is slower than at pH 7.

𝛾-Ca2SiO4

Calcio-olivine (𝛾-Ca2SiO4) is the calcium end-member of the olivine solid solution

series. The dissolution rate of calcio-olivine is comparatively understudied compared

to that of the Mg end-member, forsterite. However, extensive dissolution studies

of forsterite have revealed a pH term coefficient for olivine minerals of 0.5 in acidic

solutions and 0.25 in basic solutions. Westrich et al. determined the dissolution rate of

calcio-olivine in acidic solution [6]. Extrapolation of their data to pH 7 implies a pH 7
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dissolution rate of 1.5×10−11 mol cm−2 s−1 (log(𝑟)= −10.8). Traynor et al. measured

the dissolution rate and pH dependence of calcio-olivine in basic solution [62]. The

dissolution rate at pH 13 was recorded as 3.2×10−13 mol cm−2 s−1 (log(𝑟)= −12.5).

Extrapolation of their data to pH 7 predicts a pH 7 dissolution rate of 1×10-11

mol cm−2 s−1 (log(𝑟)= −11), in good agreement with Westrich et al. The pH term

coefficient was calculated to be 0.24 over the pH range of interest, 11-13.5.

Fayalite

Fayalite (Fe2SiO4) is the iron end-member of the olivine solid solution series. Traynor

et al. measured the dissolution rate and pH dependence of both synthetic fayalite and

a fayalitic slag in basic solution [62]. The dissolution rate at pH 13 was recorded as

7.9×10−14 mol cm−2 s−1 (log(𝑟)= −13.1). Extrapolation of dissolution rate data for

the synthetic fayalite to pH 7 predicts a pH 7 dissolution rate of 1.3×10−15 mol cm−2

s−1 (log(𝑟)= −14.9) and a pH term coefficient of 0.3 over the pH range of interest,

10-13. Dissolution rate measurements for the fayalitic slag are very similar in terms

of both the measured dissolution rates and the pH term coefficient.

Pyroxenes

The pyroxene mineral group forms a solid solution of the form (Mg,Fe2+,Ca) (Mg,Fe2+)

(Si,Al)2O6. In crystalline slags the presence of a pyroxene phase is identified by the

presence of one of the end-members of the solid-solution: diopside (CaMgSi2O6), wol-

lastonite (Ca2Si2O6), enstatite (Mg2Si2O6), hedenbergite (FeCaSi2O6), augite ((Ca,Na)

(Mg,Fe,Al,Ti) (Si,Al)2O6), esseneite (CaFeAlSiO6), and ferrosilite (Fe2Si2O6) have all

been identified in BOF, LF, or copper slags. The dissolution rate of diopside, wollas-

tonite, enstatite, augite, and hedenbergite have all been studied over a range of pH

values, shown in Figure 5-1. Dissolution rate experiments have been preformed pre-

dominantly on diopside and wollastonite at near neutral pH. Given the predominance

of dissolution rate experiments in near neutral pH conditions and the large discrepan-

cies in reported rates across publications, the dissolution rate at pH 13 is estimated

by extrapolating all dissolution rates to pH 13 using the acidic and basic solution pH
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term coefficients. This provides a more robust estimate for the dissolution rate by

considering more data points. The effect of mineral composition on dissolution rate

is also of interest, although this is poorly quantified and difficult to predict in basic

solution using existing dissolution rate data.

Figure 5-1: Histogram of number of experimental measurements of selected pyroxenes
as a function of pH.

Fits of dissolution rate as a function of pH for diopside dissolution are shown in

Figure 5-2 [119, 101, 121]. The pH term coefficient is calculated for each publication.

For diopside, the pH term coefficient in acidic and basic solution are calculated to

be -0.18 and -0.02 respectively. There are 56 diopside dissolution rate experiments

which are measured at far from equilibrium conditions in the absence of other aqueous

ions (such as organic ligands) and these dissolution rates are extrapolated to pH 7

using the pH term coefficients above [119, 101, 121, 184, 120, 185, 186]. The mean

dissolution rate at pH 7 is 5(±6)×10−16 mol cm−2 s−1 (log(𝑟)= −15.3±0.5), where

the uncertainty is the standard deviation of the 56 dissolution rate experiments. The

pH 13 dissolution rate is 4(±4)×10−16 mol cm−2 s−1 (log(𝑟)= −15.4±0.5).
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Figure 5-2: Linear of fits of log dissolution rate as a function of pH in: A - acidic
solution and B - basic solution

In the case of enstatite, the dissolution rate is measured as a function of pH in

2 separate studies. The dissolution rate of enstatite is measured as a function of pH

in both acidic and basic solution at 70°C by Oelkers and Schott [187] and in basic

solution by Halder and Walther [188]. The pH term coefficient in acidic solution as

determined by regression of the data from [187] is -0.23. The pH term coefficient in

basic solution as determined by regression of the data from [188] is -0.02. There are

55 enstatite dissolution rate experiments which are measured at far from equilibrium

conditions in the absence of other aqueous ions (such as organic ligands) and these

dissolution rates are extrapolated to pH 7 using the pH term coefficients above. The

mean dissolution rate at pH 7 is 2(±1)×10−14 mol cm−2 s−1 (log(𝑟)= −13.6±0.3),

where the uncertainty is the standard deviation of the 55 dissolution rate experiments.

The small pH term coefficient in basic solution results in the same dissolution rate at

pH 13; 2(±1)×10−14 mol cm−2 s−1 (log(𝑟)= −13.6±0.3).

There are 2 studies that measure the dependence of wollastonite dissolution rate

on pH in acidic solution [101, 189] and 3 studies that measure this dependence in

basic solution [101, 121, 190]. The average pH term coefficient in acidic solution as

determined by regression of the is -0.10. The pH term coefficient in basic solution as

determined by regression is -0.22. The mean dissolution rate at pH 7 is 1(±1)×10−13

mol cm−2 s−1 (log(𝑟)= −12.9±0.3), where the uncertainty is the standard deviation

of the 46 dissolution rate experiments. The pH 13 dissolution rate is 6(±5)×10−15 mol

cm−2 s−1 (log(𝑟)= −14.2±0.3). The dissolution rate of hedenbergite is quantified at
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Mineral Acidic pH term
coefficient, 𝑛𝑎𝑐𝑖𝑑

Basic pH term
coefficient, 𝑛𝑏𝑎𝑠𝑒

pH 7 dissolu-
tion rate (mol
cm−2 s−1)

pH 13 dissolu-
tion rate (mol
cm−2 s−1)

Diopside -0.18 -0.02 5(±6)×10−16 4(±4)×10−16

Enstatite -0.23 -0.02 2(±1)×10−14 2(±1)×10−14

Wollastonite -0.1 -0.22 1(±1)×10−13 6(±5)×10−15

Hedenbergite 6(±4)×10−12 𝑎 6(±4)×10−12 𝑏

Table 5.9: Dissolution rates and pH term coefficients of selected pyroxenes. Errors
are 1 standard deviation. 𝑎Dissolution rate measured at 23 MPa. 𝑏Assumes basic pH
term coefficient for hedenbergite is 0.

high pressure and high temperature by Zhang et al. [191]. There is not enough data

for hedenbergite dissolution rates to determine the pH term coefficient in acidic or

basic solution. However, the dissolution rate is measured 36 times at different reactor

flow rates in a flow reactor at high pressure – the pressure inside the reactor was 23

MPa for all experiments. The experiments were conduced at a temperature of 25°C

and at near neutral pH. This allows the pH 7 dissolution rate to be approximated

as 6(±4)×10−12 mol cm−2 s−1 (log(𝑟)= −11.2±0.3). The pH 13 dissolution rate is

6(±4)×10−12 mol cm−2 s−1 (log(𝑟)= −11.2±0.3).

Understanding how pyroxene composition affects the dissolution rate at a given pH

is not straightforward. Correlations between composition and dissolution rate have

been identified for some mineral groups at specific pH values [192, 193, 194]. There are

challenges with attempting to transfer these tentative correlations to other mineral

groups and different pH ranges: silicate connectivity, solubility of the component ions

of the mineral, and the dissolution reaction mechanism at the surface may all be

sufficiently different as to render previously identified correlations of little value.

Mayenite

Mayenite (Ca12Al14O33, C12A7) hydrates rapidly with dissolution occurring over the

first few minutes of hydration [195] and its hydraulic activity is similar to that of

C3A [196], both of which are more reactive than C3S [197]. The rapid reaction of

mayenite is known as “flash-setting” and in the absence of sulfur forms primarily

C2AH8, in the presence of sulfur forms ettringite and/or monosulfoaluminate, and in
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the presence of Cl− ions forms Friedel’s salt [30, 198, 199]. The high concentration

of Al ions in solution due to rapid mayenite dissolution creates a sulfate imbalance.

Additionally, cement hydration may be retarded due to the adsorption of Al ions onto

calcium silicate surfaces [200]. Due to the extremely fast dissolution of mayenite, its

dissolution kinetics have not been studied, but they can safely assumed to be at least

at fast as the other Portland cement phases, i.e. on the order of 1×10−9 mol cm−2

s−1.

Merwinite

The kinetics of merwinite dissolution have not been studied. The hydration of merwi-

nite has been described as low, although hydraulic activity can be increased through

mechanical and chemical activation (high pH) [72].

Merwinite is a nesosilicate, and its structure consists of isolated silicate tetrahedra

- the same connectivity as olivine minerals. Dissolution of nesosilicates does not

require the breaking down of a polymerized silicate chain. Therefore, the dissolution

rate of nesosilicates is a function of the properties of its component cations. For Ca-

Mg olivines, there is a correlation between the Ca/Mg molar ratio and the average

bond strength of the metal-oxygen bonds in the mineral (Figure 5-3A). Here, the

average bond strength of a given oxide, 𝑆𝑀−𝑂, is calculated using classical bond

valence models, as defined in Equation 5.8:

𝑆𝑀−𝑂 =

∑︀
𝑛𝑀𝑠𝑀𝐶𝑁𝑀∑︀

𝑛𝑀

(5.8)

where 𝑛𝑀 , 𝑠𝑀 , and 𝐶𝑁𝑀 are molar quantity, average bond valence, and average

oxygen coordination number of each type of metal cation M (M = Si, Al, Fe, Mg,

Ca, and Mn), respectively. The bond valence 𝑠𝑀 is a measure of bond strength and

commonly described as a function of bond length using Equation 5.9:

𝑠𝑀 = 𝑠0𝑀

(︃
𝑅𝑀−𝑂

𝑅0𝑀−𝑂

)︃−𝑁𝑀

(5.9)
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Metal-
oxygen pair

𝑠0𝑀 𝑅0𝑀−𝑂 𝑁𝑀

Si-O 1 1.605 4
Al-O 0.5 1.888 4.6
Fe(III)-O 0.5 1.981 5.2
Fe(II)-O 0.333 2.128 4.9
Mg-O 0.333 2.076 5.2
Ca-O 0.25 2.437 5.5
Mn-O 0.333 2.165 5.1
Zn-O 0.5 1.946 5.7

Table 5.10: Empirical parameters for calculating bond metal-oxygen strengths from
[5].

where 𝑅𝑀−𝑂 is the 𝑀 − 𝑂 bond length, and 𝑠0𝑀 , 𝑅0𝑀−𝑂
, and 𝑁𝑀 are empirical

parameters for each pair of atoms 𝑀 − 𝑂, which have been determined by refining

the model against accurate crystal structures as has been tabulated in [5], and are

shown in Table 5.10. The average bond strength and the dissolution rate have a

log-linear relationship for olivine minerals (Figure 5-3B). Given the similarities in

structure and composition, the dissolution rate of merwinite is here calculated from

this fit. The dissolution rate at pH 2 for merwinite from this log-linear fit is 7.8×10−10

mol cm−2 s−1 (log(𝑟)= −9.1). Translating the pH 2 dissolution rate to pH 13 requires

the pH term coefficient in both acidic and basic solutions to be known. This term has

not been determined, and here we assume that the dissolution rate pH dependence

is the same as the olivines; 0.5 in acidic solutions and 0.25 in basic solutions. This

yields a pH 13 dissolution rate of is 4.5×10−14 mol cm−2 s−1 (log(𝑟)= −13.4).

Gehlenite and akermanite

Neither gehlenite (Ca2Al(AlSiO7)) nor akermanite (Ca2Mg(Si2O7)) dissolution kinet-

ics have been measured. However, gehlenite and akermanite are sorosilicates, con-

sisting of isolated pairs of Si or Si and Al tetrahedra surrounded by cations. The

dissolution rates of other sorosilicates such as kyanite (Al2SiO5) have been reported

[203]. At pH 13 the dissolution rate of kyanite is between 1×10−14 mol cm−2 s−1 and

1×10−13 mol cm−2 s−1. Gehlenite and akermanite contain Ca and Mg cations that

are not present in kyanite and the effect this would have on the dissolution rate is not
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Figure 5-3: A: Average bond strength of selected orthosilicates as a function of Ca/Mg
ratio. B: Dissolution rate of selected orthosilicates as a function of average bond
strength.

known. Gehlenite and akermanite dissolution kinetics are assumed here to be of the

same order of magnitude as kyanite. Studying dissolution kinetics of gehlenite and

akermanite is an important future research task (see Section 7.2).

CaO

CaO dissolution is very fast which makes accurate measurements of its dissolution

rate experimentally challenging. Despite this, the dissolution rate of CaO has been

measured before in acidic solution: the dissolution rate is reported at pH 1 as 1.2×10−7

mol cm−2 s−1 (log(𝑟)= −6.9) and at pH 2 as 6.3×10−8 mol cm−2 s−1 (log(𝑟)= −7.2).

This implies a pH term coefficient in acidic solutions of 0.3, but the dependence of

dissolution rate on pH has not been explicitly measured. The dissolution rate of CaO

was measured at pH 7 and pH 13 by [204] but experimental difficulties in measuring

the surface area of the CaO used precludes a surface normalized dissolution rate from

being determined. The dissolution rate of CaO was also measured in [205] using a

rotating disc. The dissolution rate was found to be sensitive to the speed of rotation

of the disc. At the slowest rotation, the dissolution rate of CaO in 0.1 M NaOH is

given as 3.9×10−9 mol cm−2 s−1 (log(𝑟)= −8.4).
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Mineral

Metal,
CN,
Average
BL (Å)

Metal,
CN,
Average
BL (Å)

Metal,
CN,
Average
BL (Å)

𝑆𝑀−𝑂

(a.u.)

pH 2 rate
(mol cm−2

s−1)𝑎
Reference

Ca2SiO4

Ca(M1),
6,
2.351

Ca(M2),
6,
2.392

Si,
4,
1.646

2.3697 2×10−9 [201]

Fe2SiO4

Fe(M1),
6,
2.175

Fe(M2),
6,
2.137

Si,
4,
1.666

2.4005 3.2×10−11
Natl. Bur. Stand.
(U. S.) Monogr.
25, 20, 59, (1984)

Mg2SiO4

Mg(M1),
6,
2.095

Mg(M2),
6,
2.13

Si,
4,
1.638

2.4482 7.6×10−13
Natl. Bur. Stand.
(U. S.) Monogr.
25, 20, 71, (1984)

MgCaSiO4

Mg(M1),
6,
2.129

Ca(M2),
6,
2.368

Si,
4,
1.637

2.4021 5.6×10−11 [202]

Mn2SiO4

Mn(M1),
6,
2.206

Mn(M2),
6,
2.227

Si,
4,
1.639

2.4083 4×10−10
Natl. Bur. Stand.
(U. S.) Monogr.
25, 21, 92, (1985)

Ca3Mg(SiO4)2
Ca,
8,
2.561

Mg,
6,
2.065

Si,
4,
1.623

2.3798 7.8×10−10 𝑏
Natl. Bur. Stand.
(U. S.) Monogr.
25, 20, 34, (1984)

Table 5.11: Bond lengths, bond strengths, and dissolution rates of selected orthosili-
cate phases. CN = Coordination number of metal, BL = Bond length. 𝑎Dissolution
rates from [6] 𝑏Calculated

Summary

Compilated dissolution rates are summarized in Table 5.12. Only 𝛽-C2S, calcio-

olivine, and fayalite have dissolution rates measured at the pH of interest. Periclase,

wüstite, magnetite, the pyroxene minerals, and lime dissolution rates are extrapolated

from dissolution rates at lower pH. The dissolution rate of merwinite is estimated from

the dissolution rate of structurally similar minerals. The dissolution rate of dicalcium

ferrite is estimated from a reported hydration rate and is expected to be higher under

the more dilute, far-from equilibrium conditions of the other reported dissolution

rates. The dissolution kinetics of mayenite, gehlenite, and akermanite have not been

studied and are not known, although mayenite is known to hydrate rapidly upon

contact with water. Therefore, mayenite is expected to have a very high dissolution

rate, similar to that of lime.

There is a notable lack of dissolution rate studies on phases which are not geo-

logically relevant – dissolution rate studies have long been the purview of geologists.

Differences in composition between the earth’s crust and metallurgical slags are il-

lustrated in Table 5.13. Phases from steel and copper slags are generally enriched in

FeO and CaO but lacking in SiO2 and Al2O3 relative to geologically relevant minerals.
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Mineral Formula pH 13 rate (mol
cm−2 s−1)

Method for dis-
solution rate Ref

𝛽-C2S Ca2SiO4 1.7×10−9 Directly reported [204]

Wüstite FeO 1.1×10−16 Extrapolated from
pH 5.8 rate [174]

Periclase MgO 1×10−12 Extrapolated from
pH 10 rate [176]

Calcio-olivine Ca2SiO4 3.2×10−13 Directly reported [62]
Fayalite Fe2SiO4 7.9×10−14 Directly reported [62]
Dicalcium ferrite/
brownmillerite

Ca2Fe2O5/
Ca2(Fe,Al)O5

7.8×10−12 From hydration
rate of 0.015 h−1 [180]

Magnetite Fe3O4/
FeCr2O4

3.9×10−18 Extrapolated from
pH 7 rate [177]

Diopside CaMgSi2O6 4(±4)×10−16 Extrapolated from
pH 7 rate

[119, 101, 121,
184, 120, 185,
186]

Enstatite Mg2Si2O6 2(±1)×10−14 Extrapolated from
pH 7 rate [187, 188]

Wollastonite Ca2Si2O6 6(±5)×10−15 Extrapolated from
pH 7 rate

[101, 121, 189,
190]

Hedenbergite CaFeSi2O6 6(±4)×10−12 Extrapolated from
pH 7 rate [191]

Gehlenite/ aker-
manite

Ca2Al(AlSiO7)/
Ca2Mg(Si2O7)

1×10−14 Estimated from
other sorosilicates N/A

Mayenite Ca12Al14O33 ? N/A N/A

Merwinite Ca3Mg(SiO4)2 4.5×10−14
Regressed from
other Ca-Mg or-
thosilicates

[6]

Lime CaO 3.9×10−9 Extrapolated from
pH 2 rate [205]

Table 5.12: Summary of calculated or reported dissolution rates of selected minerals.
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For example, Mg-rich olivines and Ca and Mg-rich pyroxenes have been extensively

studied whereas Fe-rich olivines and pyroxenes are rarely studied. This phenomenon

of differences in the chemical composition goes some way to explaining the lack of

previous research on some key slag phases.

Oxide
Earth’s
crust
(wt %)

Steel
slag
(wt %)

Copper
slag
(wt %)

SiO2 60.6 16.9 35.9
Al2O3 15.9 7.5 6.2
FeO 6.7 22.9 33.1
CaO 6.4 34.9 7.1
Na2O 3.1 0.2 0.5
K2O 1.8 0.2 1.4
MgO 4.7 7.2 1.8
TiO2 0.7 0.7 0.4

Table 5.13: Comparison of composition of earth’s crust with composition of steel and
copper slags

5.3.2 Thermodynamics of dissolution

Dissolution only occurs if the dissolution reaction is thermodynamically favorable.

The saturation state of a dissolution reaction is calculated as the difference between

the ion activity product (IAP, denoted by 𝑄) and the equilibrium constant (𝐾) for

the dissolution reaction. The IAP is calculated using the activities of aqueous ions

involved in the dissolution reaction. The IAP and equilibrium constant are related

to the Gibbs free energy of the dissolution reaction (∆𝐺𝑑𝑖𝑠𝑠) through the law of mass

action, shown in Equation 5.10;

∆𝐺𝑑𝑖𝑠𝑠 = 𝑅𝑇 × 𝑙𝑛
(︂
𝑄

𝐾

)︂
(5.10)

The relationship between dissolution rate and ∆𝐺𝑑𝑖𝑠𝑠, is non-trivial. However, it is

safe to assume that the dissolution rate decreases at more negative values of ∆𝐺𝑑𝑖𝑠𝑠

and reaches zero when ∆𝐺𝑑𝑖𝑠𝑠 is zero. Dissolution is not favored for positive values

of ∆𝐺𝑑𝑖𝑠𝑠.
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The mixing of Portland cement and water in concrete results in the rapid increase

in concentration of Ca, Si, Na, K, and S ions in the aqueous phase of the binder. As

the binder solidifies and hardens, the aqueous phase occupies interstitial pores and is

referred to as pore solution. The dissolution rate of any given phase dissolving into the

binder pore solution will be a function of the concentration of dissolving ions already

in solution. By calculating the equilibrium constant for the dissolution reaction and

measuring the concentration of relevant ions in the binder pore solution, the favora-

bility of the dissolution reaction can be determined. In the case of Portland cement

pore solution and blended Portland cement pore solution, data on experimentally

measured concentrations of various ions as a function of time in the pore solution has

been collected by [106]. Additionally, data for alkali activated material (AAM) pore

solutions has been collected here [206, 207, 208, 209, 210, 211, 212, 213, 214, 215].

Concentration data for Portland cement, blended Portland cement, and alkali acti-

vated material pore solutions is shown in Figure 5-4, with each data point representing

a pore solution at a given binder age. The Portland cement concentrations are all

for CEM I type Portland cement. The blended Portland cement concentrations are

all for CEM I type Portland cement blended with fly ash (FA) in various propor-

tions. AAMs all use ground granulated blast furnace slag (GGBFS) or FA with a

NaOH and/or waterglass activator. The emphasis on Na, K, Ca, SO4−2, and Si is

evident. Na concentrations are higher in alkali activated materials due to the presence

of NaOH or sodium silicate activators in most alkali activated materials. Similarly,

higher Al concentrations in AAMs are due to the presence of Al in GGBFS and FA.

Data for Mg and Fe concentrations are much sparser, possibly due to the fact that the

concentrations of these elements are typically below the detection limit of the instru-

ment being used to measure the concentration. The low Fe and Mg concentrations

are not due to their absence in Portland cement – Fe2O3 is present in C4AF and Mg

is present as an impurity in each of C3S, C2S, C3A, and C4AF – but rather due to

the low solubility of aqueous Fe and Mg species in solution. This topic is revisited in

Section 5.5.2. For example, Ca is between 104 and 105 times more soluble than Mg at

pH 13. Calculating reliable ion activity products for the dissolution reactions of Mg
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Figure 5-4: Reported concentrations of selected ions in CEM I Portland cement
binders, fly ash blended CEM I Portland cement binders, and alkali activated mate-
rials. The number of reported concentrations is given in brackets.

and Fe bearing minerals, which are plentiful in steel and copper slags, requires more

data for Mg and Fe concentrations. In any case, the dissolution reaction is expected

to proceed under conditions close to saturation, except at very early binder ages when

ion concentrations and the pH of the pore solution are still low.

For Ca and Si bearing phases, the abundance of experimental data for Ca and

Si pore solution concentrations allows the driving force for their dissolution to be

calculated. This is shown in Figure 5-5 for all pore solutions for which Ca and Si

concentrations are reported, where each individual point represents a single CEM

I type Portland cement binder pore solution. The mean value for ∆𝐺𝑑𝑖𝑠𝑠 is shown
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in solid black line, with the 5th and 95th percentiles either side. The points for

these lines are calculated by taking the average concentration for a range of times

by "binning" similar times together. GEM-Selektor v3.3 (http://gems.web.psi.ch/)

[9, 10] with PSI-Nagra [4] and Cemdata18 [11] 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-Hückel equation with ion

size and extended term parameters of NaOH background electrolyte (å = 3.31 Å and

b𝛾 = 0.098 kg mol−1) [78]. The osmotic coefficient and the Debye-Hückel extended

term were used to calculate the activity of water and neutral species respectively.

The equilibrium for the dissolution reaction were calculated using the values of the

Gibbs free energy of formation for the species involved in the reaction. All Gibbs

free energy of formation values were calculated as a function of temperature using

the RTParm module in GEM-Selektor v3.3, using the PSI-Nagra and Cemdata18

databases, except for calcio-olivine [216], and 𝛽-C2S and C3S [204]. No temperature

dependence for the Gibbs free energy of formation of 𝛽-C2S and C3S was calculated.

Similar calculations for CEM I blended Portland cement binders are included in the

Appendix. Calculations of this type are not possible for AAM binder pore solutions

as the aqueous species and reactions products typical of these systems are currently

not included in the thermodynamic databases for GEM-Selektor.

Portlandite is supersaturated in most pore solutions across all binder ages. The

supersaturation of portlandite at almost all times is expected – portlandite is one of

the main reaction products of cement hydration. Similarly, the undersaturation of

𝛽-C2S and C3S in most or all pore solutions at all times is expected - these are the

major phases of Portland cement which dissolve at all binder ages. Values of ∆𝐺𝑑𝑖𝑠𝑠

for 𝛾-C2S are close to saturation at all binder ages, implying 𝛾-C2S is a mineral

which will dissolve in solution, but is expected to become more easily supersaturated

than its more reactive polymorph, 𝛽-C2S. Additionally, 𝛾-C2S dissolution is more

undersaturated at higher temperatures. 𝛽-C2S does not follow this trend due to the

fact that the dependence of temperature on the Gibbs free energy of formation of

𝛽-C2S is currently not captured during calculations of the equilibrium constant, K.
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Figure 5-5: Driving force for mineral dissolution reactions in CEM I type Portland
cement binders. Each datapoint represents the saturation state of that mineral in a
given CEM I type Portland cement binder pore solution for which the concentration
of the relevant ions have been experimentally measured.

Beyond the simple criteria of whether ∆𝐺𝑑𝑖𝑠𝑠 is positive or negative, the value of

∆𝐺𝑑𝑖𝑠𝑠 plays a key role in regulating the dissolution rate. Nicoleau et al. measured the

dissolution rate of C3S and 𝛽-C2S as a function of ∆𝐺𝑑𝑖𝑠𝑠 and interpreted their results

in the context of C3S hydration as measured by calorimetry [204]. The dissolution

rate of C3S was found to decrease by 4 orders of magnitude going from ∆𝐺𝑑𝑖𝑠𝑠 of -30

kJ/mol to -3 kJ/mol. In the context of cement hydration, a rapid increase in the

concentrations of Ca2+, OH−, and H2SiO−
4 leads to a corresponding reduction in the

driving force for C3S dissolution. This is manifested in the calorimetry curve of C3S

hydration, which shows a high rate of heat released at early age, before decaying away
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quickly. An understanding of how the dissolution rate of a phase changes as a function

of ∆𝐺𝑑𝑖𝑠𝑠 is crucial in devising an accurate model of its dissolution over time in a

binder pore solution. In fact, advances in understanding how C3S dissolution slows as

a function of its saturation state in solution has greatly improved our understanding

of the induction period of cement hydration.

It is worth noting that the previously derived dissolution rates in Section 5.3.1

were collected under far from equilibrium conditions, and to fully account for their

dissolution rates in concrete pore solutions, an understanding of how the dissolution

rate changes as a function of saturation state would be required. This concept is

returned to in Section 7.2.

5.4 A model for cement and slag hydration

Many of the above ideas - Portland cement hydration models, dissolution kinetics of

slag phases, and synergistic reaction product formation - can be illustrated through

a simple hydration model that encompasses all three of these aspects. A model of

this kind brings us closer to being able to identify appropriate beneficial use concrete

applications for a given slag.

The objective of the model outlined in the section is to determine the reaction

product assemblage of Portland cement based mortars as a function of mortar age.

A model of the evolution of the reaction product assemblage for a given mortar

can be a powerful tool – the total volume of reaction products and the porosity

of the mortar correlates with compressive strength in certain cases [2]. A model

that is capable of describing the reaction product assemblage as a function of time

has 2 components. First, the phase composition of the precursors (Portland cement

and slag in this case) and a description of the extent of dissolution of all phases in

the precursors as a function of mortar age is required. And second, the ability to

calculate the thermodynamic equilibrium of a system with given input composition

and temperature is necessary. With a database that includes thermodynamic data

for all possible reaction products, calculations of the thermodynamic equilibrium of
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a system are accurate in determining the phase composition of the resultant aqueous

and solid phases. GEMS is a geochemical modeling software which uses a Gibbs

free energy minimization approach whereby the total bulk input composition is used

to calculate the reaction product assemblage. The reaction product assemblage is

identified as the combination of phases which minimizes the total Gibbs free energy

of the system while maintaining mass and charge balance of the whole system through

the law of mass action. The 2 components of this model will be outline in the following

sections.

5.4.1 Dissolution kinetics

As mentioned in the abstract, the framework outline in this chapter will be demon-

strated on Portland cement-steel slag mixes. Specifically, the steel slag of interest is

EAF Slag C from Table 5.6. This slag was chosen due to its high content of reactive

phases, namely mayenite, periclase (RO phase), and 𝛽-C2S. In the following sections,

the kinetics of dissolution of the 2 components of the mix, Portland cement and slag,

will be described.

Portland cement hydration

For a description of Portland cement hydration, the model of Parrot allows the extent

of Portland cement consumption as a function of time to be calculated [3] and has

been used successfully by others [8, 179]. Parrot’s model is valid for Portland cement

mortars within a narrow range of liquid-to-solid ratios and humidity. It assumes that

the rate-limiting process is due to one of mass transport, nucleation and growth of

reaction products, or the formation of a hydration shell;

Mass transport:

𝑅1,𝑖,𝑡 =
𝐾1,𝑖

𝑁1,𝑖

(1 − 𝛼𝑡,𝑖)(−𝑙𝑛(1 − 𝛼𝑡,𝑖))
1−𝑁1,𝑖 (5.11)

Nucleation and growth:

𝑅2,𝑖,𝑡 =
𝐾2,𝑖(1 − 𝛼𝑡,𝑖)

2/3

1 − (1 − 𝛼𝑡,𝑖)1/3
(5.12)
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Hydration shell formation:

𝑅3,𝑖,𝑡 = 𝐾3,𝑖(1 − 𝛼𝑡,𝑖)
𝑁3,𝑖 (5.13)

where 𝑅1,𝑖,𝑡, 𝑅2,𝑖,𝑡, and 𝑅3,𝑖,𝑡 are the rates of each process at time 𝑡 for phase 𝑖, 𝛼𝑡,𝑖

is the extent of dissolution or consumption of phase 𝑖 at time 𝑡, and 𝐾1,𝑖, 𝑁1,𝑖, 𝐾2,𝑖,

𝐾3,𝑖, and 𝑁3,𝑖 are empirical parameters for phase 𝑖. Parrot’s model was developed

to determine the consumption of the 4 major phases of Portland cement: C3S, C2S,

C3A, and C4AF. The extent of hydration of phase 𝑖 at time 𝑡, 𝛼𝑡,𝑖 is given by the

extent of hydration at time 𝑡− 1, 𝛼𝑡−1,𝑖;

𝛼𝑡,𝑖 = 𝛼𝑡−1,𝑖 + ∆𝑡.𝑚𝑖𝑛(𝑅1,𝑖,𝑡−1, 𝑅2,𝑖,𝑡−1, 𝑅3,𝑖,𝑡−1).𝛽.𝛾.
𝐴

𝐴0

(5.14)

where 𝛽 is the water to cement ratio parameter given by 𝛽 =
(︁
1 + 10

3
(𝐻𝑖𝑤 − 𝛼𝑡−1,𝑖)

)︁4
if 𝛼𝑡 > 𝐻𝑖𝑤, otherwise, 𝛽 = 1, where 𝐻𝑖 is an empirical parameter for phase 𝑖, and

𝑤 is the water to cement mass ratio. The relative humidity parameter, 𝛾, is given

by 𝛾 =
(︁
𝑅𝐻−0.55

0.45

)︁4
, where 𝑅𝐻 is the relative humidity. The term 𝐴

𝐴0
normalizes the

surface area of the cement being to used with respect to the cement used by Parrot,

where 𝐴 (m2/kg) is the Blaine surface area of the cement and 𝐴0 is the reference

surface area of cement (385 m2/kg). The values of the empirical parameters 𝐾1, 𝑁1,

𝐾2, 𝐾3, 𝑁3, and 𝐻 for all 4 phases are shown in Table 5.14.

C3S C32 C3A C4AF
K1 1.5 0.5 1 0.37
N2 0.7 1.0 0.85 0.7
K2 0.05 0.006 0.04 0.015
K3 1.1 0.2 1 0.4
N3 3.3 5 3.2 3.7
H 1.8 1.35 1.6 1.45

Table 5.14: Empirical parameters for Portland cement hydration. Parameters are
from [3, 7]

The extent of dissolution of C3S, C2S, C3A, and C4AF is determined up to a mortar

age of 1000 days using Parrot’s model, as shown in Figure 5-6. The composition of

118



the Portland cement used here is included in the Appendix of this thesis (Table A.5).

The minor phases in Portland cement either dissolve instantly upon contact with

water (CaO, MgO, gypsum, K2SO4, and Na2SO4) or are assumed to be impurities in

the major Portland cement phases and dissolve at the same rate as the C3S (CaCO3,

Na2O (C), K2O (C), MgO (C), and SO3 (C)). This approach is identical to the one

used in [8]. The limitation of this model is inherent in the way it was developed — to

match experimental data for specific Portland cement mixes with limited broader use.

The model is not valid for major changes to the Portland cement content, relative

humidity, temperature, or water to cement mass ratio.

Figure 5-6: Portland cement hydration kinetics calculated using the model from [3],
assuming 80 g of cement.

Slag dissolution kinetics

As mentioned above, for demonstration purposes, the slag of interest is EAF Slag C

from Table 5.6. Unlike for Portland cement, there exists no empirical model describing

the consumption of steel slag in a Portland cement mortar. The dissolution of the

phases in the slag of interest are modeled here using their dissolution rates. The

extent of dissolution of these phases can be modeled using the total surface area of

each phase and the surface area-normalized dissolution rate of that phase. The total

quantity of dissolved material can be calculated as a function of mortar age in this

way. This approach is subject to several broad assumptions;

• each phase is assumed to be equally available for dissolution,
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• each phase has the same particle size distribution as the total slag (log-normal

distribution between 1 and 100 𝜇m), the same specific surface area as the total

slag, and particles are spherical

• dissolution of each phase is the rate-limiting process

• the dissolution rate of each phase is constant over the lifetime of the binder and

is unaffected by the composition of the aqueous environment into which it is

dissolving

The first of these assumptions is unlikely to differ much from reality. Some phases

may be prevented from dissolving due to being surrounded by other phases. This is

particularly true for phases such as wüstite and spinel phases which tend to solidify

first and are later surrounding by silicate matrices during slag cooling. The second

assumption is also a reasonable assumption, although phases of lower hardness are

easier to grind and may possess a smaller particle size than harder phases. Slag

particles are not spherical in reality and a roughness factor is used to reconcile the

theoretical surface area of spherical slag particles with the experimentally determined

surface area of the slag particles. The third assumption is more problematic. Mass

transport or nucleation and growth of reaction products are often assumed to be the

rate-limiting processes of beyond the early stages (<12 hours) of cement hydration.

However, without a detailed description of the evolution of the microstructure of

the mortar, it is not possible to quantify the rates of these processes. The fourth

and final assumption also represents a sharp divergence from what is expected to

occur in reality. Dissolution rates are a function of solution pH, ionic strength, and

temperature. The properties of the aqueous phase of Portland cement mortars all

evolve over the lifetime of the mortar. Furthermore, the dissolution rate is a function

of the thermodynamic driving force for dissolution, as discussed in Section 5.3.2.

The saturation state of a dissolution reaction is calculated as the difference between

the ion activity product (IAP) and the equilibrium constant (K) for the dissolution

reaction. The IAP is calculated using the activities of aqueous ions involved in the

dissolution reaction. The IAP and equilibrium constant are related to the Gibbs free
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energy of the dissolution reaction through the law of mass action. The relationship

between dissolution rate and the saturation state of the solution is non-trivial but is

known to strongly affect the dissolution rate of cement phases [204]. However, the

relationship between dissolution reaction saturation state and dissolution rate is not

well understood and has only been studied for a small a number of phases. For this

reason, the dissolution rates of the slag phases are assumed to remain high throughout

the lifetime of the mortar, corresponding to dissolution rates measured at far from

equilibrium under highly dilute conditions.

Dissolution rates for all relevant phases were compiled in Table 5.12. The evolution

of the quantity of each phases as a function of time is shown in Figure 5-7. The extent

of dissolution of each phase was calculated at the same time points as were used in

Figure 5-6. Of the 0.45 g of RO phase, 0.4 g is assumed to be wüstite and 0.05

g is assumed to be periclase based on typical concentrations of Fe and Mg in RO

phase. The dissolution rate of 𝛽-C2S is assumed to be 1×10−10 mol cm−2 s−1, based

on measurements from [204]. The dissolution rate of mayenite is not known, but

mayenite is known to induce flash setting in cementitious systems, implying a very

fast dissolution rate. The mayenite dissolution rate was assumed to be 1×10−9 mol

cm−2 s−1. Wüstite does not dissolve, while mayenite, 𝛽-C2S, and periclase undergo

rapid dissolution. At later ages, the dissolution of calcio-olivine becomes significant.

The dissolution kinetics of Portland cement and the EAF slag indicate the extent

of dissolution of all phases present as a function of time. The quantity of dissolved

phases can be broken down into their constituent oxides (Na2O, K2O, CaO, MgO,

FeO, Fe2O3, Al2O3, and SiO2), i.e. 1 mole of dissolved C3S equates to 3 moles of

CaO and 1 mole of SiO2. By comparing the quantity of each available oxide as a

function of time, the relative over- or under-abundance of a given oxide relative to

pure Portland cement systems can be identified. The CaO/Al2O3 and SO3/Al2O3

molar ratios of a 100 % Portland cement mix (PC mix) and an 80% Portland cement,

20% EAF slag mix (PC+EAF mix) can be compared, as shown in 5-8. The PC+EAF

mix is enriched in CaO and Al2O3 relative to the pure Portland cement binder. The

relative enrichment of these oxides is due to the rapid dissolution of mayenite from the
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Figure 5-7: Dissolution kinetics of individual phases from EAF Slag C, assuming 20
g of slag.

slag, as shown in 5-7. For this reason, a third mix was proposed. This mix addresses

the Al2O3 enrichment of the PC+EAF mix by adding gypsum. This mix, entitled

PC+EAF+Gyp, consists of 78.7 wt% Portland cement, 19.7 wt% EAF slag, and 1.6

wt% gypsum. This results in a SO3/Al2O3 molar ratio which more closely resembles

the Portland cement binder at later ages, as shown in Figure 5-8.

5.4.2 Thermodynamic simulations of reaction product assem-

blage

The kinetic models outline in the previous section describe the dissolved quantity of

each phase as a function of mortar age. The dissolved quantity at a series of timepoints

can be used as the input for thermodynamic simulations of the system. In other

words, the unreacted quantities of each phase are held apart from the thermodynamic

simulations — only the dissolved content is used as input. The thermodynamic

simulation determines the combination of solid phases and the composition of the

aqueous phase that minimizes the total Gibbs free energy of the system. It is therefore

assumed that the aqueous phase is in equilibrium with the solid phases at all times.
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Figure 5-8: Molar ratios for: a 100% Portland cement mix (PC); an 80% Portland
cement with 20% EAF slag mix (PC+EAF); and a 78.7 wt% Portland cement, 19.7
wt% EAF slag, and 1.6 wt% gypsum mix (PC+EAF+Gyp). Gypsum was added to
more closely match the stoichiometry of the Portland cement mix.

This assumption is not always valid as the aqueous phase is typically oversaturated

with respect to hydrate reaction products at early mortar ages. At later mortar ages,

solid and aqueous phases approach equilibrium. 24 simulations were performed at

time points from 0.01 to 365 days. For each simulation, the input quantities were

generated using the models outlined above for Portland cement and slag dissolution.

Input quantities for the simulations of the PC, PC+EAF, and PC+EAF+Gyp mixes

are included in Appendix A.

The simulations were performed using GEM-Selektor v3.3 (http://gems.web.psi.ch/)

[9, 10] with PSI-Nagra [4] and Cemdata18 [11] databases. The aqueous electrolyte

model used to determine the activity of ions in solution was the extended Helgeson

form of the Debye-Hückel equation with ion size and extended term parameters of

NaOH background electrolyte (å = 3.31 Å and b𝛾 = 0.098 kg mol−1) [78]. The osmotic

coefficient and the Debye-Hückel extended term were used to calculate the activity of

water and neutral species respectively. Thermodynamic simulations of this kind are
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only valid through judicious choice of which reaction products are typically observed

to form in real systems. Certain reaction products may be thermodynamically pre-

dicted to be present, but in practice are not observed in real cementitious systems

due kinetic constraints. For these simulations, the formation of the following phases

was forbidden; quartz, goethite, hematite, thaumasite, C4AH19, C4AH13, C4AH11,

gibbsite, monosulph-FeAl, and ettringite-FeAl, as suggested by [11]. Some of these

phases were excluded in favor of more disperse counterparts whose inclusion produces

simulations which better match experimental observations (e.g. gibbsite) [11].

5.5 Discussion

5.5.1 Reaction product assemblage

The results of the thermodynamic simulations for all 3 mixes are shown in Figure 5-9.

The reaction product assemblage of the 3 binders is similar, although there are

notable differences. The volumes of the pore solution and the precursors decrease

monotonically. The volume of C-S-H is similar in all binders. The other major

phases in all cases are portlandite (Ca(OH2)), hydrotalcite, hydrogarnet, ettringite

(Ca6Al2(SO4)3(OH)12·26H2O), and AFm-phases (primarily Ca4Al2SO10(H2O)12).

At early age, the PC+EAF and PC+EAF+Gyp mixes show a higher ettringite

(Ca6Al2(SO4)3(OH)12·26H2O) content. This reaction is the result of SO3 from the

rapidly dissolving gypsum (Ca2SO4) in the Portland cement reacting with Al2O3 from

the rapidly dissolving mayenite (Ca12Al14O33 in the EAF slag. In the PC+EAF+Gyp,

there is an even greater extent of ettringite formation at early ages due to the presence

of additional gypsum in that mix. At later ages, the PC+EAF mix shows a greater

quantity of AFm-phases (primarily Ca4Al2SO10(H2O)12) than the PC mix. This is

most likely due to the availability of Al in the mixed binder due to mayenite dissolution

– AFm-phases have a higher Al content relative to ettringite. The incorporation of

additional Ca into these AFm-phases also likely accounts for the lower portlandite

content in the mixed binder compared to the Portland cement binder. At later ages,
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Figure 5-9: Reaction phase assemblage of the PC, PC+EAF, and PC+EAF+Gyp
mixes.

the PC+EAF+Gyp mix shows a reduction in the quantity of AFm-phases relative

to the PC+EAF mix due to greater quantity of gypsum resulting in a preference for

ettringite.

One consequence of differences in the reaction product assemblage is the impact

on the porosity of the binder. Porosity is measured by the total pore volume – the

volume occupied by the pore solution and by the reduction in the binder volume due

to chemical shrinkage. In the case of all 3 binders, the porosity is calculated as the

sum of these 2 components. The porosity as a function of time for each mix is shown

in Figure 5-10. The porosity of the PC+EAF and PC+EAF+Gyp mixes decreases
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much more rapidly at early ages than the PC mix. This is a result of the dissolution of

the most reactive EAF slag phases which contribute to early formation of ettringite.

This rapid early reduction in porosity is reminiscent of the so-called flash-setting

in mayenite containing mortars, in which rapid early reaction product formation

can have a deleterious impact on concrete properties. At later ages, the PC binder

ultimately achieves a lower porosity and denser microstructure than the PC+EAF

mix. This is due to the inert phases of EAF slag remaining unreacted at later ages and

not contributing to reaction product formation, unlike the PC mix in which all cement

phases continue to react at later binder ages. However, the PC+EAF+Gyp mix does

achieve a reduction in porosity similar to the PC mix. The introduction of gypsum

into this system allowed the conversion of AFm-phases present in the PC+EAF mix

to be converted into the more expansive ettringite, densify the microstructure and

reducing the pore volume. Given the correlation between compressive strength and

porosity [2], modeling the porosity in this way offers insight into how mix design may

ultimately impact the mechanical properties of the concrete. Modeling the kinetics

and the thermodynamics of reaction product formation as described above can act

as a powerful tool in this regard. It should be noted that the addition of gypsum to

Al2O3-rich industrial wastes has been demonstrated to result in a binder with good

mechanical properties [125].

5.5.2 Identifying reactive slags

The framework developed above was only implemented for 1 slag, EAF Slag C from

Table 5.6. However, it is worth exploring how we might expect the other model slags

(Tables 5.2, 5.4, 5.6, and 5.8) to perform and to consider more broadly which slags

hold the greatest potential for use in concrete. In order for a precursor to contribute

to the formation of reaction products, it is necessary that the several conditions

be met. First, the precursor must dissolve appreciably. The extent to which this

condition is met can be evaluated from the dissolution rates of the constituent phases

of the precursor. Second, dissolved ions must be soluble enough in the concrete pore

solution such that they can diffuse away from the surface of the dissolving phase and

126



Figure 5-10: Porosity of the PC (100% PC), PC+EAF (80 wt% PC, 20 wt% EAF
slag), and PC+EAF+Gyp (78.7 wt% PC, 19.7 wt% EAF slag, 1.6% gypsum) mixes.

form reaction products elsewhere in the concrete. Third, the dissolving ions must be

capable of becoming supersaturated in solution with respect to a hydrate reaction

product.

The simplest of these conditions to consider is the solubility of the dissolving

ions. Portland cement-based concrete has a high pH (>12.5) over the lifetime of the

concrete. All steel slags are comprised primarily of 8 oxides – SiO2, Al2O3, Fe2O3,

FeO, CaO, MgO, MnO, and TiO2. The solubility of these oxides (with the exception

of Ti for which thermodynamic data was not available) is shown in Figure 5-11. The

solubility of Mn, Mg, and Fe(III) is low between pH values of 13 and 14. Si, Al,

Fe(II), and Ca have higher solubility in this range. This indicates that Si, Al, Fe(II),

and Ca bearing phases are more likely to be soluble and capable of contributing to

reaction product formation.

In terms of reaction product formation, Si, Al, Fe(II), and Ca all contribute to

reaction product formation, particularly Si, Al, and Ca. The solubility of Si, Al, and

Ca, as well as their propensity to form reaction products is unsurprising – these ele-

ments dominate the chemistry of Portland cement. Fe(II) is a less common species in

Portland cement-based concretes and less is known about the final reaction products

it will form. Recent studies on inorganic polymers with Fe(II) rich precursors have
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Figure 5-11: Solubility of selected elements between pH 7 and pH 14. Solubility is
based on thermodynamic data from [4].

revealed that Fe(II) undergoes oxidation to Fe(III), which is partially incorporated

into a silicate network [127]. In general, the reaction product formation potential of

Fe(II) is unclear.

Given that Si, Al, Fe(II), and Ca bearing phases are expected to be soluble and to

form reaction products, the final criterion to consider is the dissolution rates of these

phases. The kinetic models shown earlier in the chapter demonstrate that dissolution

rates of at least 1𝑥10−12 (mol cm−2 s−1) are required in order to bring about sub-

stantial dissolution of the phase. There is no simple correlation between chemistry

and dissolution rate of a phase. For example, the dissolution rates of the polymorphs

of Ca2SiO2 can vary by several orders of magnitude [62, 204]. However, silicate con-

nectivity is often indicative of the reactivity of a phase. Silicate phases with isolated

silica tetrahedra (e.g. 𝛽-C2S, calcio-olivine) are typically more reactive than silicate

phases polymerized silica tetrahedra. The silicate cement phases (𝛽-C2S and C3S)

are reactive for this reason and because they are high temperature polymorphs which

are thermodynamically unstable at room temperature, resulting in higher thermody-

namic driving forces for dissolution. Stabilizing these phases through the addition

of impurities can be an effective strategy in improving overall slag reactivity. For
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example, a series of ions that stabilize the more reactive 𝛽-C2S over calcio-olivine

have been identified (Ba+2, K+, Sr+2, Cr+6, P+5, and B+3) [217]. Beyond the unsta-

ble, cementitious silicates, the only other reactive phases are the simple oxides (CaO,

MgO), and the calcium aluminates (mayenite, brownmillerite, and C3A).

Returning to the aforementioned model slags (Tables 5.2, 5.4, 5.6, and 5.8) is

now possible to evaluate usefulness of these slags as a partial cement replacement.

Copper slags are dominated by Si and Fe oxides. Fayalite and spinel/magnetite are

the most commonly reported phases. These phases both contain Fe(II) and Si but

are unreactive. Glass is reported in 75% of copper slags and may react appreciably

and the reactivity of a copper slag will likely ultimately depend on its amorphous

content. Copper Slags A and C should be considered to be inert but Slag B may

contain a high enough glass content to be considered reactive. The presence of 𝛽-

C2S, dicalcium ferrite, lime, and C3S in BOF Slag A, B, and C endow them with

cementitious properties. However, there are challenges associated with the expansive

formation of Ca(OH)2 due to hydration of CaO. The phase composition of BOF slag

is more predictable than other steel slags, and the use of BOF slag in concrete is

an area of research that warrants greater attention. EAF slags are more variable in

composition than BOF slags. The reactivity of EAF slags is largely dependent on the

quantities of reactive calcium aluminates, like mayenite and C3A. For example, EAF

Slags A and B are dominated by RO phase and gehlenite, respectively, making them

inert. EAF Slag C contains a 20 wt% mayenite and 25 wt% 𝛽-C2S. Mayenite and

𝛽-C2S are both reactive and EAF Slag C is likely to be cementitious. Finally, LF slags

also have highly variable phase composition. Similar to EAF slags, the reactivity of

LF slags are largely determined by the content of calcium aluminates. LF Slag A

and LF Slag B are dominated by calcio-olivine and quartz, respectively, and and are

therefore largely inert. LF Slag C contains the highly reactive mayenite, making it a

potentially useful cement replacement.
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5.6 Chapter Summary

This chapter contributes towards the development of a framework that estimates the

reaction kinetics of both Portland cement and crystalline slags (steel or copper slag)

and models reaction product formation. The first research question was answered

through a comprehensive review of the phase composition and microstructure of the

each slag type. From this review, a subset of the most commonly reported phases

were identified and dissolution rates of these minerals were compiled. Dissolution

rates were tabulated in various ways: using directly reported rates at the pH of in-

terest; extrapolating rates from lower pH values to the pH of interest; and based on

dissolution rates for structurally and chemically similar phases. Finally, this dissolu-

tion rate data was combined with a model for cement hydration kinetics to simulate

the evolution of the reaction product assemblage. This procedure was carried out for

3 binders; 2 mixed Portland cement-slag binder and a pure Portland cement binder.

This framework offers a simple methodology for identifying potential synergy between

precursors on the basis of their phase composition.
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Chapter 6

pH calibration for alkali solutions

This chapter presents a methodology for calibrating pH meters in highly alkaline

solutions such as those relevant to cementitious systems. This methodology uses an

extended form of the Debye-Hückel equation to generate a calibration curve of pH

vs. the measured electrochemical potential (mV) based on a series of aqueous alkali

hydroxide solutions of known concentrations. This methodology is compared with the

‘built-in’ process of calibration based upon pH 4, 7, and 10 standard solutions. The

built-in calibration process underestimates the real pH values by up to 0.3 log units,

which is attributed to the alkali error. A spreadsheet for determining the calibration

curve and its application to pH meter readings is provided as Supporting Information

with [218]. The implications of improperly calibrated pH meters on interpreting

solution chemistry in cementitious systems are discussed.

This chapter is adapted from the following publication:

Brian Traynor, Hugo Uvegi, Elsa Olivetti, Barbara Lothenbach, and Rupert J

Myers. Methodology for pH measurement in high alkali cementitious systems.

Cement and Concrete Research, 135(May):106122, 2020 [218].

6.1 Introduction

Measurement of pH is a quick, simple and cost-effective technique that is funda-

mental to analytical chemistry and widely used in cement science. Fresh Portland
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cement concrete typically has a pH > 13 [8]. Maintaining such a high pH is essential

to ensure passivation of steel in reinforced concrete, thereby preventing structural

deterioration [219, 220]. The pH of the activator solution in an alkali-activated ma-

terial plays a critical role in precursor dissolution [212, 221], and high pH solutions

(> 13) are typically employed for this purpose [50]. In both Portland cement and

alkali-activated material systems, the formation of reaction products has also been

shown to depend on pH [222, 223, 224, 225].

Calibration of a pH meter is necessary for accurate pH measurements. pH meters

are typically calibrated using standard solutions with pH values of 4, 7, and 10 - a

process we refer to here as the ‘built-in’ pH meter calibration. Saturated aqueous

Ca(OH)2 solution may be used as a pH 12.45 standard (at 25°C) [226]. However,

these pH values are below the pH range of most cementitious systems; therefore,

using the built-in calibration in cementitious systems will likely lead to systematic

pH measurement errors. Through appropriate selection of solutions of known con-

centration, pH meters can be accurately calibrated to higher pH. Although versions

of this methodology have been used for years in analyses of cementitious systems

[8, 227, 228, 229, 230, 231, 232], it has been poorly explicitly disseminated and there

has been relatively little uptake of it among the broader cement science community.

This communication is intended to clarify this methodology to the cement science

community at large. As such, a pH calculator for NaOH and KOH solutions as a

function of temperature and concentration is included in the Supporting Informa-

tion and the relevant physical chemistry concepts underpinning these calculations are

discussed here.
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𝑎𝑖 Activity of ion 𝑖
𝑏𝑖 Molality (mol kg−1) of ion 𝑖
𝑏0 Standard molality, defined as 1 mol kg−1

𝛾𝑖 Activity coefficient of ion 𝑖
𝑧𝑖 Charge on ion 𝑖
𝐼 Ionic strength, = 1

2

∑︀
𝑖 𝑏𝑖𝑧

2
𝑖 (mol kg−1)

�̇� Distance of closest approach parameter of interacting ions in Debye-
Hückel equation (Å)

𝑏𝛾 Semi-empirical parameter in extended Debye-Hückel equation (kg
mol−1)

𝐴𝛾 Electrostatic parameter in Debye-Hückel equation (kg1/2 mol−1/2)
𝐵𝛾 Electrostatic parameter in Debye-Hückel equation (kg1/2 mol−1/2

Å−1)
𝑥𝑗𝑤 Amount of water, parameter in Debye-Hückel equation (mol)
𝑋𝑤 Total amount of all species in the aqueous phase, parameter in

Debye-Hückel equation (mol)
𝑀𝑖 Molarity (mol L−1)

Table 6.1: Nomenclature of terms.

6.2 Background

6.2.1 Activity of non-ideal solutions

We begin the description of our methodology to calibrate pH meters by expressing

the acidity of a solution using pH values (Equation 6.1):

𝑝𝐻 = −𝑙𝑜𝑔10(𝑎𝐻+) = −𝑙𝑜𝑔10

(︃
𝛾𝐻+

𝑏𝐻+

𝑏0

)︃
(6.1)

where 𝑎𝐻+ is the activity of aqueous 𝐻+, 𝑏𝐻+ is the molality of aqueous 𝐻+ (mol

kg−1, i.e., mol of aqueous 𝐻+ per kg of solvent), 𝑏0 is the standard molality which is

defined as 1 mol kg−1 (included to make the activity dimensionless), and 𝛾𝐻+ is the

activity coefficient of aqueous 𝐻+. Activity is a measure of the effective concentration

of an ion in solution, accounting for non-idealities that arise in real solutions. Molality

is the preferred thermodynamic expression for concentration due to its independence

of temperature and pressure, unlike molarity (mol L−1).

Deviations between activity and concentration arise from electrostatic interactions

among ions in aqueous ionic solutions. Long range inter-ionic coulombic attractions
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affect ion activity predominantly at low concentrations, whereas short-range ion-ion

and water-ion solvation interactions have additional effects at higher concentrations.

Short-range ion-ion interactions (ion association) decrease ion activity through for-

mation of ion-ion pairs, reducing the effective number of ions in solution. Water-ion

solvation interactions (ion hydration) increase activity by effectively reducing the

amount of solvent. In highly dilute aqueous environments, the difference between

concentration and activity is negligible.

Debye-Hückel (DH) theory [233] was developed to calculate the mean activity

coefficients of ions as a function of the concentration of ions in aqueous ionic solutions.

DH theory as originally developed is applicable to dilute aqueous ionic solutions, in

which short range interactions are ignored by assuming a structureless solvent, and

where the primary interactions between ions are long-range Coulombic forces. The

theory results in the Debye-Hückel equation (Equation 6.2), which we define here

using molalities:

𝑙𝑜𝑔10𝛾𝑖 =
−𝐴𝛾𝑧

2
𝑖

√
𝐼

1 + �̇�𝐵𝛾

√
𝐼

+ 𝑙𝑜𝑔10
𝑥𝑗𝑤

𝑋𝑤

(6.2)

where 𝑧𝑖 is the charge of ion 𝑖 in solution, �̇� (Å) is the average distance of closest

approach of two ions of opposite charge, 𝐼 (mol kg−1) is the ionic strength (defined

in Table 6.1), and 𝐴𝛾 (kg1/2 mol−1/2) and 𝐵𝛾 (kg1/2 mol−1/2 Å−1) are parameters

dependent on the temperature, density, and relative permittivity of the solvent (see

Supporting Information). The average distance of closest approach, �̇�, does not in

reality represent the sum of the ionic radii of the two ions, and in practice is adjusted

to provide a best fit for the aqueous ionic solution of interest [78]. The second term in

Equation 6.2 contains the amount of water, 𝑥𝑗𝑤 (mol), and the total amount of species

in the aqueous phase, 𝑋𝑤 (mol) and changes the units of 𝛾𝑖 from molar fraction to

molal fraction, aligning with our definition of activity. A more detailed derivation

and explanation of this equation and related terms may be found in [234]. The ionic

strength is a measure of the molality of fully dissociated ions in solution, noting

that only in very dilute solutions can salts be assumed to be completely dissociated.

Equation 6.2 is accurate in solutions up to moderate ionic strength, I ≤ 0.1 mol kg−1
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[235].

Versions of the Debye-Hückel equation with an extended term have been used by

researchers to extend the range of ionic strengths over which Debye-Hückel theory is

valid. The Davies’ equation is defined in Equation 6.3:

𝑙𝑜𝑔10𝛾𝑖 = −0.5𝑧2𝑖

(︃ √
𝐼

1 +
√
𝐼
− 0.3𝐼

)︃
+ 𝑙𝑜𝑔10

𝑥𝑗𝑤

𝑋𝑤

(6.3)

where the symbols have the same definitions as before. Like the DH equation, the

Davies’ equation calculates a mean activity coefficient for dissociated ions in an aque-

ous ionic solution. The Davies’ equation extends the applicability of the DH equation

up to moderate ionic strengths (I < 0.1 mol kg−1) [8]. It is worth noting that the

range of ionic strengths over which the various forms of the DH equation is system

dependent, with the Davies’ equation being valid up to ionic strengths of 0.7 mol

kg−1 in some cases [8]. Helgeson extended the DH equation with a linear term [78];

𝑙𝑜𝑔10𝛾𝑖 =
−𝐴𝛾𝑧

2
𝑖

√
𝐼

1 + �̇�𝐵𝛾

√
𝐼

+ 𝑏𝛾𝐼 + 𝑙𝑜𝑔10
𝑥𝑗𝑤

𝑋𝑤

(6.4)

where 𝑏𝛾 (kg mol−1) is a semi-empirical parameter, known as the extended term. In

his model, a common distance of closest approach was assumed by Helgeson for all

ions in a given aqueous ionic solution - values of �̇� were calculated for various solutions,

with �̇� taking a common value for all ions in that solution. This assumption makes

the Helgeson extension to the DH equation more accurate in solutions in which the

primary salt concentration exceeds that of other aqueous ions. Additionally, the

effects of short-range water-ion solvation interactions are captured by the extended

term, 𝑏𝛾 (kg mol−1). Helgeson described the solvation of an ion in solution using

the Born equation [236], as corrected by Bjerrum [237], to calculate values of 𝑏𝛾

for various aqueous ionic solutions. The applicability of the Helgeson form of the

Debye-Hückel (H-DH) equation at high ionic strengths depends on the aqueous ionic

solution of interest. For aqueous NaOH and KOH solutions, the H-DH equation

is accurate up to ionic strengths of 4.5 mol kg−1), determined by Helgeson as the
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range of validity for the extended term, 𝑏𝛾, through comparison of activity coefficients

reported in the literature to those computed using the H-DH equation [78]. Two

other notable forms of the extended DH equation are the Davies’ equation and the

Truesdell-Jones equation - these are discussed in the Supporting Information and are

applicable at moderate to high ionic strengths, (I < 0.1 mol kg−1), and I < 1 mol

kg−1), respectively) [238, 239].

The Pitzer equations are suitable for high ionic strengths and mixed ion aqueous

ionic solutions (I > 1 mol kg−1)) [240, 241]; however, they require specific interaction

parameters between aqueous species to be defined, which are numerous in cementi-

tious systems (Ca2+, CaOH+, SiO(OH)3−, SiO2(OH)2−2 , etc.). Therefore, the Pitzer

equations are less pragmatic for application in cementitious systems than the extended

forms of the DH equation and are not discussed further here.

6.2.2 pH measurement with a glass combination electrode

While activity cannot be directly measured, electrochemical potential can. pH is

most commonly determined indirectly through measurement of an electrochemical

potential using a pH meter, which typically consists of a glass combination electrode

and a meter. The electrochemical potential of standard solutions with precisely known

pH can be measured using a glass combination electrode, and a calibration curve of

pH vs. electrochemical potential is generated by the meter. This built-in calibration

curve is used to convert electrochemical potentials measured by the glass combination

electrode in an analyte to pH. The electrochemical potential measured by the glass

combination electrode, 𝐸𝑇 , may be written as (Equation 6.5):

𝐸𝑇 = 𝜖 + 𝐸(𝑎𝐻+) (6.5)

where 𝜖 (mV) is an electrochemical potential due to a combination of smaller

potentials that are artifacts of the design of the glass combination electrode, (see

Supporting Information), and 𝐸(𝑎𝐻+) (mV) is an electrochemical potential that is a

function of solution pH. While Equation 6.5 is similar to the Nernst equation (𝐸 =
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𝐸0 − 2.303𝑅𝑇
𝐹
𝑝𝐻), Equation 6.5 is more appropriate in this context as the measured

electrochemical potential, 𝐸𝑇 , is not a linear function over the entire pH scale, as is

implied by the Nernst equation. Despite this non-linearity, calibrations performed

relating 𝐸(𝑎𝐻+) to pH are generally assumed to be linear. This is valid over most of

the pH range, but not for highly acidic or alkaline solutions, where linearity between

electrochemical potential and pH is lost.

Two relevant contributions to 𝜖 are the asymmetry potential and the liquid junc-

tion potential. An asymmetry potential is generated when identical electrolytes are

found on either side of a glass electrode due to differences in the structure of each

side of the glass membrane [242]. This potential is on the order of several millivolts

[243]. The liquid junction potential arises due to differences in the mobilities of ions

diffusing through the junction that separates the reference electrolyte from the ana-

lyte (Figure 6-1). Differences in activities between diffusing cations and anions may

result in an electrochemical potential across the glass boundary; the separation of

positive and negative charges produces a potential. This potential is minimized by

use of a highly concentrated aqueous KCl reference electrolyte in which K+ and Cl−

have similar mobilities [244, 245]. The liquid junction potential for most electrolytes

in contact with KCl is on the order of several millivolts [246], but can rise to tens of

millivolts in electrolytes of high ionic strength (I > 1 M) [247].

Glass combination electrodes like those shown in Figure S1 typically use an aque-

ous KCl ionic solution (known as an electrolyte in this context) as the inner buffer

solution (Figure 1G), which surrounds an Ag/AgCl coated measuring electrode (Fig-

ure S1D). A glass membrane sensitive to H+ ions (Figure S1F) houses the inner buffer

solution and the measuring electrode. The Ag/AgCl reference electrode (Figure S1H)

is contained in a KCl reference electrolyte (Figure S1B). The reference electrolyte is

separated from the analyte by a porous ceramic junction (Figure S1C) which allows

slow transport of ions between the reference electrode and analyte (Figure S1J), com-

pleting the electrochemical circuit between the reference and measuring electrode.

The whole probe is protected by an outer casing (Figure S1A).

The Ag/AgCl glass combination electrode with ion selective membrane is the most

137



Figure 6-1: Schematic cross-section of a conventional Ag/AgCl glass combination elec-
trode in an aqueous NaOH solution. A - External casing; B - Reference electrolyte;
C - Ceramic junction; D - Measuring electrode; F - Ion selective glass membrane; H -
Reference electrode; G - Inner buffer electrolyte; J - Analyte electrolyte containing H+

and Na+ ions; E1 - Liquid junction potential; E2 - Asymmetry potential; 𝐸(𝑎𝐻+) - Gel
layer potential at glass membrane due to ions in analyte. The reference (B) and inner
buffer (G) electrolytes are typically saturated solutions of KCl which surround the
reference (H) and measuring (D) electrodes respectively, which are Ag/AgCl coated
wires. The ceramic junction (C) completes the electrochemical circuit from the ref-
erence to measuring electrodes by allowing a slow, controlled flow of ions from the
inner buffer electrolyte to the analyte electrolyte (J), and vice versa. The liquid junc-
tion potential (E1) arises in the ceramic junction. The ion selective glass membrane
(F) is where the gel layer potential,𝐸(𝑎𝐻+), is generated. The analyte depicted here
is a high pH sodium hydroxide solution. Diffusion of alkali ions into the gel layer
contributes to 𝐸(𝑎𝐻+), reducing measured pH.

common type of electrode used in pH meters. The potential of interest in this paper

is the gel layer potential, 𝐸(𝑎𝐻+), which occurs at the ion selective membrane of the

glass combination electrode. It arises due to the difference between H+ activity in the

external analyte electrolyte and the inner buffer electrolyte. The glass membrane is

a silicate glass with ion inclusions, typically Ca2+, Na+, and Li+, but the exact glass

composition depends on the analyte ions towards which the membrane is designed to

be selective. The gel layer potential, which is generated across the glass membrane

when in contact with the analyte, arises through formation of a charged hydrated gel

layer produced on either side of the glass membrane [248, 249].
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Although the gel layer potential, 𝐸(𝑎𝐻+), is designed to change only as a function

of analyte H+ ion activity (over a wide range of H+ activities and analyte chemistries),

no glass membrane is ever wholly selective to one specific ion [250]. In highly alka-

line solutions the hydrated gel layer has a negative structural charge and is charge-

balanced significantly by aqueous alkali metal complexes (e.g., Na+) in addition to

H+, as described by Baucke [251]. Cheng described the gel layer potential as a ca-

pacitor, in which the surface charge density, caused by adsorbed ions (e.g., H+, OH−,

Na+), yields a potential across the glass membrane [252]. In any case, the presence

of positively charged alkali ions in the gel layer artificially lowers the measured pH

as alkali ions, rather than H+ ions, contribute to the gel layer potential. This phe-

nomenon is known as the alkali error [253, 254, 255]. It arises when measuring pH

of highly alkaline aqueous solutions; the effect is relatively weak in the case of K+,

moderate for Na+, and strong for Li+. Standard solutions of pH 4, 7, and 10 are thus

insufficient to calibrate a pH meter for measurement of highly alkaline aqueous solu-

tions. Calibrating a pH meter with solutions of similar chemistry and ionic strength

to the analyte is a means of providing a valid calibration curve by mitigating the

systematic errors discussed above, including the alkali error [256].

An illustration of the alkali error is shown in Figure 6-2. Here, data for extracted

CEM I Portland cement pore solutions from Vollpracht et al. is used to compare

measured pH values with calculated pH values [106]. Measured pH values were re-

ported for a given pore solution at a given time using a pH electrode. Calculated

pH values were determined using the reported ion concentrations of the pore solu-

tions as input for the H-DH equation (Equation 6.4). GEM-Selektor v3.3 (http://

gems.web.psi.ch/) [9, 10] with PSI-Nagra [4] and Cemdata18 [11] databases were used

to calculate ion activities. The osmotic coefficient and the Debye-Hückel extended

term were used to calculate the activity of water and neutral species respectively. A

discrepancy between measured and calculated pH values is notable. Calculated pH

values exceed measured pH values for the majority of pore solutions.

In the context of cement science, the observed discrepancies between measured and

actual pH can significantly alter interpretation of experimental results. As discussed
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Figure 6-2: pH values of CEM I Portland cement pore solutions measured using a
pH electrode compared with calculated pH values using the H-DH equation and the
reported ion concentrations of the pore solutions

in the introduction, the evolution of a (solid/liquid) cementitious system depends

on the OH- concentration in its aqueous phase. Dissolution rates of a wide range

of minerals and cement hydration products have shown strong dependences on pH,

with small differences in pH potentially corresponding to large changes in rates of

dissolution [257, 87, 258, 259, 260, 261]. Similarly, the rates and distributions of

reaction products vary with pH [212, 222]. For example, pH affects silicate speciation

in aqueous alkali silicate solutions [262], and the relative stabilities of calcium (alkali)

(alumino)silicate hydrate (C-(N-)A-S-H) and portlandite [79], and zeolites and alkali

aluminosilicate (hydrate) gel [222, 263, 264, 265]. We draw attention to the fact that

misinterpretation of pore solution chemistry of a cementitious system can lead to mis-

characterization of its solid phases due to the intrinsic link between solid and liquid

phases (e.g., equilibrium phenomena), which is relevant to systems involving pure

solid phases, binders, mortar, and concrete. Aqueous solutions of NaOH and KOH

are of interest in cementitious systems due to their use in AAMs and the relatively

high concentrations of these alkali metals (K especially) in hydrated Portland cement.
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The H-DH equation allows calculation of the activity of OH−, and hence pH, up to

ionic strengths of 4.5 mol kg−1 for single component aqueous systems [78] or 1-3 mol

kg−1 in multi-component cementitious systems [79]. For solutions of known molarity,

a calibration curve can be constructed through the electrochemical response of the pH

meter in solution and the pH determined using the H-DH equation for each solution.

By accounting for the alkali error in this way, the pH of an analyte can be accurately

determined. We demonstrate the use of this methodology in the following sections of

this paper.

6.3 Experimental procedures

6.3.1 NaOH and KOH standards, and LiOH solutions

NaOH and KOH standards were prepared with the following concentrations: 0.0001

M (mol L−1), 0.0005 M, 0.001 M, 0.005 M, 0.01 M, 0.05 M, 0.1 M, 0.2 M, 0.5 M, 1 M, 2

M, and 3 M. NaOH and KOH standards were made by diluting commercial solutions of

3 (±0.005) M NaOH (BDH Chemicals) and 8 (±0.005) M KOH (Ricca), respectively.

Dilutions were performed by transferring quantities of Na(K)OH commercial solution

into volumetric flasks and filling to their marks with high purity water (18.2 MΩ

cm, Millipore). The as-ordered Na(K)OH commercial solutions were stored in high-

density polyethylene (HDPE) bottles. All prepared solutions were stored in clean

HDPE bottles upon preparation.

LiOH solutions (concentrations of 0.0001 M (mol L−1), 0.0005 M, 0.001 M, 0.005

M, 0.01 M, 0.05 M, 0.1 M, 0.2 M, 0.5 M, 1 M, 2 M, and 3 M) were prepared by addition

of appropriate quantities of reagent grade lithium hydroxide monohydrate flakes (>

98%, Alfa Aesar) to a 500 mL volumetric flask and filling to the mark with high purity

water (18.2 MΩ cm, Millipore) once flakes had completely dissolved. Calibrations

used freshly prepared solutions to mitigate effects of carbonation of alkalis. The use

of analytical grade salts in the case of LiOH can lead to higher deviations (±2%) from

the target concentrations than the use of standard solutions in the cases of KOH and
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NaOH. This has been taken into account in the calculated uncertainties of pH values

reported here, resulting in a deviation of <0.001 pH units for the LiOH solutions.

6.3.2 pH measurements

A typical pH meter offers the possibility to read out i) the pH values directly based

on the built-in calibration using pH 4, 7, and 10 standard solutions (‘built-in cali-

bration’) or ii) the mV electrochemical potential (mV). All pH measurements were

performed with a Thermo Orion Ag/AgCl combination triode stored in KCl solution

with Automatic Thermal Correction probe at 22°C. Between measurement of each

analyte, the pH meter was rinsed using water purified by reverse osmosis (18 MΩ cm)

(Millipore) and gently dabbed dry using delicate wipes (Kimtech). Approximately 10

mL of prepared aqueous Na(K)OH solution was transferred to a 15 mL polypropylene

(PP) centrifuge tube. The solution was gently agitated for a few seconds, and the

electrochemical potential was recorded after 2 minutes (when the reading had stabi-

lized). Samples were not stirred during pH measurements [266]. The main sources of

error in this study were the accuracy of the pH meter and glass combination electrode

in measuring the electrochemical potential (±0.2 mV), and the error in the built-in

calibration slope recorded (±0.5%). Errors in the calculated pH values are based on

the standard deviation of recorded temperatures (±0.5 °C) during measurement of

the pH of solutions. Error propagation calculations are included in the Supporting

Information.

6.3.3 Fitted calibration curve calculations

The pH of the solution was calculated from the solution concentrations using the H-

DH equation for aqueous NaOH and KOH solutions and known equilibrium constants

for Na(K)OH dissociation at the measurement (laboratory) temperature (22°C) from

[4]. The calculated pH values were then plotted against the measured electrochemical

potentials of prepared Na(K)OH solutions using the pH meter, and the data fitted

using a calibration curve (‘fitted calibration’). The use of NaOH or KOH solutions
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for the fitted calibration directly takes into account the alkali error, as the same

alkali error occurs both during the calibration and the measurement accounting for

the systematic error. Electrochemical potentials of analytes are also measured using

electrochemical potential (mV) readings from the pH meter, and the fitted calibration

curve is used to convert the readings to pH. A spreadsheet for the determination of

this calibration curve and application to pH meter readings of sample solutions is

available as Supporting Information for [218].

6.3.4 Preparation of alkali-activated biomass ash samples

Application of this methodology to a real cementitious system is also demonstrated

here. Alkali-activated biomass ash experiments were prepared using 0.5 and 1 molal

aqueous NaOH solutions (ACS Reagent grade water, RICCA Chemical Company;

NaOH ≥97%, Sigma Aldrich) as activators at a constant liquid/solid ratio of 25 (i.e.

2 g of solid in 50 mL of solution). Solids consisted of highly siliceous biomass ash

(sourced from Silverton Pulp & Papers Pvt. Ltd. In Muzzafarnagar, Uttar Pradesh,

India) and Ca(OH)2 (≥98%, Macron Fine Chemicals), mixed at a ratio of 1.75 g

ash : 0.25 g Ca(OH)2. The composition of the biomass ash, determined by X-ray

fluorescence and loss on ignition tests, showed siliceous ash (61 mass% SiO2) with

high unburnt carbon (26 mass%). The phase composition (determined by X-ray

diffraction) showed a primarily amorphous ash (90 mass%) with presence of quartz,

albite, cristobalite, sylvite and arcanite. The materials and conditions of reaction

were chosen to mimic a masonry product previously developed in [267]. Samples

were mixed continuously in a tube rotator (Fisherbrand(TM) Multi-Purpose Tube

Rotator, Fisher Scientific) to ages of 3 and 28 days to explore dissolution and reaction

kinetics.

6.4 pH meter calibration

The linear calibration curve fittings for prepared aqueous NaOH and KOH solutions

are respectively shown in Figure 6-3 (A) and (B). The alkali error associated with
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measuring the pH of LiOH solutions is also demonstrated (Figure 6-3 (C)). The pH is

calculated using the H-DH equation (Equation 6.4) and methodology presented here

and in the Supporting Information. The measured built-in pH is based on an extrap-

olated calibration curve using pH 4, 7, and 10 standard solutions. The divergence

at high pH (Figure 6-3A, inset) demonstrates the alkali error and the need to ap-

ply the methodology presented here when measuring highly alkaline solutions, i.e., in

analysis of cementitious systems. While the calculated pH (H-DH) does trend above

the measured pH, the alkali error for pH measurement in aqueous KOH solutions is

not statistically significant. In contrast, the alkali error for NaOH is up to 0.5 pH

units in 3 M NaOH. The alkali error for LiOH solutions is even greater - the alkali

error for 2 M LiOH solutions is 1 pH unit. The extent of the alkali error in LiOH

solutions precludes any meaningful direct pH measurements above concentrations of

0.5 M LiOH [268]. This trend is explained in terms of ion size: K+ ions (internu-

clear radius in aqueous solution of 2.8 Å [269]) are significantly less mobile through

the glass membrane than Na+ ions (internuclear radius in aqueous solution of 2.3 Å

[269]) and Li+ ions (internuclear radius in aqueous solution of 2.1 Å [269]), due to

their smaller ion size [254, 270].

The H-DH equation used above is designed for aqueous NaOH and KOH solutions

[78] up to ionic strengths of 4.5 mol kg-1 [78], but in multi-component cementitious

systems this range is typically taken as 1-3 mol kg−1 [79]. Parameters for the H-

DH equation have also been calculated for other aqueous ionic solutions (HCl, LiCl,

MgCl2, SrCl2, CaCl2, BaCl2, AlCl3, HBr, LiBr, NaBr, MgBr2, SrBr2, CaBr2, BaBr2,

HI, NaI, MgI2, SrI2, CaI2, BaI2, KF) [78]. The temperature at which the pH is

recorded is important for H-DH calculations – the dissociation constants of NaOH,

KOH, and H2O change with temperature [271], affecting the OH− concentration.

6.5 Application to cementitious systems

To demonstrate the utility of the methodology presented, pH values of filtrates taken

from a series of alkali-activated biomass ash samples were measured. In each case,

144



Initial
b𝑁𝑎𝑂𝐻

(mol
kg−1)

Biomass
Ash
Mass
(g)

Ca(OH)2
Mass
(g)

Curing
time
(days)

Electro-
chemical
potential
(mV)

Built-in1

pH (-)
𝑏[𝑂𝐻−]

(mol
kg−1)

Fitted2

pH (-)

0.5 0 0 3 -372.4 13.33±0.07 0.406 13.62±0.02
0.5 0 0 28 -371.3 13.31±0.07 0.385 13.60±0.02
0.5 2 0 3 -361.9 13.15±0.07 0.244 13.41±0.02
0.5 2 0 28 -352.4 12.97±0.06 0.153 13.22±0.02
0.5 1.75 0.25 3 -365.2 13.21±0.07 0.287 13.48±0.02
0.5 1.75 0.25 28 -356.4 13.04±0.07 0.186 13.30±0.02
1 0 0 3 -381.4 13.49±0.07 0.617 13.80±0.02
1 0 0 28 -380.1 13.46±0.07 0.582 13.77±0.02
1 2 0 3 -372.6 13.32±0.07 0.410 13.62±0.02
1 2 0 28 -369.4 13.26±0.07 0.352 13.56±0.02
1 1.75 0.25 3 -374.9 13.37±0.07 0.457 13.67±0.02
1 1.75 0.25 28 -372.3 13.31±0.07 0.404 13.62±0.02

Table 6.2: OH− concentrations and pH of samples measured using calibration curve
(calculated from H-DH equation, Figure 6-3A, circles) at 22 °C. 1Obtained directly
from the built-in pH meter calibration using pH 4, 7, and 10 standard solutions. The
differences from the calculated pH values are due to the alkali error 2OH− concentra-
tion and fitted pH calculated from fitted calibration curve derived using the H-DH
equation

we use the NaOH fitted calibration curve (Figure 6-3A) to convert the measured

electrochemical potential to pH. Details on how these samples were made are given

in the Section 6.5. The results of the pH measurements and calculations using the

methodology presented here are shown in Table 6.2.

Differences between the calculated and measured pH, i.e., the alkali error, are

consistently on the order of 0.3 pH units, corresponding to an underestimation of

𝑏𝑂𝐻− by 0.25 mol kg−1 if the built-in calibration is used. Samples with higher pH

values differ more greatly from the actual pH, as expected. For context, at 22°C the

calculated (H-DH) pH values of 1 and 0.5 mol kg−1 aqueous NaOH solutions are 13.86

and 13.59, respectively. The difference of 0.27 pH units is similar to the discrepancy

caused by the alkali error (0.3 pH units), demonstrating the effect of this phenomenon

in analysis of cementitious systems.
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6.6 Chapter Summary

A methodology for calibrating pH meters in solutions of high alkali content (pH >13)

has been presented. The Helgeson extension to the Debye-Hückel (H-DH) equation

was used to calculate the pH of aqueous ionic solutions of known molarity. The H-DH

equation was chosen because of its practicality and accuracy at high ionic strengths

(approaching 4.5 mol kg−1). We provide a spreadsheet for the determination of this

calibration curve and application to pH meter readings of sample solutions as Sup-

porting Information. The value of this methodology was demonstrated for a binder

consisting of biomass ash, Ca(OH)2 and aqueous NaOH activator. The discrepancies,

caused by the alkali error, between the actual, fitted pH (calculated using the H-DH)

and the measured pH (based on the built-in pH 4, 7, 10 standards calibration) were

highlighted. The built-in calibration underestimated the real pH values by up to 0.3

pH units in aqueous NaOH solution, which illustrates the importance of a properly

calibrated pH meter to prevent erroneous interpretations of the pH of cementitious

systems. Discrepancies between built-in calibration and real, fitted pH values were

more pronounced for aqueous LiOH solutions compared to aqueous NaOH solutions,

but less so for aqueous KOH solutions.
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Figure 6-3: Calibration curves for aqueous NaOH (A), KOH (B), and LiOH (C)
solutions of known concentration up to 3 M based upon pH values calculated using
the H-DH equation (circles) and those measured by the pH meter using standard
solutions of pH 4, 7, and 10 (triangles) at 22°C. For LiOH solutions, the pH was
calculated using the Davies’ equation, as the H-DH equation is not valid for LiOH
solutions.
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Chapter 7

Summary and Future Work

7.1 Summary

The stated goal of this thesis is to identify beneficial uses for steel and copper slags

in building materials. Given the challenges associated with steel and copper slag use,

this thesis focused on the understanding the interactions between the crystalline slag

phases and the aqueous phase of the concrete - dissolution of ions from the crystalline

phases into solution, and precipitation of ions out of solution onto the crystalline

phases.

The first of these, dissolution, was investigated in Chapter 3 in which the effect

of aqueous chemical environment on the dissolution rate of the minerals 𝛾-C2S and

fayalite was explored. The rates of 𝛾-C2S 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 = 𝑘𝑎𝑛𝐻+ . The contrasting depen-

dence 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 blending of slags with high olivine contents in binders with a

range of aqueous chemical environments.

The second of these interactions, namely precipitation of ions out of solution onto

the crystalline phases, was investigated in Chapter 4. In Chapter 4, the effect of

aggregate surface chemistry on the type, morphology, and rate of reaction product
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formation in Portland cement-type systems was investigated. Polished surfaces of

limestone, quartz, fayalite, and diopside were exposed to Ca and Si rich solutions and

the resultant reaction products were characterized using SEM. The key results of this

study indicate that C-S-H nucleation and growth kinetics are accelerated on limestone

surfaces relative to quartz, fayalite, and diopside surfaces, although no differences in

the morphology of the precipitated C-S-H is observed. Reaction product formation on

the surface of an aggregate plays a crucial role in the development of hardened, load-

bearing concrete. Measuring rates of reaction product formation on mineral surfaces

should be the focus of future work given that there were no observed differences in

morphology or reaction product type. In both cases, studies were designed to address

gaps in the literature surrounding these phases.

Chapter 5 returned to the central theme of this thesis; how can we best identify

beneficial uses for steel and copper slags in building materials? The 2 chapters of

the thesis preceding this one serve to improve our understanding of the kinetics dis-

tinct processes. In this chapter, a simple model was built that allowed the kinetics of

cement hydration and slag phase dissolution to be linked to reaction product forma-

tion. This framework, while primitive, represents a powerful strategy for identifying

appropriate beneficial uses for steel and copper slags. The tasks within the chapter

itself consisted of extensive reviews of the composition and microstructure of relevant

slags were performed. Dissolution kinetics for the most commonly observed phases

in steel and copper slags were also collected. The thermodynamics of dissolution in

cementitious systems for these phases was also considered. Finally, the challenges to

the incorporation of these slags into a cement hydration model are discussed.

In Chapter 6, a methodology for calibrating pH meters in highly alkaline solutions

such as those relevant to cementitious systems was developed. The relevance of this

work stems from the requirement for accurate aqueous phase characterization through

the experimental work of this thesis. This methodology uses an extended form of

the Debye-Hückel equation to generate a calibration curve of pH vs. the measured

electrochemical potential (mV) based on a series of aqueous alkali hydroxide solutions

of known concentrations.
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7.2 Future Work

This thesis was motivated by a desire to identify uses for slags that enables the design

of a concrete with lower environmental impact than existing concretes. The strategy

requires the replacement of incumbent materials with waste materials with a lower

embodied energy. The approach outlined in this thesis suggests a framework in which

the dissolution rates of the precursor components and the nucleation and growth of

reaction products be studied in isolation. As mentioned previously, this approach is a

departure from much of the case-by-case studies common in the research community.

It may be worth asking; is the approach I have outlined truly more scalable than

simply studying individual slag performance on a case-by-case basis? Both of these

approaches are experimentally intensive and will yield, in time, suitable concrete

mix designs. I believe, however, case-by-case or trial and error strategies miss the

larger context and challenges of developing concretes with lower embodied energy.

Alternative precursors are not and should not be limited to crystalline slags but

should incorporate locally available materials. The environmental and economic costs

of transporting raw materials for concrete production may be significant and the

development of concretes which use local materials should be the goal of all concrete

producers. If a certain precursor is not available, concrete design should be sufficiently

flexible to allow the incorporation of local materials, e.g. limestone, clay, metallurgical

wastes, or ashes depending on the industrial activity in the region. In each case,

the properties of the precursors will vary substantially from the traditional Portland

cement. Designing concretes in this way requires some predictive power over how the

choice of precursors translates to concrete properties. It is only through studies of

the constituent phases of all potential precursors that we can build flexible models

that account for precursor variability and allow concretes to be designed efficiently.

As discussed previously, there are two main ways in which a mineral phase can

influence concrete hydration; through dissolution of the phase, or by changing the

type or kinetics of reaction product formation on surface of the mineral. Given the

variability in the composition of these slags, and in the composition of the aqueous
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phase of concrete, a more fundamental approach was adopted whereby the properties

of the individual phases were investigated in a range of aqueous environments.

There are 2 aspects of precursor dissolution that merit further attention; mea-

suring the far-from equilibrium dissolution rates of understudied mineral phases, and

quantifying the changes in dissolution rate of a mineral phase as a function of the

saturation state of the dissolution reaction. The former is important in identify which

slag phases will be more reactive and will contribute more to the reaction product

formation, and the latter is important in understanding how the dissolution rate will

evolve over time during cement hydration.

Measuring far-from equilibrium dissolution rates is a reliable way to determine

the reactivity of a given phase. As discussed in Section 5.3, there are several mineral

phases which are commonly observed in steel and copper slags but remain unstudied.

These are typically phases which are common in slags but not in the earth’s crust.

Gehlenite Ca2Al(AlSiO7) and akermanite Ca2Mg(Si2O7) are melilite minerals which

are frequently observed in steel slags but have received little research attention. Their

crystal structures contain Ca, Al, and Si, elements which are more soluble than Mg

or Fe in concrete pore solution, and which may contribute to the formation of C-

A-S-H or related reaction products. In fact, gehlenite was calculated to be highly

unsaturated in Portland cement and blended Portland cement pore solutions are all

ages, suggesting a driving for and high rate of dissolution (see Section 5.3.2. RO

phase is a solid solution of Mg, Fe, and Mn oxides which is also prevalent in steel and

copper slag. The dissolution rate of RO phase has not been measured as a function

of pH in basic solution, or as a function of composition. Given the large differences

in the magnitude of the dissolution rate of MgO and FeO, the dissolution rate of

RO phase as a function of Fe/Mg atomic ratio demands further enquiry. Finally, the

dissolution kinetics of mayenite are also unstudied despite this phase being prevalent

in incumbent cements and in steel slags. Mayenite is known to react rapidly and

determining its dissolution rate would allow its hydration to be modelled in real

cementitious systems.

Changes in the dissolution rate as a function of the saturation state for the disso-
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lution reaction are well documented [81, 272]. Given that the activities of ions in the

pore solution also change as a function of time, the dissolution rate of any given phase

will likely change along with the evolving pore solution. The extent of this change

is dependent on the mineral in question, and the function that describes the change

in dissolution rate with respect to undersaturation is poorly understood. A better

understanding of the dissolution rate dependence on saturation state is a necessary

component of modeling the dissolution of slag phases in concrete pore solution over

time. For example, great progress in understanding the kinetics of cement hydration

have been made through a better understanding of how the dissolution rate of C3S

changes as a function of its solution saturation state. Only with a fundamental un-

derstanding of how the dissolution rates of all relevant phases change as a function of

the solution saturation state can the cement or slag dissolution kinetics be properly

modelled.

Beyond dissolution of the precursors, mass transport, and nucleation and growth

of reaction products are the most important processes involved in cement hydration.

Rates of mass transport are not dependent on the chemistry of the precursors - mass

transport occurs through the aqueous phase or from the precursor surface through ex-

isting reaction product. Nucleation and growth kinetics can, however, be impacted by

the presence of certain precursors [55]. In this thesis, only the effect of surface chem-

istry on reaction product type and morphology was investigated, although changes

to the nucleation and growth rates of C-S-H on limestone surfaces were observed.

Another member of the Olivetti group, Tunahan Aytas, has been designing exper-

iments to measure the rate of nucleation and growth of C-S-H on selected mineral

surfaces. Early results of these experiments confirm the accelerated growth of C-S-H

on limestone relative to other surfaces.

The framework outlined in Chapter 5 relies on kinetic data for dissolution, mass

transport, and nucleation and growth, as discussed above. It also requires thermo-

dynamic data for all possible reaction products. Compared to kinetics data, ther-

modynamic data for these phases has been carefully tabulated over the years and

has been used to accurately model the reaction products of a variety of alternative
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cements [11]. Gaps remain however. The zeolite-type reaction products of alkali ac-

tivated materials and the aqueous species found in high pH solutions typical of alkali

activated materials are areas for which further study is required.

As a final note, the future outlook for steel and copper slag production is worth

dwelling upon. As discussed in Section 5.5.2, slags with either reactive 𝛽-C2S and

C3S phases or calcium aluminate phases are typically highly reactive and promising

cement replacements. EAF and LF slags are often dominated by Ca, Si, and Al

and frequently contain reactive calcium aluminates such as mayenite, brownmillerite,

and C3A. These slags also typically avoid the problematic phases present in BOF

slags such as free-lime, which undergoes deleterious expansion in concrete. For this

reason, EAF and LF slags are a better bet for long term usage in concrete, provided

concrete mixes can be appropriately designed to make effective use of the calcium

aluminate phases. In this context, the growth in steel making from EAFs in recent

years is promising. Growth in the use of EAFs is down to their status as a "green"

steel-making process due to the use of electricity as their electricity source. There is

a limit to future EAF growth – the supply of steel scrap, which is the primary input.

There also exist large differences in the regional production of BOF and EAF slags.

For example, in 2019, 90 % of crude steel production in China uses BOFs, whereas

70 % of crude steel production in the US is from EAFs [27]. Developing countries

undergoing rapid urbanization tend to rely on BOFs before transitioning to EAFs as

the scrap supply increases and reliance on coal diminishes. This regional availability

and growth of EAF slags is an important consideration in the development of blended

concretes.
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Appendix A

Appendix: Supplementary

Information for Chapter 5

The following tables represent the full literature review of the crystalline phase content
of copper slags, BOF slags, EAF slags, and LF slags in which each row represents a
slag reported in the literature.

Furnace

type

Olivine Pyroxene Glass Other

sili-

cates

Spinel Sulfur

com-

pounds

Cu

[145] Blast furnace Fay

(M),

Mon

(M)

Si-Ca-Fe-Al

(M)

Mel

(M)

Spin

(m)

Pyr (m),

Sph (m)

[145] Reverbatory Fay (m) Si-Ca-Fe-Al

(M)

Mel

(m)

Spin

(M)

CFS (m) (m)

[273] Blast furnace Fay (M) (M) Spin

(M)

(m)

[273] Pierce-Smith Fay (M) (M) Spin

(M)

(m)

[273] Reverbatory

and Pierce-

Smith

(M) Q (m) (m)

[150] Reverbatory

and Pierce-

Smith

Fay (m),

Kir (M)

Aug-Hed

(M)

(M) Q (m),

Leuc

(M)

Mag

(M),

Spin A

(m)

CFS (m) (m)
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[150] Reverbatory/

Electric arc

and Pierce-

Smith

Fay (M) Aug-Hed

(M)

(M) Q (m) Mag

(M)

CFS (m) (m)

[150] Electric arc

furnace

(M) CFS (m)

[274] Granulated Fay (M) (M) Mag

(M)

[149] El Teniente

process,

air-cooled

Fay (52) (35) Mag

(13)

CFS (m)

[51] Shaft furnace Fay Ess, Aug-

Hed

[51] Granulated

from electric

furnace

(M)

[151] Shaft furnace Diop (M)

[151] Granulated

from electric

furnace

(M)

[147] Ausmelt fur-

nace slag

Fay (M) CP (M) (M) Spin B

(M)

[147] Reverbatory (M) Spin B

(m)

[147] Unknown Fay (M) CP (M) (M) Spin B

(M)

[275] Flash smelt-

ing

Fay

(48.8)

(23.7) Mag

(22.4)

Sph

(0.23),

CFS

(0.35)

0.07

[276] Flash smelt-

ing

Fay (M) Mag

(M)

[146] Flash smelt-

ing

Fay (M) (M) Mag

(M)

[146] Unknown Fay (M) (M) Mag

(M)

[277] Unknown Fay (M) Mag

(M)

[278] Unknown Fay (M) Mag

(M),

Spin C

(m)

[279] Unknown Fay (15) Q (20) Mag

(40)

Pyr (15),

Jar (15)
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[280] Unknown Fay (M) Fer (m) Q (m) Spin D

(m)

[281] Unknown Fay (60) (19) Mag

(4),

Spin

(4)

Sph

(0.5),

CFS (1)

[282] Unknown Fay Q Jar

(Present)

[283] Unknown Fay (73) Aug-Hed

(20)

(20) Leuc

(8)

Mag

(4)

Pyr (3)

[148] Unknown Fay Present Mag

23/28 8/28 21/28 22/28

Table A.1: Reported mineralogy of copper slags. (m) = minor quantity, (M) =
Major quantity, Fay = Fayalite, Mon = Monticellite, Kir = Kirschteinite, Aug-
Hed = Augite-hedenbergite solid solution, Ess = Esseneite, Diop = Diopside, Fer
= Ferrosilite, CP = Clinopyroxene (CaFeSi2O6), Mel = Mellilite, Q = Quartz,
Leuc = Leucite, Spin = Spinel (unspecified composition), Mag = Magnetite, Spin
A = Spinel with composition Fe(Cr,Al,Fe)2O4, Spin B = Spinel with composition
(Fe2+,Mg,Zn)(Fe3+,Al,Cr)2O4, Spin C = Spinel with composition Cu0.5Mn0.5Fe2O4,
Spin D = Spinel with composition FeAl2O4, Pyr = Pyrite, Sph = Sphalerite, CFS =
Copper-iron-sulfides, Jar = Jarosite

Origin 𝛽-

C2S

Di-

calcium

ferrite

Fe+2

ox-

ides

Ca,

Mg

ox-

ides

Other

iron

ox-

ides

Oliv-

ines

Pyro-

xenes

Other

sili-

cates

Other

ox-

ides

Weath-

ering

prod-

ucts

[161] France,

2006

(P) (P) RO

(P)

Lim

(P)

Port

(P),

Cal(P)

[284] France,

2007

(P) (P) RO

(P)

Port

(P),

Cal(P)

[285] Sweden,

2009

(P) (P) wües

(P)

Lim

(P)

[157] Sweden,

2007

(P) (P) RO

(P)

Lim

(P)

C3S

(P)

[286] China,

2013

(m) (9) Mag

(m)

Glass

(64),

Geh

(m),

Q (m)
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[131] Britain,

1987

(25.6) (14.6) RO

(24)

Lim

(8),

Per

(2.4)

C3S

(11.8)

Port

(0.6)

[131] Britain,

1987

(47) (15.8) RO

(22.8)

Lim

(4.2),

Per

(0.8)

C3S

(0.6)

Port

(0.8)

[131] Britain,

1987

(31.2) (14.2) RO

(22)

Lim

(10.2),

Per

(0.4)

C3S

(1.8)

Port

(0.4)

[131] Britain,

1987

(16.2) (11.8) RO

(18.6)

Lim

(13.4),

Per

(1)

C3S

(2.6)

[131] Britain,

1987

(28.6) (17.4) RO

(14.4)

Lim

(15.8),

Per

(1)

[141] Rom-

ania,

2007

wües

(10.2)

Lim

(22.5)

Mag

(39),

Hem

(39)

Geh

(28.3)

[154] India,

2006

(P) (P) Lim

(P)

[155] (M) (M) RO

(M)

Lim

(m)

Mag

(m)

C3S

(m)

[287] France,

2009

(P) (P) RO

(P)

Lim

(P)

Mag

(P)

C3S

(P)

C4AF

(P)

Port

(P),

Cal(P)

[288] US,

2015

(P) (P) wües

(P)

Lim

(P)

Mag

(P)

C3S

(P)

May

(P)

Cal(P)

[289] China,

2014

(P) wües

(P)

Ca

(P)

Woll (P) C3S

(P)

Cal(P)

[160] Nether-

lands,

2020

(P) (P) wües

(P)

Lim

(P)

Mag

(P)

Glass

(P)

Port

(P),

Cal(P)

[158] Britain,

2013

(P) (P) wües

(P)

Lim

(P)

[290] Brazil,

2018

(P) (P) Mag

(P)

Glass

(P)
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[291] China,

2014

(P) (P) RO

(P)

Lim

(P)

C3S

(P)

Port

(P),

Cal(P)

[292] Taiwan,

2018

(P) (P) wües

(P)

Lim

(P)

Mag

(P)

Woll (P) Q (P) Port

(P),

Bruc

(P),

Cal(P)

[293] Rom-

ania,

2013

(17.5) (26.7) wües

(11.3)

Mag

(6.4)

Ca

(3),

Fay

(4.7)

Woll(4.6),

Ferr(6.1),

Enst(6.5)

Glass

(4)

Port

(3.8),

Bruc

(2.1)

[293] Belgium,

2013

(30.8) (32.3) wües

(6.7)

Lim

(8.8),

Per

(1.1)

Ca

(0.8),

Fay

(3.8)

Woll(2.9),

Ferr(2.2),

Enst(1.9)

Port

(3.1),

Bruc

(2.4)

[156] France,

2010

(P) (P) wües

(P)

Lim

(P)

[294] China,

2006

(P) RO

(P)

C3S

(P)

[135] Mexico,

2018

Port

(29.9),

Bruc

(38.1)

[295] Nether-

lands,

2020

(19.9) wües

(3),

Mg-

W

(22.1)

Mag

(3.9)

Glass

(38.8)

C4AF

(12.3)

[159] France,

2011

(P) (P) wües

(P)

Lim

(P),

Per

(P)

Mag

(P)

Q (P) Port

(P),

Cal(P)

[296] China,

2013

(P) (P) RO

(P)

C3S

(P)

[297] China,

2015

(P) (P) RO

(P)

Hem

(P)

C3S

(P)

Port

(P),

Cal(P)

[298] Spain,

2010

(P) (P) Lim

(P)

Mag

(P),

Hem

(P)

Q (P) Port

(P),

Cal(P)
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[133] Belgium,

2012

(21.5) (37.2) wües

(1.1)

Lim

(10.6),

Per

(0.7)

Mag

(0.8),

Hem

(4.1)

Ca

(7.3),

Fay

(5.5)

Woll(1.1),

Ferr(2.8),

Enst(3.8)

[133] Belgium,

2012

(22) (31) wües

(2.2)

Lime

(20.6),

Per

(1.6)

Mag

(0.4),

Hem

(2)

Ca

(7.9),

Fay

(4.2)

Woll(0.7),

Ferr(3.6),

Enst(1.9)

[299] Italy,

2014

(P) (P) Mag

(P)

Cor

(P)

Port

(P),

Bruc

(P),

Cal(P)

[132] Taiwan,

2016

(40) (30) Mg-

W

(20)

Lim

(10)

Cal(P)

[300] Italy,

2016

(P) (P) wües

(P)

[301] Taiwan,

2017

(P) wües

(P),

Mg-

W

(P)

Port

(P)

[302] China,

2016

(P) wües

(P)

Woll (P) C3S

(P)

Cal(P)

[130] Britain,

2014

(29) (12) RO

(32)

Per

(8)

Cor

(7)

[138] China,

2011

(P) (P) RO

(P)

Lim

(P)

Mag

(P)

C3S

(P)

Port

(P)

[163] China,

2017

(P) (P) RO

(P)

Lim

(P),

Per

(P)

Mag

(P)

Fay

(P)

C3S

(P)

May

(P)

Cal(P)

[303] Taiwan,

2013

(P) Lim

(P)

Cal(P)

[152] (51.4) (20.7) (13.1) Lim

(13.2),

Per

(1.7)

40/43 36/43 36/43 29/43 18/43 6/43 7/43 24/43
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Table A.2: Reported mineralogy of BOF slags. RO = RO Phase, wües = wüestite,
Mg-W = Mg-wüestite, Lim = Lime, Per = Periclase, Mag = Magnetite, Hem =
Hematite, Ca = 𝛾-C2S, Fay = Fayalite, Woll = Wollastonite, Ferr = Ferrosilite, Enst
= Enstatite, C3S = tricalcium silicate, Geh = Gehlenite (Ca2Al(AlSiO7), Q = Quartz,
Port = Portlandite, Cal = Calcite, Bruc = Brucite

Origin 𝛽-

C2S

Fe+2 ox-

ides

Spinels Olivines Other

silicates

Other Fe

oxides

Other

oxides

[285] Sweden,

2009

(P) Wüs (P) CaFe2O4 (P)

[166] Slovenia,

2011

(P) Wüs (P) Chr (P) Geh (P) Bro (P)

[170] India,

2009

(P) Bro (P)

[157] Sweden,

2007

(Mg,Mn)

(Cr,Al,Fe)2

O4 (P)

Cal (P) Mer (P)

[157] Sweden,

2007

(P) RO (P) Bro (P),

Hem (P)

[304] Spain,

2000

(P) MgFe2O4

(P), Mag (P)

Geh (P),

Bred (P)

Mn (P)

[141] Romania,

2007

(P) Mn (P)

[173] China,

2002

(P) RO (P) Mer (P)

[173] China,

2002

RO (P) Kir (P) Mer (P)

[173] China,

2002

RO (P) Kir (P)

[137] US, 2018 (P) Wüs (P) Mag (P) Bred (P) May

(P)

[305] Spain,

2016

Wüs (P) Kir (P) Geh (P) Mn (P)

[136] Malaysia,

2016

(21) Wüs

(20.3)

Geh

(45.3)

[169] France,

1960-

2010

(P) Wüs (P) (Fe,Mg)

(Fe,Mn,Cr)2O2

(P),

Fe(Cr,Al)O4

(P)

Q (P) Bro (P)
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[135] Mexico,

2018

Wüs

(54.9)

Geh

(4.7),

Mer

(9.2)

[171] France,

2016

Ake (P),

Mer (P),

Cusp (P)

[164] Italy,

2016

(P) Wüs (P) Bro (P),

Hem (P)

[306] India,

2010

Wüs (M) Geh (M),

Bred (m)

[134] UAE,

2012

(36) Wüs (51) Bred (8)

[307] Malaysia,

2019

(P) Mag (P) Q (P) Hem (P)

[308] Italy,

2013

(P) Wüs (P) Bro (P),

Hem (P)

May

(P),

Per (P)

[309] Italy,

2013

Mag (P) Cal (P) Geh (P),

Ake (P),

Q (P),

Cusp (P)

May

(P),

Per (P)

[138] China,

2011

Cal (P) Geh (P),

Mer (P)

Per (P)

[139] Italy,

2010

(P) Wüs (P) Mag (P) Geh (P) May

(P)

15/24 16/24 9/24 6/24

Table A.3: Reported mineralogy of EAF slags. Wüs = Wüstite, RO = RO Phase,
Chr = Chromite, Mag = Magnetite, Ca = calcio-olivine, Kir = Kirschteinite, Geh =
Gehlenite (Ca2Al(AlSiO7), Mer = Merwinite, Bred = Bredigite, Q = Quartz, Ake =
Akermanite, Cusp = Cuspidine, Bro = Brownmillerite, Hem = Hematite, Mn = Mn
oxide, May = Mayenite, Per = Periclase

Origin 𝛽-

C2S

𝛾-

C2S

Peri-

clase

May-

enite

C3A Pyro-

xene

Amor-

phous

Other

sili-

cates

Salts Spinel Iron

ox-

ides

Weat-

hering

prod-

ucts

[157] Sweden,

2007

(P) (P) (P) (P) Geh

(P)

[141] Rom-

ania,

2007

Woll

(38)

CaS

(11.3)

162



[28] Spain,

2009

(P) (P) (P) (P) (P) Woll

(P),

Diop

(P)

Bre

(P),

Jas (P)

Flu

(P)

MgAl2O4

(P)

(P) Port

(P)

[28] Spain,

2009

(P) (P) (P) (P) (P) Diop

(P)

Mer

(P),

Jas (P)

Flu

(P)

(P) Port

(P)

[28] Spain,

2009

(P) (P) (P) Diop

(P)

Jas (P) Flu

(P)

(P) Port

(P)

[125] Finland,

2019

(P) (P) (P) (P)

[29] Canada,

2002

(m) (M) Mer

(m),

C3S

(m)

Flu

(m)

Port

(m),

Dol

(m)

[30] Sweden,

2011

(5.9) (11.6) (8.9) Q

(20.6)

Wüs

(6.6)

Dol

(3.5)

[310] Italy,

2013

(m) (M) (M) (M) Geh

(M),

Glass

(M)

CaS

(m)

Port

(m),

Dol

(m)

[126] Finland,

2019

(21) (2.1) (21.9) (2.3) 4 Glass

(4), Q

(47.3)

[137] US,

2018

(P) (P) Wüs

(P)

[285] Sweden,

2009

(P) (P) (P) Geh

(P)

[305] Spain,

2016

(P) (P)

[311] Belgium,

2012

(1) (34) (15) Woll

(2)

20 Mer

(6),

Bre

(7),

Cusp

(10),

Glass

(20)

Flu

(2)

MgCr2O4

(3)
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[140] Bel-

gium,

2015

(51) (10) 8 Mer

(3),

Bre

(10),

Cusp

(15),

Glass

(8)

Flu

(3)

[312] Croatia,

2013

(P) (P) (P) (P) (P) Geh

(P)

[313] Czechia,

2013

(P) (P) (P) (P) C3S

(P)

Flu

(P)

Wüs

(P)

[314] Spain,

2005

(P) (P) (5) Diop

(10)

10 Bre

(P),

C3S

(P),

Glass

(10)

Al2MgO4

(20)

Port

(20)

11/18 14/18 13/18 12/18 7/18 6/18 6/18

Table A.4: Reported mineralogy of LF slags. Woll = Wollastonite, Diop = Diopside,
Geh = Gehlenite (Ca2Al(AlSiO7), Bre = Bredigite, Jas = Jasmundite, Mer = Mer-
winite, C3S = tricalcium silicate, Q = Quartz, Cusp = Cuspidine, Wüs = Wüstite,
Port = Portlandite, Dol = Dolomite

Table A.5 contains the composition of Portland cement used for calculating the

extent of consumption from Parrot’s model in Section 5.4.

Tables A.6, A.7, and A.8 tabulate the input quantities for the thermodynamic sim-

ulations of the 3 mixes of interest (PC, PC+EAF, and PC+EAF+Gyp), as described

in Section 5.4.1.
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wt % Molar mass
(g/mol)

Molar vol
(cm3/mol)

mol/100g
cement

C3S 65.4 348.5 73.180 0.188
C2S 10.2 172.2 51.790 0.0592
C3A 7.5 270.2 89.217 0.0278
C4AF 8.5 486 130.202 0.0175
MgO 0.9 40.3 NaN 0.0223
CaO 0.93 56.1 NaN 0.0166
CaCO3 0.6 100.1 36.934 0.006
Gypsum 3.1 172.2 74.690 0.018
K2SO4 1.3 174.3 65.500 0.00746
Na2SO4 0.21 142 53.330 0.00148
Na2O(C) 0.33 62 NaN 0.00532
K2O(C) 0.054 94.2 NaN 0.00057
MgO(C) 0.94 40.3 NaN 0.02333
SO3(C) 0.11 80.1 NaN 0.00137

Table A.5: Portland cement composition for Parrot’s hydration model. Composition
taken from [8]. Phases with (C) are considered to be part of the C3S.
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Age (days) C2S C3A C3S C4AF CaCO3 CaO Gypsum K2O K2SO4 MgO Na2O Na2SO4 SO3

0.01 0.1 0.3 2.1 0.1 0.1 16.6 18.0 0.01 7.5 22.5 0.05 1.5 0.01
0.03 0.4 0.6 4.1 0.1 0.1 16.6 18.0 0.01 7.5 22.8 0.1 1.5 0.03
0.06 0.7 1.1 7.9 0.2 0.2 16.6 18.0 0.02 7.5 23.2 0.2 1.5 0.05
0.1 1.1 1.9 13.9 0.3 0.4 16.6 18.0 0.04 7.5 23.8 0.3 1.5 0.1
0.3 3.3 6.0 45.9 0.8 1.2 16.6 18.0 0.1 7.5 27.1 1.1 1.5 0.3
0.6 6.0 9.6 70.4 1.8 1.9 16.6 18.0 0.2 7.5 29.7 1.7 1.5 0.4
1 8.7 12.2 87.9 3.5 2.4 16.6 18.0 0.2 7.5 31.8 2.2 1.5 0.6
2 14.1 16.5 113.6 6.6 3.2 16.6 18.0 0.3 7.5 35.0 2.9 1.5 0.7
3 17.1 18.0 123.2 7.8 3.6 16.6 18.0 0.3 7.5 36.2 3.2 1.5 0.8
4 19.3 19.0 129.3 8.6 3.8 16.6 18.0 0.4 7.5 37.0 3.4 1.5 0.9
5 20.9 19.7 133.6 9.2 3.9 16.6 18.0 0.4 7.5 37.6 3.5 1.5 0.9
6 22.3 20.2 137.0 9.6 4.0 16.6 18.0 0.4 7.5 38.1 3.6 1.5 0.9
8 24.5 21.1 142.5 10.3 4.2 16.6 18.0 0.4 7.5 38.8 3.8 1.5 1.0
9 25.3 21.4 144.4 10.6 4.3 16.6 18.0 0.4 7.5 39.0 3.8 1.5 1.0
10 26.1 21.6 146.0 10.8 4.4 16.6 18.0 0.4 7.5 39.3 3.9 1.5 1.0
20 32.6 23.8 160.4 12.8 4.9 16.6 18.0 0.5 7.5 41.2 4.3 1.5 1.1
30 34.8 24.1 163.9 13.3 5.0 16.6 18.0 0.5 7.5 41.7 4.4 1.5 1.1
50 37.6 24.4 168.4 13.7 5.1 16.6 18.0 0.5 7.5 42.3 4.6 1.5 1.2
60 38.4 24.5 169.5 13.8 5.2 16.6 18.0 0.5 7.5 42.5 4.6 1.5 1.2
80 39.7 24.6 171.3 14.0 5.2 16.6 18.0 0.5 7.5 42.7 4.6 1.5 1.2
100 40.6 24.8 172.4 14.1 5.3 16.6 18.0 0.5 7.5 42.9 4.7 1.5 1.2
300 46.9 25.8 180.5 15.0 5.6 16.6 18.0 0.5 7.5 44.0 5.0 1.5 1.3
600 47.1 26.0 181.0 15.2 5.6 16.6 18.0 0.5 7.5 44.1 5.0 1.5 1.3
1000 47.3 26.1 181.5 15.3 5.6 16.6 18.0 0.5 7.5 44.2 5.0 1.5 1.3

Table A.6: Input quantities (units of milli-moles) for calculating reaction product assemblage for OPC hydration using the
model of Parrot [3]. GEM-Selektor v3.3 (http:// gems.web.psi.ch/) [9, 10] with PSI-Nagra [4] and Cemdata18 [11] databases
was used to calculate reaction product assemblage at each time point. Reaction product assemblage is shown in Figure 5-9.
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Age (days) Al2O3 C2S C3A C3S C4AF CaCO3 CaO Fe2O3 FeO Gypsum K2O K2SO4 MgO Na2O Na2SO4 SO3 SiO2

0.01 4.6 0.1 0.3 2.1 0.1 0.1 24.6 4E-10 7E-08 18.0 0.01 7.5 22.7 0.05 1.5 0.01 0.1
0.03 12.1 0.4 0.6 4.1 0.1 0.1 37.7 1E-09 2E-07 18.0 0.01 7.5 23.2 0.1 1.5 0.03 0.2
0.06 18.7 0.7 1.1 7.9 0.2 0.2 49.6 2E-09 4E-07 18.0 0.02 7.5 23.9 0.2 1.5 0.05 0.4
0.1 23.0 1.1 1.9 13.9 0.3 0.4 57.4 4E-09 7E-07 18.0 0.04 7.5 25.0 0.3 1.5 0.1 0.7
0.3 25.2 3.3 6.0 45.9 0.8 1.2 64.2 1E-08 2E-06 18.0 0.1 7.5 30.8 1.1 1.5 0.3 2.2
0.6 25.2 6.0 9.6 70.4 1.8 1.9 68.2 2E-08 4E-06 18.0 0.2 7.5 36.6 1.7 1.5 0.4 4.2
1 25.2 8.7 12.2 87.9 3.5 2.4 72.8 3E-08 7E-06 18.0 0.2 7.5 42.2 2.2 1.5 0.6 6.5
2 25.2 14.1 16.5 113.6 6.6 3.2 85.2 7E-08 1E-05 18.0 0.3 7.5 53.5 2.9 1.5 0.7 12.7
3 25.2 17.1 18.0 123.2 7.8 3.6 94.2 1E-07 2E-05 18.0 0.3 7.5 59.6 3.2 1.5 0.8 17.2
4 25.2 19.3 19.0 129.3 8.6 3.8 102.1 1E-07 3E-05 18.0 0.4 7.5 63.7 3.4 1.5 0.9 21.1
5 25.2 20.9 19.7 133.6 9.2 3.9 107.7 2E-07 3E-05 18.0 0.4 7.5 66.1 3.5 1.5 0.9 23.9
6 25.2 22.3 20.2 137.0 9.6 4.0 113.3 2E-07 4E-05 18.0 0.4 7.5 67.9 3.6 1.5 0.9 26.7
8 25.2 24.5 21.1 142.5 10.3 4.2 121.3 3E-07 6E-05 18.0 0.4 7.5 69.6 3.8 1.5 1.0 30.7
9 25.2 25.3 21.4 144.4 10.6 4.3 123.6 3E-07 6E-05 18.0 0.4 7.5 70.0 3.8 1.5 1.0 31.9
10 25.2 26.1 21.6 146.0 10.8 4.4 127.6 4E-07 7E-05 18.0 0.4 7.5 70.3 3.9 1.5 1.0 33.9
20 25.2 32.6 23.8 160.4 12.8 4.9 132.6 7E-07 1E-04 18.0 0.5 7.5 72.2 4.3 1.5 1.1 36.4
30 25.2 34.8 24.1 163.9 13.3 5.0 132.7 1E-06 2E-04 18.0 0.5 7.5 72.7 4.4 1.5 1.1 36.4
50 25.2 37.6 24.4 168.4 13.7 5.1 132.9 2E-06 3E-04 18.0 0.5 7.5 73.3 4.6 1.5 1.2 36.5
60 25.2 38.4 24.5 169.5 13.8 5.2 133.0 2E-06 4E-04 18.0 0.5 7.5 73.5 4.6 1.5 1.2 36.6
80 25.2 39.7 24.6 171.3 14.0 5.2 133.2 3E-06 6E-04 18.0 0.5 7.5 73.7 4.6 1.5 1.2 36.7
100 25.2 40.6 24.8 172.4 14.1 5.3 133.5 4E-06 7E-04 18.0 0.5 7.5 73.9 4.7 1.5 1.2 36.8
300 25.2 46.9 25.8 180.5 15.0 5.6 135.2 1E-05 2E-03 18.0 0.5 7.5 75.1 5.0 1.5 1.3 37.7
600 25.2 47.1 26.0 181.0 15.2 5.6 137.8 2E-05 4E-03 18.0 0.5 7.5 75.1 5.0 1.5 1.3 39.0
1000 25.2 47.3 26.1 181.5 15.3 5.6 140.2 4E-05 7E-03 18.0 0.5 7.5 75.2 5.0 1.5 1.3 40.2

Table A.7: Input quantities (units of milli-moles) for calculating reaction product assemblage for OPC hydration and EAF slag
dissolution. GEM-Selektor v3.3 (http:// gems.web.psi.ch/) [9, 10] with PSI-Nagra [4] and Cemdata18 [11] databases was used
to calculate reaction product assemblage at each time point. Reaction product assemblage is shown in Figure 5-9.
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Age (days) Al2O3 C2S C3A C3S C4AF CaCO3 CaO Fe2O3 FeO Gypsum K2O K2SO4 MgO Na2O Na2SO4 SO3 SiO2

0.01 4.6 0.1 0.3 2.1 0.1 0.1 24.6 4E-10 7E-08 33.0 0.01 7.5 22.7 0.05 1.5 0.01 0.1
0.03 12.1 0.4 0.6 4.1 0.1 0.1 37.7 1E-09 2E-07 33.0 0.01 7.5 23.2 0.1 1.5 0.03 0.2
0.06 18.7 0.7 1.1 7.9 0.2 0.2 49.6 2E-09 4E-07 33.0 0.02 7.5 23.9 0.2 1.5 0.05 0.4
0.1 23.0 1.1 1.9 13.9 0.3 0.4 57.4 4E-09 7E-07 33.0 0.04 7.5 25.0 0.3 1.5 0.1 0.7
0.3 25.2 3.3 6.0 45.9 0.8 1.2 64.2 1E-08 2E-06 33.0 0.1 7.5 30.8 1.1 1.5 0.3 2.2
0.6 25.2 6.0 9.6 70.4 1.8 1.9 68.2 2E-08 4E-06 33.0 0.2 7.5 36.6 1.7 1.5 0.4 4.2
1 25.2 8.7 12.2 87.9 3.5 2.4 72.8 3E-08 7E-06 33.0 0.2 7.5 42.2 2.2 1.5 0.6 6.5
2 25.2 14.1 16.5 113.6 6.6 3.2 85.2 7E-08 1E-05 33.0 0.3 7.5 53.5 2.9 1.5 0.7 12.7
3 25.2 17.1 18.0 123.2 7.8 3.6 94.2 1E-07 2E-05 33.0 0.3 7.5 59.6 3.2 1.5 0.8 17.2
4 25.2 19.3 19.0 129.3 8.6 3.8 102.1 1E-07 3E-05 33.0 0.4 7.5 63.7 3.4 1.5 0.9 21.1
5 25.2 20.9 19.7 133.6 9.2 3.9 107.7 2E-07 3E-05 33.0 0.4 7.5 66.1 3.5 1.5 0.9 23.9
6 25.2 22.3 20.2 137.0 9.6 4.0 113.3 2E-07 4E-05 33.0 0.4 7.5 67.9 3.6 1.5 0.9 26.7
8 25.2 24.5 21.1 142.5 10.3 4.2 121.3 3E-07 6E-05 33.0 0.4 7.5 69.6 3.8 1.5 1.0 30.7
9 25.2 25.3 21.4 144.4 10.6 4.3 123.6 3E-07 6E-05 33.0 0.4 7.5 70.0 3.8 1.5 1.0 31.9
10 25.2 26.1 21.6 146.0 10.8 4.4 127.6 4E-07 7E-05 33.0 0.4 7.5 70.3 3.9 1.5 1.0 33.9
20 25.2 32.6 23.8 160.4 12.8 4.9 132.6 7E-07 1E-04 33.0 0.5 7.5 72.2 4.3 1.5 1.1 36.4
30 25.2 34.8 24.1 163.9 13.3 5.0 132.7 1E-06 2E-04 33.0 0.5 7.5 72.7 4.4 1.5 1.1 36.4
50 25.2 37.6 24.4 168.4 13.7 5.1 132.9 2E-06 3E-04 33.0 0.5 7.5 73.3 4.6 1.5 1.2 36.5
60 25.2 38.4 24.5 169.5 13.8 5.2 133.0 2E-06 4E-04 33.0 0.5 7.5 73.5 4.6 1.5 1.2 36.6
80 25.2 39.7 24.6 171.3 14.0 5.2 133.2 3E-06 6E-04 33.0 0.5 7.5 73.7 4.6 1.5 1.2 36.7
100 25.2 40.6 24.8 172.4 14.1 5.3 133.5 4E-06 7E-04 33.0 0.5 7.5 73.9 4.7 1.5 1.2 36.8
300 25.2 46.9 25.8 180.5 15.0 5.6 135.2 1E-05 2E-03 33.0 0.5 7.5 75.1 5.0 1.5 1.3 37.7
600 25.2 47.1 26.0 181.0 15.2 5.6 137.8 2E-05 4E-03 33.0 0.5 7.5 75.1 5.0 1.5 1.3 39.0
1000 25.2 47.3 26.1 181.5 15.3 5.6 140.2 4E-05 7E-03 33.0 0.5 7.5 75.2 5.0 1.5 1.3 40.2

Table A.8: Input quantities (units of milli-moles) for calculating reaction product assemblage for OPC hydration and EAF slag
dissolution, with additional gypsum. GEM-Selektor v3.3 (http:// gems.web.psi.ch/) [9, 10] with PSI-Nagra [4] and Cemdata18
[11] databases was used to calculate reaction product assemblage at each time point. Reaction product assemblage is shown in
Figure 5-9.
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Thermodynamic driving force for dissolution in CEM I blended cements

The saturation state of portlandite, 𝛾-C2S, C3S, 𝛽-C2S. and gehlenite are calculated

in FA blended Portland cement binders, shown in Figure A-1. Each datapoint repre-

sents an individual pore solution. The same trends as before are held - portlandite

and 𝛾-C2S are supersaturated in most pore solutions, while C3S and 𝛽-C2S are un-

dersaturated in most pore solutions. In this case, the values of ∆𝐺𝑑𝑖𝑠𝑠 for 𝛾-C2S and

𝛽-C2S pore solutions are merely shifted along the y-axis due to the fact that all pore

solutions are at the same temperature (25°C) and the only difference between the two

systems is the standard Gibbs free energy of the dissolving mineral.
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Figure A-1: Driving force for mineral dissolution reactions in FA blended Portland
cement binders. All pore solutions are at 25°C. Each datapoint represents the satura-
tion state of that mineral in a given FA blended Portland cement binder pore solution
for which the concentration of the relevant ions have been experimentally measured.
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