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In this study, the production of different architectures of two type's porous silica 

(amorphous and crystalline) is shown, using simple and inexpensive dual technique 

(alkali chemical etching process and ultra-sonication). The chemical, physical and 

morphological properties are the master factors, which produce a variety of 

application fields. It has been decided the importance degree of the porous spherical 

shape; as one of the most important architectures, that assist the dyes adsorption 

process in various industrial fields as (foods, pharmaceutics industries, and the 

textile industry). As it increases the breadth of the surface area of the material and it 

can also be used as thermal insulation due to increased electrical resistance and 

thermal material as well as chemical stability. Thus, we demonstrated the 

importance of devising different properties of the material for reuse in different 

applications in many applied fields. This study discusses how to remove many 

organic pollutants (dyes and oils) from wastewater. Therefore, the study reviewed 

many sizes and shapes of porous silica in different buildings, which opens the way 

for us to use in new applications. The both promise percentages of oil and Congo 

red removal are 100% and 99.8%, respectively. The amounts of used synthesized 

powder are very fine in each; (0.7 gm/L) of amorphous porous SiO2 for oil removing 

and 33.3 gm of crystalline porous SiO2/l (at congo red concentration 50 ppm). 
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Introduction 

 

Silica particles have been widely used due to their chemical stability, 

biocompatibility, non-toxicity and relatively easy synthesis, enabling adjustable 

size, morphology and porosity (Nikolić et al. 2016). In recent years, the studies of 

nanoparticles and nanostructures have attracted increasing interests worldwide. 

Porous nanospheres can potentially provide the advantages of both nanoparticles 

and high surface areas from micro-and mesopores in the nanoparticles (Ahmad et 

al. 2010). 

Porous materials are solids that contain empty pores dispersed within their 

framework (Xiong et al. 2016). The pores may be open pores connecting to the 

outside of the material or closed pores isolated from the outside. Porous materials 

have lower density and higher surface area compared with dense materials (Morsi 

and Mohamed 2018). Porous Silica (Porous SiO2) from renewable sources can be 

used in very different materials, such as paints (Castillo et al. 2014), membranes 

for fuel cells (Zakarya et al. 2009), Li-ion batteries (Lisowska-Oleksiak et al. 

2014), adsorbents (Lee et al. 2016), catalysts (Bernardos and Kouřimská 2013), 
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and so on. The synthesis of (Porous SiO2) has greatly expanded the possibilities 

for the design of open pore structures. Porous SiO2 has great potential in 

environmental and industrial processes, because of its large surface area, pore size 

and pore shape (Feng et al. 1997). 

Nowadays the most promising technique for treating wastewater is adsorption 

process (i.e adsorbents agro-industrial) (Rovani et al. 2018). Porous SiO2 produced 

from commercial silicon has also been applied as green adsorbents (Nabil and 

Motaweh 2019). The main factors, which effect on the adsorption success in 

wastewater are the values of the porosity degree, the internal surface area, and the 

favorable chemical surface of the adsorbents. Several studies have already used 

porous SiO2 for the adsorption of organic contaminants with success (Mahmoodi 

et al. 2014). 

Functional groups were introduced to the porous surface of porous SiO2 as the 

terminal groups of organic monolayers. So, the siloxane groups undergo hydrolysis, 

become covalently attached to the substrate and cross-linked to one another (Feng 

et al. 1997). 

In this paper, two types of porous SiO2 particles (amorphous and crystalline), 

with different structures, functionalities and sizes are synthesized using the dual 

technique (i.e. alkali chemical etching and ultra-sonication) for available 

commercially silicon, porous SiO2 can be synthesized in bulk form, which can be 

produced in large quantities. The effect of porous SiO2 particle type on adsorption 

efficiency of organic impurities is also investigated. It is showing the dependence 

of adsorbent material on the variety of porous SiO2 morphological shapes.  In 

addition, it shows the removal percentage of organic impurities (dye, and oil) that 

present in wastewater. 

 

 

Methodology 

 

Porous SiO2 – Powder Preparation 

 

The dual technique (Ultra-sonication technique and the alkali chemical etching 

process) is used in porous SiO2 preparation (Nabil et al. 2018). The suitable amount 

of silicon powder (silicuim, Pulver-99%), was scattered in a solution that contains 

different concentrations of KOH, 1-propanol (30 vol %), and water for different 

sonication times. The product powder is dried after filtration process. 

The structure of the porous SiO2 powder were characterized by X-ray 

diffraction (XRD; using Cu Kα radiation of 1.5405°A at a scanning rate of 4° 

min
−1

, Shimadzu 7000 diffractometer). The formation of chemical bonds for 

the formation of P-SiO2 powder was determined by Fourier Transform Infrared 

(FTIR) spectroscopy FTIR-8400 S spectrophotometer, Shimadzu, Japan from 

the various vibrational modes (each infrared spectrum was collected from 400 

to 4000 cm
−1

). Porous SiO2 powder morphology is investigated using SEM 

(Scanning electron microscopy, JEOL (JSM 5300), magnification from 500 to 

27000, at an accelerating voltage of 10 kV. 
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Porous SiO2 Applications 

 

Batch Equilibrium Method (Sharma et al. 2009); it was selected because of its 

simplicity and reliability. All experiments were executed at room temperature (27 

°C) in batch mode. They were done by taking 40 ml metal ion sample (AR grade) 

in a 100 ml Erlenmeyer flask and after pH adjustments; a known quantity of 

solution dried adsorbent (Porous SiO2) was added. 

The flasks were shaken at 200 rpm for time rounds till equilibrium conditions. 

After the shaking process, it became suspension. The residual biomass adsorbed 

with soya beam oil molecules and Congo red dye molecules, the filtrate was 

collected and subjected for guest molecules. The filtrated solution is estimated 

using (FTIR) spectroscopy. The values of percent oil and dye uptake by the 

sorbent (Sorption efficiency (Aminu et al. 2010) and the amount of it, has been 

calculated using the mathematical relations in our previous research (Nabil and 

Motaweh 2018). 

 

 

Results 

 

Figure 1 presents SEM-micrographs of synthesis porous SiO2 powder mor-

phology. The pores interconnection is the most important structure characteristics 

of porous SiO2 prepared in this work, as shown in Figure 1a, b, c, and d, by which 

the type of application is determined. The spongy shape (Yan et al. 2009), appears 

in Figure 1, a, b, which is formed at preparation conditions (6 wt% KOH and 30 

vol % n-propanol). Its pore size is in range (0.06-0.35 µm). So, it's ready to adsorb 

the oil molecules, due to the large size of the oil molecule (Jokić et al. 2013), as 

shown in the following. Oils are nonpolar (Nwabueze and Okocha 2008), and as a 

result they’re not attracted to the polarity of water molecules. In fact, oils are 

hydrophobic, or “water fearing”. Instead of being attracted to water molecules, oil 

molecules are repelled by them. Because oil is less dense and has higher viscosity 

than water (Vuong et al. 2009), it will always float on top of water, creating a 

surface layer of oil. So, the synthesis porous SiO2 powder is suitable to remove the 

oil from waste water as presented in the following (Santos et al. 2014). 

Either in case of the KOH concentration (3 wt %), Figure 1c and d show the 

formation of micro-wires SiO2 (wire length in the range 380-2297 µm and the wire 

width in the range 0.8-6.5µm). Then, the outer surface of the micro-wires SiO2 is 

the active area of adsorption process. It permits the adsorption process in a wider 

manner, whatever the size of the particles of the adsorbed substance (small or 

large).    
Also, XRD is very useful technique for studying the crystal structure changes, 

which are produced by etching processes as a result of using the dual technique, as 

shown in Figure 1e (Russo et al. 2011). It displays the diffraction features of the 

SiO2 NPs broadened peak of powders that appears at around 2 = 20° with high 

intensity (Nabil and Motaweh 2015) and (Abou- Rida and Harb 2014). That is 

produced by consecutive chemical erosion processes with different KOH concen-
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trations (3 and 6 wt % KOH). Noticeable, the powder product wasn't separated 

from the etchant solution. It corresponds to amorphous SiO2.  

 
Figure 1. Scanning Electron Micrographs of Porous SiO2 obtained with (a, b) 6 

wt % KOH (c, d) 3 wt % KOH (c) Without Separation Process, and (e) X-ray 

Diffraction Patterns of Amorphous Porous SiO2 Obtained at (6, and 3 wt % KOH) 
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Figure 2 shows SEM images of porous SiO2 powder product. It clearly shows 

three different porous architectures (sheets, rod array, and clusters) (Singh et al. 

2011), which is as a result of using KOH concentration = 6 wt % at several 

sonication times, after separation process of the product powder and drying it at 

40°C. Figure 2a, and b show the porous SiO2 sheets, at the sonication time (t) 2 hr, 

its lengths are in the range 3.3-9.9 μm. The diameter of the porous SiO2 rods array 

is in the range (0.634-0.894 μm) and its length is ≈ 3.12 μm with a smooth porous 

surface, which is formed at t = 3 hr, as shown in Figure 2c, and d. In addition, its 

pore size is (28-140 nm). The third architecture is porous SiO2 clusters that are 

formed at t = 4 hr, as shown in Figure 2e and f. The powder product porous SiO2, 

e 
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with different architectures, is most suitable for using in water treatment process 

(for settling heavy metals, dyes and other mineral) (Chaemiso and Nefo 2019), as 

shown in our previous study (Nabil and Motaweh 2018). So, the porous SiO2 

surface area is more useful than the commercial silicon powder for many 

environmental applications (Juárez et al. 2016); as a removing of different dye 

types and heavy metals in wastewater for recycling use (Kaykhaii et al. 2018). 

 

Figure 2. Scanning Electron Micrographs of Porous SiO2 obtained with 6 wt % 

KOH (a, b) Micro-Sheets at t = 2hr (c, d) Rod-Clusters at t = 3 hr (e, f) Clusters at 

t = 4 hr, and (g) X-ray Diffraction Patterns of Crystalline Porous SiO2 Obtained 

 
 

 

 

 

g 
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And for studying the plane form of the last architecture, XRD shows the 

crystalline porous SiO2 formation (Narayan et al. 2018), as shown in Figure 2g. It 

shows the position in the diffraction pattern at around 28.22°, 47.21°, 56.02°, 

68.88°, 76.27°, 87.91°, and 94.78° (JCPDS card nos. 01-079-0613 and 00-027-

1402) (Kashyout and Nabil 2018). They correspond to crystalline planes (111), 

(220), (211), (400), (331), (422), and (511), respectively (Joni et al. 2018). In 

addition, each plane of the crystalline porous SiO2 has variation of the presence 

percentage at differentiation of the preparation time, as shown in the following 

(Nabil et al. 2018). So, the physical and chemical properties of each porous SiO2 

powder product are varying as a result of changing the material construction 

(Davraz and Gunduz 2005). 

At 6, and 3 wt % KOH, as shown in Figure 3, the FTIR spectra listed the 

broad transmittance band centered at 3443 cm
−1

 that correspond to the O-H 

stretching vibrational band (Smit et al. 2017) of hydrogen-bonded water molecules 

(H-O-H) (Nabil and Motaweh 2015). The band at 1633 cm
−1

 is due to the bending 

vibration of water molecules (Nabil et al. 2018). The shoulder at 2338 cm
−1

 was 

assigned to the stretching vibrations of Si–OH groups in the structure of 

amorphous SiO2 (Musić et al. 2011), which also confirm the XRD data as shown 

in Figure 1e. The presence of the Si–OH group is proof of bonded water. The very 

strong and broad FTIR band at 1082 cm
−1

 is usually assigned to Si–O–Si 

asymmetric stretching vibrations (Kashyout et al. 2013), and (Kashyout et al. 

2018). The band at 789 cm
−1

 can be assigned to Si–O–Si symmetric stretching 

vibrations (Trivedi et al. 2015), whereas the FTIR band at 470 cm
−1

 is due to O–

Si–O bending vibrations (Hernández-Ortiz et al. 2015). Of course, the crystalline 

porous SiO2 has more pronounced FTIR bands with narrower line widths (Nabil et 

al. 2018), which confirm the XRD data as shown in Figure 2g. The strong 

transmittance bands at 3441 and 1089 cm
−1

 correspond to the terminal –OH 

groups (Nabil et al. 2017). 
 

Figure 3. Fourier Transform Infrared Spectra of the Precipitated Porous SiO2 

Powders obtained with Different KOH Concentrations prepared by Wet Chemical 

Etching and Slow Drying at Room Temperature; a)Amorphous Silica – b) 

Crystalline Silica 

 

 

 

 

 

 

 

 

 

 

 

 

 

a b 



Athens Journal of Sciences XY 

 

7 

Porous SiO2 powder is one of the best materials used to remove organic 

compounds from wastewater (Jiang et al. 2018), as shown in Figure 4. For 

removing the excess oils or dyes from the industrial wastewater (Ahmad et al. 

2002), the porous SiO2 is suitable for that. Figure 4a shows the removing process 

of the soybean oil using amorphous porous SiO2 powder (Cho and Moon 2017). 

The removal percent is 100% at using 0.7 gm/L (at 5 vol% soybean oil), which is a 

promising result. On the other hand, using the crystalline porous SiO2 is useless, as 

shown in Figure 4b. That as a result of the exposed surface area value of the 

porous SiO2 as an adsorbed material, which is previously described in Figure 1 

and Figure 2. Noticeable, the size of the soybean oil molecule is large with respect 

to the molecule size of congo red dye (Kashyout et al. 2015). But the suitable 

value used is the 33.3 gm of crystalline porous SiO2/l (at congo red concentration 

50 ppm). The removal percent of dye is 99.8%, as shown in Figure 4c.  

So, the synthesis amorphous porous SiO2 is most suitable for removing the 

high viscosity organic liquids as soybean oil. On the other hand, the synthesis 

crystalline porous SiO2 is most suitable for removing the low viscosity organic 

liquids as Congo Red dye solution. The adsorption process depends on the particle 

size value of each liquid. 

 

Figure 4. FTIR Spectra of the Soybean Oil Removal Using; a) Amorphous Porous 

SiO2, b) Crystalline Porous SiO2, and c) UV Spectra of the Congo Red Removal 

Use Crystalline Porous SiO2 
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Conclusions 

 

Porous SiO2 powder is prepared by dual technique (alkali chemical etching 

process and the ultra-sonication technique). The results of this study are presenting 

the importance of the porous SiO2 morphology and crystanillity.  So, the ability of 

the adsorption process for different organic compounds (as soybean oil and Congo 

red dye) is depending on the active surface area of the porous SiO2 powder with 

different architectures. The amorphous type of porous SiO2 is the most suitable 

one for all organic impurities removal from industrial wastewater that as a result of 

its large pore sizes (micrometer range). So, it's easy to adsorb micro and nanometer 

molecule's sizes. On the other hand, the crystalline type of synthesis porous SiO2 

powder isn't suitable for adsorption process to soybean oil molecules as a result of 

its molecules size which is in micrometer range. Then, it's agreed only for Congo 

red dye molecule removal because of its molecular size (nanometer range). 
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