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Abstract: The filler effect is the most important physical mechanism of mineral admixtures in the 

early hydration of cement whose chemical properties greatly affect the precipitation of C-S-H. In this 

study, calcite, strontianite, magnesite, dolomite, quartz, whewellite and whitlockite were selected as 

the fillers. The morphology and reaction kinetics of synthetic C-S-H precipitated on the surfaces of 

different fillers were studied via electron microscopy observations and electrical conductivity and ion 

concentration measurements. The precipitation rate of C-S-H has a positive correlation with the 

affinity of Ca2+ for adsorption on the fillers, which can be explained by the nucleation barrier of C-

S-H. Extremely ordered honeycomb-like morphology of the C-S-H is found on calcite and strontianite 

surfaces, while less regular leaf-like or honeycomb-like C-S-H are found on whewellite and 

whitlockite. The ordered C-S-H pattern is related to the lattice cleavage of the ionic compound filler. 

In the case of quartz, C-S-H prefers growth along the tangential direction, which is quite different 

from the normal-direction growth on ionic compounds. The in-plane growth of C-S-H on quartz is 

believed to be induced by a layer of loosely physically-adsorbed Ca2+. 
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1. Introduction 

Fine-grained limestone and quartz powders have been used as fillers (i.e., not the coarse-grained 

aggregates) in the preparation of concretes by partially replacing Portland cement [1–3]. These fillers 

are commonly recognized as inert materials in cementitious material systems [3–6]. The main positive 

effect of these added fillers on the hydration of cement is that they accelerate the nucleation of the 

hydration product (calcium silicate hydrate, C-S-H) by providing more nucleation sites on the surface 

[7, 8]. Such a nucleation effect of the fillers is quite important to the properties of cementitious 

materials during the early stage when the C-S-H is rapidly precipitating and the microstructure is 

rapidly developing. 

http://dict.cnki.net/dict_result.aspx?searchword=%e8%af%b1%e5%af%bc&tjType=sentence&style=&t=induced
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The affinity of fillers for C-S-H is related to the chemical properties of their surfaces. French et 

al. [9], Bentz et al. [10], Mehta et al. [11] and Ouyang et al. [12] found that the bond strength between 

C-S-H and calcite is much stronger than that between C-S-H and silica. They proposed that this 

phenomenon is caused by the different interactions between the fillers and Ca2+: strong acid-base 

interactions between calcite and Ca2+ and a relatively weak electrostatic force between silica and Ca2+. 

Oey et al. [13] and Kumar et al. [14] also found that the accelerated effect of calcite on the Portland 

cement hydration is stronger than that of quartz. They proposed that the ion-exchange reactions 

between CO3
2- (from calcite) and OH- (from C-S-H) make limestone a superior filler to quartz. In 

addition to the precipitation kinetics, the morphology of C-S-H is also significantly affected by the 

chemical properties of filler surfaces. An ordered pattern of the precipitated C-S-H was observed on 

the surface of calcite by Sato et al. [15], Bentz et al. [10], Ouyang et al. [8] and Berodier et al. [7], 

which is also attributed to the strong chemical bonding of Ca2+ to the calcite surface. In the above 

investigations, only the differences in the filler effects between calcite and quartz were studied. Other 

types of inert materials should be studied to verify the effects of surface’s chemical properties on the 

affinity of fillers with the C-S-H. Additionally, no direct evidence has been found to prove that the 

adsorption affinity of Ca2+ with certain fillers leads to different bonding strengths and various 

morphologies of the C-S-H, although the higher adsorption affinity of Ca2+ on calcite has been 

observed by zeta-potential tests [8, 12]. 

This paper reports the morphology and precipitation kinetics of the synthetic C-S-H formed on 

the surfaces of various inert fillers. The properties of the synthetic C-S-H have been investigated in 

prior studies [16–25]. By selecting the synthetic C-S-H as the studied target, other undesired 

interferences from many factors can be eliminated, such as the reaction of the aluminate phases in 

Portland cement and the dissolution process of alite. In this study, seven different inert fillers with 

different adsorption capacities for calcium ions were selected as the substrates for the growth of 

synthetic C-S-H. Studying different types of inert fillers is helpful to verify the dominant mechanism 

of the filler effect. 

2. Experimental 

2.1. Raw materials 

The as-received calcium nitrate tetrahydrate (Ca(NO3)2·4H2O), sodium silicate (Na2SiO3·9H2O) 
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and sodium hydroxide (NaOH) produced by Aladdin Reagent Co. Ltd. were used for the synthesis of 

C-S-H. The fillers were calcite (CaCO3), strontianite (SrCO3), magnesite (MgCO3), dolomite 

(MgCa(CO3)2), quartz (SiO2), whewellite (CaC2O4) and whitlockite (Ca3(PO4)2). All of the fillers are 

fine powders and the specific surface areas (SSAs) of these fillers were determined from nitrogen 

adsorption isotherms using the BET equations, which are presented in Table 1. The crystal systems 

and solubility product constant (Ksp) of these fillers are also given in Table 1. 

Table 1 Physical and chemical properties of the selected fillers 

Filler Chemical formula Crystal system log Ksp SSA (m2/kg) 

Calcite CaCO3 trigonal -8.48a 926.7 

Strontianite SrCO3 orthorhombic -9.27 a 1682.3 

Magnesite MgCO3 trigonal -8.10 b 2359.2 

Dolomite MgCa(CO3)2 trigonal -17.12 b 2351.1 

Quartz SiO2 trigonal -4.01 a 935.2 

Whewellite CaC2O4 monoclinic -8.69c 4577.5 

Whitlockite Ca3(PO4)2 trigonal -28.92 a 910.1 

Note: a from minteq.v4.dat and b from ThermoChimie_PHREEQC_eDH_v9b0.dat, databases of the 

thermodynamic program PHREEQC [26]; c from Burgos-Cara [27]. 

2.2. Synthesis of C-S-H 

First, Solution A was prepared by dissolving 3 mmol Ca(NO3)2·4H2O in 30 ml deionized (DI) 

water, and Solution B was prepared by dissolving 3 mmol Na2SiO3·9H2O in 30 ml DI water. Second, 

Solution C was prepared by dissolving 0.16 g NaOH (4 mmol) in 40 ml DI water and was used to 

maintain the alkalinity of the solutions during the synthesis process. Then, the C-S-H was synthesized 

according to the specific synthetic procedure, which is summarized schematically in Fig. 1. It should 

be noted that the total surface areas of different fillers added into solution C were all 6 m2. This is the 

most appropriate mix proportion: both increasing and decreasing the total surface areas would change 

the distribution density of the CSH on the filler surfaces, which is not suitable for the observation of 

microstructure under SEM and TEM. The synthetic procedure of the pure CSH is similar to that 

presented in Fig. 1, but no fillers were added in Solution C. 
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Fig. 1 Schematic diagram of the synthetic procedure of C-S-H with fillers. 

XRD analysis was used to characterize the crystalline structure of synthetic C-S-H without fillers, 

and the result is presented in Fig. 2. The XRD pattern of synthetic C-S-H exhibits tobermorite-like 

reflections, which is consistent with those previously reported by Popova [28] and Plank [19]. The 

XRD pattern of the ordinary Portland cement (OPC) paste is also provided in Fig. 2 and it was found 

that the CSH produced in OPC paste mainly presented as amorphous bulge.  

 

Fig. 2 XRD patterns. (a) OPC paste at 360 days; (b) synthetic C-S-H without fillers. 

2.3. Morphology and structure observation 

2.3.1. SEM imaging 
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A Quanta 200 FEG environmental scanning electron microscope (ESEM, FEI) was used for 

morphological and microstructural observations of synthetic C-S-H. Synthetic C-S-H with or without 

fillers was dispersed separately on the sample stage and treated with carbon plating. The SEM 

observation was conducted at an accelerating voltage of 10 keV. 

2.3.2. TEM imaging 

Transmission electron microscope (TEM, JEM-2010F) equipped with the additional feature of 

energy-dispersive X-ray spectroscopy (EDS) was used for the microstructural observation of the 

synthetic C-S-H. Approximately 1.0 g synthetic C-S-H with or without fillers were diluted in 100 ml 

ethanol and further dispersed in an ultrasonic bath for 15 min. The well-dispersed dispersions were 

dropped on a #400 Cu mesh with carbon support films. Then, synthetic C-S-H was observed by TEM, 

and the elemental composition was collected by the EDS. 

2.4. Precipitation kinetics monitoring 

2.4.1. Electrical conductivity 

To monitor the precipitation kinetics of synthetic C-S-H, the electrical conductivity of the 

preparation solutions was auto-recorded by a METTLER TOLEDO FE38 conductometer connected 

to a Personal Computer. Prior to the testing, the electrode was calibrated by KCl standard solutions 

with different conductivities of 0.1466, 1.408, 12.85 and 111.3 mS/cm. In the conductivity monitoring 

procedure, 30 ml of both Solutions A and B were pumped into 100 ml DI water at a rate of 0.5 ml/min 

with magnetic stirring. The electrical conductivity of the mixed solution was monitored and recorded 

continuously. 

2.4.2. Ion concentrations 

In addition to monitoring the electrical conductivity, the ion concentrations of the solutions were 

also determined to characterize the precipitation kinetics of the synthetic C-S-H. At 1, 3, 6, 9, 12, 15, 

18, 30, 45, 60, 100, 200, 400, 800, 1400, and 2500 min, approximately 10 ml of the mixed solution 

was removed and centrifuged for 5 min at 10500 rpm, and the supernatant liquid was collected and 

filtered using a syringe filter with filter paper of 0.22 m in the opening size, followed by dilution 

with 2 wt% HNO3 solution. The concentrations of both Ca and Si were determined by an X Series 

inductively coupled plasma optical emission spectrometer (ICP-OES, Thermo). 

2.5. Adsorption of Ca2+ on the surfaces of fillers 
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2.5.1. Zeta-potential test 

The surface charge or the zeta-potential of the suspended particles is significantly affected by 

the adsorption of ions [29]; thus, many papers have presented the adsorption behaviour of ions 

through the zeta-potential test [8, 12, 30, 31]. In this study, the preferential adsorptions of calcium on 

different fillers were characterized by determining the zeta-potential of the fillers suspended in 

Ca(OH)2 solutions at various concentrations of from 0.2 to 20 mM. The total surface areas of the 

different fillers were 6 m2 in 30 ml Ca(OH)2. After continuous stirring for 48 hours under the N2 

environment, the zeta-potential of the suspensions was determined by a Malvern Zetasizer Nano 

instrument. 

2.5.2. Measurement of Ca2+ concentration 

The changes in the concentrations of the suspensions directly reflect the adsorption behaviour 

of Ca2+ on the surface of the fillers. Fillers with total surface areas of 30 m2 were added into 30 ml 

Ca(OH)2 solutions. After continuous stirring for 48 hours, the suspension was centrifuged for 5 min 

at 10500 rpm, and the supernatant liquid was collected and filtered using a syringe filter (0.22 m), 

followed by dilution with 2% wt HNO3. Then, the concentrations of Ca in the diluted supernatant 

liquid were measured by ICP-OES. Considering the mineralogical transformation [32], the 

concentrations of Mg and Sr were also determined in the suspensions containing strontianite, 

magnesite and dolomite. 

3. Results and discussion 

3.1. Adsorption of Ca2+ on fillers 

3.1.1. Ion concentrations 

The adsorption of Ca2+ onto the surfaces of fillers in the alkaline Ca(OH)2 solutions with 

concentrations from 0.2 to 20 mM is presented in Fig. 3. In the aqueous suspensions of calcite, 

whewellite, whitlockite and quartz, no cation exchange occurrs, and the amount of adsorbed Ca2+ can 

be considered as the difference between the initial and equilibrated Ca2+ concentrations. As shown in 

Fig. 3a, the adsorption affinity of Ca2+ on calcite is the largest, while that on quartz is the lowest. This 

phenomenon is caused by the different adsorption mechanisms of Ca2+ on calcite and quartz, which 

have been discussed by Ouyang et al. [8, 12]. The adsorption of Ca2+ on calcite was reported to be 

enthalpically driven, and the strong acid-base interaction results in strong adsorption and bonding 
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between Ca2+ and calcite [30, 31]. Contrary to the situation in calcite systems, the adsorption of Ca2+ 

on quartz is governed by a relatively weak electrostatic force, which results in high mobility and low 

content of adsorbed Ca2+ [33–35]. Similar to calcite, whewellite and whitlockite are both ionic 

compounds. Thus, the adsorption of Ca2+ on whewellite and whitlockite is also expected to be 

enthalpically driven. In the case of calcite, the adsorption of Ca2+ on calcite is due to the strong acid-

base interaction between Ca2+ and CO3-, while in the cases of whewellite and whitlockite, the active 

surface sites are C2O4
2- and PO4

3-, respectively. As shown in Fig. 3a, the adsorption contents of Ca2+ 

on whewellite and whitlockite are higher than that on quartz, illustrating the relatively high affinity 

of Ca2+ for adsorption on ionic compounds with low solubility. However, the affinity of Ca2+ for 

adsorption on whewellite and whitlockite is slightly less than that on calcite. It is believed that the 

abilities of ionic compounds to adsorb Ca2+ are related to the strength of the acid-base interaction and 

the lattice Ca2+ density on the surface of the fillers. Compared to that of whewellite and whitlockite, 

the lattice Ca2+ density on the surface of calcite is higher due to its smaller lattice volume. 

In the cases of strontianite, magnesite and dolomite, cation exchanges between fillers and 

Ca(OH)2 occur: 

 𝑆𝑟𝐶𝑂3 + 𝐶𝑎2+ = 𝐶𝑎𝐶𝑂3 + 𝑆𝑟2+ (1) 

 𝑀𝑔𝐶𝑂3 + 𝐶𝑎2+ = 𝐶𝑎𝐶𝑂3 +𝑀𝑔2+ (2) 

 𝑀𝑔𝐶𝑎[𝐶𝑂3]2 + 𝐶𝑎2+ = 2𝐶𝑎𝐶𝑂3 +𝑀𝑔2+ (3) 

In the suspension of strontianite, the ion activity ratio of {𝑆𝑟2+}  to {𝐶𝑎2+}  can be calculated 

according to the chemical equilibrium constant in Table 1. 

 {𝑆𝑟2+} × {𝐶𝑂3
2−} = 10−9.27 (4.1) 

 {𝐶𝑎2+} × {𝐶𝑂3
2−} = 10−8.48 (4.2) 

 {𝑆𝑟2+} {𝐶𝑎2+}⁄ = 10−9.27 10−8.48⁄ = 0.1622 (4.3) 

The ion activity ratio of {Mg2+} to {Ca2+} in the suspensions of magnesite and dolomite can be 

determined with the same method: 

 {𝑀𝑔2+} × {𝐶𝑂3
2−} = 10−8.1 (5.1) 

 {𝐶𝑎2+} × {𝐶𝑂3
2−} = 10−8.48 (5.2) 

 {𝑀𝑔2+} {𝐶𝑎2+}⁄
𝑚𝑎𝑔𝑛𝑒𝑠𝑖𝑡𝑒

= 10−8.1 10−8.48⁄ = 2.3988 (5.3) 



8 

 

 {𝑀𝑔2+} × {𝐶𝑎2+} × {𝐶𝑂3
2−}2 = 10−17.12 (6.1) 

 {𝐶𝑎2+} × {𝐶𝑂3
2−} = 10−8.48 (6.2) 

 {𝑀𝑔2+} {𝐶𝑎2+}⁄
𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒

= 10−17.12 (10−8.48)2⁄ = 0.6918 (6.3) 

It is obvious that the cation exchange in the suspension of strontianite is minimal, but that in the 

suspensions of magnesite and dolomite is substantial. The differences between the initial and 

equilibrated Ca2+ concentrations cannot be regarded as the adsorption content of Ca2+ on these fillers. 

Instead, the total adsorption of M2+ on strontianite, magnesite and dolomite was calculated by 

determining the difference in the initial and equilibrated M2+ concentrations, where M represents the 

sum of Ca, Mg and Sr. The total adsorption content of M2+ on strontianite, magnesite and dolomite is 

slightly lower than that on calcite. 

  

Fig. 3 Content of Ca2+ adsorbed on the unit surface area of fillers. (a) Adsorption of Ca2+ on the surface of 

fillers without ion exchange; (b) total adsorption of cations (Ca2+, Sr2+ and Mg2+) on the surface of fillers 

with ion exchange. 

3.1.2. Zeta potential 

Fig. 4 shows the zeta potentials of various filler suspensions as a function of the initial calcium 

concentrations. As shown in Fig. 4, the Ca2+ concentration is approximately 2 mM in the quartz 

suspension with zero zeta potential and is in good agreement with the isoelectric point (IEP) 

determined by Ouyang et al. [8, 12]. The zeta potentials of the calcite suspension at high Ca2+ 

concentrations are also consistent with the values reported by Ouyang, but the surface charge of 

calcite is positive even at the minimum Ca2+ concentration of 0.2 mM, illustrating that the IEP of the 

calcite suspension is less than 0.2 mM, which is only half of the value determined by Ouyang et al. 
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[8, 12]. The IEP of the calcite suspension has also been researched by Huang et al. [30] and Foxall et 

al. [36], and the value of the IEP is approximately 0.043 mM. The zeta-potential results of Pourchet 

et al. [31] also show that the surface charge of calcite is positive at the minimum Ca2+ concentration 

of approximately 0.2 mM. In fact, the surface charges of all ionic compounds are positive even at the 

minimum Ca2+ concentration in this study. The strong acid-base interaction leads to strong adsorption 

of Ca2+ on ionic compounds, while the relatively weak electrostatic interaction results in the high 

mobility of adsorbed Ca2+ on covalent compounds (quartz). In addition, the zeta potentials of the 

calcite and strontianite suspensions are higher than those of other ionic compound suspensions, 

illustrating the relatively higher affinity of Ca2+ for adsorption on calcite and strontianite, which is 

consistent with the adsorption experiment results in section 3.1.1. 

 

Fig. 4 Zeta potentials of the filler suspensions as a function of the initial calcium concentrations. Hollow box 

data are the zeta potentials of calcite suspensions adopted from Ouyang et al. [8, 12] 

3.2. Morphology and structure of synthetic C-S-H 

It has been reported that the morphology of C-S-H on calcite is different from that on quartz 

sand: an orderly arrangement of C-S-H was found on the surface of calcite while that on quartz was 

disorganized [7, 8]. However, the structure of the C-S-H that precipitated on the surface of fillers with 

various chemical charateristics has rarely been reported. Moreover, the dominant mechanism of the 

filler effect on the morphology of C-S-H has seldom been investigated. In this section, the 

morphology and structure of synthetic C-S-H on different fillers were observed. 

3.2.1 SEM 

The morphology of synthetic C-S-H was observed by SEM, and the results are presented in Fig. 
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5. As shown in Fig. 5a, the pure C-S-H that precipitated in solution showed a flocculent morphology 

with particle sizes from 10 m to 100 m and presented an irregular distribution. Conversely, an 

ordered honeycomb-like pattern of synthetic C-S-H was found on the surface of calcite (Fig. 5b), 

which was also observed in cement-calcite blended systems [7, 8, 10, 12, 15]. Interestingly, it was 

found in the sparse area (marked as red circle) that the synthetic C-S-H grew along the lattice direction. 

Bentz et al. [10] also reported that the initially precipitated C-S-H pattern was consistent with the 

distribution of Ca and O atoms on calcite cleavage surfaces, as observed by Rode et al. [37]. Most 

interestingly, an ordered honeycomb-like pattern of synthetic C-S-H was also found on the surface of 

strontianite (Fig. 5c). This suggests that not the intrinsic Ca atoms but the CO3
2- exposed on the 

surface due to the slight dissolution of fillers is more likely to be the cause of the regular arrangement 

of CSH. However, a quite irregular leaf-like morphology of synthetic C-S-H was found on the surface 

of magnesite (Fig. 5d), which is caused by the conflict between the precipitation of C-S-H and the 

phase equilibrium of the carbonate minerals. As shown in Fig. 5d, some calcite crystals (marked with 

red circles) were found in the magnesite and C-S-H systems. The ICP experimental results also 

presented the rapid transformation from magnesite with a relatively higher solubility to calcite with 

lower solubility. This means that magnesite cannot provide a ‘template surface’ with stable 

physicochemical properties during the nucleation and growth of synthetic C-S-H. Thus, the initial C-

S-H nuclei randomly formed on the surface of magnesite and then grew rapidly in this arrangement. 

As analysed in section 3.1.1 (Eqs. 5 and 6), the cation exchange in the suspension of dolomite is 

weaker than that in the suspension of magnesite, and thus, the influence of the phase equilibrium of 

the carbonate minerals on the precipitation of CSH is less, resulting in a relatively ordered leaf-like 

morphology of C-S-H on the surface of dolomite (Fig. 5e). However, compared to those on other 

ionic compound fillers, the arrangement of C-S-H on dolomite is apparently irregular. 

Similar to calcite and strontianite, whewellite and whitlockite are also ionic compounds; thus, 

the ordered honeycomb-like morphology of synthetic C-S-H is expected to be found on the surface 

of these fillers. However, the C-S-H on whewellite showed a leaf-like pattern (Fig. 5f). Interestingly, 

the leaf-like C-S-H is perpendicular to the surface of whewellite (marked as red circle in Fig. 5f), 

which is quite different from the irregularly distributed leaf-like morphology on dolomite. Both leaf-

like and honeycomb-like C-S-H were found on the surface of whitlockite, but the arrangements of C-
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S-H are not as ordered as those on calcite and strontianite. Most interestingly, the synthetic C-S-H on 

the surface of quartz presented a parallel leaf-like pattern. This means that the growth orientations of 

synthetic C-S-H vary on different types of fillers: preferred vertical growth on the surface of ionic 

compounds and parallel growth on the surface of covalent compounds. 
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Fig. 5 SEM morphology of synthetic C-S-H on fillers. (a) Pure C-S-H, irregular flocculent morphology; (b) 

C-S-H on calcite, ordered honeycomb-like morphology; (c) C-S-H on strontianite, ordered honeycomb-like 

morphology; (d) C-S-H on magnesite, irregular leaf-like morphology; (e) C-S-H on dolomite, irregular leaf-

like morphology; (f) C-S-H on whewellite, vertical leaf-like morphology; (g) C-S-H on whitlockite, 

combined leaf-like and honeycomb-like morphology; (h) C-S-H on quartz, parallel leaf-like morphology. 

The small figures in white boxes in b~g are the morphology of the raw fillers. 

3.2.2 TEM 

 

Fig. 6 TEM morphology of synthetic C-S-H on fillers. (a) Pure C-S-H; (b) C-S-H on calcite; (c) C-S-H on 

strontianite; (d) C-S-H on whewellite; (e) C-S-H on whitlockite; (f) C-S-H on quartz. The Ca/Si ratio of C-S-

H on strontianite is approximately 0.7, while those of the other C-S-H are approximately 1.0. (what are the 
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insets?) 

The structures of synthetic C-S-H on various kinds of fillers were also observed by TEM 

equipped with EDS, and the results are presented in Fig. 6. It should be noted that the TEM structures 

of C-S-H on magnesite and dolomite have not been observed since the precipitation of C-S-H is 

apparently affected by cation exchange in the suspensions of magnesite and dolomite. As shown in 

Fig. 6a, a foil-like synthetic C-S-H was found, and the diffraction pattern showed that the synthetic 

C-S-H is amorphous. Foil-like synthetic C-S-H was also found on the surface of fillers, illustrating 

that although inert fillers with different physicochemical properties can obviously influence the SEM 

morphology of C-S-H, they rarely affect the TEM structure of C-S-H. 

The element composition of synthetic C-S-H was determined by 1 m line scanning with EDS. 

The Ca/Si ratio of C-S-H was calculated, and the result in Fig. 6a shows that the Ca/Si ratio of C-S-

H is approximately 1.0, which is consistent with the element proportions in solutions A and B during 

the synthesis process. The elemental compositions of C-S-H on the surface of the fillers are similar 

to those of C-S-H in solution, except for C-S-H on strontianite, which has a Ca/Si ratio of only 0.7. 

The decrease in the Ca/Si ratio is likely caused by the cation exchange between Ca and Sr, which 

results in a slight decrease in the Ca concentration in solution. Interestingly, the SEM morphology 

and TEM structure of C-S-H on calcite are similar to those of C-S-H on strontianite, although there 

is a significant difference between the Ca/Si ratios of C-S-H on the surface of these two fillers. This 

means that the variation in the Ca/Si ratio from 0.7 to 1.0 has little influence on the structure and 

morphology of synthetic C-S-H. Rodriguez et al. [38] reported that a foil-like C-S-H was obtained at 

Ca/Si ratios from 0.7 to 1.5, and fibrillar C-S-H was obtained at a high Ca/Si ratio (＞1.5) via a silica-

lime reaction. The transformation of the morphology of synthetic C-S-H from foil to fibrils with 

increasing Ca/Si ratio has been reported by many studies [39, 40]. The TEM structure of C-S-H on 

quartz is similar to that on the surface of ionic compounds, illustrating that the type of chemical bond 

in the fillers only affects the SEM morphology but not the TEM structure of synthetic C-S-H. 

3.3. Precipitation kinetics of synthetic C-S-H 

The precipitation kinetics of synthetic C-S-H were monitored by the electrical conductivity of 

the solution, and the results are presented in Fig. 7. Fig. 7a shows the electrical conductivity of the 

solution without fillers (red line) and its differential curve (black line). The electrical conductivity 
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increases rapidly within the initial 10 min with the addition of solutions A and B. At approximately 

10 min, a platform was found on the electrical conductivity curve, and a valley appeared on the 

differential electrical conductivity curve, illustrating rapid consumption of the ions in solution that 

retards the growth of the electrical conductivity in solution. The appearance of the platform and the 

valley represents the start of the precipitation of C-S-H. According to the classical nucleation theory 

[41, 42], the precipitation of C-S-H requires a certain oversaturation degree to overcome the 

nucleation barrier, and once enough stable nuclei are produced, rapid growth of C-S-H on these nuclei 

will consume a massive number of ions, resulting in the decrease in the electrical conductivity growth 

rate of the solution. 

 

Fig. 7 The electrical conductivity of the solution. (a) The electrical conductivity of the solution without fillers 

(red line) and its differential curve (black line); (b) The differential electrical conductivities of solutions with 

or without fillers. 

Fig. 7b shows the differential electrical conductivities of the solution with or without filler. For 

the initial 10 min, the growth rates of the electrical conductivities of the solutions containing fillers 

were lower than that of the pure solution, which is believed to be caused by the adsorption of ions on 

the fillers, as discussed in section 3.1. In fact, the growth rate of the suspension electrical conductivity 

was inversely proportional to the Ca2+ adsorption capacity of the filler. Similar to the case of the pure 

solution, a valley was found on the differential electrical conductivity curve of the quartz suspension, 

illustrating rapid precipitation of C-S-H. However, the valley occurred earlier and was smaller with 

the addition of quartz in solution. Additionally, the valleys in the differential electrical conductivity 

curves of the whewellite and whitlockite suspensions were inconspicuous. Most interestingly, no 
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significant transition points were found on the differential electrical conductivity curves of the calcite 

and strontianite suspensions. This demonstrates that the precipitation of C-S-H did not occur suddenly 

in the filler suspension with the strong adsorption of calcium ions. 

  

Fig. 8 Ion concentrations of the solutions. (a) Ca concentration decreases slowly after the precipitation of C-

S-H; (b) Si concentration decreases rapidly after the precipitation of C-S-H. 

The ion concentrations were also measured to characterize the precipitation kinetics of C-S-H, 

and the results are presented in Fig. 8. The measured ion concentrations of the pure solution coincided 

exactly with the theoretical curve within the initial 10 min, while those of the filler suspensions were 

slightly smaller than the theoretical value due to the adsorption behaviour of ions on fillers. This result 

is consistent with the electrical conductivity result. After approximately 10 min, the Ca concentration 

decreased gradually, while the Si concentration decreased rapidly. The transition points on the ion 

concentration curves represent the start of the precipitation of C-S-H. As expected, the transition point 

appears earlier, and the ion concentrations at the transition points are lower in the filler suspensions 

with higher adsorption capacities for Ca2+. 

Myers et al. [43] investigated the thermodynamic data of C-A-S-H gels in Portland cement-

based materials. In this study, C-S-H_T5C [43] was selected to represent the synthetic C-S-H product, 

and its thermodynamic data are provided in Table 2. The saturation index (SI, ( )ln spSI IAP K= ) was 

calculated via a thermodynamic program PHREEQC, where IAP and Ksp are the ion activity product 

and solubility product, respectively. The calculated SI is presented in Fig. 9. Similar to the trend of 

the ion concentration, the saturation index also increased rapidly with the addition of solutions A and 
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B and reached a maximum value at approximately 10 min, followed by a gradual decline to zero. The 

transition point also represents the start of the precipitation of C-S-H. As indicated in Fig. 9, the 

precipitation of C-S-H occurred earlier, and the critical oversaturation degrees were lower in the filler 

suspensions with higher adsorption capacity for Ca2+, illustrating a lower nucleation barrier in these 

systems. 

Table 2 Thermodynamic data of CSH 

Phase Reaction log Ksp △rH
0 Ref. 

CSH_T5C 
(𝐶𝑎𝑂)1.25(𝑆𝑖𝑂2)1.25: 2.5𝐻2𝑂 + 2.5𝐻+ ⟷ 

1.25Ca2+ + 1.25𝐻4𝑆𝑖𝑂4 + 1.25𝐻2𝑂 
18.74 -83.46 [43] 

 

Fig. 9 Saturation index of C-S-H (CSH_T5C, Ca/Si=1.0) in different systems. 

According to the classical nucleation theory, the frequency of nucleation increases with the 

saturation index [41, 42, 44]: 

Frequency of nucleation: 𝐽 = 𝐽0𝑒𝑥𝑝 (−
∆𝐺∗

𝑘𝑇
) (7) 

For homogeneous nucleation in solution: ∆𝐺∗ =
𝑓Ω2𝛾3

(𝑘𝑇 ∙ 𝑆𝐼)2
 (8) 

For heterogeneous nucleation on fillers: ∆𝐺ℎ𝑒𝑡
∗ = ∆𝐺∗ (

1

2
−
3

4
cos 𝛼 +

1

4
cos3 𝛼) (9) 

where the nucleation barrier △G* is related to the interfacial crystal solution energy , the volume of 

the C-S-H molecule  and the saturation index SI. For heterogeneous nucleation on fillers, the 

nucleation barrier ∆𝐺ℎ𝑒𝑡
∗  should be modified via the wetting angle . As shown from Eqs. 7~9, the 

nucleation barrier decreases with the addition of fillers due to the transition from homogeneous to 
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heterogeneous nucleation. Moreover, the high affinity of Ca2+ for adsorption on fillers is supposed to 

decrease the wetting angle between C-S-H and the filler, thus further lowering the nucleation barrier. 

Especially for calcite and strontianite, the active surface sites (CO3
2−)  exposed due to slight 

dissolution could substitute with the OH−  in C-S-H [13, 14], which is supposed to increase the 

compatibility and decrease the wetting angle between the filler and C-S-H gel. Therefore, the 

precipitation of C-S-H on fillers with a higher adsorption capacity for Ca2+ occurred earlier at a 

relatively lower oversaturation degree. It should be noted that whether C2O4
2- and PO4

3- have similar 

ion-exchange effects as CO3
2- remains for further experimental verification. 

3.4. Discussion 

The mechanisms for the effects of different fillers with various physicochemical properties on 

the nucleation of C-S-H are summarized in Fig. 10. First, the adsorption affinity of Ca2+ onto the 

surfaces of fillers remarkably affects the precipitation kinetics of the synthetic C-S-H [45]. The 

adsorption affinities of Ca2+ on calcite and strontianite are higher than those on any other inert fillers 

studied in this work (Figs. 10a and b), which is attributed to the strong acid-base interactions between 

CO3
2- (from calcite and strontianite) and Ca2+, resulting in a high content of adsorbed Ca2+, a low 

nucleation barrier and strong bond strength of the synthetic C-S-H. Although whewellite and 

whitlockite are also ionic compounds and the adsorption of Ca2+ on these fillers is also governed by 

acid-base interactions, the smaller lattice Ca2+ densities in these fillers lead to the low adsorption 

affinities of Ca2+ (Figs. 10c and d) and a relatively high nucleation barrier of synthetic C-S-H. In the 

cases of the quartz suspension, the adsorption of Ca2+ is governed by a weak electrostatic force, hence 

resulting in the lowest adsorption of Ca2+ (Fig. 10e) and the highest nucleation barrier for the synthetic 

C-S-H. 

Second, the type of chemical bond in the fillers only affects the SEM morphology but not the 

TEM structure of synthetic C-S-H. The growth orientations of synthetic C-S-H vary on different types 

of fillers: preferred vertical growth on the surface of ionic compounds and parallel growth on the 

surface of covalent compounds (quartz in Fig. 10e). The structure of C-S-H is supposed to be a Ca-

O sheet with silicate chains on both sides [46–49]. As shown in the right part of Fig. 10e (adapted 

from [48]), the two sets of paralleled dreierkette chains are not linked, and the extra interlayer space 

is occupied by an inner Ca2+ layer. The adsorption Ca2+ layer on the surface of quartz likely acts as 
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the inner Ca2+ layer, and the silicate tetrahedral structure inside the quartz can be regarded as the 

silicate chains in the adjacent C-S-H structure. Thus, the C-S-H structure tends to grow parallel to the 

quartz surface and is linked with quartz via a loose adsorbed Ca2+ layer. This hypothesis is similar to 

the double layer interaction model reported by many research papers [12, 50]. 

Third, the lattice cleavage as well as the adsorption strength of Ca2+ determine the arrangement 

of synthetic C-S-H on fillers. The dislocations and defects are typically presented along the direction 

of the lattice cleavage of the crystal. The free energy of the crystal may be influenced by lattice defects 

[29], which makes the nucleation of synthetic C-S-H easier with a lower nucleation barrier in these 

positions. Additionally, both calcite and strontianite are crystals with obvious lattice cleavage (crystal 

structures shown in Figs. 10a and b). The solubility is also affected by the defects of the crystal [29], 

and the relatively high solubility at the defect results in more CO3
2- exposed on the surface, leading 

to the high affinity of Ca2+ for adsorption on these areas. The lattice cleavages of whewellite and 

whitlockite are not as regular as those of calcite and strontianite; thus, the guiding function of the 

lattice cleavage on the arrangement of C-S-H is weak. In summary, the regular distribution of defects 

along the lattice cleavage contributes to the ordered pattern of C-S-H on ionic compounds. 

In addition, the active surface sites (CO3
2−) exposed due to the slight dissolution of calcite and 

strontianite could substitute the OH− in the C-S-H [13, 14] (marked in black circle in Fig. 10), which 

further increases the compatibility of CSH and fillers and induces the regular arrangement of CSH. It 

should be noted that there is no direct evidence that C2O4
2- and PO4

3- have similar ion-exchange 

effects as CO3
2-. 
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Fig. 10 Schematic diagram of the nucleation and growth of synthetic C-S-H on different fillers. (a) C-S-H on 

calcite; (b) C-S-H on strontianite; (c) C-S-H on whewellite; (d) C-S-H on whitlockite; (e) C-S-H on quartz. 

4. Conclusions 

This paper discusses the different ‘filler effects’ of several inert fillers with various 

physicochemical properties on the nucleation and growth of synthetic C-S-H. The affinities of Ca2+ 

for adsorption on different fillers were evaluated via ion concentration tests and zeta-potential tests. 

The structure and morphology of synthetic C-S-H in different systems were observed by TEM and 

SEM. The precipitation kinetics of C-S-H on the surface of different fillers were also characterized 

by monitoring the electrical conductivities and ion concentrations of the suspensions. Based on the 

experimental results in this study, the following conclusions can be drawn: 

(1) A strong relationship between the affinity of Ca2+ for adsorption on fillers and the surface chemical 

properties is found due to the different driving forces of the adsorption process. A weak electrostatic 

force leads to the small affinity of Ca2+ for adsorption on inert covalent compounds (quartz), and a 
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strong acid-base interaction results in a high affinity of Ca2+ for adsorption on inert ionic compounds. 

The abilities of ionic compounds to adsorb Ca2+ are related to both the strength of the acid-base 

interaction and the lattice Ca2+ density on the surface of fillers. The high affinity of Ca2+ for adsorption 

corresponds to a low nucleation barrier for synthetic C-S-H. 

(2) The synthetic C-S-H precipitated on ionic compounds prefers to form along the normal direction, 

while that on quartz prefers to form along the tangential direction. The variation of the growth 

orientation of synthetic C-S-H on the quartz surface can be explained by the fact that the adsorbed 

Ca2+ layer acts as a loose Ca-O sheet between the silicate tetrahedral chains in synthetic C-S-H and 

quartz. 

(3) An extremely ordered honeycomb-like pattern of synthetic C-S-H is found on the surface of calcite 

and strontianite, while C-S-H on whewellite and whitlockite present less regular leaf-like or 

honeycomb-like patterns. The order of the synthetic C-S-H pattern is related to the lattice cleavage of 

the filler. 
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