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tension, cohesion energy, growth rate constant, the shape factor, and the kinetic 

order of growth) were then recalculated for C-S-H and C-S-H + sulfates ($) with 

Ca:Si molar ratio = 1.75. Reasonable values were obtained for interfacial tension 

and cohesion energy, although the possibility of Ca2+ adsorption on the surface of 

precipitates may decrease the accuracy of these estimations. The pure-phase 

Ca:Si 1.75 sample exhibited a recalculated growth rate constant on the order of 

10-10 m3/g2*mol*s, while the addition of sulfates resulted in a constant on the 

order of 10-8 m3/g2*mol*s. Comparison of supersaturation indices of CSH + $ at 

Ca:Si > 1.5 showed the simultaneous precipitation of Ca(OH)2 with C-S-H, 

confirmed by XRD results, reducing the accuracy of the PBEM. As a result, the 

model needs further development for 2 phase systems. Kinetic data collection for 

calcium-aluminum-silicate hydrates (C-A-S-H) showed strong interference with 

the Ca2+ ion selective electrode and secondary salt formation before reaction.   

The surface characteristics of C-S-H, C-A-S-H, and C-S-H + $ were investigated 

by acoustophoresis to compare the effects of Ca:Si, washing, and dispersion 

media on zeta potential measurements. Results showed the necessity of full 

characterization of both solutions and precipitates in order to understand and 

compare acoustophoresis results. Zeta potential was observed to increase with 

increasing pH and Ca:Si when dispersed in both filtered supernatants and NaOH 

solution at a pH of 12. Ca2+ desorption was indicated upon dispersing in NaOH 

solution rather than in filtered supernatant. C-S-H samples washed and re-

dispersed in NaOH pH 12 solution were titrated with calcium solution and 

exhibited a partial reversibility of Ca2+ adsorption. Potentials of C-A-S-H and C-S-

H + $ were lower than measured on the C-S-H samples. To better understand 

how the surfaces change in response to such experimental modifications, the 

data will be evaluated in the light of recent atomistic simulations on C-S-H 

surfaces.   

In the final section of the thesis C-S-H, C-A-S-H, and C-S-H + $ were grown on 

the surface of heterogeneous substrates, quartz and calcite, to approach C-S-H 

growth in real systems. Quartz exhibited slow dissolution, and small amounts of 

hydrates were observed on the surfaces of the substrate. C-A-S-H, produced by 

dropwise precipitation in the presence of quartz, exhibited denser nanofoils while 
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Résumé 

Cette thèse étudie les effets des aluminates, des sulfates et des substrats 

hétérogènes sur la nucléation et le développement des hydrates de silicate de 

calcium synthétiques (C-S-H) produits par précipitation goutte à goutte. 

L'utilisation de C-S-H synthétique, séparé des autres phases cimentaires, permet 

des études des mécanismes de formation et les effets cinétiques dans un 

système simplifié. L'ajout d'autres ions et substrats permet alors une approche du 

système multiphase plus compliqué du ciment et du béton. Le premier objectif de 

cette thèse était de synthétiser de manière reproductible C-S-H monophasé avec 

Ca:Si de 1 à 2. Des directives ont été décrites pour la collecte, le séchage et la 

manipulation des précipitants afin d'empêcher la formation de Ca(OH)2 pendant 

la synthèse et de minimiser la carbonatation. L'espacement entre les couches 

dans les précipitants a été étudié par DRX en transmission pour comparer les 

effets de Ca:Si, de l'humidité relative et du temps, en utilisant la structure de la 

tobermorite 14Å comme référence pour le C-S-H synthétique. Cela a montré 

qu'avec un séchage minimal, l'espace intercouche approche 14 Å, plus élevé que 

celui étudié précédemment dans le système C-S-H synthétique séché. Des 

études sur l'effet de la méthode de production entre la synthèse dans un réacteur 

discontinu et dans un réacteur tubulaire à flux segmenté continu (SFTR) ont 

montré que les échantillons produits dans le SFTR avaient généralement des 

teneurs en eau plus élevées et des espacements intercouches plus élevés. 

La cinétique de croissance et de nucléation de C-S-H a ensuite été étudiée avec 

le modèle combiné d'équation thermodynamique et d'équilibre de population 

(PBEM). Tout d'abord, le modèle a été élargi pour inclure une plus grande base 

de données thermodynamique qui a permis l'incorporation d'aluminates et de 

sulfates dans les calculs d'équilibre. De plus, une interface utilisateur de base a 

été ajoutée pour permettre à l'utilisateur de changer entre les systèmes C-S-H 

auparavant limités à Ca:Si de 2. Le modèle étendu peut calculer les sorties de 

croissance et de nucléation avec ou sans données cinétiques collectées, et les 

entrées peuvent être modifiées dans un tableur excel. Les indices de saturation 

de C-S-H et de portlandite ont été calculés pour toute la gamme des rapports 

molaires Ca:Si et, et tous ont montré que Ca(OH)2 était sous-saturé à Ca:Si de 1 



v 
 

à 2, confirmant les données expérimentales précédentes pour la production de 

phase pure C-S-H synthétique. Les cinq paramètres "inconnus" du PBEM 

(tension interfaciale, énergie de cohésion, constante de vitesse de croissance, 

facteur de forme et ordre cinétique de croissance) ont ensuite été recalculés pour 

C-S-H et C-S-H + sulfates ($) avec un rapport molaire Ca:Si = 1,75. Des valeurs 

raisonnables ont été obtenues pour la tension interfaciale et l'énergie de 

cohésion, bien que la possibilité d'adsorption de Ca2+ à la surface des 

précipitants puisse diminuer la précision de ces estimations. L'échantillon de 

Ca:Si 1,75 en phase pure a présenté une constante de vitesse de croissance 

recalculée de l'ordre de 10-10 m3/g2*mol*s, tandis que l'ajout de sulfates a 

entraîné une constante de l'ordre de 10-8 m3/g2* mol*s. La comparaison des 

indices de sursaturation de C-S-H + $ à Ca: Si > 1, 5 a montré la précipitation 

simultanée de Ca (OH)2 avec C-S-H, confirmée par les résultats DRX, réduisant 

la précision du PBEM. En conséquence, le modèle doit être développé 

davantage pour les systèmes à 2 phases. La collecte de données cinétiques pour 

les hydrates de calcium-aluminium-silicate (C-A-S-H) a montré une forte 

interférence avec l'électrode sélective d'ions Ca2+ et la formation de sel 

secondaire avant la réaction. 

Les caractéristiques de surface de C-S-H, C-A-S-H et C-S-H + $ ont été étudiées 

par acoustophorèse pour comparer les effets de Ca:Si, du lavage et des milieux 

de dispersion sur les mesures du potentiel zêta. Les résultats ont montré la 

nécessité d'une caractérisation complète des solutions et des précipitants afin de 

comprendre et de comparer les résultats d'acoustophorèse. On a observé que le 

potentiel zêta augmentait avec l'augmentation du pH et du Ca:Si lorsqu'il était 

dispersé dans les surnageants filtrés et la solution de NaOH à un pH de 12. La 

désorption de Ca2+ était indiquée lors de la dispersion dans la solution de NaOH 

plutôt que dans le surnageant filtré. Les échantillons de C-S-H lavés et 

redispersés dans une solution de NaOH de pH 12 ont été titrés avec une solution 

de calcium et ont montré une réversibilité partielle de l'adsorption de Ca2+. Les 

potentiels de C-A-S-H et C-S-H + $ étaient inférieurs à ceux mesurés sur les 

échantillons de C-S-H. Pour mieux comprendre comment les surfaces changent 

en réponse à de telles modifications expérimentales, les données seront 
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On an atomic scale, the structure of C-S-H is similar to a defective 14Å tobermorite, 

composed of a double layer of Ca-O between drierketten silicate chains, separated 

by interlayers of water, hydroxyl groups, and calcium ions[14], [17], [18]. As C-S-H is 

poorly crystalline and difficult to characterize in among the other cementitious 

phases, researcher have used synthetic C-S-H to study the main hydration phase 

under more controlled conditions. To determine the structure of C-S-H, 29Si nuclear 

magnetic resonance (NMR) has been used to study the location of silicates in C-S-H 

and consequently the structure[19]. Figure 1.1.2 compares the atomistic structures of 

the 14Å tobermorite and the defective C-S-H with shorter drierketten chains, 

separated by calcium in the bridging site, denoted as Q2b in the figure[11], [17], [20], 

[21]. Using the 14Å tobermorite with a Ca:Si of 0.83 as a basis, researchers 

introduced defects into the mineral phase to reach ratios observed in cementitious 

systems[17], [22]. 

 

 

Figure 1.1.2 Atomic structure of (a) 14Å tobermorite and (b) C-S-H with defective 

drierketten chains[17] Q(2b) structures refer to bridging-type silicate tetrahedron 

surrounded on either side by Q(2p) pairing-type silicate tetrahedrons, Q(1) refers to 

silicate species terminating the chains 
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Calcium nitrate solution and sodium metasilicate solution with NaOH to control the 

pH and Ca:Si were simultaneously pumped into the SFTR.  Reactants were pumped 

at a rate of 10mL/min and were mixed together with a passive micromixer which 

increased the effectiveness of mixing. The stream was then segmented inside of the 

reactor by a nitrogen flow. The volume of each segmented reactor was between 

0.12-0.25 cm3. After mixing in the SFTR, samples were collected at the end of the 

tube and allowed to mix with a magnetic stirrer for at least an additional 3 hours. 

Temperature was maintained at 19°C inside the reactor, and the reaction was kept at 

the control temperature during mixing.   

 

 

 Picture of segmented flow tubular reactor 
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Chapter 3. Synthesis of C-S-H, scale-up & preliminary studies 

of interlayer water 

This chapter presents the developed protocol for the synthesis of C-S-H in the 

batch and segmented flow tubular reactors using the dropwise precipitation method. 

Thermodynamic modelling (GEMS, Cemdata 18.1) was used to predict how pH, 

temperature, and dilution effect the resulting Ca:Si of synthetic C-S-H. Additionally, 

preliminary studies of the interlayer were carried out with transmission XRD to 

understand the effects of Ca:Si and relative humidity on interlayer spacing.  

3.1 A method for the reliable and reproducible precipitation of 

phase pure high Ca/Si ratio (>1.5) synthetic calcium silicate 

hydrates (C-S-H) 

This section is based on a paper published in Cement and Concrete Research in 

2022[32].  

3.1.1 Abstract 

Various methods have been developed to synthesize C-S-H; however, these 

methods have only allowed for the successful production of pure-phase C-S-H with 

Ca:Si of 1.5 or less. Attempts to form higher Ca:Si ratios by these methods  gives C-

S-H (Ca:Si 1.5 or less) in the presence of Ca(OH)2. This paper focuses on a reliable 

method to produce single-phase C-S-H with Ca:Si molar ratios between 1 and 2. 

Reactant concentrations, temperature, pH, and mixing conditions are carefully 

controlled to ensure homogeneous precipitation of C-S-H. Guidelines on collection, 

drying, storage, and handling are also described.  
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Kumar et al. succeeded in producing pure, single-phase C-S-H at a Ca:Si of 2 using 

a method which combines direct double decomposition and dropwise 

precipitation[17]. The experimental data obtained from this high Ca:Si C-S-H allowed 

an atomistic level model to be constructed that accounts for the full range of Ca:Si 

molar ratios. However, this synthesis method has proven to be difficult to replicate, 

and much like the other methods, targeting higher Ca:Si ratios has often resulted in 

producing C-S-H in conjunction with Ca(OH)2 (portlandite), and/or CaCO3 

(carbonates).  

Thermodynamic and kinetic modelling indicates that the Ca:Si of C-S-H produced in 

the method of Kumar et al. depends on the pH of the environment, and from kinetic 

modelling portlandite is never oversaturated in the media as long as care is taken to 

maintain proper mixing throughout the synthesis[30]. Despite this, we find in practice 

that portlandite and carbonates may form. 

Much like any family recipe, there are one or two minor ingredients or tricks that 

make all the difference between high-quality, pure C-S-H and a mixed, poor-quality 

C-S-H.  In this work, we describe a reproducible protocol for pure, single-phase, 

synthetic C-S-H with Ca:Si molar ratios from 1 to 2 based on the dropwise 

precipitation method and GEMS thermodynamic modelling with the Cemdata 18.1 

database[35], [36], [38]. The samples were characterized with X-ray diffraction 

(XRD), thermogravimetric analysis (TGA), x-ray fluorescence (XRF), and inductively 

coupled plasma spectrometry (ICP-OES) with the goal of defining the steps needed 

to produce pure C-S-H and determining which parameters affect the formation of 

secondary phases. To prevent the formation of impurities during collection, drying, 

storage, and handling; additional guidelines are provided. 
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3.1.4 Reactor setup & operation 

 

Batch reactor 

 

  

 Schematic of batch reactor setup for dropwise precipitation of C-S-

H[17], with slots in the lid for nitrogen purging and in-situ measurements. 
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 Picture of batch reactor, water bath, and magnetic stirrer for synthetic C-

S-H synthesis 
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The C-S-H was synthesized in a 12cm diameter poly(methyl methacrylate) (PMMA) 

reactor, based on the setup of Kumar et al.[17] (Figure 3.1.1 and Figure 3.1.2). The 

reactor lid has six slots for in-situ measurements, PMMA bars to increase turbulence 

and mixing inside the reactor, and glass inlet and outlet tubes for a gas purge. A 

polyvinyl chloride (PVC) tube is placed at the bottom of the glass inlet. Additionally, a 

3-input y-shaped micromixer system with a spiral static mixer is included.  

A Mettler Toledo InLab Expert Pro ISM-P67 pH electrode and a Mettler Toledo 

perfectION Combination calcium electrode were used for in-situ measurements, 

collected on Mettler Toledo Easy Direct software. The reactor was placed in a bath 

and the temperature was regulated by a thermostat at 19°C.  

Solutions were introduced to the reactor by an ISMATEC REGLO-CPF Analog piston 

pump with an RH0.CTC pump head, and after synthesis, the precipitate was 

collected via a vacuum-filtration system on a 200nm filter paper (Whatman ME 24/21 

STL). Calcium nitrate (Ca(NO3)2 * 4H2O, CAS: 13477-34-4) and sodium metasilicate 

(Na2SiO3, CAS: 6834-92-0) were supplied from Sigma-Aldrich. NaOH pellets were 

supplied from Acros Organics (CAS: 1310-73-2), and ethanol was supplied from 

Reactolab S.A. 

Solution preparation  

Before synthesis, all parts of the apparatus were washed with deionized water and 

dried in a laminar flow hood. Piston pump tubes were purged with a solution of 50% 

ethanol, 50% pure water, and rinsed with a 50 mL solution of pure water before and 

after use.  Ion electrodes and pH meters were stored in the respective storing 

solutions, calibrated twice before use, and washed with deionized water.  

Solutions of calcium nitrate, sodium metasilicate, and sodium hydroxide were 

prepared with decarbonated water. During and after preparation, the solutions were 

covered with a lid to avoid any contamination by dust. The solutions were stored for 

a maximum of two weeks before use.  
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3.1.5  Synthesis 

Mix design 

The Gibbs Energy Minimization Software or GEMS and the Cemdata 18.1 database 

were used to simulate the relationship between Ca:Si ratio of synthetic C-S-H and 

pH as alkalis were added to the system[35], [36], [38]. The CSHQ and CNASH_ss 

solid solution models were used to make thermodynamic calculations[38]. As the 

solubility of portlandite is inversely proportional to temperature, it is easier to avoid 

portlandite precipitation at lower temperatures. As a result, the temperature in all 

simulations was maintained at 19°C. 100 mL of 0.224M calcium nitrate and 0.1M 

sodium metasilicate were simulated at equilibrium with varying amounts of pH 

regulator, NaOH, as shown in Table 1 to achieve the listed target Ca:Si values.  

Table 3.1.1 Cemdata 18.1-modelled pH equilibrium values and required 10M 

NaOH solution volume for target Ca:Si molar ratio in absence of Ca(OH)2 and total 

reaction volume of 200 mL[35]. 

Target Ca:Si  pH  10M NaOH solution 

1 11.4 75 µL 

1.25 11.9 675 µL 

1.5 12.5 1.625 mL 

1.75 12.9 3.475 mL 

2 13.5 10 mL 
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All C-S-H, of both high and low Ca:Si, is susceptible to carbonation on exposure to 

air[17].  Figure 3.1.4 shows the differential thermogravimetric (DTG) analysis of the 

same Ca:Si = 1.3 sample analyzed above. As for the XRD diffractogram, no 

portlandite is observed. The sample exhibits some decomposition due to the 

presence of carbonates, possibly both amorphous and crystalline, represented by 

the losses between 600 and 800°C. Losses due to carbonation are observed in C-S-

H samples both with and without the formation of portlandite, and can also be seen 

in Figure 3.1.6 and Figure 3.1.7.  

  

 Differential thermogravimetric analysis (DTG) of pure C-S-H sample 

exhibiting losses due to both crystalline and amorphous carbonation between 600 

and 800°C, Ca:Si = 1.3 
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Ca(OH)2 formation in synthetic C-S-H 

High Ca:Si C-S-H gives the same diffraction patterns as its lower Ca:Si counterpart. 

However, as the Ca:Si exceeds 1.5, portlandite formation is more often observed, 

affecting the actual Ca:Si of the C-S-H. Figure 3.1.5 shows the diffraction patterns of 

two dried samples with target Ca:Si of 1.9. In the XRD of the second sample, 

portlandite peaks are observed.   

 

 Pure (green) and impure (blue) C-S-H with nominal Ca:Si = 1.9 . 

C-S-H 

Portlandite 
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 Plot of target Ca:Si molar ratios vs ratios from TGA analysis for 46 C-S-

H samples, based on decomposition due to portlandite only (green), and 

decomposition from  portlandite + carbonated portlandite (orange). Green line 

represents target Ca:Si. Ranges within 1.5 of the interquartile range (IQR) are 

shown. 

Target Ca:Si 
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 Figure 3.1.9 shows Ca:Si molar ratios, calculated from measurements of calcium 

and silicon in the precipitates with ICP and XRF. Lower Ca:Si molar ratios display a 

good correlation with the target ratios; however, at Ca:Si molar ratios of 1.8 and 

higher, the measured Ca:Si values are higher than the targeted ratios, most notably 

in samples with target ratios of 1.9 and higher, possibly due to adsorbed calcium at 

the surfaces that is not accounted for in the stoichiometric reaction as discussed in 

more detail below.  

 

 Nominal Ca:Si molar ratios as measured by X-ray fluorescence 

(XRF)(orange) and inductively coupled plasma spectrometry (ICP-OES)(blue). 

Green line represents target Ca:Si. 

Three samples which showed no portlandite peaks by XRD, were analyzed by XRF, 

ICP, and TGA to determine how the experimental Ca:Si ratios compared to the 

target values. The results are displayed in Table 3.1.2.        
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Table 3.1.2 Comparison between target Ca:Si molar ratio and Ca:Si molar ratios 

measured by XRF, ICP, and TGA with portlandite (CH) and carbonates (Cc). An 

average error of all experimental data with respect to each target ratio is given. 

Target XRF ICP TGA w/ CH TGA w/ CH & Cc Avg % Error 

1.19 1.18 1.16 1.19 1.17 1.26% 

1.35 1.34 1.34 1.35 1.33 0.74% 

1.95 1.99 2.05 1.95 1.93 2.05% 

 

The sample with the target Ca:Si of 1.95 exhibited slightly higher measured Ca:Si 

molar ratios in XRF and ICP while the lower Ca:Si samples show very close 

correlation with the targeted value. Overall, the results are consistent between the 

three methods within the expected error of the measurements 

Supernatant analysis 

Comparison of supernatant analysis between thermodynamic modelling and ICP 

shows that GEMS predicts a higher amount of calcium and sodium in the 

supernatant than measured empirically. At a nominal Ca:Si of 1.7, GEMS predicts a 

concentration of 3.8mmol/L while only 0.39mmol/L of calcium is measured. As the 

Ca:Si ratio increases, the discrepancy between GEMS calculations and 

measurements increases. 
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  Silicon (green) and calcium (blue) concentrations in supernatants, 

Cemdata 18.1-calculated & measured (ICP-OES) 

At a nominal Ca:Si of 2.0, thermodynamic modelling predicts a Ca concentration of 

23.3mmol/L to be compared with the measured value of 0.69mmol/L. These results 

suggest that there could be an adsorption of calcium on the surface of the C-S-H, 

and that the amount of adsorption increases with increasing Ca:Si. This is consistent 

with the higher Ca:Si ratios observed in the ICP-XRF data in Table 3.1.2 and Figure 

3.1.9 and the lower concentrations of calcium measured in the supernatants. The 

amount of calcium adsorbed seems to be closely related to the Ca/Si ratio. 

GEMS predicts a silicon concentration that is significantly lower than the measured 

value in the supernatant samples over the full range of Ca:Si molar ratios. GEMS 

calculates silicon concentrations between 0.0005 and 0.02mmol/L. Measured 

concentrations range between 0.05-0.06mmol/L.  
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The well-mixed system favors C-S-H precipitation without the precipitation of a 

second phase.  Not only is the C-S-H saturation index 8 to 10 times higher than the 

saturation index of portlandite, but also the saturation index of portlandite never 

reaches 1 and portlandite is always preferentially soluble in the media.   

In previous experiments to synthesize C-S-H, the Ca:Si ratio plateaus at 1.5 as the 

solubility of portlandite lowers with increasing pH, and high pH, ~12.4 and above, is 

required for high ratio C-S-H [11], [17]. As a result, in a poorly mixed system, or in a 

system in which the calcium solution is added too quickly to the reactor higher 

concentrations of hydroxide ions may occur locally, increasing the chance for 

portlandite formation in conjunction with C-S-H.  

In a synthetic system in which the initial concentrations are controlled to create 

supersaturation conditions for C-S-H, and in a system in which the reactants are 

added at the correct rate and the total reactor volume is small enough and well 

designed to ensure proper mixing, the preferential precipitation of C-S-H and C-S-H 

alone can be assured.  

3.1.7 C-S-H filtering, storage & handling 

Filtering & collection 

After a minimum of three hours of reaction, the precipitate was removed from the 

reactor and stored in suspension or collected through vacuum filtration. The 

suspension was filtered until 100mL remains unfiltered. The suspension was then 

washed with 60 mL 1:1 pure water and ethanol solution, and filtered again until the 

C-S-H had a wet paste consistency.  

To prevent the formation of portlandite during vacuum filtration, enough supernatant 

was kept in the sample to prevent the compact cracking, effectively keeping the 

precipitate in an equilibrium. Similarly, when precipitates are not filtered for long 

enough and form a soupy paste, the C-S-H is more prone to carbonation. 

Storage and handling 
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Drying more than the suggested 25 grams of filtered sample can lead to damp 

samples, which will carbonate after a shorter period of time in storage. Storage in an 

airtight container and a sealed bag is most appropriate to prevent carbonation and 

portlandite formation of dried samples, as seen in Figure 3.1.13. 

 

  Longevity analysis of 1 month old (green) and 3-month-old (blue) 

impure samples with different degrees of sealing. (a) corresponds to a sample 

exhibiting small amounts of portlandite sealed completely in a Polyethylene tube and 

bag. (b) corresponds to a sample kept in a polyethylene tube. Both samples show 

increased carbonation and the non-bagged sample shows increase in portlandite 

peaks. 

Samples that show the presence of portlandite are more susceptible to carbonation 

and the formation of more portlandite. However, when sealed completely, more 

portlandite does not form.   

 

 

 

 

C-S-H 

Portlandite 
12a. 12b. 

1 mo. 

3 mo. 
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3.1.8 Conclusions 

The objective of this section is to provide guidelines for the synthesis of pure, single-

phase C-S-H at both low and high Ca:Si molar ratios that range from 1 to 2. Careful 

control of temperature and mixing is required to maintain supersaturation conditions 

for C-S-H while simultaneously suppressing the supersaturation of portlandite, and 

synthesizing pure, single-phase products. Additionally, thorough cleaning and 

preparation are imperative to avoid creating sites for nucleation due to dust particles 

or other impurities.  

The synthesis step, however, is not the only factor that must be controlled in 

producing single-phase C-S-H. Samples may be synthesized without secondary 

phases, but can form Ca(OH)2 or CaCO3 in the drying, handling, or storage steps.  

When comparing the measured concentrations of calcium and silicon in the 

precipitates and the corresponding supernatants, a significant amount of calcium 

from the supernatant appears to be adsorbed on the precipitate which may be 

attributed to surface interactions, particularly on high Ca:Si C-S-H. Further 

investigation is needed in future work to better understand these phenomena.  

In summary, this section provides a reliable method for the production of both low 

and high Ca:Si ratio synthetic C-S-H. The section highlights where care has to be 

taken both in the precipitation method and on consequent handling to allow 

reproducible synthesis of synthetic C-S-H with a desired Ca:Si ratio. 

 

3.2 Preliminary investigation of interlayer spacing in synthetic 

C-S-H 

3.2.1 Introduction 

Water plays a large role in the structure of C-S-H. On the atomistic scale, water can 

be found as a part of the silanol groups, in the interlayers, and surrounding the 

material. The structure of C-S-H, as currently understood, is based on the atomistic 

model of 14Å tobermorite[17], [22], in which C-S-H with Ca:Si molar ratios from 1.25 
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S-H. To better characterize the drying processes, samples were studied in greater 

detail by thermogravimetric analysis. Additionally, experiments were carried out to 

characterize the effect of relative humidity, time, and Ca:Si on interlayer spacing.   

3.2.2 Sample preparation & characterization  

C-S-H synthesis 

Samples studied in this chapter were produced by two methods. Samples produced 

by batch reactor synthesis were produced in accordance to the method described in 

greater detail in Section 3.1. Sodium metasilicate solution and NaOH were slowly 

pumped into calcium nitrate and mixed at 19°C for 3 hours before filtration, collection, 

and drying.  

Samples were also synthesized in a segmented flow tubular reactor (SFTR) [34]. In 

this method, calcium nitrate and sodium metasilicate were simultaneously pumped 

into an SFTR, consisting of a 40 meter-long tube with an internal diameter of 4mm. 

NaOH solution was added to the silicate solution to control the pH and resulting 

Ca:Si. Reactants were pumped into the SFTR at a rate of 10mL/min, and after being 

mixed with a micromixer, solutions were segmented in the reactor by nitrogen. The 

volume of each segmented reactor was between 0.12-0.25 cm3. After being mixed in 

the SFTR, solutions were collected and allowed to mix for 3 hours. Temperature was 

maintained at 19°C inside the reactor, and the reaction is kept at the control 

temperature during mixing.   

Calcium nitrate (Ca(NO3)2*4H2O, CAS: 13477-34-4), sodium metasilicate (Na2SiO3, 

CAS: 6834-92-0), and nitric acid (HNO3, CAS: 7697-37-2) were supplied from 

Sigma-Aldrich. NaOH pellets were supplied by Acros Organics (CAS: 1310-73-2). 

Isopropanol and ethanol were supplied by Reactolab S.A. 

Collection & freeze drying 

Samples were vacuum filtered and washed with 60mL of 1:1, decarbonated 

water:ethanol solution. Samples were then placed in a  -80°C freezer for 24 hours 

and freeze dried for an additional 1-2 days, depending on the experiment, in an 

Alpha 1-2 LDplus freeze dryer operating at -50°C and 0.01mbar. 
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Comparison between XRD diffractograms of SFTR-produced C-S-H Ca:Si = 1.5 at 1 

day (blue), and 1 year (red) 

3.2.4 Water content in synthetic C-S-H 

In understanding the effect of water on the interlayer spacing of synthetic C-S-H, it is 

difficult to separate the effects of filtration and drying on the water content intrinsic to 

the structure of the C-S-H, particularly given that surplus capillary water is expected 

in the preparation of synthetic C-S-H.  

Differences between synthetic C-S-H produced with the two different reactors were 

also observed. Density visibly changes as the Ca:Si molar ratio increases, as low 

ratio C-S-H below Ca:Si molar ratios of 1.5 have more of a gel-like consistency and 

the higher ratio Ca:Si C-S-H resembles more of a paste. Density changes are also 

visibly observed between the C-S-H samples produced in the two different reactors. 

Samples produced in the SFTR visibly resemble more of a gel at higher Ca:Si molar 

ratios. When dried, SFTR samples appeared to be more homogeneous in size and 

shape of aggregates, displayed in Figure 3.2.5. 

1 year 1 day 
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 Synthetic C-S-H produced in a batch reactor (a, c), and in a segmented 

flow tubular reactor (b, d). Comparison of wet, filtered samples (a, b), and freeze 

dried samples (c, d), dried in the process decribed in  section 3.1.5 

a. 

c. 

b. 

d. 
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 Differential thermogravimetric analysis (DTG) C-S-H, Ca:Si = 1.75 

produced in a batch reactor versus C-S-H produced in a segmented flow tubular 

reactor (SFTR) 

Preparation mode of synthetic C-S-H, shows different effectiveness of drying 

methods in both visual and differential thermogravimetric analyses between batch 

reactor and segmented flow tubular reactor (SFTR) preparation (Figure 3.2.6). 

In analyzing water loss from thermogravimetric analysis, samples produced by the 

batch reactor method exhibited on average 16% weight loss due to water in 47 

samples. This is in contrast to the 23% loss due to water in 30 SFTR-produced 

samples. In the studied samples, water loss is considered between temperatures of 

30°C to 300°C, and should suitably account for capillary water, though loss due to 

water in the interlayer or that is perhaps bonded more strongly to the surface may 

continue to occur until higher temperatures, exhibited by the two DTG plots in Figure 

3.2.6. While the SFTR-produced sample has a strong water peak between 0°C and 

Batch SFTR 
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hydrated samples for transmission XRD have been attempted, but the size of the 

capillaries in combination with the strong cohesion properties of C-S-H have made 

this task a difficult one. Proton-NMR provides another option to gather data about 

water distribution in synthetic C-S-H samples, and preliminary data was collected for 

our samples, but was inconclusive. More work needs to be done to properly prepare 

the samples so that the amount of capillary water is not too high. 

3.3 Conclusions & future work 

In this chapter, the synthesis process for pure, single-phase C-S-H is described in 

section 3.1 in addition to guidelines on filtration, storage, and handling. By controlling 

the cleaning process, mixing speeds, and addition rates, supersaturation of C-S-H 

over portlandite was maintained, allowing for the synthesis of pure-phase, high Ca:Si 

ratio C-S-H. Thermodynamic modelling was done with the Cemdata 18.1 database 

and the GEMS software to determine the ideal concentrations of reactants and 

amount of NaOH needed to modify the pH of the reaction solution and consequently 

the Ca:Si molar ratio of resulting C-S-H.  Samples were characterized by inductively-

coupled plasma spectrometry and x-ray fluorescence to validate the produced Ca:Si 

molar ratios. Additionally, thermogravimetric analysis was used to quantify Ca(OH)2 

and CaCO3 in the impure samples. Result showed that pure-phase, high Ca:Si molar 

ratios above 1.5 were successfully achieved up to a ratio of 2, though purity became 

more difficult with increasing ratio. Additionally, high ratio C-S-H above a Ca:Si of 1.8 

exhibited higher amounts of calcium in the precipitates than expected. This is further 

explored in Chapter 5. 

In section 3.2, C-S-H, produced with both the batch reactor method and in a 

segmented flow tubular reactor, was studied by transmission x-ray diffraction to 

observe the effects of Ca:Si, relative humidity, and time on interlayer spacing and 

free water in the samples. Using the 14Å tobermorite as a baseline for the expected 

spacing in a non-collapsed synthetic C-S-H sample, experiments were carried out to 

see if this spacing could be achieved. Results showed that interlayer spacing 

increased incrementally with increasing relative humidity, exhibiting spacings 

between 12.1-12.4Å. Higher spacings were observed in samples produced in an 
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SFTR, the highest spacing at 13.9Å for a Ca:Si = 1.5 sample. However, no 

correlations between Ca:Si and interlayer spacings were observed.  

The effect of production method, between the batch and segmented flow tubular 

reactor is also observed as XRD results of samples produced in the SFTR show 

higher interlayer spacings than those produced by batch reactor synthesis. 

Thermogravimetric analysis also displays this difference between the two production 

methods as higher amounts of water are often found in the SFTR-produced samples.  

In the future, more work will be needed to analyze samples as produced, unaffected 

by the drying process. Transmission XRD of wet samples and proton-NMR would be 

helpful in continuing these studies. Additionally, particle size distribution and specific 

surface area measurements would be helpful in understanding the differences 

between batch reactor-produced and SFTR-produced samples. 
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4.2 Materials & methodology 

4.2.1 Kinetic data collection 

To collect kinetic data, 200 mL of 0.022M calcium nitrate solution was placed into the 

batch reactor. The reactor was placed in a thermostat-controlled water bath at a 

temperature of 19°C and purged for 30 minutes under a flow of nitrogen at 10 

mL/minute and 700 RPM mixing.  

 

 

 

 Schematic for kinetic data collection dropwise precipitation reactor setup 

Once the reactor reached the desired temperature, the mixing speed was increased 

to 1100 RPM, and 200 mL of 0.01M sodium metasilicate solution mixed with NaOH 

to control the pH and resulting Ca:Si was pumped into the reactor by an ISMATEC 

REGLO-CPF analog pistol pump with an RH0.CTC pump head at a rate of 1.5 

mL/min, kept constant throughout each experiment. Experiments are described in 

Table 4.2.1. The pH was monitored with a Mettler Toledo InLab Expert Pro ISM-P67  

pH electrode[41]. Free Ca2+ concentration was measured with a Mettler Toledo 

perfectION Combination calcium ion selective electrode, collected on the Mettler 

Toledo Easy Direct software. After twelve hours of data collection every 20 seconds, 

the precipitate was taken out of the reactor and stored in suspension.  

Na2SiO3 

NaOH 
and/or 

Na2SO4 

Ca(NO3)2 * 4 H2O 
and/or 

Al(NO3)3 * 9 H2O 
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4.3 Additions to population balance equation model 

The population balance models, as published in the 2017 and 2020 papers by 

Andalibi et al. were expanded to more easily account for the addition of sulfates and 

aluminates[30], [31]. Additionally, a basic user interface, shown in Figure 4.3.1  was 

added to the program to allow for changing certain parameters including 

temperature, Ca:Si, and flowrate.  

 

 Simple user interface added to population balance model codes[30], 

[31] 

To increase the effectiveness and flexibility of the model, more kinetic data for C-S-H 

and C-S-H systems can be collected, and recalculated parameters can be added 

into the system as a function of the different Ca:Si molar ratios and systems, as 

begun in the upcoming discussions. Currently, the program allows the user to 

choose between C-S-H, C-A-S-H and C-S-H + $, and default parameters for molar 

volume, log K, and the change in enthalpy for the precipitating solid can be input with 

an excel sheet. 

Additionally, an option was added to make thermodynamic calculations in two 

modes: with the kinetic data input serving as the sole source of Ca2+ concentrations 
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in solution, and with starting concentrations as the only given information for cases 

without input, displayed in Figure 4.3.2. In the latter mode, the input calcium 

concentration is reacted fully with the goal of making equilibrium aqueous speciation 

calculations for a chosen system over time for a system in which there may be no 

kinetic data. Additionally, the five unknown kinetic parameters can be manually 

modified as desired.   

 

 Outputs of equilibrium calculator for synthetic C-S-H system. (a) 

Comparison between experimental Ca2+ consumption curve at Q = 1.3mL/min, and 

full yield calculation for C-S-H Ca:Si = 1.75 system. (b) Full yield calculation of 

aqueous sulfate species in C-S-H + $ system, Q = 1.3 mL/min. 

Finally, the objective function from the 2017 Andalibi et al. publication[30] in which 

difference between experimentally collected Ca2+ and the calculated concentrations 

is minimized was combined with the programs from the 2020 Andalibi et al. 

publication[31] in which recipes, flowrates, and other parameters could be more 

easily changed. The following sections are the results from using the updated model. 

4.4 Pure phase C-S-H 

4.4.1 Modifying Ca:Si 

The population balance model was used to calculate saturation indices for C-S-H 

and portlandite for Ca:Si molar ratios from 1 to 2, as compared in Figure 4.4.1. The 
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length to thickness is difficult to evaluate as the disordered nature of C-S-H makes 

this extremely difficult to evaluate experimentally. 

Table 4.4.1 Comparison between PBEM calculated parameters for C-S-H at Ca:Si 

= 2 at Q = 2 mL/min, and 1.75 at Q = 1.5 mL/min 

 C-S-H 
Ca:Si = 2[30] 

C-S-H  
Ca :Si = 1.75 

Interfacial tension (mJ/m2) 55.66 55.0 
Cohesion energy (mJ/m2) 47.10 47.3 
Growth rate coefficient (m3/g2*mol*gs) 2.25e-9 1.00e-10 
Kinetic order of growth 1.80 1.68  
Edge length/thickness 0.50 1.91 

 

Population balance model outputs for amount of C-S-H precipitated, pH, and ionic 

strengths are plotted in Figure 4.4.4.  

 

 

 PBEM outputs with recalculated parameters for C-S-H, Ca:Si = 1.75, Q 

= 1.5 mL/min, (a)mmol C-S-H produced over time and (b) pH and ionic strength 

evolution over time 

In the modelled experiment, calcium nitrate solution is in the batch reactor, and 

silicate solution with NaOH is pumped into the system at a constant rate. The 

calculated and regressed consumption of calcium is plotted in Figure 4.4.5 with 

silicon concentration in the reactor. Concentrations of sodium and nitrogen from NO3- 
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from the calcium nitrate solution are also compared. At a rate of Q = 1.5 mL/min, 

addition of silicates stopped after 2.2 hours of reaction for a volume of 200 mL of 

solution.  

At the high pHs for C-S-H Ca:Si = 1.75, Ca2+ and Ca(OH)+ are the most abundant 

species in solution, and silicate species, primarily CaSiO3, peak in solution after 

addition of silicate species stops but is always the dominant silicate species. 

 

 PBEM outputs with recalculated parameters for C-S-H, Ca:Si = 1.75, Q 

= 1.5 mL/min, (a) concentrations of aqueous calcium (blue) and silicon (red), (b) 

Concentrations of aqueous sodium (blue) and nitrogen (red), (c-d) Comparison of 

ionic calcium and silicate species in solution throughout precipitation process  

Crystallite thickness, particle edge lengths, and critical nuclei sizes are plotted in 

Figure 4.4.6. Particle edge lengths and crystallite thicknesses are reliant on flowrate, 











 Kinetics of C-S-H  

75 
 

comparison purposes, and results are compared as a function of fraction Ca2+ 

consumption.   

 

 Fraction consumption of Ca2+ during precipitation of C-S-H and C-S-H + 

$ in batch reactor  

For a flowrate ~ 1.5 mL/min introduction of silicate solution into the reactor, C-S-H + 

$ appears to exhibit a slightly faster consumption of calcium throughout the 

precipitation process. The population balance model was used to calculate new 

values for interfacial tension, growth rate constant, cohesion energy, crystallite 

aspect ratio, and relative supersaturation power in the rate equation. The values are 

listed below in comparison to those calculated by Andalibi et al. in Table 4.5.1.  

Table 4.5.1 Recalculated PBEM parameters for C-S-H + $, Ca:Si 1.75, Q = 1.5 

mL/min 

 C-S-H 

Ca:Si = 2[30] 

C-S-H  

Ca :Si = 1.75 

C-S-H + $ 

Ca :Si = 1.75 

Interfacial tension (mJ/m2) 55.66 55.0 41.7 

Cohesion energy (mJ/m2) 47.10 47.3 47.54 

Growth rate coefficient 

(m3/(g2*mol*s)) 

2.25e-9 1.00e-10 9.92e-8  

Kinetic order of growth 1.80 1.68  1.35  

Edge length/thickness 0.50 1.91 0.42  
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Results in Table 4.5.1 are based on two sets of collected kinetic data at Q = 1.5 

mL/min. Interfacial tension is calculated as ~41 mJ/m2, which is slightly lower than 

the values calculated by Andalibi et. al and by Briki et al. who predicted an interfacial 

tension of 100 mJ/m2 by the Nielsen approach[76], [94]. However, the calculated 

values in this study are higher than the experimental estimations on C-S-H at 12 and 

30 mJ/m2 [95], [96]. The cohesion energies and edge length:thickness ratios are 

similar between the two C-S-H systems. Most notable is the increase in the growth 

rate coefficient upon the addition of sulfates.  

Plotted in Figure 4.5.4, experimental data for C-S-H + $ is compared to the amount 

of free calcium predicted in the system before and after recalculation of parameters. 

The correlation between the experimental and calculated data is better after 

recalculating parameters for Ca:Si = 1.75, C-S-H samples, but not as close for the 

pure Ca:Si 1.75 C-S-H plotted in Figure 4.4.3. 

 

 Comparison between experimental C-S-H + $, Ca:Si = 1.75, Q = 1.5 

mL/min data and PBEM calculated Ca2+ in system for (a) Andalibi et al. 

parameters[30] and (b) after recalculation of parameters.  

However, some discrepancy is expected between the experimental and calculated 

parameters for two reasons. First, calculations on the supersaturation indices over 
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time indicate that portlandite is also supersaturated at the solution addition rate used 

for these experiments Figure 4.5.5. Also, although the C-S-H is supersaturated 

throughout the precipitation process, the rate declines rapidly over the first hour, and 

is lower than that of portlandite between 0.5 and 2.5 hours. The saturation index of 

portlandite decreases to below one after all silicate solution including NaOH and 

sulfates are added into the reactor.  

 

 Comparison between saturation indices of C-S-H and portlandite for C-

S-H + $ system, Ca:Si = 1.75, Q = 1.5 mL/min 
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The critical nuclei sizes for C-S-H, Ca:Si = 2, with the Andalibi et al. fitted 

parameters, and C-S-H + $,with the adjusted parameters, Ca:Si = 1.75 are 

compared below in Figure 4.5.7[30].  

 

 

 Comparison between critical nuclei sizes for primary and secondary 

events, calculated by PBEM for C-S-H Ca:Si = 2, and C-S-H + $ Ca:Si = 1.75, Q = 

1.5 mL/min 

A sharp increase in critical nucleus size is observed upon the addition of sulfates, 

which would correspond to a slowing of kinetics. Contrastingly, the recalculated 

growth rate coefficient with the addition of sulfates is ~50 times greater than the 

values calculated by Andalibi et al., and ~1000 times greater that the recalculated 

parameters for the pure-phase Ca:Si 1.75 sample[30].  
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 Concentrations of aqueous calcium, silicon, sodium, and nitrogen during 

precipitation of C-S-H + $, Ca:Si = 1.75, Q = 1.5 

The concentration profiles for Ca, Si, Na, and N in solution are plotted in Figure 

4.5.8. Though silicate solution is being added into the reactor, no aqueous silicon is 

measured throughout the precipitation process. Amount of C-S-H produced, pH, 

ionic strengths, crystallite thickness, and particle edge length are compared in Figure 

4.5.9. 
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 PBEM outputs for (a) C-S-H amount (b) pH and Ionic strength of 

solution, and (c) crystallite thickness, Lcryst, and particle edge length, Lpart, for C-S-H 

+ $, Ca:Si = 1.75, Q = 1.5 mL/min 

The amount of C-S-H precipitated in addition to pH values and ionic strengths are as 

expected and given the recipe used. As observed in the pure-phase C-S-H with a 

Ca:Si = 1.75, lower particle edge lengths are predicted than expected, though the 

addition of sulfates results in a higher particle edge length than the recalculated, 

pure-phase C-S-H. It would be more expected to receive values ~100nm, as 

calculated by the work by Andalibi et al., or higher with the addition of sulfates[30], 

[83], [92]. The crystallite thickness Lcryst, is ~3.7nm after 3 hours of reaction, which is 

directly comparable to the values for C-S-H Ca:Si = 2[30].  
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 PBEM outputs comparing aqueous speciation of calcium, silicate, and 

sulfate species, C-S-H + $, Ca:Si = 1.75, Q = 1.5 mL/min 

Aqueous speciation over time calculated by the population balance model shows 

primarily Ca2+, Ca(OH)+, SO4-2, and Na(SO4)- in solution. As Figure 4.5.8 displayed 

very little or no silicate species in solution, similarly very low concentrations of 

silicates are measured in Figure 4.5.10. CaSO4 concentration in solution increases 

as sulfates are added, though after an hour, and before all sulfates are added into 

the reactor, this concentration decreases.  

In summary, the addition of sulfates is observed to modify consumption kinetics and 

the supersaturation of C-S-H and CH as a function of time. Further experiments 

investigating the precipitation products, perhaps cryo-EM methods, could prove 

useful in trying to understand how these changes manifest themselves in C-S-H 
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morphology. With the probability of 2-phases forming, the population balance model 

would have to be expanded to include 2 internal variables in order to take the 

simultaneous formation of C-S-H and CH. This could be done using the methods 

developed by Marchisio and Fox as they also used a moments-based method to 

solve the PBEM[71]. 

4.6 Scoping calculations on C-A-S-H PBE 

4.6.1 Aluminates & kinetics of cement and concrete 

In the production of cementitious materials, supplementary cementitious materials 

(SCMs) can be added to the mixture to decrease the CO2 footprint of cement 

production. Many SCMs (e.g. calcined clays, slags, fly ash, etc.) are aluminum-rich, 

and the addition has been shown to affect the reactivity of cement, and consequently 

affect the dissolution of C3S and subsequent formation of C-S-H or C-A-S-H[86], 

[92], [97], [98]. In their work, Nicoleau et al. observed the delay in the acceleration 

phase in the hydration of alite resulting from inhibition at the surface of C3S due to 

the addition of aluminates[99]. And this inhibition to C3S was observed to decrease 

at pH values above 13 in work by Suraneni and Flatt[100]. Work by Quennoz and 

Scrivener suggested the poisoning of alite by aluminum presence, and the presence 

of aluminate hydrates reducing the hydration of C3S altogether[83].  Recent studies 

on C-A-S-H have provided insight on the atomic-level structure, but as the effect of 

aluminates on the hydration of C3S is not yet understood, the growth and nucleation 

of C-A-S-H alone has not been thoroughly investigated[18], [101].  

In this section, a preliminary analysis of aluminates on the precipitation of C-S-H is 

made. Thermodynamic modelling is done to investigate the solutions in which 

aluminates are added. Additionally, Ca2+ in solution is measured as C-A-S-H is 

precipitated and complications were encountered. Suggestions for ways to continue 

these experiments with higher success are discussed.  

4.6.2 Solution modelling 

In order to study the feasibility of the data collection experiment, solutions were 

studied by thermodynamic modelling to investigate both species in solutions and 
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 Saturation indices of aluminate species in 15mM Al(NO3)3 and 0.22M 

Ca(NO3)2 solution, titrated with HNO3 to obtain pH profile 

Between pHs ~10.5-11.7, no species are saturated in the media, and this would be a 

suitable pH interval for data collection on a non-diluted system, which exhibits a 

higher pH of calcium nitrate solution, at around 10.6. However, to obtain this pH in 
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 Saturation indices of aluminate species, 15mM Al(NO3)3 and 0.1M 

Na2SiO3 and NaOH solution, titrated with HNO3 to obtain pH profile 
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However, after a pH of 12.5, thermodynamic modelling predicts no solids to be 

saturated in the solution. As a result, introducing aluminates into the solution may be 

possible via introduction in the silicate solution at pHs above 12.5, and this method 

would be reasonable for solutions to produce C-S-H at Ca:Si molar ratios of 1.5 and 

above. However, order of introduction would be expected to affect the precipitation of 

solids as NaOH should be added to the silicate solution before the aluminates to 

ensure that the introduction of aluminates is done at a high-enough pH.  

4.6.3 Data collection involving aluminates 

Experiments to precipitate C-A-S-H, Ca:Si = 1.6, with the dropwise precipitation 

method at a flowrate of 0.7 mL/min were done. 1.5mM of aluminates were added to 

the calcium nitrate solution the sample, and Ca2+ concentration was measured 

throughout the reaction. Experiments were done at the dilutions described in section 

4.2, however only at a 4x dilution, shown in Figure 4.6.5, was a Ca2+ evolution over 

time obtained. At higher concentrations of both aluminates and calcium in the batch 

reactor, interference with the Ca2+ electrode is observed.  

 

 

 Ca2+ evolution during precipitation of C-A-S-H with 1.5mM aluminates, 

Q = 0.7 mL/min, 4x dilution 
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Aluminum, which initially was in the reactor at the start of the experiment, and is at 

its highest concentration at the beginning of the experiment, shows inhibition in Ca2+ 

measurement of the ion-selective electron. Ca2+ concentration was expected to 

maximize ~ 5mmol, and around ~1.25mmol for this diluted experiment. Aluminates in 

calcium nitrate solution sat in the batch reactor for thirty minutes with the electrode 

as the required temperature was reached, and upon the start of the reaction, a 

concentration of 0.6 mmol Ca2+ was measured. The electrode was wiped after 30 

minutes reaction, and the Ca2+ concentration was observed to increase, nearing the 

expected amount for this diluted system. However, a profile with small, discrete 

jumps in Ca2+ is measured. After 2 hours of reaction, a concentration of 0.2mmol 

Ca2+ is measured, and is observed to be consumed at a more constant rate until 

depletion.   

4.6.4 Discussion 

Results show certain limitations in both introducing aluminum into the C-S-H 

precipitation system and in collecting kinetic data with the Ca2+ electrode. With care 

taken in order of introduction, introducing aluminates into the batch reactor in the 

silicate solution seems like a reasonable solution, particularly at high pH values. 

Calculations on solution speciation, in Figure 4.6.3, suggest that below a pH of 13.8, 

not all aluminum is in solution, and may be precipitated in the form of a N-A-S-H gel 

or possibly a hydrated sodium calcium aluminosilicate, though analysis on the 

saturation indices of solids included in the database suggest that there may be no 

saturated solid at pHs above 12.25. As a result, it may be best to introduce 

aluminates with possibly another salt than calcium nitrate. Sodium aluminate and 

aluminum silicate are other options for addition, though natrolite, a sodium-

aluminum-silicate mineral, may continue to be present as thermodynamic modelling 

predicts supersaturation of natrolite at pHs of 13.3 and below. If data is collected on 

very high pH C-A-S-H, and aluminates are pumped into the reactor with the silicate 

solution, the risk of interference is significantly decreased as is the formation of a 

second phase before precipitation.  

Introducing aluminates in the calcium nitrate solution seems like a less plausible 

option as the pHs of interest are higher than what is possible for the diluted data 

collection experiments, plotted in Figure 4.6.2. Another option is to introduce 
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aluminates in a separate solution, which can be done well under controlled 

experimental conditions and well synchronized flowrates, though the addition of a 

third solution would require more changes to the population balance model. 

The second obstacle in collecting kinetic data with the C-A-S-H system is the effect 

of aluminum on the calcium electrode. The presence of aluminates in the solution 

matrix appears to block the measurement of Ca2+ in solution as shown in Figure 

4.6.5, and data was only able to be collected after 4x dilution of the already 10x 

diluted system. After two hours of reaction, a smooth curve for the consumption of 

Ca2+ was collected, raising the possibility of successful data collection if aluminates 

are pumped into the reactor instead of initially being placed in the reactor.  

Additionally, if aluminates are added in the silicate + NaOH solution, a Ca2+ 

consumption profile as collected in the kinetic data experiments used in the 

population balance model may still be attainable without too much additional dilution 

as the initial concentration of Al in the solution is zero.  

To obtain kinetic data, it is also possible to collect NO3- concentration as a function of 

time, though in this case, Al(NO3)3 should not be used, so as to have only one 

source of nitrates and simplify the data collection. Turbidity, the measure of relative 

cloudiness in solution, may also inform on the nucleation of C-A-S-H.  

4.7 Conclusions 

In this chapter, the PBEM Matlab code of combined thermodynamic and population 

balance modelling was successfully modified for the analysis of synthetic C-S-H 

systems[30]. C-S-H with different Ca:Si can be modelled easily with the use of the 

simpler interface that was developed to cover the full range of Ca:Si ratios from 1 to 

2. The validation of the approach, using experimental data, gave satisfactory results 

and highlighted further possible improvements, which are discussed below.  

The population balance model was then used to investigate the effect of sulfate on 

precipitations on synthetic C-S-H. The collection of kinetic data was successful and 

showed changes in the precipitation kinetics. The main outcome of the addition of 

sulfates was the probable simultaneous precipitation of portlandite with the C-S-H. 

The kinetic parameters, as a consequence, may not be so accurate as the 
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order of 10-10 m3/g2*mol*s while the addition of sulfates resulted in a growth rate 

constant on the order of 10-8 m3/g2*mol*s. Recalculated crystallite thicknesses for the 

pure-phase Ca:Si = 1.75 C-S-H were considerably lower than expected, the 

thicknesses below 1nm. With the addition of sulfates, this value rose to ~3.7nm 

which is consistent with the values calculated for the pure phase C-S-H at Ca:Si = 

2[30]. Particle edge lengths for both recalculated systems at Ca:Si of 1.75 were 

much less than expected, maximizing at 13nm in C-S-H + $, and further investigation 

of these findings is needed.  

Modelling additional C-S-H systems will require holistically advancements in surface 

thermodynamics of C-S-H as it pertains to both calcium and sulfate adsorption and 

expansions on the model to account for the precipitation or formation of more than 

one solid, namely portlandite. Before reaching this point however, good data 

collection must also be done in which temperatures, pump speeds, and cleaning 

must be well regulated. Also, solutions should be well controlled so as not to 

prematurely introduce an additional phase into the system. The population balance 

model allows for projections of the growth and nucleation of C-S-H for Ca:Si molar 

ratios of 1.5 and above, and with more data for the lower Ca:Si, it could very soon be 

useful for the full range of ratios.  
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Chapter 5. Surface characteristics of synthetic C-S-H systems 

C-S-H has a layered structure with a high surface area[81]. The interaction of the 

different species in pore solution with this high surface area can influence both 

transport and durability properties of cement and concrete.  Previous work 

characterizing specific surface area, ion transport, and morphology and 

microstructure of C-S-H on a larger scale has shown large variability, creating many 

questions regarding the surface characteristics of C-S-H[102], [103].  In the past 

decade, great advancement has been made on compiling the bulk structure of C-S-

H[18], [22]. However, comprehensive studies on the surface of C-S-H, accounting for 

its variability, has yet to be fully achieved. In this chapter, the measurement of zeta 

potentials with acoustophoresis of single-phase C-S-H, C-A-S-H, and C-S-H + $ is 

reported under different solution conditions to better understand the surface 

termination of synthetic C-S-H. The effects of sulfates and aluminates in addition to a 

full range of Ca:Si molar ratios from 1 to 2 are investigated and characterized with 

acoustophoresis and thermodynamic modelling.  

5.1 Zeta potential of pure, single-phase C-S-H 

5.1.1 Introduction 

C-S-H, the main hydration phase of Portland Cement, has a disordered structure. 

Recent progress has given a better understanding of how the bulk structure of C-S-H 

changes in relation to the Ca:Si ratio, in particular the silicate chemical environment 

and Al incorporation from NMR spectroscopy and atomistic simulations[17], [18], 

[22].  More controlled experiments for a broader family of C-S-H structures are 

needed to find a similar understanding of the C-S-H surface, in particular at the high 

Ca:Si ratios which are found to average between 1.7 and 1.8 in early age ordinary 

Portland cement. The complexity of Portland cement-based systems, with 8 or more 

solid-solution interfaces at any given time during hydration makes the 

characterization of the C-S-H surface itself complicated. Recent advances in 

precipitation methods to reliably produce high ratio synthetic C-S-H, described in 

Chapter 3 and in the work by Kumar et al. allows this main hydration product to be 

studied in absence of the other phases found in cement[17], [32].  





 Surface characteristics of synthetic C-S-H systems  

95 
 

The aim of this chapter is to analyze the effects of Ca:Si ratio, washing, and 

dispersion media on the zeta potential of synthetic C-S-H as it relates to 

understanding the termination and adsorption properties of the C-S-H surface. A full 

range of synthetic Ca:Si ranging from 1 to 2 is investigated in this study and 

characterized with acoustophoresis, solid and solution composition by ICP and XRD 

and thermodynamic modelling. In section 5.2, the effect of sulfates and aluminates 

on zeta potential, solution composition, and morphology is investigated.  

5.1.2 Sample preparation and characterization 

C-S-H Synthesis 

C-S-H samples with Ca:Si molar ratios of 1, and 1.75 to be used in acoustophoresis 

and titration experiments were synthesized by dropwise precipitation used in the 

protocol described in Section 3.1[32]. 

Additional C-S-H samples with Ca:Si molar ratios from 1 to 2 were synthesized in a 

segmented flow tubular reactor (SFTR) as described in section 4.2.2. 

All samples were washed with a 60 mL solution of 1:1 decarbonated water and 

ethanol.  

Acoustophoresis 

Zeta potential was measured with electroacoustics by the AcoustoSizer II supplied 

by Colloidal Dynamics, pH was also monitored. The equipment was calibrated with 

potassium tungosilicates (KSiW).  

Before preparation, samples were either filtered without washing, or washed and 

filtered as described in section 3.1.7, in 60 mL of a 1:1, decarbonated water: ethanol 

solution. 
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To prepare samples for acoustophoresis, a suspension was created by adding 5 

grams of filtered, wet C-S-H to 155 grams of dispersion media, either filtered reaction 

supernatant or 10mM NaOH solution. Suspensions were mixed for 15 minutes with a 

magnetic bar at 500 rpm, placed in an ultrasonic bath for 15 minutes, and allowed to 

mix at 500 rpm for another 15 minutes as the sample cooled to room temperature. 

Zeta potential measurements were taken immediately after mixing. All 

measurements were taken in triplicate for reproducibility. ICP measurements on 

supernatants from synthetic systems showed calcium concentrations in solution 

ranging from 2.6-7mm, 0.5-0.7mm of silicon, and 270-350mm of sodium, 

concentrations are given in Table 5.1.1[32]. Zeta potential measurements were also 

made on C-S-H samples dispersed in a 10mM NaOH solution. 

Table 5.1.1 Inductively-Coupled Plasma Spectrometry measured concentrations for 

C-S-H Ca:Si 1.7-2.0, supernatant compositions for high Ca:Si samples 

Nominal Ca:Si Ca:Si 

(ICP-OES) 

Ca 

mmol/L 

Si 

mmol/L 

Na 

mmol/L 

1.7 1.79 2.64 0.59 289.7 

1.8 1.88 4.89 0.66 272.7 

1.9 2.05 5.06 0.59 347.1 

2 2.3 6.98 0.58 340.2 

 

X-ray diffraction 

Samples characterized with X-ray diffraction were prepared as described in section 

3.1.3.  

Inductively coupled plasma spectrometry 

Supernatants were characterized with ICP-OES, as described in section 3.1.3. 

Thermodynamic Modelling 
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 Comparison between zeta potentials of 3.1 wt% C-S-H with Ca:Si = 2 

(blue) at pH 12.80, 1.75 (green) at pH 12.69, and 1.4 (orange) at pH 12.10 for 

samples dispersed in reaction supernatant, unwashed (UW) and simple washed (W) 

in water and ethanol mix 

In all cases, zeta potentials measured in this study never go below zero, possibly 

due to the presence of calcium and alkali in the dispersion media as shown in Table 

5.1.1. 

In comparison to previous zeta potential measurements by Barzgar et al. and Haas 

and Nonat made on synthetic C-S-H with Ca:Si <1.5, prepared by mixing CaO and 

silica fume, the increase in zeta potential with Ca:Si and pH is also observed[108], 

[111]. In this study, at a Ca:Si of 1.4, the zeta potential is positive at 4.6 mV when 

washed, but at the same Ca:Si, Barzgar et al. received negative potentials at pH 

values above 12.5 while Haas and Nonat measured potentials nearing 23 mV at a 

pH of 12.45, more comparable to the potentials of Ca:Si = 1.75 in this study.  

Plotted in Figure 5.1.2 are the zeta potential measurements of washed synthetic C-

S-H dispersed in filtered supernatant and titrated with nitric acid until precipitate 

dissolution. The zeta potential measurements of Haas and Nonat are also plotted for 

Ca:Si of 0.6 to 1.4, and exhibit the same trends of increasing potentials with 

increasing Ca:Si and pH. 
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Concentration values of calcium, silicon, and sodium in C-S-H supernatants 

measured by ICP-OES in Table 5.1.1 were used to calculate aqueous speciation at 

equilibrium for Ca:Si molar ratios of 1.7, 1.8, 1.9, and 2, plotted in Figure 5.1.3. 

At equilibrium, thermodynamic modelling shows an increasing concentration of free 

Ca2+ and Ca(OH)+, CaNO3+, and CaSiO3. At a Ca:Si of 2, we observe an increase of 

NaHSiO3, HSiO3-, and Ca(HSiO3)+ species in solution to be compared with the trend 

of decrease observed as the Ca:Si increases from 1.7 to 1.9. The pH for all 

simulations was set at 13. Relatively, as the Ca:Si increases the relative amount of 

Ca(OH)+ in solution in comparison to Ca2+ increases as well. 

 

 Aqueous speciation calculated by PhreeqC with Cemdata 18, C-S-HQ, 

and LLNL databases comparing synthetic C-S-H reaction supernatants for Ca:Si 

ratios of 1.7-2.0 at pH of 13 

C-S-H dispersed in 10mM NaOH, comparison of Ca:Si  

Zeta potential of C-S-H, Ca:Si from 1 to 1.75, dispersed in a 10mM NaOH solution is 

shown in Figure 14. In an alkali dispersion media with no additional calcium other 

than what may be on the surface, the potential remains positive and increases with 

the Ca:Si molar ratio, maximizing at 3.5 mV at a Ca:Si of 1.75, about four times 

lower than the potential of C-S-H at the same ratio dispersed in supernatant.  
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 Zeta potential comparison of C-S-H, Ca:Si of 1, 1.25, 1.5, and 1.75, 

dispersed in 10mM NaOH (pH = 12). Error bars represent standard deviation in set 

of three measurements on the same sample. 

Thermodynamic modelling with Cemdata 18.1 predicted that at equilibrium, 5.2mM 

of calcium should be in supernatant for synthetic C-S-H with a Ca:Si of 1.75, and a 

concentration of 22.30mM at Ca:Si = 2.  
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 Comparison of Zeta Potentials of C-S-H dispersed in supernatant (blue), 

and in 10mM NaOH 

Results for zeta potential measurements of samples washed and dispersed in 

filtered supernatant and in NaOH solution are plotted in Figure 5.1.5. In both cases, 

zeta potentials for synthethic C-S-H under these conditions is positive, suggesting a 

high affinity for positively charged ions to the surface. However, the stark potential 

difference between the two dispersion media suggests some desorption of ions from 

the surface of synthetic C-S-H when dispersed in NaOH.  
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Calcium titration experiments 

To investigate the possibility of reversable adsorption on the surface of synthetic C-

S-H, titration experiments were done with C-S-H at ratios of 1 and 1.75 after washing 

and dispersed in NaOH. Samples were then titrated with Ca(NO3)2  solution to 14mM 

and 45mM, respectively. In both cases, more than three times the amount of calcium 

in solution at equilibrium as calculated by thermodynamic modelling was added. For 

both experiments, there were 10 minutes between each addition of calcium to allow 

for equilibration. Additionally, the final titration measurements equilibrated for 15 

hours before further zeta potential data collection. Samples were then re-filtered and 

re-dispersed into a 10mM NaOH solution, and then measured to see any change in 

zeta potential. Results are plotted in Figure 5.1.6 a-b.  

In the case of Ca:Si = 1 C-S-H, the potential increased, and when re-filtered, and re-

dispersed in 10mM NaOH, we observe a negative potential of -1.1 mV. In the case of 

C-S-H with a Ca:Si of 1.75, although more than 3 times the amount of calcium 

expected in solution from thermodynamic modelling is added, the sample reaches a 

maximum zeta potential of 9.54 mV, in comparison to the 13.70 mV of the C-S-H 

sample dispersed in supernatant. After the addition of calcium, and after an 

additional 15 hours of mixing, no significant change in zeta potential was measured, 

indicating that this lower zeta potential is not a kinetic effect but possibly change in 

relative surface concentration of Ca2+ and Na+ ions, as the calcium was only partially 

reversible in these conditions.  
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 Synthetic C-S-H, nominal Ca:Si = 1 (a), and nominal Ca:Si = 1.75 (b), 

dispersed in pH 12 NaOH and titrated with Ca(NO3)2 solution (blue-cycle, C1); post-

titration, sample re-filtered and re-dispersed into pH 12 NaOH (green-cycle, C2) 
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To check if there was any significant modification or decalcification of the C-S-H after 

these experiments, XRD data was collected on freeze dried samples. The XRD 

diffraction pattern of both titrated samples from Figure 5.1.6 are shown in Figure 

5.1.7, with only a slight carbonation of Ca:Si = 1.75 C-S-H. Otherwise the C-S-H 

peaks align with both C-S-H from tobermorite and clinotobermorite phases. 

Clinotobermorite is structurally similar to tobermorite 11Å, with higher amounts of 

structural disorder[112]. Despite the slight carbonation, which is to be expected due 

to repeated handling, as discussed in Figure 3.1.7, C-S-H remains the main phase of 

the samples post titration and re-filtration.  

Additionally, the titrated and re-filtrated Ca:Si 1 sample is the sole sample of this 

study to have a low-magnitude, negative zeta potential. As a result, it seems that the 

adding of calcium and subsequent re-dispersion into 10mM NaOH solution acted 

simultaneously as the most effective method to remove positively charged ions from 

the C-S-H surface, while simultaneously limiting the potentials from reaching the high 

magnitude zeta potentials observed on samples dispersed in supernatant.  
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 X-ray diffractogram of C-S-H with Ca:Si of 1 and 1.75 post dispersion in 

10mM NaOH, titration with Ca(NO3)2, filtration, and re-dispersion in 10mM NaOH 

Adsorption of Na+ and Ca2+ on synthetic C-S-H surfaces 

After titration, and after re-filtration and re-dispersion into 10mM NaOH, two solutions 

per titration experiment were collected and measured by ICP-OES. With this data, 

the expected thermodynamic aqueous speciation was calculated, and results are 

given below in Table 5.1.2, including the measured pH values at which all speciation 

was also calculated to better understand the measured zeta potentials.  

Table 5.1.2 Zeta potential measurements and ionic species in solution for Ca:Si = 1 

and Ca:Si = 1.75 titration experiments after adding 12.8mM and 43.5mM of calcium 

to solution, respectively to C-S-H in cycle 1 (C1), and after re-filtration and re-

dispersion into 10mM NaOH solution in cycle 2 (C2) 

C-S-H as tobermorite 

C-S-H as clinotobermorite 

Carbonates 

Ca:Si = 1 

Ca:Si = 1.75 







 Surface characteristics of synthetic C-S-H systems  

109 
 

The Debye length, or the screening length represents the distance between ions 

affected by the surface of a particle and the bulk. At higher concentrations, the 

Debye length is lower, and can reasonably be taken as the slipping plane. In this 

study, the Debye length was predicted from ionic concentrations, calculated with 

thermodynamic modelling based on ICP results. The surface charge densities and 

Debye lengths calculated for the systems in this chapter were approximated for 

samples dispersed in supernatant and in 10mM NaOH solution, plotted below in 

Figure 5.1.8 and Figure 5.1.9, respectively. 

 

 

 Surface charge density and Debye length of C-S-H, Ca:Si 1.4, 1.75, and 

2.0 dispersed in supernatant at pH values of 12.1, 12.69, and 12.80, respectively 
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 Surface charge density and Debye length of C-S-H, Ca:Si 1-1.75 

dispersed in 10mM NaOH solution (pH = 12) 

 

For both samples dispersed in supernatant and 10mM NaOH solution, as the Ca:Si 

increases, the ionic concentration of the dispersion medium increases as well. 

Correspondingly, the Debye length decreases with increasing ionic concentrations. 

Debye lengths for sample dispersed in supernatant range from 0.73 nm to 0.86 nm, 

and surface charge density values range from 2.2 x 10-2 to 2.8 x 10-1 elemental 

charge per nm2, and increase with increasing Ca:Si molar ratio. Samples dispersed 

in 10mM NaOH exhibited lower ionic concentrations and higher Debye lengths 

ranging from 2.32 nm to 2.95 nm. Surface charge densities for these samples range 

from 8.2 x 10-4 to 6.4 x 10-3 elemental charge per nm2.  The plotted results and 

corresponding calculated ionic concentrations are calculated at the same pH value at 

which all zeta potential measurements were taken so as to match solution 

concentration ICP-OES measurements. For samples dispersed in supernatant, 

calculations for Ca:Si of 1.4, 1.75, and 2.0 solutions were done at pH values of 

12.10, 12.69, and 12.80, respectively. Calculations for solutions dispersed in 10mM 

NaOH were done at pH values of 12.00.  

5.1.4 Discussion 
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To best correlate measurements and compare zeta potentials to surface charge 

densities and potentials, full analysis of both the precipitates and dispersion media is 

necessary in addition to full details on sample treatment, which is often missing in 

publications.  With synthetic C-S-H, results show that washing also plays a crucial 

role in determining the slipping plane potential, and given that a difference between 

washed and unwashed samples is consistently observed by acoustophoresis 

suggests the possibility of desorption of some positively charged ions from the 

surfaces of the samples during washing. 

 

When dispersed in supernatant which has an increasing amount of calcium as the 

Ca:Si ratios increase, the potential is observed to increase, maximizing at nearly 50 

mV. Synthetic C-S-H produced by the same methods and dispersed in NaOH with a 

pH of 12 also exhibited this increase of potential with Ca:Si; however, the potentials 

measured, in absence of the supernatant as the dispersion media, and at a lower pH 

than found in applied systems, are considerably lower (< 5 mV). Comparison of the 

potentials of C-S-H dispersed in supernatants and NaOH with a pH of 12 suggests at 

least a partial reversibility of calcium adsorption on the C-S-H sample.  

To simulate this adsorption experimentally, C-S-H with ratios of 1 and 1.75 were 

titrated with Ca(NO3)2 solution. In both cases, 3 times the amount of calcium 

expected in the solution was added, and although the potential is observed to 

increase with increasing amount of calcium in solution, the zeta potential does not 

reach the potentials observed in the C-S-H dispersed in supernatants, suggesting 

that at the equilibrium times given for these experiments of 15 hours, the adsorption 

of calcium on the surface of these samples is only partially reversible. Comparison 

with data from Haas and Nonat rather suggests a probable effect of alkali presence 

on the C-S-H. The experiments presented here always had high alkali contents ( > 

200 mM), and perhaps in absence of Na+ as competitor at these high concentrations, 

calcium adsorption may very well be more reversible.  
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The titrated samples in Figure 5.1.8 and Figure 5.1.9 were filtered and re-dispersed 

and showed, in both cases, lower potentials, the potential of the nominal Ca:Si = 1 

sample recorded at -1.1, the only negative potential observed in this study. XRD 

analysis confirmed both samples to be still solely C-S-H. These results also suggest 

that the re-dispersion into NaOH solution my effectively act as a wash, possibly 

removing Ca2+ from the surface, leaving sites unterminated, or possibly partially 

replacing Ca2+ with Na+. These questions can be further explored by further 

experiments and washing C-S-H with the 1:1 decarbonated water: ethanol solution, 

and subsequently with calcium solutions at different concentrations to observe if an 

alkali-free, Ca2+ solution will result in the same a full range of potentials from the 

lowly positive to the high magnitude potentials observed in the samples dispersed in 

filtered supernatant, as plotted in Figure 5.1.5.  

Calculated effective charge densities, based on the Gouy-Chapman-Stern model, 

from the measured zeta potential values are lowly positive. In work that combined 

experimental analysis and Monte Carlo simulations, Labbez et al. observed a similar 

trend on the surface of Ca:Si = 0.66 ratio C-S-H[53]. Surface charge density 

increased at higher pH values and in the presence of divalent Ca2+ ions over Na+. In 

this section, samples dispersed in supernatant give surface charge densities that are 

two magnitudes higher than samples dispersed in 10mM NaOH. More work can be 

done to calculate the surface charge densities using different surface models in 

which the electrical double layer is approximated differently, namely the Grahame 

model which inner-sphere and outer-sphere adsorbed ions are described in which 

the outer-sphere plane is most similar to the Stern layer. 

The surface of C-S-H is dynamic and like many other systems changes in response 

to its environments. It appears that not only can we increase the surface charge 

densities at will, but we can also remove ions or cause ions not originally present to 

adsorb.  Positively or negatively terminated, our C-S-H samples display a high 

affinity for calcium and alkali, particularly at the Ca:Si molar ratios of 1.7 and above. 

The question still remains, what is at the surface of C-S-H? And given the thin, 

layered structure of the hydrate, what is the effect of Ca:Si molar ratio on surface 

termination? What surface termination occurs on fibrillar C-S-H versus nanoglobules 

or sheets?  
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5.1.5 Conclusions 

In conclusion, zeta potential measurements were carried out on C-S-H with Ca:Si 

molar ratios ranging from 1 to 2. For each measurement, 3.15 wt% of precipitate was 

dispersed in either filtered supernatant or 10mM NaOH solution (pH = 12) and 

compared. Zeta potentials of samples dispersed in pH 12 NaOH were significantly 

lower than measured in samples dispersed in supernatant at the same pH. In Ca:Si 

1.75 samples, potentials, dispersed in supernatant, exhibited a potential 10 mV 

higher than those in NaOH at a pH of 12, suggesting the desorption of the adsorbed 

ions (Ca2+ and Na+) on dispersions in NaOH.  

This was further confirmed by experiments in which calcium was added to samples 

dispersed in NaOH solution. Three times the amount of calcium calculated by 

thermodynamic modelling of supernatants was added to C-S-H (Ca:Si = 1, 1.75) 

dispersed in NaOH. The Ca:Si 1.75 sample in supernatant had a potential of 13.7 

mV while the potential of the sample dispersed in NaOH and titrated with calcium 

maximized at a potential of 9.5 mV. This suggests modification of the adsorption 

sites and/or C-S-H surface with this treatment history.  

In conclusion, very careful characterization of the solid and dispersion medium with 

all handling details are essential for comparison with data from other studies. 

The complexity of the C-S-H surface under these different conditions needs further 

zeta potential measurements under well controlled conditions. Full characterization 

also requires concurrent atomistic scale simulations to try and start accounting for 

the effect of Ca:Si ratios and a better understanding of how the predominant basal 

plane of the nanosheets of synthetic C-S-H are effectively terminated. These studies 

are currently underway in the SNF project (FNS: 200021_179076) at LMC(EPFL). 
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5.2 Synthesis of C-A-S-H and C-S-H + $ & surface analysis by 

acoustophoresis  

The goal of studying synthetic C-S-H in isolation from other mineral phases in 

cement is to observe the separate effects of different additives and parameters. In 

this section, we focus on the addition of sulfates and aluminates on both solution 

species and zeta potential of precipitated synthetic C-S-H.  

The effect of additives on zeta potential, ionic concentrations, and the resulting 

Debye lengths and surface charge densities of the resulting samples are 

investigated to better understand their surface properties. 

5.2.1 Introduction 

Aluminates and sulfates occur in cementitious systems for various reasons. To 

decrease the carbon footprint of Portland cement, supplementary cementitious 

materials or SCMs are often used to substitute the clinker in production. Often, these 

SCMs are aluminum-rich, and lead to the formation of more alumina-containing 

phases, making the cementitious system more complex[117]. In many cases, the 

addition of SCMs changes the reactivity of cement, directly affecting the formation of 

hydration products, which in effect, changes the setting of concrete[86], [92], [97], 

[98]. As a result, studying the main hydration products to determine how exactly they 

change in response to the presence of other elements or compounds is necessary.  
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This section serves to better understand how sulfates and aluminates affect the zeta 

potential and ionic speciation in the synthetic C-S-H system. Samples, produced in a 

segmented flow tubular reactor with Ca:Si values ranging from 1 to 2 are studied and 

characterized by acoustophoresis, inductively-coupled plasma spectrometry, 

transmission electron microscopy, and thermodynamic modelling to better 

understand how adding aluminates and sulfates changes the surface chemistry of 

synthetic C-S-H with the goal of bridging the gap between this model synthetic 

system to more applied systems.  

5.2.2 Sample preparation & methodology 

Synthesis 

All samples analyzed in this study were produced by synthesis in a segmented flow 

tubular reactor, described in detail in Section 3.2.2.  

175mM of sodium sulfate, Na2SO4, and 20mM aluminum nitrate nonahydrate, 

Al(NO3)3, supplied by Sigma-Aldrich, were added to the relevant samples based on 

the measurements of S:Ca in Portland cement and measured Al:Si in C-A-S-H[18], 

[20], [92]. Both materials are supplied by Sigma-Aldrich.  The recipes used in this 

experiment are described in Table 5.2.1.  

Table 5.2.1 Solution recipes for synthetic C-S-H in segmented flow tubular reactor 

at Ca:Si 1, 1.25, 1.5, and 1.75, and 2 for reactor volume of 400mL, silicate solution 

kept constant 

Ca:Si [Ca] [Si] 10mM NaOH (mL) 

1 0.055 M 0.5 M 2 mL 

1.25 0.065 M 0.5 M 4 mL 

1.5 0.080 M 0.5 M 12 mL 

1.75 0.095 M 0.5 M 15 mL 

2 0.110 M 0.5 M 20 mL 
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 (a) TEM micrograph of synthetic C-S-H, Ca:Si = 1.5, (b) TEM 

micrograph of synthetic C-A-S-H, Ca:Si = 1.5, 20mM Al(NO3)3 addition 

Figure 5.2.2 plots the zeta potential values measured from acoustophoresis of C-A-

S-H and C-S-H with sulfates, or C-S-H + $, with Ca:Si ranging from 1 to 1.75, for 

3.125 wt% solids dispersed in 10mM NaOH. These results are plotted with the 

results from C-S-H dispersed in NaOH solution from section 6.1. Results show a 

lowly positive charge at the slipping plane, except for one zeta potential 

measurement of -0.81 for a C-A-S-H sample at a Ca:Si of 1. As demonstrated in 

Section 6.1, under the investigated conditions, the zeta potential increases with 

increasing Ca:Si, and all measurements reported here are at the constant pH of 

12.00. At a Ca:Si of 1.75, the zeta potential measurements of C-A-S-H are lower 

than that of C-S-H, averaging 2.34 mV  for C-A-S-H in comparison to the average of 

3.51 mV for C-S-H. At other Ca:Si the zeta potentials are similar for all samples. 
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 Zeta Potential (mV) of synthetic C-S-H (red) and C-A-S-H (yellow) at 

Ca:Si molar ratios ranging from 1 to 1.75, 3.125 wt% dispersed in 10mM NaOH. 

Error bars represent standard deviation in set of 3 measurements on the same 

sample.  

 

 

 Zeta potential (mV) of synthetic C-S-H (red) and C-A-S-H (yellow) at 

Ca:Si molar ratios 1.5 and 2, 3.125 wt% dispersed in supernatant 

 

Some samples of C-S-H and C-A-S-H were also dispersed in supernatant, and the 

results are plotted in Figure 5.2.3. The zeta potentials are significantly higher in the 

supernatant. As observed in the samples dispersed in NaOH, the potential increases 

with Ca:Si, and the measured potential of C-A-S-H is lower than that of C-S-H. Work 

by Kunhi Mohamed et al. shows that aluminates bond in the interlayers and bridging 

sites on the silicate chain of C-A-S-H, indicating that C-A-S-H may have less calcium 

on the surface than C-S-H if aluminates replace surface silicates. Additionally, it is 

also possible that the presence of aluminates in either the structure of C-A-S-H or in 

the solution modify the sites at which Ca2+ would adsorb or has a smaller affinity for 

Ca2+ than calcium itself as aluminates can replace silicate or calcium in the bridging 

sites[18].  
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C-A-S-H with Ca:Si of 1.5, and 1.6 were studied in more detail, and ICP 

measurements were used in combination with thermodynamic modelling to calculate 

the concentrations of ionic species in the dispersion media. Results are plotted 

below in Figure 5.2.4.  

 

 

 Results of thermodynamic modelling with PhreeqC, Cemdata18.1 

database to see solution composition of C-A-S-H Ca:Si = 1.5 (orange), and Ca:Si = 

1.6 (yellow) in samples, based on ICP-OES results 

As the Ca:Si of the C-A-S-H samples increases, the Ca2+ to Ca(OH)+ ratio remains 

relatively steady, changing from 1.65 at a ratio of 1.5 to 1.62 at a ratio of 1.6, as the 

concentration of Ca(OH)+ grows at a slightly faster rate than Ca2+. In the 1.5 Ca:Si C-

A-S-H sample, thermodynamic modelling gave 1.08 x 10-1 mol/L OH- species, and 

7.06 x 10-2 mol/L Na+ species, five times higher than the Ca2+ concentration. In the 

1.6 Ca:Si C-A-S-H sample, thermodynamic modelling gave 1.10 x 10-2 mol/L OH- 

species, and 7.85 x 10-2 mol/L Na+ species, 6.5 times higher than the Ca2+ 

concentration. As Ca:Si increases, thermodynamic modelling predicts an increase of 

Ca2+ (~4mmol) in solution, this trend can be observed in Figure 3.1.10. However, in 

these experiments, as the Ca:Si increases from 1.5 to 1.6, calcium in solution 

decreases, suggesting that calcium is either adsorbed or somehow incorporated into 

C-S-H under these experimental conditions. 
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Zeta Potential and Solution Analysis of Synthetic C-S-H + $ 

In Figure 5.2.5 below, the morphologies of C-S-H and C-S-H + $ are compared at 

Ca:Si molar ratios 1.7 and 1.75, respectively. The C-S-H micrograph, like the slightly 

lower ratio sample seen in 0, are a poorly ordered agglomerates of thin nanofoils. 

With the addition of sulfates, the hydrate still exhibits a nanofoil morphology but the 

agglomerates appear to be oriented differently towards each other in such a way that 

the ends stick out, giving a hairy particle or sea urchin type morphology. 

 

 

 (a) TEM micrograph of C-S-H + $, Ca:Si = 1.7, (b) TEM micrograph of 

C-S-H + $, Ca:Si = 1.75, 175mM Na2SO4 addition 

Zeta potential measurements for C-S-H + $ dispersed in 10mM NaOH in comparison 

to C-S-H are plotted in Figure 5.2.6. Similar to the C-S-H and C-A-S-H results, the 

potentials increase with increasing Ca:Si with similar potentials to C-S-H. As for the 

C-A-S-H sample, the zeta potential remains 1.5mV lower than the potential of C-S-H 

at Ca:Si = 1.75, at 1.84 mV for C-S-H + $ in comparison to the 3.51 mV of C-S-H.  

(a) (b) 
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 Zeta Potential (mV) of synthetic C-S-H (red) and C-S-H + $ (blue) at 

Ca:Si molar ratios ranging from 1 to 1.75, 3.125 wt% dispersed in 10mM NaOH. 

Error bars represent standard deviation in set of three measurements on the same 

sample. 

The aqueous speciation in solutions of C-S-H + $ samples with Ca:Si of 1.7 and 1.8 

dispersed in 10mM NaOH were analyzed in more detail using thermodynamic 

modelling of the supernatant based on ICP analysis. The speciation for these two 

different Ca:Si is plotted below in Figure 5.2.7. 
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 Thermodynamic modelling with PhreeqC, Cemdata18.1 database to see 

solution makeup of C-S-H + $ Ca:Si = 1.7 (blue), and Ca:Si = 1.8 (green) in samples, 

based on ICP-OES results 

ICP results showed a Ca2+ concentration 3 times higher in the Ca:Si = 1.7 sample 

compared to the 1.8 ratio sample. Thermodynamic modelling predicts that with an 

increasing Ca:Si, there is a decrease in free Ca2+ and Ca(OH)+ expected in solution 

at these conditions, and the ratio of Ca2+ to Ca(OH)+ increases from 1.66 to 1.73. 

OH- solution species concentration decreases from 1.08 x 10-1 to 1.02 x 10-1 mol/L 

with increasing Ca:Si. At the Ca:Si of 1.7, Na+ solution concentration is 9.51 x 10-2 

mol/L, 11 times higher than the Ca2+ solution. At a Ca:Si of 1.8, the Na+ solution 

species concentration is 1.05 x 10-1 mol/L, 36 times higher than the concentration of 

Ca2+ in solution.  

Precipitate analysis gave measured Ca:Si values of 2.0 and 1.99, respectively, 

plotted in Figure 5.2.8, higher than the nominal Ca:Si expected. 
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 Comparison of composition of C-S-H (green), C-A-S-H (blue), and C-S-

H +$ (yellow) samples Ca:Si, and Nominal Ca:Si trendline (green), measured by 

Inductively-Coupled Plasma Spectrometry (ICP-OES) 

In observation of ICP measurements of C-S-H, C-A-S-H, and C-S-H + $ precipitates, 

nominal Ca:Si molar ratios with only a small overestimation of the Ca:Si ratio is 

observed in comparison to the very high Ca:Si observed on pure-phase C-S-H 

Section 3.1. ICP of C-S-H at high Ca:Si  of 1.8 and above displayed ratios between 

2.2 and 2.7. Figure 5.2.8 displays measured Ca:Si values of 2.0 ± 0.1 for nominal 

Ca:Si values of both 1.7 and 1.8. 

Zeta potential measurements for both C-A-S-H and C-S-H + $ gave similar results to 

those observed in Section 5.1. As expected, potential increases with increasing 

Ca:Si, and the C-A-S-H samples, dispersed in supernatant exhibit both considerably 

higher potentials than those dispersed in 10mM NaOH solution, though lower than 

the potentials of C-S-H in supernatant.  

For the samples dispersed in 10mM NaOH, the potentials of C-A-S-H and C-S-H + $ 

were mostly in line with those of C-S-H, though at a Ca:Si of 1.75, the zeta potential 

of C-A-S-H and C-S-H + $ are about 1.5 mV lower on average than that of C-S-H.   
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Calculation of Ionic Concentrations & Debye Lengths 

ICP results were used to calculate the ionic concentrations and resulting Debye 

lengths for the C-A-S-H and C-S-H + $ samples in this study, listed below in Table 

5.2.2. 

Table 5.2.2 Ionic concentrations and Debye lengths calculated based on ICP-OES 

solution measurements and thermodynamic modelling 

Sample Ionic concentration (mol/L) Debye length (nm) 

C-A-S-H 1.5 0.122 0.863 

C-A-S-H 1.6 0.122 0.863 

C-S-H + $ 1.7 0.129 0.839 

C-S-H + $ 1.8 0.119 0.873 

 

For the C-A-S-H sample with Ca:Si of 1.5, a surface charge density can be 

calculated using zeta potentials plotted in Figure 5.2.3 for C-A-S-H dispersed in 

supernatant. At this potential, a surface charge density of 4.09 x 10-2 e/nm2 is 

calculated using the Gouy-Chapman Stern model, assuming the slipping is at the 

Debye length, calculated to be less than 1nm for all samples.  

5.2.4 Conclusions & future work 

In this section, hydrates were studied with acoustophoresis, ICP-OES and TEM to 

better understand the effects of sulfates and aluminates on zeta potential, solution 

speciation and ionic concentration, and hydrate morphology. In C-A-S-H samples 

and C-S-H + $ samples dispersed in 10mM NaOH, the potential increases with 

increasing Ca:Si, plotted in Figure 5.2.2 and Figure 5.2.6. In both cases, however, at 

a Ca:Si of 1.75, the measured potentials are more than 1mV less than the potential 

of C-S-H, a notable difference with acoustophoresis measurements. C-A-S-H 

samples with Ca:Si of 1.5 and 2, dispersed in filtrated supernatant were observed to 

consistently have lower potentials than the C-S-H samples at the same Ca:Si molar 

ratios. Recent studies on the atomic-level structure of C-A-S-H predicted that 

aluminates bond in the bridging sites of silicate chains in C-S-H, possibly taking the 

place of calcium in high ratio C-S-H[18]. It is possible that the aluminate species in 
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the bridging site that may terminate the surface could also have a lower affinity for 

Ca2+ adsorption, consequently reducing the measured zeta potential by reducing the 

surface charge density. 

TEM micrographs of C-A-S-H display a possibly denser agglomerate in comparison 

to the thin, disordered nanofoil morphology of C-S-H at a Ca:Si of 1.5. A TEM 

micrograph of C-S-H + $ displays a more open and oriented agglomerate nanofoil 

morphology structure with the ends approaching a more of fibrillar structure.  

To continue this work, and to better understand how the difference in solution 

speciation affects the surface termination of the hydrates, acoustophoresis 

measurements of C-A-S-H and C-S-H + $ dispersed in supernatant should be taken 

at a fuller range of Ca:Si molar ratios, in addition to ICP measurements of the filtered 

supernatants. Also, to see the effects of aluminates and sulfates on C-S-H alone, C-

S-H dispersed in either NaOH or lime solution could be titrated with aluminate or 

sulfate solution, and eventually both to see if they can incorporate or adsorb on to 

certain sites at the C-S-H surface. In addition to these experimental approaches, 

molecular dynamic and metadynamic atomic scale simulations would help better 

interpret any experimental findings.  

5.3 Conclusions 

In this chapter, surface characteristics of synthetic C-S-H at the full range of Ca:Si 

molar ratios are measured by acoustophoresis and ICP-OES to investigate the 

effects of Ca:Si, washing, and dispersion media on zeta potential. In Section 5.1, the 

zeta potential of C-S-H increases with increasing Ca:Si in both filtered supernatant 

and in 10mM NaOH solution, as observed in previous studies[108], [111]. However, 

results exhibit a large difference between filtered supernatant and 10mM NaOH, 

plotted in Figure 5.1.5, suggesting the desorption of Ca2+ in NaOH.  

Titration experiments were carried out in which C-S-H with Ca:Si of 1 and 1.75 were 

dispersed in 10mM NaOH and titrated with calcium solution. These results showed a 

limited increase in zeta potential and indicate only a partial reversibility of Ca2+ 

adsorption under these experimental conditions. In previous work by Haas and 

Nonat, C-S-H with Ca:Si of 1.4 was synthesized and dispersed in alkali-free 
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conditions and exhibited high potentials around 23 mV, comparable to the potentials 

of samples dispersed in filtered supernatants in this chapter. Though the samples 

investigated in this chapter were all produced in conditions containing alkali, the high 

potentials measured for samples dispersed in supernatant could be possibly 

replicated to the same magnitudes in a lime solution of increasing concentration 

rather than 10mM NaOH.  

In Section 5.2, the separate effects of sulfates and aluminates on zeta potential, 

morphology, and ionic speciation of the synthetic C-S-H system were studied. 

Results showed the increase of zeta potential with Ca:Si, though at a Ca:Si of 1.75, 

both C-A-S-H and C-S-H + $ exhibited lower potentials than C-S-H. C-A-S-H, 

dispersed in supernatant, exhibited lower potentials than C-S-H at Ca:Si molar ratios 

of 1.5 and 2.  

For accurate results on modelling surface charge densities for C-A-S-H & C-S-H + $, 

samples needed to be dispersed in well controlled media. In the experiments 

described above, 10mM NaOH is used. However, the relevance of working at a pH 

of 12 other than for comparison between samples challenges this choice. Other 

options include working with higher pH NaOH solution, or possibly working with lime 

water, which would allow one to modify both calcium concentration and pH, while 

avoiding the additional introduction of alkali to the system. Solution analyses should 

be completed on the samples, their supernatants, and the dispersion after an 

equilibrium has been reached to best predict the surface charges at all experimental 

points. 

There is much work left to do to better understand the surface of C-S-H, and many 

unanswered questions. What reliance does the Ca:Si of C-S-H have on the calcium 

of the surface-terminated hydrate? Measurements of calcium and silicon in synthetic 

precipitates from Figure 3.1.9 exhibit Ca:Si molar ratios above 2.1, which is rarely 

observed. And so, the Ca:Si may not be wholly reliant on the terminated surface of 

C-S-H, but given the amount of surface area available on a thin nanofoil, and the 

high affinity for Ca2+, it is a fair assumption that the adsorption of Ca2+ becoming a 

potential-determining ion is a key feature. This is highlighted by the order of 

magnitude difference in zeta potentials measured in NaOH and in supernatant 

solution. The surface of C-S-H will not be fully modelled until an electrical double 



 Surface characteristics of synthetic C-S-H systems  

129 
 

layer model incorporating the surface terminations is developed. With the recent 

advancements in determining the bulk structures of C-S-H and C-A-S-H, and the 

advancements in the production of C-S-H at the full Ca:Si, the determination of the 

surface via atomistic simulations seems well within reach and will help interpret the 

changes in surface potentials as a function of solution composition[17], [18], [22], 

[32]. 
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the dropwise precipitation method do not exhibit any fibrillar morphologies. This is 

true even at the highest Ca:Si molar ratios where thermodynamic modelling 

predicted Ca2+ concentrations above this 20mM (Figure 3.1.10) value observed by 

Tajuelo et al. in Ca:Si molar ratios > 1.9[25], [32]. 

In this section, synthetic C-S-H produced by dropwise precipitation in addition to C-

S-H grown in solution on the surfaces of calcite and quartz are studied. Samples are 

characterized by X-ray diffraction, thermogravimetric analysis, inductively-coupled 

plasma spectrometry, particle size dispersion, and TEM to better understand the 

effect of heterogeneous substrates on the C-S-H systems.  

6.2.2 Experimental preparation 

To grow C-S-H on the surface of quartz and calcite, two solutions were prepared as 

described below in Table 6.2.1. Samples were mixed at 300 rpm for 5 hours, then 

NaOH was added and mixed for an additional 48 hours. Small samples were taken 

at 3 hours, 24 hours, 1 week, and 1 month for TEM analyses and pH measurements. 

Calcite and quartz were supplied by Sigma Aldrich. The materials used by 

Siramanont were also used in these experiments[131]. 

Table 6.2.1 Experimental conditions of solutions in which C-S-H is grown on the 

surface of quartz and calcite. Where CQ is quartz in a calcium solution, SiCal is 

calcite in a silicate solution, and ref indicates reference sample. 

 CQ_ref SiCal_ref 

Quartz 1 wt% - 

Calcite - 1 wt% 

NaOH 10 mL 10 mL 

Ca(NO3)2 * 4H2O 0.2M - 

Na2SiO3 - 0.1M 

 

6.2.3 Pure C-S-H 

As observed in other synthetic C-S-H  studies, the samples produced in this chapter 

with the dropwise precipitation method exhibited disordered agglomerated nanofoil 

morphologies. In C-S-H samples with a Ca:Si nominal ratio of 1.75 and portlandite 
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presence due to slower mixing conditions (200 rpm) than described in section 3.1, no 

drastic changes in C-S-H morphology or ordering are observed, presented in Figure 

6.2.3. 

 

 TEM image of C-S-H nominal Ca:Si = 1.7 produced by dropwise 

precipitation method  

 

 TEM image of portlandite and  C-S-H, nominal Ca:Si = 1.75, produced 

by dropwise precipitation method, 200 rpm mixing 












































































































































