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Abstract 

Spherical silica particles are typically made via Stöber processes. However, these processes are 

environmentally unsustainable. Here we report a process to synthesise spherical silica particles in 

a more sustainable way using sodium caseinate. Initial experiments showed that sodium caseinate 

can replace the typical industrial structural directing agents used to produce spherical particles. 

Particles of 124 nm in size were produced with 200 mg L−1 sodium caseinate and 81 µL sodium 

silicate, and particles with a bimodal size distribution ( 258 and 1432 nm) were produced with 400 

mg L−1 sodium caseinate and 81 µL sodium silicate. Particles with multimodal size distributions 

between 363 – 1588 nm and 342 – 860 nm where produced with 200 mg L−1 sodium caseinate and 

162 µL sodium silicate and 200 mg L−1 sodium caseinate and 810 µL sodium silicate, respectively. 

Higher concentrations of sodium caseinate and low concentrations of sodium silicate promoted 

Ostwald ripening. Low concentrations of sodium caseinate and high concentrations of sodium 

silicate promoted coalescence. Subsequent optimisation of the monodispersity using a statistical 

design of experiments yielded size-monodisperse silica particles with a narrower size distribution 

between 172 and 340 nm using sodium caseinate, calcium chloride, sodium silicate, and acetate 

buffer. Analysis of variance (ANOVA) and regression analyses were used to determine and 

quantify the relationship between reagent concentrations and particle size. A regression equation 

was calculated, which predicts particle size based on reagent concentration. Predicted particle sizes 

(189.6 nm, 197.1 nm, 204.6 nm, and 212.1 nm) and experimentally determined particle sizes (200 

nm, 190 nm, 184 nm, and 196 nm) showed good agreement. The possibility of producing spherical 

silica particles sustainably is shown.  
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Introduction 

Spherical silica is one of the most important and widely used materials in the world, used as a 

simple additive in products such as toothpaste and cement (Mason et al. 2019; Zheng et al. 2020), 

and in more advanced applications such as drug delivery, chromatography and sensors (Walcarius 

2018; Manzano and Vallet‐Regí 2020; Sobańska 2020). The production methods (Stöber and 

modified-Stöber) combined with the industrial scale at which spherical silica is made, is inherently 

environmentally unsustainable. The environmental impact of its production will continue to grow 

as demand for the material increases. The main problems associated with the large-scale 

production of silica is the use of environmentally damaging and toxic precursors. Alcoholic 

solvents and synthetic surfactants, such as cetyltrimethylammonium bromide (CTAB), are 

typically used and these have been shown to have adverse effects on the environment (Nałȩcz-

Jawecki et al. 2003; Capello et al. 2007). Industrially, synthetic surfactants and alcohols such as 

ethanol are mostly produced from petrochemical feedstocks (Knepper and Berna 2003; Scully and 

Orlygsson 2019). In order to address these problems while meeting the demand for spherical silica, 

a new method of production needs to be devised.  

Some biological systems can create complex and intricate silica structures with a degree of control 

far beyond what materials scientists have been able to achieve. However, it is possible to draw 

inspiration from these natural systems to produce precipitated silica in a biomimetic way. Some 

studies have looked at the way biomineralisation takes place in various organisms. The exemplars 

are the diatom species Thalassiosira pseudonana and Cylindrotheca fusiformis (Lopez et al. 2006). 

These can create elaborate, hierarchical silica structures far beyond what is achievable with even 

the most advanced materials science methods. The formation of such structures is controlled by 

the interaction of specific biopolymers with silicic acid derivatives (Kotzsch et al. 2017; Chen et 
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al. 2019; Patwardhan and Staniland 2019). These biopolymers have developed through natural 

evolution, resulting in a highly controlled, bottom-up, silica production process. 

Limited work has been done on trying to replicate the biomineralisation process in vitro using 

biopolymers to synthesise spherical silica particles. However, thus far, this work has only yielded 

silica particles that are non-spherical, agglomerated, or both (Coradin et al. 2002, 2003; Jia et al. 

2004; Gautier et al. 2008; Demadis et al. 2009). We have identified sodium caseinate (NaCas) as 

an ideal candidate to act as a structure-directing agent (SDA) in synthesising spherical silica 

particles. NaCas is a widely used as an emulsion stabiliser in food products (Ji et al. 2015; 

Yerramilli and Ghosh 2017; Xi et al. 2020) as it provides stabilisation against coalescence via 

electrostatic and steric interactions (Bonnet et al. 2005). Casein is a family of phosphoproteins of 

four distinct types: αs1-, αs2-, β-, and κ-casein. The αs-caseins are calcium sensitive and the κ-casein 

is calcium insensitive (Huppertz et al. 2018). The casein micelles are stabilised by steric 

stabilisation, with κ-casein forming a brush on the surface of the micelles, preventing 

agglomeration. Caseins can associate into small clusters via their hydrophobic sections. This 

surfactant-like behaviour can be exploited for use as an SDA in silica synthesis. Under acidic 

conditions, the carboxylic acid groups of the sodium caseinate sub-micelles are neutralised, 

increasing the attractive forces between the proteins, resulting in larger micelle-like aggregate 

structures (Belyakova et al. 2003). Furthermore, addition of calcium to a solution of NaCas has 

been shown to stabilise the aggregate structures into micelles of ca. 100 nm (McMahon and 

Oommen 2013). This stabilisation effect is thought to occur via crosslinking by ionic calcium, 

which prevents flocculation of the micelle structures (Dickinson et al. 2001). The role of 

amphiphilic CTAB is to control the condensation of silica to form spherical particles via these 

micelles. Silica condensation occurs around these micelles to produce spherical particles (Chien 



    5 
 

et al. 2017; Bao et al. 2017). NaCas has this same physical property and could be used in the same 

way. Using a biopolymer such as NaCas as the SDA along with environmentally benign reagents 

could make the process for producing silica more sustainable by replacing the need to use 

petrochemically-derived reagents such as CTAB, tetraethyl orthosilicate (TEOS), and ethanol. 

The objective of the current work was to produce sustainable silica nanoparticles using NaCas, as 

the SDA, and water-based chemistry. A new sustainable process was created, starting from the 

traditional modified-Stöber process. Initially, the ability of NaCas to function as an SDA to form 

spherical particles was tested. Once this ability was confirmed, optimisation of the process was 

performed which used NaCas, sodium silicate and acetate buffer. The particle size distributions 

were analysed for coalescence and Ostwald ripening. Further optimisation improved the 

monodispersity of the particles. The optimised and sustainable process uses NaCas, calcium 

chloride, sodium silicate, and acetate buffer. Thus, the most environmentally hazardous reagents 

that are typically used to produce silica were replaced with environmentally benign and sustainable 

ones. The environmental impact of producing spherical silica nanoparticles is greatly reduced by 

using this biopolymer-based approach.  

Aside from the improvement in sustainability, there are other significant benefits of using a 

biomimetic approach to synthesising silica particles. A key area of interest is encapsulation of 

molecules within the silica particles. Of particular interest is bioencapsulation of proteins, 

enzymes, and living cells. Use of mild synthesis conditions, such as those used here, can prevent 

these sensitive molecules from being degraded during the encapsulation process (Yang et al. 2017; 

Sabu et al. 2018; Jackson et al. 2020). Another area where mild synthesis conditions are 

advantageous is drug delivery. Targeted drug delivery using silica as the delivery vehicle is an 

important area of research, but many drugs are highly sensitive the harsh synthesis conditions that 
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are typically used. A biomimetic synthesis approach using mild conditions can prevent the 

degradation, and in some cases improve the efficiency, of these drugs (Sheikhpour et al. 2017; 

Rasheed et al. 2019; Yang et al. 2020). Biomimetic silica syntheses have clear advantages over the 

traditional syntheses. The method reported here contributes to the field of biomimetic silica by 

developing a sustainable process for synthesising monodisperse silica under mild conditions, 

which could be beneficial for such advanced applications.   

Experimental 

Materials 

Sodium silicate (10.6 % Na2O, 26.5 % SiO2) from Sigma Aldrich was used as the silicic acid 

source. Ammonium hydroxide (assay: 28-30 % NH3 basis), sodium caseinate (NaCas), sodium 

acetate, and acetic acid were all purchased from Sigma Aldrich. Acetate buffer solution (0.05 mol 

L−1, pH 5.94) was prepared in distilled water. 

Silica preparation using ammonium hydroxide 

Initial experiments used a traditional modified-Stöber synthesis which was adapted for use with 

NaCas (Keane et al. 2010). The experimental conditions, denoted by NC, are shown in Table 1. 

In a 100 mL flask, NaCas was added to distilled water under stirring and temperature was set to 

50 °C. After dissolution of NaCas, ammonium hydroxide was added. Finally, sodium silicate was 

added and the resulting solution was left to react overnight in a closed vessel. The reaction mixture 

was then centrifuged at 14,000 rpm in an Eppendorf MiniSpin Plus microcentrifuge and the solids 

were washed with water, ethanol, and acetone to remove any residual reactants. The sample was 

then dried in an oven and characterised by SEM. 



    7 
 

Table 1 Experimental conditions of syntheses using NaCas, sodium silicate, and ammonium 
hydroxide. Experiments are denoted by NC 

 H2O  
(mL) 

Sodium Silicate 
(mL) 

NH4OH 
(mL) 

NaCas 
 (mg) 

T  
(°C) 

NC1 25 3.2 12 0.32 50 
NC2 25 6.4 12 0.32 50 
NC3 25 6.4 6 0.64 50 
NC4 50 6.4 6 0.64 50 

 

Silica preparation using buffer 

After initial testing, it was found that high volumes of sodium silicate were not needed, with 

microlitres being sufficient to form the particles. This is of added benefit as less reagent is required. 

The experimental conditions, denoted by BF, are shown in Table 2. The required amount of NaCas 

stock solution (100 g L−1 NaCas in 0.05M acetate buffer, pH 5.94) was added to 50 mL of acetate 

buffer (0.05 mol L−1, pH 5.94). Sodium silicate was subsequently added and the reaction solution 

was stirred in a closed vessel overnight at room temperature. The reaction solution was then 

centrifuged at 14,000 rpm in an Eppendorf MiniSpin Plus microcentrifuge and the solids were 

washed with water, ethanol, and acetone. The sample was then dried in an oven and characterised 

by SEM. 

Table 2 Experimental conditions of syntheses using NaCas and sodium silicate. Experiments 
repeated under identical conditions with distilled water instead of acetate buffer are shown. All 
experiments repeated in triplicate. Experiments are denoted by BF 

 Acetate Buffer  
[0.05 mol L−1, pH 5.94] 

(mL) 

Sodium Silicate  
(µL) 

NaCas  
(mg L−1) 

BF1 50 81 200 
BF2 50 81 400 
BF3 50 162 200 
BF4 50 810 200 
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Silica preparation using buffer and CaCl2 

An experimental design (Table 3) was created using Minitab statistical software. A full factorial 

(23) design was used with all terms free from aliasing. The design was replicated twice in two 

blocks with one centre point per block. The input factors (NaCas, sodium silicate, CaCl2) had two 

levels and their effect on the response variable (particle size) was analysed using ANOVA. 

Regression analysis was used to obtain a regression equation which could predict values of the 

response variable based on the input factors. Experimentally, the required amount of NaCas stock 

solution (20 g L−1 NaCas in 0.05M acetate buffer, pH 5.94) was added to 50 mL acetate buffer 

(0.05 mol L−1, pH 5.94). Aliquots of 100 mmol L−1 CaCl2 were added to this solution to give the 

required concentration of CaCl2 as shown in Table 3. Finally, sodium silicate was added and the 

reaction was stirred in a closed vessel overnight. This procedure was also used for experiments 

conducted at pH 4.94, denoted by BC (Table 4). The reaction solution was then centrifuged at 

14,000 rpm in an Eppendorf MiniSpin Plus microcentrifuge and the solids were washed with 

water, ethanol, and acetone. The sample was then dried in an oven and characterised by dynamic 

light scattering. 
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Table 3 Experimental conditions for 23 full factorial design with 2 replicates, 2 blocks, and 1 centre 
per block. Factors: sodium silicate, NaCas; sodium caseinate, CaCl2. Response variable: PS; 
particle size. Each factor has two levels and each centre point is midway between these levels. All 
terms are free from aliasing. Block generators are the replicates 

Run Order Centre Point Blocks Sodium Silicate 
(µL) 

NaCas 
(mg) 

CaCl2 
(mmol L−1) 

1 1 1 486 60 6 
2 1 1 486 20 12 
3 1 1 729 20 6 
4 1 1 486 20 6 
5 1 1 486 60 12 
6 1 1 729 20 12 
7 1 1 729 60 12 
8 1 1 729 60 6 
9 0 1 607 40 9 
10 1 2 486 60 6 
11 1 2 486 20 6 
12 1 2 729 60 12 
13 0 2 607 40 9 
14 1 2 729 20 12 
15 1 2 486 60 12 
16 1 2 729 60 6 
17 1 2 486 20 12 
18 1 2 729 20 6 

 

 

 

Table 4 Experimental conditions of syntheses using NaCas, sodium silicate and calcium chloride 
at pH 4.94. Experiments are denoted by BC 

 Acetate Buffer 
[0.05 mol L−1, pH 4.94] 

(mL) 

Sodium Silicate 
(µL) 

NaCas 
(mg) 

CaCl2  
(mmol L−1) 

BC1 50 729 40 8 
BC2 50 729 80 8 
BC3 50 729 120 8 
BC4 50 729 160 8 
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Characterisation 

Scanning Electron Microscopy (SEM) was used to obtain images of the silica particles. The SEM 

analyses were carried out on an FEI Inspect and Quanta 650, operated at either 10 or 15 kV. Each 

sample was adhered to a stainless-steel stub (stage) via double-sided carbon tape.  

Elemental characterisation was acquired using energy-dispersive x-ray spectroscopy (EDX) on the 

FEI Quanta 650 instrument using Oxford Instruments INCA software.  

Particle diameters were determined using ImageJ image analysis software and statistical analyses 

were done in OriginLab OriginPro 9.0 software.  

Dynamic light scattering (DLS) measurements were conducted on a Micelle size was measured by 

dynamic light scattering (DLS) performed on a Malvern Panalytical Zetasizer Nano ZSP using 

non-invasive backscattering (NIBS) technology. The scattering angle was set at 173° and the 

measurement temperature was set to 20 °C. Samples were dispersed in ethanol and sonicated to 

give a stable solution prior to analysis. Mean size and polydispersity index (PDI) were determined 

using Cumulants analysis.  

X-Ray Photoelectron Spectroscopy (XPS) spectra were acquired on an Oxford Applied Research 

Escabase XPS 230 System equipped with a CLASS VM 100 mm mean radius hemispherical 

electron energy analyser with multichannel detectors in an analysis chamber with a base pressure 

of 5.0 × 10-9 mbar. A pass energy of 50 eV, a step size of 0.7 eV and a dwell of 0.3 s was used for 

survey spectra which were swept twice. All core level scans were acquired with a step size of 0.1 

eV, a dwell time of 0.1 s and a pass energy of 20 eV averaged over 10 scans. A non-

monochromated Al-Kα X-ray source (1486.58 eV) at 100 W power (10 mA, 10 kV) was used for 

all scans. All spectra were acquired at a take-off angle of 90° with respect to the analyser axis and 
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were charge corrected with respect to the C 1s photoelectric line at 284.8 eV. Synthetic peaks are 

Gaussian in shape. The relative sensitivity factors used are from a CasaXPS library containing 

Scofield cross-sections.  

Nitrogen sorption measurements were performed on a Micromeritics TriStar II surface area 

analyser (Micromeritics, Norcross, GA, USA). Samples were pre-treated by heating at 200 °C 

under nitrogen for 12 hours. The surface area was measured using the Brunauer-Emmett-Teller 

(BET) method. The pore volume and pore diameter data was calculated using the Barrett, Joyner 

and Halenda (BJH) method. Specific surface areas were calculated from the measured relative 

pressure in the range of P/P0= 0.01 to P/P0= 0.3.  

Results and Discussion 

Silica prepared with ammonium hydroxide 

The ultimate goal is to make the synthesis of spherical silica more sustainable. We replaced CTAB 

with NaCas to investigate whether NaCas could function as an SDA. In order to use NaCas, ethanol 

could not be used as it can cause denaturation of the protein (Trejo and Harte 2010), so water was 

used as the solvent. Without ethanol, TEOS could also no longer be used because it is water-

insoluble.  Instead we chose water-soluble sodium silicate, which has the added benefit of being 

akin to the usual form of soluble silica found in nature (Coradin et al. 2003; van Dokkum et al. 

2004). A catalyst was still required. The use of NaCas as an SDA necessitated the change of 

multiple components in the original synthesis. Thus, ammonium hydroxide was retained as the 

catalyst to minimise the number of changes made to the original system as much as possible . This 

new system was assessed , with a view to further modifying it to create a totally sustainable process 

if successful.  
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We produced spherical particles using NaCas, sodium silicate, water and ammonium hydroxide 

(Fig. 1). The particles are spherical, but exhibit polydispersity. NC1 and NC3 show agglomeration, 

while NC2 shows some agglomeration and NC4 shows discrete particles. The particle diameters 

range between 283-1349 nm. These initial results were promising, as it showed that our modified 

system could indeed produce spherical particles. Control experiments conducted with sodium 

silicate, water, and ammonium hydroxide showed that no spherical particles were formed (Fig. 

S1). This is expected as there is no morphological control agent present in the system to control 

the morphology of the particles. The fact that spherical particles are only formed when NaCas is 

present suggests that NaCas acts as an effective SDA.  

 
Fig. 1 SEM micrographs (a) NC1 and (b) NC2, (c) NC3, and (d) NC4. T = 50°C 
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These sets of experiments show that our modified system can produce spherical silica particles. 

Ammonium hydroxide was needed here as the catalyst to initiate the hydrolysis of sodium silicate. 

Two conclusions were drawn from these experiments: (1) in the absence of a morphological 

control agent, no spherical particles are formed in our system, and (2) in the presence of NaCas, 

spherical particles are formed in our system. Knowing that NaCas functions as an effective SDA 

in our system, we proceeded to further modify our system to increase its sustainability. Our next 

set of experiments used an acid catalyst in the form of acetate buffer to replace ammonium 

hydroxide and the role NaCas plays is investigated in detail in this new sustainable system. 

Silica prepared with acetate buffer 

Based on the results of our previous experiments, our next set of experiments focused on 

maximising the sustainability of our process. As before, sodium silicate and NaCas were used as 

the silica source and SDA, respectively. There was still a need to catalyse the hydrolysis of sodium 

silicate. Simply removing ammonium hydroxide from the system would retard silica formation. 

Thus, in place of ammonium hydroxide we used acetate buffer because sodium silicate hydrolyses 

readily in acidic media (Sierra and Guth 1999). This three component system has now eliminated 

the most toxic and unsustainable reagents of the modified-Stöber process; namely ethanol, 

ammonium hydroxide, CTAB, and TEOS. Our system uses sodium silicate as the silica source, 

NaCas as the SDA, and acetate buffered water, which has twofold benefit of being an 

environmentally benign solvent, while also promoting the hydrolysis of sodium silicate.  

Our initial experiments showed that NaCas can act as an effective SDA to produce spherical 

particles. This was followed by experiments conducted in acetate buffer without the remaining 

environmentally problematic compound in the modified-Stöber process – ammonium hydroxide.  
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To investigate the precise role that NaCas plays in our sustainable system, dynamic light scattering 

(DLS) measurements of NaCas in acetate buffer were obtained.  Fig. 2 shows DLS data of NaCas 

in acetate buffer (0.05 mol L−1, pH 5.94). The data show that at all concentrations tested, NaCas 

forms micelles, however in some cases they are multimodal, and showing polydispersity. 

Furthermore, large aggregate peaks ca. 3000nm are seen at 200, 400, and 600 mg L−1 NaCas and 

free proteins are also seen at all concentrations (< 100 nm). This polydispersity could translate into 

the final particles and is a likely explanation of the polydispersity seen when using the ammonium 

hydroxide system. Knowing that NaCas forms micelle structures in acetate buffer, we attempted 

to synthesise spherical silica particles using NaCas, sodium silicate, and acetate buffer.  

 
Fig. 2 DLS measurements of sodium caseinate in acetate buffer (0.05 mol L−1, pH 5.94) at various 
concentrations 
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Fig. 3 shows SEM images of the spherical particles obtained with this new system. Interestingly, 

when these experiments were replicated using distilled water as the reaction medium, as opposed 

to acetate buffer, no spherical particles are formed. Instead, monoliths with no defined structure 

are formed (Fig. S2). This suggests the acidic pH promotes the conformational changes required 

of NaCas to form micelles. The SEM images show that the samples exhibit different degrees of 

polydispersity, which can be explained by the polydispersity of NaCas micelles in the DLS data 

of NaCas in acetate buffer.  

 
Fig. 3 SEM micrographs of silica prepared with (a) 200 mg L−1 NaCas (BF1), and (b) 400 mg L−1 
NaCas (BF2), (c) 162 µL sodium silicate (BF3), and (d) 810 µL sodium silicate (BF4). Scale bars 
= 5 µm 
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Fig. 4 shows the PSDs of samples BF1 to BF4. Fig. 4a shows a log-normal distribution (R2 = 0.97) 

with a mean particle diameter of 124 nm. Fig. 4b shows 2 peaks fitted with a combination of log-

normal and Gaussian functions (R2 = 0.92). At 200 mg L−1 NaCas, the growth of the particles is 

through coalescence (log-normal). At 400 mg L−1 NaCas, the log-normal peak centre shifts from 

124 nm to 258 nm and the emergence of a Gaussian peak is seen at 1423 nm.  

Coalescence occurs when particles, often of different sizes, merge to form a single particle. 

Accordingly, a PSD resulting from this process has a right-skewed tail, characterised by a log-

normal function. Ostwald ripening occurs via material transfer from smaller, less 

thermodynamically stable, particles to larger particles. Larger particles, being more 

thermodynamically stable, grow at the expense of smaller particles. Lifshitz and Slyozov (1961), 

and Wagner (1961), provided mathematical descriptions of the Ostwald ripening process. This 

LSW model describes the PSD of particles grown via Ostwald ripening as having a left-skewed 

tail, with a sharp cut-off at 1.5 times the mean particle diameter. This cut-off is a consequence of 

the assumption in the LSW model that the solution is infinitely dilute, meaning no particle 

interaction takes place. In real systems, this mathematical restraint does not reflect reality, so the 

LSW model must be adjusted to take particle interaction into accounted. In which case, a Gaussian 

function provides a better description 

Coalescence and Ostwald ripening can be differentiated by the shape of the distribution. Log-

normal for coalescence, and Gaussian for Ostwald ripening.  However, both processes are not 

mutually exclusive – they can, and do, coexist and overlap. Therefore, we have fitted the PSDs 

with a mixture of Gaussian and log-normal functions.  The degree to which either process 

dominates depends on the experimental conditions used. Generally, Ostwald ripening results in 

particles which are more monodisperse than those produced via coalescence. This is because of 
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the log-normal distribution associated with coalescence. Therefore, analysing the PSDs can allow 

for optimisation of the polydispersity by understanding the experimental conditions which give 

rise to an Ostwald ripening-dominated mechanism. 

This emergence of a Gaussian peak at higher concentrations of NaCas suggests the growth process 

shifts from primarily coalescence to a mixture of coalescence and Ostwald ripening, with larger 

particles produced. Fig. 4c shows a multimodal distribution fitted with Gaussian functions (R2 = 

0.98) with mean peak diameters of 363, 571, and 1588 nm. Fig. 4d shows a multimodal distribution 

fitted with a combination of Gaussian and log-normal functions (R2 = 0.97) with mean peak 

diameters of 342, 698, and 860 nm. Thus, at low concentrations of sodium silicate (162 µL) growth 

occurs via an Ostwald ripening mechanism and at higher concentrations of sodium silicate (810 

µL), a mixture of coalescence and Ostwald ripening occurs. From these experiments, in order to 

promote Ostwald ripening and produce more monodisperse particles, high concentrations of 

NaCas and low concentrations of sodium silicate are required. 
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Fig. 4 PSDs of particles prepared with (a) 200 mg L−1 NaCas (BF1), and (b) 400 mg L−1 NaCas 
(BF2), (c) 162 µL sodium silicate (BF3), and (d) 810 µL sodium silicate (BF4) 

 

Silica prepared with acetate buffer and calcium chloride 

Our third set of experiments focused on optimising our new sustainable process for producing 

more monodisperse spherical silica particles. Most applications require relatively monodisperse 

silica. We added calcium chloride to our reaction system to stabilise the NaCas micelle. Calcium 

chloride has been shown to reform casein micelles from NaCas (Huppertz et al. 2018). Fig. 5 

shows distribution data from DLS measurements of NaCas with 8 mmol L−1 CaCl2 added. The 

data show a marked reduction in micelle size and polydispersity compared to the NaCas system 

with no added CaCl2 shown in Fig. 2. Addition of CaCl2 stabilises the NaCas micelles at all 
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concentrations of NaCas tested. Whether or not this increase in monodispersity would translate 

into silica was next investigated.   

 
Fig. 5 Distribution data from DLS measurements of sodium caseinate at various concentrations 
with 8 mmol L−1 CaCl2 in acetate buffer (0.05 mol L−1, pH 5.94) 

 

In order to optimise the synthesis and understand the influence that NaCas, sodium silicate, and 

CaCl2 had on particle size, a statistical design of experiments (DOE) was produced to direct our 

methodologies. Table S1 shows the full factorial (23) design used for the DOE. The design was 

free from aliasing, with all primary and higher order interactions analysed. The full factorial design 

was replicated twice in two blocks with one centre point per block. Fig. S3 shows the normal 

probability plot for the residuals. Fig. 6 shows the Pareto chart with a significance level of α = 

0.05. The pareto chart indicates that four variables are statistically significant; sodium silicate, 
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NaCas, CaCl2, and the two-way interaction between NaCas and CaCl2. ANOVA (Table S2) also 

confirms these effects are statistically significant at α = 0.05.  

 
Fig. 6 Pareto chart of standardised effects (response is particle size, α = 0.05). Significant effects 
are those that extend beyond the reference line (2.31) 

 

Fig. 7 shows the main effects and interaction plots for particle size. The main effects plot (Fig. 7a) 

shows the difference in mean response (particle size) between the two levels of the factors sodium 

silicate, NaCas, and CaCl2. The main effects plot shows that the particles produced with 486 µL 

sodium silicate were smaller than those produced with 728 µL. Particles produced with 20 mg 

NaCas were smaller than those produced with 80 mg and particles produced with 6 mmol L−1 

CaCl2 were larger than those produced with 12 mmol L−1 CaCl2. However, because the two-way 

interaction of NaCas and CaCl2 was statistically significant, this needs to be accounted for. The 



    21 
 

interaction plot (Fig. 7b) shows when 20 mg NaCas and 12 mmol L−1 CaCl2 were used, the 

smallest particles were produced, while the largest particles were produced when 60 mg NaCas 

and 6 mmol L−1 CaCl2 were used. However, because the slope of the line when using 6 mmol L−1 

CaCl2 is steeper, the interaction between NaCas and CaCl2 has a greater effect on particle size 

when 6 mmol L−1 CaCl2 is used. The statistically significant effect that the interaction between 

NaCas and CaCl2 has on particle size is not surprising. CaCl2 is needed to conformationally change 

and stabilise the casein micelles in the system, which is seen in the DLS data. Furthermore, while 

the interaction plot shows that increasing concentration of NaCas increases particle size, the effect 

is not as large when using 12 mmol L−1 CaCl2. This suggests that above a certain concentration of 

CaCl2, the NaCas micelles are sufficiently stabilised such that addition of more CaCl2 has little 

effect. This is confirmed in the DLS data (Fig. 5) which shows that the diameter of the micelles 

does not change significantly when NaCas concentration is increased. 

Influences on the size polydispersity of the particles is also an important to understand. The 

polydispersity index (PDI) is a dimensionless parameter that indicates how monodisperse the 

sample is. The lower the PDI, the more monodisperse the sample. Values of PDI ≤ 0.1 are defined 

as being highly monodisperse (Bhattacharjee 2016), while values of ≤ 0.3 are considered 

monodisperse and acceptable for applications such as drug delivery (Mohammadpour et al. 2012; 

Danaei et al. 2018). Fig. S4 shows the polydispersity index (PDI) of the particles synthesised via 

the DOE protocol. All of the samples have a PDI < 0.24 with the majority of the samples < 0.18, 

indicating good monodispersity. The lowest PDI was 0.104, corresponding to a mean particle size 

of 215.7 nm, indicating a high degree of monodispersity.  
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Fig. 7 (a) Main effects plots of sodium silicate, sodium caseinate, and calcium chloride and their 
effect on particle size. Differences between level means are shown for each factor level and are 
connected by a line. Orange squares are the mean response for the centre point runs. A non-
horizontal line indicates a main effect is present. Dashed horizontal line shows the mean particle 
size for all runs (b) Interaction plot for particle size (fitted means). Non-parallel lines indicate that 
an interaction effect is occurring. The relationship between particle size and sodium caseinate 
depends on the concentration of calcium chloride 
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The factorial analysis of the primary and higher-order effects on particle size enables values of 

particle size to be predicted using regression. The regression equation obtained after stepwise 

regression is: 

Particle Size = 39.5 + 0.0922 Sodium Silicate + 5.914 NaCas + 7.39 CaCl2  − 0.4509 NaCas ∗ CaCl2      (1) 
 

Eqn. 1 shows that sodium silicate concentration has a minor effect on particle size, which is 

confirmed in the main effect plot, Fig. 7a. NaCas and CaCl2 both individually and through their 

interaction, have a larger effect than sodium silicate on particle size. However, practical and 

physical limitations are presumed to exist for this relationship. As discussed earlier, the interaction 

effect between NaCas and CaCl2 has a smaller effect on particle size at higher CaCl2 

concentrations. Furthermore, DLS data (Fig. 5) indicate that the casein micelle size does not 

change upon increasing NaCas concentration. However, increasing NaCas concentration increases 

the number of casein micelles in solution. If the rate of hydrolysis of sodium silicate is slower than 

the rate of nucleation, this would mean that larger particles would be formed. Furthermore, if 

electrostatic repulsion between forming particles is minimal and/or smaller particles are 

thermodynamically unstable, then particle growth could proceed by either coalescence or, Ostwald 

ripening, or both. Increased NaCas concentration could also lower the electrostatic repulsion 

between particles by stabilising the negative charge on their surfaces. The increased number of 

casein micelles could also reduce the interfacial energy allowing particles to grow. However, 

further work is needed to understand the growth dynamics of this system as other synergistic 

effects might also be occurring.  

 

Table 5 shows a comparison between the predicted values of particle size and the experimental 

values. Eqn. 1 was used to predict the particle size based on the input parameters sodium silicate, 
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NaCas, and CaCl2. Fig. 8 shows the SEM images of particles obtained from runs R1 to R4 and 

Fig. 9 shows their corresponding PSDs. The experimental values for particle size of R1 and R2 

show excellent agreement with the predicted values and are within the 95 % CI. The experimental 

values of R3 and R4 are outside the 95 % CI of the predicted value, however they still show good 

agreement. Table S3 shows that the R2 (adjusted) and the R2 (predicted) is 93.63 and 90.39 %, 

respectively, meaning that there is still some variation that is unaccounted for by the regression 

analysis. However, based on the experimental results in Table 5, the regression equation performs 

reasonably well in predicting the particle size based on the input factors.  

 

Table 5 Comparison of predicted and experimental values of particle size based on equation 1. 
Samples prepared as outlined in experimental section 

Run Sodium 
Silicate 

(µL) 

NaCasa 

(mg) 
CaCl2 

(mmol L−1) 
Predicted PSb 

(nm) 
Experimental PS 

(nm) 

R1 486 20 8 189.6 
 [95 % CI (176, 202.3)] 

200 

R2 567 20 8 197.1  
[95 % CI (185.6, 208.6)] 

190 

R3 648 20 8 204.6  
[95 % CI (193.1, 216.1)] 

184 

R4 729 20 8 212.1  
[95 % CI (198.4, 225.7)] 

196 

a NaCas, sodium caseinate 
b PS, particle size; CI, confidence interval 
 
The ability to predict particle size based on input reagent concentrations is useful as the tuneable 

synthesis allows for particles with a range of sizes to be synthesised. To the best of our knowledge, 

this is the first time that such a statistical analysis was applied to a biomimetic silica synthesis. 

One major problem with biomimetic syntheses to date has been the difference in quality between 

them and the particles produced via traditional means. The statistical analysis here is a step forward 

in achieving parity between biomimetically- and traditionally-synthesised silica.  
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Fig. 8 SEM images of silica particles prepared with (a) 486 µL sodium silicate (R1), (b) 567 µL 
sodium silicate (R2), (c) 648 µL sodium silicate (R3), and (d) 729 µL sodium silicate (R4). All 
reactions used 20 mg NaCas and 8 mmol L−1 CaCl2, in 50 mL acetate buffer (0.05 mol L−1, pH 
5.94) 
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Fig. 9 PSDs from DLS measurements of silica particles prepared with (a) 486 µL sodium silicate 
(R1), (b) 567 µL sodium silicate (R2), (c) 648 µL sodium silicate (R3), and (d) 729 µL sodium 
silicate (R4). All reactions used 20 mg NaCas and 8 mmol L−1 CaCl2, in 50 mL acetate buffer 
(0.05 mol L−1, pH 5.94) 

 

XPS analysis was performed to confirm the presence of silica for the R1 particles (486 µL sodium 

silicate, 20 mg NaCas, and 8 mmol L−1 CaCl2). Fig. 10 shows the O 1s and Si 2p XPS spectra, and 

EDX spectrum for R1. Fig. 10a shows the O 1s spectrum with peaks at 532.6 eV and 530.6 eV, 

corresponding to oxygen atoms of siloxane groups (Si-O-Si) and non-stoichiometric oxides (Si-

Ox-Si), respectively (Lamastra et al. 2017). Fig. 10b shows the Si 2p spectrum with two peaks 

corresponding to Si-O-Si (103.05 eV) and Si-O-H (102.1 eV), which are indicative of SiO2 (Li et 

al. 2018; Post et al. 2018). Overall, the data confirm that SiO2 is formed. Fig. S5 shows the nitrogen 

sorption isotherm and the pore size distribution of the R1 particles. The isotherm is a Type H3 
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hysteresis loop, which can indicate the presence of slit-shaped pores (Thommes 2010). However, 

there is no limiting adsorption at high P/P0 values so interpretation of the data is hindered (Sing 

and Williams 2004). Thus, the values for surface area, pore volume, and pore width are given for 

reference only. Further work on the porosity implications of using NaCas as an SDA is needed to 

identify its role here.  

 
Fig. 10 XPS spectra of (a) O 1s and (b) Si 2p peaks of R1 (486 µL sodium silicate, 20 mg NaCas, 
and 8 mmol L−1 CaCl2). Red curve is the cumulative fitting. (c) EDX data for R1  
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They key components of the modified-Stöber process involved in the formation of spherical silica 

particles are the SDA, such as CTAB and ammonium hydroxide. CTAB forms micelles in solution 

when the critical micelle concentration (cmc) is reached. The silica precursor is hydrolysed within 

the core of these micelles and subsequent condensation occurs with and around these micelles. The 

ammonium hydroxide acts as a catalyst for hydrolysis and also prevents agglomeration of the 

formed particles by stabilising the surface of the particles. This templated approach is driven by 

electrostatic and thermodynamic forces between the hydrolysed silicate species and the SDA 

(Alothman 2012). This micellar action of SDAs like CTAB is key to the formation of spherical 

silica particles. NaCas has similar properties to CTAB. As discussed, NaCas can form micelles in 

solution, but gives polydisperse spherical particles. However with the addition of calcium, the 

micelle structure of casein is stabilised, creating a more monodisperse structure (Smialowska et al. 

2017). This is seen in our results. When calcium is added to our system, the monodispersity of the 

silica particles is greatly increased. In the absence of calcium, the particles exhibit a wide size 

variation with multiple peaks in the PSD. Addition of calcium to the hydrophobically associated 

casein clusters, reforms the native micelle structure. This reformation occurs via calcium 

interaction with the phosphate and carboxylate groups on the protein (Curley et al. 1998). 

The above DOE analysed the influence NaCas, sodium silicate, and CaCl2 had on particle size 

while keeping the pH constant. Isolating these factors made for an easier analysis. It is known that 

sodium silicate undergoes hydrolysis under acidic conditions. From the results of our experiments, 

it is clear that this occurs at pH 5.94 with subsequent condensation and morphological control 

provided by NaCas. However, to test whether this was true under different pH conditions, we 

conducted similar experiments at pH 4.94. Fig. 11 shows SEM images of particles formed at pH 

4.94. Fig. 12 shows the corresponding DLS data for these experiments. The data show that 
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spherical particles were formed in each case. Fig. 12a shows that particles of diameter 264 nm 

with PDI of 0.223 were formed with 40 mg NaCas. Increasing the amount of NaCas to 80 mg 

decreases the particle size to 254 nm, while lowering the PDI to 0.168 (Fig. 12b). Further 

increasing the amount of NaCas to 120 mg decreases the particle size to 228 nm, with no significant 

change of the PDI (Fig. 12c). However, increasing the amount of NaCas to 160 mg increases the 

particle size to 275 nm, while also increasing the PDI to 0.212 (Fig. 12d).  While this system also 

produces relatively monodisperse particles, increasing the amount of NaCas generally results in 

smaller particles. This is contrary to the system at pH 5.94, where Eqn. 1 predicts an increase in 

particle size with increasing NaCas. This difference in particle size response under different pH 

might be explained by having increased electrostatic repulsion between forming particles at lower 

pH. However, further work is needed to understand this dependence. 
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Fig. 11 SEM micrographs of silica prepared with (a) 40 mg NaCas (BC1), and (b) 80 mg NaCas 
(BC2), (c) 120 mg NaCas (BC3), and (d) 160 mg NaCas (BC4). Scale bars = 1 µm. All other 
reactants kept constant 
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Fig. 12 PSDs from DLS measurements of silica prepared with (a) 40 mg NaCas (BC1), and (b) 80 
mg NaCas (BC2), (c) 120 mg NaCas (BC3), and (d) 160 mg NaCas (BC4). All reactions used 729 
µL sodium silicate and 8 mmol L−1 CaCl2, in 50 mL acetate buffer (0.05 mol L−1, pH 4.94) 

 

We have shown that it is possible to synthesise spherical silica particles more sustainably than the 

Stöber processes. It is envisaged that such sustainable processes will ultimately succeed the Stöber 

processes, especially for larger-scale syntheses. However, the work detailed here is only a tentative 

step in that direction. Particle durability compared to other synthesis methods is an interesting 

aspect to focus on. Although it wasn’t within the scope of our study, this could be a valuable focus 

of future work. Furthermore, there are infrastructural barriers around municipal and industrial 

water treatment and processing that must be addressed for water-based chemistries to be 

economically feasible at industrial scales. These issues are beyond the scope of our work but are 
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an ongoing focus of the UN Sustainable Development Goals, numerous state circular economy 

initiatives, and various governmental and non-governmental green chemistry initiatives. However, 

using biopolymers from waste streams of global scale industrial processes, such as caseinate from 

diary production wastes, means that one can obtain large amounts of the desired biopolymers from 

these processes. In the case of dairy products, these are subject to increasing global demand year-

on-year, guaranteeing a steady supply of the necessary biopolymer. It is important to note, 

however, that industries like dairy production generate large greenhouse gas emissions, and future, 

regular life-cycle analyses should be part of any development of circular economies and green 

chemistries – within silica manufacture and without – to ensure that valorisation of waste streams 

does not lead to maintenance of damaging industries that would otherwise fail economically 

without such valorisation. 

The use of biopolymers from valorised waste streams and the general reduction of organic reagents 

in industrial processes reduces the embedded costs associated with petrochemical production and 

refinement. This is not to say that there are no greenhouse gas emissions embedded in the 

production of biopolymers – of course there are. These will arise particularly from processes 

needed to isolate them from waste streams, and from the use of water-based chemistries, which 

currently requires far more energy to purify than organic solvents do. Part of the issue here is the 

lack of development of industrial water purification infrastructures, which could lead to greater 

efficiencies in this area. The highest priority problem to be solved for the planet right now is that 

of human driven climate change and that means first and foremost we must reduce greenhouse gas 

emissions. The work presented here shows that producing spherical and monodisperse silica 

particles is possible using biopolymer-based syntheses and water-based chemistries, and this is a 

small step towards achieving that. 
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Conclusion 

We have successfully developed a sustainable synthesis for producing size-monodisperse spherical 

silica particles. Sodium caseinate was shown to act as a structure-directing agent to form spherical 

silica, and an effective replacement for petrochemically-derived surfactants such as CTAB. Using 

sodium caseinate, sodium silicate, and acetate buffer, spherical particles exhibiting polydispersity 

were formed in the size range 124 – 1588 nm. Incorporating calcium chloride into the synthesis 

stabilised the casein micelles to produce monodisperse spherical silica nanoparticles in the size 

range 172 – 340 nm. We optimised this process further through a statistical design of experiments 

that led to the development of a regression equation that we could use to predict particle size based 

on input concentrations. Our experimentally produced particles were in good agreement (> 90%) 

with these predicted sizes. Monodisperse particles were produced at pH 5.94 and pH 4.94. Our 

process uses sodium caseinate, sodium silicate, calcium chloride, and acetate buffer to produce 

silica nanoparticles in an environmentally friendly and sustainable way.  
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