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Abstract. Boiler ash is a second layer by-product of the combustion of fuel, usually an agro-waste, 
in any industry. In the sugarcane industry, boiler ash is obtained from the combustion of bagasse. 
The boiler ash of the sugarcane industry contains 49.69% silica, which can be transformed into 
nano-silica using the precipitation method, which is easier and cheaper than other methods. 
Precipitation pH and aging time are the main factors that influence nano-silica’s characteristics. The 
objectives of this research were to determine the effect of various precipitation pH levels and aging 
times on the characteristics of nano-silica and to identify the potential applications of nano-silica 
based on these characteristics. An increase in precipitation pH affected the number of the crystal 
phase and the intensity of the diffraction peaks. An increase in aging time also affected the intensity 
of the diffraction peaks and the number of crystal phases. The degree of crystallinity varied from 
66.40% to 93.53%, the crystal size ranged from 37.77 nm to 56.87 nm, the particle size ranged from 
214.04 nm to 698.24 nm, and the polydispersity index (PDI) ranged from 0.21 to 0.83. The nano-
silica in this research had polygonal morphology. Increases in precipitation pH and aging time 
increased the number of siloxane groups, creating nano-silica dominated by a crystalline form with 
three crystal phases: tridymite, quartz, and cristobalite. Nano-silica have various potential 
applications based on their characteristics, including as filler for membranes, composite resin, 
rubber airbags, and supplementary cementitious material. 
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1. Introduction 

Boiler ash is a second layer by-product from the combustion of fuel, usually an agro-
waste, in any industry. Sugar-cane bagasse ash (SCBA) is a by-product of bagasse 
combustion in the sugar cane industry. SCBA is mostly fine particulate silica with minor 
alumino-silicates and is produced when bagasse is burned for the co-generation of heat and 
electricity at a sugar mill (Arif et al., 2017). Silica also can be extracted from various sources, 
such as rice husk ash (Dhaneswara et al., 2020), fly ash tiles (Yadav et al., 2020), bamboo 
leaves (Dileep and Narayanankutty, 2020), coal fly ash (Lee et al., 2017), corn cob ash 
(Okoronkwo et al., 2013), mud, the fly ash of the palm oil industry, and natural sand 
(Munasir et al., 2013).  
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Boiler ash from the sugar cane industry is 49.69% silica, while furnace ash is 78.75% 
silica (Ismayana et al., 2017). The synthesis of silica from boiler ash not only produces 
valuable silica but also reduces pollution problems caused by the uncontrolled combustion 
of the ash (Dhaneswara et al., 2020). The development of nanoscale particles (nanoparticles) 
has recently become the object of attention for researchers due to their unique properties, 
such as their very small size, high surface area, and surface activity (Dileep and 
Narayanankutty, 2020). One of the nanoparticles focused upon in current research is nano-
silica. In some applications, nano-silica has been used as an adsorbent, catalyst support 
material, a semiconductor, thermal insulation, and a ceramic filler (Adam et al., 2011). 

The high content of silica-induced boiler ash is transformed into nano-silica, and its 
characteristics and utilization are more extensive because of the larger surface area. There 
are several methods for synthesizing nano-silica, such as microemulsion, thermal 
decomposition, the sol-gel method (Okoronkwo et al., 2013), ultrasonication (Ismayana et 
al., 2017), and precipitation (Mahdavi et al., 2013).  

The precipitation method has many advantages; it is easy and cheap, operates at a low 
process temperature, uses a low amount of energy, and produces nano-silica of high purity 
and good quality (Mahdavi et al., 2013). It is also safe and environmentally friendly 
(Shahmiri et al., 2013). The main factors that influence the nano-silica produced through the 
precipitation method are precipitation pH and aging time. Various combinations of 
precipitation pH and aging time result in nano-silica with different characteristics. According 
to Singh et al. (2012), an increase in pH increases crystal size. Allaedini and Muhammad 
(2013) found that the crystal size of a nanoparticle is closely linked to the diffraction pattern, 
the crystalline phase, the particle size, and the degree of crystallinity. In addition, a longer 
aging time causes a higher degree of crystallinity (Jalilpour and Fathalilou, 2012).  

 The objectives of this research were to synthesize nano-silica from the boiler ash in the 
sugarcane industry using the precipitation method and to determine the effect of pH 
precipitation and aging time on the characteristics of the nano-silica. This research also 
aimed to identify potential applications based on the characteristics of the nano-silica 
produced. 
 
2. Methods 

2.1.  Materials and Equipment 
 Boiler ash was obtained from the Gunung Madu sugarcane plantation in Lampung, 
Indonesia. Ammonium hydroxide (pa grade) and hydrochloric acid (pa grade) were 
obtained from Merck. The other materials used were Whatman 42 filter paper and distilled 
water. The equipment used in this research consisted of a furnace, reflux equipment, a 
magnetic stirrer, and pH meters. The analysis equipment included a particle size analyzer 
(PSA) (Vasco), an x-ray fluorescence (XRF) OPTX ARL-2050 analyzer, an x-ray diffraction 
(XRD) (GBC Emma), and a Fourier transform infrared (FTIR) Tensor 37 spectrometer 
(Bruker Optics). 

2.2.  Preparation of the Boiler Ash 
 The boiler ash was washed using distilled water. Then, it was dried in a blower for five 
hours, filtered using a coarse sieve, and finally burned at 700°C for six hours using a furnace 
(Thuadaij and Nuntiya, 2008). 

2.3.  Silica Extraction from the Furnace Ash 
 Ten grams of furnace ash were extracted with 80 ml of NaOH 2.5 N for three hours. The 
solution was filtered, and the residue was washed using 20 ml of boiling distilled water. The 
filtrate was cooled at room temperature. The filtrate was added with H2SO4 5 N until it 
reached pH 2 and with NH4OH 2.5 N until it reached pH 8.5. The solution was then left at 
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room temperature for 3.5 hours for aging. Next, the solution was dried at 105°C for 12 hours 
(Thuadaij and Nuntiya, 2008; Setiawan et al., 2015; Ismayana et al., 2017).  

2.4.  Synthesis of the Nano-silica 
 The silica was hydrolyzed using 3 N HCl for six hours. Next, the solution was filtered 
and washed with distilled water to remove excess acid to achieve a neutral pH. The neutral 
residue dissolved in 2.5 N NaOH using a magnetic stirrer for eight hours. A 5 N H2SO4 
solution was added until the pH reached 7, 8, 9, or 10. The solution was allowed to age at 
room temperature for three and six hours each. Then, it was dried at a temperature of 105°C 
for 12 hours in the oven (Setiawan et al., 2015; Ismayana et al., 2017). 

2.5.  Characterization of the Nano-silica 
 The compound and the element of the boiler and furnace ash were analyzed with XRF 
ARL OPTX-2050. The particle size and the particle size distribution were observed with 
PSA. A total of 0.02 g nano-silica powder was dispersed in distilled water and rotated with 
a magnetic stirrer for 15 minutes. The nano-silica particles were scanned using PSA for 2-5 
minutes. 
 The crystal size, degree of crystallinity, and crystalline phase were observed using XRD 
GBC Emma operated at 35 kV and 25 mA. The calculation of the degree of crystallinity was 
run using PowderX software by dividing the crystal area to the total area, while the crystal 
size was determined using the Scherrer Equation 1. 

      D = 
kλ

βcosƟ
          (1) 

where k is the Scherrer constant (0.9), λ is the wavelength of Cu-Kα (0.154056 nm), β is full 
width at half maximum (FWHM), and θ is the phase angle.  
 The diffraction pattern and the crystal phase were identified through matching with a 
powder diffraction file (PDF) card using Match! 2 software. The chemical composition was 
analyzed using energy dispersion x-ray (EDX) spectroscopy, and the formation of functional 
groups on the nano-silica was characterized using FTIR Tensor 37. The physical 
morphology of the synthesized nano-silica was identified using scanning electron 
microscopy (SEM).  
 
3. Results and Discussion 

3.1.  Boiler Ash and Furnace Ash 
 The content of the silica from the boiler ash and the furnace ash was 49.69% and 
78.75%, respectively. The higher silica content in the furnace ash occurred due to the 
process of amount normalization. Normalization increased the percentage of silica in the 
furnace ash because of the declining amount of other compounds as a result of the ashing 
process at 700°C. P2O5, Na2O, and SO3, have melting points of 44.19°C, 97.8°C, and 115.2°C, 
respectively (Bauccio, 1993). Al2O3, K2O, CaO, and MgO have melting points of 660.45°C, 
350°C, 840°C, and 649°C, respectively (Bauccio, 1993). Fe2O3 and silica (SiO2) have melting 
points of 1535°C and 1414°C, respectively (Bauccio, 1993). The high melting points of Fe2O3 
and SiO2 increased their content. Table 1 shows the compounds in the boiler ash and the 
furnace ash. 

3.2.  Characteristics of Nano-silica 

3.2.1. Diffraction patterns and crystal phase 
 The analysis of the diffraction pattern and the crystal phase using XRD indicated that 
an increase in the precipitation pH at three hours of aging time, as well as at six hours, 
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increased the number and intensity of the diffraction peaks. The condensation reaction of 
the nanoparticle compounds occurred as the pH value increased (Jarvenin, 2013).  
 
Table 1 Compound content of the boiler ash and the furnace ash 

No. Compound Boiler Ash (%) Furnace Ash (%) 

1 SiO2 49.69 78.75 

2 Al2O2 11.24 10.36 
3 K2O 8.76 1.80 

4 P2O5 8.14 0.00 

5 Na2O 7.00 0.00 
6 CaO 4.95 0.89 

7 MgO 3.59 1.06 

8 Fe2O3 3.23 5.37 

9 SO3 1.63 0.00 
10 TiO2 0.79 0.62 

 
A higher precipitation pH resulted in a lower nucleation rate rather than the growth of the 
primary particles. The primary particle growth was caused new crystal formation from the 
existing crystal nucleus. The new crystals caused an increase in the number of diffraction 
peaks and crystal phases. Moreover, the increasing number of diffraction peaks and the 
forming of new crystals increased the intensity of the diffraction peaks due to the increasing 
number of crystal phases in a 2θ value. Figure 1 shows the diffractogram of the nano-silica 
in three phases; quartz, cristobalite, and tridymite. 
 The analysis of the diffraction pattern and the crystal phase indicated that increasing 
the aging time increased the diffraction phase intensity. The aging process allows for the 
termination and reprecipitation of the silica monomer into a stronger and stiffer gel 
structure. In other words, during the aging process, the strength and stiffness of the gel 
increased (Nidhin et al., 2008). Therefore, the intensity of the diffraction peaks increased 
as the aging time increased due to the strengthening of the crystal structure. Based on the 
crystal phase analysis, it was evident that the nano-silica was composed of the multiphase 
characteristics of a crystal. In fact, three kinds of crystal phases (quartz, cristobalite, and 
tridymite) were identified in each condition, as shown in Figure 1. 

3.2.2. Degree of crystallinity 
 The degree of crystallinity was closely linked to the pattern of diffraction and the 
crystal phase of the nano-silica. The degree of crystallinity varied from 66.40% to 93.53%. 
The increase in precipitation pH increased the degree of crystallinity, as shown in Table 2. 
Increase in the degree of crystallinity related to the new diffraction peak due to the growth 
of primary particles when high precipitation pH was applied. Increasing the number of 
diffraction peaks increased the number of the crystal phase, which increased the degree of 
crystallinity (Jalilpour and Fathalilou 2012). Increasing the intensity of the diffraction peaks 
also increased the degree of crystallinity. The increase in intensity was due to the increasing 
number of crystal phases at 2θ values.  
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 Figure 1 The diffractogram and the crystal phases of the nano-silica 

 
Aging time also influenced the strength of the crystal structure. A longer aging time 
improved the strong structure of the crystal planes, and a strong crystal plane structure 
increased the intensity of the diffraction peaks. The high intensity of the diffraction peaks, 
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in turn, increased the degree of crystallinity. Table 2 shows the degree of crystallinity of the 
nano-silica at each condition. 
 
Table 2 The degree of crystallinity, crystal size, particle size, and PDI of the nano-silica 

Aging time 

(hours) 
pH 

Degree of 
crystallinity (%) 

Average crystal 

size (nm) 

Average particle 

size (nm) 
PDI 

3 

7 66.39 37.77 214.04 0.21 

8 83.28 43.99 243.69 0.32 

9 86.50 47.02 345.89 0.35 

10 89.65 52.05 529.14 0.76 

6 

7 82.38 45.65 331.95 0.22 

8 86.08 51.86 338.69 0.42 
9 92.79 53.85 411.05 0.55 

10 93.53 56.87 698.24 0.83 

3.2.3. Crystal size, particle size, and particle size distribution 
 An increase in the precipitation pH increased the average crystal size. This 
phenomenon relates to the process of primary particle growth when a high pH was applied. 
Primary particle growth produced a large crystal size as a result of the merger 
(aggregation) of the core crystal and other crystal nuclei. The condensation reaction of 
nanoparticle compounds occurred when an increased pH was applied and resulted in the 
growth of primary particles and larger-than- average crystal size (Jarvenin, 2013). 
 The high precipitation pH caused the primary particles to aggregate with other primary 
particles to form secondary particles, producing larger crystal and particle sizes (Happy et 
al., 2007). Increased precipitation pH reduced the electrostatic barrier around the primary 
particles and caused the agglomeration. The large crystal size directly affected the size of 
the produced particles.  

 The particle size was the result of the agglomeration process of the primary particles, 
meaning that each particle consisted of more than one crystal. The average crystal size, 
average particle size, and PDI of the nano-silica are shown in Table 2. According to Namazi 
et al. (2012), nanoparticles are the resolution of dispersed particles or solid particles with 
sizes on a scale from 10 nm to 1000 nm. As such, the nano-silicas produced in this research 
included the nanoscale. Moreover, a particle size over 100 nm produced some scattered 
light and decreased transparency (Ha et al., 2019).  
 Increased aging time caused the agglomeration process of the primary particle, which, 
in turn, caused an increase in the average crystal and particle sizes. Small particles in an 
aqueous suspension tent joined together and built larger aggregates (Jarvenin, 2013). 
Figure 2 shows the particle size distribution of the nano-silica. 
 The polydispersity index (PDI) is a parameter that describes the particle size 
distribution of nanoparticles. A PDI value of 0.01 indicates monodisperse nanoparticles, 
while a PDI value of 0.7 is considered within the tolerance limits of nanoparticles that can 
be used as supporting material in various applications. Nanoparticles with a very broad size 
distribution will have PDI values greater than 0.7 (Nidhin et al., 2008). A broad particle 
range impacts the PDI value, and a high PDI value indicates that the nano-silica sample was 
not uniform. 

Figure 2a shows the particle size distribution curve when the aging time was three 
hours, while Figure 2b shows the size distribution curve at six hours of aging time. As pH 
increases, the PDI value increases. An increasing PDI value causes the size distribution 



428  Synthesis of Nano-silica from Boiler Ash in the Sugar Cane Industry using  
the Precipitation Method 

curve to widen due to the unstable primary particle growth process and the agglomeration 
process as the precipitation pH increases.  

 

  
(a) (b) 

Figure 2 Particle size distribution of the nano-silica at: (a) 3 h aging time; and (b) 6 h aging time 

The processes of primary particle growth and agglomeration create the size uniformity of 
nano-silica. This is supported by the results of the analysis of the diffraction pattern 
parameters, the average size of the crystals, and the average size of the particles. The 
diffraction pattern when the pH precipitation is high leads to the emergence of new crystals 
due to the growth of the primary particles. In addition to increasing the size of the crystals 
and the particles, the process of agglomeration and the growth of primary particles makes 
the resulting size non-uniform. This non-uniformity is evidenced by the widening of the 
nano-silica particle size distribution curve. 

3.2.4. Fourier transform infrared (FTIR) spectra 
 FTIR analysis can show the functional groups in a sample of nano-silica. The absorption 
band appears at a certain wave number, indicating the identity of certain functional groups 
in several samples. In addition, the intensity of a certain functional group shows the number 
of the functional group in a sample. Figure 3 shows the FTIR spectra of the nano-silica at pH 
7 and pH 10 and aging times of three hours and six hours. 
 Figures 3a and 3c show the FTIR spectra at an aging time of three hours. The absorption 
bands of the two samples have similarities but different intensities. In the pH 10 treatment, 
the absorption bands formed at 3398.39, 1626.15, 1060.64, 986.45, and 794.45. According 
to Sriyanti et al. (2005), the absorption band at wave numbers around 3400 cm-1 shows the 
vibration of the -OH (hydroxyl) group of the silanol group (Si-OH). The absorption band at 
the wave number around 1600 cm-1 showed the bend-OH vibration of the silanol group. 
The absorption band at the wave number around 1100 cm-1 showed the stretch vibration 
of the siloxane group (Si-O-Si). Meanwhile, the absorption bands at wave numbers around 
900 cm-1 and 700 cm-1 showed the stretching vibrations of Si-OH (silanol) and Si-O-Si 
(siloxane), respectively. 
 In the pH 7 treatment, the FTIR spectra did not differ much from that of the pH 10 
treatment. Absorption bands appeared at wave numbers 3423.56, 1603.34, 1104.54, 
990.87, and 786.45. The absorption band showed -OH (hydroxyl) vibrations from silanol 
(Si-OH), bend -OH vibrations from water, siloxane group stretching vibrations (Si-O-Si), 
stretching vibrations from silanol (Si-OH), and stretch vibrations from siloxane (Si-O-Si) in 
a row. 

In the absorption band wave of 3400 cm-1 at pH 7 and aging times of three hours and 
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six hours, the intensity was higher than in the absorption bands at pH 10 with aging times 
of three hours and six hours, indicating that the silanol groups at pH 10 were lower than 
the silanol groups at pH 7. 
 

 

Figure 3 FTIR spectra of the nano-silica at: (a) pH 10 with an aging time of 3 h; (b) pH 10 with an 
aging time of 6 h; (c) pH 7 with an aging time of 3 h; and (d) pH 7 with an aging time of 6 h 

  
In the absorption band wave of 1100 cm-1 at pH 7, the intensity was lower than in the 
absorption band of pH 10, indicating that the siloxane groups at pH 10 were higher than at 
pH 7. At pH 10, the siloxane groups increased and the silanol groups decreased, indicating 
a condensation reaction of the silica compound at pH 10. This condensation reaction 
occurred between one silanol group and another silanol group and formed siloxane groups. 
The condensation reaction was caused by the agglomeration process of the silica 
compounds. The intensity of the silanol groups at pH 7 was higher than at pH 10 because of 
the low agglomeration process at pH 7. This phenomenon was proven by the fact that the 
intensity of absorption band of the siloxane groups at pH 7 was lower than at pH 10. 
 Figures 3b and 3d showed the FTIR spectra at an aging time of six hours. The 
absorption bands of the two samples had similarities to the absorption bands of the samples 
when the aging time was three hours. In the pH 10 and pH 7 treatments, absorption bands 
were formed at about 3400, 1600, 1100, 900 and 700 cm-1 wave numbers. These absorption 
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bands indicated the vibration of the -OH (hydroxyl) group of the silanol (Si-OH) group, the 
bend -OH vibration of the group silanol, stretching vibrations of the siloxane group (Si-O-
Si), stretching vibrations of Si-OH (silanol), and Si-O-Si (siloxane), respectively. 

3.2.5. Morphology of the nano-silica 
 The observed particle morphology consisted of one or several nano-silica particles 
observed at random with a magnification of 100 times and 5000 times. The 100 times 
magnification was used to observe the particle size distribution, while the 5000 times 
magnification used to observe single-particle morphology. The observed particle size 
distribution was not uniform; specifically, the PDI values that were higher than 0.1 
indicated that the homogeneity size was not too uniform. Through single-particle 
morphology, it could be seen that the nano-silica particles had flakes and a polygonal shape. 
Moreover, it could be seen that a single particle was comprised of several parts of crystals. 
In addition, the precipitation method produced nano-silica with polygonal morphology. 
Figure 4 shows the particle morphology of the nano-silica. 
 

  
(a) (b) 

Figure 4 Particle morphology of the nano-silica at: (a) 100×; and (b) 5000× 

  
EDX and mapping observations showed that the nano-silica particle was primarily 

composed of Si and O. Beside Si and O, there were also elements of C and Na. The carbon 
(C) element may have resulted from the use of a sample preparation plate made from 
carbon. The Na element resulted from salt Na2SO4 (by-products from the production of 
silica) that was still attached to the nano-silica particle. Overall, the Si element had a 
percentage of 18.95% (wt), and the O element had a percentage of 25.31% (wt). Table 3 
shows the elements of the particle based on an EDX test at 5000 times magnification. 

 
Table 3 The elements of the nano-silica particle based on the EDX test 

Element Net Weight (wt %) Atomic (wt %) 

O 25.31 42.37 

Si 18.95 18.07 

C 14.48 32.30 

Na 5.13 5.98 
Pb 4.43 0.57 

Cl 0.95 0.72 

Total 69.26 100.00 
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3.3.  The Potential Applications of Nano-silica  
 Nano-silica can be applied as a filler of composite materials. Nano-silica can improve 
the mechanical properties and durability of high-performance concrete of composite 
materials (Eddhie, 2017). Variations of the precipitation pH and the aging time influence 
nano-silica characterization and properties, which should be analyzed for appropriate 
potential applications. Table 4 shows the potential applications of nano-silica based on 
research and literature studies. 
 
Table 4 Potential applications of nano-silica based on its characteristics 

Combination 

Characteristics of nano-silica 

Potential application 
Degree of 

crystallinity 
(%) 

Crystal 
size (nm) 

Particle 
size (nm) 

pH 7 with 3 h of 
aging time 

66.387 37.772 214.04 

Direct methanol fuel cell (DMFC) 
membrane and supplementary 
cementitious material (SCM) need a 
composite with hydrophilic properties 
(low degree of crystallinity), particle 
size in nano order, and PDI < 0.7 

pH 7 with 6 h of 
aging time 

82.377 45.651 331.95 
Additional support layer membrane 
ultrafiltration and composite resin need 
a semi-crystalline composite, particle 
size in nano order, and PDI < 0.7 

pH 8 with 3 h of 
aging time 

83.275 43.993 243.69 

pH 8 with 6 h of 
aging time 

86.076 51.856 338.69 
Rubber airbags need a composite with 
high crystallinity, particle size in nano 
order, and PDI < 0.7 

pH 9 with 3 h of 
aging time 

86.503 47.024 345.89 

pH 9 with 6 h of 
aging time 

92.794 53.849 411.05 

3.3.1. Electrolyte membrane direct methanol fuel cell (DMFC) filler 
 The electrolyte membrane is the key component of the direct methanol fuel cell 
(DMFC), which transfers protons from an anode to a cathode. Using inorganic material as a 
membrane filler would increase proton conductivity due to its good hydrophilic properties 
(Setiawan et al., 2015). A decrease in the degree of crystallinity would increase the 
hydrophilicity properties (Yudhistira et al., 2012). In the present study, it was evident that 
pH 7 and an aging time of three hours produced the lowest degree of crystallinity. The high 
hydrophilic group of composites would improve the transfer of protons in the membrane 
electrolyte. Therefore, nano-silica is appropriate to be used as a composite electrolyte 
membrane due to the increase in the surface area. 
 Nano-silica can be applied to any polymer, such as chitosan, polysulfone, or 
polyetheretherketone. Ismayana et al. (2018) applied nano-silica from the boiler ash of the 
sugar cane industry as a filler of polysulfone (PSF) and sulfonated polyetheretherketone 
(sPEEK) membranes in DMFC. A membrane with a PSF:sPEEK ratio of 1:12 and the addition 
of 3% of nano-silica was the best composition with water absorption, methanol absorption, 
ion exchange capacity, and ionic conductivity values of 27.21%, 25.62%, 2.56 meq/g, and 
66.28×10-6 S/cm, respectively (Ismayana et al., 2018). Indrasti et al. (2018) applied nano-
silica as a filler of chitosan sulfate membranes in DMFC. A membrane with 0.1 M of 
ammonium sulfate and 3% of nano-silica had the highest performance with 40.75% of 
water absorption, 44.22% of methanol absorption, 0.66 meq/g of ion exchange capacity, 
and 6.48×10-4 S/cm of ion conductivity (Indrasti et al., 2018). 

3.3.2. Additional support layer ultrafiltration membrane filler 
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 Membrane technology is a new waste treatment method that improves the quality of 
the effluent (Faisal et al., 2016). An ultrafiltration membrane could replace chemical 
wastewater treatment with a lower cost and lower chemical use. The most common 
membrane used is a polysulfone membrane because it has good mechanical, thermal, and 
chemical stability. As a hydrophobic membrane, nano-silica needs to be used as a composite 
to increase the hydrophilicity of the polysulfone membrane so that the absorption is more 
effective. Windiastuti et al. (2016) showed that a polysulfone membrane with an addition 
of 3% of nano-silica could reduce the chemical oxygen demand (COD) by up to 8 mg/L, 
decrease the microbial content, and reduce the heavy metal content. 
 According to Yudhistira et al. (2012), an ultrafiltration membrane needs a lower 
hydrophilic composite and a larger particle size than the composite of a thin surface layer 
to support high flux. The combination of pH 7 and an aging time of six hours and the 
combination of pH 8 and an aging time of three hours resulted in nano-silica with the 
characteristics and properties that were appropriate for the support layer of an 
ultrafiltration membrane.  

3.3.3. Composite resin filler 
 A composite resin is used in dentistry to restore cavities. The reaction of nanoparticles 
with composite resin would improve properties, such as wear resistance, smooth surfaces, 
elasticity, flexural strength, and tensile strength (Atai et al., 2012). Meanwhile, the addition 
of nano-sized filler material would result in increased surface area and water absorption. 
Therefore, the addition of nano-silica with a semi-crystalline degree of 45% < x < 85% is 
required. Nano-silica classified as semi-crystalline would have the number of siloxane 
groups higher than the silanol groups. Siloxane groups would prevent the absorption of 
excess water in the resin composite. The combination of pH 7 and an aging time of six hours 
and the combination of pH 8 and an aging time of three hours resulted in nano-silica that 
was fit for application as a composite resin filler. 

3.3.4. Ship rubber airbag filler 
 A rubber airbag is a rubber product used for launching ships from the shipyard 
(Siswanto et al., 2012). Silica in a crystalline form would have more process capability than 
silica in an amorf form. Nano-silica would increase the surface area, making it more 
interactive with the rubber compounds. Nano-silica produced from a combination of pH 10 
and aging times of three or six hours had a high degree of crystallinity. 

3.3.5. Supplementary cementitious material (SCM) for concrete 
 Silica can be utilized as supplementary cementitious material because it can fill empty 
pores due to hydration of the cement paste as it is 100 times smaller than cement (Quercia 
and Brouwers, 2010). Through this mechanism, the density of the cement paste would 
increase. Based on SCM application needs, nano-silica with high reactive groups could 
support the bond between the silica and the cement. Silanol is a group of reactive silica that 
could increase the bond between the cement and the nano-silica. The combination of pH 7 
and an aging time of three hours produced nano-silica with the lowest degree of 
crystallinity or domination by silanol groups.  
 
4. Conclusions 

The precipitation method produced nano-silica with polygonal morphology. 
Precipitation pH and aging time affected the characteristics of the nano-silica, including 
the particle size, PDI, crystal size, crystallinity degree, and crystal phase. The 
combination of various precipitation pH and aging times resulted in nano-silica with 
different characteristics. Overall, the nano-silica in this research had a semi-crystalline 
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to crystalline form with three crystal phases: tridymite, quartz, and cristobalite. Nano-
silica has several potential applications, namely, as filler for DMFC membranes, 
ultrafiltration membranes, rubber airbag launchers, composite resin, and SCM. 
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