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Abstract: Surface modification of fumed silica was achieved by using condensation reaction between surface silanol groups and 3-

aminopropyltrimethoxysilane (APTMS) in acetone, leading to enhanced particle dispersion and reduced agglomeration. The 

functionalization process introduced 3-aminopropyl groups onto the silica surface through a co-condensation mechanism in the 

presence of a solvent. The modified nanosilica exhibited improved stability in comparison to unmodified fumed silica, which contains 

only surface hydroxyl groups. Successful chemical functionalization and modifications in surface chemistry were confirmed by Fourier-

transform infrared spectroscopy (FT-IR). Particle stability and dispersion behavior were evaluated using zeta potential measurements, 

atomic force microscopy (AFM), and scanning electron microscopy (SEM). The results demonstrated that APTMS modification 

effectively tailored the surface properties of nanosilica, contributing to better dispersion and reduced aggregation. 
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1. Introduction 
 

Fumed silica, a nanostructured form of silicon dioxide, has 

garnered significant attention as a multifunctional additive in 

various industrial applications due to its ultrafine particle 

size, high specific surface area, and high purity [1,2]. It is 

generally synthesized via flame hydrolysis of chlorosilanes, 

such as silicon tetrachloride, in a hydrogen-oxygen 

atmosphere, yielding in amorphous silica nanoparticles 

along with hydrogen chloride as a byproduct [3]. The 

resulting material exhibits unique physicochemical 

properties that make it a highly effective reinforcing agent in 

polymer matrices, particularly in applications demanding 

enhanced mechanical strength, thermal stability and tailored 

rheological behaviour [4]. 

 

Fumed silica is widely used across numerous industries such 

as adhesives, sealants, coatings, composites, epoxy resins, 

polyurethanes, acrylics, and cyanoacrylates [5]. Beyond 

these, nanosilica also plays an important role in areas like 

catalysis,[6] greenhouse application [7], flexible substrates 

[8], insulative materials [9] and emerging biomaterials [10]. 

However, the broader application of fumed silica in organic 

syntheses is limited by its inherently hydrophilic surface due 

to a high concentration of surface silanol groups. This 

hydrophilicity impairs dispersion in non-polar media and 

promotes particle agglomeration, ultimately diminishing the 

performance of resulting composite materials [11,12].  

 

To address these challenges, surface modification has 

emerged as a critical strategy to enhance the compatibility of 

fumed silica with hydrophobic polymer matrices. Such 

modifications improve dispersion, suppress agglomeration 

and contribute to the overall enhancement of composite 

performance in non-polar environments [13-15]. A range of 

chemical treatments has been explored to modify the surface 

of fumed silica, including the application of alcohols [16], 

surfactants [17], titanates and silane coupling agents [18,19]. 

Among these, organofunctional silanes stand out for their 

effectiveness, attributed to their bifunctional design. One 

functional group reacts through condensation [20] with 

hydroxyl groups on the silica surface, while the other is 

engineered to interact with the surrounding polymer matrix. 

This dual functionality enhances interfacial compatibility 

and promotes better dispersion in hydrophobic systems. 

 

Organofunctional silanes are extensively used to tailor the 

surface properties of fillers, particularly those bearing 

hydroxyl groups. Among these, amino silane coupling 

agents are frequently utilized for effective surface 

modification. APTMS modifies the silica surface by forming 

stable Si–O–Si bonds in the presence of a polar medium like 

acetone, converting hydrophilic surfaces into hydrophobic 

ones [21]. This modification enhances silica dispersion in 

polymers, minimizes filler-filler interactions and introduces 

functional groups that facilitate covalent or physical 

interactions with matrix materials [22].  

 

Additionally, such functionalized silica can be utilized in 

fluorescent tagging or as pigment-coupling agents, 

expanding its utility in specialty formulations [23]. In 

summary, surface modification of fumed silica is essential 

for enhancing its integration into silica-reinforced 

hydrophobic polymer systems. The performance 

improvements resulting from surface-modified silica have 

been well-documented in polymer composites [5, 24, 25]. 

 

In the present study, surface modification of nanosilica was 

carried out using APTMS through a condensation reaction 

with surface silanol groups in an acetone medium. 

Successful surface functionalization and chemical 

modification were confirmed by FT-IR. Additionally, AFM, 

SEM and zeta potential analysis were employed to evaluate 

morphological changes and dispersion behavior. 

 

 

 

 

Paper ID: SR22409082058 DOI: https://dx.doi.org/10.21275/SR22409082058 1416 

www.ijsr.net
http://creativecommons.org/licenses/by/4.0/
savita.iitd@gmail.com
https://orcid.org/0000-0003-1238-7946?lang=en


International Journal of Science and Research (IJSR) 
ISSN: 2319-7064 

SJIF (2022): 7.942 

Volume 11 Issue 4, April 2022 

www.ijsr.net 
Licensed Under Creative Commons Attribution CC BY 

2. Experimental 2.1 Materials 

 
Scheme 1:   Chemical reaction of surface modification of silica 

 

The solvents acetone was purified and dried or distilled using 

well known standard procedures [26] and kept in a glove-box 

for all chemical reactions. This study employs HDK N-20, 

hydrophilic fumed silica in the form of an odorless white 

powder. It possesses a particle size in the 100–500 nm range, 

along with high surface area and purity. The material 

exhibits a pH of 3–4.5, high melting (1700 °C) and boiling 

(2230 °C) points, and is insoluble in water. APTMS is silane 

coupling agent obtained from sigma Aldrich, Germany, 

having molecular weight of 179.29 and density of 

1.027gm/ml.  

 

2.2 General Measurements and Characterization 

 

The silica dispersions obtained by the sol-gel method were 

investigated in order to determine the size of the particles, 

the stability and the film forming ability. Fourier transform 

infrared (FT-IR) spectra of fumed silica and modified silica 

particles were recorded on Thermo Scientific Nicolet 6700 

FT-IR spectrometer in spectral range of 4000-450 cm‒1. 

Samples of unmodified silica and modified silica particles 

samples were dried at room temperature and characterized 

(by preparing disk with dried KBr) as powders. Surface 

morphology of unmodified and modified silica surface was 

investigated using scanning electron microscopy (SEM, 

Zeiss EVO-50) by preparing silica thin film in compression 

molding at 260°C. Dynamic Light Scattering (DLS) 

measurements were carried out using a Malvern Zetasizer 

Nano ZS25 instrument at 25 °C, with an equilibration time of 

2 minutes. Measurements were performed in standard glass 

cuvettes. The zeta potential or overall surface charge of 

nanoparticle samples in solution (∼1 mg/ mLin Millipore 

water) was determined using a Zeta Plus, zeta potential 

analyzer. For these measurements, siica nanoparticle 

suspensions were prepared in Millipore water at a 

concentration of approximately 1 mg/mL. Surface 

morphology of active layers (unmodified and modified silica 

surface) was investigated through atomic force microscopy 

(AFM) in tapping mode under ambient conditions using 

Nanoscope Bruker icon dimension with scan Asyst. 

 

2.3 Surface Modification of Fumed Silica 

 

The surface modification of silica was performed in the 

liquid phase using APTMS as a coupling agent, with 

concentrations ranging from 1 wt% to 4 wt% relative to the 

silica content. The process involved a condensation reaction 

between the silica nanoparticles and varying compositions of 

APTMS, carried out in a round-bottom flask fitted with a 

mechanical stirrer and a thermometer. A solution of APTMS 

in acetone was added dropwise to the silica nanoparticles 

under vigorous mechanical stirring, followed by reflux at 60 

°C for 24 hours. During this process, the Si(OMe)₃ groups 

react with the silica surface, leading to its functionalization 

[27]. The modification reaction is illustrated in Scheme 1. 

Afterward, the resulting modified silica slurry was stored in 

desiccators for 2–3 days to allow complete removal of the 

acetone solvent. Following the surface modification of the 

silica nanoparticles, their chemical structure and the 

interactions of polar groups on the modified surface were 

examined using FT-IR spectroscopy, in agreement with 

reported literature [28]. The surface morphology was further 

evaluated through particle size analysis, SEM and AFM. 

 

3. Result and Discussion 
 

3.1 Fourier Transform Infrared Spectrometry (FT-IR) 

 

The FT-IR spectroscopy was employed to characterize the 

surface chemistry of fumed silica before and after 

modification with APTMS. For analysis, the dried samples 

were mixed with KBr and compressed into thin pellets. 

Figure 1 presents the FT-IR spectra of unmodified silica, 

APTMS silane coupling agent, and the APTMS modified 

silica.  

 

  
Figure 1: FT-IR spectra of (a) Unmodified silica (b) 

Modified silica (c) APTMS 

 

A comparative analysis of these spectra verifies that the 

silica surface was successfully modified through covalent 
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bonding with APTMS. The FT-IR spectrum of the APTMS 

functionalized silica nanoparticles exhibit characteristic 

absorption bands that confirm effective surface modification. 

The strong and broad band appearing in the range of 1022–

1114 cm⁻¹ is associated with the asymmetric stretching 

vibrations of Si–O–Si, whereas the peak at 799 cm⁻¹ 

corresponds to the symmetric stretching mode of Si–O–Si 

[27]. Comparing the FT-IR spectra of both modified silica 

and unmodified silica alongside pure APTMS reveals the 

appearance of new absorption bands at 2925 and 2852 cm⁻¹, 

which suggest the successful amine functionalization of the 

nanoparticles. A prominent band at 2926.86 cm-1 

corresponds to the C–H stretching vibrations of the propyl 

chain, while the peak at 3361.26 cm-1 is attributed to N–H 

stretching vibrations of the terminal amine (–NH₂) group. 

Additionally, a band at 1577.36 cm-1 is assigned to N–H 

bending vibrations. These bands are absent in the spectrum 

of unmodified silica, confirming the presence of APTMS on 

the silica surface. The appearance of asymmetric and 

symmetric –CH₂ stretching vibrations on the modified silica 

surface further supports the grafting of aminopropyl groups 

from APTMS onto the silica nanoparticles. The presence of 

these characteristic vibrational bands confirms the covalent 

attachment of APTMS to the silica surface through 

condensation reactions with surface silanol groups. Surface 

modification incorporates amino and alkyl functional groups 

onto the silica, which play a key role in enabling further 

interactions and expanding the potential applications of the 

functionalized silica nanoparticles.  

 

3.2 Particle Size Distribution and Stability Analysis 

 

The particle size distribution of both unmodified and 

modified silica particles was determined using a Malvern 

Zetasizer based on dynamic light scattering. Measurements 

were carried out on aqueous dispersions, with each sample 

diluted in distilled water prior to analysis. The reported 

particle sizes correspond to the average values obtained from 

three independent measurements for each sample (Table 1). 

Unmodified silica particles showed a Z-average diameter of 

about 291 nm along with a high polydispersity index (PDI), 

indicating a broad size distribution and non-uniformity. 

 

Table 1: Particle size distribution of unmodified and 

modified silica surface 
S. No. Silica PDI Z-Average 

1 Unmodified 0.249 291 nm 

2 APTMS Modified (1 wt%) 0.554 1214 nm 

3 APTMS Modified (4 wt%) 0.574 6345 nm 

 

Dynamic light scattering analysis results for the modified 

silica particles revealed an increase in Z-average diameter 

band a higher intensity percentage, suggesting a narrow 

particle size distribution largely within the nanometer scale. 

Among the samples, silica particles functionalized with 

APTMS exhibited the highest Z-average and intensity 

values, implying that surface modification increases particle 

size, most likely due to agglomeration of silica aggregates, 

which in turn raises the overall hydrodynamic diameter [21]. 

Despite this increase, the narrow PDI suggests a uniform 

particle size distribution, confirming that the modified silica 

particles remain relatively monodisperse even after 

functionalization (Figure 2). 

 
Figure 2: Silica particle distributions curve (a) silica 

modified by 4 wt% APTMS (b) Silica modified by 1 wt% 

APTMS (c) Unmodified silica 

 

3.3 Scanning electron microscopy (SEM) 

 

The SEM technique was employed to study the surface 

modification of both unmodified and APTMS modified silica 

nanoparticles in thin films. For SEM analysis, small pieces 

of the films were mounted onto carbon tape and allowed to 

dry before imaging under ambient conditions. The 

morphology of the silica nanoparticles, both before and after 

surface modification, was examined to verify successful 

functionalization. As shown in Figure 3, the unmodified 

silica nanoparticles are approximately 300 nm in diameter 

and exhibit a predominantly spherical shape with smooth 

surfaces and minimal agglomeration, suggesting good 

dispersion [20]. In contrast, the APTMS-modified silica 

particles exhibit increased average diameters of about 500 

nm and show clear signs of agglomeration.  

 

This agglomeration behaviour is attributed to the presence of 

aminopropyl groups from APTMS on the fumed silica 

surface, which facilitates hydrogen bonding and van der 

Waals forces between adjacent particles [21]. The formation 

of these aggregates is a strong indication of successful 

surface modification. The observed morphological 

differences between the unmodified and modified silica 

particles further confirm the occurrence of surface 

modification. Overall, the SEM analysis indicates that 

APTMS has been successfully grafted onto the silica surface, 

leading to altered particle interactions and dispersion 

behavior. 

 

3.4 Atomic Force Microscopy (AFM) 

 

The AFM analysis was used to examine the surface 

morphology of silica films deposited on glass substrates 

through spin-coating. Figure 4 (a & b) and Figure 5 (a & b) 

display the topographical and three-dimensional (3D) AFM 

images, respectively, for both unmodified and APTMS 
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Figure 3: Scanning electron micrograph of unmodified (a & b) and modified (c & d) silica surface by APTMS 

 

modified silica surfaces. Figure 4 illustrates the surface 

morphology and particle distribution, while Figure 5 

presents 3D surface profiles, clearly showing changes in 

surface roughness and texture after APTMS 

functionalization.  

 

To evaluate the surface morphology in greater detail, high-

resolution scans were performed over smaller areas, and the 

root mean square (RMS) surface roughness was measured. 

As shown in Figure 4a, the unmodified silica surface 

comprises of nanoscale particles that exhibit significant 

agglomeration while remaining uniformly distributed across 

the surface. The particles size is within the nanometer range, 

and their aggregation contributes to a relatively rough 

surface, with a measured RMS roughness of 48.77 nm. This 

roughness arises from the intrinsic tendency of unmodified 

silica nanoparticles to aggregate due to high surface energy 

and intermolecular interactions. In contrast, APTMS 

modified silica surface showed noticeable changes in surface 

topography. The AFM image of APTMS modified sample 

(Figure 4b) reveals an increase in surface roughness and 

particle size, indicating that surface modification alters the 

microstructure of the silica film. Notably, at a higher 

APTMS concentration (4 wt%), the surface roughness 

increased significantly to 59.99 nm. This pronounced rise in 

roughness indicates the formation of an organosilane layer 

on the silica surface, likely resulting from a condensation 

reaction between surface silanol groups and APTMS 

molecules [29]. Furthermore, the elevated roughness 

following APTMS treatment may be attributed to the 

formation of a monolayer or even a partial multilayer of the 

silane coupling agent. This structural modification supports 

the occurrence of a successful surface reaction, confirming 

the chemisorption of APTMS onto the silica surface. This 

modification not only alters the topography but also impacts 

the surface chemistry and potential functionality of the silica 

film. Quantitatively, the surface roughness of the APTMS-

modified silica (4 wt%) is approximately 23% higher than 

that of the unmodified silica, demonstrating the effect of 

surface treatment on nanoscale morphology. 

 

These observations are in agreement with previous reports on 

silane-functionalized silica surfaces [29], where the 

introduction of organosilanes leads to changes in both 

topography and surface chemistry. Overall, the AFM 

analysis confirms the successful surface modification of 

silica with APTMS, as evidenced by the increased surface 

roughness and changes in particle distribution and 

morphology, which indicate the formation of a silane layer 

through the condensation of APTMS molecules, thereby 

altering the nanostructure of the silica surface and potentially 

enhancing its interaction with surrounding media or matrix 

materials while providing a functionalized surface for further 

applications. 
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                                                            (a)                  (b) 

Figure 4: AFM images of (a) unmodified silica surface (b) Silica surface modified by silane coupling agent 

 

 
                                                                                 (A)                                 (B) 

Figure 5: AFM 3D image of (a) unmodified silica surface (b) Silica surface modified by silane coupling agent 

 

4. Conclusion 
 

Fumed silica was successfully functionalized using APTMS 

as a coupling agent, which was characterized by FT-IR 

spectrum. Their morphologies were studied by AFM, SEM 

and particle size distribution measurements. AFM images of 

both unmodified and modified silica particles reveal clear 

differences in particle size and surface roughness, with the 

modified silica exhibiting higher roughness and larger 

particle size. The use of APTMS as a coupling agent led to 

improved dispersion and reduced agglomeration of silica 

nanoparticles in the composites, resulting in enhanced 

overall properties. FT-IR analysis of the modified silica 

composite showed characteristic bands at 2925.86 cm⁻¹ (C–

H stretching), 3361.26 cm⁻¹ (amine group), and 1560.77 cm⁻¹ 

(N–H bending), confirming successful surface 

functionalization. Furthermore, AFM and SEM analyses 

demonstrated that surface modification significantly 

improved particle stability and dispersion, while the 

increased roughness and particle size indicate the formation 

of a well-defined interphase layer, enhancing compatibility 

with the polymer matrix. 

 

In conclusive, these results demonstrate that surface 

modification of silica using APTMS can significantly 

enhance the dispersion, morphology, and interfacial 

properties of polymer/silica composites, highlighting its 

potential to improve the performance of polymer 

nanocomposites in engineering applications. 
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