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Abstract. In this work, we focus on synthesizing mesoporous SiO2 nanoparticles (NPs) with 

various sizes and pore sizes for enhancing BET surface area to apply in drug delivery by a 

simple modified Stöber method. By adjusting the ethanol content in the solvent mixture of 

cetyltrimethylammonium bromide (CTAB), four samples with particle sizes in a range of 50 nm 

to 350 nm and with average pore size in a range of 2.72 nm to 8.29 nm were obtained. The SiO2 

NPs exhibit a mesoporous structure with an amorphous phase, and perfect spherical 

morphology. The N2 adsorption-desorption analysis reveals that mesoporous SiO2 NPs display 

high BET surface values, which depend strongly on the synthesis condition as well as the 

particle diameters and pore sizes. The BET values increase from 848 m
2
/g to 1019 m

2
/g when 

the ethanol content in the solvents decreases from 20% to 10%. The Doxorubicin (DOX) loading 

property were investigated as well. The highest amount of loaded DOX was achieved with 98% 

loading efficiency as 99 μg/mg for the SiO2 NPs with smallest size. The results suggest that the 

high surface mesoporous SiO2 has great potential in drug delivery applications.  

Keywords: SiO2 nanoparticles, surface area, particle size, pore size, drug loading 
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1. INTRODUCTION 

In recent years, mesoporous SiO2 nanoparticles have attracted significant interest from the 

material scientists due to their potential applications in many different fields, such as catalysts, 

adsorbents in wastewater treatment, and petroleum adsorbents for oil spill management, etc [1, 

2]. In particular, mesoporous SiO2 nanoparticles have been considered a vital representative of 

the innovation in material science to develop nanotechnology-based delivery systems because of 

their unique properties such as high biocompatibility, outstanding biodegradability, good 

permeability, stable structure and large pore volume and surface area [3-6].  

Currently, many methods have been used to synthesize mesoporous SiO2 nanoparticles [7], 

such as the Stöber method, hydrothermal, etc. Among them, the Stöber method is a simple 

approach for synthesizing mono-spherical silica particles. The Stöber method allows 

mesoporous silica nanoparticles formed following the hydrolysis and condensation of silica 

precursor TEOS in the solution. The biggest advantage of this method is the ability to control 

morphology and particle size distribution by adjusting reaction factors such as temperature, 

precursor concentration, pH, and additive ratio [8]. However, the effect of reaction factors on the 

synthesis process is also complex and has not always been observed for reproducibility and 

consistent trends. On the other hand, the Stöber method provides SiO2 nanoparticles with small 

pore volume and pore size that are unsuitable for drug carrier application [8-12]. Thus, exploring 

a suitable synthesis condition to obtain products with large pore volume, controllable particle 

size and pore size, and well-suspended stable solution is challenging for scientists. Additionally, 

reports on the effect of particle size and pore size on the drug-loading capacity of SiO2 

nanoparticles are scarce.  

In this study, we use a simple modified Stöber method to improve the properties of SiO2 

particles, such as surface area, pore diameter, and pore volume, for biomedical applications. 

SiO2 particles were synthesized in the presence of cetyltrimethylammonium bromide (CTAB) 

from tetraethyl orthosilicate (TEOS) precursor and triethanolamine (TEA) catalyst in an ethanol 

and water medium. TEA was used as a chelating and coating agent to limit the growth and 

aggregation of nanoparticles [8], and the ethanol was used to guide condensation processes. By 

changing ethanol content in the solvent mixture of CTAB, the average particle size and the 

porosity of SiO2 nanoparticles varied from 60 to 350 nm with a specific surface area higher than 

1000 m
2
/g. The effect of particle size and pore size on the drug loading capacity of the samples 

were investigated.  

2. MATERIALS AND METHODS  

2.1. Materials 

Tetraethoxysilane (Si(OC2H5)4) 98%, cetyltrimethylammonium bromide (C19H42BrN) 98%, 

ethanol 99,7%, triethanolamine ((HOCH2CH2)3N) and Doxorubicin Hydrochloride 98%-103% 

(DOX- C27H29NO11· HCl) and Phosphate-buffered saline solution (PBS-10× concentrate) were 

purchased from Sigma-Alrich. Deionized water was used in all the preparations.  

2.2. Methods  

SiO2 nanoparticles were synthesized by the modified Stöber method. In typically, 2.0 g 

CTAB was dissolved in 150 ml of deionized water, and a fixed amount of TEA was added to the 

https://www.sigmaaldrich.com/VN/en/product/sigma/p5493
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solution to obtain pH  = 10. The mixture was stirred until completely dissolved. Next, ethanol 

with different volumes was added to the mixture. Then 10 mL of TEOS precursor was drop-

wised to the above mixture at 60 °C and stirred for 2 hours. At the end of the reaction, the white 

precipitate was filtered and washed with water and ethanol to pH = 7. The white precipitate was 

dried at 80 
o
C. Finally, the SiO2 product was obtained after heat treatment at 550 

o
C for 2 hours. 

The ethanol content in the solvent mixture of CTAB was adjusted by changing the volume ratio 

to 10% (15ml/150ml), 13.3% (20 ml/150 ml), 16.7% (20 ml/150 ml), and 20% (30 ml/150 ml) 

corresponding to the synthesized samples named S-E15, S-E20, S-E25, and S-E30, 

corresponding to the volume of ethanol in the mixture of CTAB.  

2.3. Characterizations 

The structure, particle size, and morphology of the synthesized samples were studied by X-

ray diffraction (XRD) recorded on a D8 Advance diffractometer (Bruker) and Scanning electron 

microscopy (SEM) using an S-4800 microscope (Hitachi, Japan). The specific surface area of 

the materials was measured by BET Micromeritics 201-A. The chemical structure and chemical 

structures of the as-prepared samples were detected by FTIR spectroscopy (Nexus 670 FTIR).  

2.4. Drug loading 

Typically, 20 mg of SiO2 nanoparticles dispersed in the 10 ml of a DOX solution in 

Phosphate-buffered saline solution (PBS) with the concentration of 200ppm under the help of a 

magnetic stirring in the dark. After 24 hours, 4ml dispersed solution was withdrawn. The DOX 

loaded- SiO2 nanoparticles were collected by centrifuging. The remaining DOX in the solution 

was determined by the intensity of UV-vis spectra at 485 nm. The drug Loading Efficiency was 

calculated as follows:  

Drug Loading Efficiency (DLE): 

    
  

  
           (1) 

In which, Co is the initial concentration of DOX: Co =200 ppm, Ct is the concentration of 

DOX in the SiO2 nanoparticles: Ct=C0-CR, CR is the remaining concentration of DOX in the 

solution after adsorption process. 

Drug Loading Capacity (DLC): 

    
  

  
*100     (2) 

mD is the mass of DOX loading in the SiO2 nanoparticles: mD = Mo-MR, M0 is the initial 

mass of DOX, MR is the remaining mass of DOX after adsorption process. The concentration of 

DOX was estimated by measuring the Uv-vis absorbance at wavelength of 485 nm through the 

calibration curve of the relationship between the UV-vis intensity and DOX concentration (0.05, 

0.1, 0.5, 1, 2.5, 5, 7.5, 10, 15, 31, 62, 125 ppm) as shown in Fig. 1. 

Figure 2 shows the FE-SEM images of samples S-E15, S-E20, S-E25, and S-E30. It can be 

seen that all samples exhibit a uniform spherical in shape and clearly monodispersing. The 

particle sizes estimated for S-E15, S-E20, S-E25, and S-E30 samples were 52 nm, 120 nm, 185 

nm, and 310 nm, respectively. According to the previous reports, SiO2 nanoparticles in this size 

range have good physicochemical properties or affinity, making them suitable as carriers for 

efficient drug delivery [3, 4]. From FE-SEM images of all samples, it can be found that the 

particle size of mesoporous SiO2 samples increases with the increase of ethanol content. 
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Figure 1. The calibration curve of relationship between the UV-vis intensity and DOX concentration 

3. RESULTS AND DISCUSSION 

3.1. Morphology and particle size 

 

Figure 2. FE-SEM images of SiO2 nanoparticles synthesized at different ethanol content.  

At a low ethanol volume ratio of 15 ml, SiO2 nanoparticles have the smallest size of 52 nm. 

Continuously, increasing ethanol volume ratio to 30 ml, SiO2 nanoparticles possess particle size 

of 310 nm. This result could be explained by the effect of the relative water concentration in the 

reaction mixture on the hydrolysis and condensation processes to form nanoparticles. According 

to the previous reports [10, 11], the formation of SiO2 nanoparticles was based on the 

competition of the hydrolysis and condensation processes which took place through the 

following reactions: 
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Hydrolysis:  Si(OR)4 + H2O   HO-Si(OR)3 + ROH      (1) 

Alcohol condensation: (OR)3Si-OR + HO-Si(OR)3   (OR)3Si-O-Si(OR)3 + ROH  (2) 

Water condensation: (OR)3Si-OH + HO-Si(OR)3   (OR)3Si-O-Si(OR)3 + H2O (3) 

where: R = alkyl group 

Accordingly, the high concentration of reactants in water accelerated the hydrolysis 

reaction rate (1) and reduced the rate of the condensation reaction (3). As a result, the silica 

particle size obtained is small. In contrast, low reactant concentration in water inhibited 

hydrolysis (1) and promoted condensation reactions (reactions (2) and (3)) that increased particle 

size. The presence of ethanol might have promoted the esterification reaction, which was the 

reverse hydrolysis reaction. Increasing the ethanol content in the solvent led to a decrease in the 

hydrolysis reaction rate while the condensation rate increased, which helped form large particles 

[11, 12]. Additionally, SiO2 synthesis with the presence of CTAB is related to the formation of 

micelles resulting in a porous structure. When increasing ethanol content in the mixture of 

CTAB solution, the stronger interaction between CTAB tail group and ethanol leads to 

decreasing the size of micelles, resulting in lower pore size of mesoporous structures [10]. The 

formation process of SiO2 nanoparticles is illustrated in Figure 3. 

 

Figure 3. Schematic illustration of the formation of mesoporous SiO2 nanoparticles. 

3.2. Structure and phase 

The crystalline structure of the synthesized samples was investigated by X-ray diffraction 

patterns as shown in Figure 4. From Figure 4, it can be observed that all samples have a boarded 

peak centered at 23.3
o 

that matches in good agreement with the characteristic peaks of SiO2 

nanoparticles [9]. No other impurity peak was found in the XRD diffraction patterns for all 

samples. The boarded peak and weak intensity reveal the amorphous material. The diffraction 

peaks of all samples are almost the same and not much changed. This result demonstrates that 

the SiO2 particles have a similar nanostructure. 
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Figure 4. XRD patterns of the SiO2 nanoparticles  

 

Figure 5. FTIR spectra of the synthesized SiO2 samples 

Chemical structure of all samples were further characterized by FTIR spectra as shown in 

Figure 5.  The broad peak from 3000 to 3700 cm
−1

 was assigned to the presence of O-H group. 

Similarly, a peak corresponding to vibration bending can be noticed at 1649 cm
−1

, which 

indicates the presence of O-H stretching bond. The peaks at 1093 cm
-1

 and 802 cm
-1

 are 

attributed to the antisymmetric stretching vibration and the symmetric stretching vibration of Si-

O-Si, respectively. The peak at 462 cm
-1

 is assigned to the flexural vibration of Si-O-Si, which 

verifies the presence of the silica structure [13]. From Figure 4 it can be seen that all 

characteristics peaks of SiO2 almost no change when particle size increases. This reveals that the 

chemical structure of SiO2 nanoparticles is unaffected by resizing. 

3.3. Surface and porous properties 

To better understand the BET surface area and porous nature of SiO2 samples with different 

particle sizes, the adsorption-desorption isotherms in N2 were carried out. The result is shown in 

Figure 6. All samples show type IV isothermal adsorption curves belonging to mesoporous 
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materials. Furthermore, hysteresis loops appear for the samples S-E15, S-E20, and S-E25, which 

is typical for the ordered average capillary material [7, 8]. SiO2 samples display large specific 

surface areas, with the calculated values listed in Table 1. From Table 1, it can be seen that 

surface area depends strongly on the particle size. BET values decrease with the increase of 

grain size originated to increasing ethanol content. Accordingly, the specific surface area 

according to BET is arranged in the following order: S-E15 (1019.4 m
2
/g) > S-E20 (1008.4 

m
2
/g) > S-E25 (876.6 m

2
/g) > S-E30 (848.0 m

2
/g) corresponding to the increase of silica particle 

size (from SEM images) as follows: E15 (50 -60 nm) < S-E20 (120 – 140 nm) < S-E25 (180-200 

nm) < S-E30 (340 – 350 nm). Thus, the higher the ethanol content, the larger the particle size 

and the smaller the specific surface area. 

 

Figure. 6. The adsorption-desorption isotherm curves of nanosilica samples 

 

Figure 7. Diagram of pore size distribution of SiO2 nanoparticles 

The Barrett-Joyner-Halenda (BJH) pore size distributions (Figure. 7) indicate that all samples 

possess a mesoporous morphology. The pore volume of SiO2 samples reached high values from 

0.533 to 2.250 cm
3
/g with decreasing ethanol content in the following order: S-E15 (2.250 
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cm
3
/g) > S-E20 (1.053 cm

3
/g) > S-E25 (0.852 cm

3
/g) > S-E30 (0.533 cm

3
/g). The BET and pore 

volume for SiO2 nanoparticles obtained in our study are higher values than those described in 

previous reports [5, 7, 9, 10]. As revealed in some previous publications, the average pore 

diameter of nanosilica samples also tended to decrease with increasing ethanol content. These 

could be caused by the adhesion phenomenon of silica nanoparticles, shown in SEM images 

(Figure 2), forming large-sized voids and slits. Consequently, the pore diameter of sample S-E30 

had the smallest average particle size of 2.72 nm. In comparison, the samples synthesized with 

ethanol volume below 25 ml had pore sizes that were larger than 3.5 nm, suitable for drug 

carriers [3, 5]. Especially, E-15 sample offers a larger pore size distribution of 0.8 - 5.2 nm. This 

result could be caused by the adhesion phenomenon of silica nanoparticles (as confirmed by 

SEM images), forming large-sized voids and slits.  

Our study again confirms the role of ethanol content in the synthesis of SiO2 by the Stöber 

method. Adjusting the ethanol volume ratio in the solvent mixture of CTAB could simply 

control the particle size and pore size of SiO2 nanoparticles. Increasing ethanol content in the 

solvent mixture enhanced interaction between the CTAB tail group and ethanol. This result in 

reducing the size of micelles formed in the mesoporous structure. Increasing volumes of ethanol 

led to the smaller pore size found in the growing silica network encasing the CTAB micelles 

[10]. 

Table 1. BET value, pore volume, pore size and drug loading capacity of all the SiO2 samples. 

To investigate the effect of particles size on the drug loading ability of SiO2 

nanoparticles, Doxorubicin hydrochloride (DOX), an anticancer drug, was used as a 

model drug to be loading into SiO2 nanoparticles. Figure 8 presented the  Uv-vis spectra 

of the free DOX in the solution for all samples. The DLE and DLC values were 

estimated for S-E15, S-E20, S-E25, S-E30 and listed in Table 1. The obtained results 

show that all SiO2 NPs exhibit the excellent DOX loading property with DLE >82% and 

DLC >= 7.5% for all samples. The highest amount of loaded DOX was achieved with 

98% loading efficiency as 99 μg/mg. To confirm the DOX successfully loaded onto the 

SiO2 samples, the FTIR spectra of S-E25 sample before and after drug loading 

experiment was studied and shown in Figure 9. Comparing the FTIR spectra of SiO2 

samples before and after loading DOX experiment, it can be seen that both samples 

exhibit the bands corresponding to the characteristics vibration modes of SiO2 

nanoparticles as mentioned in the Figure 5.  

From Fig. 9, it can be seen that characteristic vibration mode of the pure DOX is 

consistent with the previous reports with the peak around at 2930cm
-1

, 1730 cm
-1

, 1620 

cm
-1

, 1410 cm
-1

, 1280 cm
-1

 and 1070 cm
-1 

corespond to the stretching vibration of the C-

H bonds, C-O bonds, N-H bonds, C-C bonds, C-O-C bonds and C-O bonds, respectively 

 No Name BET(m
2
/g) Pore volume 

(cm
3
/g) 

Pore size 

(nm) 

DLE 

(%) 

DLC 

(%) 

1 S-E15 1019.4 2.250 8.29 98.5 8.9 

2 S-E20 1008.4 1.053 4.22 94.2 8.6 

3 S-E25 876.6 0.852 3.55 82.3 7.5 

4 S-E30 848.0 0.533 2.72 86.9 7.9 
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[14, 15]. The observation on the FTIR spectra of the S-E25 sample after drug loading 

experiment reveals that the existence of the characteristic bands of DOX with peak at 

2932 cm
-1 

correspond to the vibration band of C-H bonds, the peak at 1620 cm
-1

 and 

1456 cm
-1

 could be assigned to the vibration band of N-H bonds and C-C bonds. 

.  

Figure 8. The  Uv-vis spectra of the free DOX in the solution after the drug loading experiment for the 

SiO2 samples.  

 

Figure 9. FTIR spectra of pure DOX and the S-E25 sample before and after drug loading experiment. 

It can be also observed that in the FTIR spectrum of the S-E25 sample after drug 

loading, the bands characteristic of DOX at wavenumber below 1500 cm
-1

 were 

overlapped by the bands of the silanol and siloxane groups of SiO2  [15]. The appearance 

of the characteristic bands of DOX in the sample after the drug loading experiment 

confirms the successful loading of DOX onto the SiO2 NP. 
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4. CONCLUSIONS  

Mesoporous SiO2 nanoparticles with different particle sizes and pore sizes have been 

successfully synthesized by a simple modified Stöber method. All samples exhibit spherical 

shapes with uniform size and porous structure in the amorphous phase. The particle size, specific 

surface area, pore-volume, and pore diameter of SiO2 nanoparticles were well controlled by 

adjusting the ethanol content in the solvent mixture of CTAB. The specific surface area of the 

samples shows a large value, with the highest BET results reaching 1019 m
2
/g, and the pore 

volume reaching over 2.25 cm
3
/g for the sample with a particle size of 52 nm. The samples show 

a large pore size with a wide distribution in the range of 1.8 - 5.1 nm. As a consequence, SiO2 

NPs posses high drug loading efficiency, with the highest value achieved at 98% loading 

efficiency as 99 μg/mg for the SiO2 NPs with the smallest particle size and highest BET value. 

The synthesized SiO2 nanoparticles offer great potential for application in drug delivery systems.  
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