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Abstract

Cementitious materials make up about half of all the materials produced worldwide. They are
the most affordable building materials with the lowest carbon footprint per kg when compared
to any other in the category. Since its introduction over 200 years ago, its use has multiplied
many fold to be currently at 3 billion tonnes per year, accounting for about 8% of worldwide
carbon emission which is forecast to double within the next 30 years. Upon hydration of
cementitious materials, the principle product formed is Calcium Silicate Hydrate (C-S-H) that
binds all the aggregates together. Solutions to reduce this Carbon footprint depend on being
able to improve the development of early age strength, which is controlled by the self-limiting
growth of the C-S-H, particularly when using alternative supplementary cementitious materials
(SCMs) to replace Portland cement. The greatest difficulty to overcome this limitation is the
lack of knowledge on the growth and structure of C-S-H. It is poorly crystalline and cannot be
characterised by classical crystal techniques. Moreover, in the Portland cement system, the
effect of different elements on C-S-H growth is unclear. Furthermore, there is a lack of kinetic
analysis on C-S-H growth.

This thesis work presents a synthetic method to produce uniform C-S-H phases with Ca:Si
ratios from 1 to 2, with a ratio above 1.6 being achievable for the first time in any given
synthetic system. Higher ratios are of particular importance when compared to a real system,
where it exists around 1.75 (Avg.). This was achieved with a novel rapid precipitation method
by controlling mixing and reaction chemistry. These synthetic C-S-H precipitates are
chemically uniform at the nanoscale and allowed us to determine a better defined atomistic
structure with the use of dynamic nuclear polarisation (DNP) NMR techniques and atomistic
simulations. The discovered structures reveal the inclusion of a calcium site in the interlayer
that bridges chain terminating silicate species. This site is associated with an environment of
strong hydrogen bonding that stabilises the structure and, consequently, promotes high Ca:Si
ratios in C-S-H. The major result is thus a clear relation between the atomic level defect
structure and the high Ca:Si ratio in C-S-H. Further, the C-S-H phases were analysed by Raman
micro-spectrometry and Fourier Transform Infrared spectroscopy (FTIR) and revealed a
proximity to a defective tobermorite structure and the probability of a single solid solution
model for the Ca:Si range from 1.25 to 2. A morphological transformation point is also reported
to be near to pH~11, where C-S-H solid phases clearly change from nanoglobules (spherical)
to nanofoils (platelets).

The key role of the thermodynamic conditions (speciation, pH, concentration etc.) was clearly
observed in the formation of C-S-H phases with desirable morphology and Ca:Si ratios. A
study of the effect vother divalent ions, commonly encountered in cementitious systems, on
the formation of silicate hydrates were made in comparison with calcium. It was discovered
that Calcium plays a special interaction role with different silicate species in the formation of
C-S-H phases that is not shown by any other divalent ions. Hence revealing the importance and
uniqueness of the C-S-H phases in the cementitious system.



The developed understanding of the thermodynamic conditions and its control in the formation
of desired precipitated synthetic C-S-H phases was applied to the formation of C-S-H in the
Portland cement system formed upon the hydration of Alite (an impure Tri-Calcium silicate
main phase in cementitious materials). We could predict the calorimetric behaviour of the
system based on the knowledge of the formation mechanism of synthetic C-S-H. Also, it
allowed us to forecast desirable conditions to get a particular phase or response of the hydrating
system. Kinetic data were collected from the synthetic precipitation experiments by following
the Ca consumption from solution. Then with help of thermodynamics speciation modelling
and Population Balance Modelling (PBM) an empirical growth model for C-S-H was
developed.

Overall, all these results together have given a much clearer picture of the atomistic structure
of C-S-H, in particular, the role of calcium in the interlayer and keys to modifying the reactivity
and growth of this most ubiquitous substance that holds together the built environment and
infrastructure.

Keywords

Reactor, C-S-H, *Si NMR, 'H NMR, DFT, Atomistic simulation, XRD, TEM, SEM, ICP,
XRF, Raman, FTIR, pH, Availability, Mobility, species, surfaces, nucleation, growth,
population balance modelling



Resumé

Les matériaux cimentaires représentent environ la moitié de tous les matériaux produits dans
le monde entier. IIs sont les matériaux de construction les plus abordables avec la plus faible
empreinte carbone par kg par rapport a tout autre dans la catégorie. Depuis son introduction il
y a plus de 200 ans, son utilisation s'est multipliée par plusieurs fois pour étre actuellement de
3 milliards de tonnes par an, ce qui représente environ 8% des émissions mondiales de carbone
qui devrait doubler au cours des 30 prochaines années. Lors de I'hydratation des matériaux
cimentaires, le principe produit formé est le Silicate Hydrate de Calcium (C-S-H) qui lie tous
les agrégats ensemble. Les solutions pour réduire cette empreinte carbone dépendent de
I'amélioration du développement de la force de I'dge précoce, qui est contrdlée par la croissance
autonome du C-S-H, en particulier lors de [l'utilisation d'autres matériaux cimentaires
complémentaires (SCM) pour remplacer le ciment Portland. La plus grande difficulté¢ a
surmonter cette limitation est le manque de connaissances sur la croissance et la structure de
C-S-H. 1l est peu cristallin et ne peut étre caractérisé par des techniques de cristaux classiques.
De plus, dans le systéme de ciment Portland, I'effet de différents éléments sur la croissance C-
S-H n'est pas clair. En outre, il n'y a pas d'analyse cinétique sur la croissance C-S-H.

Ce travail de thése présente une méthode synthétique pour produire des phases C-S-H
uniformes avec des rapports Ca: Si de 1 & 2, avec un ratio supérieur a 1,6 pouvant étre atteint
pour la premiére fois dans un systeme synthétique donné. Des ratios plus élevés revétent une
importance particuliére par rapport a un systéme réel, ou il existe environ 1,75 (moyenne). Ceci
a été réalis¢ avec une nouvelle méthode de précipitation rapide en controlant le mélange et la
chimie de réaction. Ces précipités synthétiques C-S-H sont chimiquement uniformes a I'échelle
nanométrique et nous ont permis de déterminer une structure atomique mieux définie avec
I'utilisation de techniques de NMR a polarisation nucléaire dynamique (DNP) et de simulations
atomiques. Les structures découvertes révelent l'inclusion d'un site de calcium dans la couche
intercalaire qui relie les espéces de silicate qui terminent la chaine. Ce site est associ¢ a un
environnement de forte liaison hydrogéne qui stabilise la structure et, par conséquent, favorise
les rapports élevés Ca: Si en C-S-H. Le résultat principal est donc une relation claire entre la
structure des défauts du niveau atomique et le rapport Ca: Si élevé en C-S-H. En outre, les
phases CSH ont été analysées par micro-spectrométric Raman et spectroscopie infrarouge a
transformée de Fourier (FTIR) et ont révélé une proximité d'une structure de tobermorite
défectueuse et la probabilité d'un seul modele de solution solide pour la gamme Ca: Si de 1,25
a 2. A Le point de transformation morphologique est également proche du pH ~ 11, ou les
phases solides de CSH changent clairement de nanoglobules (sphériques) a nanofoils
(plaquettes).

Le role clé des conditions thermodynamiques (spéciation, pH, concentration, etc.) a été
clairement observé dans la formation de phases C-S-H avec une morphologie souhaitable et
des rapports Ca: Si. Une étude de I'effet des ions divalents électoraux, couramment rencontrés
dans les systémes cimentaires, sur la formation d'hydrates de silicate a été faite par rapport au
calcium. On a découvert que le calcium joue un role d'interaction spécial avec différentes



especes de silicate dans la formation de phases C-S-H qui ne sont pas représentées par d'autres
ions divalents. Il révéle donc l'importance et I'unicité des phases C-S-H dans le systéme
cimentaire.

La compréhension développée des conditions thermodynamiques et son controle dans la
formation des phases CSH synthétiques précipitées désirées a été appliquée a la formation de
CSH dans le syst¢tme de ciment Portland formé lors de l'hydratation d'Alite (une phase
principale de silicate de Tri-Calcium impur dans des matériaux de ciment) . Nous pourrions
prédire le comportement calorimétrique du systéeme en fonction de la connaissance du
mécanisme de formation du C-S-H synthétique. En outre, il nous a permis de prévoir des
conditions souhaitables pour obtenir une phase particuliére ou une réponse du systeme
hydratant. Les données cinétiques ont été recueillies a partir des expériences de précipitation
synthétique en suivant la consommation de Ca de la solution. Ensuite, avec 1'aide de la
mod¢lisation de la spéciation thermodynamique et de la modélisation de la balance des
populations (PBM), un mod¢le de croissance empirique pour C-S-H a été développé.

Dans I'ensemble, tous ces résultats ont donné une image beaucoup plus claire de la structure
atomistique de CSH, en particulier, le rdle du calcium dans l'intercalaire et des clés pour
modifier la réactivité et la croissance de cette substance la plus omniprésente qui maintient
I'environnement bati et l'infrastructure .

Mots clés

Réacteur, C-S-H, Si NMR, 'H NMR, DFT, simulation atomique, XRD, TEM, SEM, ICP,
XRF, Raman, FTIR, pH, Disponibilité, Mobilité, espéces, surfaces, nucléation, croissance,
modélisation de 1'équilibre de la population
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1 Introduction and Scope of thesis

1.1 Significance

Concrete, seen as a global commodity, is a type of composite material, where cement
acts as binder, sand, and stones as aggregates and iron or steel bars as reinforcement as
presented in Figure 1. Cement in the presence of water hardens and act as glue to bind the other
components. Cement hydration is a complex phenomenon. As presented in Figure 1, concrete is
the most widely used material, so abundant that cement production is one of the leading
industrial sources of greenhouse gases among all construction materials, contributing to about
8% of global emissions, despite the lowest emission per kg.'” To get an idea, this value it is
roughly three times higher than the CO, emission from air transportation (2.2%) and still higher
than the release of the entire chemical (5.3%) and steel industry (5.2%).” In the past decade or
so, with the faster urbanisation rate, the annual cement production almost doubled itself and is
expected to reach up to four-fold by year 2050.*

Air 6% | 1w
Cement 10% a 1 { A Metals
= 104 [ Ceramics
I

Water 18% Aluminium © Polymers

' Steel

Wood

Sand 25% (@)
- Bricks / Masonry
Concrete
Gravel 41% &%

103 10° 107 10° 101
Annual production (t/yr)

(Source : Introduction a la science des Matériaux, Kurz, Mercier, Zambelli, PPUR, 3rd ed 2002).

Figure 1: Ingredients of concrete and Price/production of different construction materials.

The world production of hydraulic cement was 3.36 gigatonnes with China (1800 t), India (220
t) and USA (63.5 t) being the top three producers by 2015°. About 40% of the CO, emissions
originate from the combustion of fossil fuels used in operations while approximately 60%
result from the transformation of limestone into calcium oxide (CaCOs = CaO+COs), leading
to the formation of Alite (Ca3SiOs) and Belite (Ca;Si0O4). The calcium silicate phases - Alite
provides early age strength development (days to months) whereas Belite shows long-term
strength development (months to years).

Due to rapid urbanisation, there is an increasing demand by the building sector for faster early
age strength which has led to an increase in the Alite/Belite ratio. As a consequence, to
transform some of the Belite that forms at 800 °C to Alite forming at 1400 °C, more burned
lime must be used. Consequently, there are higher energy needs to produce cement with a
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higher Alite/Belite ratio. Nearly 40% of the global energy consumed worldwide occurs in
building and its operation and hence contributing to a huge global carbon footprint. Hence,
using sustainable and affordable ways to produce concrete is a global priority, both on an
environmental and economic front.

Despite the fact that Portland cement in its present form has existed for over a century, still, all
its physical and chemical transformations are yet to be fully deciphered. Most of all,
disagreement regarding the exact nature of the early hydration products still prevails. Besides
the relatively simple principles of construction, the chemical mechanisms leading to strength
development are not fully understood.**

One of the most widely accepted solutions is the use of supplementary cementitious materials
(e.g. slag, fly-ash, metakaolin, and silica-fume, which have a lower carbon footprint) to replace
part of the cement used to make concrete. The major limitation to this technology is low early
age strength due to the modified rate of hydration.* A general lack of understanding of the
hydration mechanisms that govern even the performance of ordinary Portland cement (OPC)
impedes progress. This is due to the complexity of several minerals engaged in dissolution and
precipitation reactions to form hydration products. The greatest difficulty is the lack of
structural information on the formation of the main cement hydration product, calcium silicate
hydrate (C-S-H),”® which forms about 50-60% by volume of cement paste. This is linked to
the fact that previously no method could synthesise C-S-H with Ca:Si ratios greater than 1.6,
whereas in ordinary Portland cement this ratio is > 1.75 at early ages.”'' As well as the very
poor crystalline nature of C-S-H which prevents the structural elucidation by standard
diffraction methods.””

The understanding of the hydration process is further complicated by additives/admixtures and
external physical factors such as relative humidity etc.. Presently, no single characterization
method exists that can follow the hydration process in its entirety. Therefore a multidisciplinary
approach and a combination of methods are needed to elucidate the structure and growth
mechanisms involved in hydration. Once achievedthis will, in turn, allow a better control and
use of sustainable materials in cement and concrete. This is the main goal of this thesis.

1.2 Dissertation scope and objectives

It is quite clear that to have a deep understanding of the early age hydration period, we need to
have a more in-depth knowledge of the primary hydration product (i.e.) C-S-H and its process
of nucleation and growth. Considering the hardened cement paste (HCP) micro-structure, it
consists of variable pores and solids of different sizes. The microstructure of a mature cement
paste can be seen in

Figure 2, which shows the major product as C-S-H, a highly disordered phase. Crystalline
calcium hydroxide (Ca(OH),), is the next major phase formed during hydration. Apart from C-
S-H and Ca(OH),, there are traces of Ettringite and Monosulphate formed that also occurs in
different morphologies and sizes. The rest of the volume can also consist of unhydrated cement
particles. Moreover, there could be empty spaces or pores, left out deliberately or formed by
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the improper consolidation of the paste or chemical shrinkage. The total pore volume is a
function of the water/cement ratio, degree of hydration, and curing conditions .

With the above complexity of the real Portland cement system, it seems a difficult task to
develop sufficiently advanced understanding regarding C-S-H. Thus, we need pure and
homogeneous model systems to arrive at any sort of conclusive results. In this thesis, a
synthetic system has been adopted with the aim of preparing C-S-H that is more representative
of the Portland cement systems than previous synthetic approaches. Furthermore, the model
system can be extended towards the more complex real system by doping with essential
elements existing in the actual cement systems used in practice.

Pores . »

/ / } Hydrated particles

RN

|

Outer product

(Source: Image courtesy of Paul Stutzman, Concrete Microscopy Library, Illinois, USA)

Figure 2: Backscattered SEM image of a mature cement paste showing the main microstructural features.

The thesis was funded by the Swiss national foundation where my role in the project as an
experimentalist can be divided into five parts.

1) Develop a synthetic reactor system that can synthesise C-S-H with desired Ca:Si
ratio, morphology and homogeneity.

i) Develop the characterization protocols for the synthetic C-S-H produced.
1ii) To elucidate C-S-H structural information by spectroscopic studies.
iv) Shed light on the growth kinetics of the synthetic C-S-H.

V) To approach the Portland cement system by doping the model synthetic system with
elements known to be present in industrial cement.

During the process of understanding C-S-H, certain theories were developed that improves
our understanding of cement hydration. In summary, the questions that needed to be
answered at the outset of the thesis can be summarised as:

e Can we synthesise pure phase C-S-H, representative of the Portland cement at early
ages?

15



e Can we elucidate the structure of C-S-H?
e What is the role of Calcium and its effect on silicate polymerization?

e Using kinetic analysis can an understanding the formation mechanism of C-S-H be
found?

e What is the effect of doping on the pure C-S-H formation with other individual ions
present in cement?

1.3 Organisation of thesis

The thesis is divided into two segments. Part one describes the general literature and current
understanding of C-S-H, sets up the objectives and describes the materials and methods used.
The second part consists of the results of the experimental studies and their analysis in the form
of journal articles. In part 2, each chapter starts with a short introduction to the article presented
and ends with the achieved results and outlook. Each article covers its own deep literature in
the field of work presented for the article. The Supplementary material of each article can be
found in the annexes at the end of the thesis.

Chapter 1 — Is an introduction to the context of the thesis and sets up the overall objectives of
the thesis work.

Chapter 2 — Fundamentals and theoretical background of the topics touched on in the thesis
work are briefly summarised.

Chapter 3 — Materials and methods, developed or adopted for the experimental studies are
described

Chapter 4 — Synthetic system, synthesis & characterization, and structural evaluation via.
FTIR and Raman: Article Kumar A, et.al; “Controlled synthesis and characterization of
homogeneous Calcium Silicate Hydrates phase with high Calcium to Silicate ratio”, CCR,
to be submitted

Chapter 5 — Synthesis and characterization by DNP-NMR to evaluate the atomic structure of
C-S-H: Kumar A, et.al; “The Atomic-Level Structure of Cementitious Calcium Silicate
Hydrate”, JPCC, published on the cover page of JPCC.

Chapter 6 — Application of thermodynamics control on real cement system. Article: Kumar
A, et.al; “Cementitious Calcium silicate hydrates formation pathways and insights into alite
hydration control”, CCR, to be submitted.

Chapter 7 — Effect of the other divalent ions on the formation of C-S-H: Article: Kumar A,
et.al; “Initial observations: Effect of the presence of divalent ions (Bda*, Mg2 *, Zn*") on the
morphology of precipitating calcium silicate”’, Conference Article.

Chapter 8 — Kinetic analysis of C-S-H growth by the use of population balance modelling
Kumar A, et.al; “Simplistic model for growth of Calcium Silicate Hydrates from solution”,
PCCP, to be submitted

Chapter 9 — Summary of the thesis and Quo Vadis

Annexure — Supplementary Information
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2 Fundamentals

2.1 Introduction

This chapter covers state of the art for the thesis work that can be divided into two categories.
Firstly, understanding the Portland cement system, the origin of C-S-H and the constraints
related to its studies in Portland cement system. It provides the basic introduction to the
production of cement and the underlying chemistry. The hydration process leading to the
formation of many phases, in particular, the main phase C-S-H. Secondly, to study C-S-H
synthetically one needs a good understanding of C-S-H part (i.e.) silicate chemistry and its
behaviour under different thermodynamics conditions. Precipitation being the chosen approach
to synthesise C-S-H, the state of the art regarding precipitation processes is briefly presented.
It is needed to work out a controlled synthetic system to produce industrially relevant uniform
C-S-H phases and model its formation. Precipitation in principle combines particle formation
(nucleation event) and its growth, is also very briefly presented. The simple schematic in Figure
3 shows all the fundamental aspects described split into three major section for this chapter.

Real system

H20 Aggregates
Cement C-S-H [Variable system] [ Concrete

Problematic to understand

Silicate Chemistry W
: Kineticg ; :
. C-S-H [Uniform system] Kt id Growth Model |H
E nucleato?
Precipitation G(owth Simpler to understand and model

Figure 3: a) Portland cement system: Complex C-S-H formation b) Steps to designing a new synthetic system to understand uniform C-S-H
system.
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2.2 Portland cement system

2.2.1 Cement

Cement acts as the chemical adhesion between the aggregates, making up to 10% of the
concrete by volume. In the past, the Roman’s describe the masonry of crushed stones as
aggregates and burned lime as glue, as opus caementicium, one of the first traces of currently
used word “cement”.'> The Pantheon, constructed in about 125 AD, to date is the world largest
unreinforced dome, is a superb example of cementitious material use. Fast forward to the

present day cement consisting of CaO, SiO,, Al,O3 and F€20312, was developed by Issac

Charles Johnson in 1845, prepared at elevated temperature. However, the primary idea of such
material was planted by William Aspidin in 1824. Ordinary Portland cement (OPC) is a
mixture of compounds prepared by burning limestone and clay together at temperatures
ranging from 1400 to 1600° C." Figure 4, describes the manufacturing processes, starting from
raw materials to final powdered cement.'?

Raw material

preparation

(Quarrying /Crushing/ |

Millin i . i
9) Mixing in Kiln Mixing with gypsum and milling

free water

clay decomposes

limestone decomposes

formation of initial compounds i

initial formation of dicalcium silicate |
formation of i

tricalcium silicate

Gypsum

- =

Clinker Cement

dehydration
zone

calcination zone

: clinkexring
20ne \
cooling zone
i gas emp.
iec 450 800 1200 1350 1550 i
$ { clinker 1 @

(Source: Department of Material Science, Illinois, USA; http://malsel,malsejllinoi's,edu/)

Figure 4: General flow chart of cement production, schematic diagram of rotatory Kiln, from raw material to clinker inside rotatory kiln

The mixture of raw materials is heated in inclined rotating steel cylinders that can be up to a
hundred meters in length. This mix enters and moves down from the higher end, while heat is
generated at the lower end of the kiln by the injected fuel. The burning fuel provides the
necessary heat for materials to react and it can take up to hours to pass through the kiln. Usually,
the reacting raw materials pass through four stages, evaporation, calcination - decomposition
leading to loss of carbon dioxide and bound water, Clinkering - formation of calcium silicates
and final stage is cooling.'*'* After these four stages, "clinker" is formed. It is further cooled
and ground to a certain size before mixing with gypsum and other additives to form the ordinary
Portland cement. Ordinary Portland cement (OPC) consists of five major compounds and some
minor. The typical composition is listed by weight percentage in OPC is given in
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Table 1.
Cement Compound ‘Weight Percentage Chemical Formula
Tricalcium silicate (C;S) or Alite 50 % Ca;SiO0s or 3Ca0'SiO,
Dicalcium silicate (C,S) or Belite 25 % Ca,Si0, or 2Ca0'SiO,
Tricalcium aluminate (AfT) 10 % Ca;Al,06 or 3Ca0 Al O,
Tetracalcium aluminoferrite (AFM) 10 % CayALFe,04 or 4CaO'ALO;Fe,04
Gypsum 5% CaS042H,0

Table 1: Typical composition of OPC

2.2.2 Cement hydration

The Portland cement consists of Alite (an impure form of tricalcium silicate), Belite ( an impure
form of dicalcium silicate), tricalcium aluminate, ferrite and added gypsum when in
contactvwith waters this leads to the formation of portlandite, C-S-H, hydrogarnet, ettringite,
monsulfate and iron oxide. Upon the addition of water, tricalcium silicate rapidly reacts to
release calcium ions, hydroxide ions, and a large amount of heat. This reaction step is called
dissolution and the dissolved ions combine to form precipitates. Dissolution is the
disassociation of solute particle from the solid surface and distribution in a solvent (water in
our case) or foreign matter to gain entropy according to the 2™ law of thermodynamics. This
occurs at the expense of bond breakage between the solute particles leading to the
disintegration of the material, the opposite of the crystallisation process. In a simple sense, the
whole process can be roughly summarised in two steps, firstly the escape of solute molecules
or reaction rate at the surface and secondly, diffusion of these solute molecules into the bulk
liquid phase. Hence the interfaces between the solute material and the solution play a very
important role. The overall reaction rate is either limited by diffusion or by the interface
reaction rate, as described schematically in figure 5, the slowest step in the sequence is the rate-

T T

Diffusion / transport control Interface / reaction control

Wil slow

Figure 5: Dissolution modes - Slowest is the rate-determining step (RDS) of the process'®

Several factors can affect the dissolution process, some of which can be inherent and some
environmental. Inherent parameters such as interatomic forces, crystal structure and defects
and polymorphism can all influence the dissolution of the solute material. A general elementary
school rule “like dissolve like” (i.e.) non-polar solvent dissolve non-polar or non-ionized solute
and vice-versa. The dissolution process can be influenced by environmental conditions such as
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saturation state of the system expressed by a AG function. With the limits AG = 0 equilibrium
and AG = o infinitive dilution (under saturation). Impurities in the system, pH and other
parameters such as inhibition of mineral dissolution by the formation of a protective thin layer
of precipitate that inhibits further dissolution of the minerals.'” During Alite hydration, the pH
rises sharply with the release of hydroxide (OH") ions."" The reaction continues producing
silicate, calcium and hydroxide ions until the system becomes saturated with respect to calcium
hydroxide and C-S-H. Once this occurs, the calcium hydroxide starts to crystallise and
simultaneously, calcium silicate hydrate begins to form. lons precipitate out of solution
accelerating the dissolution reaction of tricalcium silicate to calcium and hydroxide ions (Le
Chatelier's principle). Furthermore, the existing calcium hydroxide and calcium silicate hydrate
crystals provide a heterogeneous surface upon which more C-S-H or Ca(OH), can form. As
shown in Figure 6 (1-4), the C-S-H crystals grow thicker making it more difficult for water
molecules to reach the unhydrated tricalcium silicate. The speed of the reaction is now
controlled by the rate at which water molecules diffuse through the calcium silicate hydrate
coating. This coating thickens over time causing the production of calcium silicate hydrate to

become slower and slower. %%
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Figure 6: (1) Partial dissolution of C3S (2) the grains start to agglome)rate (3) C-S-H starts to nucleate heterogeneously on the C3S surface
(4) which enhances the hardening of the cement until the C- S-H layer reaches a critical thickness when the hydration is limited by diffusion
of water. (5) Schematic of C3S hydration versus time.'**’

Different stages in hydration process are well charted by calorimetry studies. The heat
generated is shown below as a function of time. It can be described in five stages presented in
figure 7. In stage I, initial burst in the heat evolution is seen from the most reactive constituents
of the cement compound that rapidly dissolve. Stage II is known as the induction period. The
evolution of heat slows dramatically in this stage and can last from one to three hours.
Physically the concrete is in a plastic state that allows easier workability. The initial setting
starts by the end of this stage.
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Figure 7: Rate of heat evolution during the hydration of Portland cement.

In stages III and IV, hydration of tricalcium silicates shows a peak in heat evolution and during
the formation of C-S-H and Ca(OH),, eventually reaching a maximum and then descending.
During these stages, concrete hardens. Stage V is reached after around 36 hours. The slow
formation of hydrate products continues as long as water and unhydrated silicates are available.
Typically, many theories have been proposed in past explaining the onset of the induction
regime in stage Il and corresponding termination. Some authors suggested it occurs due to
formation of protective metastable layer over Alite grains considerably slowing down the
dissolutions.”" *® Formation of less soluble educts by surface protonation of Alite leading to
reduced dissolution.””*® Pore solution composition in combination with lowering surface
defects may also slow the dissolution process.*?’ Formation of electric double layer with Si-
rich surface and adsorption of Ca*" ion on these surface leading to positive charges and
1939 the density
of crystallographic defects have been correlated to the length of the induction period®-'** and

hindering further dissolution, due to an initial incongruent dissolution of Alite.

the presence of Aluminium leading to formation of Calcium aluminate silicate hydrates (C-A-
S-H) phases are presented as reasons for the onset of the induction period.” Whereas the
termination of the induction period has been related to rupture of the protective layer by
osmotic pressure.”” Formation of C-S-H from metastable C-S-H phases or ion composition in
the pore solution leading to loss of protective layer.”*** Further growth of the C-S-H can lead
to rapid dissolution of Alite phase.”>” Some authors related the termination of induction
period to poisoning of Ca(OH), precipitation sites being eliminated by consumption of Si ion
in formation of C-S-H, Ca(OH), precipitation revived, determining the rate of overall
reaction.”*’

2.2.3 Microstructure and strength development

In general, in Portland cement the rates of hydration during the first few days ranked from
fastest to slowest are tricalcium aluminate (C3;A) > tricalcium silicate > tetracalcium
aluminoferrite > di-calcium silicate. The aluminate and sulphate phases begin to react and
go into the solution and with rising saturation of these species, within a matter of minutes,
needle-shaped crystals of calcium trisulfoaluminate hydrate, called ettringite appears. At later
stages, ettringite may become unstable and will decompose to form monosulfoaluminate
hydrate.** Tt is followed by hexagonal crystal formation of calcium hydroxide and fibrous
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particles of calcium silicate hydrates filling up the spaces between the aggregates. Hence
providing the early age strength. As seen in figure 8, the C-S-H formed from hydration of
Tricalcium silicate (C3S) is responsible for most of the early strength (first 7 days). Di-calcium
silicate (C,S), which reacts more slowly, contributes only to the strength at later times.

70 10,000

60 -
— 8,000
50
40 - 6,000

30

Compressive Strength (MPa)
(1sd) yiBuang amisseidwon

20
s C,A+CSH, |- 2,000
i —
C, AF+CSH,
0 T T T T T T T T T @
0 20 40 60 80 100
Time (days)

Figure 8: Compressive strength development over time in pastes of pure cement compounds *'

From a microstructural point of view, the formed phases are not consistent in sizes or
morphology. The inhomogeneity in the microstructure governs properties like strength and
other mechanical properties. Rheological properties of freshly mixed cement paste also
influence the microstructure of the hardened paste.17 In figure 9, a model of well hydrated is
presented (adopted from - Mehta, P. & Monteiro, P. J. M. Concrete: Microstructure,
Properties, and Materials. 2006). “A” represents an aggregation of poorly crystalline C-S-H
particles which have at least one colloidal dimension (1 to 100 nm). Inter-particle spacing
within an aggregate is 0.5 to 3.0 nm (Avg. 1.5 nm). H represents hexagonal crystalline products
such as Ca(OH),. They form large crystals, typically around 1 um. C represents capillary
cavities or voids which exist when the spaces originally occupied by water do not get
completely filled with the hydration products of cement. The size of capillary voids ranges
from 10 nm to 1 um, but in well-hydrated pastes with a low water/cement ratio, they are less
than 100 nm'” as summarised in Table 2.

(Source: Mehta, P. & Monteiro, P. J. M. Concrete: Microstructure, Properties, and Materials. 2006)

Figure 9: Model of a hydrated Portland cement paste
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The microstructure can be classified into the following segments and their % occupancy by volume.

Sl.no  Solids in the hydrated cement paste Voids in hydrated cement Water in cement paste
paste

2 Calcium Hydroxide: 20-25 % Capillary Voids Adsorbed water

4 Unreacted cement Grains: 1-15% Interlayer water

Table 2: Components of hydrated cement paste

The variation of the size involved in the microstructure of the hydrated cement paste is presented schematically
in Figure 10", with comparison compared to real life examples.
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Figure 10: @) Dimensional range of solids and pores in a hydrated cement paste. (b) In Fig. 2-7a, the dimensional range covers seven orders
of magnitude. To illustrate how wide the range is, b) illustrates a similar range using the height of a human being as a starting point and
planet Mars as the ending point.'’
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Figure 11: Relationship between water/cement ratio and porosity

The water content in the hydration process plays a crucial role that is responsible for the
strength development. The hydration process uses up only some of the added water and the
remaining provides the workability to concrete and remains in the pore spaces. The higher the
quantity of these pores diminished the amount of strength-forming calcium silicate hydrate
diminishes the mechanical properties of concrete. Consider the figure 11, with higher water
content we have disconnected hydrated cement with high porosity and vice versa with low
water content. Although the growth mechanism of these C-S-H is still debatable, by now it is
quite clear that a better understanding of C-S-H formation in the real cementitious systems can
allow us to manipulate the composition of cement towards more sustainable construction with
higher durability.

224 C-S-H

It is a herculean task to understand C-S-H formation, growth and kinetics in a real system due
to inhomogeneity within the C-S-H phase itself, let alone the complexity caused by numerous
phases in the hydrated system. The fact that the term C-S-H is hyphenated signifies that C-S-
H is not a well-defined compound, the Ca:Si ratio varies between 1.2 and 2.1 and the structural
water content varies even more.** The structure of C-S-H can be looked at from three different
ranges— atomic level, meso level, microstructure level.

2.2.4.1 Atomistic structure

C-S-H can be defined by its Ca:Si ratio, Si-OH content, Ca-OH content, and mean chain length.
Any good model prediction towards the C-S-H structure should be able to explain the variations
in these defining elements. C-S-H possess short range order.” With variable composition, it
appears to have bimodal composition distribution and become more homogeneous with
hydration over a year.*” Chromatographic studies on the tri-methyl-silylation system for Si
groups revealed for the first time, the existence of dimers at the early age of hydration and six
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months beyond to longer chains such as pentamer, octamers etc.** In fact at much later stages
the study reported the ratio of dimer to the polymer being 0.6.

With advances in NMR spectroscopy, more studies were made using °Si NMR, ** to

understand the silicate environments in C-S-H structures that can distinguish between different
silicate species (Q”— monomer, Q' — dimer etc. see Figure 12) and were found to be consistent
with earlier studies, reporting dimer at early stages with no cross-linking indicating linear
chains. With end member silicates (Q') and middle members (Q?), the mean chain length
(MCL) can be calculated™ and reported to be around 2 for first few days of hydration. With
some percentage (~ 8-10%) of monomers still observed at 12 months of hydration and beyond
(presumably from unreacted anhydrous silicates as shown by Pustovgar et al**). The MCL
increases from 2 to 3.1 in OPC and 2 to 3.3 in Alite paste after one year of hydration and
reportedly does not exceed 5 even after 26 years.”® It was assumed that the dimeric silicate is
somewhat connected by the bridging silicate in the “dreierketten” structure as observed in
naturally occurring mineral “tobermorite”, as shown in Figure 12. The layered structure of
tobermorite is composed of a calcium plane (sky-blue sphere) bordered by two silicate chains
(tetrahedral) via oxygen atoms (in red) and separated by the interlayer space containing water
molecules (transparent sphere), hydroxyl groups and some calcium ions. The details of the
tobermorite structure is explained by Bonaccorsi et.al °' where the distance between the two
layers is 14 A

Silicate

Figure 12: Tobermorite structure and Silicate nomenclature
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Other advanced NMR studies*’ on C-S-H’s with Ca:Si ratios 0f 0.7, 0.9, 1.5 prepared by mixing
Si0, with CaO in a water suspension with a water to solid ratio of 50, reported the ratio between
the paring silicate in the plane (Q*) and bridging (Q®) silicates, close to two conforming to a
“deirerketten” structure. They also observe some Q’-Q° cross-linking between Si chains
decreasing with higher Ca:Si ratio, whereas the absence of Q'-Q' single indicating Q', the
signal coming from end chain Q', increasing with higher Ca:Si ratios. Also, with increasing
Ca:Si, they infer the presence of Ca-OH in the interlayer and reported to interact with bridging
tetrahedral at lower ratios. Whereas Ca-OH interacts with all Si at higher ratios indicating its
presence in the calcium layer itself or a reduction in the interlayer distance. Klur et.al*’ reported
by NMR relaxometry studies, the presence of two distinct proton environment in C-S-H (Ca:
Si - 1.05), interacting with Si. This is an indication of two different phases in the sample or two
different environments in the same phase. With Raman spectroscopic studies >* on C-S-H with
Ca:Si between 0.2 to 1.5, the mean Si- O- Si angle was found to be 139.7°-140.7°, similar to
14 A tobermorite 138.55°. All these experimental data’s over the year has led to many structural
models **>*"> based on 14 A tobermorite due to great similarities in the findings. Another form
of tobermorite also exists with 11 A distance between the layers. The problem with these
tobermorite based structural model is the composition of Ca:Si ratio in the structure of
tobermorite is 0.83, whereas the compositional ratios in cementitious materials are varying
between 0.7 to 2.1. In order to explain the Portland cementitious system from these models,
there are various ways to increase the Ca:Si ratio. This is the point where different models start
to diverge. However, there are three noted ways to increase the ratio,” described below.

e FEliminating the bridging tetrahedrons originally in the tobermorite structure, forming
dimers and polymers distribution of 3n-1, n being an integer. Similar observations were
made for polymer distribution by state of the art experimental studies.[reference
needed]

e Deprotonating the Si tetrahedrons forming Si-O™ groups to be charge balanced by Ca*"
ions, also consistent with the observation of Calcium in the interlayer from prior
experiments.

e Fully depolymerised (no bridging Si tetrahedrons) and fully deprotonated structure of
tobermorite still has maximum Ca:Si ratio of 1.5, much lower than the average observed
in early age Portland cement systems with a Ca:Si ratio of 1.75

From spectroscopic studies the Si-O-H bonding still exists in the structure even at higher Ca:Si
ratio of 1.5, meaning that in addition to the above-mentioned methods there has to be an
additional defective mechanism to introduce more Calcium in the structure, leading to use of
the term “Defective tobermorite” structure. Based on this piece of information different authors
have proposed categorically following three ways to model the cementitious system from
tobermorite structure. Firstly >°, tobermorite-portlandite model: deprotonation of Si-O-H is
charge compensated by Ca-O-H instead of 0.5Ca*", this extra calcium being accommodated in
the interlayer. Secondly *, charge compensation of deprotonated Si-O-H by a layer of
portlandite intermixed with tobermorite layers, (i.e.) presence of Ca-O-H as intra-layer than
being in the interlayer. Lastly,’ intermixed tobermorite and Jennite. Jennite is another naturally
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occurring mineral with infinite sheets of dreierketten structure like tobermorite but the Calcium
layer is not linear instead they are corrugated. Although with jennite the Ca:Si ratio is 1.5, it
can be raised by deprotonation and de-polymerization process similar to tobermorite.

2.2.4.2 Mesoscale structure

Although the exact mesostructure of C-S-H is still debatable, several models have been
proposed to explain the properties of the materials. The Feldman-Sereda model,”” based on the
experimental observations, visualises the C-S-H structure as being composed of an irregular or
kinked array of layers which are randomly arranged to create interlayer spaces of different
shapes and sizes (5 to 25 A). It was based on the fact that C-S-H being tobermorite like
structure, combined with observation of hysteresis effects and irreversible behavior upon
drying and rewetting. With drying or removal of water bring the layers closer leading to
formation of permanent crystalline bonds between the layer, explaining irreversibility.
Hysteresis was concluded to be occurring due to the way water leave the layer from the edges,
meaning the distance between the layer at the edges will be smaller than the core region until
complete drying of the interlayer. Upon rewetting, water enters from the edges towards the
slowly shrinking core region with smaller interlayer distance at the edges. The authors
developed a microstructural model composed of relatively long crystalline sheets which in
some regions are connected and form nano-crystalline regions which consist of a few sheets as
seen in the figure 13(a). A similar model *** based soft X-ray microscopy of hydrating silica
particles in a solution saturated with respect to portlandite, has also been proposed. The model
considered two types of region, one defect free linear region and other being highly defective
regions leading to curvature of the C-S-H sheets. This also explains the formation of “sheaf-
of-wheat” morphology formation of C-S-H from silicate particles in supersaturated solution of
portlandite. The authors explain the linear region of sheets allows near sheets to nucleate on
top of each other with limited growth in perpendicular region, whereas with defective region
(curves) would allow the new sheet to grow independently. Thus longer the chain gets, more
are the defective regions, more are the nucleation sites for growth of “sheaf —of-wheat” like
morphology.

Based on specific surface area measurement, Jennings et.al proposed a different
microstructural model where he considers spherical building blocks aggregating to form
“globules”. These globules can pack themselves to form high density(HD) C-S-H or loosely to
form low density (LD) C-S-H. This is relevant to the two density areas observed in the
morphology of C-S-H in the cementitious system (outer and inner product . Considering this
model, the size of building blocks could be estimated (~ 1.2 nm or if adjustments are made due
to the underlying layer structure of C-S-H: ~ 2.5 x 5 nm) and their density to be 2.6 g/cm’ and
their approximate chemical formula: (CaO), 7 (SiO; )(H,0):s. The model is presented in the
figure 13b.
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Figure 13: a) Feldman -Sereda model*’ b) Jennings Model

All the authors seem to agree upon the fact that C-S-H has very high specific interface area
with a large quantity of nanomeric pores. These should be taken into account for modelling as
they will influence the final microstructural model and properties. In table 3 a summary of
some other models proposed in the literature and the experimental methods from which they
based their models.

Name of the model = Experiment Type of C-S-H Model Characterization Method

Powers Water sorption Colloids All products gels, particle size 5
nm, gel pore volume

Taylor X-ray /TGA Imperfect tobermorite and jennite ~ Atomic structure of C-S-H
Braunauer Water sorption 2-3 Layers Structure changes upon drying
Wittmann Modulus vs. RH Colloids Structure not defined

Table 3: Various structural model of C-S-H

2.2.4.3 Microstructure/Morphology

Due to their nanoscale dimensions, agglomeration tendency, instability under electron beams,
C-S-H phases have only been imaged with limited resolution. In general, there are two types
of C-S-H morphologies. One being observed in early ages of hydration in the pores spaces
around the un-hydrated structures and other being observed at the later stages of hydration
within the original hydrated volume. They are referred as outer C-S-H or low density (LD) and
inner C-S-H or high density (HD) respectively. *“*** Outer C-S-H has more defined texture,
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and reported in Alite hydration with water to solid ratio of 0.3 grew up to 1.5 microns in 600
days of hydration. Inner product C-S-H is much more homogeneous, composed of more
globular particles with diameters of ~4-6 nm.*® The pores in inner product C-S-H are much
smaller than in outer product C-S-H (up to about 10 nm). The morphology of inner product C-
S-H seems to be unaffected by the changing Ca:Si ratio, where outer product C-S-H seems to
change depending on the Ca:Si (starting chemical conditions). The addition of alkali (KOH,
NaOH) also effects the structural order in C-S-H.®*** Consider the Figure 14, it shows the
different steps of Alite hydration leading to C-S-H formation as seen from the environmental
SEM (ESEM).® Firstly, the unhydrated grains of Alite with smooth surfaces lead to the
formation of fibrous C-S-H and some unreacted grains after 24h. After 96h, one can clearly
see the two different phases of C-S-H, namely high density or inner C-S-H formed at later
stages of hydration and low density or outer C-S-H formed at early ages of hydration.

b) Hydrated C3S after 24 hours

WD
jd 50 000 x |20.00kV| SE |GSED| ESEM |8.2 mm | Bau-und Werkstoffchemie |

¢) Hydrated C3S after 96 hours
Figure 14: Alite hydration captured by ESEM® a) Un-hydrated C3S b) Hydrated C3S after 24 hours ¢) Hydrated C3S at 96 hours
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2.3 Synthetic system

Considering all the constraints to understand the formation of C-S-H in the real Portland
cement systems, a controllable synthetic system seems to be the way forward. With that being
said, it comes with its own set of challenges. Over past 30 years of synthetic approaches to
study C-S-H systems earned a great deal of data on the thermodynamics of C-S-H formation
but some vital information is still absent, especially for C-S-H that is representative of early
age C-S-H existing in Portland cement systems. This is the bottle neck in synthetics studies
(i.e.) to be able to synthesise C-S-H with the desired composition (Ca/Si > 1.5) & morphology
in a controlled fashion needs to be overcome. Moreover, the lack of morphological and kinetic
data is also limiting the understanding of the main phase of cementitious systems. Hence there
is scope for developing a novel synthetic system or route to produce these missing data. In fact,
it is a kind of pre-requisite for any further progress in understanding C-S-H.

For new results we need a novel approach too, understanding the silicate chemistry seems to
be one way to determining the best-suited thermodynamic conditions for desired results.
Furthermore, we need to control the physical conditions to manage thereafter the kinetics of
the system. In the following sections, we touch upon all the important aspects needed for
creating a new synthetic route — from silicate chemistry, the principle of thermodynamics and
kinetics, precipitation — basics of particle formation, reactor engineering and finally the
modelling of these processes.

2.3.1 The tetrahedral silicates building block

Silicon belongs to non-transition elements family (IV-A) usually occurring in four-fold
coordination with tetrahedral geometry. The most common occurrence being the SiO,4* ion -
the building block for most silicate materials. In 1929 Pauling® proposed that Si-O bonding
contains equivalently both ionic and covalent character. Although still debatable® the non-
directional ionic bonding allows more variation in bond angles for Si-O-Si linkages with
bending at oxygen atoms. In Figure 15, Burdett °® reported that less energy is required to distort
the geometry from the energy minimum at the oxygen-centred bending angle, compared to a
less electronegative element such as Sulphur.

This flexibility of Si-O-Si linkage allows numerous possibility of connectivity of SiO4* as
building blocks. Conventionally, these building blocks are represented in the form of “Qy”
notation, where x is the number of nearest neighbouring silicon’s attached to the tetrahedral
corner. For example, Qo, Q; represent none, one apical oxygen sharing between two tetrahedra
forming a dimer. It can also lead to 3D frameworks such as quartz. Silicate structures can
accommodate a wide variety of cations to balance the charge of the fundamental structural unit,
as well as the possible substitution of silicon atoms in the structure (for example, by
aluminium).
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Figure 15: Calculated bending potential for Si-O-Si (in circle) and Si-S-Si (in Square) units, (adapted from Burdett, 1988)

During silicate formation, these linkage frameworks between the silicates are highly governed
by the pH conditions, ionic strength and cationic species®” ®. Another peculiarity of silicate
solutions is their ability to undergo condensation reactions via polymerization. Below pH 2,
these reactions are catalysed by H' whereas above pH 2, OH  is catalysing by generating
anionic species. The reaction can be described in equation [1]:

OH
=Si—OH+HO —Si=—=Si—0—Si= +H,0 []

This condensation reaction of monomers forms dimers, trimers etc. According to Iler’ it is
only the first step of the polymerization process. It is followed by the nucleation of colloidal
particles (step 2) and the growth of these particles (step 3). Silicon predominately exists as the
neutral Si(OH)s below pH 7. Above this pH, silicate tends to transform into single charged
silicate species. The corresponding equilibria of only monomeric silic acid can be formally
written as:

K1 K2
Si(OH), & SiO(OH);~ + H* & Si0,(0OH)2™ + 2H* 2]

Where SiO(OH)5 , is the predominant monomolecular species above approximately pH 9.
With SiO(OH);~ being a very weak acid, Si0,(OH)3 is observed in appreciable quantities
only above pH 12, as shown in equation [2]. The silicate species in dissolution and precipitation
of C-S-H, mentioned in other sections is formally written as H,SiO4>". Moreover, the possibility
of condensation reactions and hence the occurrence of diverse soluble oligomeric species has
to be taken into account. A silicate solution at high pH, however, are stabilized by electrostatic
repulsion between the anionic silicate species.'>”' Consider the pH vs. Silicate species
presented in the figure 16, at two different concentration regimes, at concentrations of 0.1M
and 10™ M respectively.
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Figure 16: Distribution of Aqueous silicates species at 25° C, in total Si concentration of 0.1 M (Left) and 10™° M (right).
2.3.2 Thermodynamics and kinetics of reactions

It is interesting to understand cement hydration from the thermodynamic and kinetic points of
view. Consider the simplistic chemical reaction:

aA+bB = ¢C+dD [3]

This reaction continues in the forward direction until an equilibrium between reactant and
product is achieved. Thermodynamics (time independent) describes hereby only the states of
reaction whereas kinetics deals with the fate of the reaction partners during the reaction period
(time dependent). The driving force for this reaction is the difference in the Gibbs free energy
of the system AG."

° af .a
AG = AG + RTIn (ﬂ [4]
aA .G,B
AG* Standard difference in free energy of the system
T Absolute temperature
R Molar gas constant (R=8.314 J/mol.k)
Q- (aﬁ.a;’, Reaction coefficient expressed in terms of activities of species
al .ab
ai Yi ¢ Ion activity, activity coefficient, concentration of species i

Table 4: Thermodynamics parameters descriptions
At equilibrium, the driving force (i.e.) AG tends to zero. Hence from equation [4], we get:

a

c . d
a{‘:l(;llg) — —RTITL (Q) or AG; = — RTlTL (Ksp) [5]
A“B

AG, = —RTIn (
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Where Q is referred to as K, at equilibrium, if we combine derivation of AG® and AG, we
arrive at the following equation. From equations [4] and [5]

AG = — RTIn (Kg,) + RTIn (Q) = RTIn (Ki) [6]
sp
Ion activity product (IAP) is the concentration of ions at a particular time in a precipitation
system when IAP > K, we have a non-equilibrium system and formation of the product will
take place until IAP = K,, combining with equation [6] we get:

1AP
Ksp

AG = RTIn ( ) — RTIn(W) =RT(SD)  [7]

Where IAP/Ky, is referred as W and SI are the saturation index defined as log (W). This implies
that the driving force for a chemical reaction in aqueous solution is directly proportional to the
saturation of the solid product in the solution. Whereby the following cases are distinguished:

SI<0 System is undersaturated
SI=0 System is in equilibrium
Si>0 System is supersaturated

Table S5: Saturation Index and state of system

The driving force for precipitation is the difference between the species IAP and the Kgp. A
reaction is the stabilisation response the non-equilibrium caused by having an excess of certain
species in solution to move back towards a thermodynamics equilibrium. The pathways or the
route to arrive at the equilibrium is dealt in reaction kinetics. Reaction kinetics is a temperature
dependent phenomenon. There is a minimum amount of energy (activation energy E,) needed
to initiate the chemical reactions.

2.3.3 Precipitation of a solid

Precipitation can be regarded as rapid crystallisation with high supersaturation levels obtained
by mixing two solutions that subsequently give a solution that is supersaturated. Nucleation
rates are very high due to high supersaturation levels, and the particle size is small compared
with conventional crystallisation from low supersaturation solutions. Kinetic parameters are
used to describe the events of growth (growth rate), birth and death (nucleation rate,
agglomeration and disruption kernel) of a precipitation process. The interplay of these
parameters and their dependence on supersaturation, hydrodynamics and mixing determine the
crystal size distribution as shown in Figure 17.
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Figure 17: Kinetics processes during precipitation

From classical nucleation theory (CNT) the nucleation does not occur until the supersaturation
reaches certain value (Cpin) that correspond to the energy barrier for nucleation, figure 18(a),
irrespective of crossing the equilibrium solubility (Cs).”*’® Once the nucleation event occurs
the supersaturation of the growth species decreases and once the concentration drops below a
certain value, no more nucleation will occur. Growth, however, continues until the
concentration drops to the equilibrium value. Figure 18(b), shows a different view of solid
formation, once the concentration passes equilibrium value (Cs) embryos are formed and
growth rate is already non-zero. Once reaching the critical value they assemble or convert to a
nucleus. At this point, the nucleation rate is above zero and increases rapidly with
concentration. In this region the nucleation and growth rates are inseparable but occur at a
different pace.
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Figure 18: a) Classical nucleation and growth 76 b) Relation between nucleation, growth rate and concentration of species.”’76

The nucleation event can be divided into two processes. As shown in figure 19, primary
nucleation and secondary nucleation. Primary nucleation event is the classical way to describe
particle formation, where nuclei are generated in a supersaturated solution following the Gibbs-
Thomson relationship. Although the formation of the nuclei can be purely from the solution
referred as homogeneous primary nucleation or aided by any foreign species or surface present
in the solution, referred to as heterogeneous nucleation. Nucleation plays a significant role in

34



lowering supersaturation conditions. In secondary nucleation, the nuclei formation is induced
by the crystal of the same phase already present in the solution and affected by hydrodynamic
conditions.

pnmary secondary

[ homogeneous helerogeneous ]

Figure 19: Mechanisms of Nucleation (Mullin, 1993)"

Final particle size distributions (PSD) of the particles formed are dependent on the growth
processes. Broadly growth processes can be described to be governed by two phenomena.
Firstly, the availability of growth species that includes — generation, the supply of the species
to the growth sites by diffusion. Secondly incorporation phenomena at the growth surface.
Depending on which is the slower of these steps one will serve as the rate determining factor
as explained in section 2.1.2. As presented by various authors ">”, diffusion limited process
favours uniform PSD, whereas surface controlled does not with the increasing growth time (t).
or represents the difference in the radii of the nuclei.

Secondary changes such Ostwald ripening can also occur in some precipitating systems, where
small crystals tend to dissolve and aid in the formation of larger crystals. A kinetically
controlled nucleation and growth mechanism are different from that of thermodynamically
controlled by virtue of activation energy barrier as explained by Ostwald steps rule. The
nucleation and crystal formation can start with a thermodynamically unstable phase and later

transform into more stable polymorphs .”®
Thermodynamic A

AGpar+AGga

Solution
(M +Xag)  —— Y
Amorphous

Kinetic B et - - A% - - -
Final mineral (crystalline}

Figure 20: Ostwald steps rule - showing the different pathways towards the final precipitated product.”’

In order to form C-S-H phases, the nucleation event can be controlled in a way to occur for
very short duration, hence all nuclei’s are formed in similar conditions. Practically it can be
achieved if the growth species is identified and produced (concentration) abruptly by extremely
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high supersaturation and brought down quickly below a critical concentration. This was why
we need to first identify the species needed for the product we desire and the next question is
how can we now control the supersaturation for a uniform formation of the product.

2.3.4 Modelling of synthetic system

2.3.4.1 Population balance growth modelling (PBM)

In order to understand the kinetic growth mechanism of the C-S-H, we have adopted a
population balance modelling (PBM) method in this thesis. The details of the PBM is presented
in chapter 08 with experimental validation and parameterization. It is an powerful tool to
understand the growth mechanism in precipitation processes. During the course of
precipitation, individual particles may nucleate, grow, agglomerate or break and even leave the
precipitation reactor in the continuous mode of operation. The mathematical framework used
to describe the conservation of mass during this process of moving from a supersaturated
solution to a suspension of precipitated particles is called the population balance. The concept
of population balances for agglomerative processes was introduced by Hulbert and Katz
(1964).” They derived their mathematical model from statistical mechanics and applied it to
processes involving both growth and agglomeration. In general, the population balance of a
system is derived from a number- continuity equation as illustrated in equation 8.

Accumulation = Input - OQutput + Net generation. [8]

The population balance equation basically accounts for various ways in which particles of a
specific state can either form or disappear from the system. When particle states are continuous,
then processes, which cause their smooth variation with time, must contribute to the rates of
formation and disappearance of specific particle types. It describes the evolution of the size
distribution of an ensemble of particles simultaneously undergoing nucleation, growth,
coalescence, and disruption. For a well-mixed suspension of constant volume, the population
balance of the system can be written as follow:

on(L) 9 _ _
o+ pptfn n(Ln] = B(n) = D(n)

[9]

where n(L,t) is the number density of particles at time t in the size range L to L + dL (for
spheres with radius R, it is L = 2R), G is the isotropic growth rate, and B and D are the rates of
birth and death, respectively. If there are dN particles per unit volume, the density function is
given by dN/dL. More case specific details to C-S-H kinetics and growth is presented in chapter
8.

2.3.4.2 Thermodynamic modelling

In order to understand the thermodynamic constraints/controls in the synthetic system, we
needed assistance from thermodynamic modelling. Commercially available software does not
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take into account of variability in the formation of C-S-H system in the cementitious system.
The Gibbs free energy minimization program GEM-Selector developed at PSI, Viligen and
EMPA, Dubendorf was employed for thermodynamics modelling.* It is a geochemical
modelling code which computes equilibrium speciation of the dissolved species as well as the
kind and number of solids in equilibrium with the solution. Chemical interactions involving
solids, solid solutions, aqueous electrolyte and gas phase are considered simultaneously. The
thermodynamic data for aqueous species as well as for many solids were taken from the PSI-
Nagra thermodynamic database,®' while the solubility products for cement minerals were taken
from the cemdata07 database®'®* updated with the recent solubility products of calcium
aluminate hydrates and hydro garnets. To model C-S-H, the CSHQ model was introduced that
uses four different end-member C-S-H compositions (C ;5 S 967 H 25, C 133 SH 217, C 083 S
067 H 183 and C g7 S H 15) to cover the complete range of Ca:Si ratios observed in C-S-H
formation in real Portland cement systems. To compensate for the higher ratios of Ca:Si, it
considers i) the coupled replacement of the bridging tetrahedral (SiO,) and two 2H" in the
adjacent interlayer space by H,O and Ca”" and ii) the replacement of vacant interstitial sites by
Ca(OH),. The CSHQ model is able to reproduce the changes in silicate chain length and in the
aqueous concentrations with changing Ca:Si ratio in the solid C-S-H and is based on a sub
lattice concept that describes the different structural units in C-S-H and their possible
variations.
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3 Material and methods

3.1 Introduction

Although each experimental chapter in Part II, covers all the methods and materials used, this
chapter describes the general chemical and physical conditions adopted for synthesis and
characterization. Specialised characterization techniques are also described individually in
chapters 4 to 8. A synthetic system was designed to overcome the limitations previously
encountered in synthetic systems, according to chemical engineering and particle engineering
principles not always previously considered. We first describe the schematic seugence of
processes (Fig. 22), then we describe all the characterization methods adopted to understand
the product. Ending with a section on approach towards Portland cement system by doping
pure phase C-S-H synthesis with elements and putting the developed understanding and theory
to test.

Spectroscopic Studies
(Raman/ IR/ NMR)

Compositional Analysis

Controlled
Synthetic system

Population Balance modeling

(pH, T, mixing, concentration)
(ICP, XRF, EDX)
Calcium solution ﬁ
+ Kinetic Data collection
. A

(pH, [Ca], conductivity, yield)

[\
o

SiIicattijolution Morphology
Thermodyna;f;ic modeling o
(GEMS) Others
(DFT/Atomistic Simulation)

Figure 21: General scheme of the synthesis and characterization
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3.2 Controlled synthetic system and product recovery.

A special micro-mixing, PMMA (Polymethyl methacrylate) based reactor system was
fabricated in-house for the synthesis of C-S-H that shows excellent resistant to Acidic/Basic
conditions. More detailed descriptions and functions are discussed in chapter 04 and Annexure.
The reaction time is kept at 3 hours and 24 hours (for kinetic experiments). The reactor is
equipped with a micromixer system mounted on the top, with 3 entries at mixing angles of 60°.
Also to ensure efficient mixing, the reacting mixing length is fitted with a s spiral static mixer
(0.5 cm diameter, 4 segments/cm). All the experiments were carried out under a Nitrogen
environment to avoid any carbonation effect with a steady flow rate between 0.1 ml/min to 5
ml/min. Aqueous solutions of calcium nitrate tetra hydrate (Fluka Chemicals) and sodium
metasilicate (Sigma-Aldrich) were used for precipitation of C-S-H in 2:1 ratio concentrations
0f 0.2 mol/l and 0.1 mol/l respectively. These concentrations ensure high supersaturation wr.t.
C-S-H (i.e.) the precipitating C-S-H does not affect the concentration of the solution species.
High supersaturation also reduces the effect of heterogeneous nucleation. The sample was
prepared in de-carbonized water by boiling de-mineralized ultra-pure (MilliQ) for 1 hour and
cooled in ice bath. The solution was immediately prepared after cooling. The chemicals used
for solution preparation were measured with + 0.01mg accuracy. All measuring electrodes were
calibrated twice before each synthesis. To avoid dust and any kind of surface contamination,
which might affect nucleation and growth, all chemical glassware used in solution preparation
were washed and dried under laminar flow clean bench conditions (Scan AG.).

Two aspects are important in the synthetic system — Physical conditions/control and Chemical
control. Physical control simply means mixing condition of reactants, the size of vessel and
rate of reactant addition. In our case, we make it independent by ensuring reaction time is
always larger than mixing time, (i.e.) faster mixing times. This way the system is chemical
constrained and governs the product formation. It is provided by microstructure static mixers
and the magnetic stirring. Flowrates are optimised accordingly to be suited to the reactor
volume and mixing. Experiments done in carbon free environment helps to avoid carbonation
that complicated the results in many previous synthetic systems. On the chemical control side,
high supersaturation ensures that there are enough reacting species in the solution available for
reaction, irrespective of the amount of material precipitating and leaving the solution at any
given time. Hence we get uniformity in the sample. Desirable Ca:Si ratio is governed by
thermodynamics, which is calculated using GEMS software. To have uniformity in the sample
it is necessary to ensure that supersaturation is developed for very short periods of time for
nucleation of growth species, and allowed to grow under similar conditions. This can be done
by managing the mixing methods of the reactants. Three ways of reactant mixing are practised
throughout the thesis termed as “Dropwise”, “Reverse-dropwise” and “micro-mixing” modes.
In the dropwise mode, calcium is added to the silicate solution at a controlled flow rate with
calculated drop volume into the calcium solution on magnetic stirring to ensure very short
mixing times (sub millisecond), For the reverse-dropwise method, silicate solution is added to
the calcium nitrate solution. In the micro-mixing mode, both reactants are mixed first in
micromixer fitted with the reactor system and later allowed to age under magnetic stirring.
Again flow rate and mixing length is controlled. In all of these methods, pH adjusting agents
are always added on the silicate side and any doping or foreign elements (doping experiments)
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are added on the calcium side. The amount of pH adjusting agent is calculated theoretically by
GEMS. After the reaction, the precipitates were separated from mother liquor using vacuum
filtration over 200 nm organic filter and later washed with Ethanol/water system to remove
salts and unwanted ions from the surfaces of C-S-H.

3.3 Sample characterization methods

Morphological analysis was performed with a high-resolution Transmission electron
microscope (TEM) and Scanning electron microscope (SEM). For the first time in SEM,
samples were Osmium coated. A metallization coating is not just to reduce or eliminate
charging, it is also helpful to impart to the image enhanced contrast. Osmium coating is done
in gas phase allowing a better coating on the curved sheets of C-S-H and with smaller grain
sizes of Osmium, the resolution is not lost by coating. Compositional analysis was performed
with inductively coupled plasma (ICP), X-ray Florescence (XRF), Thermogravimetric analysis
(TGA), Energy-dispersive X-ray spectroscopy (EDX), X-ray powder diffraction (XRD). The
Spectroscopic analysis — with IR, Raman, being complimentary analysis to each other are well
suited for material like C-S-H with short range order. Whereas, Dynamic nuclear polarisation
(DNP) NMR was adopted for C-S-H system possessing high surface area and uniformity in the
sample. Details of the methods presented are discussed in detail in chapter 4 to 8, wherever
used.

Additionally, we also performed some supportive analysis for verification purposes only, such
as Particle size distribution of C-S-H samples were measured on a Malvern Mastersizer S, a
laser diffraction instrument. To have representative results three sets of measurement were
taken and result presented later in the thesis is the average of the three. The sample was re-
dispersed with 1% Poly-acrylic Acid (PAA). The solution was ultra-sonicated for 15 minutes.
The measurements were made over 3 runs using a pump speed of 2000 rpm. Calculations were
based on material properties of a reflective index 1.5 and absorption of 0.1 on Malvern
Mastersizer 2000 software v5.1. Samples were analysed, once directly after the precipitation
step and once after being filtered and dried. The Specific surface area (SSA) was determined
on a Micromeritics Gemini 1330 by the 5-point BET method of determining of Specific Surface
Area using Nitrogen Adsorption.. From the SSA analysis, an equivalent spherical diameter for
the estimation of primary particle sizes can be calculated (Dye: = 6/density*SSA). The ratio of
the Dy50 measured by laser diffraction and the Dy gives an indication of the degree of
agglomeration. Two sets of BET were performed once the sample was dried in presence of air
at 60°C for 3 hours and other batch dried in nitrogen at 50 °C for 30 hours with two repetitions
of each.

3.4 Doping Studies

To approach the Portland cement system, certain elements were introduced in the model
synthetic C-S-H system and were compared to the pure system. Elements were chosen from
ions found in Portland cementitious systems as well as ions with a variation of their ionic sizes
and charges. This was also to test certain hypotheses and to give a predictive capacity from our
understanding of the C-S-H formation mechanism. In most cases, only single ions were added
to the basic precipitation system to make the comparison easier. Below Table 6, is a list of all
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the added elements that were investigated with general chemical pH conditions used. Cation 1
and Anion 1 are the tested dopants in the C-S-H phase produced from conventional reactant 1
and reactant 2. All the cation 1 are used in their nitrate forms in the experiments.

Cation 1 Reactant 1 Reactant 2 pH
Na+ Ca(N03)2 NaZSiO3 9-13.5
Na* Ca(NO3), Na,SiO; 13.3
K* Ca(NO;), Na,Si0s3 13.3

Mg”* Ca(NO;), Na,Si05 10.5/13.3
AP Ca(NO3), Na,SiOs 13.3
Fe?* Ca(NOs), Na,SiOs 13.3
Zn** Ca(NO;), Na,SiO; 13.3
Ba™ Ca(NOs), Na,SiOs 13.3

- - Na,SiOs 13.3

- - Nazsi03 13.3

Table 6: List of ions doped in C-S-H system
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4 Synthesis of calcium silicate hydrates

4.1 Introduction.

This chapter covers two important issues relating to Cement hydration. One being, can we
really understand early age hydration period and the formation of C-S-H in a synthetic system?
Is it possible to synthesise pure phase C-S-H that are representable of the one formed in a
Portland cement system? Answering these questions also somewhat sheds light on — why none
of the prior synthetic attempts were successful in doing so. Do we need a multidisciplinary
approach or what is the missing elements in those studies? Secondly, can we combine different
spectroscopic studies and atomistic simulation together to elucidate of the structure of C-S-H?
If yes, how? This will help in a better understanding of the possible kinetics in nucleation and
growth pathways of C-S-H.

Both the aspect — to synthesise the desired C-S-H and to elucidate its characterstics is a
difficult task and involved different approaches and understanding from various fields. This
chapter demonstrates that we have achieved both feats written in a manuscript and presented
in section 4.2. The supplementary information of the article can be in found in Annexure.

As the first author of the manuscript my contribution was to design a controlled reactor system,
that could deliver the best thermodynamic conditions for synthesis of C-S-H calculated from
the thermodynamic modeling. Further I contributed in the sample characterization with
developed protocols to get insights into the precipitated C-S-H. The sample were provided to
external collaborator for Raman, IR and XRF analysis. Remaining analysis presented in the
manuscript is performed in-house by me.
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4.2 Manuscript

Controlled synthesis and characterization of homogeneous Calcium Silicate
Hydrates phase with high Calcium to Silicate ratio.
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Abstract

The complex enviroment of hydrating Portland cement has made it difficult to fully understand
the formation of the main hydration product Calcium Silicate Hydrate (C-S-H). To provide a
better understanding of the formation a series of synthetic C-S-Hs have been synthesied by
precipitation and fully characterized with Ca:Si ratios ranging from 1 to 2. The stoichiometry
can be predicted by the use of thermodynamic modelling. No formation of any other secondary
phases such as Portlandite are obserevd from FTIR, Raman, TGA analysis and electron
microscopy. The powders are shown to be chemically uniform down to 3nm using Scanning
transmission electron microscope — Energy Dispersive X-ray analysis. Raman and FTIR
analysis indicate that C-S-H with Ca:Si ratios from 1.25 - 2 are part of one structural family.
The synthetic method clarifies the factors affecting the formation of C-S-H and sheds some
light on the different C-S-H morphologies and how their formation can be controlled.

Keywords: Synthetic C-S-H, Mid-IR spectroscopy, STEM - EDX, Raman
microspectroscopy, Tobermorite

Introduction

Calcium Silicate Hydrate (C-S-H) contributes to about 55-60% volume of the total hydration
products of Portland cement. It is highly variable in terms of Ca:Si ratio and morphology and
hence the hyphens in the formula °. These C-S-H phases are poorly crystalline in nature with
no long range order making it difficult to characterise their structure. This difficulty is
compounded by the presence of numerous other phases in the real hydrated cementitious
system . For these reasons, many researchers have studied synthetic C-S-Hs to help elucidate
both its structure and formation pathway '****** The mesoscale structure and morphology
are well studied but the atomic structure of the C-S-H is still an ongoing debate.
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The most popular methods for synthesis of C-S-H has been by dissolution-precipitation '***

and by direct precipitation *. The batch dissolution /re-precipitation route uses calcium oxide,
ultrafine silica and sometimes alkali hydroxides (NaOH or KOH) to modify pH. This route,
which although it mimics the process in cement may lead to certain degree of inhomogeneity
in chemistry at the sub-200nm level. The method is also very slow where reaching an

equilibrium can take from 28 days up to 6 months '**%

. The results however show very
interesting overall characteristics of such synthetic C-S-H in particular with respect to their
XRD, NMR and Raman characteristics. Most data can be well described using a defective

. 10,84
tobermorite structure 0.8

. For the direct precipitation approach different reactants may be used
i.e. solutions may be made from silica and CaOH, or by using sodium silicate and calcium
nitrate solutions ®. The results from both methods have been used to augment the
thermodynamic modeling for C-S-H *'. One of the main drawbacks of the synthetic C-S-Hs is
that none of the previously reported methods have managed to produce C-S-Hs with Ca:Si
ratios > 1.6. Early hydration products normally have Ca:Si ratios around 1.8 *****” and thus
some doubts about the suitability of synthetic C-S-H to represent early hydration products have

been expressed.

For highly disordered structures like C-S-H spectroscopic methods such as NMR *%>#8893,

FTIR **** and Raman®***'® have been of great help deciphering some of the basic structural
features. Neutron scattering and X-ray absorption on synthetic C-S-H phases combined with
atomistic simulation have improved our understanding of C-S-H formation in recent years
48503383101 "Erom these spectroscopic studies it is somewhat accepted that the structure of C-
S-H can be based on the different tobermorite structures 19 which, in its so-called 14A
polymorph, has the approximate chemical composition Cas(SicOsH,). Ca.4H,0 (i.e. a Ca:Si
ratio of 0.83) ***19%19 The 14A tobermorite structure shown in Figure 22 (a), contains layers
of sevenfold coordinated (mono capped trigonal prisms) of Ca** ions linked on both sides to
linear silicate chains of the ‘dreierketten’ form in such a way as to repeat a kinked pattern after
every three silicate tetrahedra '**'®. Two of the three tetrahedra, named paired tetrahedra, are
linked together and share O—O edges with the central Ca—O part of the layer. The third
tetrahedron, named bridging tetrahedron, shares an oxygen atom at the pyramidal apex of a Ca
polyhedron and connects the dimers of paired tetrahedra. In Q" notation, the superscript n
denotes the number of surrounding Si to the central silica. Different silicate species (Q” —
monomer, Q' — dimer etc.) and were identified using NMR studies, reporting dimer at early
stages with no cross-linking indicating linear chains. With end member silicates (Q') and
middle members (Q?), the mean chain length (MCL) can be calculated ** and is reported to be
2 for first few days of hydration. With some percentage (~ 8-10%) of monomers still observed
at 12 months of hydration and beyond (presumably from unreacted anhydrous silicates as
shown by Pustovgar et al **). The MCL increases from 2 to 3.1 in OPC and 2 to 3.3 in alite
paste after one year of hydration and reportedly does not exceed 5 even after 26 years *°. The
calcium-silicate layers have a net negative layer charge which is compensated by Ca atoms in
the interlayer region, which also contains water or other molecules *''%. Cay, Cag, Caj are
the additional, bridging and interlayer calcium introduced in the tobermorite interlayer as

recently identified by NMR and atomistic simulation. '’
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Figure 22: (a) Tobermorite structure and structural nomenclature (b) defective tobermorite structure with
missing bridging tetrahedra and extra interlayer calcium.

In the pure tobermorite models the Ca/Si ratios are < 1, much lower than early age C-S-H in
OPC (around 1.8). In the tobermorite models (Ca/Si ratios < 1), the Ca:Si ratio can increase by
removing some bridging tetrahedra (decrease of the Si content) and deprotonation of silanol
groups with consequent addition of Ca ions and hydroxyl ions for charge compensation in the
interlayer as shown in Figure 22 (b). The inclusions of these defects in the basic tobermorite
structure along with possible second phases (jennite and calcium hydroxide)'®* has been the
basis for several different structural models for C-S-H which are very briefly outlined in the
flowing section.

Broadly, C—S—H has been identified as falling into two classes based on Ca:Si ratios, named
C-S—-H(I) and C-S—-H(I), where Ca:Si ratio is low (below 1.0) and high (above 1.0),
respectively *>*71%1% Taylor et.al **!'% correlated C—S—H(I) and C—S—H(II) to a tobermorite
model and jennite model respectively, with jennite being another naturally occurring Calcium
silicate mineral with high Ca:Si ratio of 1.75. Nonat et.al >*'*® presented a new nomenclature
based on solution equilibria data with the existence of three different phases: a-C—S—H (0.66<
Ca:Si< 1.0), B-C-S—H (1.0< Ca:Si <1.5) and y-C—S-H (1.5< Ca:Si < 2.0) [12-14]. Both Fujii
& Kondo ''° and Cong & Kirkpatrick ** consider C—-S—H as a structure between tobermorite
and portlandite (Ca(OH),), the so-called defective-tobermorite model, while Richardson &

42
Groves +*%¢

proposed a model based on isolated silicate chains of variable length and OH
content, intergrown with Ca(OH),. Kirkpatrick et.al by Raman analysis reported jennite like
regions, whereas in similar studies Garbev et.al.’> demonstrated using Stade and Wieker’s
model """, a C—S—H(I) phase with a Ca:Si ratio of 0.67 must consist of infinite silicate chains
attached to a calcium polyhedral layer to give ‘‘tobermorite slabs.”” A comprehensive review
by Richardson ®, summarises the different structural models proposed by a number of authors

over the last fifty years.

The key questions yet to be fully resolved are —i) is there a need of invoking secondary phases
to go beyond Ca:Si ratio 1.5 to compensate for excess calcium in the structure? ii) do C-S-H
phases beyond 1.5, have different structural family or it can be still described by defective
tobermorite structure? Lastly, in order to have more calcium in the structure, which of the
mechanism is favoured first or all do all three mechanisms happens simultaneously? In order
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to assess these question, synthetic C-S-H system seems to be a viable option where effecting
factors can be compartmentalised and understood.
Many synthetic studies *%>%3%83-97.101.106.108. 1127113 ¢ precipitating C-S-H is being carried out
over past decade with two major road blocks, firstly to produce uniform phases of C-S-H over
Ca:Si ratio 1.6 consistently without the presence of secondary phases such as portlandite.
Secondly, to control the same synthetic system to predict and produce different Ca:Si ratio.
Under the experimental conditions used to produce synthetic C-S-H to date thermodynamic
moelling predicts the coexistence of C-S-H and portlandite at starting compositions with Ca:Si
ratios > 1.6. This coexistence of the two phases limits the C-S-H ratio to 1.6 even if higher Ca
contents are used. This has led to the idea that the existence of portlandite is inevitable at these
high ratios and is the reason why synthetic C-S-H of Ca/Si ratios < 1.6 have not been produced.
This is somewhat of a conundrum as in Portland cements C-S-H with ratios of 1.8 are seen in
the presence of large portlandite crystals and C-S-H occurs in different morphologies in the
real system. Hence, there is some missing thermodynamic/kinetic link in all those previous
studies. Thus, results obtained from most synthetic C-S-H studies are not directly useful for
understanding the C-S-H formation in Portland cement systems where Ca:Si ratios > 1.5 i.e.
particularly for early ages.

In the current work, we synthesise C-S-H phases over a range of Ca:Si ratios from 1 to 2 under
controlled conditions. The synthetic C-S-H’s were obtained with a novel reactive
crystallisation (precipitation) system producing high Ca:Si ratios > 1.6. This opens the door for
better understanding of C-S-H atomic structure and its growth mechanism.

Material and methods
Designed reactor system

A reaction system was fabricated in-house for the synthesis of C-S-H. The vessel was made
from is poly(methyl methacrylate), which is chemically stable under acidic or basic conditions.
Figure 23 shows a schematic of the reactor. It has four main parts — base, cylindrical wall, lid
and micromixer unit. Electrodes for the measurement of pH, conductivity and calcium ions
are inserted into the lid for real-time monitoring of the reaction conditions. There are also
channels that allow for a purging flow of nitrogen gas across the main reaction chamber and
an opening used for withdrawing small amounts of sample for analysis. A micromixer system
is mounted on top of the vessel, consisting of three channels converging to a central vertical
column. The length of the column is fitted with a spiral static mixer to combine the reactant
solutions prior to admission into the reaction chamber. A low pulsation piston pump was used
to feed the reactants into the channels A, B, and C at rates between 0.01 mL/min to 5 mL/min.
The off-axis reactant channels join the mixing column at an angle of 60°. The stirring rate was
700-800 rpm. Nitrogen gas flowing at a rate of 20 mL/min was used to purge the chamber over
the course of the reactions. Data from the different electrodes were recorded on a PC using
LabX software (Mettler-Toledo) to ensure reproducibility but was not used here for kinetic
analysis.
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Figure 23: Schematic of the reaction vessel.

Thermodynamic Modelling

Thermodynamic modelling was carried out using the Gibbs free energy minimization program
GEM-Selektor (GEMS) ''"*!'7. GEMS is geochemical modelling code that can calculate
equilibrium speciation of the solution and stable solid phases. C-S-H is modelled using CSHQ
solid solution model *'. Thermodynamic data were for GEMS were taken from PSI-Nagra
thermodynamic database. For cementitious systems, the solubility products of the minerals
were provided in the latest database, Cemdata 07 ''%'"?

Synthesis and precipitate recovery

Solutions of calcium nitrate and sodium silicate were prepared in decarbonized water by
boiling demineralized ultra-pure water (milliQ) for one hour and cooling in an ice bath.
Solutions were immediately prepared after cooling. Measuring electrodes were calibrated twice
before each synthesis. To avoid premature nucleation, all chemical glassware was washed and
dried under laminar flow hood (Skanair®, Scan AG). In a series of preliminary precipitation
experiments calcium nitrate solutions (Fluka Chemicals, 21197) and sodium metasilicate
(Sigma-Aldrich, 307815) solutions were pumped (at 20ml/min) via the micromixer into the
reactor. Sodium hydroxide (4Acros-organics, 134070025) was used to vary the pH of the final
reaction mixture in addition of the sodium silicate solution. The Ca:Si ratio obtained in the
solid phase,for these preliminary tests, after washing and drying (details below) was found to
depend on the pH of the reaction mixture. Thermodynamic modelling using GEMS ***! showed
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that that Ca:Si ratios above 1.5 could only be predicted to form under high pH conditions and
when the calcium hydroxide was excluded. Thus a series of experiments were designed to
precipitate different calcium to silicon ratios. We began by setting a 2:1 ratio of calcium to
silicon in the starting solutions using equal volumes (100 ml) of 0.2 M and 0.1 M calcium
nitrate tetrahydrate to sodium metasilicate. In this series of experiments, the calcium nitrate
solution was added dropwise into the sodium metasilicate/sodium hydroxide solution at
different flow rates. This dropwise method produced similar products to the preliminary
micromixing method but gives more flexiblilty for the collection of kinetic data (to be carried
out in the future). Thermodynamic modelling (GEMS ') was used to calculate the pH
required to give different Ca:Si ratios, and this pH was achieved during synthesis by adding an
appropriate amount of concentrated NaOH to the sodium silicate solution, (

Table 7). We aimed to produce five different C-S-H powders with nominal Ca:Si ratios of 1.0,
1.25,1.5,1.75 and 2.0.

Target Ca:Si NaOH (GEMS) pH predicted
(GEMYS) 10M (GEMS)

1.0 0.05 mL 10.87

1.25 5.16 mL 11.47

1.5 10.58 mL 12.05

1.75 16.62 mL 12.55

2 20.00 mL 12.81

Table 7 | Amount of NaOH and pH calculated by thermodynamic modelling (GEMS )for the synthesis of C-S-H
with different Ca:Si ratios comparison.

The C-S-H precipitates were collected after a duration of 3 hours and again after 24 hours. The
precipitated solids were recovered by washing and vacuum filtration. For each 200 mL aliquot,
an equal amount of ultra-pure water mixed with ethanol (50:50 v:v), followed by pure ethanol,
was used for the wash. Vacuum filtration was done on 20 nm filter paper (Whatman™, GE
healthcare, @ 50 mm) to recover the washed C-S-H. The precipitated gel was carefully taken
off the filter paper and stored in an airtight container. All other characterizations were carried
out on the samples without further preparation.

Characterization techniques
Raman Analysis

Raman analysis was carried out at ambient temperature (air conditioned at 22 °C) in
backscattering geometry, using a Renishaw Raman inVia Reflex spectrometer. The excitation
source was a diode NIR laser at 785nm (in order to minimise fluorescence effect on spectra),
with a power of 8.2mW on the sample in order to avoid any sample damage. The detector was
a charge-coupled device (CCD) air-cooled. The laser was focused onto the sample through a
Leica microscope with x50 magnification. The laser spot size was about 88um? (2.6 x 34um,
line focus mode). The scattered light was collected through the same objective, in an 180°
geometry, and filtered with a dielectric edge Rayleigh rejection filter before being dispersed
by a movable grating (12001/mm). The spectra were acquired in the range of 200-1300 cm™
(Raman shift), with the following settings: 3 accumulations, 10s exposure time. The spectra
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were all corrected for cosmic rays, smoothed and baseline corrected using a polynomial fit.
They were also normalised to unity in the intensity range. To study the compositional
uniformity on a pellet of C-S-H with a smoothed surface. The spot analysis with reduced spot
size (4 pm?), analysed more than 30 points on the particle surface. At depths of 4 pm and 8
um, the characteristic peaks positions in the C-S-H were carried out.

FTIR analysis

The measurements for various Ca:Si ratios were performed on a Perkin-Elmer Spectrometer
equipped with multiple detectors (DTGS and MCT) and an attenuated total reflectance (ATR)
unit. It comes with a resolution of 0.5 cm™' to 64 cm'. Wavelength accuracy was about 0.1
cm ' at 1600 cm . The ATR unit included the diamond crystal (1.8 mm diameter) and a clamp
for pressing solid materials onto the crystal with the constant pressure of 10,141 psi pressure.
Data were recorded and processed using Spectrum One software. Diamond was used as Internal
Reflection Element (IRE) since it has a high refractive index of (2.41) and excellent chemical
and mechanical resistance. This makes it suitable for measurements of alkaline C-S-H samples.
To obtain relative peak intensities that are similar to those obtained by transmission FTIR, the
attenuated total reflectance (ATR) spectrum is multiplied by the wave number. This correction
is usually included in the spectrometer control software. To obtain a high-quality ATR
spectrum, the contact between the IRE and the sample is vital, as the evanescent wave decays
rapidly from the IRE surface. However, our powder samples were fine enough, the
reproducibility is sufficient to produce different ATR spectra. No other sample preparation
steps are involved prior to measurement. The transmittance results of 256 scans were recorded
between 4000 and 450 cm™', with individual measurements taken every 2 cm'. For the
samples, air was used as the background.

Thermogravimetric analysis

The weight loss of samples was measured in a Mettler Toledo AG (TGA/SDTA851e) at a
heating rate of at 10 °C/min from 30 °C to 1000 °C in flowing air. The total water in our C-S-
H was estimated from the total water loss (as the saturation state before measurement had some
uncertainty) between 30 and 250 °C. The amount of portlandite is quantified from the water
loss around of the peak in the range from 400 — 480 °C and calcium carbonate was around 630
— 710 °C. No prior sample preparation involved, that is to say the wet slurry after washing and
storage was used, such that the water content will only be an estimate.

Electron microscopy — imaging and chemical analysis

High resolution scanning electron microscopy (HR- SEM) micrographs were obtained by
coating the samples with 6 nm of osmium (gas phase coating). The metallization reduces
charging and provides enhanced image contrast. The analysis was carried out in a Zeiss Merlin,
equipped with the GEMINI II column which combines ultra-fast analytics with high resolution
imaging using advanced detection modes. The samples were analyzed with an acceleration
voltage of 1 kV with probing current of 300 nA. On-axis in-lens secondary electron detection
mode was employed for imaging. The instrument also provides up to 0.6 nm resolution in
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scanning transmission microscopy (STEM) mode. In TEM, the samples were imaged at room
temperature using a Tecnai F20 (FEI) operating at an acceleration voltage of 100kV from a
LaB¢ gun with a line resolution of 0.34 nm. Images were recorded on a high sensitivity 4k x
4k pixel CCD camera. For SEM and TEM analysis, 50 mg of sample was dispersed in 40 mL
of isopropanol. A drop of the suspended liquid was allowed to dry on a copper grid (200 mesh
grids). The copper grids were glow discharged prior to sample deposition. The uniformity of
the C-S-H was investigated by Scanning transmission electron microscopy - Energy Dispersive
X-ray analysis (STEM EDX) in the FEI Tecnai Osiris analytical TEM instrument. The four
windowless Super-X SDD EDX detectors integrated into the pole piece allow detection of
200,000 X-ray counts/s over a 0.9 srad solid angle. A high brightness XFEG gun allows EDX
maps to be acquired in seconds to minutes. It operates with 200 kV high brightness XFEG with
a point resolution of 0.24 nm and a probe current of 2 nA for EDX studies. The samples were
prepared as for the SEM and TEM above. The major constituents of our C-S-H system were
defined for elemental identification. The maps are binned after defining the evaluation
methods. Once STEM micrographs are obtained, post-processing is performed using Bruker
Esprit 1.8 software to obtain the corresponding chemical maps for the samples. The exported
STEM image is processed for several parameters like detector effect corrections,
Bremsstrahlung background, and Cliff-Lorimer quantification. Each spot corresponds to one
pixel whose size is 2.34 nm x 2.34 nm. The signal obtained from each spot is processed to
arrive at the final Ca:Si ratio at these points. A large background contribution to the signal is
removed throughout the signal range spectra deconvolution is to be performed to address
overlapped lines in the spectrum. The final quantification results of Ca:Si for each of these
spots are recorded.

X-ray Diffraction

X-ray diffraction data was collected with a Bruker D8 Discover X-Ray diffractometer using
double bounced monochromatic CuK alpha radiation (A=1.54 A) with a fixed divergence slit
size 0.5° and rotating sample stage. The C-S-H collected after washing with a water-ethanol
solution followed by vacuum filtration was placed onto the sample stage and XRD patterns
were recorded.

Inductively coupled plasma — optical emission spectroscopy

The over chemical compositions of the samples were analysed using Inductively Couples
Plasma in the Optical Emission Spectroscopy mode (ICP-OES). 0.25g of the sample is
dissolved in 7 mL of 65% HNO; and then re-dissolved completely in 5 mL of fuming 100%
ultra-pure HNO;. It was performed on ICPE-9000 series which is manufactured by Shimadzu
and is a multitype ICP emission spectrometer with the ability to detect high ppb level of 5 to 6
broad digit analysis concentration ranges and batch analysis of various elements. Each analysis
consisted of, verification at three dilutions levels 10, 100 and 1000 times. Each analysis was
also repeated 3 times for greater consistency.
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X-ray fluorescent

In order to cross check, the ICP results the samples were analysed by X-Ray Fluorescent
Spectroscopy (Optim’X 9900 Ceram XRF model). 20g of hydrated samples were dried at
105°C for 24 hours and ignited at 950°C for 1 hour. 7.7 g of Lithium Tetraborate (Li,B4O7)
was added to 0.7 g of the calcined sample to make a fused bead.

Results and discussion
Bulk compositions of the precipitated solid.

The experimental conditions for the desired Ca:Si (theoretical) ratio in the precipitated solid
were derived from thermodynamic modelling (GEMS). Experimentally achieved Ca:Si ratio
from ICP-OES and XRF are shown in

Table 8, and show very good agreement with the theoretical values. The pH calculated
according to GEMS agrees with the experimentally measured pH.

Ca:Si pH predicted pH Ca:Si Ca:Si
(GEMS) (GEMS) (Experiment) (ICP) (XRF)
1.00 10.87 11.1£0.03 1.10 + 0.04 1.04
1.25 11.47 12.5+0.03 1.26 +0.03 1.21
1.50 12.05 12.6+0.03 1.50 +0.02 1.51
1.75 12.55 12.7+0.03 1.80 + 0.06 1.77
2.00 12.81 12.8+0.03 1.98 +0.04 1.94

Table 8: Experimental vs. thermodynamic modelling — pH, Ca:Si.

These results shows that we are able to control the synthesis of bulk Ca:Si ratio in the
precipitate but it is not clear that the Ca:Si ratio can be attributed to only C-S-H (as suggested
from the GEMS modelling) or is there a possible contribution from other phases. This is
investigated in detail in the next sections with experimental observations by electron
microscopy, FTIR, TGA, XRD and Raman spectroscopy.

Morphology of C-S-H phases

When the pH of the reacting solution was greater than 10.8, Ca:Si > 1.25, the morphology of
the C-S-H particles were found to exist as nanofoils Figure 3 (a)s, The “nanofoils” had
diameters between 200 and 300 nm and thicknesses around 6-10 nm (Figure 24 (a))No other
phases were observed visually in the images. Figure 24 also shows FTIR, TGA and XRD for
the precipitated C-S-H with a Ca:Si ratio of 2, none of them indicate the presence of CH in the
sample.
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Figure 24: a) Nanofoils morphology for Ca:Si of 2 (All Ca:Si ratios from 1.25 to 2 showed the same
morphology) b) FTIR ¢) TGA d) XRD

When the pH was below 10.9, C-S-H forms a “nanoglobule”” morphology with aCa:Si ratio of
< 1.25 (Figure 25a). The change in morphology may be related to the change in speciation of
silicates with pH conditions, which currently under investigation but is beyond the scope of the
current study.
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Figure 25: Nanoglobules morphology for Ca:Si of 1 b) FTIR c¢) TGA d) XRD
Uniformity in the nanofoils

We will focus on the higher Ca:Si ratio C-S-H phases, Ca:Si >1.25 that are more representative
of early age OPC systems. A schematic of the Raman point analysis sample area and scanning
points (4 pm?) of the sample at the surface and at depths of 4 pm and 8 pm are shown in Figure
26 (a). The characteristic peaks do not change position indicating the chemical environment is
similar at the micron scale, Figure 26(c)— shows a top view and Figure 26(d) the 2D spectra of
all 30 points put together. This is true for all samples investigated with Ca:Si ratios > 1.25,
showing very high uniformity at the micron scale.

30um

1.5um
&

4um
8um C—
4pm
E——

a) Sample area & scanning points b) Spot size 4um2

Data Set

) Top view of the raﬂgggu‘;'pectra
Figure 26: Raman microscopic analysis: a) Sample pellet preparation, b) Spot size used for analysis, c) intensity
plot comparing Raman spectra of all 30 spots, d) stacked plot comparing Raman spectra of all 30 spots for a

Ca:Si ratio 2 synthetic C-S-H.

d) 2-D view of the raman spectra

In order to investigate the uniformity and consistency of the C-S-H samples to an even greater
degree of spatial resolution, EDX in STEM mode was carried out. About 50 — 60 points were
analysed individually from the chemical maps as shown in Figure 27(a) For each sample, the
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standard deviation of the Ca:Si ratios measurements is less than 1%. EDX analysis shows an
excellent uniformity of the Ca:Si ratio within the structure but due to the difficulty of accurately
calibrating the instrument the actual Ca:Si determined ratio is systematically less than that
obtained from the XRF and ICP methods.

Ca:Si Ca/ Si
(Experimental) (EDX)

1.00 0.82 +0.01
1.25 1.23 +0.04
1.50 1.23 +0.06
1.75 1.45 4 0.045
2.00 1.85 +0.04

a) b)

Figure 27: STEM -EDX point analysis on nanofoils b) Ca:Si ratio comparison

Structural analysis from FTIR/Raman: one solid solution 1.25 <Ca: Si<2

The C-S-H samples were also investigated by Fourier transform infrared spectroscopy (FTIR)
and Raman micro-spectroscopy.

FTIR

In Figure 28, the FTIR results presented are the average of all scans made over the samples.
All samples have a complex group of bands in the range of 800-1100 cm ', corresponding to
the asymmetric and symmetric stretching (U) vibrations of Si—O bonds. The weak bands in
the range of 1400-1500 cm ' correspond to the asymmetric stretching of COs>, and the small
shoulder at 875 cm ™" is due to the out-of-plane bending of CO5*~ It was not possible to collect
spectra under an inert atmosphere and prevent incorporation of CO,, which occurred when
exposed to air, even for a very short time. The band at 1640 cm ™' is due to H-O—H bending
vibration of molecular H,O. The broader band at 3000-3700 c¢m ' is due to stretching
vibrations of O—H groups in H,O or hydroxyls with a wide range of hydrogen- bond strengths.
These assignments were made from references of minerals and other solids listed in Table 9.

54



]
Shift in szeak position*

2.5 - Q'
Variation in Qpreak intensity - - - Vd
Cal/Si=2.00 o
(30}
[=>]

g
o
]
|
/

Absorbance (arb. units)
o o
| |
1
4 ¢
o o)
1 18
@ ? ,
1] n
) I3
()] -}
|
941 QL 3 oo

I
05 /
M 1.00 L
I T T I ‘

3700 3200 2700 2200 1700 1200 700

Wavenumber (cm”)
Figure 28: MID-IR spectra of C-S-H samples with different Ca:Si ratio

Wavenumber (cm'l) Assignment References

3400 - 3200 U O-H (H,0) 96,104, 120,121

2980 U C-H (Ethanol) 122,123,124

1639 3 O-H (H,0) 104,120,125,126

1453 U5 CO (CO5™) 120,121

1386 6 C-H (Ethanol) 123

1084 U; Si-O (Silica gel) 96,121,126

8 U Si-0 (C-S-H) Q*° Our studies

957 — 932 Us Si-O (C-S-H) Q* Our studies, ?¢10412!
876 U, CO (CO5™) 120,121

805 U Si-0 (C-S-H) Q' Our studies, '

Table 9: IR band assignment

One key finding from the spectra is that there is no trace of a peak/hump in the region of 3645
cm' which is a characteristic peak position for O-H stretching of Ca(OH), '*°, indicating the
absence of crystalline calcium hydroxide in the system. The spectrum also includes the
contribution of ethanol (used for washing), with features at 2980 cm™ and 1386 cm™ assigned
to stretching (U) and bending modes (8) of C-H, respectively. The strong band at around 957
—932 cm™ for C-S-H is due to Si-O asymmetric (Us) stretching, previously identified as a Q?
peak. "%l Thig characteristic Q* peak of C-S-H shifts towards lower wavenumbers with
increasing Ca:Si ratio due to decreasing silicate polymerization.

8,53,102

Ce . . .. . . 127
This is in agreement with previous crystal models , recent atomistic simulations ~* and

our own NMR studies '*” that predict the structural mechanism for accommodating higher
Ca:Si by depolymerization alongside deprotonation of silanol groups and incorporation of

interlayer Ca. All three structural mechanisms are occurring simultaneously instead of one
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being favoured over other, indicating the structure may belong to the single family especially
for Ca:Si ratio above 1.25. This has never been shown clearly before for Ca:Si ratios > 1.6
because of the inability to produce synthetic C-S-H in this stoichiometric domain. The band at
805 cm™ increases in intensity with Ca:Si ratio (in fact distinctly seen as a peak only for Ca:Si
=2) is assigned to Si-O symmetric stretching of Q' tetrahedra. Another interesting feature is
the presence of the band at 1044 cm™, is designated to Si-O (Q®) bridging tetrahedra. Yu '™
predicted that this regime of IR is expected to correspond to that of a Q® site. The peak
intensities of this Q*" indicates that bridging decreases with an increase in Ca:Si ratio. This data
supports the general postulation (from NMR data) **°® that the Ca:Si ratio in C-S-H increases
with the loss/omission of bridging tetrahedra that depolymerise the structure and with the
simultaneous increase in the relative concentration of terminal Q' sites. These results
correspond to a defective tobermorite structure, '*°*>* while no clear evidence of jennite-like
structure is observed (i.e.) absence of principle absorption peak at 1000 cm™. It appears that in
our samples, de-bridging, depolymerization of silica tetrahedra and incorporation of Ca(-OH)
in the interlayer is a simultaneous process, gradually taking place with an increasing Ca:Si
ratio. This suggests that a single structural unit can describe the structure of C-S-H samples at
Ca:Si> 1.25.

Raman

The Raman spectra of our C-S-H samples presented in Figure 29. exhibit very high uniformity
with better band resolution compared to previously reported synthetic work in the
literature.'*>>#9%128 Relatively sharp bands indicate that the sample analysed has a uniform
silicate structure, i.e. the Ca:Si ratio is spatially homogeneous within a given sample in
agreement with the high chemical uniformity demonstrated in the STEM-EDX results above.
Assignment of bands in our spectra are indicated in Table 10.
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Figure 29: Raman Spectra for the precipitated C-S-H sample with varying Ca:Si ratios.

Raman Shift (cm'l) Assignment References
1080 U, CO;

1050 U Si-O (C-S-H) Q*

882-896 U, (SiO4) Symmetric stretching of Q'

668-676 Symmetric Bending Si-O-Si 10.52.9.129 "

445 U, (Si04), Opy—Si—Opp measurement

319-333 Lattice vibrations Ca—O

280 CO (CO5%)

Table 10: Raman band assignment

The vibration observed at 1080 cm™ can be attributed to two modes of vibration: the symmetric
stretching Si-O[Q°] mode or asymmetrical C—O stretching mode. The Si-O[Q’] has previously
been generally observed for Ca:Si ratio < 1.25 '%°*% showing broad band of vibrations and
disappearing with increasing Ca:Si. Therefore, we attribute this sharp band at 1080 cm™ to the
symmetrical C—O stretching mode of the carbonate group. The high scattering cross-section of
the symmetrical stretching [CO;] mode, means that even minor carbonation (as detected by
FTIR above) of our samples yields to a relatively intense band in our Raman spectra near 1080
cm’’. Bands in the region 320-350 cm™ are assigned to Ca—O lattice vibrations (LV). This band
is quite weak at lower Ca:Si ratios, while it sharpens and slightly shifts to higher frequencies
at higher ratios. These changes presumably indicate a systematic strengthening of the Ca—O
bonding with increasing Ca:Si ratio *>. The band at 445 cm™ increases in intensity with
increasing Ca:Si ratio, i.e. with increasing calcium content, could be attributed to On,—Si—Oxp
bending vibrations. We assume that non-bridging oxygen atoms (Oyp) attached to silicon are
the main contributor to this vibration, thus explaining the observed increase in intensity with
increasing Ca:Si ratio (the higher the Ca:Si, the higher the proportion of Oyp,). The peak in the
spectra around 670 cm™ is assigned to Si—O-Si symmetrical bending (SB) vibrations. As
shown in figure 8, the frequency of Si—O-Si bending bands is known to decrease either with
increasing silicate polymerization or with increasing Si—O-Si angle.”>"** We observe such a
systematic gradual shift towards higher frequency from 665 to 675 cm™ with increasing Ca:Si
ratio. The latter peaks (at higher Ca:Si ratio) are due to the higher degree of coupling of single
silicon—bridging-oxygen (Si—O) stretching vibrations. **'*° The observation is coherent with
our previous studies with NMR, showing the inclusion of Calcium in the interlayer.

With increasing Ca:Si ratio, the number of protons attached to O, shared by silicon and
calcium decreases. Consequently, the behaviour of the Raman scattering in the region 1040—
1200 cm™ is consistent with deprotonation on the Si—Oy, symmetric stretching (SS) vibration
of Q* species. In our spectra (Figure 29) the Q* SS band at 1050 cm™ changes its intensity with
increasing Ca:Si ratio with the minimal intensity for ratio 2. This was proposed by Garbev
et.al > but not demonstrated since their synthetic technique could only produce C-S-H with
Ca:Si ratio up to 1.50.According to Garbev et.al *2, changes in the intensity of the SS Q?
vibrations in this region could, therefore, be regarded as the result of two competitive processes
that occur with increasing Ca:Si ratio: (i) an increasing number of Si—O—Ca linkages and (ii) a
decreasing number of Q species. The frequency shift of the Q* SS band as a function of Ca:Si
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ratio may not depend solely on the degree of silicate polymerization, but may also reflect
changes in calcium-coordination or the Ca—Oy,*bond length in Si-O-Ca linkages. Another
interesting aspect is shown by Wu et al.'® is that Raman scattering in the range 10401100
cm™ are assigned to anti-symmetrical stretching of Q” stating that it cannot be neglected
because its contribution is the greatest of all of the Q' configurations. It corresponds to the fact
that depolymerization of the silicate structure should simultaneously lead to a decrease in the
anti-symmetric stretching frequency and an increase in the symmetrical one as we observe in

Figure 29.

Furthermore, we observe a weak intensity peak at 890 cm™ for Ca:Si >1.5, showing that the
silicate anion structure consists of dimers (Si,O7) that are protonated, but there are only two
OH groups per formula unit (p.f.u.) compared with four OH p.f.u. that’s present in the phase
with Ca: Si=0.67.* Bands in the 880-900 cm™ interval may be assigned to symmetric
stretching of Q' silicate units (dimers). For our samples with Ca:Si =1 to 1.5, this band at 882
cm’is barely distinguishable from the noise. Kirkpatrick et.al % described the enhancement of
this band with increasing Ca:Si, but did not report a shift, whereas Garbev et.al’* described the
enhancement and slight shifting, but could not experimentally demonstrate the distinct sharp
peak of Q' for Ca:Si ratio >1.5. We attribute the band at 882 cm™ to Q' chain end units and the
band at 889 cm™ to silicate dimers. This again confirms that with increasing Ca:Si ratio, the
“infinitely’’ long chains of the parent tobermorite minerals are no longer the dominant
structural unit because depolymerization leads to shorter chains to finally form dimers. '**
Stronger band signals also indicate greater chemical uniformity of the samples used in this
study. Kirkpatrick et al.”” in Raman analysis observed a broadband at 970 cm™ in the spectrum
of a jennite standard, and attributed it to Q” silicate units therein, but we do not observe this or
any of the other jennite characteristic bands at 655, 490, and 325 cm™, even at higher Ca:Si
ratio. In particular, we do not observe a significant shift of the Si-O-Si bending band towards
655 cm ' with increasing Ca:Si ratio. But on the contrary, we see a shift in the opposite
direction. So there is no evidence for the general similarity of the analysed C-S-H structures to
any local jennite-like structures or jennite like domains previously speculated.

152135132 by Raman analysis demonstrated using Stade and Wieker’s model ', a

Garbeyv et.a
C-S—H(I) phase with a Ca:Si ratio of 0.67 must consist of infinite silicate chains attached to a
calcium polyhedral layer to give ‘‘tobermorite slabs.’” At this Ca:Si ratio, no additional calcium
is needed in the interlayer as all silanol groups and bridging Si are intact. Thus, the interlayer
consists solely of H,O molecules, which plays an essential role in holding together two
“‘tobermorite slabs’’ consisting of infinite silicate chains. Moreover, assuming that the model
of Stade and Wieker’s holds, the upper limit for Ca:Si ratio must be 1.25, with the resultant
formula Cas[HSi,07],.nH,0, from which it becomes clear that at a Ca:Si ratio of 1.25 (in our
sample C-S-H), there is an additional calcium atom in the interlayer. Beyond this ratio, the
inclusion of more calcium atoms in the interlayer will result in higher Ca:Si ratios. These
Raman results indicate that the structure of our synthetic C-S-H’s are closer to tobermorite,

with high end Ca:Si ratios appearing similar to that of a defective tobermorite structure.

* nb: non bonded
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There is a morphological point around pH 11, for Ca:Si between 1 and 1,25. Hence, there is a
change in the structural family i.e. there are 2 solid solutions needed to describe C-S-H but
there is no need for a third solid solution or new phase (y-C—S—H). Then progressive changes
in the spectra from 1.25 to 2. Suggesting that from >1 to 2 one defective tobermorite structure
can represent the different C-S-H’s i.e. no need to invoke a new phase or solid solution above
Ca:Si ratios of 1.6

Discussion

We have shown that synthetic C-S-H with Ca:Si ratios > 1.6 can be produced by well controlled
precipitation techniques. From the series of preliminary experiments we showed that the
experimental results (Ca:Si ratio) were consistent with thermodynamic modelling carried out
with GEMS for Ca:Si < 1.6 and for Ca:Si > 1.6, if portlandite precipitation was excluded. The
absence of portlandite was confirmed experimentally. Although XRD is not very sensitive to
small percentages or very poorly ordered nanocrystalline CH, FTIR is very sensitive and shows
no signal at all in the expected region. This is backed up by the Raman spectroscopy and the
lack of any significant weight loss in the TGA thermograms in the region between 400 and
500°C. The reason for the lack of portlandite is probably because of kinetics of nucleation and
growth it is nominally (i.e. equilibrium thermodynamic calculation using GEMS)
supersaturated with respect to CH. We left the precipitated C-S-H in the mother solution for
up to 11 months in sealed vessels and saw no evolution of the phases in the sample, i.e. no
formation of portlandite, suggesting that once formed the C-S-H of a particular stoichiometry
is in equilibrium with its mother solution. The mother solution after 3hrs has very low calcium
concentrations below 10”7 M (ICP measurements). The question of the kinetics warrants further
investigation and such a study is underway using the reactor described in this paper. Kinetic
data is being collected for the change in the Ca ion activity via the reverse dropwise
precipitation technique and data analysis will be made with a population balance modelling
approach '**. Since we dealt in general with wet slurries we did see carbonation on exposure
to air, in both XRD, FTIR and Raman. This increase in carbonation products was particularly
well seen in the FTIR/Raman results where calcium carbonate signals were seen to increase
with exposure time, more detailed results are presented in '”’. . All the carbonation products
are probably from C-S-H decomposition which was previously suggested in the
litterature.”®'2".

The morphological point observed for pH’s around 10.8 suggests that as in previous studies
synthetic C-S-H can be grouped into 2 families. Previous studies separated on a solubility
product basis but here we show that there is also a significant and easily recognisable
morphological change. From this point, our Raman, FTIR and recent NMR studies "'
suggest our synthetic C-S-H’s with Ca:Si ratios > 1.25 all the way to 2 can be represented by
one solid solution and not 2 or more as proposed previously 653,81,134 Recently Kulik et.al 135,136
with their thermodynamics modelling seems to be heading in the same direction.
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These uniform synthesis C-S-H can help in better understanding of the atomistic structure and
possible growth mechanisms or pathways. The system can allow uis to study the influence of
other ions present Portland cement or blended cement systems — maybe at lower concentrations
to approach kinetics closer to those seen in Portland cement are necessary here. The system
can provide the base for the understanding the influence of heterogeneous substrates on the
nucleation, growth and precipitation pathway. Such uniform systems should also be useful in
understanding the sorption/or effect of additives on C-S-H nucleation and growth.

Conclusions

We have a developed synthetic precipitation system which allows the controlled synthesis of
C-S-H with Ca:Si ratio from 1 to 2 without the presence of any secondary phases. The lack of
secondary phases (in particular calcium hydroxide) was shown from FTIR, XRD, TGA, Raman
or electron microscopy analysis. Also a synthetic C-S-H of desired stoichiometry can be
predicted using thermodynamic modelling by controlling the pH and excluding the formation
of Calcium hydroxide in the high concentration conditions investigated (0.2 M Ca). High-
resolution STEM-EDX analysis showed that the 5 synthetic C-S-Hs produced in the current
study were very uniform in chemical composition with deviations of Ca:Si ratios of less than
1 % at a 3nm scale. Analysis with FTIR and Raman of these chemically uniform C-S-H
precipitates ranging from 1.25 to 2 resolved some key structural features not previously seen
or reported. FTIR and Raman spectroscopic data for C-S-H samples confirms the close
proximity of the structure of C-S-H with a defective tobermorite. Besides mutual agreement
between the two spectroscopic results, the work indicates that one type of structure is sufficient
to describe the synthetic C-S-H system for Ca:Si 1.25 to 2. Whereas, we clearly observe the
for Ca:Si < 1.25, the change in morphology and change in the IR and Raman spectra appear to
belong to another structural family. The current work now opens the door to investigating the
formation pathway of C-S-H in more detail.
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5 Atomic Structure of Calcium Silicate Hydrates

5.1 Introduction.

This chapter covers deals with the all-important debate over the atomic level information on the high
Ca:Si ratio C-S-H. The next section is the accepted manuscript and the Supplementary information of the
draft is presented in Annexure. As the first author in the manuscript, my role being an experimentalist is
to provide the synthetic pure C-S-H for NMR studies that has a well characterized composition and
morphology. Further, I contributed in understanding and interpretation of of NMR data and development
of constraints for atomistic simulated structure from DFT calculations. The experimental evidence allows
us to stand tall on our interpretation rather than just speculative modeling work made on average results
from many different experimental set ups to produce C-S-H with probably significant variation in
compositions and morphology.

5.2 Manuscript

The article was accepted in June 2017, as the cover page article for the Journal of Physical Chemistry C,
with the following cover image.

Figure 30: Cover page of JPCC manuscript
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Atomic-Level Structure of Cementitious Calcium Silicate Hydrate
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ABSTRACT: Efforts to tune the bulk physical properties of concrete are hindered by a lack of knowledge related to the
atomic-level structure and growth of calcium silicate hydrate phases, which form about 50-60% by volume of cement
paste. Here we describe the first synthesis of compositionally uniform calcium silicate hydrate phases with Ca:Si ratios
tunable between 1.0 and 2.0. The calcium silicate hydrate synthesized here does not contain a secondary Ca(OH)2 phase,
even in samples with Ca:Si ratios above 1.6, which is unprecedented for synthetic calcium silicate hydrate systems. We
then solve the atomic-level three-dimensional structure of these materials using dynamic nuclear polarization enhanced
1H and 29Si nuclear magnetic resonance experiments in combination with atomistic simulations and density functional
theory chemical shift calculations. We discover that bridging interlayer calcium ions are the defining structural
characteristic of single-phase cementitious calcium silicate hydrate, inducing the strong hydrogen bonding that is
responsible for stabilizing the structure at high Ca:Si ratios.

Introduction For Portland cements the precipitation of C-S-H
Calcium silicate hydrate (C-S-H) is the primary occurs in conjunction with the precipitation of
binding component of concrete, forming about other material phases such as crystalline
50-60% by volume of hardened cement paste and Ca(OH),, ettringite, and CaCO;3'**'** The C-S-
making it one of the most common substances of H phases are known to be rich in calcium, with
the modern world. Because of its ubiquity, it is Ca:Si ratios exceeding 1.75 at early stages of
surprising that a complete description of its hardening."*® In contrast, synthetic C-S-H with
atomic-level structure remains the subject of Ca:Si ratios above ~1.5 are often observed in
debate”'*, and consequently its structure- coexistence with a Ca(OH), phase. Because of
property relationships are not well known. This an inability to synthesize pure C-S-H with Ca:Si
makes it difficult to engineer C-S-H not only for ratios above 1.5, many researchers believe that
its primary uses in construction, in which high Ca-rich C-S-H systems are intrinsically a binary
reactivity and strength at low carbon footprints mixture of a chemically disordered single phase
are desirable, but also for emerging applications C-S-H material. In such a case, one phase
such as dental filling and bone repair,'**'* which consists of a “proper” C-S-H phase, with a
require  biocompatibility; ~ waste  water layered silicate chain structure related to that of
treatment,*"'** which requires high specific the naturally occurring calcium silicate hydrate
surface areas; and encasement of nuclear mineral tobermorite and limited to Ca:Si ratios
waste, > which requires high structural integrity around 1.6. The other phase consists of
in the presence of significant radionuclide nanocrystalline Ca(OH),, which is thought to

concentrations. occur in bulk form occupying pores in the proper
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C-S-H phase or as chemically distinct ribbons or
sheets interwoven within the C-S-H structure

£103- 3L This interpretation has the

itsel
support of thermodynamic and solubility data
analyzing a multitude of C-S-H systems.'®’
Furthermore, in spite of a vast amount of
data yielding
characterization, the positions of the calcium
atoms in the interlayer, which are the essential

aspects of high Ca:Si ratios in C-S-H, remain

experimental partial

undefined. Thermodynamic and
crystal chemical reasoning have been applied to

propose complete C-S-H structural models at

modeling

Ca:Si ratios greater than 1.5,'” but for these
compositions the focus has been on the binary C-
S-H/Ca(OH),  representation, for  which
experimental validation is ongoing.'”

Here we introduce a method which achieves the
synthesis of C-S-H possessing Ca:Si ratios
between 1.0 and 2.0, maintaining a single phase
composition even for C-S-H whose Ca:Si ratio
exceeds 1.6. Aqueous calcium nitrate and
sodium silicate solutions are reacted under
conditions of high supersaturation and constant
pH, the latter of which is set by the addition of a
predetermined amount of alkali hydroxide. The
production of a single phase composition at such
Ca:Si ratios has not been achieved using
C-S-H
relying on combinations of
precipitation®**’
operate  at

conventional methods for
synthesis!1"114151-153
and  direct
that
supersaturation or uncontrolled pH conditions.
We also use {'H}*’Si cross-polarization (CP)
MAS NMR to measure populations of Q species,

the connectivity between those species, and

dissolution

reactions either lower

correlations between »’Si and 'H chemical shifts
of the single-phase C-S-H produced using our
rapid precipitation method. = The greatest
drawback of 2’Si solid-state NMR is its low
sensitivity, which we circumvent by using
modern dynamic nuclear polarization (DNP)

154-156

strategies that have been recently used to

study the hydration of cementitious systems with
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tremendous success.’* The Q species information
allows us to quantify the extent of silicate
polymerization in the structure. Finally, we use
atomistic modeling to establish a connection
between the measured 'H chemical shifts and the
atomic-level position of calcium atoms in the
interlayer, allowing us to solve the three-
dimensional atomic-level structure of synthetic
cementitious C-S-H.

Methods

Synthesis: pH governs the type of silicates
species available for precipitation of C-S-H. The
Ca:Si ratio attained in the solid phase was found
to depend on the pH of the
Thermodynamic modeling®™®' also predicts that
Ca:Si ratios above 1.5 can only be produced
under high pH conditions, as occurs in the
hydration of real Portland cement systems, in
order to ensure that the electrostatically stable

solution.

monomeric SiOz(OH)zz' species remains in
abundance at high supersaturation and rapid
precipitation conditions.

To maintain the desired supersaturation, pH, and
mixing conditions, and to avoid carbonation, we
developed a synthetic apparatus for controlling
the reaction conditions to the degree of precision
required, aided by real-time acquisition of kinetic
data such as Ca®" ion concentration, pH and
conductivity. Details regarding its construction
are given in the Supporting Information section
1L

All
decarbonized, demineralized ultrapure water.
The reaction chamber was kept under an inert
nitrogen atmosphere to prevent
carbonation. C-S-H precipitates were collected

reaction solutions were prepared in

in order

after a duration of 3 hours and again after 24
hours. The products were separated from mother
liquor using vacuum filtration over a 20 nm
organic filter and later washed with ethanol and
water to remove salts and unwanted ions from the
surfaces of C-S-H. We produced five different C-



S-H powders with nominal Ca:Si ratios of 1.0,
1.25, 1.5, 1.75 and 2.0. The precise experimental
conditions for the precipitation of the different
stoichiometry of the C-S-H were determined
using thermodynamic modelling,*""">” with the
exclusion of calcium hydroxide, as there was no
experimental evidence for its formation.
Additional details are given in Section IV of the

SI.

Dynamic nuclear polarization: DNP solid-state
NMR experiments were carried out on the
aqueous suspensions of freshly prepared C-S-H
nanoparticles with added impregnation agent and
were not dried. The impregnation agent used
22 mM AMUPol in 65:35 viv ds-
glycerol:D,0O, which was purged of dissolved
oxygen by bubbling with N, gas for roughly five
minutes. The addition of the radical polarizing
agent further dilutes the samples by about 20%,
but simple drying steps to increase the
concentration of C-S-H led to sample
deterioration (SI section VI). About 25 mg of the
impregnated gels were worked into a 3.2 mm OD
sapphire rotor and plugged with a PTFE insert.
The drive caps were zirconia. The DNP enhanced

was

NMR experiments were carried out at a nominal
field strength of 9.4 T using a commercial Bruker
AV 1 400 MHz263 GHz DNP NMR
spectrometer.”® The samples were rapidly
transferred into the stator of the NMR probe
which was pre-cooled to 100 K to promote glass
formation. Proton DNP enhancements were
found to exceed 35 for all samples.

High resolution electron microscopy: HRSEM
micrographs were obtained by coating the
samples with 6 nm of osmium (gas phase
coating). The metallization reduces charging and
provides High
resolution SEM analysis was performed on a
Zeiss Merlin, equipped with the GEMINI II
column which combines ultra-fast analytics with
high
detection modes. Osmium coated samples were
analyzed with acceleration voltage of 1 kV with

enhanced image contrast.

resolution imaging using advanced
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probing current of 300 nA. On-axis in-lens
secondary
employed for imaging. The instrument provides
up to 0.6 nm resolution in STEM mode. In TEM
mode, the samples were imaged at room
temperature using a Tecnai F20 (FEI, The
Netherlands) operating at an acceleration voltage
of 100kV LaB¢ gun with a line resolution of 0.34
nm, with images being recorded on a high
sensitivity 4k x 4k pixel CCD camera. For SEM
and TEM analysis, 50 mg of sample was
dispersed in 40 mL of isopropanol. A drop of the
suspended liquid was allowed to dry on a copper

electron detection mode was

grid (200 mesh grids). The copper grids were
glow discharged prior to sample disposition.

FTIR: Freshly prepared samples were analyzed
with a PerkinElmer FT-IR spectrometer, with a
resolution of 0.5 cm™' to 64 cm™'. Wavelength
accuracy was about 0.1 cm™ at 1600 cm ™. FTIR
measurements were performed with an
attenuated total reflectance (ATR) unit and data
was recoded and processed using Spectrum One
software. The ATR unit included a diamond
crystal and a clamp for pressing solid materials
onto the crystal with constant pressure. The
transmittance results of 256 scans were recorded
between 4000 and 450 cm’l, with individual
measurements taken every 2 cm . For the solid
gels, air was used as the background.

Raman: Non-invasive Raman microscopy was
carried out using a Renishaw inVia Reflex
spectrometer equipped with a 785 nm diode
laser. The power delivered to the sample was 164
mW at a full power specification. The grating
size was 1200 lines/mm with an edge filter for
Rayleigh rejection.  Ca(OH); and CaCOs
standards were measured at 5% power with a
single 10
prepared C-S-H was measured with multiple
accumulation periods, each of 13 s exposure.

s accumulation period. Freshly

MD: Classical molecular dynamics simulation
with force field potentials were used to test the
structural stability of the proposed structures.
The force field parameters used are known to



describe well cementitious material systems.'>
Simulations were done in a constant pressure
ensemble at 300 K and a time step of 0.7 fs using
Velocity ~ Verlet  integration  algorithms
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implemented in DLPOLY.'® Ewald summation
was used to take into account the long range
forces above a cutoff distance of 8.5 A.

D

Silicate
chain

Main Ca-O >
layer
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\ \
Interlayer —o ; )' —o A 14A

Figure 31 Structural elements of C-S-H. (A) High-resolution TEM image of pure C-S-H with Ca:Si ratio of 2.00, showing its
“nanofoil” morphology. (B) Fourier transform IR spectroscopy showed no evidence of phases other than the C-S-H, including
Ca(OH),. (C) Comparison of Raman spectra of Ca(OH), (green), CaCOj; (blue), a sample of C-S-H with Ca:Si = 2.0 after 4
scans (lower black), and a sample of C-S-H with Ca:Si = 2.0 after 78 scans (upper black). (C) Chain topology in the layered
14 A tobermorite (Ca:Si = 0.83). (D) Defective and short dreierketten chains in C-S-H, showing two dimers (# = 0) and one

pentamer (n = 1).

NMR shift calculations: Atomic positions and
unit cell parameters were optimized as described
in the SI section XII. The chemical shielding
Ocaic Was calculated using the generalized
gradient approximation (GGA) functional
PBE'®" within the Quantum Espresso code'®
and the GIPAW method.'® In every calculation a
plane-wave maximum cutoff energy of 80 Ry,

and a Monkhorst-Pack grid of k-points'®

corresponding to 0.03 A™" - 0.04 A in reciprocal
space was employed. The chemical shielding
was converted into calculated chemical shifts
8caic by the relation 8.4ic = Oper — O¢gic, With
the value of o,,; determined by a linear
regression between the calculated and
experimental values for the calcium hydroxide
structure ('H chemical shifts) and the
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unperturbed  tobermorite  structure'®  (*’Si between 1.0 and 2.0 at less than a 9 nm” pixel

chemical shifts). size. This is also supported by X-ray diffraction
Results and Discussion (XRD) and scanning TEM with energy

dispersive X-ray analysis (STEM-EDX), as
Morphology described in the SI section V. No secondary

phases such as Ca(OH), were detected by IR or
Two typical morphologies were seen by electron thermogravimetric analysis (TGA), as shown in
microscopy: “nanoglobules”, for the Ca:Si ratio Figure 31B; however, long exposure of C-S-H
of 1.00; and “nanofoils”, for Ca:Si ratios > 1.25, sample to open air (for example in TGA or XRD
which is the morphology shown in Figure 31A. analysis) does eventually lead to the formation of
The foil morphology is very similar to CaCO;. This phenomenon manifests well in the
morphologies for C-S-H seen in Portland cement Raman spectra of Figure 31C, showing that CaCOs
systems with high alkaline contents."*"'® forms during prolonged measurements in air,
Thicknesses of the foil-like structures are whereas the signature of Ca(OH), is never

generally between 6 nm and 10 nm. The pure
phase C-S-H systems were all shown by high-
resolution analytical transmission electron

observed regardless of measurement duration. C-
potential measurements on the samples

microscopy (TEM) to be uniform for Ca:Si ratios
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5 -90
;; 85.] Qen-.Qer QeP-Qan. Q.Qe
S Q.Qa Qe»-Qar, Q.
g 80 Q-Q ) QP-Q%* qu.Qw ) QU-Q%  Qu.Qw X QU-Qe»
¢ € ¢ h
CaSi=125 S
1.50 < 75
1.75 g’
T 2.00
029 ; _-80 : -90 70 T T T T T T T T T T T T T
Si chemical shift / ppm 70 -80 -85 9 -70 75 -80 -85 90 -70 75 -80 -85 -90

-75
29Si(B) chemical shift / ppm 29Si(B) chemical shift / ppm 29Si(B) chemical shift / ppm

Figure 32:. One- and two- dimensional DNP enhanced ’Si CP MAS spectra of C-S-H samples for quantification of
silicate chain distributions. (A) 1D spectra across the compositional series. (B) Experimental 2D refocused INADEQUATE
spectra for three of the C-S-H compositions studied (the spectra have been sheared to produce a COSY-like representation).
Contours are drawn in 10% intervals beginning at 5% of the maximum signal intensity.

show negative potential surfaces indicating that used to study the molecular structure of C-S-H
calcium does not reside at the surface but is and related mineral phases.'® Previous *’Si MAS
incorporated into the particles. NMR#-4163.1677169 14 diffraction studies, often

on dried materials, have established that the
silicate chains in C-S-H are arranged according

Characterization by DNP NMR
to the “dreierketten” model,*>*!7%1"15% \which

C-S-H is a poorly ordered material, making specifies a repeating unit for the chains
atomic level structural determination using comprised of a bridging-type Q® silicate
conventional X-ray and neutron diffraction tetrahedron flanked by pairing-type Q" silicate
methods challenging, especially for non-dried tetrahedrons, highlighted in the tobermorite
samples. Solid-state magic-angle spinning structure shown in Figure 31D. The silicate chains
(MAS) NMR s a powerful method for studying ~ are flanked by a caleium oxide layer and a
disordered systems, and has been extensively hydrous interlayer. Each silicate tetrahedron

shares two O atoms with other silicate
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tetrahedrons and on this basis are both classified
as Q@ species. The pairing-type Q* species
direct the other two O atoms toward the main
calcium layer whereas the bridging-type Q*”
species the hydrous
interlayer. Defects occur through the removal of
a Q% SiO, unit, breaking up the idealized
infinite silicate chains of tobermorite into finite
segments  consisting of (3nt+2)

tetrahedrons, as illustrated in Figure 31E The

direct them toward

silicate

segments are terminated by Q" silicate species.
The interlayer calcium and water present in the
original 14 A tobermorite are Ca; and H,O
respectively whereas the Cag, Caa and OH; are
only present in the defective structures. Cag sites
replace bridging silicate tetrahedrons, Caa sites
are additional calcium atoms in the interlayer,
and OH; are additional hydroxyl groups in the
interlayer to charge compensate the additional Ca
ions needed to reach high Ca:Si ratios. Silicate
dimers (7 = 0) have been observed by {**Si}*’Si
correlation NMR experiments to be the dominant
species for systems with Ca:Si ~ 1.5, both for
synthetic C-S-H systems and during the initial
formation of C-S-H in hydrating tricalcium
silicate.*'”

To overcome the low sensitivity of *’Si MAS
NMR at natural isotopic abundance we use
modern DNP strategies.”*'°° DNP is based on
the transfer of large unpaired electron spin
polarization to nearby protons by saturation of
the electron spin transitions with microwaves,
followed by CP transfer of the enhanced
polarization to the *’Si nuclei. The electron
polarization is provided here by the organic
biradical AMUPol'” that is added to the wet C-
S-H as a minimal amount of ds-glycerol/D,O
solution before the NMR sample is rapidly
cooled to 100 K for the experiments.'>®!"*!7¢
The cryogenic temperatures are required to
maximize the sensitivity enhancements by DNP,
but are also important here to quench proton
exchange and prevent the C-S-H from degrading
during the experiments. Efficient DNP occurs
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only for those parts of the sample that have
successfully passed through the glass transition.
We also note that pore water is susceptible to
glass formation when rapidly inserted into the
pre-cooled NMR probe even without the addition
of a glassing agent such as glycerol.'”” We
therefore do not expect the C-S-H structure to be
disrupted by our
furthermore, even if pore water does crystallize
in parts of the sample, inefficient DNP will
suppress the NMR signal from these regions.

experimental conditions;

The polarizing agent contains labile deuterons,
which can lead to the formation of calcium
silicate deuterate through isotope exchange. At
most, 40 mol% of labile hydrogen in the
impregnated C-S-H gels (C-S-H hydrogen, D,0,
and the -OD groups of the ds-glycerol) are
deuterons given our DNP sample formulation
estimated C-S-H If a
reasonable allowance for excess pore and
adsorbed water is made, this falls to about 25%.
In fact, this upper limit is almost certainly never

and composition.

reached. Small-angle neutron scattering studies
have shown that deuteron exchange into the gel
is a diffusion driven process providing full
isotope exchange on the time scale of tens of
hours.'”® Since the impregnated sample never
spent more than 1.25 h, and usually just 0.25 h,
at room temperature prior to experiments, we
expect the highest degree of partial deuteration to
be surface based and the NMR signal should be
representative of fully protonated bulk C-S-H.
Moreover, there is little in the way of evidence in
the small-angle neutron scattering literature to
suggest that isotope exchange modifies C-S-H in
any structurally significant way.

One-dimensional { lH}29Si DNP CP echo spectra
for the five compositions are shown in Figure 32A.
With the exception of the Ca:Si = 1.00
composition, good fits to the line shapes are
obtained by modeling each of the constituent Q
sites as a Gaussian function, whose amplitudes
are used to determine the relative populations of
the Q species. Relative
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Figure 33:DNP enhanced 2D {'H}*’Si HETCOR

correlating 'H spectra to specific Si sites. (A) The 2D
correlation spectrum for the Ca:Si = 1.50 composition
acquired with a 7 ms CP contact time. (B) 1D cross
sections parallel to the 'H dimension extracted at the
position of the dashed line in the 2D spectrum, representing
'H spectra correlated to QW. (C) Simulated '"H chemical
shift spectra aggregated over C-S-H substructures that
either possess (blue) or lack (red) the bridging calcium site
Cag. The intensity of these spectra are normalized with
respect to the maximum of the Q) peak. The region
downfield of 10 ppm is shaded to indicate the domain of
strongly hydrogen bonded species.

signal intensities in DNP enhanced CP MAS
experiments are not usually in proportion to the
relative populations of the nuclei generating the
signal as they often are in experiments using
hyperpolarization
unless we assume that 1) the length scale of

direct excitation without

hyperpolarization non-uniformity is larger than
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the unit cell of the particle, and 2) cross-
polarization kinetics can be measured and used
to adjust the signal intensities appropriately.

The size of the C-S-H particles are sufficiently
small and have a proton density sufficient for
nearly uniform polarization of the particles over
the recycle period. To the second point, we
performed cross-polarization measurements for
different values of the cross-polarization contact
time. This data was fit to a simple /S model of
CP kinetics for each site'”. A detailed
description of the fitting procedure and the Q
populations determined by this method are given
in the SI section VIII. We note here that the
failure of the Ca:Si = 1.00 composition to fit well
to the three-Gaussian model suggests a different
molecular structure.

The {**Si}*’Si connectivity is measured using
2D refocused INADEQUATE experiments, ™
whose application to cementitious systems has
hitherto not been feasible without isotopic
enrichment.*>'7 In the (sit¥si
INADEQUATE spectrum only signals from
covalently bonded *’Si — O — *’Si pairs are
retained. For linear silicate chains at natural
isotopic abundance, these constitute at most
0.5% of all Si — O — Si pairs. The improvement
in NMR sensitivity provided by DNP makes it
possible to obtain such spectra,'™
Figure 32B. Autocorrelation peaks corresponding
to Q-Q" dimer and Q*"-Q® extender units
are observed, but peaks corresponding to Q®-
Q™ are always absent, consistent with the
dreierketten model.

as shown in

Remarkably, the usually
dominant Q(l)—Q(l) autocorrelation peak is
entirely absent for the

Ca:Si = 1.00 composition (SI section IX),
suggesting that this composition does not contain
silicate dimers. Cross peaks from all three Q
sites to Q% are also observed. Using the
shift the
deconvolution of the 1D CP echo spectra, the
INADEQUATE spectra are decomposed using

2D Gaussian line shapes to model each of the six

chemical constraints from



possible correlation peaks.
generates reasonably good fits (SI section IX),
suggesting that the chemical disorder is very
The 2D peak
simultaneously across the four compositions for
a conditional probability P(A|B) that Q site A is
connected to Q site B.

2D {'H}*Si HETCOR experiments were used to
correlate '"H chemical shifts with the *’Si
chemical shifts. Measurements were made using
CP contact times of 0.7 ms and 7 ms for each

This line shape

local. intensities are fit

sample. The use of a short contact time biases the
contribution to the NMR signal from those
protons that are close to the correlating *’Si
nuclei, as compared to longer range correlations
observed in the long contact time experiment,
which samples proton environments out to ~1
nm.

The line shape in the 2D 'H{*’Si} HETCOR
spectrum shown in Figure 33A is dominated by
inhomogeneous
chemical disorder, which prevents an accurate
line shape deconvolution on the basis of proton
site. Cross sections of these spectra yield 'H

broadening resulting from

chemical shift spectra correlated to specific Q
sites, as shown in Figure 33B for the QU
correlation and in the SI section X for the others.
We find that the intensity of the of the Q" site
relative to the Q@ sites is greater at shorter
contact time, implying that Q" species are
located in a relatively hydrogen rich
environment. We also see that the 'H chemical

shift profiles for the Ca:Si = 1.25 ratios possess

a significant contribution above 10 ppm,
indicative of strong hydrogen bonding.'** A
comparison to HETCOR spectra taken at short
contact time (SI section X) reveals that the
prominence of the downfield region for the Q"
correlated cross sections increases significantly
at short contact time, a feature which is not
shared by the Q(Zb) and Q(Zp) cross sections. This
suggests that the strong hydrogen bonding occurs

primarily in association with Q" sites. We note
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that the signature of strong hydrogen bonding is
almost entirely absent from the HETCOR
spectrum of the Ca:Si = 1.00 composition, once
again producing a spectrum

1
Sample X Z X0
n=0
Ca:Si=1.25 0.751 0.450
Ca:Si=1.50 0.816 0.285
Ca:Si=1.75 0.873 0.185
Ca:Si=2.00 0.900 0.136

Table 11: . Dimer mole fraction x, and mean repeat index
for the four compositions analyzed. Deviating

substantially from its relatively calcium rich counterparts.

The line shapes lack any significant features near
2 ppm, where basic hydroxide protons would be
prominent, suggesting any secondary amorphous
or crystalline Ca(OH), phase, if present, is not
intimately mixed with the C-S-H structure. Such
a signal was previously reported for C-S-H
compositions with Ca:Si ratios up to 1.5.*'" Tt
may be that the C-S-H/Ca(OH), nanocomposite
results from excessive drying and aging of the
sample. Indeed, a recent high energy X-ray study
lending support for a secondary phase of
Ca(OH); nanosheets interwoven into the C-S-H
interlayer suggests that the Ca(OH), phase grows
as C-S-H ages.'”

Structural determination

It is known that C-S-H resembles a defective
tobermorite.*'*
structural modeling studies for C-S-H, which
consider random defects in tobermorite systems
containing hundreds of atoms,”’”* we adopt a
methodology that focuses on the systematic
creation of structurally well-defined defects. The
defective substructures are then used as building

blocks to represent C-S-H at higher Ca:Si ratios.

In contrast to previous

A suitable base structure is required to begin.
Tobermorite structures are generally named after



their characteristic interlayer distances; namely,
9 A, 11 A, or 14 A tobermorite.'® ' The choice
of base structure for modeling depends the Ca:Si
ratio'® and drying conditions.”**'"*” A dataset
compiled by Richardson'*® shows that the
interlayer distance in C-S-H decreases from ~13-
14 A at Ca:Si = 0.8 to ~10 A at Ca:Si = 1.5.
Recently, Roosz et. al."® have shown that sample
preparation and relative humidity significantly
affect the interlayer distance measurement. The
interlayer distance measured for a C-S-H of
Ca:Si = 1.2 using XRD in dry and fully hydrated
states were 9.5 and 12.3 A, respectively. Since
our samples are hydrated, we choose 14 A
tobermorite (Figure 31D) as the base motif for
constructing our atomic-level model of C-S-H.

A defect is introduced by the removal of an SiO;
unit from a Q(zb) unit. The extent to which we
need to create defects is determined by the
distribution of silicate chain lengths. With the Q
species populations and connectivities we can
determine the distribution of chain lengths for
each composition,
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Figure 34 Scatter plot showing the correlation between
the O—O distances and the chemical shifts of protons
participating in the different types of hydroxyl-oxygen
interactions occurring in the C-S-H substructures.

as described in the SI section IX and given in
Table 11, to find

P@®")
Yn=0 XN = Q™ (1)

where x, is the mole fraction of dreierketten
chain species with repeat index », and

xo = P(QW]QW), )

as the mole fraction of dimers. The quantitative
NMR results thereby provide three independent
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constraints for calculating the distribution of
silicate chains for each C-S-H composition.
Using these constraints, we adopt a Monte Carlo
method to predict the mole fraction distribution
for chains up to n = 10, which we report in the SI
section XI for each composition. Defect creation
transforms the silicate tetrahedrons adjacent to
the removed Q™ site into Q' sites, requiring the
addition of H' and CaOH' to satisfy
requirements of local charge balance.
Additional molecular units of H,O and Ca(OH),
can also be incorporated into the structure. The
defective motif is deemed acceptable if correct
atomic bond distances, coordination numbers,
and local charge balance remain satisfied after
structural relaxation using density functional
theory (DFT), leading to a series of substructures
which are classified on the basis of defect
geometry. Reduced unit cells are constructed by
connecting the defect units through an aqueous
interlayer or an aqueous interlayer with a Ca; and
additional OH™ for charge balance. In order to
study medium range effects, we also consider
different ways to combine the reduced unit cells,
resulting in chain, dimer, and pentamer motifs.
We study the effect of these different defect
structures on the 'H chemical shifts. A set of
reduced unit cells are chosen to ensure a wide
variety of different local defect environments as
represented by the defect classification scheme
described in the SI section XI. In Figure 33C, we
show two calculated 'H chemical shift spectra
composed by summing over substructures
thateither possess or lack Cag. In comparison
with the experimental 'H spectra in Figure 33B,
these



Figure 35:The structure determined here of C-S-H for a Ca:Si ratio of 1.5, viewed along the
[A] axis. The relative proportions of dimers, pentamers, octamers, undecamers, and
tetradecamers are 81%, 14%, 3% 1%, and 1%, respectively. The chemical composition of this
structure is Ca; sSi03 35(OH)g 322H,0. The relative positions of hydroxyls and water molecules
have been relaxed keeping all other atoms frozen for ease of visualization.

calculated spectra suggest that Cag is responsible for generating 'H NMR signals downfield of
10 ppm. Furthermore, the association between downfield shifted protons and hydrogen
bonding leads us to infer that bridging calcium holds terminating chains together by
coordinating to the defect site and promoting the formation of strong hydrogen bonds. On this
basis we might also conjecture that bridging calcium is preferentially associated with silicate
dimers, as suggested by the fact that both strong hydrogen bonds and dimers are lost when
crossing under to the Ca:Si = 1.00 composition, though without further evidence this remains
speculative.

The proton chemical shift calculations provide additional structural insight regarding the nature
of the hydrogen bonding interactions. As Figure 34 shows, there is a linear correlation between
the calculated 'H chemical shift and the O — O separation of the species engaged in electrostatic
hydrogen-oxygen interactions, a well-established trend for inorganic oxide systems.'® In
particular, we observe that interlayer water protons that interact with interlayer hydroxide ions
and the oxygen atoms of Q" sites dominate in their contribution to the "H chemical shift signal
above 10 ppm. The key observation here is that each of these types of protons are located
within 3 to 4 A of Cag. Furthermore, we may consider that the protons involved in hydrogen
bonding between interlayer water and a Q" oxygen atom are less than a 3 A from the Q'”
silicon atom and are therefore favored in the HETCOR experiments at short contact time. For
only two of the substructures analyzed, one of which lacks Cag entirely, the proton from the
strongest OH,—OH ™ group is located greater than 5 A away from a Q'". We infer that it is these
types of protons which explains the prominence of the region downfield of 10 ppm in the Q'”
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correlated proton spectrum, and that their association with bridging calcium in the structures
that we have analyzed strengthens the confidence of our association.

Construction of structures that are representative of C-S-H proceeds by drawing from these
defective substructures and the defect-free motif and tessellating them in a way that satisfies
both the constraints of stoichiometry and the chain distribution determined by the *’Si NMR
results. High Ca:Si ratios are obtained by deprotonation of a Q" silanol and adding CaOH"
and Ca(OH); in the form of Ca, to the interlayer (Figure 31E). Our representative C-S-H unit
cell is a tessellation of sixty such substructures coming to roughly 3 nm on each side, consistent
with the degree of uniformity found by high-resolution analytical TEM. One such bulk C-S-H
structure permitted by the ensemble of experimental NMR constraints determined for the Ca:Si
ratio of 1.50 is shown in

Figure 35. A 2 ns MD simulation at constant pressure and temperature (300 K) shows that the
resulting structures are stable, with realistic bond lengths and coordination geometries
predicted. The C-S-H structures we propose for each the four compositions are given in the SI
section  XII. Unlike previously proposed structures based upon defective

.. 54,103,189,190
tobermorite,”™” "

our computational methodology specifies unambiguously the positions
and coordination of calcium in the interlayer, rather than leaving them undefined or relegating
its existence to a second phase, as in the tobermorite/Ca(OH), model. We do not claim that
these structures represent the most energetically stable configurations; rather, we locate a
viable, locally minimized configuration satisfying the NMR constraints. The proposed bulk
structures are representative of a series of similar structures with similar defect concentrations
and slightly different atomic arrangements. This should not change the average properties, but
does explain why there is very little structural order seen in X-ray powder diffraction of non-

dried C-S-H.

Conclusions

We introduce a new synthetic method for C-S-H which controls pH throughout the process,
and we produced uniform C-S-H with controlled Ca:Si ratios up to 2.0 for the first time. High
sensitivity DNP solid-state NMR techniques have been used to characterize unique highly
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uniform synthetic C-S-H particles with high Ca:Si ratios. In conjunction with atomistic scale
modeling, atomic-level structures of defective tobermorite coherent over Ca:Si ratios from 1.25
to 2.00 have been determined without invoking secondary phases or glassy structures as
confirmed by the clear absence of a signal from basic Ca-OH units in the 2D {'H}*Si
HETCOR experiments. To interpret this data, we developed a computational approach which
explores defective tobermorite substructural candidates, combining them in a manner
satisfying our experimental constraints in order to build a full 3D structure which provides an
accurate representation of structural and chemical environments in C-S-H for Ca:Si ratios up
to 2.0. An essential aspect of these structures is the inclusion of a calcium site in the interlayer
which bridges chain terminating silicate Q" sites. This site is associated with an environment
of strong hydrogen bonding which stabilizes the structure and, consequently, promotes high
Ca:Si ratios in C-S-H. This thus establishes a clear relation between the atomic-level defect
structure and the high Ca:Si ratio in C-S-H. This knowledge of the defect structure is a
prerequisite for overcoming the self-limiting growth of C-S-H and to better understand growth
mechanisms and kinetics. Such knowledge can further help formulate new classes of
sustainable cements capable of exhibiting strong chain-bridging hydrogen bonding features
while ensuring the early age strength development of the material.
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6 Calcium silicate hydrate formation pathways and alite
hydration.

6.1 Introduction

In this chapter we explore the formation pathways of C-S-H and extending it to gain some
insight of the alite hydration that eventually provides the speciation for precipitation of C-S-H
in real cementitious systems. As the first author in the manuscript, my role has been both as
theoretician and experimentalist. Two main experimental systems are investigated and
understood with the use of this unifying precipitation theory, namely, alite hydration (Portland
cement system) and C-S-H formation (synthetic precipitation).

6.2 Manuscript

Cementitious Calcium silicate hydrates formation pathways and insights into alite
hydration control

Abhishek Kumar ', Aslam. Kunhi Mohamed', Bhuvanesh Srinivasan'”, Danny lambert’,
Geneviéve Massonnet’, Karen Scrivener®, Paul Bowen'

'Powder Technology Laboratory, Ecole Polytechnique Fédérale de Lausanne EPFL, Switzerland

2School of Criminal Justice, University of Lausanne, Switzerland

3 Department of Earth & Environmental Sciences, Ludwig-Maximilian University, D-80333, Munich, Germany
* Construction Material Laboratory, Ecole Polytechnique Fédérale de Lausanne EPFL, Switzerland

Abstract

C-S-H grows uniformly in the presence of abundant reacting silicates species that is governed
by the pH of the reaction solution. Higher pH > 13 tends to form nanofoils like morphology
whereas at lower pH < 11 tend to form nanoglobules. Heterogeneous products are formed when
the concertation of silicate species is limited leading to the formation of the secondary phases
(i.e.) Calcium hydroxide (CH), at high pH conditions (> 13). In cementitious system, hydration
of anhydrous tri-calcium silicate (alite) serves as a source of reacting species in the pore
solution that leads to the precipitation of Calcium Silicate Hydrate (C-S-H). Considering
congruent dissolution with excess calcium at supersaturated concentration in the pore solution
with evolving pH > 12.5 leads to rapid dissolution of alite, forming C-S-H and CH similar to
observe in direct precipitation of C-S-H and hence forming the acceleration regime. Moreover,
hydration of alite at high pH conditions from start shows no acceleration regime.

Introduction

Calcium Silicate Hydrate (C-S-H) is the main phase that precipitates in the process of alite
hydration, mainly responsible for mechanical properties of cement '*?
cement based materials, which comes from the heterogeneous nature of the hydration products
of ordinary Portland cement (OPC) often makes mechanistic pathways during hydration

difficult to unravel. Alite, or its pure chemical phase tricalcium silicate (3Ca0O-SiO,, or, in

. The complexity of
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cement chemistry notation, C;S), is a major component of OPC and is frequently used to model
the hydration of OPC **'*!. However, even when modeling a simple system such as pure C;S,
the dissolution, diffusion and precipitation processes involved in the hydration process remain

29,152,166,192-194 . . .
5T the simultaneous dissolution and

unclear. Despite significant recent progress
precipitation lead to complications to extract accurate kinetic data on the dissolution,/ hydration
reaction pathway. One issue with alite hydration is the apparent inconsistency between the low
dissolution rate of C;S that is observed during the hydration of cement and the theoretically
high solubility of this phase calculated from the free enthalpy of formation of its constituting
oxides "2, With a dedicated set-up allowing the study of dissolution in conditions that
avoid precipitation of hydrates, the true experimental solubility has been recently reported
[6,10]. The results showed that the solubility product of C;S is consistent with the solubility
products of C,S (alite) and CaO and its determination has revealed the importance of the
surface hydroxylation of the silicate monomers and the free oxygen atoms present in these
phases. Other species which interact with the surface through physical or chemical adsorption,
also lead to an additional stabilization of the surface **. The presence of sulfate and aluminate
ions, which are relevant species in cement pore solution, significantly reduces the dissolution
rate of C3S due to physical and chemical bonding with the surface '"*'**. The solubility of the
surface, lower than expected from the simple calculation of the bulk solubility from the free
enthalpies of formation ', leads to the conclusion that the composition of the pore solution
during the cement hydration is very close to the solubility equilibrium of alite. Thus, the alite
has to dissolve rather slowly from the very first minutes of hydration. In the case of a low
interfacial dissolution rate controlled by near-equilibrium conditions, any topographical
features affecting the surface of dissolution can significantly change the overall dissolution
170 Many

theoretical models have been proposed to describe the formation of etch pits > which appear

rate. The formation of etch pits is prominent during the dissolution of most minerals

at the surface defects. One of these defects, often believed to be dominant especially in
conditions close to equilibrium '** | is the screw dislocation. The difficulty lies in the challenge
posed by the fast precipitation of low-soluble hydrates that perturb the investigations on pure
dissolution regimes. A better understanding of the dissolution processes in cement could shed
light on additional points related to hydration, including the so-called “dormant” period * and
the factors limiting the cement hydration kinetics. Pustovgar et al ** investigated tricalcium
silicate (CsS) hydration by using in-situ NMR measurement and isothermal calorimetry. 8-
enriched C;S was synthesized and the evolution of C-S-H monitored. This research revealed
the degree of hydroxylation of the CsS surface prior to any C-S-H precipitation was significant
and was linked to the hydration rate.

Most of the previous studies have been directed towards understanding the dissolution part of
alite hydration and its resulting pore solution analysis. If we term this as top to bottom
approach. In this study we do bottom to top approach, where we first investigate the formation
of C-S-H to understand the driving force for its precipitation from solution. The reaction
pathway for C-S-H precipitation is then used to better understand the hydration of the alite
phase. To study the C-S-H formation we will use our recently developed synthetic C-S-H
precipitation system where we demonstrated that we can synthesize C-S-H of desired Ca:Si
stoichiometry and excellent chemical uniformity '°’ (Chapter 04). We will use this reactor to
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precipitate C-S-H under different conditions to investigate the reaction pathway or growth
mechanism. We then design experiments with alite samples to demonstrate how the
understanding gained from the synthetic C-S-H allows us to control and gain insight into early
alite hydration.

Material and methods

Synthesis of C-S-H

The C-S-H synthesis was carried out using aqueous solutions of Calcium Nitrate Tetrahydrate
(Fluka Chemicals, 21197) and Sodium Metasilicate (Sigma-Aldrich, 307815) mixed in a closed
batch reactor in a nitrogen environment, which has been described in detail elsewhere '’ In
all cases pH control was made using NaOH and the different concentration regimes and pHs
studied are given in Table 12.

Cases Reactant A Concentration Reactant B Concentration pH
(-4H,0) A (.5H,0) B
A (T2 in Chp.6) Ca(NOs3), 02M Na,SiO3 0.1IM 13.3+0.1
B (T3 in Chp 6) Ca(NOs), 0.2M Na,SiOs 175uM 13.3+£0.1
C (T1in Chp..6) Ca(NOs3), 02M Na,SiO; 0.1M 10.8 £0.1

Table 12: C-S-H synthesis conditions

Alite hydration and Isothermal calorimetry

A batch of alite (impure C3;S, monoclinic) was synthesized in the laboratory by mixing 81.4
wt.% calcium carbonate (precipitated GR for analysis, Merck), 16.6 wt.% silica (highly
dispersed extra pure, Merck), 1.3 wt.% magnesium oxide (GR for analysis, Merck) and 0.6
wt.% aluminium oxide (anhydrous, Merck). Powders were homogenized for 24 hours in a ball
mill with deionized water and the blend was dried at 90°C for 24 hours. The dried mass was
pressed into pellets and heat treated at 1500°C for 8 hours. The pellets were quenched in air,
ground using a ring grinder and sieved at 100um. Particle size distribution (D,50) of about
15um was measured by laser diffraction '*°. Alite hydration is an exothermic process and can
be followed using isothermal calorimetry. The resulting heat is the sum of the contributions of
each individual reactions happening in the system. The heat release was recorded with an
isothermal calorimeter (TAM Air, Thermometrics). This technique records the heat released
by the exothermic reactions of cement hydration and compares it to a reference sample. The
reference sample should have a constant heat capacity similar to the measured sample. For this
study the reference sample is deionized water. The amount required is determined as

C X . . .
Water ,op = ~pwater - BPaste Where ( »1s the mass heat capacity of the material (C

Cp water p water
=418 -g'l-K'l). The heat release at early ages can provide information about the
dissolution of each anhydrous phase and the overall heat flow provides information
about the degree of hydration of the system. 10 grams of paste were placed in glass

vessel and then into the calorimeter. The ambient temperature was 20°C to ensure the
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stability of the baseline. The measurements were carried out for 24 hours and 4 hours
in the two cases studied.

Cases Reactant A Reactant B Time W/S Initial pH
(Calorimetry
experiment)
D Alite Demineralized 24h 0.7 7+0.1
Water
E Alite Saturated 4h 250 12.5+0.1
Ca(OH),

Table 13: Alite hydration conditons

Characterization of the alite and C-S-H

Dynamic nuclear polarization (DNP) NMR: DNP solid-state NMR experiments were carried
out on the aqueous suspensions of freshly prepared C-S-H nanoparticles with added
impregnation agent and were not dried. A detailed description can be found in '*’.

Electron microscopy

High resolution scanning electronic microscopy (HRSEM) micrographs were obtained by
coating the samples with 6 nm of osmium (gas phase coating). The detailed of sample
preparation can be found elsewhere '’. In Transmission electron microscopy (TEM), the
samples were imaged at room temperature using a Tecnai F20 (FEI, The Netherlands)
operating at an acceleration voltage of 100kV LaBs gun with a line resolution of 0.34 nm, with
images being recorded on a high sensitivity 4k x 4k pixel CCD camera. Samples were first
dispersed in isopropanol and allowed to dry on nthe sample holder in ambient air, for more

. 1
details see'”’.

Results and Discussion
Synthesis of C-S-H, characterization and reaction pathway hypothesis

Here we will discuss the three different cases of C-S-H synthesis (A, B, C Table 1) under well
controlled and designed conditions. These are used to illustrate the effects of different
experimental conditions on the probable reaction pathway of C-S-H by varying either, pH or
silicate concentration.

197 that show a very uniform chemistry (< 3nm spot size in STEM-

From our previous results,
EDX) for our synthetic C-S-Hs we hypothesis that to form such a uniform C-S-H phase there
is a single dominating chemical reaction with one major reacting species to form C-S-H. We
designed the experiments to make the reacting system independent of any other physical factors
such as mixing, diffusion, addition rates, seeding or heterogencous surfaces. Silicates in
solution can exist in numerous forms, so we fix the operating pH condition such that a single
silicate species is dominant. For example at pH greater than 13, silicates tend to exist in aqueous
solution as mainly H,Si04> 7% 719718 The other major reacting species (i.e.) calcium exists
as Ca”"/CaOH"., at a ratio of around 5:1. To be able to neglect any effect from mixing, the
reaction system is operated at 800 — 1000 rpm, giving mixing times of the reactants in the
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microsecond domain. To ensure this mixing is sufficiently maintained in the stated domain the
calcium solution needs to be added to the silicate solution dropwise at regulated flow rates.
Details of the mixing considerations are provided in Annexe. In aqueous precipitation systems,
the diffusion rate of the species under high mixing does not develop any diffusion limited
constraints.

Case A: The concentration of calcium nitrate and sodium silicate solution are chosen as 0.2
and 0.1 M respectively to keep the supersaturation high. This means that the reacting species
are readily available everywhere due to these high concentrations. Another advantage of
keeping high supersaturation (high nucleation rate ~ fine particle formation) is that the initial
amount of solid precipitating out of the solution is small and hence does not alter the
precipitation reaction during the early nucleation process which should promote uniformity.
The pH was maintained above 13, the species in solution from thermodynamic modelling
before mixing in presented in Figure 36(a) and after 3hrs of reaction are shown in Figure 36(b),
with the CaSi0O3.H,O (or CaSiO,(OH),) neutral complex in dominance.

Case A: nanofoils ( before mixing )

0.05 Si03-2
° Si4010-4
0 A HSiO3-
(a)
Case A- nanofoV\
2.50E-06
2.00E-06
D 150606 Si03-2
g d Sio2@
-y '
1.00E-06 Si4010-4
HSiO3-
5.00E-07 CaSiO3 @
0.00E+00 & Ca(HSiO3)+

(b)

Figure 36: Silicate species predicted from GEMS modeling in Case A (a) Before mixing of calcium (b) after mixing of calcium (the
@represents a water molecule in the full chemical formula)

The precipitation of C-S-H under these conditions leads to the formation of a nanofoil or sheet-
like morphology (Figure 37(a)) previous work has shown these foils to have a Ca:Si ratio of 2
under these reaction conditions'”’. Figure 37(b), shows the monomeric silicate species (QO,
H,Si0,%) at high pH conditions which converts to dimeric units in the precipitated C-S-H once
mixed with the calcium nitrate solution. This suggests that under these chemical conditions
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calcium induces the condensation of the monomeric silicate growth species into dimers, with
growth favoured in two directions and limited in one direction.

A)

« Ca» My SIOH,> b e
Controlled : pH / T/ Mixing / Atmosphere C-S-H nanofoils

718 722 126 70 8o eo  -100
23j Chemical Shift (ppm) %8i Chemical Shift (ppm)

Figure 37: a) Nanofoils morphology of C-S-H b) Liquid state NMR of reacting silicate solution and final Solid state NMR of the C-S-H

So in our silicate solution before mixing with calcium nitrate the dominating silicate species is
the H,SiO4> ™ (or SiO2(OH),” ) - a monomeric species - stabilized by a strong electrostatic
repulsion between the anionic silicate species '>. With constant high pH and high
concentrations, we constrain the species found in solution, but their availability is initially
unlimited and this leads to a single dominating chemical reaction. The probable reaction
leading to the formation of homogeneous C-S-H phase of Ca:Si ratio 2 is:

SiO,(OH),* + Ca’" + 20H" =2 CaSiO,(0OH), + H,O
CaSi0,(OH), + Ca** + 20H™ = Ca,HSiO4OH) + H,0

The possible formation mechanism or pathway is discussed after the presentation of the three
cases studies.

Case B: The conditions in this case are i) Ca** - 0.2M and Si— 0.175 mM, i.e. about 500 times
less Si, therefore a significantly limited availability of Si in the system. ii) pH is maintained
throughout above 13. iii) The speciation diagram predicted by the GEMS 3 shows little change
in the major species in the silicate solution before mixing and precipitation, again the neutral
complex CaSiO3.H,O dominating as shown in Figure 38.
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Case B: nanoneedles (before mixing)
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Figure 38: Silicate species predicted from GEMS modeling in Case B (a) Before mixing of calcium (b) After mixing of calcium (the
@represents a water molecule in the full chemical formula):

We have manipulated the system by reducing the concentration of the silicate solution by a
factor of 500 from 0.1 M to 175uM and hence reduced the overall availability of silicate growth
species at these chemical conditions. The rest of conditions (pH, mixing, T etc.) are the same
as used in case A. The reduced concentration in the silicate species means, there will be excess
of calcium available that will tend to form Ca(OH); as the second most thermodynamically
favoured solid. So, there are two chemical scenarios here, one in presence of silicate and one
in absence of silicate. Hence it means we induce heterogeneity in the final precipitate by
forming at least two solids as shown in figure 06 box B where CH particles and some tapered
foils or nanoneedles of C-S-H, as identified by XRD and SEM can be observed. In the first
chemical scenario with presence of silicate, in the presence of calcium, the silicate condenses
to form the dimeric structures but the growth into nanofoils seems to be very limited
presumably because of the low concertation of silicates. We see instead tapered foils or
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nanoneedles which grow more quickly in a direction perpendicular to the condensing silicate
sheets. One possible reason is the high concentration of calcium ions can complete the calcium
oxide layers in our defective tobermorite-like C-S-H [15] quicker than the silicate can condense
into sheets. In the second scenario, with absence of silicates (once they have been consumed
in the C-S-H formation), a saturated Ca(OH), will simply precipitate Ca(OH), particles.

Case C:

The conditions in this case are i) Ca*" - 0.2M and Si — 0.1M, high concentrations. ii) pH is
maintained below 11. iii) the speciation diagram predicted by the GEMS is shown in Figure 39
and shows a significant change in the dominating silicate species in our solutions before mixing
to precipitate C-S-H. At pH < 11, the silicate species exists in an oligomeric form with units of
HSiO; or Ca(HSiO3)" *771%

Case C: nanoglobules (before mixing)
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Figure 39: : Silicate species predicted from GEMS modeling in Case C (a) Before mixing of calcium (b) After mixing of calcium (the
@represents a water molecule in the full chemical formula):
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While keeping the other conditions as for Case A (high concentration Ca®’, temperature, high
mixing) and by changing the pH (< 11) we change only the reacting silicate species found in
solution. Oligomerization leading to bigger silicate species occurs for pH values of 11 and 12
whereas it is prevented or at least slowed down for pH 13 ®’. In Figure 41(Box C), we see that
the C-S-H is now precipitated in the form of nanoglobules, these are still very uniform in Ca/Si
content (Ca.Si = 1+0.06, ') but have different NMR signals to that of nanofoils obtained in
case A as shown in Figure 41(Box A). The NMR results'®’ show that the C-S-H nanoglobules
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belong to a different structural family, whereas at synthetic C-S-Hs with Ca:Si > 1.25 to 2 all
followed same structural family '”’. The probable reaction leading to the formation of
homogeneous C-S-H phase of Ca:Si ratio 1 is:
HSiO; + Ca?* = Ca(HSiO3)"
Ca(HSiO3)" + OH = Ca(HSiO3;)OH

This globular morphology, is not noticed with other cation such as magnesium '*, where it
participate in the solid formation solely as charge balancing for the silicate chains '"*.The
chemical uniformity is maintained as the concentration and availability of the both the reaction
species is high and hence no secondary phases such as Ca(OH), are formed. In Table 14, Q
speciation quantification obtained by Gaussian fitting of the NMR data obtained from the Case
A and Case C ' are presented. For these two cases, A and C, we obtained homogeneous C-S-
H phases with Ca:Si ratios of 2 and 1, respectively. The mean chain length is longer and fraction
of Q1 (dimers) lower for case C suggesting that the existing oligomers condense in a more
random fashion in the presence of Calcium at these lower pH conditions.

Cases Ca:Si Q' Q¥ Q¥ Q*/Q* MCL
A 2.0 0.83 0.11 0.06 2.0 2.43
C 1.0 0.31 0.52 0.17 3.1 4.08

Table 14: Q speciation and MCL for homogeneous phases of C-S-H in case A and C.

XRD analysis for the three different morphologies identified (Figure 40) reveals absolutely no
peaks at all observed for nanoglobules (Figure 40 (C)indicating a very high degree of disorder.
For the nanofoils, poor order with only the characteristic Ca-O bonds lengths for the Ca-O
layers which are presumably well ordered enough but the silicate dimers are still not well
ordered enough to give discrete signals. For the tapered foils or nanoneedles we see the
crystalline calcium hydroxide and quite well defined peaks for the C-S-H as previously seen
for dried synthetic C-S-H "%,
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Figure 40: XRD analysis a) Nanofoils b) Tapered Nanofoils c) Nanoglobules

In Figure 41, we summarise all three cases indicating the possible different growth mechanisms
or pathways of C-S-H for our 3 model cases A, B and C. In case A we have Nanofoils: Formed
by condensation of monomeric silicate species at high pH condition in solution by Calcium to
dimeric structures in the solid, favouring a two-dimensional growth (X-Y axis here). It shows
low crystallinity and from our earlier work'”’ the Ca/Si ratio can vary between 1.25 to 2. The
formation mechanism for case A is thought to pass from the silicate and calcium species via
the neutral Ca Si complex, CaSiO,(OH), to form dimers. These dimers are then either
connected via a single silicate unit to form a pentamer or a bridging Ca”" ion to form coupled
dimers (Figure 41 (Box A)). The importance of the bridging calcium ions has been highlighted
in our recent NMR and atomistic simulation study'®” We discovered that bridging interlayer
calcium ions are the defining structural characteristic of calcium silicate hydrate at high Ca:Si,
inducing strong hydrogen bonding that is responsible for stabilizing the structure.

For case B we see the formation of C-S-H Nanoneedles: the blue circles show C-S-H
nanoneedles, the red circles show the formation of Calcium hydroxide (Figure 6 box B). The
C-S-H seems to be formed by growth favoured in one direction (Z-axis here). This is proposed
to be due to the limited silicate availability (500 time less than case A) with an excess of Ca
species making it easier and quicker to create the calcium layer than the silicate layers. These
gives high Ca/Si ratio & highest crystallinity compared to the other morphologies as indicated
by the XRD results above (Figure 40). Perhaps the scenarios of silicate and calcium and only
calcium can be thought of as kinetic effects. As we add calcium dropwise to the low
concentration silicate solution we form C-S-H with readily available Ca*". Then when the
silicate has been consumed we just form Ca(OH), because it is supersaturated. A kinetic study
under these condition would be necessary to back up this proposed reaction pathway but is
beyond the scope of the current study.

For case C we form nanoglobules (Figure 41 (BoxC)): A completely disordered amorphous
structure is formed at these relatively lower pH conditions where the initial silicate species
occur as oligomers with negative charges "°. They seem to have no preferred growth direction
giving a 3-dimensional calcium-silicate associated growth via the oligomeric units, the Ca:Si
ratio seems to be limited to maximum Ca:Si between 1 and 1.25. Exactly where the transition
from nanoglobules to nanofoils occurs needs further experiments between these ratios to
delimit transition point more accurately.
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Figure 41: The Different growth mechanisms of C-S-H; A) Nanofoils: 2 B) Nanoneedles: Blue circle shows C-S-H nanoneedles, red circle
shows the formation of Calcium hydroxide. C) Nanoglobules

Alite hydration and its explanation w.r.t. synthetic C-S-H formation.

Case D: Alite is an impure tri-calcium silicate compound upon dissolution gives calcium and
silicate ions in solution that precipitate to give C-S-H and portlandite phases in OPC systems.
Figure 42, shows the calorimetry curve for the hydration of alite at a water to solid ratio (W/S)
of 0.7. The blue curve shows the heat released (left y-axis) and orange curve show the pH (right
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y-axis) as ta function of time (x axis). The morphology of C-S-H formation are shown in
different time zones asreported in the literature for Ca>" and silicate concentrations for this
W/S ratio .

1.4

~increasing pH>11  gaturation
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Figure 42: Alite hydration: alite hydration at W/S 0.7, where Y .q -axis shows the heat released per grams of Alite and X-Axis shows the time
in hours, Ygn — axis show the pH changes during the hydration. Around 2hr, the acceleration regime begins with the formation of
Nanoneedles. The peak is reached around 10h.

Due to the complete absence of any sort of mixing in the system the product formation will be
function of the local conditions. At constant temperature and at low supersaturation, Mobility
is a constraining factor as dissolution occurs in non-mixing conditions. Availability of the
reacting species will be constrained by the dissolution rate of alite and diffusion rate in the
solution. With knowledge we have gained from the synthetic C-S-H system above, we know
the dominating reacting silicate species at different pH conditions. with the pH indicated in
figure 7 we know that system reaches pH > 12.5 after about 15 minutes. Two types of surfaces
can affect the reaction progress and are accounted for here, one being the unreacted alite
surfaces and one from the precipitated solid phase, both can provide heterogeneous surfaces
and effect nucleation and growth. We will now propose a reaction pathway for the hydration

of alite under these conditions.

Assuming congruent dissolution of alite, at the beginning of the hydration (t<1h) the Ca*" ions
combine with silicate species to form C-S-H (nanofoils, high Ca:Si ratio around 2) and locally
formed Calcium hydroxide crystals as seen by TEM images for cements under high alkali
conditions ****, Soon, Ca*" ion will be in excess (t >1h) compared to the silicate species and
C-S-H will tend to form more tapered foil like morphologies, according to our synthetic C-S-
H analysis above. As the pH continues to increase pH >12.5 and starts to saturate, we see the
start of the acceleration period. At this point, amount of calcium in solution exceeds its
maximum solubility limits and would like to leave the system by precipitating either C-S-H
(nanoneedles/tapered foils) or Calcium hydroxide. Faster removal of Calcium leads to higher
dissolution rates, as the system tries to regain equilibrium with the depleting calcium in solution
(le-chatelier principle) and higher heat release is observed in calorimetry. As the solid
continues to precipitate, the mobility of the system gets restricted more and more. Local
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equilibria start to build up. At the peak of heat curve (~ 10 hours), system can no more easily
transfer calcium from alite due to restricted mobility and availability of the growth species
(diminishing surface of alite) taking system towards a deceleration regime and the start of
inwards growth to form inner C-S-H. The explanation can equally be verified by the available
Ca and silicate ion concentration data in literature '""'**. Moreover, the formation of Q' silicate
species from 2hrs until end of acceleration regime reported is due to formation of C-S-H
(nanoneedle or nanofoils — mostly dimers) ',

Case E: If the above hypothesis in Case D holds true then we can imagine an experiment
whereyby we provide the hydration system with i) a ready-made pH > 12.5, and ii) an high
mobility of ions, we should observe un-restricted formation of C-S-H/Ca(OH), and the system
would be always in a deceleration mode. When considering congruent dissolution, mobility
may be low but availability of the growth species should be abundant (mostly silicates, since
calcium is abundant anyway in the alite phase). So, we designed an experiment with a W/S
ratio set to be 250, to give high mobility. This allows the alite phase to hydrate with minimum
interaction of the precipitating phases. Hydration at the set higher pH conditions ensures the
presence of growth species right from the beginning of the hydration leading to formation of
C-S-H (nanofoils/nanoneedles) or Ca(OH),. Hence the experiments were conducted with
saturated lime solution at pH 12.5, ensuring no further time is needed for pH saturation. Finally,
no external surfaces were introduced and at high W/S ratio the effect of reactor walls and
dissolving alite etc. can be neglected. Figure 44, shows the calorimetric curves with the
formation of C-S-H with no acceleration period. From the analysis of figure 6 we would predict
the formation of nanofoils in the first few minutes of hydration (pH > 12.5 and equal silicate
and calcium availability, case A) and at 30 minutes of hydration we expect the formation of
nanoneedles or tapered foils as the calcium becomes in excess (case B). The TEM images after
(a) before hydration (b) 2 minutes and (c) 30 mins of hydration is presented in Figure 43 for
Case E.

@ b) T ©

Figure 43: TEM imaging for case E (a) before hydration (b) 2 minutes (c) 30 minutes of hydration

This prediction is supported by the results reported for the dissolution experiments presented
in literature %° where after 2 minutes nanofoils are clearly observed, which after 30 minutes
become nanoneedles and sheaf of wheat C-S-H morphologies, Whereas the authors *° also
report under similar hydrating conditions with water rather than saturated lime no such
phenomenon is observed mainly due to lower pH (< 11) even after 30 minutes of hydration.
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Figure 44;) Calorimetric curves for alite hydration at W/S 250, where Y-axis is heat released and X-axis is time in minutes. The experiment
is quite reproducible as shown by the two repetitions (blue and orange dots) presented. The increase in the heat is the manipulation and
placement of the samples holder into the calorimeter, the real heat release measurement stats at the green block after 5 minutes.

Conclusion

A new insight into the hydration of alite phase is presented considering the solid formed out of
the pore solution (i.e.) C-S-H and Ca(OH),. We demonstrate the important role of calcium in
formation of different morphologies of C-S-H. Different silicate species dominates at different
pH conditions in the presence of calcium that participates in principal precipitation reaction.
Alite hydration is accelerated once the pH approaches the solubility of dissolved calcium and
unstable pore solution tend to precipitate calcium bearing solid out of solution in form either
C-S-H in abundance of reacting species or in form of Ca(OH), in absence of reacting silicate
species. Further we extended our understanding to avoid the acceleration period and correlating
the morphological observation to the one reported in the literature.

Acknowledgement
Authors would like to thank Swiss national foundation for financing this project (Grants No.
153044). We would also like to thank Dr. V.K. Parashar, Dr. Jean Daraspe and Prof. Bruno

Humbel for their fruitful discussion.

Competing financial interests
The authors declare no competing financial interests.

87

100



7 Doping effect of other divalent ions

7.1 Introduction

In this chapter we extend our understanding of C-S-H formation and examine the effect of the
other commonly known ions present in real cementitious system. My contribution as
experimentalist was to collect and interpret the experimental characterized datas. Most of the
interpretations are based on the morphology of precipitating calcium silicate hydrates that still
needs further characterization by STEM- EDX and XRD are needed to confirm the discussion
and speculations put forwards in this chapter.

7.2 Manuscript

Initial observations: Effect of the presence of divalent ions (Ba**, Mg*",
Zn**) on the morphology of precipitating calcium silicate

: 11 : . 1 . 2 1
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Abstract

Apart from calcium, many other divalent ions such as Ba*", Mg*'and Zn*" co-exist in
cementitious systems that can potentially effect the morphology development of the principal
product of cement hydration — Calcium Silicate Hydrate (C-S-H). Hence, it is interesting to
analyse the individual effect of these ion on the morphology of the precipitating C-S-H system.
Further the morphological interaction of these divalent ions with only a silicate system in
absence of calcium was investigated. The results reveal the uniqueness of the Ca*" ion, in
condensing monomeric silicate species at high pH to form nanofoils/tapered-nanofoils
morphologies and disintegrate the oligomers or polymeric silicate species at lower pH to form
nanoglobules. This feature is not shown by any other divalent ion tested. In fact, by appearance
the morphology trend is reversed. None of the elements studied here could condensate silicates
at pH > 11, and form a nanoglobule-like morphology even with high dopant concentrations,
whereas at low pH < 11, they form a nanofoil-like morphology. Notably, the nanoglobules and
nanofoils obtained by these other divalent ions are structurally different from the ones obtained
from the Ca®" ion and hence termed as dopantglobules and dopantfoils. When the calcium and
divalent ions are together in equal concentrations at high pH, conditions still favour formation
of C-S-H nanofoils (condensated with calcium) and the other divalent ions tends to form their
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hydroxide with a dopantglobule morphology in most cases. Zinc hydroxide is an exception and
forms a sharp pyramidal morphology often previously found at high pH conditions.

Keywords: C-S-H, morphology, nanoglobules, nanofoils, precipitation.

Introduction

Portland cement is a complex mixture of numerous compounds. The anhydrous phases react
with water to from various hydration products. It is difficult to investigate both the solid and
aqueous phases during hydration because of this complexity. To understand the overall
influence of each element, in particular minor elements, is almost impossible to analyze in such
a system. Further carbonation of the hydration products on exposure to atmospheric air also
complicates the picture. The knowledge of how different elements influence the hydration
kinetics and microstructural formation is becoming of greater importance as most Portland
cements are now blended with calcite or with other supplementary cementitious materials
(SCM) increasing the variety and concentration of different elements. Possible modifications
brought about in the C-S-H structure by foreign elements may result in consequent changes in

the early age strength, either in negative or positive fashion. *%%.

The main reactions of hydration occur within the first 24 hours although the hydration will
continue until exhaustion of reactants **'°*''°. The first period (stage I) is generally referred
to as the initial dissolution period in which the rate of dissolution rapidly slows. The reaction
period in stage II is called the induction period. The reaction rate of this stage is low even
without the presence of retarding admixtures. At the end of the induction period, C-S-H and
Portlandite start to grow rapidly to a maximum in heat evolution (approx. 3-12 h, stage III) and
then the reaction decelerates (stage IV) to a slow long term (years) reaction to consume
remaining anhydrous material (Stage V). **®. Tri-calcium silicate (C3S) is the major un-
hydrated phase in cement. Therefore, much research has been focused on the mechanisms
governing the hydration of this “pure” cement phase *>'°*'** to allow a simpler interpretation
without the competing reactions of the other cement phases. Bazzoni et al °' investigated the
effect of Mg and Zn ions on the hydration of C;S. Calorimetry showed the reactivity of C;S is
increased by the presence of zinc giving a significantly higher degree of hydration
(approximately double) during the same time frame as pure C;S. Whereas magnesium shows
a similar acceleration curve to C;S but it continues for a longer period (30-60 minutes longer)
than pure Cs;S hydration. From electron microscopy the Zn doped C;S also showed much
longer calcium silicate hydrate (C-S-H) particles during the acceleration period, again about
double that of the pure C3S. The role of these ions on the dissolution and/or growth during the
hydration is as of yet unexplained.

One of the difficulties in discerning how foreign ions may modify C-S-H formation is the
inherent difficulty of characterizing C-S-H because of its poor crystallinity and variable
stoichiometry. *’Si NMR has been one the most relevant methods to study the Si arrangement
in C-S-H %3127 Recently Pustovgar et al ** investigated C3S hydration by using in-situ
NMR measurement and isothermal calorimetry. By using *Si-enriched C3S and they
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monitored the evolution of C-S-H and revealed the relation between the surface phenomenon
such and the occurrence of different stages of alite hydration and the importance of surface
hydroxylation. It provides a new understanding in the complex kinetic behaviour related to
calcium silicate systems.

To identify effects of individual parameters on nucleation and growth of C-S-H precipitation
is an attractive alternative. Our recent systematic synthesis studies of pure phase C-S-H, in
controlled conditions allowed the better understanding of the atomic structure of C-S-H'"".
Using DNP-NMR, solid state NMR, atomistic simulation and thorough characterization, we
showed that the inclusion of calcium in the interlayer at bridging sites is necessary to produce
the pure phase C-S-H. This bridging interlayer Ca induces strong hydrogen bonding
responsible for the formation of stable high Ca:Si ratio C-S-H without invoking a secondary
calcium rich phases '

There are different C-S-H morphologies, nanofoils, often seen in high-alkali cement '**2%,
tapered nanofoils or needles (outer C-S-H) ¥"2%?°! and nanoglobules (inner C-S-H) . We
suspect these morphologies depend on the local chemical environment in which they grow.
Hence with a synthetic system that we can control (representing different local chemical
conditions) we can explore how different conditions and “dopants” effect the formation of C-
S-H.

In our earlier precipitation studies were able to control the Ca:Si ratio, we noticed a
morphological transformation point, from nanoglobules to nanofoils as a function of pH '*’..
We have synthesized C-S-H under 3 different conditions, resulting in three different
morphologies i) low pH (<11) to form a nanoglobular C-S-H, ii) at high pH (>13) to form a
nanofoils C-S-H and iii) at low silicate concentration to simulate Si concentrations normally
found in hydrating Portland (or C;S) cement pore solutions resulting in nanoneedles or tapered
nanfoils [Chapter 06]. Moreover, we also showed in the previous work [Chapter 06] that the
variation of silicate species in solution and their interaction with calcium ions as a function of
pH was shown to be a major contributing factor to this morphological changes. Hence in this
study, we have analyzed the morphological changes in presence of different divalent ions in a
controlled synthetic precipitation system with the aim of understanding their interaction with
the precipitating C-S-H and their individual interaction with the silicate system.

Materials and Methods
Synthesis of C-S-H with divalent ions elements

To understand the effect of other divalent ions elements a series of experiments at high pH
(>13) were conceived

Table 15. The divalent ions are added as 0.2 M solutions in all cases, same concentration as
Calcium (even in the absence of Calcium).. The silicate concentration was fixed at 175 pM for
all experiments. It is also worth noting the difference in the interacting orbitals present in the
elements tested. Ca, Mg, Ba belong to Alkali earth metals (IIA) and Zinc belongs to transition
metals, with 2d and 4f orbitals respectively.
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Mg(NO3),.6H,0 Na,SiO; 13.3+0.1 (> 13)
Mg + Ca Mg(NO3),.6H,0 Na,SiO; 13.3+0.1 (= 13)

Ca(NO3)2.4H20
Zn Zn(NO3),.6H,0 Na,SiO; 13.3+0.1 (>13)
Zn+ Ca Zn(NOs),.6H,0 Na,Si0; 13.3£0.1 (= 13)
Ca(NO3)2.4H20
Ba Ba(NOs),.6H,0 Na,Si0; 13.3+0.1 (=13)
Ba+ Ca Ba(NO3),.6H,0 Na,SiO; 133+0.1 (> 13)
Ca(NO3)2.4H20

Table 15: Overall experimental conditions

Characterization

High resolution scanning electronic microscopy (HRSEM) analysis was performed on a Zeiss
Merlin, equipped with the GEMINI II column which combines ultra-fast analytics with high
resolution imaging using advanced detection modes. Micrographs were obtained by coating
the samples with 6 nm of osmium (gas phase coating). The metallization reduces charging and
provides enhanced image contrast. Samples were analyzed with an acceleration voltage of 1
kV with a probing current of 300 nA. On-axis in-lens secondary electron detection mode was
employed for imaging. In Transmission electron microscopy (TEM), the samples were imaged
at room temperature using a Tecnai F20 (FEI, The Netherlands) operating at an acceleration
voltage of 100kV LaB¢ gun with a line resolution of 0.34 nm, with images being recorded on
a high sensitivity 4k x 4k pixel CCD camera. For HRSEM and TEM analysis, 50 mg of sample
was dispersed in 40 mL of isopropanol. A drop of the dispersed precipitate was allowed to dry
on a copper grid (200 mesh grids). The copper grids were glow discharged prior to sample
disposition.

Results and Discussions

As presented in detail in [Chapter 06], we expect to form three different morphologies which
are presented in the Figure 45 (a-c). In the case where there is the formation of a secondary
phase (i.e.) portlandite, interestingly a change in the C-S-H morphology towards tapered
nanofoils or nanoneedles is observed, somewhat reminiscent of those seen in Portland cement

and C3S systems in the presence of alkali **°.
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Figure 45: Difrenet C-S-H morphologies as a function of precipitation conditions a) Uniform nanoglobules b)
Uniform nanofoils ¢) Tapered nanofoils and Calcium hydroxide.

For divalent ions Ba®, Mg”>" and Zn®', the effect was investigated with and without the
presence of the calcium ion. For the experiments B1, M1, Z1 without the presence of calcium,
the divalent ions tend to form homogeneous dopantglobules of sizes varying from 30-100 nm,
Figure 46(a), Figure 47(a) and Figure 48(a-c) In the experiments B2, M2, Z2 with presence of
calcium we observe the formation of mixed morphologies with the appearance of nanofoils
and dopantglobules. It is worth noticing that with the limited amount of silicate in the reacting
system, we have shown in previous studies [chapter 6] that the system tends to form a
nano(tapered)foil-like C-S-H morphology. For future publication, EDX and XRD analysis are
needed to confirm the speculation and further insight into the formation of these mixed
morphologies. The remaining divalent ions that have not been incorporated into the C-S-H
formed between the calcium and the silicate tend to form their corresponding supersaturated
hydroxide phases, as seen for experiments M2 and B2 in Figure 46(b) and Figure 47(b). In
experiment Z2, Zinc hydroxide forms conical pyramidal morphology at these high pH
conditions unlike any other ions studied here (Figure 49(a-c)).

92



Figure 46 a) Barium Silicates dopantglobolues (B1) without Ca2+ b) Mixed morphology of C-S-H nanofoils
and Ba dopantglobules (B2)

Figure 47 a) Magnesium Silicate dopantglobolues (M1) without Ca2+ b) Mixed morphology of C-S-H nanofoils
and Mg dopantglobules (M2)
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Figure 49:Mix morphology of C-S-H nanoneedles and dopant conical pyramids (Z2)

For the synthetic system we are using, we have from previous studies'®” inferred that the pH is
a defining parameter for precipitation and ultimately controlling the Ca:Si ratio and
morphology. This is a consequence of the predominant silicate species available in solution for
reaction (i.e.) and its availability over the course of precipitation. In addition to pH, the silicates
species which appear in an aqueous system is a sensitive function of cation type and
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concentration. With the assumption of no physical constraint from mixing of the reactant, in
the current studies, at pH 13.3+£0.1, a chemical equilibrium favoring the silicate species
SiO,(OH),™ is achieved ®""*''?. This species is electrostatically more stable and tends to exist
as its monomeric form '%. This has been verified for our synthetic conditions by using liquid
*’Si NMR and the results are shown in chapter 06, where over 90% of the silicate species exists
as monomers.

In the presence of calcium, these silicates species are capable of condensing to form solids
dominated by dimeric structures *%8%:193:194.202
nanofoil-like morphology [chapter 6]. With the other divalent ions without the presence of

Ca®", we only see the formation of silicates with globular morphologies. This may be related

and in these high alkali conditions form a

to the stability of the silicate tetrahedra that bonds with the divalent ions via the oxygen atom.
Tons other than Ca®" may interfere with the stability of the silicate tetrahedra because of a
stronger interaction with the connecting oxygen owing to their ionic size and charge.
Presumably, if the bond strength of the cation — O exceeds certain value that may leads to
destabilization of silicate. Noticeably, the ionic sizes of the divalent ions examined here are +
10% of the size of the calcium. To further validate such hypothesis one could envisage using
ab-initio simulations, for example using the using the AIRSS approach *”*, but is beyond the
scope of this article.

In summary we see that depending on the pH the simple calcium silicate system can precipitate
a solid and uniform C-S-H phase either in the form of nanoglobules or nanosheets, without any
secondary phases. When the calcium is in excess and the silicate supply is limited (i.e. low
concentration) then we get a second phase, calcium hydroxide (hexagonal platelets) and
tapered nanofoils almost needle-like C-S-H. When other divalent ions are used at high pH, we
see the formation of their silicates in the form of nanoglobules, which we assume do not contain
the dimeric species seen in the C-S-H nanofoils. Although to verify this assumption we need
to perform the XRD to look into the crystal structure and in case found to be amorphous, Solid
state DNP NMR could characterize the states of these globules. When calcium is present in
equal concentrations to the other divalent ions, it seems to dominate the silicate interactions
forming nanofoils or nanoneedles and the other divalent ions form their hydroxides. This
suggests that calcium has a special interaction with the silicate species present at these
thermodynamic conditions. GEMS predicts relatively higher supersaturation index for C-S-H
formation.

The studies presented by Lothenbach.et.al ''*
morphologies by calcium and magnesium operating at pH 10.5. Magnesium forming more like
nanofoil-like morphology (structurally different to that formed by calcium at high pH), where
magnesium is doing mere charge balancing role than any role in condensation of Silicates.

, the formation of distinctly different

Calcium in same system formed nanoglobule-like morphology similar to that reported in our
studies [chapter 6]. As presented previously, calcium alters the silicates speciation in the
solution to promote certain type of precipitation reaction as demonstrated before and after
mixing with silicate solution presented in chapter 06. Such features make calcium a special and
essential in formation for C-S-H, not possible by other divalent ions. Consider the Figure 50,
showing the speciation distribution before mixing of any cation. Whereas Figure 51, shows the
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promotion of single speciation in majority towards single reaction. In Figure 52, the silicate
speciation is not influenced when mixed with magnesium.

Silicate speciation - before mixing
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Figure 50: Silicate speciation at 0.175mM before mixing
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Figure 51: Speciation distribution when mixed with calcium
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Speciation after mixing with Magnesium
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Figure 52: Speciation distribution when mixed with Magnesium

Consider the Figure 53 (a), Its shows the starting conditions of the precipitation, pH>13 with
the silicate monomeric species, the calcium ions and dopant ions in solution. With calcium
(blue sphere) the silicate goes on to form uniform nanofoils like morphology under these
conditions. Now in Figure 53(c)where calcium and dopants are present in equal amounts, the
thermodynamically favoured solid (highest supersaturation) continue to form first (in this case
C-S-H). The remaining divalent ions in the solution form their hydroxide appearing as spherical
morphology except Zinc. Zinc hydroxide forms flat pyramidal structure morphology (close to
the equilibrium shape for the crystal lattice under consideration). Another interesting finding
is when dopants are reacted without any Calcium, shown in Figure 53(d) they do not condense
the monomeric silicate species to form foils, they form a spherical morphology but this time
it’s not their hydroxides but their silicates. Calcium seems to fit perfectly in that criteria
compared to any other elements tested. Although it needs to be verified by either first principle
or NMR experiment with the different elemental silicates to calculate the bonding parameters.
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Figure 53::Morphology mechanism (The representation is not scale to actual sizes); a) Silicate ions at high pH b)
Calcium condensated nanofoils formation ¢) Calcium condensated tapered foils and formation of ion-hydroxide.
d) Dopantglobules formation.
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Conclusion

At high pH conditions, Calcium is special and essential to the formation of C-S-H at highly
alkaline conditions. No other elements examined showed similar properties. This property may
be attributed to ionic size and charge of the calcium and other ions, that ultimately affect the
stability of the silicate species in the solid formation. Although this still needs to be verified
perhaps by molecular dynamics ***. All other divalent ions are unable to condense monomeric
silicate species at these chemical conditions and end up forming dopantglobular silicates or
hydroxides depending on the availability of the silicates. We also show that formation of C-S-
H (nanofoils) at high pH condition is favoured above any other supersaturated solid in the
system unless constrained. We form nanofoils in abundance of reacting species and nanoneedle
in species constrained environment. At lower pH conditions calcium again tends to be special
compared to other elements, by disrupting the silicate polymeric units to form nanoglobules.
Whereas all other ions, tends to play charge balance role and end up forming dopantfoils.
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8 Kinetic analysis of Calcium silicate hydrate formation

8.1 Introduction

In this chapter, we emphasise the collection of kinetic data to understand the growth
mechanism of synthetic C-S-H in our experimental system. There is hardly any kinetic models
available for C-S-H growth and none for Ca:Si ratio > 1.6. Modeling of the system is necessary
for a better understanding of how modifications in chemistry may modify the strength
development as a function of time. Here we are concentrating on the atomist scale growth
mechanisms which lead to C-S-H formation the glue of cement and concrete. As stated by Jim
Trainham (DuPont)- “If you can’t model your process, you don’t understand it. If you don’t
understand it, you can’t improve it”. We believe that our current understanding is sufficient to
model the C-S-H system. In this chapter we collected kinetic data (Ca®‘activity, conductivity,
yield, pH) using the “reverse dropwise” method described in chapter 3 with data recorded
directly online. The experiments are repeated thrice at three different optimized flowrates best
suited for kinetic data collection in the synthetic system. This section is the consists of the main
draft and the Supplementary information of the draft is presented in annexure. As the second
author in the manuscript, my role being an experimentalist was to provide kinetic data from
the synthesis of pure C-S-H for population balance modeling. The modeling part was handled
at the PSI by Mr. Andalibi under guidance of Dr. Andreas Testino. Further I helped in
interpretation of data and developing the parameter choice for the multiscale modeling.

8.2 Manuscript

A Simplified model for Calcium Silicate Hydrate growth from solution

Mohammad Reza Andalibi,* Abhishek Kumar,' Bhuvanesh Srinivasan,'* Andreas Testino,”
Karen Scrivener,” Paul Bowen'

Powder Technology Laboratory, Institut des Matériaux, Ecole Polytechnique Fédérale de Lausanne (EPFL),
CH-1015 Lausanne, Switzerland

Construction Material Laboratory, Institut des Matériaux, Ecole Polytechnique Fédérale de Lausanne (EPFL),
CH-1015 Lausanne, Switzerland

Department of Earth & Environmental Sciences, Ludwig-Maximilian University, D-80333, Munich, Germany
Bioenergy and Catalysis Laboratory (LBK, Chemical Processes and Materials) PSI, Villigen, Switzerland

Abstract

Calcium Silicate hydrates (C-S-H) is precipitated by double decomposition of Calcium and
silicate bearing salts in alkaline aqueous solution, using an in-house developed synthetic
system. C-S-H precipitates are X-ray amorphous, their growth mechanism and structure is still
not fully resolved. The synthetic system allows kinetics data collection such as Ca*"activity,
conductivity and pH under controlled conditions. We use these kinetic data for a modeling
framework based on population balance equations (PBEs) coupled with elemental mass
balances. We assume the particle to be spherical, for a simpler first approach. The PBE set is
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composed of terms describing nucleation and molecular growth of particles, which are inferred
from atomistic considerations governing the former processes. It demonstrates the role of
secondary nucleation in the formation of secondary particles from the primary particle. The
mean crystallite and secondary particle sizes predicted by the model were very close to those
already measured experimentally or predicted by different simulation studies as we could
include the polydispersity of the C-S-H particle into the model. It provides a good handle on
kinetics of C-S-H formation and with further sophisticated input can improve the model
towards the modelling of precipitated synthetic C-S-H.

Keywords: Calcium Silicate hydrates, Population balance modeling, Supersaturation,
Nucleation, growth rate

Introduction

Calcium Silicate hydrates (C-S-H) is the principal phase formed during the cement hydration
constituting to about 60% of the total hydrated product and responsible for early age strength
of the material. It is complex, existing in different morphologies and Calcium to Silicate ratios.
Cementitious material production contributes to about 10% of the world Carbon emission,
making it a large contributor to greenhouse gasses. Therefore, the requirements for sustainable
construction materials is in demand. Industry tries to face this challenge with replace some part
of cement with sophisticated products that can modify properties of cementitious material by
effecting the growth of C-S-H. In order to continue the use of Cementitious material with a
minimized environmental impact, a better understanding of C-S-H growth mechanism will help
in preparing better recipe for construction materials. C-S-H is difficult to study in real
cementitious systems due to presence of many phases and multi-variation in the C-S-H phase
itself. We adopted a synthetic route to produce pure C-S-H, by precipitation or reactive
crystallization. It is rapid crystallization method conducted in a high supersaturation regime
with high nucleation rates. Several factors such as agglomeration, mixing can greatly affect the
precipitation process and determine the crystal size distribution (CSD) and hence influence the
properties of the final product to a significant extent. At an atomistic level more or less, the
cement community come to a common agreement with C-S-H being similar to defective
tobermorite like structure, whereas at the meso level it is still an ongoing debate between two
group — Feldman/Sereda®’ or Jennings type®””. The modelling could also help shed light on the
meso scale details of the C-S-H.

With a well-designed synthetic system, we had the liberty of collecting useful kinetics data in-
situ for modelling the system. In the current system, we work in a fed batch synthetic route to
produce pure phase C-S-H. Time evolution of Ca*" activity over time has been tracked for
different flow rates of silicate/NaOH solution. Considering the particulate nature of C-S-
H**2% the experimentally measured values have been deconvoluted into individual
physicochemical phenomena (including nucleation and growth processes) by fitting a coupled
set of population balance equations (PBEs), describing particle formation process, and
elemental mass balances into the observed Ca>" molar amounts. Similar coupled experimental-
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modelling work were successfully applied to other particulate materials precipitating from
aqueous solutions (e.g., BaTiO3'">**” and CaCOj; polymorphs>"®). Using this approach, we
were able to describe the physical mechanisms leading to the observed C-S-H mesoscale
structure, a problem that, to the best of our knowledge, is being tackled for the first time.

Population balance modelling

The population balance is a well-established approach as the mathematical framework for
dealing with particulate systems. These kinds of processes involve formation of entities,
growth, breakage or aggregation of particles, as well as dispersion of one phase in another one,
and are, therefore, present in a large range of applications, like polymerization, crystallization,
bubble towers, aerosol reactors, biological processes, fermentation or cell culture. Consider a
system containing particulate material. In such a system, a particle can be represented by two
sets of coordinates denoted as external and internal coordinates. External coordinates represent
the spatial position of the particle in the physical space, X = (X4, X5, X3). On the other hand,
internal coordinates describe some intrinsic properties of the population, e.g., particle size,
particle velocity, temperature, composition, etc. To quantitatively describe the variations in the
population of particles across the external and internal spaces one may resort to the so-called
number-density function (NDF). Consider a population of dispersed entities in an infinitesimal
control volume dx = dx;dx,dx; centered at the physical point X in the external space. Let L =
(L4,L,, ...,Ly) be the internal coordinate vector containing the respective M internal
coordinates. The NDF n(t,x,L) is defined as the number of particles in the infinitesimal
physical volume dx and infinitesimal phase space volume dL. The NDF is therefore a function
of time (t), space (x), and the internal coordinate vector (L) and may be further normalized by
the total physical volume of the system being considered. It is worth noting the NDF is an
average quantity representative of particle populations in infinitesimal control volumes with
differential dimensions in both internal and external spacces”. Hereafter, we concentrate on
population distributions which are homogeneous across the external space, and only track
particle diameter as an internal coordinate. Hence, NDF would merely be a function of time
and particle size, n(t, L).

The second important definition is that of k™ order moment of the density function:

my sf L¥n(t, L)dL (1)
Q

L
where ()}, is the particle size domain (theoretically 0-). As it can be readily understood from

Eq. (1), for univariate size-based NDF the zeroth and first moments represent the total particle
number and total particle length per unit volume of system, respectively. Moreover, the second
and third moments are proportional to total particle surface and total particle volume per unit
volume system, respectively. In the two latter cases, the proportionality constants are surface
and volume shape factors (k, and ky, respectively). Total mass concentration is further related
to total volume concentration via particle density (psqiq)- Number-averaged values can be
casily obtained through dividing the respective moment by the zeroth moment theory*'".
Furthermore, an average particle size can be defined by my, ; /my for any value of k (e.g., for

Sauter mean diameter k = 2). Other useful definitions can be found in general texts®2'
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For a homogeneous system (uniform NDF across the physical space) the general population

balance equation (PBE) describing the variation of NDF over time and phase space can be

written as>°

on 0 d(an) Z Q; nJ @)

a + E(HGL) +n

where Gy, is the rate of change of particle size (E; linear growth rate), V is the system volume,
F is the number of input and output flows (taken as positive for flow out of suspension and
negative for flow into suspension), and h represents discontinuous jumps signifying discrete
events (e.g., nucleation, aggregation, or breakage)™”. Now let us multiply both sides of Eq. (2)
by LX and integrate from zero to infinity. After simpliﬁcation

d d(InV
%+mk (In )_kf n(t, L)G L5 1dL — ZQ’ Lo 3)

where my; is the k™ moment in the j" ] " flow and hy is
By = f hikdL @)
0

In order to solve Eq. (3) for a particulate system, the set of equations for the first k moments
of interest should be closed. The details are presented in appendix (SI C).

Material and methods

Experimental details

As shown in Figure 54, experimental data is collected from an in-house developed synthetic
reactor system working in a fed batch manner. The system operates under nitrogen to avoid
carbonation. With the aim to produce Ca:Si ratio of 2 in the final precipitate, 22 mL of a 10 M
aqueous Sodium hydroxide (NaOH) solution was mixed with 200 mL of a 0.1 M Sodium
silicate (Na,Si103.5H,0) solution and was added in a dropwise manner to a 200 mL solution of
0.2 M Calcium Nitrate (Ca(NO3),.4H,0). The flow rate of the silicate stream was varied in
different sets of experiment (Q; = 2.00, 0.50, 0.11, and 0.05 ml/min), effecting the number of
drops added. Sodium hydroxide solution ensures the right pH conditions in the reacting volume
for uniform precipitation of C-S-H (chapter 4 & chapter 5). The data collected are Ca®" ion
activity, conductivity, pH and in some separate experiment, additionally, yield as function of
time. To calculate the yield, a fixed volume of the reaction volume is withdrawn from the
reactor and reaction is stopped by introducing this volume into liquid ethane.

| . NaOH + Na,Si0;.5H,0
Kinetic data
Static mixer ;_ __________
- I Kinetics data ,:I i

Online pH, >
N2 Purge N, Conductivity,
—————— — Ca(NO,},.4H,0 - 24
Ca”’ ion Population Balance
— Measurement modeling

Figure 54:Experimental conditions and data recording
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Computational details
Estimation of kinetic parameters for model C-S-H precipitation system

The time-dependent experimental data (Ca*'(aq) concentration as a function of time) already
collected on the precipitation of C-S-H will be used in order to examine the kinetics of this
model system. The overall framework is algorithmically shown in Annexure. As can be seen
the first step would be to introduce the experimental data into the model along with initial
conditions for all the ordinary differential equations (ODEs). Furthermore, appropriate initial
guesses should be provided for unknown model parameters. Having the initial amounts of
various components (e.g., Ca and Si), an initial speciation calculation shall be used to determine
the concentrations of various aqueous species in the solution assuming equilibrium is attained
quickly in the liquid phase while the subsequent precipitation process would be the rate limiting
step (local-equilibrium assumption)**®2'"~2',

Aqueous speciation and thermodynamic driving force for solid formation
There are several solid solution model available for C-S-H formation with Ca:Si < 1.5, whereas

solid phase those proposed by Berner®'**'®, Kersten?'’, and Carey and Lichtner*'® allow for the
formation of a homogeneous phase with Ca:Si = 2 (the composition of interest to us). Other
model attempts to model solid aqueous solution by introducing portlandite in the system
beyond 1.5, that is in contrast to our observation of mere C-S-H (Ca:Si = 2) precipitation
without any portlandite forming from solution (chapters 4,5,6). Our C-S-H phase corresponds
to a 1:1 solid solution of Ca(OH), and CaH,Si0O, end-members in Berner’s model,**° 1:1 solid
solution of Ca(OH), and CaHSiO;5.1.5H,0O end-members in Kersten’s model, and 1:2 solid
solution of Si0,.2H,0 and Ca(OH), end-members in Carey and Lichtner’s model.

As Prieto discussed?"’, for practical purposes the so-called stoichiometric solubility product
shall be used to describe the dissolution behaviour of solid solutions. In reality the former
represents a metastable equilibrium condition which assumes the solid solution to be a
stoichiometric phase (i.e., a pure single-component solid with fixed stoichiometry) dissolving
in a congruent manner. This concept arises from experimental observations that solid solutions
tend to dissolve in a congruent manner until an initial saturation is built up. Nevertheless, an
aqueous solution may remain in metastable state of saturation with respect to stoichiometric
solid because reaching the true equilibrium necessitates dissolution-precipitation of solid
solution, which can be an extremely sluggish process. Indeed, according to Berner such a
simplifying assumption is reasonable for C-S-H precipitation at room temperature within the
time scales of experimental setups”'. Having the former in mind and in line with many studies
in the literature that use the concept of stoichiometric solubility product in explaining the
precipitation of solid solutions™* 2%, we will apply the same framework to define the
thermodynamic driving force for C-S-H precipitation. By definition, the stoichiometric
solubility product (superscript ‘st’) for a binary solid solution with end-member solubility
constants K; and K, reads
Kgp = (K1 X A) 1 (K X,2,)%2 &)
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where X; and X, = 1 — X, are mole fractions of end-members composing one mole of solid

solution, and A; and A, are their activity coefficients, respectively. Writing the dissolution

reaction for our particular C-S-H phase according to the three selected models described earlier
Berner’s model: (Ca0)(Si0,),5(H,0)(s) — Ca?* + OH™ + > H,Si03~

5 (6)

2

Kersten’s model: (CaO)(SiOZ)%(HZO)g(S) — CaOH™* + %OH_ + % H;SiO;

KBS™eT = 9.99%10%; Vgerner =

(7
KEKSrsten = 3.54%1077; Vkersten = 2
Carey and Lichtner’s model: (Ca0)z (SiO,)1(H,0)4(s) — §Ca2+ + %OH_ +
3 3 3
1 .
5 HaSi04; (8)

7

Ky = 5.89%1077;v¢, = 3
where v is the total number of ions produced upon the dissolution one of mole C-S-H in each
model. Knowing the solubility product, the (molal) activities of aqueous species (Ca*>", OH’,
and H,Si0,* for the model of Berner; CaOH", OH", and H3SiO, for the model of Kersten; and
Ca”", OH", and H4SiO, for the model of Carey and Lichtner) are needed for the calculation of

AP 6:224
1

Berner _ R 9

IAP Aca2+ Xagy XaHZSioi‘ )
1 1

Kersten _— 2 2 10

IAP = Acaon* XApy- XAy gi0- (10)

2 4 1
CL _ .3 3 3 11
IAPCh = a? . xad,-xay g, (11)

with a, denoting molal activities of different aqueous species. Subsequently, the
supersaturation ratio is defined as’*

gmodelX _— (

with modelX denoting respective C-S-H models. To calculate molal activities used in [AP

IAPmodelX 1/Vmodelx
) (12)

modelX
Ksp

expressions, consistent with the general practice used in modelling precipitation processes we
assume that after each perturbation (i.e., overall change of elemental balance) the aqueous
species attain equilibrium state quickly compared to the time-scale of solid formation process.
In this manner, the system is assumed to always experience a locally-equilibrated state where
aqueous species attain their equilibrium distribution quickly before they contribute to the
formation of solid phase, the latter being the rate limiting step **>**. This view necessitates the
calculation of speciation in the aqueous phase over the period of kinetic process.

One further step in the selection of a suitable C-S-H model was to compare the mole amount
of Ca*" in solution after the system has reached equilibrium. For higher flow rates (2 and 0.5
mL.min"") equilibrium was reached after reasonable periods of time (after ~ 200 and 600
minutes, respectively). Comparison between the experimentally measured equilibrium Ca*"
mole amount and that predicted using different C-S-H models revealed that Kersten’s model
reproduces the experimental data better than the other two models. However, minor adjustment
in the value of pKsp (~ 0.7 pK units) rendered the C-S-H model completely consistent with the
experimental data. The preceding adjustment is justified in the light of the relatively large
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scatter in experimental C-S-H solubility data used to fit solid solution models *'. Therefore, a

}S(; rstenadjusted _ 5 9751078 will be used in all the simulations.
As Kulik et al. discuss®, a thermodynamic equilibrium solver to be integrated into a kinetic
modelling code must be very efficient and accurate. In order to abstain from computationally

expensive communication with external equilibrium calculation codes (c.f., Braatz et al. for an

value of K

example of interfacing OLI with population balance modelling) we chose to develop our own
aqueous equilibrium solver (Appendix SI C). Such a general approach would be particularly
useful when dealing with systems for which input parameters are not available in pre-existing
programs.”*’**

In the current study, the speciation is calculated by solving the system of equations composed
of nonlinear laws of mass action (LMAs) and linear component and charge balance constraints
2% Consider an aqueous solution comprised of NS species (including water solvent, ions, and
aqueous ion pairs) and NC independent components (either elements like Ca and Si, or group
of elements like OH and NH,). Knowing the overall amount of all components and considering
charge neutrality for electrolyte solutions, (NS-NC-1) independent LM As should be written to
have a complete set of equations solvable for NS unknown amounts. The set of equations to be
solved would then be

Charge balance: ¥; = 0 = ¥NS, z;n; (13)
Component balance: ¥; = 0 = —B, + YN beini;j=2,..,NC+1e=j—1 (14)
LMAs: ¥ = 0 = —log;o Ky + XN viilogio(m;yi);j = NC+ 2, ..., NS;k = j— NC— 1 (15)

where nj, zj, bej, ki, mj, and y_i are mole amount, signed valence, stoichiometry of
component e, signed stoichiometric coefficient in law of mass action k, molality (mol.kg™),
and molal activity coefficient for the i species, respectively. B, is the overall molar amount
of component ¢, and K is equilibrium constant for the k™ LMA. The system of equations made
up by Egs. (13), (14), and (15) is often solved using an iterative Newton-Raphson-type
approach”®**’. The details of the model, parameter calculation is presented in details in
Annexure (SI C).

Figure 55 shows the simulation results for C-S-H precipitation experiments described in
Section — experimental details over a period of 20 hours, using OLI Studio software (with solid
and vapor phases turned off) and our aqueous speciation code (called agEQBRM). Both pH
and molal ionic strength values are predicted with excellent accuracy when compared to OLI
output as reference (Figure 55; small differences due to using different activity coefficient

. . 230
models as discussed in Thomsen et al

). The differences in predicted pH values are generally
less than 0.1 pH units which is in the acceptable range of discrepancy between experimentally
measured and calculated values™'**. Figure 55(d-e) depicts supersaturation ratios for both
portlandite and C-S-H (different solid solutions models) using OLI (markers) and agEQBRM
(lines). Once again, there is an excellent match between agEQBRM and OLI, with the small
discrepancies attributable to different activity coefficient models (TJ for agEQBRM and MSE
for OLI).” Analogous to our experimental observation (no portlandite precipitating out of
solution), for all C-S-H models the supersaturation ratio with respect to portlandite is smaller
than that of C-S-H. The difference in C-S-H supersaturation ratio calculated based on different
solid solution models could be ascribed to discrepancy in C-S-H models being calibrated using

various experimental data sets. Such discrepancy is anticipated to be around 0.2-0.6 pK units
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in solubility product *'. Simple hand calculation shows that the former is equivalent to
supersaturation discrepancies by a factor of ~ 1.2-1.7 for Ky, ~ 10~7. Comparing the value
shown in Figure 55(d-f) reveals that the former is in fact consistent with C-S-H supersaturation
ratios having an upper bound correspondent to Kersten’s model and a lower bound
correspondent to Carey and Litchner’s model (assuming the intermediate Berner’s model
represents the mean values).

A very similar approach was adopted to calculate solid-liquid equilibria (SLE) once the
supersaturation of C-S-H exceeds unity. The C-S-H precipitation reaction is added to the set of
LMAs while mass balances are amended to account for the elements leaving the aqueous
solution and forming the solid material. A new initial guess using the output of agEQBRM
code will be generated by successively reducing relevant elements out of the solution re-
calculating the supersaturation using aqEQBRM until it is close to unity. Afterwards, the initial
guess is passed to a Newton-Raphson based scheme solving for the new set of linear and
nonlinear equations. Throughout this work we will refer to this SLE code as EQBRM.

Table 16: Considered species and their TJ activity coefficient parameters

. Truesdell-Jones Parameters
Species name

dj bi

H,0 0.000 0.000

H* 4.780 0.240

OH 10.650 0.210

Ca* 4.860 0.150

H;SiO, 4.500 0.060

Na" 4.320 0.060

NO5” 3.580 0.000

NaNO; 0.000 0.080

CaNO3" 3.930 0.060

H,4SiO, 0.000 0.050

H,Si04* 3.740 0.000

CaOH" 3.950 0.060

CaHSiO;" 3.220 0.010

CaH,SiO, 0.000 0.050

NaHSiO; 0.000 0.050
Table 17: Mass action equations for model C-S-H precipitation system

Index Law of mass action logo (Ki)

1 H* + OH™ 2 H,0 14.000
2 H5Si0; + HT 2 H,Si0, 9.850
3 H,Si0;~ + H* 2 H3Si0; 13.100
4  Na' + H3Si0; 2 NaHSiO; + H,0  2.083
5 NaNO; 2 Nat + NO3 0.910
6 CaOH* 2 Ca?* + OH™ -1.230
7 CaNO% 2 Ca?* + NO3 -0.420
8  Ca®* + H3Si0; 2 CaHSiO} + H,0  1.258
9 Ca?* + H,Si0%~ 2 CaH,Si0, 4.749
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Figure 55:pH and molal ionic strengths (a-c) and the corresponding portlandite and C-S-H supersaturation ratios (d-f) as a function of
Na,SiO3+NaOH solution added at 2.00 (a, d), 0.5 (b, e), and 0.11(c, f) mL.min™ flow rates calculated by OLI software (open markers) and
our speciation code agEQBRM (lines) (legends common for both graphs).

Precipitation Kkinetics and implementation in PBEs

The precipitation of particulate solids is multi-step process governed by a variety of elementary
processes. Among the former, nucleation and growth are oftentimes the dominant phenomena
and precede the so-called secondary changes of the precipitated phase, the latter including
recrystallization, ageing, and aggregation "***. In the current work, we are interested in the
early stages of C-S-H precipitation and therefore, we only consider nucleation and growth as
detailed in the following sections.

Nucleation

In the absence of preformed solid particles, nucleation would be the first step in the
precipitation of a solid phase from a liquid solution. Broadly speaking, nucleation is classified
as either primary or secondary nucleation. In contrast to primary nucleation, secondary
nucleation takes place merely in the presence of already formed precipitant particles. Further,
primary nucleation could be either homogeneous or heterogeneous which, respectively,
proceed in the absence or presence of foreign surfaces. The theoretical frameworks for the two
primary nucleation mechanisms are similar, differing only in the magnitude of interfacial
tension used in their mathematical description (discussed further below)***. Among secondary
nucleation mechanisms discussed in the literature, true secondary nucleation is a prevalent
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process, in the formation of nanosized particles, once we have precipitated particles in solution.
Indeed, the former allows for the formation of nuclei at lower supersaturation ratios due to
favourable interaction between existing embryos and already precipitated particles™”***%>,

According to Nielsen” and also following Testino et al.””’ the rate of primary and secondary

nucleation (nuclei.m™ solution.s™) shall respectively be expressed as

J [ By ] 16
=—.exXp [————
: Qg P kB3T3(vlnS)2 (16)
D —Byeg 0 ]
=—.exp|————— Xx\A 17
Ju Q% P [kB3T3(v1n s)2| AT (1n
3
where B = 2471(1?2 is a geometric shape factor, with k, and ky being the surface and volume shape
\'"4

factors, respectively (e.g., for spheres with diameter as the size variable, k, = m; ky = g ;B =

16711), y is the interfacial tension between the precipitated C-S-H phase and aqueous solution

(J.m?), Q is the molecular volume of the precipitating solid (8.0370x10° m’ for
(Ca0)(Si0,)1(H,0)s, calculated according to the formalism proposed by Thomas et al.”"), kg
2 2

is the Boltzmann constant (1.38x10* JK™), T is the absolute temperature (K), and S is the

supersaturation ratio defined in Section 4.2 with v being the overall stoichiometry of

precipitating solid. x, is the fraction of overall particle surface Ap (m’.m>

calculated using the second moment, At = kym,) available for secondary nucleation and
Yky ko ©

Yeff=H(E—§ (18)

with v being the effective interfacial tension in the presence of already formed surface (e.g.,
precipitated C-S-H surface) and o accounts for the energy of adhesion of the embryos on the
substrate (J.m™). The values of o lies between 0-20 corresponding to the absence of substrate
and perfect epitaxial growth, respectively.”® The corresponding critical nucleus size would then
be

suspension

_ 2k, Qy
L= (19)
3kyvkgTIn(S)
2Kk Qyefr (20)

b = S ke TInGs)

with L; and Lj; denoting the critical size of primary and secondary nuclei, respectively.

It has been shown that C-S-H nucleation at lower supersaturation ratios (e.g., < 10) does not
proceed in a homogeneous manner anymore. Instead, either heterogeneous or secondary
nucleation (in the absence or presence of foreign nuclei, respectively) is responsible for the
formation of C-S-H nuclei *°. Therefore, accounting for homogeneously produced nuclei has
to be augmented by an expression accounting for the rate of secondary produced nuclei.
Secondary nucleation has been chosen rather than heterogeneously produced ones because
their formation is generally more favourable * and also the formed C-S-H solid is highly
polycrystalline and aggregated®. Additionally, dust-free distilled water was used for all the
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syntheses in our experimental system where no surfaces other than the reactor and stirrer are
present.

Growth

There are a number of steps involved in the growth of solid particles the first being the diffusion
of building units from the solution bulk to the surface of particles. A solid particle grows fastest
when its faces are completely covered with kink sites. Under the above conditions, the particle
growth is only limited by the diffusion of building blocks toward the particle surface.
Therefore, diffusion-controlled growth theoretically dictates the highest growth rate a particle
can achieve at a particular supersaturation***. The mathematical expression for the maximum

linear growth rate would then be
kaD

—(K S-1) (21)

3kVpSOIIdL( sp)

where L is the particle size, pso)iq i the molar density of the precipitated solid (2.0661x10*

mol.m™ for (Ca0)(Si0,)1(H,0)s; K,y is the molar solubility product (= molal solubility
2 2

product, considering dilute system in which we are interested; see also Ref. *'’, and S is the
supersaturation ratio. Additionally, D is an apparent diffusion coefficient approximated by the
smallest diffusivity of ions into which the solid dissociates "*. It is simply Fick’s first law, for
dilute solutions (i.e., very low solute volume fraction), correlating diffusive flux with
concentration gradient, the latter approximated by relative supersaturation ratio (S —1). As
can be seen in Figure 56, under very fast surface integration reaction the equilibrium
concentration (C*) is roughly equal to interfacial concentration (C; ). Therefore, the diffusion
driving force (C — C;) can be approximated by (C — C*). Further mathematical manipulation
of diffusion flux on the particle surface gives . It is worth mentioning that for particles smaller
than 5-10 pm, the thickness of stagnant film is much greater than the particle size and
convective mass transfer can be safely ignored™.
Diffusion controlled Integration controlled

g, c é* o é:
Figure 56:Concentration profiles for diffusion- and integration-controlled growth”
On the other extreme, crystal growth might be controlled by the integration of building units
(monomers) onto surface of particles. Integration-limited growth may obey a plethora of
mechanisms (e.g., screw dislocation, birth and spread, and polynuclear growth) depending on
the operational conditions and also on the system under investigation. Even in a single system,
under different conditions (e.g., supersaturation rise or depletion) there might be a transition
from one mechanism to another with unknown borderline. To overcome this complication, a

109



viable approach would be to define an integration-controlled growth rate analogous to that

employed in diffusion-reaction theory’>”’***
3kyPsotia = "

where the exponent g > 1 is the order of integration-controlled crystal growth rate and k, is
the rate constant for the integration process. The value of exponent g qualitatively points toward
the dominant integration mechanism at work. A value g = 1 indicates the dominance of either
rough surface growth (or spiral growth at very high supersaturations) while g = 2 represents
spiral growth at low supersaturations (parabolic law)’. Values g > 2, denoting stronger
supersaturation dependence of growth rate, can arise under the dominance of surface nucleation
mechanisms (birth and spread or polynuclear growth mechanisms) taking place at higher
supersaturations’®. Finally, 1 < g < 2 would imply a combination of different regimes being
at work. This last situation could happen when the range of supersaturation over which growth
is happening is relatively wide so that not a single but a spectrum of mechanisms governs the
growth process. Figure 57, summarizes the above discussion schematically.
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Figure 57: Competing growth mechanisms as a function of supersaturation”

Opimization of kinetics parameters is presented in Annexure and in Table 18, are the optimized
kinetics bounds.

Table 18: Bound for unknown kinetics parameters

Kinetic parameter y(J.m™2) ° X, D@m%s™) K¢ g
Interfacial Y Diffusion Geometric (Growthe rate
tensi Adhesion/Tension factor exponent)
Lower bound 0.01 0 0 10" 10" 1
Upper bound 0.15 2 1 10”? 107 3

Scale factor 10 1 1 107 107 1
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Results and discussion
The TEM analysis of C-S-H precipitates reveals the morphology to be nanofoils as whon in

Figure 58, with thickness ranging from 5-10 nm with length up to 100 nm.

s

Figure 58: Nanofoils morphology for Ca:Si -2

Initial attempts to fit the experimental data collected at 2 mL.min™" inlet flow rate with a PBE
model embracing primary nucleation, secondary nucleation, and diffusion-controlled growth,
as done by Testino et al. for BaTiO3,>"’ required the introduction of very small (in the order of
10™®) diffusional effectiveness factors. The former is the ratio of actual growth rate to the one
that would occur if diffusion controlled the overall growth process *>. Very small values
obtained for C-S-H precipitation indicate the dominance of integration control, consistent with
a previous report by Ntafalias and Koutsoukos ''%. It is worth noting that often very small
particles (< 100 pm) grow under an integration-controlled regime®***. Indeed, both PBE
simulations discussed in the following paragraphs and experimental evidences show that the
precipitated C-S-H particles (i.e., primary particles discussed further below) are generally
smaller than 10 nm™>. Besides, direct AFM observations confirm the initial formation of
remarkably smooth surfaces of C-S-H followed by the precipitation of layers with enhanced
roughness »’. As a result, the surface roughness has to be built up gradually ruling out the
dominance of diffusion-controlled growth mechanism. Therefore, all the modeling was done
using an integration-controlled growth rate expression summarizes the optimal kinetic
parameters obtained from fitting the experimental data with a PBE model comprised of primary
nucleation, secondary nucleation, and integration-controlled growth (Figure 59).

The values found for the interfacial tension of C-S-H in contact with its mother solution are
consistent with those estimated from the linear correlation with solubility proposed by Sohnel,
giving a value of ~ 0.1 J.m™ which is slightly larger than the fitted values here™®. This is no
surprise as the former correlation was developed using a large number of literature data
available for different crystalline solids. The value obtained from Sohnel’s linear correlation
was also used in the HydratiCA model by Bullard and coworkers®’. Lower interfacial tension
values were estimated based on C-S-H precipitation experiments in the studies by Garrault-
Gauffinet and Nonat for Ca:Si =1 (0.012 J.m™),* and by Ntafalias and Koutsoukos assuming
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Greenberg’s C-S-H model (0.03 J.m™?)''"2. The currently fitted value sounds to be the most
reliable one for the system of interest (Ca:Si=2) as the other values have been obtained bearing
many assumptions and estimations, probably for variable Ca:Si ratio’s. It has already been
shown that secondary nucleation mechanism, can directly account for polycrystalline nature
and mesoscale ordering of some precipitated solid materials, an observation that an aggregative
mechanism is not capable to describe®®’**** In fact, each C-S-H nanocrystal generated by a
primary nucleation event undergoes a succession of secondary nucleation events, producing
more three-dimensional (single) nanocrystals in the close vicinity of primary nuclei, which is
followed by growth of these crystallites, leading to distinct polycrystalline particles (Figure 60)
In the context of combined primary and true secondary nucleation, individual particles grown
upon primary and secondary nucleation events are called primary particles (crystallites for
crystalline solids). On the other hand, the polycrystalline particles, each of which being
composed of a single primary nucleation-generated particle and possibly one or more primary
particles generated by secondary nucleation, are called secondary particles (Figure 60). Such a
combined nucleation framework would nicely account for the nematic order, that is order in
orientation with no or poor position order, frequently reported for solution grown C-S-H>**7.
The degree of ordering is directly dictated by the energy of adhesion of the embryos on the
substrate’’. In this regard, null adhesion energy translates into a zero affinity between the
embryos and the substrate (particles already formed) and thus, secondary nucleation is not a
nucleus formation mechanism. On the contrary, for positive adhesion energies there would be
an energy gain in nucleating particles on the substrate rather than in the bulk of solution. For
values smaller than the maximum (o = 2y) the interaction between embryos and the substrate
is limited and there is generally mismatch between the lattice structure of secondary nuclei and
the substrate (primary nucleus that may have grown). The former situation gives rise to
polycrystalline secondary particles. Finally, having the maximum value of adhesion energy,
one would observe an epitaxial growth, meaning the secondary nuclei are perfectly oriented
with respect to the lattice structure of the substrate. This last scenario corresponds to a growth
mechanism provoked by surface nucleation, leading to a single-crystalline structure (e.g., B+S

or polynuclear growth)*’74*%

. True secondary nuclei have the same structure and
composition as the substrate and hence, the adhesion energy should be at its maximum.
Nevertheless, the presence of solvent molecules and adsorbed ions on the surface of the
substrate often reduces the actual adhesion energy leading to the formation of polycrystalline
particles®®.

In the case of C-S-H precipitation studied here, at higher inlet flow rates the interfacial tension
is slightly smaller than at larger flow rates. This difference being in the order of 10~ J.m™ is
due to excess lattice ions and/or specifically adsorbed substituting ions, attracting the
oppositely charged ions form the bulk of the liquid and reducing the interfacial tension'****24.
The same reasoning holds for slightly larger apparent diffusion coefficients at higher flow rates.
The faster diffusing ions accumulate on the particle surface attracting counterions via
electrostatic interactions which in turn facilitate the diffusion processw‘.

As can be seen in Table 19, both the relative adhesion energy and its absolute value decrease
by flow rate. Earlier it was discussed that solvent molecules and ions present on the surface of
already formed particles reduce the adhesion energy between embryos and the substrate

surface. Additionally, it is well known that the surfaces of precipitated C-S-H particles are
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covered by interstitial electrolyte solution (mainly calcium-bearing and hydroxide ions plus
solvent molecules) rendering them highly charged**’. Therefore, at higher flow rates where the
solution ionic strength is generally larger, the extent of adsorption would be more reducing the
adhesion energy. Looking at Table 19, it is clear that the surface adsorbed ions have the most
profound impact on the effective adhesion energy of embryos on the substrate, followed by
their milder influence on apparent diffusivity of ions toward the surface. The smallest effect is
imposed on the interfacial tension between the solid and solution. Corroborating the above
discussion, Monte Carlo simulations have already shown the non-DLVO behavior of C-S-H
particle interaction and its strong sensitivity to surface charge density as well as exchangeable
ion nature (size and valence)**.

The general precipitation pathway can be described as follow: upon the addition of sodium
silicate + sodium hydroxide solution as the inlet flow the solution primarily undersaturated
with respect to C-S-H moves toward supersaturated state gradually. Once a critical
supersaturation is reached, primary nucleation takes place forming critically-sized nuclei of C-
S-H solid phase. The former depletes solution out of C-S-H precursors, reducing
supersaturation ratio. On the other hand, the continuous addition of sodium silicate + sodium
hydroxide enhances the supersaturation ratio. Having solid particles present in the system,
secondary nucleation starts once its critical supersaturation has been reached. This happens
with a 5 min lag at the highest flow rate and with 60 min lag at the lowest flow rate (Figure
62(b, d, f)). Simultaneous to nucleation events, particle growth also proceeds as soon as
particles appear in the system. All these phenomena deplete supersaturation until primary
nucleation, and later secondary nucleation cease. At still lower supersaturation, particle growth
will also cease. The above kinetic pathway lies between the theoretical prediction made
assuming no precipitation (aqEQBRM, blue curves) and that assuming system reaches
thermodynamic equilibrium instantaneously (EQBRM, red curves; Figure 59,Figure 61).
When compared to experiments with lower flow rates, at higher inlet flow the system
experiences greater supersaturation ratios over a larger fraction of period necessary to reach
the end of precipitation (i.e., when G < 10" m.s™ ;Figure 63). This is observable from Figure
59 and Figure 61, Figure 62(a, c, ), and more clearly in Figure 63(a). In Figure 59 and Figure
61 the state of stronger supersaturation at higher flow rates is obvious from a larger departure
from the red curves representing system behavior dictated by thermodynamic equilibrium. In
Figure 62 (a-c) and also Figure 63(a) one can discern the state of stronger supersaturation at
the highest flow rate quantitatively (using supersaturation ratio). Under this condition, there is
enough amount of precursor in solution provided by the fast addition of reactant that
supersaturation depletion is less when compared to slower precursor addition exhibiting almost
complete drop in supersaturation upon nucleation events. The higher supersaturation in the
former case also extend the period (relative to the overall precipitation duration) over which
primary and secondary nucleation events are happening (Figure 63(c, d)). Another observation
is upon reducing the inlet flow rate, the number of primary nuclei decreases by three orders of
magnitude while the number of secondary nuclei remains the same order of magnitude (Figure
62 (d-f) and Figure 63(c, d)). This way, at lower flow rates secondary nucleation takes over,
enhancing the number of crystallites (primary particles) per secondary particle, in a meaningful
manner (Annexure) In this respect, for instance at the end of the precipitation process
conducted at a flow rate of 0.11 mL.min™", polycrystalline (secondary) particles of C-S-H with
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an average size of ~ 60 nm (assuming spherical), composed of > 1500 crystallites of ~ 5 + 0.4
nm form. The primary and secondary particle size can be predicted form the PBE kinetic analys
and is presented in Annexure, Although, we have resitricted ourselves to spherical spheres,
which is not really representative of our precipitated nanofoils, but gives an indication of the
power of this approach once we can include a more sophisticated form factor.

Consequently, it is obvious that as secondary nucleation dominates primary nucleation, the
ordered network of crystallites composing the secondary particles extends further. Therefore,
it appears that true secondary nucleation mechanism discussed here provides the answer to the
open question posed by Pellenq and colleagues about the origin of mesoscale order in
precipitated C-S-H*"**_ Additionally it resolves the dilemma posed by Skinner and coworkers
about why C-S-H nanograins, if they exist, do not grow larger’". To be more precise,
energetically favorable secondary nucleation events consume significant amounts of building
blocks (constituting ions), that otherwise could have got involved in molecular growth, so as
to produce nanograins oriented in the vicinity of primary-nucleated particles. Moreover, due to
lower surface energy, they (tapered foils, nanofoils) never ripens.

As discussed earlier in this section, under the operating conditions applied here, we get a very
good fit to experimental data when the C-S-H growth is assumed to follow an integration-
controlled regime. At higher flow rates, considering the fact that supersaturation is generally
higher than that at lower inlet flows, the exponent of driving force in growth rate expression is
slightly larger. It is also notable that all the exponents lie between 1 and 2 implying a
combination of integration-controlled growth mechanisms operating during the precipitation
process, possibly ranging from surface nucleation regimes to rough growth. The latter prevails
once the number of favourable sites on the surface are so high that the rate of growth only
depends on the difference between the flux of impinging building units and those leaving the
surface, which turn out to be first-order in driving force (S — 1)>°.

Table 19: Optimized kinetic parameters

Inlet flow rate y(J.m™2) o (J.m?) Xa D Kg g R? Absolute
(mL.min™) Interfacial Adhesison (m2.s™) Shape Growth residual
tension Difussion Factor cofficient
2.0 0.0665 0.0328 0.45 7.0x10™"° 2.8x10” 1.65 0.99 3.8x10°
95
0.5 0.0681 0.0456 0.47 5.9x10™"° 4.3x10” 1.54 0.99 3.7x10°
95
0.11 0.0686 0.0491 0.47 5.4x10™° 4.8x10° 1.50 0.99 3.7x10°

96
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Figure 59:Experimental Ca2+ mole amounts (open circles) and predicted values (lines) based on agEQBRM, EQBRM, and PBE modeling for
2 (a), 0.50 (b), and 0.11 mL.min-1 (c) inlet flow rates; legends are common for all graphs.
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Conclusion

In this article we introduce a simplified kinetic modelling of C-S-H based on population
balance equations (PBEs) coupled with elemental mass balances. Kinetic data were collected
over three different flow rates with three different datasets. This approach has never been
attempted before. In the current work a spherical shape was assumed because of its simplicity
for this first approach. Despite this assumption, compared to any prior modelling of C-S-H, the
results are by far the best kinetic description of C-S-H precipitation path that agree with general
experimental observations. By fitting the concentration profile, the supersaturation could be
calculated and consequently the primary, secondary nucleation and growth rates. The PBE set
is generally coupled to elemental mass balances via the supersaturation ratio, being the driving
force envisaged for the elementary processes governing the overall particle formation. The
solution to mass balance ODE set results in time evolution of elemental abundances in solution,
which in turn can be inserted into a thermodynamic speciation code to calculate the absolute
amount of different chemical species. The former information is necessary to calculate the
supersaturation and close the modelling loop. The equations describing nucleation and
molecular growth have particular parameters each representing a physical aspect of the
underlying phenomenon. For this current work, atomistic scale simulations will be needed to
better define the primary particle atomistic structure and surface terminations, to help better
define the particle shape and terminating surface interfacial energies. Improvements in terms
of considering non-spherical shapes shall introduce additional complication in PBE modelling,
particularly if the particle cannot be described merely by one characteristic size, in which case
additional internal coordinates might be necessary each describing a different dimension. For
future line of research would involve more realistic shapes for C-S-H primary particles,
possibly ellipsoids, disks, bricks, or platelets. This should then lead to better description of C-
S-H at the meso scale as well as capturing the growth kinetics.
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9 Summary of thesis and Quo Vadis

“Calcium silicate hydrates” — the main phase of hydrated cementitious materials, acts as a glue
to hold all aggregates together is synthesised and studied in this thesis. It exists in various
compositions and morphologies at different local conditions in hydrated cementitious
materials, all of which could be replicated in our in-house developed synthetic system. We
showed the possibility to make homogeneous, uniform C-S-H phases with high Ca:Si ratio,
without the presence of Calcium hydroxide (commonly occurring 2™ phase) under a controlled
environment. This was never achieved in over 4 decades of prior synthetic work. Morphologies
appearing in real Portland cement systems are observed by High-resolution SEM and TEM
imaging in the synthetic system. A video of the 3D tomography of the nanofoils in presented
in the next chapter as an appendix. Working with good mixing conditions, at high
supersaturation and high pH ensure the abundance of single dominating Silicate species that
condensate with Calcium in these conditions for the entire period of the precipitation reaction.
Further with Raman micro-spots and STEM EDX analysis, we showed the uniformity of Ca:Si
ratio in these precipitates at 1pum and 3nm respectively. It shows the formation of C-S-H
proceeds via a single dominating reaction in the system. GEMS, thermodynamic modelling
software, loaded with cemdata® showed good correspondence with our experimental
conditions for Ca:Si < 1.6 and for Ca:Si> 1.6, once the formation of portlandite was prohibited.
With regards to the synthetic system, further experiments can be made at lower supersaturation
and introduction of insoluble solid surfaces to induce heterogeneous nucleation to approach
conditions more representative of the hydration of Portland cement. Moreover, the inclusion
of organic molecules and their effects can be also investigated in the same synthetic system.

In the spectroscopic Studies: the produced C-S-H powder with Ca:Si ratio from 1 to 2, were
studied by DNP-NMR, 1D »Si, 2D ?°Si-*’Si correlation and *’Si-'H, along with DFT
calculation and atomistic simulations, we elucidated a family of possible structures of pure
phase C-S-H. We confirmed the reason of such a high Ca:Si ratio is due to the presence of
Calcium in the interlayer in particular replacing the silica in the bridging site, which is a
necessary condition to induce the strong hydrogen bonding to keep the structure intact. Possible
disruption in these H-bonding can be the limiting factor for growth and stability of C-S-H.
Combined with FTIR studies and Raman micro-spectroscopy, we showed that the C-S-H falls
into one structural family going from Ca:Si ratio 1.25 to 2. Also, the same Gaussian model
could fit the NMR data quite well, suggesting one base set of structures. In FTIR and Raman
studies, we showed, specially for higher Ca:Si ratio > 1.6, the systematic consistent shift of Si-
0O(Q?) asymmetric (U3) towards lower frequencies (decreasing polymerization) and prominent
appearance of Q' tetrahedra with increasing Ca:Si ratio (i.e.) incorporation of Ca in the
structure. We show the band peak at 1044 cm™, that is designated to Si-O (Q) bridging
tetrahedra, decreases in intensity with increasing Ca:Si ratio consistent with de-bridging of
silicate tetrahedra. Although the position of these peaks was already speculated upon in prior
literature, they had never been clearly identified. In all these spectroscopic studies, the
synthesised C-S-H demonstrate close resemblance towards a defective tobermorite structure.
Overall in a well understood and controlled synthetic system employed to study complex real
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cementitious system allowed us to understand the formation and stability of the C-S-H family,
hence improving our understanding for early hydration period or strength development. One
can now think of formulating the SCM that can ensure the formation such H-bonding, the
strength development of a material with low carbon footprint. Further investigation is needed
to provide more constraints for structural refinement and for general understanding. * Ca
NMR?* could really help in a strong refinement in the structural model of C-S-H and narrow
down to the family of plausible structures. It will also help in measuring the interlayer distance
and should put an end to many unresolved debates.

In the kinetic studies: a challenging task, we used ion selection calcium electrode, pH electrode
and conductivity electrode to monitor in-situ the reaction progress, built-into the synthetic
system, with data periodically recorded on the computer. By controlling the rate of addition of
silicate (flow rate by pumps) to the Calcium solution, we calculated the consumption of
Calcium (by Calcium electrode) in precipitation reaction as a function of time, assuming the
single dominating reaction with the formation of highly uniform C-S-H. Optimal operating
conditions were calculated theoretically from GEMS. In a different set of experiments, a fixed
volume is drawn periodically from reacting solutions, washed and vacuum filtered to calculate
the yield and were also compared to GEMS. These kinetic data were used in a population
balance modelling and an empirical correlation was developed for our synthetic C-S-H system.
The empirical equation captures well the kinetic data and predicts both primary and secondary
nucleation followed by growth. As a fist simplistic approach we assumed a spherical type
particle for secondary nucleation and growth. Further kinetic experiments at lower
supersaturation can be performed and the developed empirical equation can be verified. At
very low supersaturation, advance methods such as in-situ bio-electron microscopy can be
adopted to see the evolution of morphology as shown by Sakalli & Trettin.®® In-situ FTIR*'
and Raman®**
more reliable and general growth equation.

could be helpful to provide essential much needed kinetic data for developing a

With all the experimental experience and literature survey the keys to the formation of pure
phase C-S-H at high Ca:Si ratio has been possible and its growth mechanism proposed., This
was achieved by working at high supersaturations ensuring an abundance of the same solution
species at given pH condition with excellent mixing. This provides a high mobility and with
no external solid or surface effect, the system continues to form the most stable solid phase
possible in that condition (i.e.) C-S-H, where Ca(OH), formation kinetically limited (very low
supersaturation). Calcium showed unique characteristics to condensate the monomeric silicate
species at high pH> 13, to form a nanofoils like morphology and is the most favoured solid to
form at these chemical conditions. Whereas at pH< 11, it forms nanglobules, ironically,
silicates exist as polymeric units which are disintegrated by calcium. The phenomena are not
observed by any other elements tested assumed to be due to the difference in ionic size and
charge, albeit within 10% when compared to calcium. All other elements tested form
nanoglobules of monomeric silicates at the high pH>13 condition, whereas their respective
hydroxides if competing against the calcium in the same environment. Since most elements
tested formed nano globular morphology in their hydroxide form, Zinc stands out at forming
pyramidal hydroxides at high pH conditions. At lower pH condition < 11, these tested elements
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tend to form nanofoils like morphology, structurally very different from the C-S-H nanofoils
though, being incapable to destabilise the existing polymeric silicates in the solution but merely
contributing to structures as a charge balancing entities. The effect of these doping elements in
presence of calcium and without calcium showed the importance of calcium for the formation
of C-S-H necessary for strength development in cementitious systems.

Overall, starting from the synthesis of standard material to characterization and modelling its
growth, we covered the entire spectrum of understanding C-S-H formation. With the acquired
knowledge during the thesis on precipitation methods, knowledge about synthetic and real
cement system some interesting products of commercial interest have been developed, for
example, to accelerate or retard early age strength during hydration. Three patents were
consequently filed. It demonstrates that with a fundamental understanding of the C-S-H system
developments applicable to real world applications can be made by a knowledge-based
approach and not the empirical trial and error that has been predominant in cement technology
development over the past 100 years. Combined with some other expertise and material
concepts the launch of a spin-off is planned in the very near future.
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[.  Supporting Analysis

XRD: X-ray diffraction data was collected with a Bruker D8 Discover X-Ray diffractometer
using double bounced monochromatic CuK alpha radiation (A=1.54 A) with a fixed
divergence slit size 0.5° and rotating sample stage. Freshly prepared C-S-H collected after
washing with a water-ethanol solution followed by vacuum filtration was placed onto the
sample stage and XRD patterns were recorded.

STEM EDX: Uniformity of the C-S-H was proved by chemical mapping or EDX
measurements in STEM mode, using an FEI Tecnai Osiris analytical TEM instrument
optimized for speed and sensitivity. The four windowless Super-X SDD EDX detectors
integrated into the pole piece allow detection of 200,000 X-ray counts/s over a 0.9 srad solid
angle. A high brightness XFEG gun allows EDX maps to be acquired in seconds to minutes.
With a 11 Mpx Gatan Orius CCD camera, the microscope is also suitable for conventional
BF/DF and high resolution TEM imaging. A BF, two ADF, and an HAADF STEM detector
provide a wide range of diffraction and Z-contrast conditions. It operates with 200 kV high
brightness XFEG with a point resolution of 0.24 nm and a probe current of 2 nA for EDX
studies. The sample was prepared by dispersing 50 mg of C-S-H in 40 mL of isopropanol. A
drop of the suspended liquid was allowed to dry on a 300 mesh copper grid.

XRF: In order to cross check the ICP results the samples were analyzed using X-Ray
fluorescence spectroscopy (Optim’X 9900 Ceram XRF model). 20 g of hydrated sample was
dried at 105 °C for 24 hours and ignited at 950 °C for 1 hour. 7.7 g of lithium tetraborate
(Li2B40O7) was added to the 0.7 g of calcinated sample to make a fused bead.

TGA: Samples were heated at 10 °C/min from 30 °C to 1000 °C to record the weight losses in
setup from Mettler Toledo AG (TGA/SDTAS851e). The total water bound in C-S-H was
quantified from the total water loss between 30 and 250 °C. The amount of portlandite is
quantified from the water loss around of the peak in the range from 400 — 480 °C and calcium
carbonate was around 630 — 710 °C. No prior sample preparation involved.

ICP: 1CP was performed on an ICPE-9000 series (Shimadzu) instrument, a multi-type ICP
emission spectrometer with a near ppb detection limit. The sample compositions were
analyzed using Optical Emission Spectroscopy mode (ICP-OES). 7 mL of 65% HNO; was
added to a 0.25 g sample of C-S-H, then another 5 mL of fuming 100% ultra-pure HNO3 was
added to ensure complete dissolution. Each analysis consists of verification at further levels
of 1-, 10-, and 100-fold dilution in pure water, with the 10-fold dilution affording
concentrations best situated in the calibrated range of the instrument. Each analysis was
repeated three times to check consistency.



II.  Synthetic apparatus

The reaction system was fabricated in-house for the synthesis of C-S-H. The construction
material is poly(methyl methacrylate), which is chemically stable under acidic or basic
conditions. Figure S1 shows a schematic of the reactor. It has four main parts — base,
cylindrical wall, lid and micromixer unit. Calcium ion selective, conductivity, and pH
measurement electrodes are inserted into the lid for real-time monitoring of the reaction
conditions. There are also channels that allow for a purging flow of nitrogen gas across the
main reaction chamber and an opening used for withdrawing small amounts of sample for
kinetic analysis. A micromixer system is mounted on top of the vessel, consisting of three
channels emerging form a central vertical column. The length of the column is fitted with a
spiral static mixer to combine the reactant solutions prior to admission into the reaction

chamber.
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Figure S1 | Schematic of the reaction vessel. A low pulsation piston pump was used to feed the reactants
into the channels A, B, and C at rates between 0.01 mL/min to 5 mL/min. The off-axis reactant channels
join the mixing column at an angle of 60°. The stirring rate was 700-800 rpm. Calcium ion selective,
conductivity, and pH measurement electrodes are inserted into the lid for real-time monitoring of the
reaction conditions. There are also channels that allow for a purging flow of nitrogen gas across the main
reaction chamber and an opening used for withdrawing small amounts of sample for Kkinetic analysis.
Nitrogen gas flowing at a rate of 20 mL/min was used to purge the chamber over the course of the
reaction. Data was Recorded on a PC using LabX software (Mettler-Toledo).
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III. Preparation and recovery

Solutions of calcium nitrate and sodium silicate were prepared in decarbonized water by
boiling demineralized ultra-pure water (milliQ) for one hour and cooling in an ice bath.
Solutions were immediately prepared after cooling. The quantity of solute used was measured
with high accuracy. Measuring electrodes were calibrated twice before each synthesis. To
avoid premature nucleation, all chemical glassware was washed and dried under laminar flow
hood (Skanair®, Scan AG). After crystallization, the precipitated solids were recovered by
washing and vacuum filtration. For each 200 mL aliquot, an equal amount of ultra-pure water
mixed with ethanol (50:50 v:v), followed by pure ethanol, was used for the wash. Vacuum
filtration was done on 20 nm filter paper (Whatman'", GE health care, o 50 mm) to recover
the washed C-S-H. The precipitated gel was carefully taken off the filter paper and stored in
an airtight container. For characterization by TGA and XRD, drying of the filtered solid was
necessary. This was performed under nitrogen flow at 70°C for 3 hours or 6 hours. All other
characterizations were carried out in the native gel form.

IV. Synthesis and characterization

For the current synthetic system, pH is a determining parameter for precipitation and
ultimately controls the Ca:Si ratio and morphology. This is a consequence of how pH
determines the predominant type of silicate species available in solution for reaction.
Orthosilicic acid (Si(OH)y) resists hydrolyzation even near neutral pH conditions owing to its
small ionic radius (0.42 A) and is therefore the predominant solution species below pH 7. In
addition to pH, the silicate species which appear in an aqueous system is a sensitive function
of cation type and concentration, such that the presence of small quantities of impurities can
yield different synthetic results. In general, hydrolysis proceeds according to the following
reaction to produce anionic species:
Si(OH), (aq) = SiO(OH),* +xH".

PH 9.4 11 12.6

SIav)~ || siom: |

0.1 M2 | Si40s(0H)s> | Si4s0s(OH)4* | SiQ(OH)*

1005 M2 | SIO(OHY | Si02(OH)> |

| Si02(0H)2> |

GEMS | Si02(0H)2* |

MD* ‘ SIQ(OH)> ‘ Si02(OH):> ‘

Figure S2 | Predominant silicate species in aqueous solution as a function of pH according to different
conditions and methods."?
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Sodium silicate solutions at high pH are likely to contain silicates such as SiO,(OH),”. Gibbs
energy minimization software’ (GEMS) predicts the same species in solution under these
conditions. In conjunction with molecular dynamics (MD)”, we summarize the presumable
possible silicate species in solution as a function of pH in Figure S2. As long as an
appropriate target pH range (pH > 11) is maintained, a chemical equilibrium favoring the
silicate species SiO»(OH),” can be achieved under a wide variety of chemical conditions
even at high silicate concentrations. In other words, regardless of whether or not an initially
high concentration (high supersaturation) or low concentration (low supersaturation) of
aqueous silicates is used, the pH can be used to favor high concentrations of the important
silicate species SiO,(OH),>, leading to the production of pure uniform product C-S-H, so
long as the mixing is adequate.

We begin by setting a 2:1 ratio of calcium to silicon in the starting solution using equal
volumes of 0.2 M and 0.1 M calcium nitrate to sodium silicate. GEMS> was used to
calculate the pH required to achieve different Ca:Si ratios, and this pH was achieved during
synthesis by adding an appropriate amount of concentrated NaOH, which is given in

Table S1. Precipitation was allowed to occur for 24 hours before the product was collected
and analyzed. The pH calculated according to GEMS agrees with the experimentally
measured pH. We see the amount of OH added in the system leads to a consistently
increasing Ca:Si ratio in the solid precipitating phase.

TEM analysis shows that the morphology of the precipitated particles changes at pH 11 and a
Ca:Si ratio of 1.25. The morphology resembles foils (nanofoils) for pH > 11, Ca:Si > 1.25;
and globules (nanoglobules) for pH < 11, Ca:Si < 1.25. Repeat analysis confirms that these
results can be easily replicated by our synthetic apparatus.

Target Ca:Si NaOH pH pH
(GEMS) (GEMS) (GEMS) (Experiment)

1.0 0.05 mL 10.87 11.1

1.25 5.16 mL 11.47 12.5

1.5 10.58 mL 12.05 12.6

1.75 16.62 mL 12.55 12.7

2 20.00 mL 12.81 12.8

Table S1 | Amount of NaOH added to the reaction in order to achieve the pH necessary to produce the
targeted Ca:Si ratio according to GEMS. The actual pH during the reaction is given in the final column.
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Figure S3 | TEM imagery showing the morphology of the C-S-H produced for the Ca:Si ratio extremes
when different alkali cations are present in the reaction. (A) Globule morphology produced for the Ca:Si
=1.00 composition using NaOH as pH regulator. (B) Foil morphology produced in the NaOH regulated
reaction for the Ca:Si = 2.00 composition. (C,D) Same as A and B, respectively, but for the KOH
regulated reactions.

The composition of C-S-H produced by the rapid precipitation method is summarized in
Table S2. Elemental analysis for calcium, silicon, and sodium by ICP-OES indicates that the
rapid precipitation method described here succeeds in synthesizing C-S-H with the targeted
Ca:Si ratios. Despite the low measured sodium concentration, we cannot completely exclude
the possibility that inclusion of some sodium may affect the structure. Nevertheless, when
KOH is used as the pH regulator, we observe the formation of C-S-H globules for the Ca:Si =
1.00 composition and C-S-H foils for the Ca:Si = 2.00 composition. These products have the
same morphological properties as the product obtained when NaOH is used as the pH
regulator, as shown in Figure S3. On the other hand, the presence of cations such as Mg®" or
Ba®" leads to the formation of a heterogeneous mixture of products. This strongly suggests
that alkali cations are not critical structure determining factors, and that they serve primarily
as charge balancing spectators.

Furthermore, our key structural insight is the necessity of the bridging calcium, Cag, which
we propose is attendant to almost every defect site at high Ca:Si ratios. Considering sodium

substitution of Cag, we calculate the Na:defect ratio, 2(ny,/ns;) /P(Q(l)), where ny, /ng; is
the Na:Si mole ratio by ICP-OES and P(Q") is the population of Q" sites determined by

NMR. We find this ratio is between 10 mol% and 30 mol% for each of the compositions with
Ca:Si mole ratios at or above 1.25. This means that even in the worst-case scenario, in which
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every sodium atom substitutes a bridging calcium in a one-to-one fashion (for which we see

no driving force), there is not enough sodium to accommodate every defect. In consideration

of these matters, we remain confident that the key structural properties of our C-S-H systems
can be analyzed in neglect of the small residual alkali content.

Nominal Ca:Si Ca:Si Na:Ca Na:defect
Ca:Si (XRF) (ICP-OES) (ICP-OES) (ICP-OES/NMR)
1.00 1.04 1.01 £0.03 0.13+£0.01 0.88+0.13
1.25 1.21 1.24 £ 0.01 0.05+0.02 0.20+0.07
1.50 1.51 1.51 £0.03 0.02 £0.01 0.09 £+ 0.06
1.75 1.77 1.78 £0.04 0.07+0.02 0.30+0.08
2.00 1.94 2.00£0.07 0.05 £ 0.01 0.25+£0.04

Table S2 | Mole ratios of important C-S-H components determined by various characterization methods.
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Figure S4 | Characterization of freshly prepared C-S-H for Ca:Si ratio of 2. (A) SEM image showing foil
morphology. (B) FTIR analysis. (C) XRD analysis. Resolved peaks corresponding to C-S-H are indicated
with stars. Minor peaks correspond to calcium carbonate, which also contributes to the major peak at
29° where it overlaps a C-S-H peak. (d) TGA analysis. A calcium hydroxide phase is never observed, but
XRD and TGA reveal that C-S-H is susceptible to the formation of calcium carbonate after prolonged air

exposure.
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These results confirm that our synthetic procedure yields particles of C-S-H with the targeted
Ca:Si ratios. Importantly, the formation of Ca(OH), is never observed, as illustrated by the
FTIR, TGA and XRD analyses of the Ca:Si = 2.00 sample shown in Figure S4. It is worth
noting, however, that long exposure of fresh C-S-H samples in open air (for example in TGA
or XRD analysis) does eventually lead to the formation of CaCO:s.

V. Sample uniformity
Determination by non-invasive Raman microscopy
We demonstrated compositional uniformity on pellet of C-S-H with a smoothed surface. The
spot analysis (1 umz) analyzed more than 30 points on the particle surface. At depths of 4
pm and 8 pum the characteristic peaks positions in the C-S-H do not change, indicating the
chemical environment uniformity of the sample at the micron level. A visual overview of the
sampling and the results are given in Figure S5.

30pum

1.5
<_|,J.)m

4um

a) Sample area & scanning points b) Spot size 4um?2

. ‘ o u's"{; | uﬁ‘ \I‘ l\
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- d) 2-D view of the raman spectra
c) Top view of the raman spectra

Figure S5 | Raman microscopic analysis: a) Sample pellet preparation, b) Spot size used for analysis, c)
intensity plot comparing Raman spectra of all 30 spots, d) stacked plot comparing Raman spectra of all
30 spots.
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Determination by STEM-EDX
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Figure S6 | C-S-H chemical map revealing the spots used for the EDX analysis.

In order to prove the uniformity and consistency of the C-S-H samples to an even greater
degree of spatial resolution, EDX in STEM mode was performed on the predefined grids.
Once STEM micrographs are obtained, post-processing is performed using Bruker Esprit 1.8
software to obtain the corresponding chemical maps for the samples. The exported STEM
image is processed for several parameters like detector effect corrections, Bremsstrahlung
background, and Cliff-Lorimer quantification. The major constituents of our C-S-H system
are defined for elemental identification. The maps are binned after defining the evaluation
methods. As shown in Figure S6, about 50 — 60 points are analyzed individually from the
chemical maps. Each spot corresponds to one pixel whose size is 2.34 nm x 2.34 nm. The
signal obtained from each spot is processed to arrive at the final Ca:Si ratio at these points. A
large background contribution to the signal is removed throughout the signal range spectra
deconvolution is to be performed to address overlapped lines in the spectrum. The final
quantification results of Ca:Si for each of these spots are recorded. For each sample, the
standard deviation of the Ca:Si ratios measurements is less than 1%. EDX analysis provides
us with useful information on the consistency of the Ca:Si ratio within the structure but due
to the difficulty of accurately calibrating the instrument the actual Ca:Si determined ratio
systematically less than that obtained from the XRF and ICP methods.
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VI. DNP enhanced NMR experiments

A: Sample preparation
Table S3 describes the formulation of the samples, which were prepared as described in the
Methods section of the main text.

Sample Myel / MG Magent / MG Mmi, / mg torep / MIN
Ca:Si=1.00 124.1 25 - 60
Ca:Si=1.25 1333 333 26.6 75
Ca:Si=1.50 119.3 318 23.8 15
Ca:Si=1.75 114.1 27.0 234 15
Ca:Si=2.00 121.0 30.6 25.4 15

Table S3 | Formulation of samples used for DNP experiments. m, gives the mass of gel mixed with m,gen
amount of DNP polarization agent. m;, is the amount of DNP ready C-S-H slurry that was put into in the
rotor. f,.p is the estimated out of time between release of the C-S-H from storage in a saturated
atmosphere to insertion of the sample into the DNP probe at 100 K.

The C-S-H gels do not have an indefinite shelf life and are observed to harden over several
weeks to months even in airtight containers. Driving off supernatant water from the gels
accelerates this process. By drying the gels on a watch glass for about half an hour, very high
DNP enhancements approaching 100 could be obtained, but the line shape would exhibit
comparatively large Q® signals. Occasionally, signals from Q® and Q® species were
observed, confirming that silicate polymerization accompanied the drying process.

B: NMR parameters

Table S4 gives the list of experimental parameters common to all NMR experiments, unless
otherwise noted.

MAS rate 12.5 kHz
"H contact rf 60 kHz
'H pulse/dec rf 100 kHz

'H ramp profile 0.9 1.0

X contact RF 46 kHz
X pulse rf 66 kHz
Recycle delay” 3.0s

*Recycle delay of 1.5 s used for 2D experiments on the Ca:Si = 1.00 sample.

Table S4 | Parameters common to all NMR experiments.

All processing for the spectra presented here was performed using RMN.° Line shape analysis
was performed using gnuplot. 1D CP MAS shifted echo experiments were performed using
the sequence shown in Figure S7. In the presence of significant inhomogeneous broadening,
advantages of the shifted echo experiment over conventional CP-detect are an improvement
in sensitivity and improved accuracy of phase correction procedures.

S9



e microwave on (continuous wave)

jus
2
! H CP SPINAL-64 'H decoupling
«— TCP — T %
2Si | cp T F '\/\/\
Il >

Pl(} \

Figure S7 | DNP enhanced CP MAS shifted echo pulse sequence used in this work.

For each sample, T = 9.6 ms, tcp = 7 ms, and 32 transients were collected for a total
experiment time of 1.6 min each. Gaussian apodization with a ¢ of 4.243 ms was applied to
the #, signal envelope.

This experiment formed the basis of the variable contact time experiments, which
nonuniformly sampled 49 different values of tcp: 200 ps to 2 ms (200 ps increment), 2.5 ms
to 12 ms (500 ps increment), 14 ms to 30 ms (2 ms increment), and 35 ms to 80 ms (5 ms
increment). 2D CP MAS refocused whole echo INADEQUATE experiments’ were
performed using the sequence shown in Figure S8. In addition to the use of hyper complex
acquisition® to collect echo and anti-echo pathways, acquisition was initiated after the final =
pulse in order to collect the entire signal envelope. This improves the sensitivity of the
experiment and minimizes phasing artifacts during processing.
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Figure S8 | DNP enhanced CP MAS refocused whole echo INADEQUATE pulse sequence used in this

work. The two p; symmetry pathways (dashed and solid green) and anti-pathways (dashed and solid

magenta) were collected and processed using hypercomplex acquisition. Whole signal envelopes were
acquired during 7, for path and anti-pathways.

For each sample, 15 = 36 ms, tcp = 7 ms. The ¢, increment used was 240 ps. 16 complex ¢,
points were collected. Other acquisition parameters are given in
Table S5 below.
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Sample Transients Experiment Time
Ca:Si = 1.00°" 640 9.6h
Ca:Si=1.25 320 9.0h
Ca:Si=1.50 320 9.0h
Ca:Si=1.75 512 14.5h
Ca:Si=2.00 512 14.5h

A gyrotron outage, lasting about an hour, occurred near the end of the experiment. The spectrum is qualitatively unaffected.

Table S5 | Acquisition parameters for 2D refocused INADEQUATE experiments

A shearing transformation was used to create a representation of the 2D INADEQUATE data
that correlates two independent single-quantum dimensions.” Gaussian apodization with & of
6 ms and 3 ms were applied to the 7, and ¢#; signal envelopes, respectively. The HETCOR
echo sequence was performed using the sequence shown in Figure S9, utilizing the
eDUMBO-22 homonuclear decoupling scheme'*'" to suppress the line broadening from "H —
'H dipolar interactions. This also scales the chemical shift and introduces an additional offset
into the spectrum which were determined by comparison to a reference HETCOR spectrum
of L-alanine. These values were used to present a corrected 'H chemical shift dimension for

the spectra shown in Figure S14 and Figure S15, as well as the main text Figure 3.

e microwave on (continuous wave)
jus
2
1H -DUMBO-22 ] 1 :
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|

1
pl(l) \

Figure S9 | DNP enhanced HETCOR echo sequences used in this work. Hypercomplex acquisition was
used to collect path and anti-pathways for #; evolution. Homonuclear decoupling was applied during ¢,.
Whole signal envelopes were acquired during 7, for path and anti-pathways.

For each sample, Tt = 9.6 ms. The eDUMBO pulse length was 32 ps. Other acquisition
parameters are given in Table S6 below.

Sample Tep Complex ¢; points Aty Transients Experiment Time
Ca:Si=1.00 0.7 ms 48 32 us 24 61 min
7 ms 48 32 us 8 20 min
Ca:Si=1.25 0.7 ms 48 32 us 12 59 min
7 ms 48 32 us 4 20 min
Ca:Si=1.50 0.7 ms 44 32 us 12 55 min
7 ms 48 32 us 4 20 min
Ca:Si=1.75 0.7 ms 20 64 us 32 66 min
7 ms 20 64 pus 16 33 min
Ca:Si=2.00 0.7 ms 20 64 us 32 66 min
7 ms 20 64 pus 16 33 min
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Table S6 | Acquisition parameters for HETCOR experiments.

Gaussian apodization with decay constant of 4.243 ms and 1.2 ms were applied to the 7, and
t; signal envelopes, respectively. The apodization was applied to the ¢, dimension prior to
multiplying the sampling interval by the chemical shift correction factor A¢s = 0.57.

VII. Sensitivity of DNP

For each sample, 'H spectra were acquired both in the presence and absence of microwaves
to measure the DNP enhancement of the protons. The enhancement level could not be
determined accurately on the basis of the 'H spectra alone due to a nonuniform enhancement
of the broad line shape. The estimated proton enhancements epnp('H) are shown in Table S7
below. Whereas a nonexponential recovery was observed for a 'H saturation recovery
experiment with approximate Tpxp(‘H) = 1.3 s, a °Si CP saturation recovery experiment
revealed a nearly exponential buildup with Tpnp({'H}*’Si) = 2.4 s. This suggests
polarization relay into C-S-H particles with a steady state polarization reached after about ten

seconds.
Sample epnp(‘H)
Ca:Si=1.00 40
Ca:Si=1.25 70
Ca:Si=1.50 40
Ca:Si=1.75 45
Ca:Si=2.00 35

Table S7 | Proton signal enhancements.

The sensitivity enhancement for DNP is called £ and can be written as the product of several
factors,'?

(S

51001() Ty

xt = eDNPgdformulation (S—
298K

TDNP

0 is the fraction of observable nuclei in the sample, which is less than unity due to
depolarization and quenching by the radical. dformuiation 1S @ dilution factor related to the fact
that additional of the polarization agent may reduce the amount of sample that can be placed
into the rotor. The ratio Sjoox/S29sk is generally accounts for the improvement in sensitivity
gained by going to 100 K due to the ~2.8 improvement in the Boltzmann polarization as well
as, e.g., an improvement in the probe quality factors. Tpnp is the approximate polarization
build up time of the protons under DNP, and is to be compared room temperature proton 7
values for C-S-H measured to be around 0.2 s"

Equation (S1) applies strictly only to signal from the polarizing agent and surface signals.

Because the proton polarization is relayed into the C-S-H nanoparticles by proton spin
diffusion, it is only of approximate validity. Nonetheless, taking 6 ~ 1 (signal is dominated
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by bulk C-S-H), dformuation = 0.8 (on the basis of Table S3), Siook/S20sx = 5, and (71/7 DNp)% ~
0.25, and the proton enhancements measured in Table S7, the sensitivity enhancement by
DNP is generally the same as epnp(‘H), indicating reduction of corresponding cross-
polarization experiment times by (epnp('H))?, or about three orders of magnitude.

VIII. Quantification of Q species populations

Relative signal intensities in DNP enhanced CP MAS experiments are not usually in
proportion to the relative populations of the nuclei generating the signal as they often are in
experiments using direct excitation without hyperpolarization. Nonetheless, we can still use
these signals for site quantification provided we assume that:
1. The length scale of hyperpolarization nonuniformity is larger than the unit cell of the
particle, and
2. Cross-polarization kinetics can be measured and used to adjust the signal intensities
appropriately.

The size of the C-S-H particles are sufficiently small (characteristic length ~100 nm) and
have a proton density sufficient for nearly uniform polarization of the particles over the
recycle period. To the second point, we performed cross-polarization measurements for
different values of the cross-polarization contact time 7cp, as shown in the first column of
Figure IIl. This data was fit to a simple IS model of CP kinetics for each site'*. For our
kinetic model, the signal intensities due to cross-polarization are given as a function of the

cross-polarization contact time z¢p by
e e (S2)

Tip — T
e Tip —e Tis
I(TCP) = IO —TIS

1__
T,

where T, is the spin-lattice relaxation constant during rf irradiation and 7s is the cross-
relaxation time. Iy is the base intensity, proportional to the equilibrium magnetization and
hence number of nuclei generating the NMR signal for the given site. The 1D CP echo line
shape was used in an initial unconstrained fit to three independent Gaussian functions, each
representing the QY, Q®, and QP contributions. From this a set of mean Gaussian shift (8)
and widths (o) for the frequency spectrum was determined and used to constrain the fit to the
variable contact time data for the cross-polarization kinetic parameters. Stack plots
representing the best fit and residual plots to this data are shown as the second and third
columns of Figure S10. The cross-polarization kinetic parameters we determine from this
analysis is given in Table S8.

Sample QW Q™ Q™
T,/ ms Ty / ms Ty, / ms Tis/ ms T,/ ms Ty / ms
Ca:Si=1.00 32.5+0.6 1.81 £0.04 25.6+0.8 1.09 £ 0.04 44.4+ 0.6 4.07 £0.06
Ca:Si=1.25 27.1+0.3 2.31+0.02 26.1+0.9 1.41 £0.05 38.2+0.9 5.14+0.13
Ca:Si=1.50 33.8+0.3 2.19+0.02 346+2.1 1.24 +£0.09 456+ 1.7 478 +£0.18
Ca:Si=1.75 259+0.2 2.22+0.02 28.6+1.9 1.49+0.12 38.1+1.9 4.62+0.24
Ca:Si=2.00 28.0+0.2 2.40+0.02 309+2.7 1.29+0.14 40.3+2.5 491 +0.32
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Table S8 | Cross-polarization kinetic parameters determined by the variable contact time experiments.

To complete the quantification, the 1D CP echo data was refit using Equation (S2) for the
base intensities as well as new Gaussian shift parameters. The previously determined 77,
Ts, and Gaussian width parameters, averaged across the compositions with Ca:Si > 1.25 for
each site, were used for determination of the base intensities. The exception was the Ca:Si =
1.00 composition, where its own 7', and 7;s parameters were used. In accordance with the
dreierketten model, the additional constraint 7,(Q®") = 2 I(;(Q(Zb)) was enforced. The 1D CP
echo spectra, best fit to this constrained 1D model, and best fit residuals are shown in Figure
S11. Associated Gaussian shift and width parameters are given in Table S9.

Sample QU Q™ Q™
o/ ppm o/ ppm S/ ppm o/ ppm o/ ppm o/ ppm
Ca:Si=1.00 -79.71+£0.08 | 1.34+0.05 | -82.72+0.08 | 1.08+0.11 | -85.77+0.04 [ 1.29+0.03
Ca:Si=1.25 -79.17+£0.02 | 1.25+0.03 | -81.85+0.08 | 1.42+0.31 | -85.33+0.03 | 1.25+0.04
Ca:Si=1.50 -79.10£0.01 | 1.31+0.02 | -81.64+0.07 | 1.03+0.21 | -85.17+0.03 | 1.27+0.06
Ca:Si=1.75 -78.90£0.01 | 1.27+0.01 | -81.54+0.07 | 1.20+0.19 | -84.90+0.03 [ 1.24+0.05
Ca:Si=2.00 -78.87+£0.01 | 1.27+0.01 | -81.53+0.08 | 1.11+0.15 | -84.81+0.03 [ 1.30+0.05

Table S9 | Shift () and width (o) parameters determined by the three Gaussian fit to the 1D CP MAS
shifted echo data. The 6 parameters were found in a fit subject to the constraint Ia(Q(ZP)) =2 Io(Q(Zb)); (o
parameters were carried over from a prior unconstrained fit.

By normalizing the sum of the base intensities to unity, we determine the Q species
populations, reported in Table S10. As the residuals in Figure S11 indicate, the analysis is
not valid for the Ca:Si = 1.00 composition.

Sample PQ™) PQ™) P(Q")
Ca:Si=1.00 0.290 + 0.027 0.237 £ 0.009 0.473 £0.018
Ca:Si=1.25 0.597 +0.107 0.134 £ 0.036 0.269 +£0.071
Ca:Si=1.50 0.700 + 0.051 0.100 £0.017 0.200 £ 0.034
Ca:Si=1.75 0.783 +0.053 0.072 £0.018 0.145 £ 0.035
Ca:Si=2.00 0.830+0.036 0.057 £0.012 0.113 £0.024

S14

Table S10 | Q species populations, subject to the constraint P(Q®) =2 P(Q®).
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Figure S10 | Stacked plots for the variable contact time spectra, best fit using the kinetic model, and the

best fit residuals.
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Noise normalized signal intensity (Noise SD = 1)

Figure S11 | Deconvolution of the line shapes obtained in the DNP enhanced 1D CP MAS shifted echo
experiments using the three Gaussian model described in the main text. The intensities are subject to the
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IX. Quantification of chain distributions

Each peak in the A-B chemical shift correlation line shapes presented by the INADEQUATE
spectra in the first column of Figure S12 were modeled by a 2D Gaussian function with zero
correlation between independent A and B chemical shift dimensions. The shifts of the
Gaussian functions along each dimension was constrained to the values shown in Table S9.
The Gaussian width parameters were fixed to the same values for each fit, which were
obtained by fitting the 1D projection onto the A chemical shift axis to three independent 1D
Gaussian functions for the Ca:Si > 1.25 compositions and taking the mean for each
corresponding Q site. The 2D line shape model permits up to nine independent 2D Gaussian
functions to be used; however, the functions corresponding to the QV-Q“”, Q®-Q", and
Q®)-Q® correlation peaks were omitted on the basis of the dreierketten model and validated
by the absence of significant signal in the corresponding regions of the INADEQUATE
spectra. The 2D experimental line was then fit for the intensities of the six constituent 2D
Gaussian functions. The second and third columns of Figure S12 shows the best fit results
and residuals. Table S11 gives the unnormalized peak intensities.
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Experiment Fit Residuals
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Figure S12 | Experimental A-B correlated 2D refocused INADEQUATE spectra, best fit to the 2D
Gaussian model, and best fit residuals for the C-S-H compositions with Ca:Si < 1.25. Contours are drawn
in 10% intervals beginning at 5% of the maximum signal intensity; the residual plots are relative to the
experimental maximum and both positive (blue) and negative (green) contours are shown.
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Sample 1QMQ™) | 1Q™1Q™) [ 1Q™1Q™) | 1Q*Q™) [ 1QMQ™) [ #Q*1Q")

Ca:Si= 78.95 59.84 86.91 58.78 153.31 94.12

C;;§f= 135.28 72.49 83.05 113.60 347.60 122.16

Call;g(i)= 64.82 34.32 36.35 40.77 247.07 59.04

Czlu:.;is= 94.99 44,51 44.13 60.77 498.70 95.04
2.00

Table S11 | Unnormalized best fit intensities of the A-B correlation peaks of the 2D refocused

INADEQUATE spectra to the 2D Gaussian line shape model.

The intensity of an A-B correlation peak, denoted /(B|A), is given by

1(B|4) = f(B|A)P(B|A)R,(4) (S3)
We solve for the conditional probability P(B|A): the probability that a »Si nucleus of species
B was detected given that it evolved with partner ’Si nucleus of species A. They are
normalized,

ZP(B|A) -1,
B

and Baye’s theorem relates P(B|A) to P(A|B):
P(A|B)P,(B)
Py (4)

P,(A) is the population of species A weighted for pair participation. At the sparse 4.7%
natural abundance of *’Si, the Q) sites are nearly twice as likely to have a *Si partner;
therefore, P,(Q*”) and P,(Q®") are obtained from the populations measured in the 1D
experiments by doubling the population measured from the 1D experiments and
renormalizing. Note that the sparse labeling simplifies the weighting analysis since the entire
NMR signal is assumed to be derived only from isolated pairs and not triplets, etc. Finally,

P(B|A) =

f(BJA) is an amplitude transfer factor that accounts for Q site differences in e.g. CP
efficiency, 7>’ relaxation, and J-coupling distributions, and were assumed not to change as a
function of Ca:Si ratio.

The experimental intensities were normalized for each composition by dividing out
1QMQM). Through the laws given above and the constraints imposed by the dreierketten
model, any other conditional probability can be determined once P(Q”|Q'") is known. Upon
substitution of Equation (S3) for each composition and using P,(A) values determined from
the 1D quantitative analysis, the five transfer factor ratios (Table S12) and P(Q(1)|Q(1)) for
each composition were determined through a simultaneous fit of the twenty intensity ratios
(five for each composition).

AQUIR™) T AQ™IQ™) T AQR™) [ /Q™Q™) | /@"Q™) | /Q™IQ™)

1.64 0.64 2.09 0.72 1 (defined) 1.74

Table S12 | Transfer factors determined for each type of correlation peak.
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The conditional probabilities are related to the distribution of chain species by

P(Q™|Q™) = xo

P(QW]|Q@) = 5 Z_:;l J(C;n)

p(Q®|Q@) = 1
2

Zn:lxn (Tl - 1)

Pl = @

where the mole fractions of chains with repeat index » is denoted x,. Application of the laws
of conditional probability lead to the constraints reported in the main text. The parameters
determined by our analysis are given in Table 1 of the main text.

Recalling that previous studies have generally focused on Ca:Si < 1.50, which are not
relevant to industrial formulations, we highlight that the Ca:Si = 1.00 composition is
remarkable in that silicate dimers appear to be completely absent (xy = 0), as noted by the
lack of a prominent Q"-Q" correlation peak observed for all of the other C-S-H
compositions. This is shown in Figure S13.

e ] Ca:Si=1.00
g %07
a
&
= ] = Q(Zp)_Q(Zp)
© -85 ¥
@ ] 2 3
5 Q®.Q®
Q
E -804 QV-Q
o) i
e
G
< 75
O]
& ]
70 1
I 1 1 1 1
-70 -75 -80 -85 -90

28i(B) chemical shift / ppm

Figure S13 | Experimental A-B correlated 2D refocused INADEQUATE spectrum for Ca:Si=1.00. A
gyrotron outage, lasting about an hour, occurred near the end of the experiment. The spectrum is
qualitatively unaffected.

X. Heteronuclear {'H}*’Si correlation

For each composition, a 2D HETCOR experiment using the pulse sequence described in
Figure S9 was performed for both a short (0.7 ms) and long (7 ms) values of tcp. The use of
a short contact time biases the contribution to the NMR signal from those protons that are
close to the correlating *’Si nuclei, though without significant proton density fewer than three
bonds away from the Si nuclei, the notion of a well-defined cutoff distance for the signals
which appear in the correlation spectrum loses significance.'
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Figure S14 | Complete series of DNP enhanced HETCOR spectra at both short and long contact times for

all compositions studied.

S21



T =0.7ms Tep=7MS

QM cross sections

Ca:Si ratio
1.00 m—
1.25 m—

2,00 m—

~___~2

25 20 15 10 5 0 25 20 15 10 5 0
h-corrected 'H chemical shift / ppm ) -corrected 'H chemical shift / ppm

Q@ cross sections

25 20 15 10 5 0 25 20 15 10 5 0
h-corrected 'H chemical shift / ppm h-corrected 'H chemical shift / ppm

Q@) cross sections /

A\

25 20 15 10 5 0 25 20 15 10 5 0
h-corrected 'H chemical shift / ppm h-corrected 'H chemical shift / ppm

Figure S15 | Si site correlated 'H spectra taken as cross sections from the full 2D HETCOR spectra at

the appropriate »Si chemical shifts.

XI. Structural model

It is known that C-S-H resembles a defective tobermorite.'>'® To create a structure based on
defective tobermorite that possesses high Ca:Si ratios, we build substructures of C-S-H
according to the following procedure:
= Deprotonate silanol in the bridging tetrahedrons and replace it with a CaOH" ion in
the interlayer.
= Remove a bridging silicate tetrahedron, performing charge compensation by adding
two protons or a proton and a CaOH" ion or addition of a Ca®* to coordinate the
bridging site (Cag site in Figure S16).
= Add Ca(OH); units in the interlayer space (Ca; and Caa) to obtain higher Ca:Si ratios.

We study the effect of these different defect units (Figure S16A) on the 'H chemical shifts.
Reduced unit cells are constructed by connecting the defect units through an aqueous
interlayer or an aqueous interlayer with a Ca; and additional OH" for charge balance (Figure
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S16B). In order to study medium range effects, we also consider different ways to combine
the reduced unit cells, resulting in chain, dimer, and pentamer motifs (Figure S16C).

All the structures are first partially relaxed with energy minimization using METADISE'"’
with a force field potential previously used for cementitious materials.'® If the atomic bond
distances, calcium coordination and local charge neutrality are satisfactory then they are
relaxed using density function theory (DFT). For the former two criteria, we require
specifically that Ca-O bonds are between 2.2 A and 2.9 A and that calcium coordination
numbers are near six. The condition of local charge neutrality is implemented as systems
with large distances between charged species consistently exhibit higher energies than
systems for which this is not the case. Additional water molecules can be added to the
interlayer to help satisfy these criteria. Depending on the initial atomic coordinates,
especially those that specify the positioning of the interlayer water, the reduced unit cells may
relax into different structures with the same defect classification.

These structures are again checked for the calcium coordination, lack of disruption of the

main layer calcium-silicate backbone chain, and local charge neutrality. Once all the criteria
are met, 'H and *’Si chemical shift calculations are performed on the candidates. The
chemical shielding o.4;. was calculated using the generalized gradient approximation (GGA)
functional PBE" within the Quantum Espresso code® and the GIPAW method.”' For each
calculation a plane-wave maximum cutoff energy of 80 Ry, and a Monkhorst-Pack grid of -
points® corresponding to 0.033 A" in reciprocal space was employed. These values were
tested for convergence of calculated energy and chemical shielding.
The convergence criteria for force, energy and pressure for structural relaxation were set to
10~ En/ag, 10 Ep, and 500 bar respectively. The final pressure of each relaxed structure was
less than 150 bar. For structures which contain Cay, the final pressure was usually below 50
bar. To ensure this 500 bar threshold was sufficient, we performed an additional DFT
relaxation of the structure based upon the ACcaV2 motif, setting a cell pressure threshold of
0.01 bar. Because of this stricter convergence criteria, O — O distances throughout the
structure change by 0.05 - 0.1 A, resulting in a '"H chemical shift RMSD of 0.59 ppm and a
»Si chemical shift RMSD of 0.34 ppm relative to the structure calculated with the higher
convergence threshold for pressure. The higher "H chemical shift RMSD corresponds to the
fact that proton chemical shifts are more sensitive to changes in the hydrogen bonding
network than *’Si. In NMR crystallography, two systems are considered identical if the 'H
chemical shift RMSD is below 0.5 ppm.” We justify a slightly higher limit for the C-S-H
considering that most of the protons of weakly bonded interlayer species have lower barriers
to conformational rearrangement relative to crystals of small organic molecules. Indeed,
there is a correlation between the largest 'H chemical shift changes occur for species near 0
ppm, as shown in Figure S17. If the proton chemical shifts corresponding to these non-
hydrogen bonded H,O are excluded from the comparison, we calculate a 'H chemical shift
RMSD of 0.38 ppm, which is well below the cutoff of 0.5 ppm. Therefore, a stricter
convergence criterion for the DFT relaxation does not affect our interpretation of the 'H
chemical shifts nor the conclusions drawn from them.
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Figure S17 | Calculated chemical shift correlations between DFT structures of C-S-H based upon the
ACcaV2 motif at 500 bar and 0.001 bar.
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Using the constraints from 1D *Si NMR and INADEQUATE experiments, we have
calculated the number of dimers and the mean repeat index of the distribution. These two
values are then used to fit a chain distribution, which was determined using the following
Monte Carlo procedure:
1. We define a cutoff of n = 10 for the repeat index (x, =0 for n > 11).
2. For n > 2, the mole fractions are generated by a random number that is uniformly
distributed between 0 to its theoretical maximum value given by the contribution to
the Q®P-Q®) correlation for that Ca:Si ratio:

1—XO

Xpsp =7 Where 0 < r < —

3. Pentamers constitute the remaining fraction.

4. A chain distribution is accepted only if the difference between mean repeat index
( Xpx,n ) obtained from the distribution and that calculated from the NMR
constraints is less than 0.0005.

5. This procedure is iterated and the average fractions are stored.

6. The iteration is continued until the average values of the distribution converge to a
unique distribution.

The random chain distributions calculated for each Ca:Si ratio are shown in Figure
S19. For constructing our representative C-S-H structures, the longest chain used is a
tetradecamer (n = 4), as indicated in Figure S19C.

The reduced unit cells deemed likely structural elements (see Section XIII) are permuted and
stacked in the directions of the crystal axes in order to build a three-dimensional crystal
structure satisfying all of our experimental NMR constraints. The proposed structures are
shown in Figure S18 and their silicate species distributions are compared with the
experimental values in Figure S19 (A and B).
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Figure S18 | Proposed structures satisfying the NMR constraints for Ca:Si = 1.25 (A), Ca:Si =1.75 (B)
and Ca:Si=2.00 (C) viewed along the [100] direction. The relative positions of hydroxyls and water
molecules have been relaxed with energy minimization at 0 K. Corresponding relaxed structures using
MD are shown in Figure S20.
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our representative C-S-H structures are shown as markers.

XII.

Initial structural relaxation was performed with classical molecular dynamics using force
field potentials. The force field parameters used are known to describe well cementitious
material systems.'® Simulations were done using a constant pressure ensemble at 300 K and a
time step of 0.7 fs using Velocity Verlet integration algorithms implemented in DLPOLY.**
Ewald summation was used to take into account the long range forces above a cutoff distance
of 8.5 A. Snapshots after 2 ns of molecular dynamics simulation of each structure are shown
in Figure S20 and are found to be structurally stable. Stoichiometry of the structures, bond
distances and average calcium coordination numbers of bulk structures minimized after 2 ns

Structural Relaxation
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are presented in Table S13. The bond distances from MD simulations are realistic.
Histograms showing the distribution of coordination numbers for main phase calcium,
interlayer calcium, and grand total of all calcium in these bulk C-S-H representations are
shown in Figure S21. A systematic shift of the coordination number toward lower values is
inevitable due to anharmonic vibrational motion of the atoms with respect to their proper
equilibrium positions, an effect which is a function of the choice of force field used for the
simulations. To estimate the magnitude of this shift for these systems, we carried out MD
simulations on the known structure of 14 A tobermorite for which 20% of the calcium are six
coordinate and 80% are seven coordinate. The 2 ns MD snapshot of 14 A tobermorite
indicates roughly 30% fivefold coordination and 70% sixfold coordination. Therefore, we
expect the results in Figure S21 to systematically underestimate a proper coordination
number by nearly one.
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Figure S20 | Snapshots of bulk structures relaxed for 2 ns using classical MD simulations. The structures
shown are (A) Ca:Si = 1.25, (B) Ca:Si=1.5, (C) Ca:Si=1.75 and (D) Ca:Si = 2.0 respectively viewed
along the [100] axes. All simulations produced structurally stable defective tobermorite features.

S29



Ca:Si Chemical formula Ca _[f;gl/ Ca Ca[ A_] 0 Si[g]O (CC:-VO)
1.25 Caj 15 Si03, (OH)o1(H20) 152 0 23+0.12 | 1.55+0.08 5.9
1.50 | Cays SiOsss (OH)os0(H20) 101 10 234012 | 1.55£0.08 | 5.9
175 | Cayss SiOs30 (OH)o71(H0) 17 | 201 | 2.3£0.12 | 1.55£0.08 | 58
200 | CaySiOs4 (OH), 15(H:0) 151 294 23012 |155£008| 58

Table S13 | Structural characteristics of the representative C-S-H structures. These values are given for
MD structures relaxed for 2 ns. These values show that the chemical and physical environment in the
structures are realistic. Ca-OH/Ca indicates the percentage of Ca atoms charge compensated by hydroxyl
ions. The errors on the force field were estimated to be around 5% on distances™
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Figure S21 | Histograms showing populations of coordination numbers for each of the representative C-S-
H structures. These values are given for MD structures relaxed for 2 ns. Orange and green bars indicate
coordination of main phase and all other calcium, defined as Cay; and Caggpe,. The black markers
indicate the coordination over all calcium in the structure (Car,). Owing to positional bias in the MD
simulated structures, the populations are systematically shifted toward lower coordination number by
nearly one.
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We also find that in the Ca:Si = 1.75 structure 20% of Ca atoms are charge compensated by
hydroxyl ions. Thomas et al.* calculated this value to be 23% in C-S-H with Ca:Si = 1.7 in
hydrated cement samples and argued that such a bonding is possible only if a structural motif
resembling jennite is present. Our results show that the jennite structural motif is not
required to give this hydroxyl charge compensation — a highly defective tobermorite is
sufficient. We have not considered any structures with a defective jennite motif, in which a
missing dimer is replaced by two OH groups. Pentamers, octamers, undecamers and
tetradecamers are the only non-dimers in our proposed structures limited by the box size
considered. Generally, the interlayer separation distance shrinks up to 2 A (down from 14 A)
upon structural relaxation for Ca:Si < 1.5, affirming our choice of 14 A tobermorite as a
reasonable base structure. Clinotobermorite or other orthotobermorites can also be treated as
the base structure satisfying the *’Si and "H NMR constraints but without additional
information describing the calcium environment in C-S-H it is difficult to evaluate which
form of tobermorite would serve as the best base structure.

XIII. Proton chemical shift calculations

The "H chemical shift calculations are performed on the set of reduced unit cells displayed in
Figure S22. These reduced unit cells are selected to ensure a wide variety of different local
defect environments, classified according to Figure S16A, are captured. We also probe the
influence of Ca;j in the aqueous interlayer and perform a test of the influence of medium
range interactions by studying the containing pentamers rather than infinitely long silicate
chains and dimers, which are the only types of chains possible without juxtaposition of
different reduced unit cells. Calculated proton chemical shift spectra for each of these
structural candidates are shown in Figure S23. Structures that are not distinguishable on the
basis of defect classification may have different arrangements of water molecules in the
interlayer, representing viable structures with different local energy minima and indicated as
different “versions” in Figure S23.
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Figure S23 | Calculated spectra of "H GIPAW isotropic magnetic shifts for the investigated reduced unit
cells of C-S-H. The line-shapes S(8) are extrapolated from the calculated chemical shifts 8., as S(8) =

_ 2
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AC, CC, CG) better reproduce the characteristic tail in the 'H line shape above 10 ppm. Structures that
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are identical according to our defect classification scheme but possess different arrangements of water
molecules in the interlayer are distinguished by V1 or V2.

XIV.

29Si chemical shift calculations

In addition to the 'H chemical shift calculations, we also calculate *’Si chemical shift

parameters (Figure S24) for all structures used in Figure S23. The calculated *°Si chemical
shifts are compared to previous calculations®’ and to our experimental results. To the level of
intrinsic accuracy of *’Si chemical shift calculations, there is good agreement between the

three datasets, allowing us to conclude that the C-S-H models proposed here are a good

approximation of the studied systems.
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Figure S24 | Overlap of calculated »Si GIPAW isotropic magnetic shift spectra for each different Si site
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in the calculated structures shown in Figure S23. The line-shapes S(J) are extrapolated from the

_ 2
calculated chemical shifts 8.4 as S(8) = ﬁexp [ - % (%) ] with R = 1.5 ppm.
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SI B: Supplementary information for thermodynamics modeling and fluid

mechanics calculations.

I. GEMS

GEMS'™ is thermodynamics speciation calculating software employed throughout this thesis
work. For the synthesis of C-S-H at Ca:Si =2, starting with a solution of Calcium nitrate at
0.2M and Sodium silicate at 0.1M with NaOH added as pH regulator is presented below.

GEM-Selektor 3 (GEMS3) - Geochemical Equilibrium Modelling by Gibbs Energy Minimization i

SingleSysten tname [cajsi-2

o § -|e|o)
\ &, |CSH_syt PR Selection Recipe Input BLC
| ® - -
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e =1 Rl in upper (i I €25 Na28i307 3lxa.  |caNOZ)24H2O 4723 g
R P v cas Na2Si03
GO shift (gE: i
wolcst | Omi"méi(:—) CHa Na25i03 5H20 4|xa.  |Na2SiD35H20 21214 g
|101 |CS1 co2 NaNO3 5 |xa_ NaOH 8 g
102 |CS1.6 | Ca(NO3)2 NaCH
103 |CS_1.75 Ca(NO3)24H20 02
104 |CS1_Nz Ca(OH)2 sioz
105 [CS 1Nz gagoa
106 |CS1 Nz e
107 | CS_1_Ng casios
108 |CS_1. Nz
UnSpace |55 [ CS_1_Ng
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15 CS,LNE Learn more Print ‘ OK | Cancel |
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120 |CS_2to1 (1]
121 |CS_2t01.25 Q
122 |CS_2t01.5 4]
123 |CS_2t01.76 Q
124 | CS_2 to 1be [4]
125 CS 2to2 1]
126 |CS_2 to 2be 0
127 |CS_2to 2tr 0
128 |CS_2 to 2trb 0 System: T= 208.15K; P= 1.00bar; V= 0.3234L; Aqueous: built-in EDH(H); pH =12.813; pe = 7.807; IS = 1.965m
129 |CS_21 Q
T lIJ

This recipe leads to the formation of Ca:Si ratio of 2 in the solid C-S-H but GEMS only predicts
this ratio’s once the formation of Calcium hydroxide (CH) is switched off. In normal
circumstances the maximum Ca:Si ratio shown by C-S-H is 1.6 without the formation of CH.
Similarly for other ratio the amount of NaOH can be decreased simultaneously, The amount of
NaOH needed for formation of different Ca:Si ratio is presented below.

Target Ca:Si NaOH (GEMS)
(GEMS) 10M
1.0 0.05 mL
1.25 5.16 mL
1.5 10.58 mL
1.75 16.62 mL
2 20.00 mL

Table 1: Amount of 10M NaOH needed for different Ca:Si ratios



For nanoneedle formation, same recipe as for nanofoils is followed with reduction in the
silicate concentration by 3 order of magnitude (similar to hydrating cementitious system)
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II.  Fluid mechanics Calculations

It is important aspect to verify if we are constrained with the any physical parameter. We put
down the standard values, later used for calculation in mixing time.

Flow rate: 0.1 ml/min to 5 ml/min

Volume of each drop: 0.132 ml

Time between each drop: 4.5 s

Rotational Stirring (): 700 rpm

Diameter of reactor (d)=20 cm =0.2m

Diffusional constant in Aqueous system: D,,= 1.00E-08 Pa.s
Dynamic Viscosity (1) = 0.9E-03 Pa.s, N s/m’

Density of fluid (p)= 1 kg/m’

Velocity (u) = od = 140 m/s

Kinematic viscosity (v = p/p) = 9E-06 m%/s

O O O OO O OO0 0 O0

Definition Equations Calculation

Schmidt number (Sc) momentum dif fusivity U 8.90E+04
mass dif fusivity p*Dp




resistance force P
Power number (N,) f — Nex N3 <D« p 1

inertia forces N3« DS5xp
Specific Power € (W/kg) Power input per kg Np = N3 x D5 548800 (flowrate
14 0.1ml/min)
Flow number (N) Re pxVxL 3.15E+04 (flowrate
u 0.1ml/min)
Mean Shear rate Watt/Kg . g \F 234.2648074 (flowrate
W= ((z > V)) 0.1ml/min)

= Micromixing mode: The mixing is contributed by diffusion (Small dimension) and
shear (created by static mixer).

We can apply, Slab diffusion model: Mixing time (Diffusion + shear)®”’

1 (076 %Y * §2
tm = ( ) * arcsinh { ———— | ... ... [1]
2*Y

D,
Where, mean shear deformation rate in tube:

= <(2 :V)>05 (2]

o AP 32xU*uU
Pressure drop (Hagen-Poiseuille): R = TGz e e v e [3]

Q*AP
Pl L)

Power dissipation: € =
From equation 2-4, the equation can be simplified as following

t —(d
m= 8xu

Mixing time in the flowrate range of our experiment, with fixed diameter of micromixer and
diffusion constant

u*x152x*d
)*ln(—)

d
In(1.52« P t =(
)* n( * Pe) or tm S+ u D
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Figure 1: Mixing time vs. flow rate in micromixer mode

= Dropwise / Reverse-dropwise mode: Mixing time calculated for a single drop to be
mixed with the solution and compared with the time before the next drop arrive. In this
system, the Peclect number is very high indicating mixing in governed by convection
not diffusion. Hence is directly proportional to the power input by rotating magnetic
stirrer in overcoming opposing forces in solution. It can be empirically expressed as’

tm = 0.0075 x €%

Where €, is power input to the solution given by

Np * N3 % D>
E=—- ——
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¢
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Figure 2: Mixing time vs. flow rate in dropwise mode
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SI C: Supplementary information for the article — The Kinetics analysis of C-S-H
formation.

I.  Solving PBE

In order to solve for a particulate system, the set of equations for the first k moments of interest
should be closed, i.e., involve only functions of the moments themselves, which is in most
cases not the case.”* > Since moments depend on time, the moment closure problem has to be
solved every time step during the numerical integration of the differential equations. Therefore,
the numerical algorithm has to be efficient and fast. For this purpose quadrature-based moment
methods (QBMM) that reconstruct the NDF from a finite set of moments will be employed.?

In univariate quadrature method of moments (QMOM) the closure problem (i.e., calculating
integrals dependent on n(t, L)) is overcome by resorting to an interpolation formula:

N
LeL)dL ~ > weg(Ly |
jQLn(t )g(L) ;wg( ) (1)

where g(L) is any function of interest while w, and L, are, respectively, the weights and nodes
of the interpolation formula, and N is the number of nodes used to approximate the NDF
(quadrature order). Unit consistency dictates that w, have units equivalent to n(t,L)dL (#
particles.m™ suspension). QMOM takes advantage of Gaussian quadrature of order N which
offers a degree of accuracy of 2N-1. Therefore, it will be able to capture the first 2N-1 moments
of the weight function. Conversely, N nodes (abscissas) and N weights shall be obtained by
solving the following nonlinear system, assuming the knowledge of the first 2N-1 moments of
the NDF.

— 'N
my = Zazlww
— 'N
m; = Y1 Wql,

2

N
— 2N-1
myN—1 = § thLa
a=1

Since the above system requires a very good initial guess in order to ensure convergence, one
may take advantage of the orthogonal polynomials theorem. According to this theory, a
Gaussian quadrature is an interpolation formula whose N nodes are the roots of polynomial
Py (L) orthogonal to the weight function n(L).** Among the algorithms available in order to
calculate the weights and abscissas from the knowledge of a moment set, the product-difference
(PD) algorithm of Gordon®” and the Wheeler algorithm® * are useful for an arbitrary NDF.
However, the latter is more stable, and is able to handle distributions with zero mean (m; =
0).** schematically shows the application of the Wheeler algorithm in order to approximate a
size distribution using 3, 4, and 5 quadrature nodes.



—Exact NDF

[CIwheeler 3 nodes
[IWheeler 4 nodes
[IWnheeler 5 nodes

a\
=0 A N

- ML

5 0 5
Abscissas (Li)

Fig. 1. Quadrature approximation of a normal distribution using Wheeler algorithm.

II.  Estimation of kinetic parameters for model C-S-H precipitation system

Knowing the aqueous speciation one may calculate the driving force for the formation of new
solid phase, the supersaturation ratio, by comparing the ion activity product (IAP) of relevant
species with their corresponding equilibrium value (Ksp).33 Having the supersaturation ratio,
kinetic equations describing different particle formation processes (e.g., nucleation, growth,
and aggregation) can be used to calculate various terms in the PBE set which is marched over
time along with mass balances and changes in the system volume. After each time step in the
integration of the ODE set, speciation should be done using the updated amounts of
components. Further, recently calculated moments are introduced into the Wheeler algorithm
to calculate corresponding quadrature nodes and weights necessary for some integral terms in
the PBE set. The former along with the updated supersaturation ratio are used to advance the
ODE set one more time step. This (internal) loop is iterated over until we reach the end of
modeling period (literally the period for which experimental data is available). At this step, an
external loop (optimization scheme) constructs an objective function using the summed
absolute differences between the experimental data (Ca2+(aq) concentration as a function of
time) and equivalent calculated values. The unknown model parameters are adjusted in
response to objective function values larger than a pre-defined tolerance and passed to the
internal loop for coupled thermodynamic-kinetic modeling. Iteration over the external loop will
finally give the optimal model parameters describing the experimental data most accurately. In
the following section we will discuss the foregoing steps in more details. Throughout this work,
we use MATLAB 2015b as the programming language.



[lnitial guesses for unknown parameters]

1) Initial values for 2N moments ]
2) Initial amounts of components in system; system \.folumej<

1) Thermodynamic equilibrium speciation considering fast
reactions (quasi-equilibrium assumption)

2) Calculate of supersaturation ratio

3) Calculate quadrature nodes and weights by Wheeler algorithm

v

IAdvance PBE, mass balances and system volume on time-step I

v
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Objective Function =
| Calculated-Experimental |
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NO - YES function NO parameters as per optimization
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Opt:mal kinetic
parameters
are calculated!

Fig. 2. Algorithm for computational estimation of kinetic parameters in precipitation processes.

III.  Aqueous speciation and thermodynamic driving force for solid formation

In the current study, the speciation is calculated by solving the system of equations composed
of nonlinear laws of mass action (LMAs) and linear component and charge balance
constraints.”® Consider an aqueous solution comprised of NS species (including water solvent,
ions, and aqueous ion pairs) and NC independent components (either elements like Ca and Si,
or group of elements like OH and NHy4). Knowing the overall amount of all components and
considering charge neutrality for electrolyte solutions, (NS-NC-1) independent LM As should
be written to have a complete set of equations solvable for NS unknown amounts. The set of
equations to be solved would then be

Charge balance: ¥; = 0 = Y'N5, z;n; 3)
Component balance: ¥; = 0 = —B, + >N beini;j=2,.,NC+Le=j—1 4)

LMAs: ¥; = 0 = —logo Ky + Y viilogio(myy;);j = NC+2,..., NSk =j—

)
NC—-1

where n;, zj, bej, Vi, mj, and y_i are mole amount, signed valence, stoichiometry of

component e, signed stoichiometric coefficient in law of mass action k, molality (mol.kg™),

and molal activity coefficient for the it species, respectively. B, is the overall molar amount

of component e, and K, is equilibrium constant for the k™ LMA. The system of equations made

mgﬁi[gl? ? minimized : scheme and solve the kinetic
P : ? equations using the new parameters



up by Egs. (3)(4) and (5)is often solved using an iterative Newton-Raphson-type approach.’"

Any appropriate framework could be used to estimate the activity coefficients, from Debye—
Hiickel limiting law applicable for very dilute electrolyte solutions (I <0.01) to Pitzer equations
working nicely up to several molal concentrations.’">*>* Here, the activity coefficient of water
solvent is taken to be one as we are dealing with ionic strengths less than 2 molal.””*° The
activity coefficients of other species may also be adequately estimated using Truesdell-Jones
(TJ) equation applicable up to ionic strength around 2 molals™*>

—Az?\1

lo ;= +b;I+1o X (6)
810Yi 1+t aiB\/T i 810( HZO)

where | = %Z}isl m;z? is the molal ionic strength of aqueous solution, A and B are Debye-

Hiickel constants characteristic of the solvent (water in this case) at pressure and temperature
of interest, and a; and b; are ion-specific fitting parameters.”® The values of fit parameters for
many aqueous species can be found in Refs. > and *°. The missing parameters for the current
system were estimated by fitting the TJ model to x-based activity coefficients calculated by
OLI Studio software (version 9.2, OLI Systems, Inc.) working based on a speciation-based
mixed-solvent electrolyte activity coefficient model (MSE).”” The parameter values used in the
activity coefficient calculations are included in the second, third, and fourth columns of input
matrix

1 15 iy 18 20
+H=HISIO4 H2SIO4 + H = HISIO4 Na + HISIO4 = NaHSIO3 + H2O NaNO3 = Na + NO3 CaOH = Ca + OH CaNO3 = Ca + NO3 Ca + H35I04 = CaHSIO3 + H20 Ca + H25I04 = CaH25i04
) ]

0 0 0

Fig. 3. Spreadsheet containing the input parameters for aqueous speciation calculation.

As Zondervan mentions providing the analytical Jacobian for the equation set would enhance
the efficiency of Newton-Raphson method.”® Therefore, the partial derivatives of all equations
with respect to each species is calculated analytically:

0¥y .
an; =z;i=1,..,NS 7
oW,
=be;j=2,.,NC+1Le=j—1i=1,..,NS (8)
ani !
NS
R Y Vii —Az? 7} b,z
an;  In(10 +Z"k'1 2t )
i In(0)m; & \4y7(1 + q,BVT) 9)

j=NC+2,..,NS;k=j—NC—1;i=1,..,NS

Traditionally, there are three major problems with Newton-Raphson method. First, at some
iterations the Jacobian matrix may be singular and therefore, the direction vector is not defined.
In some other cases, calculating the exact Newton step may be computationally expensive.
Second, the initial guess should be close enough to the final solution so as to avoid erratic
trajectories. Third, in spite of employing some remedy to correct the erratic behavior of Newton
step the rate of convergence might still be extremely slow if we start iteration very far from the



final solution. The latter is particularly the case in higher dimensions (e.g., 15 dimensions
corresponding to NS species in our problem).” *® In order to cope with Jacobian singularity
and erratic direction issues (first two problems above), we adopt the trust-region dogleg
algorithm implemented in the fsolve function of MATLAB.” The algorithm is more robust,
even compared to reduced-step Newton methods, when starting far from the solution or in case
of having singular/nearly singular Jacobian matrix because it simultaneously changes the step
direction and its magnitude to find an acceptable reduction of function norm.*

As we mentioned earlier, in spite of being more robust, fsolve may still not be efficient enough
if we start far from the final solution, particularly for high-dimensional problems. In other
words, a large number of iterations and/or function evaluations may be necessary (e.g., > 400
iterations and > 100x”number of variables” function evaluations being default values in
MATLAB). To overcome this problem, Crerar used the curve crawler technique described by
Acton.”™ ¢! In this approach, the system of equations is down-scaled to less than 10 equations
by removing some of the components and their associated species. The down-scaled equation
set is then solved to find an equilibrium speciation. After that, the omitted components and
their associated species are added one by one in small amounts so that the concentrations of
the down-scaled species are not altered significantly. The amount of small component addition
is used to calculate the concentration of its dependent species appearing with this increment of
new component. With these new concentrations used as an initial guess the expanded system
will be equilibrated. The former small addition of components and re-calculation of
equilibrium for the expanded system is repeated until all the omitted components are
completely added retrieving the initial full system. All these initial calculations shall be done
with ideal solution assumption (unit activity coefficients for all species). Otherwise, suitable
activity coefficient could be embedded in the iterative procedure above once a first initial guess
is calculated. However, in practice the change in activity coefficient from one iteration to the
next might be very large that the process diverges. As a remedy Crerar suggested fractional
change of activity coefficient.’'

Inspired by the approach of Crerar explained in the previous paragraph, we developed a simpler
and more efficient scheme to generate a good initial guess for full nonlinear equation set. To
make the explanation more straightforward and comprehensive, we will describe the scheme
using the C-S-H precipitation system of interest as an example. The aqueous species considered
in the current study along with corresponding TJ parameters. Here, we have 15 species, the
equilibrium amounts of which are unknown, made up by of 5 components (O, Ca, Si, Na, and
N). Having a charge balance and 5 component balance equations, NS-NC-1 = 9 independent
LMAs are needed to complete the set of equations. The mass action equations considered in
this work. The equilibrium constants are extracted from OLI software database. Having NS
independent equations in NS molar amounts the steps below should be followed in order to
calculate the equilibrium speciation for the system of interest:

(1) Choose NC+1 species out of the total NS species in the system including water
solvent, H' or OH" (depending on a former knowledge about whether the system is
more acidic or basic, respectively), and NC+1-2 other species each representing a
separate component. It is advised to choose these latter species in a manner that they
are (among) the most abundant species bearing the relevant component (the reason
behind the former will be explained shortly). These NC species will be referred to as
master species, hereafter. For C-S-H precipitation system, we are working under
basic conditions (OH™ in favor of H' as a master species). Additionally, it sounds
reasonable to choose Cazt H;SiO4, Na', NO;™ as master species to represent Ca, Si,
Na, and N.



(2) Solve for the molar abundances of master species using only linear charge and
component balance equations. This task can be easily achieved using matrix left
division (\) in MATLAB. Once we have the molar abundances for water (solvent)
and the rest of master species, we can calculate their molalities as well.

(3) Assuming unit activity coefficients for all species employ LMAs to get an initial
estimation of molalities for other NS-NC species (secondary species). One can
discriminate two types of mass action equations. The first class consists of equations
having only one unknown secondary species (LMAs 1 and 4 to 8). The rest of LMAs
depend on more than one unknown secondary species (in this example the rest of
LMAs depend on two secondary species; yet, in more complex systems there might
be LMAs with a larger number of secondary species). Having the former in mind,
LMAs with the least number of unknown secondary species will be solved
sequentially to estimate some initial guess for these unknown molal concentrations.
Convert the estimated molalities back into mole amounts.

(4) At this step, we will check the quality of our initial guess generated so far by
examining the residuals of linear component balance equations for all components
except for O. If the maximum absolute relative residual is less than a tolerance, then
the initial guess could be passed to full Newton-Raphson-based method. Otherwise,
if for any component the residual is larger/smaller than the tolerance/minus tolerance,
the guess for the molar abundance of corresponding master species will be
reduced/increased by a little amount (1 + fractional step size)Xn;). Charge balance
will then be applied to calculate the mole amount of OH". It is worth noting that the
mole amount of water solvent calculated from step (2) is already the same order of
magnitude as its equilibrium amount since we are dealing with rather dilute (Ionic
strength < 2 mol.kg™) solutions where most of oxygen (component O) is in water. As
a result, no further correction will be made to H,O molar amount. Except for that, the
new mole amounts of master species will be passed to step (3) to calculate new
guesses for secondary species. Once a new set of values are generated for all molar
amounts, its quality will be checked again as described earlier this step. The
procedure will be repeated until a suitable initial guess is reached.

(5) The molar amounts generated by the iterative process above (steps (2-4)) will be used
as an initial guess to solve the full system of equations.

For a faster and more robust convergence of the full Newton-Raphson solution, the
tolerances in the iterative process above are set so that the initial guesses have almost the
same order of magnitude (+3 orders of magnitude) as equilibrium amounts.®’ Numerical
experiments suggested that having the relative absolute residuals for component balances
in a domain with radius 10 would result in an initial guess within a range of three orders
of magnitude about the final solution:

}\]=Sl be'inigueSS

<10 10
B (10)

To prevent large oscillations around a suitable initial guess, the molar amounts of master
species are adjusted by a fractional step size of 0.1 in case that any of the conditions are
violated. Such a value is small enough to mimic a curve-crawling behavior toward the suitable
initial guess yet still big enough to prevent excessively slow marching. Numerical experiments
with the above iteration parameters showed that a desirable initial guess (£3 orders of
magnitude as the final solution) is generally achieved in less than 50 iterations. Overall, the
code calculates the equilibrium molar amounts in less than 0.7 s when run on an HP laptop
with Intel® Core™ i5-4310M CPU @ 2.70GHz 2.70 GHz processor and 8.00 GB RAM.



As Messac affirms proper scaling is an inevitable step prior to solving an optimization problem
particularly when independent variables (or the “design variables™) lie over a wide range.*
Without proper scaling the optimization code may not converge or stops prematurely at a poor
design variable, oftentimes without the coder realizing that this is the case. Even in convergent
situations scaling enhances rate of convergence.”> As it was discussed in the previous
paragraph, the generated initial guess lies within a three-orders of magnitude range of the final
solution. Therefore, all the design variables can be scaled using

1
of = —5; nf9*ed = nyxof (10

1
with of and n$€12e4 being the scale factor and scaled mole amounts, respectively. This way,
the optimization function (fsolve) will receive some scaled initial guess (with all variables lying

around +1x1000) and returns scaled final solution, which can be unscaled in a reverse manner.

The simulation results for C-S-H precipitation experiments described in Section above over a
period of 20 hours, using OLI Studio software (with solid and vapor phases turned off) and our
aqueous speciation code (called agEQBRM). Both pH and molal ionic strength values are
predicted with excellent accuracy when compared to OLI output as reference small differences
due to using different activity coefficient models as discussed in Thomsen et al.%®). The
differences in predicted pH values are generally less than 0.1 pH units which is in the
acceptable range of discrepancy between experimentally measured and calculated values.**®
. It depicts supersaturation ratios for both portlandite and C-S-H (different solid solutions
models) using OLI (markers) and agEQBRM (lines). Once again, there is an excellent match
between agEQBRM and OLI, with the small discrepancies attributable to different activity
coefficient models (TJ for aqEQBRM and MSE for OLI).** Analogous to our experimental
observation (no portlandite precipitating out of solution), for all C-S-H models the
supersaturation ratio with respect to portlandite is smaller than that of C-S-H. The difference
in C-S-H supersaturation ratio calculated based on different solid solution models could be
ascribed to discrepancy in C-S-H models being calibrated using various experimental data sets.
Such discrepancy is anticipated to be around 0.2-0.6 pK units in solubility product." Simple
hand calculation shows that the former is equivalent to supersaturation discrepancies by a
factor of ~ 1.2-1.7 for K¢, = 10~7. Comparing the value shown reveals that the former is in
fact consistent with C-S-H supersaturation ratios having an upper bound correspondent to
Kersten’s model and a lower bound correspondent to Carey and Litchner’s model (assuming
the intermediate Berner’s model represents the mean values).

IV. Implementation in PBE and coupling to Mass balance equation.

We insert the corresponding physicochemical expressions for different phenomena by
replacing primary and secondary nucleation rates in the equation, we will arrive at the
following expression for the discontinuous jumps signifying discrete events®'

hy = (L)X (0 + (Li)*x]; (D) (12)

in order to express the growth expression in moment-transformed PBE in terms of QMOM
approximation



kfoon(t, L)G L *dL ~ k » wi(DG(Li(®) L)) k=01,..2N—1 (13)
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Combining Egs. (12), (13) and knowing no C-S-H is in the feed

N
d d(InV
% +my (di )zkzwi“)‘;(“(ﬁ) (LD + L)RX) (D) + L)*xJu(®)  (14)

for k=1,2,...,,2N — 1 denoting 2N ordinary differential equations (ODEs) representing the
first 2N moment-transformed PBE equations in a QMOM closed form. The above equations
have to be solved simultaneously with mass balance equations. These mass balance equations
track the time evolution of elemental abundances in aqueous solution that is passed at every
times-step into the speciation code. For the C-S-H system of interest, there are 4 elemental
balance equations that have to be considered (O, Ca, Si, and Na; the overall amount of nitrogen
in solution is constant as no N-containing compound is being introduced into the aqueous
solution nor leaving it):

d dnc_s_y
ano,sm =Q:Cp — Vo —dt (15)
d dnc_s-y
anCa,Sol = —Vca dt (16)
dnc_s_y
anSi,Sol = Q1Csi — vg; T (17)
d
&nNa,Sol = QlCNa (18)

where ny s, denotes the molar amount of element X in solution having a molar concentration

Cy (mol.m™) in the inlet stream with flow rate Q;(m”), and contributing vy moles in one mole
C-S-H precipitated from solution. Additionally,

dnc_g_
% = KypsoliaV
N (19)
x( 3D wi®G(L(D) W4 + L)*XN(® + L)*Xu(®

is the overall rate of C-S-H precipitation due to nucleation and growth processes (mol.s™). As
per system specifications Cq, Cg;, and Cy, are 55.4842, 0.0090x107, and 0.1172x10 mol.m"
3, respectively. Also, according to Kersten’s model being used to model C-S-H solid phase
thermodynamics, Vg, Vg, Vs; are 7/2, 1, and 1/2, respectively.*®



V.  Optimization of kinetics parameters

Knowing all the kinetic parameters, solution of the PBE set, written for three quadrature nodes,
coupled to mass balance equations give the temporal evolution of different elements in solution
as well as solid C-S-H formed. Having unknown parameters one can develop an optimization
scheme which varies these parameters to give a best fit to experimental data. In the current
work, MATLAB’s nonlinear least-squares solver (Isqnonlin) is employed for this purpose.
Proper bounds where chosen to facilitate the convergence of the optimization function (Table
5). Once again, scaling is a key for reliable execution; therefore, the objective function and also
all the design variables were scaled using proper scale factors to bring the values in the order
of unity (Table 5).°* The options for Isqnonlin function were 1000 maximum iterations,
function and design variable tolerances of 107, and 600 maximum function evaluations. When
run on an HP Intel® Core™ i5-4310M CPU @ 2.70GHz 2.7 GHz laptop with 8.00 GB RAM,
the overall kinetic parameter estimation problem required ~ 45 minutes to converge with the
experimental data at 2 mL.min"' inlet flow rate as the fitting points. The goodness of fit is
quantitatively appraised by the coefficient of determination (R-squared) and maximum
absolute residual (the biggest discrepancy between calculated and measured Ca®" mole
amounts). The former is defined as®

2
RZ -1 Z(nCa,experiment - rlCa,calculated)

- > (20)
Z (nCa,experiment - 1'ICa,experiment)

: 2+
where N¢, experiment @0d N calculated ar€ the experimentally measured and calculated Ca

mole amount, respectively, and fig, experiment 1S the mean of observed data.

Table 1. Bounds for unknown kinetic parameters.

o
Kinetic parameter y (J.m™2) — x, D(@m2s™ ') K; g

Y

Lower bound 0.01 0 0 10 10"
Upper bound 0.15 2 1 107 107 3
Scale factor 10 1 1 10° 107



VI.  PSD of primary and secondary particles

14.0 120
(a) o o
12.0 ! 3
/ 2
— 10.0 Average primary particle size =
13 80 »
< B
3 8.0 Average secondary particle size -
@ 2
2 60 8
-g ====Average number of primary 2
5§ a0 particles per secondary particle 40 3
°
e o
2.0 2
X
o
0.0 T T T T T T 0
) 40 80 120 160 200 240 280 320 360
Time (min)
35.0 === 750
(b) 1 o
30.0 S
600 &
— 25.0 =
€ 2
£ °
3 20.0 1 450 3
L Py
M 2
g 15.0 300 S
£ g
& 10.0 - 3
150 B
5.0 E3
a
o
0.0 T T T 0
[ 200 400 600
Time (min)
60.0 1600
(c) ! [}
' <
50.0 - ! S
1 1200 5
—_ ' o
£ 40.0 ' L
£ H o
- ] ]
] H -
3 300 i 800
° H S
s H 2
t 200 - v o
& 3
400 3
10.0 A 3
! o
’ n
0.0 T 0
0 440 880 1320 1760 2200
Time (min)

Fig. 4. Number-averaged primary (crystallite) and secondary particle size and the average number of crystallites per secondary particle as a
function of time for 2 (a), 0.50 (b), and 0.11 mL.min™" (c) inlet flow rates; the standard deviation of crystallite size is shown as gray error
bars around the respective graph.

Table 2. Equilibrium size-properties of precipitated C-S-H particles at different inlet flow rates.

Inlet flow Number Standard Coefficient Mean Average
rate (volume) deviation of variation secondary number of
(mL.min™") averaged (crystallite;  (crystallite)” particle size crystallites
crystallite nm)® (nm)° per
size (nm)® secondary
particle’
2.0 2.7@2.7) +0.16 0.06 13.0 116
0.5 3.6 (3.7) +0.19 0.05 33.0 741
0.11 5.0(5.1) +0.39 0.08 58.3 1544
* Number-averaged primary particle (crystallite) size: Ly o = :—;

Volume-averaged primary particle size: Ly 3 = % (from Ref. 104)
3

® Volume-based coefficient of variation and standard deviation: SD = CVxL,3; CV = ,% — 1 (from Ref. '™
4

. . 6Nc_g_
®Mean secondary particle size = * | ———"1—
TPsotiaX Jo "4 J1Vdt
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