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1. Introduction 
 

Colloids have attracted the attention of many scientists 

because of their specific features and broad range of 

applications in various industrial and consumer products, 

including food  Dickinson (2015), de Moraes et al. (2021), 

cosmetics Khezri et al. (2018), Moradi et al. (2021), 

catalysts Jiao et al. (2021), Prabha et al. (2021), ceramics 

Cerbelaud et al. (2016), Ma et al. (2021a), pigments Jiang, 

biomedicine Abulateefeh et al. (2011), Guo and Wang 

(2011), Shah and Rather (2021), and polymer composites 

Kim et al. (2007), Liu et al. (2020), Arani et al. (2021). 

According to the IUPAC definition, colloids are stable 

particles with dimensions in the range of 1–1000 nm 

suspended or dispersed in the continuous phase of different 

compositions or states Everett (1972). At first glance, these 

heterogeneous mixtures appear identical to solutions and 

suspensions. However, further accurate investigations imply 

that their intrinsic specific traits give them a distinct 

advantage over other heterogeneous and homogeneous 

mixtures. The differences between the properties of 

solutions, colloids, and suspensions are listed in Table 1.  

As it is difficult to measure the size of the particles in 

the dispersed phase and since their appearance is similar to 

solutions, colloids are sometimes identified and characterized 

by their physicochemical properties. They are classified into  
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different categories depending on their dispersed and 

dispersion phases, as shown in Table 2. For instance, a sol 

is a collection of stable solid colloidal particles suspended 

in liquid, whereas a gel is defined as a continuous solid 

skeleton enclosing a continuous liquid phase, and an 

emulsion refers to liquid drops in a liquid phase.  

The critical properties of colloids have aroused 

scientists’ enthusiasm to make a breakthrough in developing 

inorganic, polymeric, carbon, and composite particles (Xiong 

et al. 2020, Fu et al. 2021, Zhu et al. 2021, Liu et al. 2011) 

attempted to design monodisperse resorcinol–formaldehyde 

polymers and carbon spheres Liu et al. (2011). Furthermore, 

other scientists have tried to devise new methods to use 

these polymeric particles to increase the productivity of 

daily routine instruments Sun et al. (2021), Zhang et al. 

(2022). The use of tunable porous carbon spheres for high-

performance rechargeable batteries and carbon nanotube 

dispersion in polymeric composites are cases in point (Tian 

et al. 2018, Bai et al. 2020, Ghazanfari et al. 2020, Li et al. 

2020, Liu et al. 2020, Oyarhossein et al. 2020, Wang et al. 

2020, Feng et al. 2021, Hu et al. 2021). 

Among the variety of colloidal particles, inorganic 

particles, and specifically silica nanoparticles, have 

revolutionized the utilization of colloids in chemistry 

because of their extensive potential applications in many 

industries Kim et al. (2007), Zhang et al. (2016), TM et al. 

(2020), de Moraes et al. (2021), Prabha et al. (2021). Fig. 

1(a) shows the number of publications from 2000 up to 

now, based on web of science’s search result for silica 

nanoparticles. As it obvious in Fig. 1 the application of 

silica nanoparticles to improve the properties of different 

material, in various field of study has been increasing in last  
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Table 1 Properties of solutions, colloids, and suspensions 

Everett (1972) 

 Solutions Colloids Suspensions 

Appearance Homogeneous Heterogeneous Heterogeneous 

Particle size 

0.01–1 nm; 

atoms, ions, or 

molecules 

1–1000 nm; 

dispersed large 

molecules or 

aggregates 

Over 1000 nm; 

suspended large 

particles or 

aggregates 

Effect of light 
Do not scatter 

light 

Scatter light  

(Tyndall effect) 

May either 

scatter light or 

be opaque 

Effect of 

sedimentation 

Do not separate 

on standing 

Do not separate 

on standing 

Particles will 

eventually 

settle out 

Extraction 
Do not separate 

on standing 

Do not separate 

on standing 

Particles settle 

out 

 

Table 2 Classification of colloids Bergna (2005) 

Dispersed phase 

Dispersion Phase 
Gas Liquid Solid 

Gas 

No such 

colloids are 

known 

Liquid aerosol Solid aerosol 

Liquid Foam Emulsion Sol 

Solid Solid foam Gel Solid sol 

 

 

 

Fig. 1 (a) The number of published articles used 

nanosilica particle, (b) Published articles employed 

Stöber method in their synthesis and modification studies 

 

decade Bai et al. (2021). The Stöber endeavor toward the 

development of monodisperse silica spheres based on the 

hydrolysis of tetraethyl orthosilicate (TEOS) in the presence 

of water in an ammonia-catalyzed sol–gel reaction paved 

the way for synthesizing silica particles with different sizes 

and shapes Stöber et al. (1968). After Stöber numerous 

researcheres have started using Stöber method in their 

synthesis and modification studies and it can be seen in Fig. 

1(b) that, nowadays, Stöber approache has a pivotal 

imprtance in synthesis of silica and other nanoparticles.  

It has been revealed that the chemical reactions involved 

in the Stöber method are divided into two main steps, 

hydrolysis, and condensation Svirbely and Mador (1950), 

van Blaaderen and Kentgens (1992), Van Blaaderen et al. 

(1992), Aelion et al. (2002), Curley et al. (2021), as 

depicted in Fig. 2.  

The importance of controlling particle size and 

dispersity has encouraged researchers to concentrate on the 

formation mechanism of colloidal silica particles. Clearly, 

when more accurate information about the formation 

mechanism is obtained, it is possible to control the related 

parameters. Two models, monomer addition and controlled 

aggregation, were introduced for the formation mechanism 

of these particles Matsoukas and Gulari (1988), Bogush and 

Zukoski (1991), Polte (2015). The monomer addition model 

describes the achievement of monodisperse silica particles 

by effective separation of the nucleation and growth 

processes. It also reveals that the rate of hydrolysis controls 

the growth of silica particles, and the reaction occurs 

through the first order reaction in diluted solutions of 

TEOS. In contrast, the controlled aggregation-based model 

proposes that uniformly sized particles can be achieved 

when the aggregation rate between larger particles is slower 

than that between smaller particles, and growth occurs 

when the aggregates reach a specific size due to the 

gathering of small particles. Many studies have been 

conducted to investigate the reliability of these models and 

their consistency with the reaction mechanism using 

different analytical methods, such as DLS, 29Si nuclear 

magnetic resonance (NMR), 13C NMR, and X-ray scattering 

Van Blaaderen et al. (1992), Kumar et al. (2021).  

To the best of our knowledge, though computational and 

modeling analysis have been used in innumerable fields of 

study Hou et al. (2021), Huang et al. (2021a, b), Zhao et al. 

(2021), statistical studies investigating the synthesis process 

of colloidal materials and nanoparticles are limited. Guldin 

et al. (2019) used DOE software to control the mean 

diameter and dispersity of oleylamine-capped gold 

nanoparticles (AuNPs) Fhionnlaoich et al. (2019). In another 

study, Khademolhosseini investigated the synergetic effects 

between silica nanoparticles, bio-surfactant and salinity for 

increasing the productivity of the oil recovery process 

Khademolhosseini et al. (2019). Despite the daily increase 

in nanoparticle applications in various fields, only a limited 

number of published papers have statistically investigated 

the implementation and synthesis of these invaluable 

materials Crowson et al. (2020), Hiszpanski et al. (2020), 

Altintas et al. (2021), Dai et al. (2021), Nezadi et al. 

(2021). In this study, the dominant parameters influencing 

the Stöber method are extracted from the literature Stöber et  
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Fig. 2 Hydrolysis and condensation steps in the Stöber method. 

Table 3 Studies investigated the Stöber method for synthesis of silica nanoparticles 

Investigated Parameters Method Reference 

pH, Kinetic of hydrolysis reaction OFAT Aelion et al. (1950) 

Formation mechanism and Kinetic of Sol formation OFAT LaMer and Dinegar (1950) 

NH3 and TEOS concentration OFAT Stöber et al. (1968) 

Effect other silicate precursors like TMOS, HMOS, OMOS OFAT Klemperer et al. (1986) 

Temperature effect OFAT Tan et al. (1987) 

Temperature and medium effect OFAT Tan et al. (1987) 

TEOS and NH3 concentration, formation mechanism OFAT Matsoukas and Gulari (1988) 

Formation mechanism OFAT Kim and Zukoski (1990) 

TEOS concentration and medium effect OFAT Harris et al. (1990) 

Formation mechanism and kinetics OFAT Bogush and Zukoski (1991) 

TEOS, H2O and NH3 Concentration OFAT Bogush and Zukoski (1991) 

Effect of TEOS, H2O, NH3 concentration, temperature and 

reaction medium on morphology and chemical microstructure 
OFAT van Blaaderen and Kentgens (1992) 

Formation mechanism OFAT Bailey and Mecartney (1992) 

Particle formation and growth mechanism OFAT van Blaaderen et al. (1992) 

Temperature and TEOS, H2O, NH3 concentration effect OFAT Giesche (1994) 

TEOS, NH3, H2O concentration and formation mechanism OFAT Lee et al. (1997) 

Formation mechanism and medium effect OFAT Boukari et al. (1997) 

TEOS, H2O, NH3 and formation mechanism OFAT Lee et al. (1998) 

NH3 and H2O concentration and medium effects OFAT Green et al. (2003) 

NH3 concentration OFAT Costa et al. (2003) 

pH effect, microemulsion synthesis OFAT Finnie et al. (2007) 

Formation mechanism OFAT Carcouët et al. (2014) 

NH3 and LiOH concentration effect and formation mechanism OFAT Han et al. (2017) 

NH3, TEOS, Temperature effects CCD/RSM This study 
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Table 4 Determination of the DOE required parameters and 

their ranges 

Name Unit -1 level +1 level -α +α 

TEOS mol/L 0.48 1.31 0.2 1.6 

NH3 mol/L 0.90 2.09 0.5 2.5 

Temperature °C 16.08 33.91 10 40 

 

 

al. (1968), Liu et al. (2011), Fuertes et al. (2012), Jiang et 

al. (2017) and Table 3 shows the studies which have been 

done in the synthesis of silica nanoparticle using Stöber 

method. In all these studies one factor at a time (OFAT) has 

been adopted to investigate the effective factors in synthesis 

of silica particulate.  
In this study the TEOS and basic catalyst concentration, 

as well as the temperature of the reaction, are considered the 
principal factors influencing the size and monodispersity of 
the synthesized silica particles. Owing to DOE software, 
these parameters and central composite design have been 
used to build a second-order (quadratic) model for the 
response variables without requiring a complete three-level 
factorial experiment. Once the experimental results of the 
trials are obtained and analyzed, two models are suggested 
by DOE and Python. The accuracy of the suggested models 
is evaluated by performing a synthesis based on the 
recommended values for determining factors. Additionally, 
the optimized reaction conditions to achieve the minimum 
particle size with the lowest level of TEOS as a valuable 
reactant are experimentally investigated.  

 

 

2. Experimental 
 
2.1 Materials and synthesis method 
 

Tetraethyl orthosilicate (ethyl silicate, Si(OC2H5)4, 40%) 

was purchased from Evonik Industries. Ammonia (NH4OH 

(aq), 22%) was provided by Razi Petrochemical Industries. 

Ethanol (EtOH, C2H5OH, 99.5%) was obtained from 

Merck, and distilled water was purchased as a raw material. 

All reagents used in this study were used directly without 

further purification. 

 

 

2.2 Synthesis of monodisperse silica particles 
 

Silica particles were synthesized under basic conditions. 

For this purpose, according to Table 4 generated by the 

DOE software after determining the range of concentrations 

and temperature, the required amount of ammonia solution 

was poured into a beaker and stirred mechanically at 600 

rpm. In order to decrease the agglomeration during 

synthesis, dissolver blade has been used for mechanical 

stirring. Diluted TEOS, at room temperature, was added to 

the stirred beaker with a syringe pump (BT100-1L from 

LONGER Co.) at a rate of 1 ml/min. The addition of TEOS 

resulted in an opaque liquid. After the complete addition of 

TEOS to the gradually emerging opaque liquid, the beaker 

contents were stirred vigorously at 850 rpm for another 3 h 

and then washed with ethanol several times to ensure 

complete removal of the residual reactants. The obtained 

suspension was dried in an oven for 24 h at 80°C and 

calcined in a furnace at 550°C for 2 h. Fig. 3 shows a 

schematic of the procedure. 

 

2.3 Characterization of the synthesized silica 
nanoparticles 

 
Hydrodynamic particle sizes and size distributions were 

measured by DLS using Cordouan technologies at ambient 
temperature. Each sample was measured three times for 
better accuracy in reporting the particle size and avoiding 
reporting agglomerations and sedimentation. The 
morphology of the silica particles was investigated using 
scanning electron microscopy (SEM, Philips XL30). 

 

2.4 Statistical approach using DOE 

 
The statistical results of the experiment were obtained 

using Design Expert V.7.0 statistical software. The 
morphology and particle size of the colloidal silica particles 
can be affected by different parameters, such as 
temperature, TEOS, and catalyst concentration. According 
to previous studies, the critical concentrations of TEOS and 
NH3 that can influence the main properties have been 
reported as between (0.2–1.6 mol/L) and (0.5–2.5 mol/L), 
respectively. In addition, the critical temperature was  

 
Fig. 3 Graphical abstract of the method to synthesize monodisperse silica 
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Table 5 Experimental design 

Standard Run 
TEOS 

mol/L 

NH3 

mol/L 

Temp 

°C 

Particle size 

(nm) 

7 1 0.48 2.09 33.92 884.6 

6 2 1.32 0.91 33.92 96.48 

15 3 0.90 1.5 25 108.18 

17 4 0.90 1.5 25 271.33 

2 5 1.32 0.91 16.08 133.85 

3 6 0.48 2.09 16.08 557 

18 7 0.90 1.5 25 284.46 

10 8 1.60 1.5 25 451.46 

4 9 1.32 2.09 16.08 468 

8 10 1.32 2.09 33.92 418.7 

5 11 0.48 0.91 33.92 81.59 

12 12 0.90 2.5 25 458 

13 13 0.90 1.5 10 67.81 

16 14 0.90 1.5 25 308.02 

1 15 0.48 0.91 16.08 98.17 

11 16 0.90 0.5 25 158 

9 17 0.20 1.5 25 568.88 

14 18 0.90 1.5 40 411.58 

 

Table 6 ANOVA results 

Source 
Sum of 

squares 
DF 

Mean 

square 
F-value P-value 

Model 737 600 8 92 197.60 9.77 0.0021 

A-[TEOS] 36 064.81 1 36 064.81 3.82 0.0863 

B-[NH3] 461 400 1 461 400 48.89 0.0001 

C-

Temperature 
47 156.26 1 47 156.26 5.00 0.0558 

AB 45 824.24 1 45 824.24 4.86 0.0587 

AC 19 769.67 1 19 769.67 2.09 0.1858 

BC 13 798.76 1 13 798.76 1.46 0.2611 

A2 137 900 1 137 900 14.61 0.0051 

B2 10 593.51 1 10 593.51 1.12 0.3203 

R2 0.9071     

 

 

between 10°C and 40°C (Bogush et al. 1988). To achieve 

the most accurate results and increase the reliability of the 

software prediction, the aforementioned parameters were 

chosen in their critical range to design the experiment of the 

process. For this reason, the beginning (-α) and end (+α) of 

the variable ranges were defined for the software, and the 

software generated a low value (-1) and high value (+1). 

The upper and lower limits of the determining variables are 

listed in Table 4. 

The number of runs in the central composite design 

model in the DOE software is calculated using the 

following equation: 

Number of runs in CCD model: 2𝐾 + 2𝐾 + 𝐶 (1) 

where K is the number of variables and C is the number of 

central points. (2K) is defined as the number of factorial  

 

 

Fig. 4 Comparison between actual and predicted values 

 

 

 

Fig. 5 Deviation of results from the predicted line 
 

 

tests determined between the range of +1 and -1 levels, and 

(2K) is defined as the number of axial tests in which one 

variable is between -α and +α and the other variables are 

located at the central points. According to this definition, 

the number of experiments required for investigating the 

Stöber process with three variables (K = 3) and four central 

points (C = 4) is 18. Table 4 shows the suggested conditions 

for each run and their observed results. The particle size 

measured for all the experiments was analyzed by DLS and 

reported in number. 

Table 5 shows the analysis of variance (ANOVA) table 

acquired after modifying the quadratic model by eliminating  
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the C2 intercept. The relatively high R2 (0.9071) reveals the 
consistency of the given model with our experimental 
values. The p-value (0.0021) implies that the model is 
significant at the 95% confidence level and reliable enough 
to predict and optimize the reaction conditions. The table 
also indicates that the concentration of NH3 with the lowest 
p-value can be considered the most influential factor on the 
size of the particles.  

After this step, the actual values and predicted values 
were compared. The high value of R2 corroborated the 
reliability of the model. As a result, a sensible connection 
between the actual and predicted values was obtained, and 
no outlier points were observed. Figs. 4 and 5 are 
considered evidence to substantiate this assertion. 

 
 

3. Result and discussion 
 

Since the introduction of five significant parameters that 

play an essential role in the size of the silica particles by 

 

 

 

Bogush and Zukoski (1991), many studies have been 

conducted to investigate the effect of these parameters Rao 

et al. (2005), Rahman et al. (2007), all of which have 

concentrated on the effect of the parameters using the one-

factor approach. However, it is obvious that investigation of 

the parameters with a two-dimensional or even a three-

dimensional approach can give rise to more accurate data 

because not only does this feature help us to determine the 

correlation between one parameter and the particle size, but 

it also provides insight into the effects of different 

parameters on each other Liu et al. (2021), Xu et al. (2021), 

Yu et al. (2022). 

 

3.1 One-factor approach on variables influencing the 
particle size of colloidal silica 

 

3.1.1 Effect of TEOS concentration on particle size 
Different reports have been published regarding the 

effect of TEOS concentration on the size of silica nano- 

 
Fig. 6 One-factor approach on the correlation between [TEOS] and particle size ([NH3] = 1.5 M, temperature = 25°C) 

 
Fig. 7 One-factor approach on the correlation between [NH3] and particle size ([TEOS] = 0.9 M, temperature = 25°C) 
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particles. In 1968, Stöber et al. (1968) found no connection 

between TEOS concentration and particle size. After nearly 

two decades, van Helden found an indirect relationship and 

reported a reduction in particle size by increasing the TEOS 

concentration Van Helden et al. (1981), and seven years 

later, Bogush et al. (1988) published an article implying 

that when the concentration of TEOS was increased, the 

particle size increased. Despite some clear discrepancies 

between the reports, all the results are sufficiently accurate 

and the only difference between them is the lack of 

simultaneous study of the effects of other parameters on the 

concentration of TEOS. 

In the present study, it was revealed that increasing the 

TEOS concentration in the range of (0.2 < M < 1.1) at (1.5 

M) NH3 and ambient temperature (25°C) led to a reduction 

in particle size; nevertheless, a further increase in 

concentration of TEOS (M > 1 mol/L) reversed this trend 

and resulted in a steep increase in particle size (Fig. 6). The 

observed turning point in the TEOS concentration effect 

may be due to a longer induction time in dilute solutions of 

TEOS. Nucleation occurs when the concentration of 

monomers reaches a critical supersaturation level. After 

that, primary particles appear, and if their concentration 

increases to the level of Cmin (The minimum concentration 

required to ignite the aggregation of the primary particles), 

they may aggregate to form stable secondary particles. 

Nucleation continues and more nuclei are formed when the 

concentration of monomers in the reaction system is 

reduced below the nucleation threshold. Subsequently, if 

the concentration of the catalyst is sufficient and the 

temperature of the reaction is able to provide sufficient 

energy for effective collisions, an acceleration occurs in 

condensation reactions between two silicic acid monomers, 

causing monomer addition on the surfaces of the primary 

particles LaMer and Dinegar (1950), Svirbely and Mador 

(1950). As shown in Fig. 6, increasing the concentration of 

TEOS raises the possibility of reaching the supersaturation 

point specifically when ([TEOS] > 1 mol/L). In this situation, 

 

 

when the reaction conditions can provide enough energy to 

pass the activation barrier, the rate of condensation reaction 

increases, and growth can overcome nucleation. Hence, 

larger particles were observed. 
 

3.1.2 Effect of NH3 concentration on particle size 
Increasing the concentration of ammonia leads to larger 

particles by increasing the rate of hydrolysis and 

condensation in the formation mechanism of silica. As a 

result, a lower concentration of the base catalyst facilitates 

smaller particles Matsoukas and Gulari (1988), Rahman et 

al. (2007). Fig. 7 substantiates this assertion by showing the 

relation between [NH3] and particle size of the synthesized 

silica. 

 

3.1.3 Effect of reaction temperature on particle size 
According to the literature, the correlation between 

temperature and particle size is indirect. Research based on 

the monomer addition model highlights a decrease in the 

rate of hydrolysis reactions with decreasing temperature, so 

it seems rational that a much smaller number of particles 

appears to relieve the high supersaturation of silicic acid 

(Csat = the maximum possible quantity of a substance that 

can dissolve in a standard volume of a specific solvent). As 

a result, for a fixed amount of TEOS in each reaction, the 

average particle size must increase as the temperature is 

reduced. However, we found that the relationship between 

temperature and particle size is slightly more complex than 

the effects of other parameters because the temperature can 

influence the solubility of the base catalyst and silica 

sources and impact the viscosity of the solution. Essentially, 

in the one-factor approach, as shown in Fig. 8, when the 

temperature is increased, the particle size increases slightly 

at constant concentrations of [TEOS] = 0.9 and [NH3] = 1.5, 

yet the trend can be totally different at other concentrations. 

Clearing the relationship between the reaction temperature 

and particle size, the temperature effect is discussed in two- 
dimensional approaches. 

 
Fig. 8 One-factor approach on the correlation between temperature and particle size at constant concentrations of 

[TEOS] and [NH3] 
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3.2 Two-factor approach on variables influencing the 
particle size of colloidal silica 

 

3.2.1 Simultaneous change of [TEOS] and [NH3] 
variables at constant temperature 

As mentioned above, the one-factor investigation graph 

does not appear sufficiently complete to analyze a process 

Oyarhossein et al. (2020), Al-Furjan et al. (2021), Hou et 

al. (2021). Despite a clear trend in Figs. 6-8, these graphs 

are only reliable for specific concentrations and temperatures, 

and the trend can be varied by changing these parameters. 

Consequently, the contour lines of a function with two 

variables and interaction graphs are prioritized for a better 

analysis. Fig. 9 illustrates the relationship between [TEOS] 

and [NH3] at 25°C. This graph is considered a two-

dimensional factor, which is known as an interaction graph. 

In this type of investigation, one variable (temperature) 

remains constant, and the two other variables ([TEOS], 

[NH3]) change simultaneously Huo et al. (2021), Peng et al.  

 

 

 

(2021). The graph shows that the interaction between the 

TEOS concentration and ammonia solution is relatively 

conceivable at higher concentrations. As a result, at constant 

concentrations of TEOS, an increase in the concentration of 

NH3 contributes to larger particles.  

The same trend can be seen more explicitly in Fig. 10, 

where the contour lines show the variation of [TEOS] with 

[NH3] and their simultaneous effect on particle size. 

Clearly, increasing the concentration of ammonia at a 

specific concentration of TEOS increases the particle size 

and the curves move from the blue region (smaller 

particles) to the green and yellow regions (larger particles). 

 

3.2.2 Simultaneous change of [TEOS] and 
temperature variables at constant concentration of 
ammonia 

The effects of [TEOS] and temperature on each other 

and their impact on particle size appear considerable. As 

shown in Fig. 11, the interaction between the concentration  

 
Fig. 9 Interaction between [TEOS] and [NH3] at ambient temperature 

 
Fig. 10 Contour lines of [TEOS] and [NH3] as variables at ambient temperature 
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Fig. 11 Interaction between [TEOS] and temperature at constant concentration of base catalyst 

 
Fig. 12 Contour lines of [TEOS] and temperature as variables at constant concentration of ammonia 

 
Fig. 13 Contour lines of [TEOS] and temperature as variables at constant concentration of ammonia 
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of TEOS and temperature is intense, specifically at higher 

concentrations when [TEOS] > 1.3 M. In other words, at a 

constant concentration of the base catalyst [NH3] = 1.5, 

increasing the concentration of TEOS to 1.3 contributes to a 

smaller particle size; however, after this critical point, the 

particle size increases. As stated in Section 3.1.3, the effect 

of temperature is more complicated because this parameter 

can alter multiple factors simultaneously, such as viscosity 

and solubility, and provide sufficient energy to pass the 

activation energy and control the nucleation and growth 

steps in the formation of particles. Consequently, further 

experiments and investigations are required to elucidate the 

kinetics and mechanism of the formation reactions.   

A more explicit trend can be seen in Fig. 12, where the 

contour lines depict the particle size changes at various 

temperatures. More obvious is the fact that at a given 

temperature and constant concentration of ammonia, 

byincreasing the concentration of TEOS, the particle size 

decreases, and then at higher concentrations of TEOS [M >  

 

 

 

1.1 mol/L], the trend is reversed, and the particle size 

increases. In fact, by moving horizontally on the graph, we 

enter the blue region (smaller particles) from the green 

region (bigger particles) and then enter the green region 

again by moving forward. 

 

3.2.3 Simultaneous change of [NH3] and temperature 
variables at a constant concentration of TEOS 

Our study reveals a synergistic effect between the 

concentration of the base catalyst and temperature on the 

particle size. This effect is even more considerable at higher 

concentrations of the base catalyst and elevated temperatures. 

As shown in Fig. 13, the slope of the graphs is steeper and 

changes more at higher temperatures, indicating the effect 

of temperature on larger particle sizes. More accurate 

investigations can be carried out by interpreting Fig. 14, 

where the interaction of [NH3] and temperature is depicted 

more tangibly. The contour graphs in Fig. 15 indicate that at 

certain concentrations of ammonia and a constant  

 
Fig. 14 Interaction between [NH3] and temperature at constant concentration of TEOS 

 
Fig. 15 Contour lines of [NH3] and temperature as variables at constant concentration of [TEOS] 
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concentration of TEOS, increasing the temperature leads to 

slow growth of the particle size, and as the concentration of 

[NH3] increases, the trend of increasing particle size 

accelerates. 

 

3.3 Optimizing the reaction conditions 

 

The central composite design (CCD) method was used 

to optimize the reaction conditions to obtain the minimum 

particle size while considering minimal TEOS consumption. 

As a result, variables were optimized using statistical tools, 

and experimental tests were carried out for confirmation. 

TEOS can be considered a more expensive reactant in 

comparison with other chemicals, and consequently, the 

lower the concentration, the more economical the industrial 

production of nanosilica. According to the statistical  

 

 

 

calculation of the CCD method, the most optimum 

condition for obtaining particles below 100 nm is 

[TEOS] = 0.48 mol/L, [NH3] = 0.91 mol/L, and a 

temperature of 33.37°C. The accurate prediction of the 

CCD method was 67 nm, which was approximately 

consistent with the DLS analysis (56.36 nm) of the particles 

synthesized in the laboratory (Fig. 16). SEM analysis was 

also conducted to investigate the morphology of the 

synthesized silica (Fig. 17). 

 

 

4. Machine-learning prediction 

 

In recent years, artificial intelligence has become a 

powerful tool in many scientific research areas Qiao et al. 

(2021), Xu et al. (2021), Ma et al. (2021b). It is seen that  

 

 
Fig. 16 DLS analysis of the optimized silica nanoparticles. 

 
Fig. 17 SEM analysis of the silica nanoparticles 
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experimental and numerical simulations of many physical 

problems require time consuming practices (Amelirad and 

Assempour 2019, 2021, Zhou et al. 2020, Al-Furjan et al. 

2021, Dai et al. 2021a, b, c, d, Ebrahimi et al. 2021, 

Ghabussi et al. 2021, Guo et al. 2021a, b, Hashemi et al. 

2021, He et al. 2021, Huang et al. 2021c, Huo et al. 2021, 

Liu et al. 2021a, b, Moayedi et al. 2021, Najaafi et al. 2021, 

Peng et al. 2021, Shao et al. 2021, Shariati et al. 2021, Wu 

and Habibi 2021, Zhang et al. 2021a, b, c) Thus, machine 

learning capability in predicting new results based on 

previous experiments and datasets with extraordinarily low 

computational cost (He et al. 2020, Li et al. 2020), in 

addition to providing practically exact results, has attracted 

the attention of many researchers (Jinnouchi and Asahi 

2017, Cao et al. 2018, Yang et al. 2019, Acar 2020, Altintas 

et al. 2021). In the present study, this method was also 

applied to the original dataset to construct a prediction 

model using quadratic and third-order regression polynomials 

Li et al. (2020). The Scikit-learn package (Abraham et al. 

2014, Wang et al. 2020) in Python was chosen to create the 

machine model using the data given in Table 4. The input 

data were the set of TEOS, NH3, and temperature, and the 

output data were the particle sizes. To create a polynomial 

model, many trials were conducted to find the best selection 

of data to train the model. Accordingly, it was found that 

selection of 80% of the dataset for training the model 

presented the best outcome. Furthermore, the code was run 

several times to find the best scored model in terms of mean 

squared error. Finally, the predicted results were compared 

with the actual particle sizes, as shown in Fig. 18. The 

selected models have 𝑅2 = 0.9065 for the quadratic model 

and 𝑅2 = 0.9235 for the third-order model, which can be 

regarded as a virtuous score for the model based on the 

selected test and training sets of data. 

The calculated machine-learning model was further 

saved and employed for the prediction of the resultant 

particle  size for [TEOS] = 0.48 mol/L ,  [NH3] = 0.91 

 

 

mol/L and temperature 𝑇 = 33.37 °C as given in section 

3.3. For this single dataset the predicted particle size was 

PS = 215.35 nm  in the quadratic model and  PS =
81.59 nm  in the third-order model. The quadratic model 

result was far from the actual measured particle size of 

56.36 nm  but the third-order model presented a more 

reasonable outcome. 

The training procedure of a machine model usually 

requires a larger set of data to predict more accurate results. 

However, with the data available in the present study, the 

predicted values are acceptable in terms of the 

computational cost and effort required to obtain the results. 

Nevertheless, this method still provides high computational 

efficiency in comparison to other analytical and mathematical 

methods (Alipour et al. 2020, Cheshmeh et al. 2020, Li et 

al. 2020, Liu et al. 2020, Moayedi et al. 2020a, b, Shariati 

et al. 2020, Shi et al. 2020). 

 

 

5. Conclusions 

 

Silica nanoparticles were synthesized by the Stöber 

method using TEOS as an initiator and simultaneously 

investigating three main parameters: TEOS concentration, 

NH3 concentration, and temperature. The CCD model, 

suggested by DOE software, was used to build a quadratic 

model. Achieving minimum particle size with the lowest 

possible consumption of TEOS was considered the main 

goal of the designed experiments. The results revealed that 

a one-factor investigation is not a reliable approach to 

evaluate the effects of different parameters on the size of 

the nanoparticles, and these results can only be satisfactory 

for specific temperatures and concentrations. On the other 

hand, the size of nanoparticles synthesized under optimized 

conditions, as suggested by the DOE software model, 

ascertained that evaluation based on the results of two 

variables concurrently and consideration of their interaction 

  
(a) Quadratic polynomial regression models (b) Third-order polynomial regression models 

Fig. 18 Comparison of the predicted particle size using a machine-learning model for quadratic and third-order 

polynomial regression models and actual measured sizes of particles. The black line represents x = y 
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can give rise to more valid results. Comparing the quadratic 

models generated by the DOE and the Scikit-learn package 

in Python with the third-order model, it was found that the 

third-order model is more satisfactory for assessment of the 

simulated and actual results. Since all the materials used in 

this study were industrial grades, the results of this study 

can be applicable in laboratory and semi-industrial 

synthesis of nanosilica particles with a defined range of 

size. Moreover, the statistical method represented in this 

study, will be a promising approach to tackle the time and 

cost of trials required for synthesis of the silica 

nanoparticles with the desired size and abundance. 
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