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Abstract 

We propose a simple and inexpensive SiO2 submicron particle synthesis method based on a 

PTFE helical capillary microreactor. The device is based on Dean flow mediated, ultrafast mixing 

of two liquid phases in a microfluidic spiral pipe. Excellent control of particle size between 100 

nm and 600 nm and narrow polydispersity can be achieved by controlling the device and process 

parameters. Numerical simulations are performed to determine the optimal device dimensions. 

In the mother liquor the silica particles exhibit zeta potentials < -60mV, rendering them very stable 

even at high particle volume fractions. The current device typically produces around 0.234 g/h of 

the silica particles. 
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1. Introduction 

Since Stöber first reported on the synthesis of solid silica micro-/nanoparticles by means of 

hydrolysis of alkyl silicates and subsequent condensation of silanols and silicic acid in alcoholic 

solution in 1968, there has been enormous interest in the synthesis of silica based 

nanomaterials.[1] Both solid and porous silica materials have been reported and their good 

biocompatibility, high thermal and mechanical stability and ease of surface functionalization have 

all been exploited in many applications.[2] Traditionally, such silica particles have been 

synthesized in a batch-wise manner to obtain large quantities. Micro-structured chemical 

reactors provide a useful alternative to batch reactors because they offer better control over the 

reaction rate.[3] Here we use a helical tubular microreactor for the high throughput synthesis of 

monodisperse submicron silica particles. We exploit Dean’s flow to achieve both high throughput 

and sorting efficiency.[4,5] Under Dean’s flow [6] the magnitude of the main stream velocity in a 

curved channel at the outer (larger radius) side of the channel is larger than that at the inner 

wall.[5] The difference in the speed of the fluids along the opposing channel walls is accompanied 

by a pressure gradient in the radial direction, which results in a secondary flow driving the fluid 

from the inner wall to the outer wall of the channel and this, in turn, leads to travelling vortices. 

[7] This effect can be utilized to achieve ultrafast mixing of two adjacent liquid phases in a single 

spiral microchannel. 

 

In general, there are two types of spiral microchannel reactors, using either planar or helical 

geometry. Planar spiral microreactors are typically fabricated using lithographic methods and 

these reactors have indeed been used for the synthesis of silica particles in the past. For 

example, Yuan Nie et al. demonstrated a lithographically fabricated microfluidic spiral channel 

device for the synthesis of submicron, hollow, silica spheres.[8] This geometry has also been 

used for solid-forming reactions,[9,10] ultra-fast blood plasma separation,[11] and manipulation 



 

 

of biological particles.[12,13] Though elegant, such devices require an extensive sequence of 

fabrication steps and necessitate photolithography for assembly.[14] In particular, the bonding of 

multiple device layers requires tedious micro-scale alignment and surface treatments, which all 

render commercialization difficult and expensive. Furthermore, these devices are usually based 

on polydimethylsiloxane (PDMS) and glass-based chips, which have intrinsically poor heat 

conductivity making uniform heating within the device difficult. Also, the small chip sizes 

amenable to photolithography make it difficult to achieve sufficiently large residence times. 

Hence, the complexity of the devices and the associated fabrication constraints limit its 

applicability severely. On the other hand, helical tubular microreactors offer improved heat and 

mass transport as well as enhanced mixing compared to planar spiral microreactors.[15] Mixing 

takes place along the length of the microreactor in planar micro-structured reactors, whereas the 

mixing occurs along the length of the microreactor as well as in the radial direction in the helical 

capillary micro-reactor.[16,17] The efficiency of helical tubular microchannel reactors has been 

validated using the synthesis of Ag nanoparticles (NPs),[18] peracetic acid,[19] and 

peroxypropionic acid.[20] 

 

Here, we propose to use this facile and inexpensive method to produce uniform SiO2 particles 

with controlled sizes between 100 nm and 600 nm diameter and yields up to 0.234 g/h of solid 

product. We achieve this with a lithography-free, microfluidic device based on a 

polytetrafluoroethylene (PTFE) spiral microchannel. In this device, two fluid phases undergo 

ultrafast mixing due to Dean flow effects. The two adjacent fluid phases consist of the silica 

precursor, TEOS, in a non-aqueous solvent and NH3·H2O as the catalyst in the aqueous phase. 

Hydrolysis of TEOS and its continuous condensation during the mixing of the two reactant flows 

leads to the build-up of nanoparticles in the spiral microchannel.[21] Numerical analysis is used 

to optimize the device dimensions in order to obtain complete mixing in less than 1.4 s.  



 

 

  

2. Experimental Section 

2.1 Materials  

Tetraethyl orthosilicate (TEOS), ammonium hydroxide solution (28%) and dry ethanol were 

purchased from Aladdin, Shanghai, China. 18 M ultrapure Milli-Q water was used for all 

experiments. All chemicals were used as received without any further purification.  

  

2.2 Fabrication of microfluidic devices 

The micromixer consists of a 0.5 m long polytetrafluoroethylene (PTFE) tube with an inner 

diameter of 0.8 mm and an outer diameter of 1.6 mm, which is wrapped around a glass rod with 

6 mm diameter. At the entrance, a Y-shaped mixer connects the PTFE tube to two silicone hoses 

with matching inner diameters, which are the injection points for liquid from separately controlled 

syringe pumps. For this synthesis a well-defined constant temperature and sufficient residence 

time is required to ensure good SiO2 particle growth. We achieve this by placing this 

microchannel reactor into a heat bath and use a PTFE tube extension of 24 m to ensure 

sufficiently long residence times (30 min.) for particle growth. Control over the process is 

maintained with the syringe pumps, by manipulating the flow rates of the two liquid phases that 

are being injected.  

 



 

 

 

  

Figure1：(a) Experimental set-up of the microfluidic mixer for (b) the continuous synthesis of SiO2 particles. 

 

2.3 SiO2 particle synthesis and characterization 

TEOS hydrolyzes in ethanol in the presence of aqueous ammonia as a catalyst, which results in 

the formation of silanols. These silanols condense with either TEOS or other silanols. Continued 

hydrolysis of the ethoxy groups and subsequent condensation results in crosslinking, forming 

silica oligomers and eventually small particles.[22] Whether the silica surface undergoes 

adsorption or surface modification by a silane coupling agent depends upon the chemistry of the 

hydroxyl groups on its surface.[23] The surface is usually assumed to comprise silanol groups 

S—OH and siloxane groups (Si-O-Si). The silanol groups render the silica hydrophilic and these 

moieties can also act as centres for further electrostatic and chemical interaction. However, 

siloxane groups are chemically more inert and render the surface hydrophobic; the adsorption 

capacity of the particles also becomes weaker, thus stopping the growth of the silica particles.[24] 

A solution of 10 mL ammonia water in 20 mL pure ethanol was prepared. TEOS in pure ethanol 

was prepared by pipetting 2 mL TEOS into 32 mL pure ethanol. The two reactant solutions were 

then ultrasonically treated for 10 min and introduced into the syringes before entering the 

microfluidic spiral at a speed of 400 µL/min, if not otherwise specified. The micromixer was 

placed into a thermostatted solvent bath at an arbitrary but constant temperature. The exiting, 

mixed solution was kept flowing in the extended PTFE tube to prolong the residence time and 



 

 

enable SiO2 particle growth. Finally, the NPs were isolated from the solution by centrifugation for 

5 min at 5600 g and redispersed in purified water several times to remove excess ammonia and 

then dried in a vacuum desiccator for 24 h. However, the silica particles are also stable without 

purification and can be stored as synthesized. A ZEISS Sigma 500 scanning electron microscope 

(SEM) was used to determine the particle uniformity and size, for which at least 300 particles 

were measured. A Brookhaven NanoBrook Omni instrument was used to obtain the zeta 

potential of the particles at pH = 6.8. For this the electrophoretic mobility µep of the suspension 

was measured and converted to zeta potential  via the relation µep = r 0  , where r is the 

relative permittivity, 0 is the vacuum permittivity and  is viscosity of the liquid. Because of the 

low dielectric constant of the solvent and low electrolyte concentration, the Hückel approximation 

was used. The product yield was calculated by weighing the dried particle suspension that was 

synthesized over a fixed time of 20 min. 

 

2.4 Simulations of the microfluidic device 

 

Figure 2. Simulation of the spiral microreactor. (a) A side perspective showing the microreactor with inlets and 

outlets. (b) a top view along the spiral axis to illustrate the two distinct phases that are introduced into the inlet. 

The concentration gradient represented by the colour gradient from white to red is shown in the colour bar. As 

the two phases move along the spiral, fast mixing occurs and the two phases merge into a single phase after 

one run. Here dp = is 0.8 mm, dR = 6 mm, and the total flow rate is 400 L/min. 



 

 

 

 

Micromixing in the microfluid spiral was simulated with the COMSOL 5.3a Fluid Flow module in 

a 3D geometry. The model uses the Laminar Flow module and the Transport of Diluted Species 

module. The physics is governed by the Navier-Stokes equations with no slip boundary 

conditions and the gravity force was neglected. Fully developed laminar flow is assumed at the 

inlet and a pressure of zero is set at the outlet. The boundary condition of the two phases at the 

inlet is defined by a step function where the pipe is divided in the middle to a phase with initial 

concentration c0 and another phase with an initial concentration of 0. Mixing was evaluated from 

the concentration profiles from cross-sectional slices of the spiral.  Because the silica formation 

process takes as long as 30 min, while the residence time inside the spiral channel is less than 

40 s, the silica particle growth occurs mostly after passing through the micromixer. Hence a 

constant density and velocity is assumed particle generation inside the spirals is not considered. 

The fluids were simulated as pure water and water with some dissolved species of diffusion 

coefficient D = 4.5 x 10-9 m2/s and the dynamic viscosity of water was assumed to be  = 0.001 

Pa·s. This is shown in Figure 2a as two distinct colours, i.e. white and dark red. A top view of the 

computational cell is shown in Figure 2b. Their flow rates were set at 400 L/min. As the fluids 

travel along the channel, mixing occurs as shown in Figure 2. This occurs because Dean 

instabilities are generated, which result in a pressure and velocity gradient imbalance and this 

results in vortices, defined by the Dean number (De):  

𝐷𝑒 = 𝑅𝑒√
𝐷ℎ

2𝑅
= 3.85  𝑅𝑒 =

𝜌𝑣𝐷ℎ

𝜇
= 10.54 

Here, 𝜌 is the density of H2O at 20 °C (998 kg/m3), Dh is the hydraulic diameter of the pipe 

(0.8x10-3 m),  is the mean velocity of the object relative to the fluid (m/s) given by  = (flow 

rate)/(cross section area) = 0.0132 m/s, μ is the viscosity of H2O (1x10-3 Pa·s), R is the flow path 

radius of the curvature (3 x10-3 m) and Re is Reynolds number[25]. 



 

 

 

3 Results  

3.1 Simulation of device dimensions 

Computational analysis is used to determine how many turns in the helical capillary micromixer 

are required for complete mixing of the two liquid phases. In the laminar flow region, a parabolic 

velocity pattern within a capillary microreactor can be obtained through introduction of curved 

channels. This can be achieved by wrapping a flexible straight capillary around a cylindrical rod-

shaped core. The perturbations induced by the centrifugal forces act perpendicularly to the fluid 

flow direction inside the spirals. Consequently, a secondary flow pattern is induced in the circular 

cross section of the capillary micro-reactor, which promotes mixing. The mixing efficiency can be 

studied by determining at which point complete mixing is achieved along the helical 

microchannel. Our model employed a flow rate of 400 L/min and constant rod diameter dR = 

0.6 cm, around which a helical microchannel with variable channel diameter dP was wound. We 

varied dP from 0.5 mm to 2 mm and found that a monotonous and roughly linear increase in the 

number of spiral turns was required to achieve complete mixing. This is expected because, for a 

constant flow rate, the diameter of the channel is inversely proportional to the flow velocity inside 

the channel. The effect of dR, which determines the curvature of the channel is shown in Figure 

3b. A constant flow rate of 400 L/min and constant dp = 0.8 mm were used and the channel 

diameter dR was varied from 0.4 cm to 10 cm. Two distinct plateau regimes are observed and, in 

both of these regimes, the distance at which complete mixing was achieved remained roughly 

constant, i.e. for dR = 0.4 cm to 1 cm a length of 1.96 cm was required and for dR = 2 cm to 10 

cm a length of 5.04 cm was required. This means that varying dR from 4 mm to 10 mm did not 

affect the mixing.  

  

 



 

 

 

Figure 3. Point of complete mixing of two phases in a spiral microreactor. a) the number of turns required for 

complete mixing as a function of dP for a fixed value of dR = 0.6 cm. b) the mixer length required for complete  

mixing as a function of dR for dP = 0.8 mm. The flow rate of the two reactant phases in the pipe is 400 L/min. 

The diffusion coefficient is D = 4.5 x 10-9 m/s, while the dynamic viscosity is that of water:  = 0.001 Pa·s. 

 

For the experimental realization dR = 0.6 cm and dP = 0.8 mm were chosen, which should enable 

complete mixing after 1.43 s at an injection flow rate 400µL/min combined within the micromixer 

respectively. We have compared the silica particle synthesis for a device with these dimensions 

to that of the equivalent without a spiral geometry shown in Figure S1. Clearly, the micromixer 

produces a much more homogeneous size distribution, which we attribute to the ultra-fast mixing 

of the precursor phases. 

 

3.2 cTEOS dependence on SiO2 particle growth 

The effect of the TEOS concentration on the SiO2 NP synthesis was studied by varying cTEOS in 

the ethanol phase, while keeping all other parameters constant at cNH3 = 8.7mol/L, T = 40 °C, 

and the flow rate at 400 µL/min. SEM analysis (Figure 4a-d) reveals that the silica NP size 

dispersity is not affected but the silica NPs increase approximately linearly in mean diameter with 

increasing cTEOS and this can be controlled, allowing the NP diameter to be tuned from 150 nm 

to 500 nm (Figure 4e). Histograms showing the size distribution of these synthesized particles 

are shown in Figure S2. Zeta−potential measurements yield  ~ -60 mV (Figure 4e).  



 

 

 

Figure 4. The dependence of SiO2 particle growth on the concentration of TEOS in the ethanol phase. SEM 

images of SiO2 particles with (a) 0.013 mol/L, (b)0.13 mol/L, (c) 0.26 mol/L, (d) 0.39 mol/L, (e) 0.52 mol/L, (f) 

0.65 mol/L and (g) 0.78 mol/L TEOS concentration. The scalebar is 1 m. The diameters and zeta potentials 

of the particles are shown in (e), where the first data point corresponds to a) and the last to d). 

 

3.3 cNH3 dependence on SiO2 particle growth 

 

The effect of the ammonia concentration on the SiO2 NP synthesis was studied by varying cNH3 

in the water phase. All other parameters were kept constant at cTEOS = 0.26 mol/L, T = 40 °C, 

and the flow rate at 400 µL/min. From the SEM analysis shown in Figure 5a-d it is evident that 

the silica NP size is dramatically affected by cNH3, ranging from 200 nm to 500 nm diameter 

(Figure 5e). The growth is not linear but peaks at cNH3 = 13.05 mol/L followed by a decrease in 

NP size for higher cNH3. Simultaneously, the size homogeneity is lost and polydispersity 

increases. Histograms showing the size dependence are presented in Figure S3. -potential 

analysis shows  < -60 mV in all cases, which ensures good colloidal stability of the synthesized 

SiO2 NPs.  



 

 

 

Figure 5. The dependence of SiO2 particle growth on the concentration of NH3·H2O. SEM images of SiO2 

particles with (a) 4.35 mol/L, (b) 8.7 mol/L, (c) 13.05 mol/L, and (d) 17.4 mol/L NH3·H2O concentration. The 

scale is 1 m. The diameters and zeta potentials of the particles are shown in (e). 

 

3.4 Phase flow rate dependence on SiO2 particle growth 

 

The effect of the insertion flow rate on the silica NP synthesis was studied for flow rates ranging 

from 200 µL/min to 500 µL/min and SEM images of the resulting NPs are shown in Figure 6a-d. 

All other parameters were kept constant at cTEOS = 0.26 mol/L, cNH3 = 8.7 mol/L, and T = 40 °C. 

The diameters of the silica NPs are found to differ in size between 390 nm and 480 nm with lower 

polydispersity for larger flow rates. The narrowest size distribution was found for a flow rate of 

400 µL/min. Histograms showing the size dependence are presented in Figure S4. Again, we 

observed that the zeta potential  < -60 mV in all cases as shown in Figure 6e and was largely 

unaffected by the phase flow rates.  



 

 

 

 

Figure 6. The dependence of SiO2 particle size on the phase flow rates. (a) 200 L/min; (b) 300 L/min; (c) 

400 L/min; (d) 500 L/min; The scalebar is 1µm. 

 

3.5 Temperature dependence of the SiO2 particle size 

 

The reaction temperature is an important parameter and its effect on the silica NP synthesis was 

studied over the range from 30 °C to 60 °C. The phase flow rates were kept constant at 400 

µL/min, while cTEOS = 0.26 mol/L and cNH3 = 8.7 mol/L. The SEM images of the NPs synthesized 

under these conditions are shown in Figure 7a-d. We observed an approximately linear decrease 

in SiO2 NP size with increasing temperature. At the same time, the size dispersity of the particles 

was reduced for higher T. Histograms showing the size dependence are presented in Figure S5.   

 

Figure 7. The dependence of SiO2 particle size on the reactor temperature. SEM images of SiO2 NPs 



 

 

synthesized at (a) 30 °C, (b) 40 °C, (c) 50 °C, and (d) 60 °C. The scale bar is 1 µm. (e) The particle 

diameter and the zeta potential vs. reactor temperature with constant cTEOS = 0.26 mol/L, cNH3 = 8.7 mol/L, 

and 400 µL/min phase flow rates. 

 

3.6 Product yield 

The solid product yield of the device was measured for a process using cTEOS = 0.26 mol/L, cNH3 

= 8.7 mol/L, T = 40 °C, a flow rate of 400 µL/min and a time of 20 min. For this the SiO2 were 

dried and the yield was quantified in three separate measurements yielding a mean rate of 

production of silica of 0.23 ± 0.02 g/h. 

 

4. Discussion 

 

From the simulations we obtained information on the optimum micromixer dimensions. Because 

the Dean effect has a close relationship to both the pipe and rod radii, these parameters affect 

the mixing of the phases significantly.[26] The radius of the pipe affects the travel distance within 

the spiral linearly; in other words, the thinner the pipe, the higher the velocity, such that complete 

mixing is achieved more rapidly.[27,28] However, because a long residence time is required for 

complete reaction, higher velocities necessitate the use of longer pipes,[21] i.e. a 0.5 mm 

diameter pipe would require a total length of 64 m to obtain a residence time of 30 min at a flow 

rate of 400 µL/min to ensure full SiO2 NP growth. Therefore, a diameter of 0.8 mm is more 

practical because it shortens the total required pipe length to 24 m. Conversely, for larger dp = 1 

mm, the velocity will decrease from 0.034 m/s at dp = 0.5 mm to 0.0084 m/s which favours 

adhesion of particles to the side walls as well as particle agglomeration, and this will eventually 

lead to complete clogging of the channel. A change in the rod diameter dR from 0.4 cm to 10 cm 

(at constant dP = 0.8 mm) leads to two distinct plateau regimes during reaction, and within both 

of these regimes the reactor length required for complete mixing is roughly constant, i.e. for dR 



 

 

= 0.4 cm to 1 cm a length of 1.96 cm is required and for dR = 2 cm to 10 cm a length of 5.04 cm 

is required. To achieve ultrafast mixing completely in short times, the parameters dR = 0.6 cm 

and dP = 0.8 mm were used throughout this study.[29] The final particle size depends on the rate 

of two processes, i.e the hydrolysis of TEOS which controls the initial nucleation of silica nuclei 

and the condensation of silanol groups, which enables the particles to grow.[1] The SiO2 NP size 

depends linearly on the TEOS concentration (Figure 4), implying that condensation is more facile 

than nucleation. By tuning cTEOS, the size of the SiO2 NPs can be controlled over the range from 

100 nm to 600 nm. The ammonia concentration also affects the formation of SiO2 NPs.[30] An 

increase in cNH3 increases the rate of hydrolysis process and the size of SiO2 NPs also increases 

(Figure 5). Because the ammonia is introduced into the ethanol phase as an ammonium 

hydroxide solution, it also includes water.[31] An increase in the water volume initially increases 

the size of the SiO2 NPs.[32] However, after a peak in particle size, the size decreases with 

further increases in the water volume.[33] A further decrease of the ammonia concentration could 

reduce polydispersity, but because of the implied slower reaction the particle growth cannot be 

concluded within the 30 min residence time in the device. For larger ammonia concentrations the 

reaction is very fast which results in clogging of the channel. Different flow rates, varying from 

200-500 Lmin, had no significant effect on the size of the particles (Figure 6). This is readily 

understood because under the conditions employed here, particle growth is governed by 

diffusion, and hydrodynamic effects can be neglected.[34] Larger flow rates increase the flow 

speed and required longer pipe length, which then become less practical. Smaller flow rates 

result in the aggregation of particles within the pipe leading to clogging. The most uniform 

particles were obtained at a flow rate of 400 L/min. SiO2 NP growth was also affected by the 

temperature, with an increase in T resulting in a decrease in the NP size (Figure 7). This is 

expected because a higher nucleation rate is known to lead to smaller mean particle sizes and 

also narrower size distributions.[35,36] It is important to consider that the reaction is performed 



 

 

in ethanol with a boiling point of 78 °C so that an increase in temperature beyond 60°C is not 

feasible. On the other hand, temperatures below 30 °C are not feasible because the uniformity 

of the particles already decreases significantly at 30 °C. Overall, all the final silica particles 

consistently exhibit large negative zeta potentials, which explains the strong colloid stability. The 

above trends demonstrate that submicron silica particles can be produced in a spiral 

microreactor using the well-defined hydrodynamic conditions that prevail during Dean flow. 

Variation in reactor design allows submicron particles of different sizes to be produced with great 

uniformity (Figure S6). While protocols for uniform silica are well known, this work shows how 

chemical synthesis can be switched from batch-wise to continuous flow, while still allowing good 

control of particle size. In future work we will show that this simple system can be extended to 

allow doped silica particles to be created. The doping with fluorophores, magnetic dopants and 

general chromophores will be presented. The reactor design here lends itself for the fabrication 

of more complex morphologies and nanostructured colloids. 

 

5. Conclusion 

In conclusion, a new PTFE based helical capillary microreactor has been developed and 

optimized for submicron SiO2 particle synthesis. Dean flow effects in the curved channel enable 

ultrafast mixing of two phases, which we have exploited to synthesize SiO2 particles based on 

the Stöber method. We have investigated the effect of different device geometries and process 

parameters on the SiO2 NP synthesis and optimized the reaction conditions for preparation of 

uniform silica colloids. The TEOS concentration and reaction temperature are found to influence 

the particle size dramatically. Due to the simplicity of the device assembly and its high mixing 

efficiency, high product yields at remarkably low cost can be achieved. This micromixer could be 

used as a microfluidic platform for the synthesis of a range of uniform and nanostructure or doped  

particles. 
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Figure S1. Sem images of SiO2 particles. (a) and (c) with micromixer, (b) and (d) without micromixer. The 

scale bar is 1 µm. 



 

 

 

Figure S2. Histograms showing the size distributions of the SiO2 NPs obtained at different TEOS 

concentrations (a) 0.013 mol/L, (b)0.13 mol/L, (c) 0.26 mol/L, (d) 0.39 mol/L, (e) 0.52 mol/L, (f) 0.65 mol/L 

and (g) 0.78 mol/L. 



 

 

 

 

 

Figure S3. Histograms showing the size distribution of the SiO2 NPs obtained at different NH3 concentrations 

(a) 4.35 mol/L, (b) 8.7 mol/L, (c) 13.05 mol/L, and (d) 17.4 mol/L. 

 

 

 



 

 

 

Figure S4. Histograms showing the size distribution of the SiO2 NPs obtained at different flow rates (a) 200 

L/min, (b) 300 L/min, (c) 400 L/min, and (d) 500 L/min. 

 

 

 

 

 



 

 

 

Figure S5. Histograms showing the size distribution of the SiO2 NPs obtained at different temperatures (a) 

30 °C, (b) 40 °C, (c) 50 °C, and (d) 60 °C. 

 

 

 

 

 

 



 

 

 

 

Figure S6. Large view SEM image of SiO2 particles. cTEOS = 0.13 mol/L, cNH3 = 8.7 mol/L, T = 

40 °C, and the flow rate at 400 µL/min. 

 

 

 

 

 

  


