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Abstract. The effects of process parameters on the surface morphology and physicochemical 

characteristics of ordered mesoporous silica SBA-15 synthesized at low temperature have been 

investigated in this study. SBA-15 particles were synthesized through sol-gel method using 

non-ionic surfactant Pluronic P123 and TEOS as a silica source with aqueous hydrochloric acid 

(HCl) as a catalyst under the following conditions: HCl concentration (1.0-2.5 M), ageing 

temperature (40-70ºC) and ageing time (12-48 hours). A series of physicochemical 

characterizations and material analyses were performed on SBA-15 particles including 

Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDX), 

Transmission Electron Microscopy (TEM), BET surface area analysis, Fourier transform 

infrared (FTIR) analysis and X-ray Diffraction (XRD) analysis. From the experimental 

observation, the conditions of HCl concentration, ageing temperature and ageing time were 

able to influence the surface morphology of SBA-15 particles. The presence of the ordered 

structures in SBA-15 particles was observed through the formation of 1-D cylindrical channels 

and 2-D hexagonal pores, inspected by using TEM. The detected XRD peak at (100) reflection 

signified the presence of ordered meso structures within the SBA-15 particles. Therefore, 

synthesis of SBA-15 particles through sol-gel method at low temperature is feasible and more 

sustainable if compared to the energy intensive hydrothermal method. 

  

1.  Introduction  

Porous materials are defined as a continuous and solid network material filled with voids [1]. In the 

past few decades, demand on the usage of advanced structural materials has led to abundance of 

research carried out on porous solids such as porous carbon, synthetic silicate zeolites, mesoporous 

silicates and ordered porous metal oxides [2]. According to the International Union of Pure and 

Applied Chemistry (IUPAC), porous materials can be classified into three major classes based on their 

pore diameter sizes (d), microporous d < 2 nm, mesoporous 2 ≤ d ≤ 50 nm and macroporous d > 50 

nm. Microporous materials such as zeolites and metal-inorganic frameworks possess good stability, 

selectivity and activity due to their crystallinity and the presence of incorporated hetero elements in 

the structure. However, size limitation is a problem when it comes to large molecular application using 

microporous materials [3]. 

http://creativecommons.org/licenses/by/3.0
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In 1972, Mobil Corporation explored the conversion of methanol into gasoline using microporous 

Zeolite ZSM-5 (Zeolite Socony Mobil) to obtain cheaper gasoline from acid-base reactions taking 

place within the micropores of zeolites [4]. However, this approach failed due to the fact that zeolite 

pore size was too small to enable the entry of larger organic molecules and for reactions to take place. 

Due to its size limitation, porous solids industry moved on to explore the possibility for mesoporous 

materials as substitutes to the microporous zeolites.  

Generally, mesoporous materials possess high surface area of 400 – 1000 m
2
 /g, large pore volume 

and excellent thermal stability at 500 – 600C. Mesoporous solids can be prepared either by soft 

template or hard template method, in which organic molecules act as surfactant in soft template 

technique, while porous solids such as porous carbon is used in place of surfactant in hard template 

technique [1]. Mesoporous materials are highly favourable in large-molecular applications, such as 

cracking of heavy oil, polymer separation, enzyme immobilization and controlled-release of drugs [5]. 

The call for synthesis of ordered mesoporous materials stems from the fact that these materials 

consist of well-defined structural features such as pore sizes, pore shapes, pore arrangement and 

connectivity, which can be precisely-controlled by its synthetic conditions [5]. In fact, ordered 

mesoporous materials possess better hydrothermal stability, mechanical stability and catalytic activity 

in comparison to the disordered mesoporous materials [6]. Ordered mesoporous materials exhibit 

distinct, ordered-arrays of mesoporous channels in TEM images. Examples of ordered mesoporous 

materials are ordered metal oxides, ordered mesoporous silica, ordered mesoporous carbon, carbon 

nanotubes and mesoporous anodic alumina [7-8]. 

Ordered mesoporous silica SBA-15 has tunable pore size through modification on its synthesis 

parameters. A wide variety of SBA-15 morphologies has been reported in literature; including rods, 

fibers, spheres, gyroids, discoid-like and doughnut-like shape. Spherical hollow silica with porous 

shell finds great usage in controlled delivery of biomedical materials. They allow higher loading 

capacity to encapsulate drugs, genes or biological molecules in the shell [9]. Sakamoto and co-

researchers reported a successful synthesis of rod-shaped SBA-15 in acidic media using Pluronic P123 

as surfactant and tetramethyl orthosilicate as silica source; to give better adsorption of enzymes than 

the spherical SBA-15 particles [10]. 

There are various methods to synthesize SBA-15 including direct synthesis, synthetic grafting and 

impregnation, sol gel and immobilization. For direct synthesis method, it involves the reaction 

between co-condensation of silica source and silane groups or with different groups of metal such as 

transition, alkaline earth, rare earth and poor metals. Post grafting technique is the reaction between 

organosilane with silanol groups to produce covalent attachment of functional groups on surface of 

material using solvent under reflux condition [11]. Sol-gel is one of the methods that have been widely 

investigated in materials science. Orderly pore structure, size and shape of the SBA-15 can be 

achieved through this simple method [12]. Another advantage is the availability of high purity raw 

materials to support sol gel method [13]. This approach provides an important pathway to synthesize 

porous silica without requiring extremely high temperature as compared to the conventional 

hydrothermal treatment that requires high temperature [12]. For that reason, synthesis of SBA-15 

particles through sol-gel method at low temperature is more sustainable. 

In this work, SBA-15 was prepared by varying process parameters including ageing temperature, 

ageing time and HCl concentration, using sol-gel method. The surface morphology and 

physicochemical properties of SBA-15 prepared under low ageing temperature will be assessed in 

detail. 

 

2.  Materials and methods  

2.1.  Synthesis of SBA-15 

The chemicals used in this work include Pluronic P123 (PEO20PPO70PEO20) as surfactant, a silica 

source tetraethyl orthosilicate (TEOS)(98 %), and aqueous hydrochloric acid (HCl) were purchased 

from Sigma-Aldrich (Malaysia), Acros Organics (Malaysia), and R & M Chemicals (Malaysia), 

respectively. 150 mL of 2.5 M HCl was prepared and mixed with 5 g of Pluronic P123 in a beaker. 
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The mixture was then stirred until a colourless solution formed. At this point, 9.67 g of tetraethyl 

orthosilicate (TEOS) was added dropwise into the solution. The mixture was then stirred again for 

another 2 h until a white solution was formed. This mixture was left for ageing in a water bath shaker 

for 48 h at ageing temperature of 40 C. White precipitate is filtered out and washed continuously with 

deionized water. The filtered white solid was then left for natural drying before calcination was carried 

out at 550C for 4 h with heating rate of 5 C/min. Subsequent trials were carried out at different 

synthesis conditions through one-variable-at-time (OVAT) approach summarized in Table 1. Samples 

3, 5 and 9 are the replication points representing the maximum MB uptake capacity, respectively. 

Variation on other parameters such as surfactant and precursor concentration ratio, types of surfactant 

or precursor, calcination temperature etc, are not carried out, and these parameters remain constant 

whenever applicable. 

Table 1.  SBA-15 synthesis conditions. 

Sample [HCl] (M) 
Ageing 

Temp (°C) 

Ageing 

Time (h) 

1 1.0 40 48 

2 1.5 40 48 

3* 2.0 40 48 

4 2.5 40 48 

5*
 

2.0 40 48 

6 2.0 50 48 

7 2.0 60 48 

8 2.0 70 48 

9 2.0 40 12 

10 2.0 40 24 

11 2.0 40 36 

12* 2.0 40 48 

      *Synthesis under similar conditions. 

2.2.  Adsorption Test  

A simple methylene blue (MB) adsorption test was carried out on the SBA-15 samples to determine 

the maximum MB uptake capacity (mg MB/g adsorbent). A mass of 0.1 g SBA-15 was added to 100 

ml MB solution (100 ppm) and left for 48 h to achieve equilibrium. The MB concentration was 

analyzed using UV-Vis spectrophotometer (Shimadzu UV1800, Japan). 

2.3.  Materials Characterizations  

Surface area properties of SBA-15 was determined using surface area analyser (Micrometrics ASAP 

2010, USA) at 77 K. SEM with EDX analysis (SEM Quanta FEG 450, USA) was used to study 

surface topology of SBA-15 and textural images were captured using TEM (Philips TEM CM12, The 

Netherlands) Surface chemistry of SBA-15 and the crystal structure of SBA-15 are determined using 

FTIR spectrophotometer (Shimadzu IRPrestige-21, Japan) and Materials Research Diffractometer, 

respectively. 

3.  Results and discussion 

The surface morphology of SBA-15 synthesized at different HCl concentrations are shown in Figure 

1. The formation of SBA-15 rods and spherical-shaped particles can be observed at 1.0 M HCl, 

evolving from shorter rods (2.0 M, 1.5 M) to longer rectangular rods (2.5 M), with increasing HCl 

concentrations. This is evidenced that the particle shape of SBA-15 can be greatly influenced by the 

addition of different HCl concentrations. This can be explained by colloidal phase separation 

mechanism (CPSM) proposed by Zhao and co-workers [14]. The theory suggests that when phase 

separation occurs, precipitates will be observed in the solution and the rate of this phase separation 

affects the final morphology of ordered mesoporous structures. Besides, it is better to synthesize SBA-
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15 at highly acidic condition when using TEOS as a silica source. Xiao Ying and co-researchers 

studied the effect of HCl concentration using three different silica sources: 1,2-

bis(trimethoxysilyl)ethane (BTMSE), 1,2-bis(triethoxysilyl)ethane (BTESE) and tetraethyl 

orthosilicate (TEOS), all accompanied by the same surfactant, Pluronic P123. The results shown that 

organosilica precursor (BTMSE/ BTESE) interacts poorly with surfactant and condenses faster than 

the silica precursor such as TEOS. Since hydrochloric acid acts as a catalyst to improve hydrolysis and 

condensation rate of the precursors, high acid concentration leads to rapid condensation of 

organosilica framework, which results in poorly defined pores. Lowering the acid concentration has 

proven to reduce the condensation rate of BTMSE and BTESE and only then a well-defined hexagonal 

pore arrangement in SBA-15 could be obtained. In contrast to the synthesis using TEOS, condensation 

happens very slowly in aqueous solution and high acid concentration is generally required to increase 

the condensation rate of silicate framework [15]. In another study, a formation of rod-shaped SBA-15 

particles prepared using TEOS at different HCl concentrations without the use of any additives has 

been previously observed [16]. It was reported that there was no significant differences in the rod-

shaped and length of SBA-15 synthesized at 2.0 M HCl, which is consistent to the current observation 

in Figure 1(c). 

Figure 2 shows the surface morphology of SBA-15 synthesized at different ageing temperatures of 

40, 50, 60 and 70C, using 2.0 M HCl and ageing time of 48 h. It is observed that as the ageing 

temperature increases, the shape of SBA-15 particles changes from short rods (40 and 50C) to thinner 

fibre-like structure (60 and 70C). This phenomenon can be explained using the CPSM theory. Free 

energy of mesostructure self-assembly (ΔG), dominantly affects the final morphology of SBA-15. As 

mesostructure is continuously being formed, to minimize ΔG, more crystal-like structures of SBA-15 

can be obtained. In this work, SBA-15 particles tend to take up fibre-like structure at 60 and 70ºC. The 

average length and width were measured at 700 nm and 500 nm for the SBA-15 sample prepared at 

ageing temperature of 40C. SBA-15 is commonly formed by grains of relatively uniform size; 

typically in the range of 300–500 nm (width) and 700–1000 nm (length) [17]. A previous study has 

reported the average particle length and width of 800 nm and 500 nm, respectively for the SBA-15 

synthesized at 35C, 2.0 M HCl and ageing time of 10 h [16]. 

 

  

  
 

Figure 1. Surface morphology of SBA-15 synthesized at different HCl concentrations; (a) 1.0 M (b) 

1.5 M (c) 2.0 M and (d) 2.5 M (×10k magnification). 
 

 

(a) (b) 

(c) (d) 
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Figure 2. Surface morphology of SBA-15 synthesized at different ageing temperature; (a) 40C (b) 

50C (c) 60C and (d) 70C (×10k magnification). 

 

Figure 3 shows surface morphology of SBA-15 prepared at different ageing times of 12, 24, 36 and 

48 h (HCl concentration: 2.0 M, ageing temperature: 40C). From the images, it is evidence that the 

surface morphology of SBA-15 can be influenced by the ageing time parameter. The SBA-15 particles 

prepared at 12 and 24 h ageing times were random in size and not uniform in shape. More well-

defined short rod-shape SBA-15 particles are noticed when ageing time is increased to 36 and 48 h. 

This could be explained since longer ageing time has allowed more polymerization and condensation 

of silica species on the walls to form ordered mesostructure of SBA-15 [18].  

 

 

 
 

Figure 3. Surface morphology of SBA-15 synthesized at different ageing time; (a) 12 h (b) 24 h (c) 36 

h (d) 48 h (×10k magnification). 

 

(a) (b) 

(c) (d) 

(d) (c) 

(a) (b) 
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A similar observation has also been recorded in our previous work [19]. However, a shorter ageing 

time is not unusual [20]. An investigation on the effect of ageing time on the mesoscopical order and 

pore structure of functionalized mesoporous silica SBA-15 has shown that longer ageing time has 

contributed to a better ordered pore structure formation [18]. 

A simple MB adsorption test was performed to select the SBA-15 sample with the highest MB 

uptake capacity. MB adsorption test is a common method to determine the mesoporosity attribute of a 

porous solid. Maximum MB uptake capacities for all the SBA-15 samples, synthesized in this study 

are summarized in Table 2. It was found out that sample 3, prepared under the respective conditions: 

2.0 M HCL, 40C and 48 h ageing time, has exhibited the highest MB uptake of 196.3 mg MB/g 

adsorbent. Hence, sample 3 SBA-15 has been selected for further physicochemical analyses. 

Figure 4 shows the textural imaging of sample 3 SBA-15. From the TEM images, 1-D cylindrical 

hollow channels and 2-D hexagonal pore arrangement can be clearly observed, a common attribute for 

SBA-15. The hollow channels were measured at 2.5 nm in width. The value is smaller to a 

measurement of 5 nm in width for hollow channels of SBA-15 prepared through hydrothermal 

treatment at 80C [17]. Hydrothermal method normally requires the process to be sustained at 

temperature ranging from 80 - 120 ºC, which means more energy utilization [12]. 

 

Table 2.  Maximum MB uptake capacity. 

Sample 
MB uptake 

capacity (mg/g) 

1 113.6 

2 99.6 

3* 196.3 

4 132.7 

5*
 

196.3 

6 58.9 

7 36.1 

8 2.60 

9 99.0 

10 95.1 

11 35.7 

12* 196.3 
*Synthesis under similar conditions. 

 

 

 
 

Figure 4. TEM images of Sample 3 SBA-15 (a) cross-sectional view and (b) perpendicular to pore 

channels. 

(a) (b) 
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Figure 5. XRD pattern for Sample 3 SBA-15. 

 

 Figure 5 shows the XRD profile for Sample 3 SBA-15. At low angle, a well-resolved diffraction 

peak is detected corresponding to the Miller index (100) reflection around 1º point. This peak is a 

characteristic of 2-D hexagonal pore arrangement, a typical signature for SBA-15 material. 

 2-D hexagonal symmetry structure (p6mm) corresponding to (110) and (200) reflections are not 

detected in the XRD profile. Unit cell parameter, ao, is calculated at 10.88 nm based on the first Bragg 

peak position, d100 = 9.42 nm. The wall thickness, wt, of SBA-15 is measured at 6.98 nm. The 

formation of distintive peak between 20-25º represents the amorphous nature of the synthesized 

siliceous material (Figure 5 - inset).  

 The EDX spectra (Figure 6) shows the respective weight percentage contributed by each element 

in SBA-15 sample. The weight percent for carbon, silica and oxygen are given at 8.33 % (C), 58 % 

(Si) and 33.67 % (O), respectively. The intensity of the detected peaks for Si and O elements is 

comparable to the literature findings [21]. 

From Figure 7, a strong broad peak observed at 1094 cm
-1

 can be assigned to siloxane bond (-Si-

O-Si-) stretch. -OH stretching vibrations mode of the silanol groups involved in hydrogen interactions 

with the adsorbed water molecules is observed at 3454 cm
-1

 peak. Bending H2O band at 1637 cm
-1

 is 

also ascribed to the adsorbed water molecules on the material. The presence of these two functional 

groups confirmed the silica formation. Another obvious band at around 802 cm
-1

  can be ascribed to 

symmetric stretching from -Si-O bonds, while another peak at around 466 cm
-1

  can be attributed to 

bending of -Si-O-Si- bonds [22]. The absence of peaks at 3000-2850 cm
-1

 range (-CH2- stretching) and 

1470-1450 cm
-1

 (-CH2- bending) confirmed the complete removal of Pluronic P123 in SBA-15 sample 

[20]. 

Figure 8 shows the nitrogen adsorption-desorption isotherm performed on Sample 3 SBA-15 at 

77K.  The respective sample exhibits Type IV adsorption isotherm with H1-type hysteresis loop. H1 is 

commonly associated with porous materials exhibiting cylindrical-like pores [23]. It has been 

observed from literature that the well-formed SBA-15 always shows Type IV adsorption isotherm 

with H1-type hysteresis loop [17]. Due to the capillary condensation process in hysteresis loop region, 

larger pressure drop is required during desorption in order to overcome the van der Waals interactions 

among the adsorbed liquid molecules in the confined pores or capillaries. This is a typical 

phenomenon observed for adsorption-desorption isotherm of mesoporous materials [24]. 

The steep increase of N2 adsorption at P/Po = 0.52 indicates the mesopore uniformity. This is 

highly consistent with the Barret-Joyner-Haleda (BJH) pore size distribution plot (figure is not shown) 

having a sharp peak at pore diameter of 4.06 nm [15]. The average pore size was measured at 3.90 nm 

based on the BET adsorption branch. The total pore volume, VTotal, and micropore volume, V, for this 

sample are 0.36 and 0.021 cm³/g, respectively. Total BET surface area is calculated at 364 .71 m²/g. 
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Figure 6. EDX spectra of of Sample 3 SBA-15. 

 

                                  
Figure 7. FTIR spectra of Sample 3 SBA-15. 

 

                                          
Figure 8. Nitrogen adsorption-desorption isotherm of Sample 3 SBA-15 at 77K. 
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4.   Conclusions  

Ordered mesoporous silica SBA-15 has been successfully synthesised in this present work. At lower 

HCl concentrations, the synthesized SBA-15 particles tend to form a spherical shaped; while at higher 

HCl concentration range, a rod-like shape nanoparticles were observed. Ageing temperature and 

ageing time also have been found to influence the shape of SBA-15 particles. Upon increasing the 

ageing temperature from 40 to 70C, SBA-15 changed from short rods to thin-fibre like structure. The 

presence of the ordered structures in SBA-15 sample was observed through the formation of 1-D 

cylindrical channel and 2-D hexagonal pores, inspected using TEM. The results were further validated 

with the detected XRD peak at (100) reflection; a sign of ordered meso structures formation in SBA-

15 particles. 
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