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Abstract. This paper presents the characteristics, properties and morphology of calcium silicate 

(CS) nanoparticles modified with different silane coupling agents, namely vinyltrimethoxysilane 

(VTMS) and [3-(methacryloyloxy)propyl]trimethoxysilane (MPTS). The effect of the initial 

content of silane coupling agents on the properties of the treated CS nanoparticles was 

investigated. The IR analysis and TGA diagrams of untreated and treated CS suggested that 

silane coupling agents were successfully grafted onto the surface of CS nanoparticles. The 

performance and silane coupling agent’s content grafting on CS nanoparticles depended on the 

nature and initial content of silane coupling agents. The highest grafting yield on CS 

nanoparticles reached 32.8 % for VTMS with an initial content of 5 wt. % and 48.80 % for 

MPTS with an initial content of 10 wt. % (compared to CS content). Organo-modification 

reduced the thermo-oxidation stability of the modified CS nanoparticles because of the 

decomposition of organic moiety in silane coupling agents while the hydrophobicity of the 

modified CS surface increased. Thus, the agglomeration of modified CS nanoparticles was 

significantly reduced. The unmodified CS nanoparticles had a size distribution (in distilled 

water) peak near 500 nm while the size distribution (in distilled water) peak of CS modified with 

10 wt.% MPTS was approximately 150 nm. 

Keywords: calcium silicate, surface modification, silane coupling agent, grafting yield, hydrolysis method. 

Classification numbers: 2.5.3, 2.9.4. 

1. INTRODUCTION 
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In recent years, calcium silicate (CS, CaSiO3) nanoparticles have been used as an additive 

for paint and organic coatings. The CS nanoparticles can improve some characteristics, 

properties of coatings such as thermal stability, mechanical properties, flame resistance, weather 

durability, etc. [1 - 4]. The properties of the nanocomposite coating depend on the dispersion 

ability of the CS nanoparticles in the polymer matrix. The CS nanoparticles tend to agglomerate 

in the polymer matrix due to the interaction between the inorganic phase and the organic 

polymer matrix. Hence, silane coupling agents have been used as bridges between the inorganic 

phase and the organic matrix. Rok Sinkovec et al. used CS treated with 3-

aminopropyltriethoxysilane (commercial product) or CS mixed with 3-

glycidyloxypropyltrimethoxysilane or 3-aminopropyltriethoxysilane as additives for epoxy resin 

[3]. Modified CS could significantly enhance the tensile strength and rheological behavior (i.e. 

flow curing behavior and spiral flow length) of epoxy resin. The hierarchical calcium silicate-

calcium sulfate whiskers (H-CSW), which was formed by the treatment of calcium sulfate 

whiskers (size of 70 - 100 nm) with a sodium silicate solution, were also used to improve the 

flexibility and thermal properties of epoxy resin. The increase of flexural strength, flexural 

modulus, storage modulus and glass transition temperature of epoxy resin was caused by the 

mechanical interlocking between H-CSW and the epoxy matrix [5]. Some other reports indicated 

that CS nanoparticles modified with silane coupling agents were effective additives for polymer 

coating [6 - 8]. The structure of CS nanoparticles modified with n-hexyltriethoxysilane (HTES) 

was interlayer bilayer arrangement (organic molecules were intercalated inside the CS layers) 

[6]. The interaction ability between CS and polymers was improved after modifying CS with 

polydimethylsiloxan by the sol-gel method [9]. In another report, the biocompatibility of CS was 

also enhanced thanks to modifying CS with alkoxysilane by the sol-gel method [10]. 

Nevertheless, none of these studies addressed the use of vinyltrimethoxysilane (VTMS) or/and 

[3-(methacryloyloxy)propyl]trimethoxysilane (MPTS) to modify CS nanoparticles. Therefore, 

the purpose of this work was to investigate the characteristics, properties and morphology of CS 

nanoparticles modified with different kinds of silane coupling agents as well as the content of 

these coupling silane agents, namely VTMS and MPTS. Our study focused on the evaluation of 

changes in functional groups, size distribution, silane coupling agent grafting yield on the 

surface of CS nanoparticles, thermal stability, morphology and hydrophobic/hydrophilic 

properties of CS nanoparticles. 

2. EXPERIMENTAL 

2.1. Materials 

CaSiO3 nanoparticles (CS) with diameters from 40 to 90 nm, vinyltrimethoxysilane 

(VTMS) (purity of 98 %), and [3-(methacryloyloxy) propyl] trimethoxysilane (MPTS) (purity of 

98 %) were provided by Sigma Aldrich (USA). Ethanol (99.5 %) and acetone (99 %) were 

analytical chemicals of Chemical Xilong company (China). Ammonia solution (25 %) was 

purchased from Duc Giang Chemical Company (Viet Nam).  

2.2. Modification of CS with silane coupling agents 

Surface modification of nanoparticles with silane coupling agents is usually carried out 

through the hydrolysis method in water or a solution of water and a polar solvent (ethanol, 

propanol, or acetone) [11] or via condensation mechanism in non-polar organic solvents such as 

cyclohexane, toluene, and xylene [12]. However, surface modification of nanoparticles through 
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condensation mechanism is not suitable for scale-up production because of the requirement of a 

large amount of organic solvents. This means that the modification of nanoparticles through 

condensation mechanism is costly and has a negative effect on the environment. Therefore, CS 

nanoparticles were modified with silane coupling agents by the hydrolysis method in this work 

as the process below (as shown in Scheme 1): 

Silane coupling agents (VTMS or MPTS) with weight ratios of 5, 10, and 30 wt. % to the 

CS weight were dropped directly into CS nanoparticles. 4 mL of ammonia solution and 20 mL 

of ethanol/distilled water (1/1 v/v) were used to adjust the pH of the mixture to 8-9. The mixture 

was blended well in a closed vessel and incubated at 40 
o
C for 24 hours. After incubation, the 

mixture was centrifuged to remove residual silane coupling agents and washed with acetone 

until pH of washing water reached 7. Next, the solid part was naturally evaporated before drying 

in a vacuum oven at 40 ºC to constant weight to obtain modified CS.  

 

Scheme 1. Surface modification procedure of calcium silicate nanoparticles. 

The abbreviations of the samples prepared by hydrolysis method and the proportions of the 

components are listed in Table 1. 

Table 1. Abbreviations of samples prepared by hydrolysis and proportions of components for                

modifying CS nanoparticles. 

No. Abbreviation 

Precursors 

CS 

(g) 

VTMS 

(g) 

MPTS 

(g) 

1 CaVS 5 4.75 0.25 - 

2 CaVS 10 4.5 0.5 - 

3 CaVS 30 3.5 1.5 - 

4 CaPM 5 4.75 - 0.25 

5 CaPM 10 4.5 - 0.5 

6 CaPM30 3.5 - 1.5 

2.3. Characterization 

The functional groups in the modified CS nanoparticles were determined by infrared (IR) 

spectroscopy, recorded on a Nicolet iS10 IR spectrometer (USA) using KBr pellets (made from 
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KBr powder and unmodified/modified CS nanoparticles with a weight ratio of 50/1) of the same 

thickness. Thermal behavior and silane coupling agent grafting yield on modified CS 

nanoparticles were determined by thermogravimetric analysis method (TGA) on a TG 209F1 

analyzer (Netzsch, Germany). The samples were heated from room temperature to 750 
o
C at a 

heating rate of 10 
o
C/min in air atmosphere. SEM images of the modified CS nanoparticles were 

taken on a JSM-6510 LV (Japan). The size distribution of modified CS nanoparticles dispersed 

in distilled water was recorded using an SZ-100Z2 instrument (Horiba, Japan). The 

hydrophobic/hydrophilic characteristics of modified CS nanoparticles were evaluated by 

determining the contact angle of the samples on a SEO Phoenix-150 analyzer (USA). 

3. RESULTS AND DISCUSSION 

3.1. Functional groups in modified CS nanoparticles 

The IR spectra of unmodified CS nanoparticles and CS nanoparticles modified with 10 

wt.% MPTS or 10 wt.% VTMS are shown in Figure 1.  

 

Figure 1. IR spectra of unmodified CS nanoparticles and CS nanoparticles modified with 10 wt.%                 

MPTS and CS modified with 10 wt.% VTMS. 

The characteristic wavenumbers at 1063 and 874 cm
-1

, corresponding to the asymmetric 

and symmetric stretching vibrations of the Si-O bond in CS nanoparticles, respectively, appeared 
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in all the spectra in Figure 1. The bending vibration of Si-O-Si bond in SiO4 tetrahedron was 

assigned to peaks at 400-600 cm
-1

. The vibration of SiO3
2-

 group was placed at 1413 cm
-1

 [13].  

In comparison with IR spectra of unmodified CS nanoparticles, there were some new 

absorptions appearing in the IR spectra of CS nanoparticles modified with MPTS. For instance, 

the peaks at 1637 cm
-1 

and 1737 cm
-1

 corresponded to the vibrations of C=C and C=O linkages 

in MPTS, respectively [14]. In addition, the stretching and bending vibrations of C-H linkages 

were attributed by peaks placed at 2958, 2923, 2854 and 1435 - 1300 cm
-1

, respectively. The 

peaks at 3449 cm
-1

 and 1637 cm
-1

 were assigned to the stretching and bending vibrations of O-H 

linkages in water adsorbed in the samples. The absorptions of C-O and C-C linkages appeared at 

1119 cm
-1

 [15]. These were evidences for the successful grafting of silane coupling agents on the 

surface of CS nanoparticles. 

The wavenumbers corresponding to some functional groups in CS modified by silane 

coupling agents with various ratios are presented in Table 2. The appearance of absorptions of 

O-H, C-H, C=O, C=C, C-O, C-C linkages in the spectra of modified CS nanoparticles confirmed 

that VTMS or MPTS grafted successfully onto the surface of the CS nanoparticles. From the 

data in Table 2, it can be seen that the absorptions which characterized the vibration of SiO3
2-

 

groups in the modified CS nanoparticles were slightly shifted (~ 20 cm
-1

) compared to that in the 

unmodified CS nanoparticles. This could be explained by the resonance of the bending vibration 

of C-H groups (in the silane coupling agent) with the vibration of SiO3
2-

 groups (in the CS 

nanoparticles). 

Table 2. Wavenumbers of some functional groups in modified CS nanoparticles. 

Sample 
Wavenumbers (cm

-1
) 

O-H C-H C=O C=C C-C Si-O SiO3
2-

 

CS 3449 - - - - 1063, 874 1413 

CaVS5 3449 3020,2985, 2877 - 1637 1126 1061, 876 1432 

CaVS10 3449 3020,2985, 2877 - 1637 1126 1061, 876 1432 

CaVS30 3449 3020, 2983, 2878 - 1637 1126 1061, 876 1432 

CaPM5 3449 3025, 2985, 2865 1737 1637 1128 1062, 877 1433 

CaPM10 3449 3025, 2985, 2865 1737 1637 1128 1062, 877 1433 

CaPM30 3449 3025, 2985, 2865 1737 1637 1128 1062,876 1433 

3.2. Thermal behavior and grafting yield of silane coupling agent onto surface of CS 

nanoparticles 

TGA diagrams of unmodified and modified CS nanoparticles are shown in Figure 2. The 

unmodified CS nanoparticles had high thermo-oxidation stability. Their weight loss in the 

temperature range from room temperature to 700 
o
C was zero. From 700 to 750 

o
C, the weight of 

the unmodified CS nanoparticles was slightly lost (0.29 %). Some authors suggested that this 

weight loss was caused by the decomposition of organic residues [16, 17]. Besides, the cause 

might be due to the loss of hydroxyl groups on the surface of CS nanoparticles [18]. After 

modification, the thermo-oxidation stability of CS nanoparticles was reduced due to the 
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decomposition of organic moiety in the silane coupling agent in the temperature range from 430 

to 750 
o
C [19, 20]. 

 

Figure 2. TGA diagrams of unmodified and modified CS nanoparticles, (a) CS nanoparticles                      

modified with MPTS and (b) CS nanoparticles modified with VTMS. 

Table 3. Weight loss, grafted silane coupling agent content and grafting yield of                                          

modified CS nanoparticles. 

No. Sample 

Initial silane 

coupling agent 

content (%) 

Weight loss 

at 750 
o
C 

(%) 

Grafted silane 

coupling agent 

content (%) 

Silane coupling 

agent grafting 

yield (%) 

1 CS 0 0.29 0 0 

2 CaVS 5 5 1.93 1.64 32.80 

3 CaVS 10 10 1.42 1.13 11.30 

4 CaVS 30 30 2.11 1.82 6.07 

2 CaPM 5 5 1.76 1.47 29.40 

3 CaPM 10 10 5.17 4.88 48.80 

4 CaPM 30 30 2.61 2.32 7.73 

From the TGA data, it could be calculated for the VTMS and MPTS content grafted onto 

the surface of the CS nanoparticles and the grafting yield of these silane coupling agents 

according to the following formula: grafting yield = (W2 – W1)×100/W0. Where, W2 and W1 are 

the weight loss of the modified and unmodified CS, respectively. (W2 – W1) was also the content 

of silane coupling agents grafted onto the CS nanoparticles. W0 was the initial weight of silane 

coupling agents. The grafting content and grafting yield are presented in Table 3. As can be seen 

from Table 3, the VTMS and MPTS content grafted onto the surface of CS nanoparticles and the 

grafting yield depended on the initial VTMS and MPTS content. Their grafting yield was the 

lowest with the initial VTMS and MPTS content of 30 wt.% among the investigated initial 

contents. This could be explained that at contents lower than 30 wt.%, VTMS or MPTS was 

grafted onto the surface of the CS nanoparticles and thus covering the surface of the CS 

nanoparticles. Hence, in spite of increasing the VTMS or MPTS content, they could not attach 

more onto the surface of the CS nanoparticles. The silane coupling agent residues could be 

polymerized or remain in the solution [19, 20]. 
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Compared to the grafting yield VTMS, the grafting yield of MPTS onto the surface of the 

CS nanoparticles was higher. This might be explained that MPTS contained methacrylate while 

VTMS contained vinyl group. Hence, MPTS could be more active with the ester exchange 

reaction than VTMS. As a result, MPTS could achieve a high-performance reaction with the 

hydroxyl groups in the CS nanoparticles, leading to a higher grafting yield onto the surface of 

the modified CS nanoparticles. The CaPM 10 sample had the highest silane grafting yield, 

leveling off at 48.80 %. 

3.3. Size distribution of modified CS nanoparticles 

The size distribution of unmodified and modified CS nanoparticles is shown in Figure 3. 

The CS nanoparticles were dispersed in distilled water to determine the size distribution.  
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Figure 3. Size distribution diagrams of unmodified and modified CS nanoparticles. 

It could be seen that the unmodified CS nanoparticles had the largest mean diameter. It 

suggested that the dispersion of the modified CS nanoparticles in distilled water was better than 

that of the unmodified CS nanoparticles. This could be explained by the decrease in the 

agglomeration of the CS nanoparticles after organo-modification. The CS nanoparticles 

modified with low silane coupling agent content had lower mean diameter than the CS 

nanoparticles modified with high silane coupling agent content. The reason could be that silane 

residues limit the dispersion of the modified CS nanoparticles in distilled water. The mean 

diameter of the CS nanoparticles modified with MPTS was smaller than that of the CS 

nanoparticles modified with VTMS at the same initial content. This is because the MPTS 

molecule has a longer hydrocarbon chain than the VTMS molecule. Consequently, the ability of 

MPTS to reduce agglomeration of the modified CS nanoparticles as well as improve their 

dispersion in distilled water was better. The CaPM 10 sample had the lowest mean diameter 

because of its highest grafting yield. 

3.4. Morphology of modified CS nanoparticles 

Figure 4 demonstrated FESEM images of the unmodified CS nanoparticles and CS 

nanoparticles modified with 10 wt.% of MPTS or VTMS at a magnification of 80,000. The 

unmodified CS nanoparticles had particle sizes in the range of 50 - 100 nm. They agglomerated 

together in the form of bigger clusters. The nanoparticles usually interact and adhere to each 

other due to their large charge density and high specific surface area. After modification with 
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silane coupling agents, the morphology and size of the CS nanoparticles did not change, but the 

agglomeration of these nanoparticles decreased. This could be explained that silane coupling 

agents grafted onto the surface of CS nanoparticles contributed to limiting the interaction and 

adhersion between the CS nanoparticles. As a result, the boundaries of modified CS 

nanoparticles were observed quite clearly. The distribution of CS nanoparticles modified with 

VTMS or MPTS was similar.  

 

Figure 4. FESEM images of unmodified CS nanoparticles (a), CaPM 10 (b) and CaVS 10 (c). 

3.5. Hydrophobic characteristic of modified CS nanoparticles 

 

Figure 5. Images of water droplet on pellets’ surface of unmodified CS nanoparticles (a),  

CS nanoparticles modified with 10 wt.% of VTMS (b),  

and CS nanoparticles modified with 10 wt.% of MPTS (c). 

Figure 5 shows the images of water droplets on the pellet surface formed by unmodified 

and modified CS nanoparticles. It could be seen that the water droplet penetrated immediately 

onto the unmodified CS surface after dripping while it was kept on the surface of the modified 

CS nanoparticles. This suggested that the surface of CS nanoparticles became more hydrophobic 

after modification with MPTS or VTMS. The contact angle values of CaVS 10 and CaPM 10 

nanoparticles were 84.81
o 

and 88.58
o
, respectively. The improvement of hydrophobic 
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characteristics was an advantage of CS nanoparticles after organo-modification when dispersed 

into an organic polymer matrix which will be investigated in the near future. 

4. CONCLUSIONS 

In this study, CaSiO3(CS) nanoparticles were successfully modified with two silane 

coupling agents, namely MPTS and VTMS. For instance, the functional groups of silane 

coupling agents including C-H, C=C, C=O, C-O, C-C groups were found in the IR spectra of 

treated CS nanoparticles. With the same initial content, MPTS had higher silane grafting yield 

on CS nanoparticle surface than VTMS. The highest MPTS grafting yield was 48.80 % with an 

initial content of 10 wt.%. The CS nanoparticles modified with MPTS exhibited better 

characteristics, i.e. smaller distribution size and slightly higher hydrophobicity, than the CS 

nanoparticles modified with VTMS. The suitable initial content of MPTS was 10 wt.% 

(compared to CS content) for modification of the CS nanoparticles. Compared to unmodified CS 

nanoparticles, modified CS nanoparticles had lower thermo-oxidation stability but better 

dispersion in distilled water. The modification of CS nanoparticles with the above silane 

coupling agents could reduce agglomeration of CS nanoparticles and improve hydrophobicity of 

the CS nanoparticles’ surface.  
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