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ABSTRACT  

Submicronization of organic compounds is a challenging requirement for applications in the imaging 

and pharmaceutical fields. A new Supercritical Anti-Solvent process with microreactor (µSAS) was 

developed for nanoparticle (NP) synthesis.  Tetrahydrofuran (THF) was used to solubilize a model 

organic molecule, tetraphenylethylene, and supercritical carbon dioxide (sc-CO2) was used as anti-

solvent. The solubility of TPE in the THF/CO2 system was first measured by in situ experiments. Then, 

NPs of TPE were prepared in various experimental conditions and characterized by transmission 

electron microscopy (TEM). Chosen experimental conditions led to NPs with a mean size of 9 ± 3 nm. 

Experimental µSAS results were compared with size distributions obtained by simulation, to obtain 

surface tension values, which are difficult to access by experiment alone. Simulations coupling 

Computational Fluid Dynamics (CFD) and Population Balance Equation (PBE) were performed under 

turbulent conditions in the high pressure microreactors. This coupled experimental and theoretical 

approaches allowed a deep understanding of the µSAS process and underlined the superior value of this 

technique for the preparation of NPs.  

 

INTRODUCTION 

Putting pure organic dyes and drugs in the form of nanoparticles (NPs) is a very efficient way to enhance 

their solubility, stability and bioavailability, so that these compounds may find a wide range of 

applications in the fields of imaging, biosensing and medicine [1–4]. It is therefore critical to develop 

advanced processes that allow the preparation of small (i.e. less than 50 nm) particles with a narrow size 

distribution. In this view, supercritical fluids (SCFs) processes [5] offer superior performances 

compared with conventional techniques, e.g. milling [6,7] and solvent evaporation [8,9]. Not only the 

intrinsic properties of SCFs (i.e. liquid-like densities and gas-like viscosities) result in high diffusion 



coefficients and therefore promote fast mixing, but the operating space is largely extended in terms of 

pressure and temperature with respect to conventional batch scale processes using liquids. In this 

context, supercritical carbon dioxide (sc-CO2) offers distinct advantages for sustainable processes, as it 

is non-flammable, non-toxic and environmentally friendly. Amongst the myriad of sc-CO2-based 

processes, the supercritical antisolvent (SAS) process has been of particular interest for preparing 

micrometer- [10] and submicrometer-sized [11] particles from various organic materials, such as active 

pharmaceutical ingredients (APIs) [12] and polymers [13]. The particle morphology and size are 

affected by experimental parameters like temperature, pressure, molar ratio composition, solution 

concentration and flow rates, which highlights the importance of the thermo-hydrodynamic phenomena. 

The general principle consists in mixing a concentrated solution of the compound dissolved in an organic 

solvent with sc-CO2, which acts as antisolvent. The solubility of the solute is then dramatically decreased 

in the final mixture, and this generates high supersaturation, which results in nucleation of the solute. 

The good solubility of the solute in the organic solvent, its low solubility in sc-CO2, and the high 

miscibility of the organic solvent with sc-CO2 are three essential prerequisites for a successful process. 

The mixing of the solute solution with sc-CO2 is a key parameter, because it drives the supersaturating 

field. Admittedly, a fast mixing leads to a nucleation burst, resulting in small particles with 

homogeneous size. In most of the SAS set-ups, sc-CO2 and the solute solution are co-injected into large 

high-pressure vessels, previously pressurized with sc-CO2. The particles thus generated are then 

recovered continuously on a filter. The main limitations of the current approaches are in the limited 

control of the operating parameters due to the large size of reactors. Sometimes, this leads to poor 

reproducibility from batch to batch, attributed to the presence of gradients (temperature, concentration, 

etc.) that directly affects the thermo-hydrodynamics of the system, and therefore the nucleation and 

growth processes.  

In order to intensify the SAS process, it is highly beneficial to use advanced type of reactors, 

which allow improved control of the operating parameters. Specifically, because they reduce time and 

space scales, microfluidic systems have shown their effectiveness in controlling mixing and enhancing 

the performances of materials synthesis processes [14]. The combination of two ways of intensification, 

SCFs and microfluidic reactors (µSAS), can greatly improve the performance and reproducibility of 

antisolvent processes, as shown in a previous work for conducting organic polymer nanoparticles [15]. 

More recently, we have proven that turbulent conditions can be achieved in high pressure microfluidic 

devices [16], resulting in ultra-fast mixing times down to 10-4-10-5 s, highly favorable for synthesizing 

organic nanoparticles. 

In this paper, a coupled numerical/experimental approach was used to explore the µSAS process 

used for the preparation of organic nanoparticles. Tetraphenylethylene (TPE) is chosen as a 

polyaromatic and strongly hydrophobic model compound. This molecule is widely used in the 

aggregated and NP states [17], and advantage will be taken from its particular fluorescence behaviour 

in a forthcoming work. The synthesis of TPE NPs was achieved with a µSAS process implemented in a 



high pressure microreactor, using tetrahydrofuran (THF) and sc-CO2 as the solvent and antisolvent, 

respectively. The solubility of TPE in various THF/sc-CO2 mixtures was first determined. The size of 

the synthesized NPs and the size distribution were then estimated using transmission electron 

microscopy (TEM). In parallel, numerical simulation was used to fit the critical parameter of nucleation, 

i.e. the surface tension (), from the experimental results. This parameter is very difficult to measure 

experimentally. The numerical simulation is based on a high performance computing (HPC) massively 

parallel code, which takes into account all the coupled physical phenomena (i.e. thermodynamics, 

hydrodynamics, nucleation and growth), for catching all the mixing scale [16]. This coupled 

experimental/numerical approach allows determining the surface tension with a great confidence for 

two main reasons. First, the good control of the operating conditions in the microchannel reduces the 

discrepancies between the "ideal" operating conditions of the simulation, and the experimental ones. 

Secondly, the reactor dimension and the HPC code allow very precise information about hydrodynamics 

to be obtained. Indeed, all or almost all the mixing length scales are caught, and so we get rid of the 

uncertainties related to the estimation of supersaturation. It results in a very deep understanding of the 

µSAS process.  

 

 

EXPERIMENTAL SECTION 

Chemicals 

Carbon dioxide was purchased from Messer. Tetrahydrofuran, inhibitor-free, ≥ 99.9 %, and 1,1,2,2-

tetraphenylethylene 98% were purchased from Sigma-Aldrich and used as received. 

High Pressure FTIR solubility measurements 

As mentioned above, the thermodynamic properties of the {CO2/solvent/solute} ternary system are very 

important in the SAS process. As a first step, the solubility of TPE was measured in various CO2/solvent 

mixtures, to determine the best operating conditions. To do so, FTIR measurements were carried out 

under pressure, using a high-pressure optical cell (HPOC) previously described [18] (Figure 1). The 

HPOC (internal volume 2.2 mL) was equipped with silicon windows with a path-length of 600 µm. IR 

beam passed through silicon windows in the top part of HPOC. Four heating cartridges were used to 

control the cell temperature, while a stirrer bar placed in the bottom of the HPOC ensured a homogenous 

mix. FTIR measurements were performed through the two silicon windows using a ThermoFisher 6700 

FTIR spectrometer (resolution: 4 cm-1, spectral range: 500-6000 cm-1) and analysed with the OMNIC 

software.  



 

Figure 1: Schema of the high-pressure optical cell (HPOC). (a) Study of saturated solution of TPE in THF.                

(b) Pressurization of the cell by CO2 injection. (c) in situ IR measurement of TPE solubility at 40 °C and 100 bar. 

 

In a typical measurement, the HPOC was filled under vacuum with a very concentrated solution of TPE 

in THF (20 mg of TPE dissolved in 2 mL of THF). The injected solution volume ranged from 0.5 mL 

to 2.2 mL (total cell volume), depending on the solvent/antisolvent ratio. The cell was then heated up to 

40°C, which was selected as the operating temperature for the final µSAS experiment, based on the 

thermodynamic phase behavior of the THF/CO2 system (See Fig. SI-1). Then, CO2 (liquefied from the 

tank through a cryostat set-up at 6°C) was added into the HPOC using a manual pump (Top Industrie) 

and the pressure was slowly increased up to 100 bar, a value selected for the same thermodynamic reason 

as for temperature (see Fig. SI-1). The cell was closed and kept under stirring during the measurements. 

The FTIR spectrum displayed several absorption bands, characteristic from each component of the 

ternary mixture (figure 2). Specific bands were selected for each of them. The CO2 absorption bands at 

4950 cm-1 corresponds to the combination mode 1+22+3 of the bending mode (2), the symmetric (1) 

and antisymmetric (3) stretching of CO2, the THF absorption band located at 1970 cm-1 is related to the 

first overtone of the ring deformation and the TPE absorption band at 1600 cm-1 corresponds to the 

aromatic “quadrant stretching” [19]. The absorbance intensity can be directly linked to molecular 

concentration through the Beer-Lambert law: A = ε·L·c, where A is the sample absorbance; ε is the molar 

extinction coefficient (L.mol-1.cm-1); L is the optical path length (cm) and c is the sample concentration 

(mol.L-1). The CO2 molar extinction coefficient at 4950 cm-1 was determined in a previous work using 

the same set-up and the same path-length [20]. The THF concentration in the ternary mixture under 

pressure was indexed on the pure THF concentration and on its absorption at 1 bar, assuming no 

variation of the molar extinction coefficient with pressure [21]. As the molar extinction coefficient of 

TPE at 1600 cm-1 was unknown, a weighted amount of TPE was dissolved in pure THF at 40 °C and 1 



bar, and the measurement of the absorbance allowed us to deduce the molar extinction coefficient 

according to the Beer-Lambert law. As previously shown by Ollagnier et al. [22], an inhomogenous 

mixture leads to a shift of the baseline of the IR spectra toward higher absorbance resulting from an 

increased scattering of the infrared light. This phenomenon was not observed in our experiments, 

indicating a homogeneous ternary mixture. Furthermore, the equilibrium was considered to be achieved 

when no changes in the intensity of the spectral bands were noticed.  

 

Experimental set-up and protocol 

Microreactor. The homemade high-pressure microfluidic reactor [23] developed for this study was 

built out of silicon (chemically-etched after a photolithography step through a mask, resulting in 

trapezoidal crossed section channel) and Pyrex for withstanding the high pressure conditions needed for 

the µSAS process. The design was similar to the one published in a previous study (Figure 2) [24]. In a 

nutshell, it consists in a preheating side channel (width = 200 µm, depth = 130 µm) for CO2 that reaches 

a main channel (width = 430 µm, depth = 230 µm) in which a silica capillary (I.D. = 100 µm, O.D. = 

164 µm) is inserted and further epoxy-glued. This design creates a full 3-D coaxial injection of the solute 

solution (through the silica capillary) within a CO2 outer flow (from the side channel). A compression 

part allows connecting the microchip to the external equipment. A heating tape equipped with an internal 

thermocouple, placed on the silicon back side of the microreactor, allows the temperature inside the 

microchannel to be controlled. 

 

Figure 2: Schema of a Silicon-Pyrex microchip.  

 

Set-up. The microreactor was implemented within a general set-up, presented in Figure 3. The outlet of 

the microreactor was connected to a recovery cell made from a sapphire tube (I.D.: 7.3 mm, O.D.: ½”, 

length = 10 cm) able to withstand pressure up to 200 bar. The sapphire cell was equipped with a 

polyvinylidene fluoride (PVDF) filter (Durapore membrane filter, hydrophilic PVDF, 0.1 µm pore size, 

purchased from Sigma-Aldrich) placed on a metallic frit (1 µm pore size). A TEM grid Cu 300 mesh 

purchased from Sigma-Aldrich was laid on the filter for direct analysis of the produced particles at the 



end of the µSAS process, without any particular sample preparation step. The whole recovery cell was 

plunged in a water bath heated at 40 °C.  

The initial solution [THF + TPE] was placed inside a vial, stirred (200 rpm) and heated at 40 °C with a 

magnetic hot plate. It was directly injected into the microreactor using a PU-4180 continuous Jasco 

pump. Two other cooled Jasco pumps were used for delivering CO2 inside the microreactor (PU-4380) 

and into the recovery cell for the drying step (PU-4387), respectively.  The pressure in the whole system 

was controlled with a Jasco automatic Back Pressure Regulator (BPR) (BP-4380) placed at the outlet of 

the set-up (100 ± 1 bar), in which the temperature is fixed at 40°C to avoid any dry ice formation during 

depressurization, which could plug the system.  

 

Figure 3: Scheme of the µSAS set-up.  

 

Experimental protocol. In a typical experimental µSAS process, the temperature of the initial [THF + 

TPE] solution, microchip, recovery cell and BPR was set at 40°C. Then, the entire system was 

pressurized with CO2 up to 100 bar. The injection of CO2 was kept continuous at a fixed flow rate and 

the pressure was stabilized. Then, the [THF + TPE] solution was injected into the microreactor at a 

constant flow rate, leading to the creation of a co-flow mixing inside the main microchannel of the 

microfluidic device. The flow rates of CO2 and [THF + TPE] solution were kept constant during a single 

experiment. At the end of the experiment, the solution pump was stopped and CO2 was injected inside 

the recovery cell in order to perform the drying step aimed at removing any residues of THF from the 

synthesized powders. The programmable BPR reduced the pressure from 100 bar to atmospheric 

pressure within the course of 30 min (3.33 bar.min-1).  

 

Transmission electron microscopy (TEM) 

The TEM grids placed inside the recovery cell were collected, dried, and directly analyzed with a JEOL 

JEM-1400+ transmission electron microscope for the characterization of organic NPs. A working 



tension of 60 kV was chosen to avoid any issue with the potential deterioration or melting of the organic 

NPs during characterization. The Cu Mesh300 grids were purchased from Sigma Aldrich and the 

obtained TEM images were processed with ImageJ software for size measurements. Careful attention 

was brought to the measurement of the particle size, because the determination of surface tension 

requires to compare simulation results with very precise experimental particle size distribution. 

Therefore, only well-defined particles (with a clear and complete round shape, see orange circles in 

Figure 4b) were considered. Thanks to the large number of recovered particles (see Figure 4a), it was 

possible to use several images from the same TEM grid with the same magnification (×50000) to count 

more than 100 particles per experiment. 

 

 

 

 

Figure 4: Cu mesh grid (a) and representative TEM images (b) for manual counting  

 

NUMERICAL SECTION 

 

Modelling  

The numerical approach allows taking into account all the physical phenomena involved in the process. 

The method consists in the coupling between a computational fluid dynamics (CFD) code, to consider 

the thermo-hydrodynamic effects, and a population balance equation (PBE) to take into account the 

nucleation and growth of particles [24–26]. All the equations, established in previous studies by our 

group, are presented in the appendix. It was chosen here to point out only the main aspects of the model.  

The hydrodynamics equations (continuity and Navier Stokes equations [16]) are solved for a completely 

miscible fluid. Furthermore, the isothermal fluid is far from the mixture critical point, so the isothermal 

compressibility is relatively low (between 10−8 and 10−9 Pa−1). In this case, even if the density depends 

on the composition of the mixture, the thermo-compressible effects are negligible. The comparison of 

simulations between an incompressible and a compressible formulation [27] has shown that the results 

were not significantly different. Because CPU time is much lower, the incompressible formulation is 

a) b) 



chosen. The gravity is neglected in the confined microchip because of the small value of the Bond 

number. The Reynolds number of the simulation varies from 3000 to 12000. One of the originality of 

the simulation is to perform Direct Numerical Simulation down to the Kolmogorov scale, in this way 

we do not need any turbulence model. The evolution of each species is calculated by the resolution of 

the classical species conservation equations by considering advection and ideal diffusion [16]. The 

density is estimated by the Peng Robinson EOS, coupled with the Van der Waals mixing rule. A binary 

interaction parameter kij equal to -0.0027 is considered [28].The diffusion coefficients are calculated by 

the Hayduck and Minhas correlation [16]. The mixture viscosity is computed by classical logarithmic 

mixing rules. The viscosities of the pure fluids, CO2 and THF, are obtained from the NIST database for 

the considered experimental conditions.  

The formation of the solid particles is taken into account by a population balance equation. As the 

precipitated particles obtained experimentally in the microreactor are very small, we assume that the 

effect of the breakage and the agglomeration can be neglected. In order to solve numerically the 

population balance equation, we introduce the standard method of moments (SMOM). Based on its 

definition, the four first moments (j = 0, 1, 2, 3) have physical meanings and are solved in the simulation 

(m0 is the total particle number; m1 the total particle length; m2 the total particle surface area; m3 the 

total particle volume). 

The supersaturation S, driving force of the precipitation, is simply defined as the ratio between the 

concentration of species C [29], deduced by the resolution of the hydrodynamic equations, and the 

solubility of TPE (Csat) that was experimentally determined: 

  

satC

C
S   (1) 

 

In this work, we have considered that the primary homogeneous nucleation B is the main mechanism of 

the nuclei formation and it is expressed by [24]: 
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with Na the Avogadro constant, σ the solid-fluid interfacial tension, kb the Boltzmann constant and Vm 

the solute molecular volume, DWC the solute diffusion coefficient calculated by the correlation proposed 

by Wilke and Chang [30]. As the solid-fluid interfacial tension σ in Equation 2 is unknown, its value is 

fitted with the experimental results. The growth rate is calculated as a function of the supersaturation 

and a mass transfer coefficient kg deduced from the Sherwood number which is estimated thanks to the 

Froessling correlation. 

 



Numerical methods 

The system of the partial derivatives equations (detailed in appendix) is numerically solved by the 

homemade Fortran CFD code "Notus" (https://notus-cfd.org/), developed at the Institute of Mechanical 

Engineering (I2M-TREFLE). Notus is an open source software based on the finite volume method. The 

variable fields are solved on a fixed staggered grid. Since Notus is massively parallel, it allows 

simulating 3D configuration with great precision. The formulation employed is totally explicit, except 

the pressure correction step in the velocity-pressure coupling algorithm which is solved implicitly. The 

Navier-Stokes equation is solved in two steps by the time-splitting algorithm of Goda [31]. The 

advection term is discretized by the second order scheme in space (total variation diminishing with 

superbee flux limiter function (TVD superbee)) [32] and an explicit second order central discretization 

is applied in space for the diffusion term. The trapezoidal shape (figure 5) of the domain is taken into 

account by an immersed boundary method [33]. At the inflow boundary, a flat constant profile is 

imposed in the coflow and a laminar Poiseuille flow profile for the injector. A zero-gradient boundary 

condition is applied to the outlet boundary, and no-slip boundary conditions for the remaining boundary 

conditions. 

Due to the trapezoidal asymmetrical geometry (Figure 5), a three-dimensional simulation is required. 

As demonstrated in our previous study [16], the Kolmogorov and Batchelor scales in our system are in 

the micrometer range. So we chose an uniform mesh, the grid size of which is ∆x = ∆y = ∆z = 3µm for 

a total number of nodes of 14.5 millions for a channel length of 4 mm. This is a good compromise 

between precision and CPU time. 

 

 

 

 

 

 

 

 

 

 

 

https://notus-cfd.org/


 

Figure 5: The geometry of the numerical microchannel for the turbulent mixing simulations showing the three 

dimensional trapezoidal microchannel, the dimension of the cross-section at x = 0 and the mesh in the yz plane 

and location of immersed boundaries. 

 

RESULTS AND DISCUSSION 

 

TPE solubility in the [CO2 + THF] mixture at 40°C and 100 bar 

The solubility of the TPE in the [THF + CO2] mixture was determined for different solvent/antisolvent 

ratio at fixed conditions of pressure and temperature, selected for the final µSAS process (100 bar and 

40 °C). The FTIR spectra, for different molar ratio, are obtained (Figure 6) in order to determine the 

species concentration at equilibrium. 

 



 

 

Figure 6: Selected regions of the FTIR spectra of {CO2/THF/TPE} system from different CO2 molar ratios at T = 

40°C and p = 100 bar. 1: TPE absorption band, 2: THF absorption band, 3: CO2 absorption band. 

 

The solubility values deduced from the experimental measurements are presented in Figure 7 and fitted 

with a simple analytical model. This one estimates the evolution of the solubility xsat (mol/mol) in 

function of the CO2 molar fraction xco2: 

 

  2co
6x4422.3x5871.20051.1

2cosat x10.7.6x10011.0x
2

2co2co 
  (3) 

 

As seen, the solubility of TPE (mol TPE / (mol CO2 + mol THF)) decreased continuously with increasing 

the proportion of CO2 into the binary solvent system [THF + CO2] mixture, ranging from 1.1  10-3 

mol/mol in pure THF to 6.7  10-6 mol/mol in pure CO2. Interestingly, no noticeable co-solvent effect 

was detected, showing that CO2 actually acts as an anti-solvent for all the considered compositions. To 

generate high supersaturation and access good mixing conditions in the µSAS process, it was chosen to 

work with a CO2 molar fraction of 98%, at 40 °C and under an operating pressure of 100 bar. 

 



 

Figure 7: TPE solubility in the binary {THF + CO2} system at 40 °C and 100 bar as a function of the molar 

fraction of CO2 in the mixture. 

 

 

Processing of TPE NPs with the µSAS process 

Nanoparticles of TPE were then prepared using the µSAS device. Some experimental parameters were 

allowed to vary, in order to observe their impact on the shape, size and size distribution of the 

synthesized NPs. More precisely, three µSAS experiments were conducted by changing the initial TPE 

concentration in the THF solution (2 g.L-1 and 3 g.L-1), as well as the CO2 and solution flow rates 

(passing from 8 and 0.4 mg/min, respectively, to 2 and 0.1 mg/min), for the same solvent/antisolvent 

ratio. For the latter parameter, the objective was to compare the effect of the mixing regime, determined 

by the mean Reynolds number – Re [16] (laminar – Re = 3000 or turbulent – Re = 12000), on the NP 

size. Indeed, high Reynolds number flow allows reaching very fast mixing, as previously reported in a 

former study [16]. The shape and size of the NPs were observed by TEM. Typical TEM pictures are 

shown in Figure 8, displaying small NPs slightly agglomerated on the grids. All NPs exhibited spherical 

shapes, with a very small mean diameter ranging from 9 to 14 nm. The size dispersion was calculated 

(Figure 9). All experiments have been repeated three times to validate the reproducibility of the process. 

Table 1 summarizes all the considered conditions along with the TPE NPs characteristics.  

 

 



 

 Figure 8: TEM images of TPE NPs synthesized by µSAS at 40 °C and 100 bar. Experiment number is integrated 

on the image. Inset: corresponding size distribution. 

9 ± 3 nm 

14 ± 5 nm 

9 ± 3 nm 



Table 1: Process parameters (initial TPE concentration [TPE]i, mass flow rates Qm) for TPE synthesis 

by µSAS (T = 40°C, P = 100 bar), Reynolds numbers  Re, and mean size of the NPs measured from 

TEM images. 

Exp. 

No. 

[TPE]i  

in THF 

Qm CO2  

mg.min-1 

Qm THF 

mg.min-1 

Re Mean size 

(nm) 

1 2 g.L-1 8  0.4  12000 9 ± 3 nm 

2 2 g.L-1 2  0.1  3000 14 ± 5 nm 

3 3 g.L-1 8  0.4  12000 9 ± 3 nm 

 

 

  

Figure 9: a) Size distributions of TPE NPs obtained from experiment No.1 repeated three times 

(Reproducibility); b) Normalized size distributions of the TPE NPs prepared under the three 

experimental conditions. 

 

The comparison of samples 1 and 3 showed that the initial concentration of TPE, in the studied range, 

had no effect on the particle size, and only a slight effect on size distribution. In contrast, the effect of 

the mixing regime is obvious when comparing samples 1 and 2. The NPs were significantly smaller in 

sample 1 (9 nm ± 3 nm) than in sample 2 (14 ± 5 nm), and their size distribution was much narrower. 

This behavior was expected because very fast mixing is achieved at high Reynolds number flows (in 

particular in turbulent conditions), leading to a high burst of nucleation in a very short period of time,  

and leaving almost no dissolved TPE for the growth. This results in small NPs, and narrow particle size 

distribution. Oppositely, in the case of sample 2, the flow rates are reduced four times, and so the mixing 

time is increased, as numerically demonstrated in the next section. Hence, due to less favorable mixing, 

the nucleation rate is lower, so growth is promoted consequently leading to bigger particles. 
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µSAS simulation results 

The simulations were carried only out for the experimental conditions 1 and 2 reported in Table 1 in 

order to demonstrate the influence of the mixing conditions for NPs synthesis. Concerning the influence 

of the concentration, no significant influence has been observed experimentally. This is due to the very 

low solubility of the TPE in the THF. As discussed in the introduction, all parameters of the numerical 

simulation can be estimated except the interfacial tension σ between the solid and the fluid phase. 

Because of the lack of knowledge of this crucial parameter, its value was estimated by fitting the 

simulation results to the experimental data. 

 

Determination of the interfacial tension σ 

The particle size distribution was calculated by applying a log-normal distribution according to the time 

average values of the moments [25]. The interfacial tension σ was estimated to be 2.25 mN/m for 

experiment No.1. This value resulted in the best agreement with the particle size and size distribution 

obtained from the µSAS experiment. The comparison between the numerical particle size distributions 

and the experimental one is represented in Figure 10. We can observe a very strong influence of the 

surface tension σ on the distribution. Indeed, a variation between 2 and 3 mN/m can lead to very different 

size distributions and width. 

 

 

Figure 10:  Bar chart:  Size and size distribution of TPE particles prepared experimentally using the 

µSAS process according to the reference test case No.1 (Table 1). Colored curves: simulated particle 

distributions as a function of the interfacial tension σ. 

 

 



 

 

General analysis of the reference case (No.1) 

Several fields of important variables were illustrated and analyzed for the case No.1 (Table 1). The 

effects of the operating parameters are presented after this general analysis. 

 

 

 

Figure 11: The instantaneous and mean time fields of the solvent THF and the dissolved solute TPE 

mass fractions in the microchannel of the plane z = 0 (with the unit of meter for x and y axis) for the 

reference case No.1. 

 

 In order to illustrate the general mixing quality of the µSAS process, we examined first the 

instantaneous and time averaged fields of mass fractions of THF and TPE in the plane of z = 0 in Figure 

11 (which represents the depth of the channel). The species transport is very fast for both solute and 

solvent in the conditions of the reference test case No.1 and a homogeneous mixture is obtained within 

1 mm from the capillary outlet, according to the time averaged fields. We observed that the solute TPE 

dissolved in the fluid mixture is consumed by the particle formation. Although the diffusivities of TPE 



and THF in CO2 are different, a similar behavior is observed between the solute TPE and the solvent 

THF mass fractions, resulting from much stronger effects of convection compared to the diffusion for 

the operating conditions. 

After the first observation on the mixing quality by the mass fraction distributions, we analyzed 

quantitatively the fluid mixing by providing the instantaneous and mean time fields of the engulfment 

micromixing time [34] 𝑡𝑚𝐸 = 17.24√
𝜐

𝜀
 in the plane z = 0 (Figure 12). The dissipation rate of the 

turbulent kinetic energy  was calculated by the following relation:  

 

(4) 

 

 

Figure 12:  Engulfment micromixing time in the microchannel of the plane z = 0 (with the unit of meter 

for x and y axes) for the reference test No.1. 

 

The engulfment micromixing time tmE is in the order of magnitude of 10−5 s (0.01 ms) for the examined 

conditions, illustrating that the mixing rate is extremely high, especially at the beginning of the mixing 

close to the capillary outlet. This result is related to the high velocity fluctuations of fluid mixture in this 

zone, creating high turbulent energy dissipation rate up to 10000 W.kg−1 locally in certain cells (Figure 

13). According to the mean field of the engulfment micromixing time tmE, its value drops to 0 at a 

distance of 1 mm from the injector tip. This means that the mixing is completed due to no more energy 

dissipation, and the fluid mixture becomes homogeneous, corresponding well to the mass fraction field 

of the THF solvent in Figure 11. 
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In order to quantify the mixing efficiency with a single representative value, the characteristic mixing 

time was determined by the method presented in our previous study [16,35]. The characteristic mixing 

time is considered as the time constant of a function representing the global evolution of the mixing in 

the reactor which can be easily modeled by a first order dynamic model 𝑓 ∝ 𝑒−
𝑡−𝑡𝑟

𝜏  with  and tr being 

respectively the time constant and the time delay. The global evolution of the well-known segregation 

intensity [36] is used to characterize the mixing. If the segregation intensity is equal to 1, the segregation 

between species is total, whereas a value of 1 indicates a perfect mixing. The segregation intensity Im is 

calculated for each abscissa x and is defined by: 
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 (5) 

 

with a the mass fraction of the solvent THF and a  the mean mass fraction of THF calculated in the 

plane yz for each abscissa x. 

A characteristic mixing time of 0.029 ms was obtained. This very low value emphasized the excellent 

mixing efficiency in our microreactor under the µSAS conditions. 

 

 



Figure 13: Instantaneous field of the energy dissipation rate ϵ of the plane z = 0 (with the unit of meter 

for x and y axis) and the characteristic mixing time tm determined by the segregation intensity Im for the 

reference test No.1. 

 

 

 

Figure 14: Instantaneous fields of supersaturation S in the plane z = 0 of test case No.1. 

 

The influence of the fast mixing of the test No.1 can be reflected on the instantaneous fields of the 

supersaturation S, nucleation B and growth rate G. As the driving force of the precipitation, the 

supersaturation S = C/Csat was calculated in the microchannel. The instantaneous field of supersaturation 

is shown in Figure 14. Thanks to the efficient mixing in this case, no effective gradient was observed in 

the microchannel. However, the value of supersaturation was generally low with a maximum of 1.647. 

The first explanation is the low TPE concentration even in the initial solution. TPE cannot be dissolved 

in large quantities in THF, although its solubility in THF is higher than in other common organic 

solvents. So, the low concentration of TPE cannot offer a high value of supersaturation. The low value 

of supersaturation is also linked to the nucleation rate B and the particle growth rate G. In order to clearly 

present the relationship between nucleation and supersaturation in Figure 15, the instantaneous field of 

supersaturation is reset with a superior limit at 1.3 and an inferior boundary at 1 because the precipitation 

occurs only while the supersaturation degree is higher than 1. 



 

Figure 15: Instantaneous field of supersaturation S, of nucleation rate B and of particle growth G in the 

plane z=0 of test case No.1.  

 

The evolution of the supersaturation can be considered as a combination of its generation by fluid mixing 

and its consumption by the nucleation and the particle growth (for S > 1). The extremely high rate of 

nucleation leads to a fast decrease of the supersaturation degree once it exceeds 1.  The similarity of 

these two fields can be observed in Figure 15, as well as the relationship between the supersaturation 

and growth rate. However, the nucleation is favorable because of the fast fluid mixing. The 

supersaturation S drops quickly after nucleation, leaving a weak driving force for particle growth. The 

high nucleation rate results from the small value of the surface tension (σ = 2.25 mN/m) and a significant 

diffusion coeffcient for TPE particle DWC (up to 1.4  10−8 m2s-1) under the supercritical mixture 

conditions due to a gas-like viscosity of the fluid mixture (about 43 µP.s). Indeed, these two parameters 

affect decisively the nucleation process and contribute to fast rates in the simulation case No.1. 



 

 

Figure 16: Instantaneous and averaged fields of the moments m0 (total number of particles per volume), 

m1 (total length of particles per volume), m2 (total surface of particles per volume) and m3 (total volume 

of particles per volume) of test No.1. 

 

The moments m0, m1, m2 and m3 represent, per volume of the reactor, the total number of particles, the 

sum of the particle length, the sum of the particle surface and the total particle volume, respectively. 

These moments are displayed in Figure 16 with their instantaneous and time averaged fields. 

 

Figure 17: TPE mass fractions in the fluid phase (left) and in the solid phase (right), represented by the 

moment m3 of the total volume. 

 

As expected, the mean fields of the moments also show that the fast fluid mixing contributes to reaching 

homogeneity at 1 mm from the injector outlet. Figure 17 illustrates qualitatively the solute TPE in the 



fluid and solid phases, which can be considered as the moment m3 for the total particle volume. This 

consistency proves the robustness of the numerical modeling. 

The average values of the moments allow to estimate the particle size mean value. The first two moments 

are chosen to express the mean particle size 𝑑𝑝
̅̅ ̅  =

𝑚1̅̅ ̅̅̅ 

𝑚0̅̅ ̅̅̅ 
.  The fields of both the instantaneous and mean 

particle sizes can be seen in Figure 18. 

 

 

 

Figure 18: The instantaneous particle size field and its mean time value in the plane z = 0 of test case 

No.1. 

 

By monitoring the instantaneous particle size dp, the particle growth at different locations in the 

microchannel was observed. The sizes varied from 6 to 15 nm, corresponding well to the experimental 

measurements of the test case No.1. The mean values of the particle sizes dp became stable at 1 mm 

from the capillary tip, which is a coherent result regarding the other time averaged fields.  

  

Effects of the mixing conditions 

After the analysis of the reference case No.1, another test case with different flowrates were investigated 

in order to clarify the influence of the mixing conditions. The test case No.2 for lower flow rates was 

simulated using the same surface tension σ=2.25 mN/m as that obtained from the reference simulation 

No.1. The main information are reported in Table 2. 

 

Table 2: The TPE particle mean sizes originating from experiments (dpexp) and simulations (dpnum), the 

surface tension used in the simulations σ, the mixing times tm at fixed temperature (40 ◦C) and pressure 



(100 bar) under tested µSAS conditions (initial concentration of TPE [TPE]i, mass flow rates Qm, 

velocities u and Reynolds number) 

 

No [TPE]i  

g/l 

Qm CO2 

mg.min-1 

Qm THF 

mg.min-1 

uco2 

m/s 

uTHF 

m/s 

Re σ 

mN/m 

tm  

ms 

dpexp 

nm 

dpnum 

nm 

1 2 8 0.4 6.35 0.95 12000 2.25 0.59 9.1 9.5 

2 2 2 0.1 1.59 0.23 3000 2.25 0.029 14.4 16.6 

 

 

 

 

Figure 19: Comparison between experimental and simulated particle size distributions for the two tested 

cases. 

  

The results of the comparison between experimental and simulated distributions are shown in Figure 19. 

The simulations yield generally acceptable results on the particle sizes and size distributions for the two 

test cases. 

While the flow rates of No.2 were reduced to 110 µL.min−1 and 2000 µL.min−1, respectively, for the 

TPE/THF solution and the antisolvent CO2, compared to the reference test case No.1, the mean size of 

TPE was increased from 9.1 nm to 14.4 nm, according to the experimental results, with the same total 

CO2 mass fraction at 98%. In fact, a relative “inefficient” mixing in case No.2 can be represented by the 

mean time mass fractions of THF and TPE (Figure 20). A long length of solvent jet can be observed. In 

spite of a mixture homogeneity at x = 1 mm, the fluid is quite heterogeneous in the vicinity of the injector 

tip. 

 



Figure 20: The mean time fields of the THF and TPE mass fractions in the test case No.2 with low flow 

rates. 

 

More specifically, in order to analyze the velocity effect on the mixing time tm, this value was deduced 

from the evolution of the segregation intensity (Figure 21). The decrease of fluid flow rates in test No.2 

leads to slow mixing compared to the reference test No.1, with a mixing time of 0.59 ms, one order of 

magnitude higher than in test No.1 (0.029 ms). This less efficient mixing influences the supersaturation 

degree, which is slightly smaller in No.2 than in No.1, especially at the outlet of the injector. It also 

generates a quite heterogeneous field of the supersaturation around the long jet of the TPE/THF solution. 

This less uniform supersaturation field promotes particle growth instead of nucleation. In other words, 

in the test No.1, supersaturation is mainly consumed by nucleation close to the injector outlet once the 

fluids encounter each other. In contrast, in the test No.2, the length of the region where supersaturation 

is more than 1 is two times (1 mm) that of the reference test No.1 (0.5 mm), resulting in a longer distance 

and more time for the growth of the nuclei formed upstream. The slower mixing in the case No.2 can 

explain the increase of the mean TPE particle size. 

 



Figure 21: Intensity of segregation curves of tests No.1 and No.2 as a function of time with the 

determination of mixing time. 

 

The comparison between tests No.1 and No.2 confirmed the importance of the hydrodynamic behavior 

of mixing in the microreactor that we emphasized in our previous study [35]. High flow rates (fluid 

velocities) lead to fast mixing, and so to small particle sizes and narrow size distributions. 

 

 

Characteristic times of the precipitation 

In order to compare the characteristic time of precipitation and fluid mixing, the time of precipitation tp 

has been estimated. In Figure 22, we have represented the evolution on the center line of the mean 

particle size dp as a function of time. The time axis t is defined as: t = x/uxin , the same as that used for 

the turbulent mixing analysis in our previous study [16], with L the length of microchannel, uxin the 

average velocity of the inner fluid TPE/THF solution, depending on its flow rate and on the inner surface 

of the capillary. 

 

 

 Figure 22: Determination of precipitation time tp according to the mean particle size. 

 

The characteristic time of precipitation tp is defined in this study as the time when the mean particle size 

dp reaches a stable value (Figure 22). Another important characteristic time for the particle precipitation 

process is the nucleation time, which is generally not well defined. The different characteristic times are 

reported in Table 3 in order to compare their orders of magnitude. 

tp ≃ 6 ms 

tp ≃ 1 ms 



 

Table 3: Characteristic times (precipitation time tp, estimated nucleation time tn) with the average 

nucleation rate B, the mean particle growth rate G and the Da numbers (Dap for fluid mixing and 

precipitation, Dan for fluid mixing and nucleation). 

 

Test 

No. 

tp 

(ms) 

r* 

(nm) 

G · 105 

(m ·s−1) 

B · 10−21 

(m−3s−1) 

tn 

(ms) 

tm 

(ms) 

Dap Dan 

1 1 1.59 5.28 2.15 0.017 0.59 0.029 1.7 

2 6 2.15 3.43 1.72 0.021 0.59 0.098 28.1 

 

The nucleation time is directly related to the average value of the nucleation rate B. It is the global mean 

value of space and time in the simulated microchannel, also given in Table 3 for all tested cases. We 

have taken the volume of the discretized cell (Vcell = 3 × 3 × 3 µm3) as the considered volume, and the 

characteristic nucleation time tn can be estimated as: 

 

cell

n
BV

1
t   (6) 

 

This method provides nucleation times of reasonable order of magnitude of 10-5s. The values of the two 

test cases are close due to the same range of supersaturation and constant surface tension. To compare 

the characteristic times of the fluid mixing and nucleation, we introduced here the dimensionless 

Damköhler number Da, often used to relate the reaction rate to the species transport rate: 

 

timereaction

timemixing
Da   (7) 

 

The Da number was calculated for both TPE precipitation (Dap) and nucleation (Dan), with tm, tp and tn 

in Table 3. We confirm and emphasize that our microreactor can provide a high efficient fluid mixing 

under µSAS conditions with a very low Da number of precipitation Dap, even for a relatively slow 

mixing (test No.2), indicating that the fluid mixing is much faster than the entire precipitation process. 

The mixture becomes homogeneous much before the end of particle growth. Regarding the nucleation 

time tn, the Da number is in the order of magnitude O(1) for the tests of high flow rates No.1. The slower 

mixing due to the lower flow rates in No.2 results in a high value of Da number, implying that when 

nucleation occurs, the fluid mixture is far from being homogeneous. In general, an extremely fast mixing 

can be reached in our microreator for the µSAS process with a mixing time of the order of magnitude 

of 10−5 s (0.01 ms). The same order of time is found for nucleation but much smaller than the global 

precipitation time. Consequently, these conditions are very favorable to precipitate, through µSAS 

conditions, the nanoparticles of TPE with a narrow particle size distribution. 



 

 

CONCLUSION 

 

In this paper, the experimental system to produce TPE nanoparticles by the µSAS process in our 

microreator was introduced. µSAS offers the possibility to obtain size under 15 nm. Narrow dispersion 

size (± 3 nm) was obtained. The variation of experimental parameters strongly impacts the 

hydrodynamics of the mixing. In particular, decreasing the flow rates increased the mean size of the 

recovered NPs. By comparing the simulation results to the experimental data, we have determined the 

solid-fluid interfacial tension σ, which is difficult to access by experimental measurements. The 

numerical model provided appropriate particle size dp and size distribution, in good accordance with the 

experimental results. In order to have a deep insight in the mixing zone of the precipitation, some 

important fields have been analyzed numerically, namely: the mass fractions, the mixing time, the 

supersaturation and the mean particle size. The effects of fluid hydrodynamics on the particle size were 

discussed. At last, the characteristic times of precipitation and nucleation were determined, and 

compared to the mixing time measured under corresponding conditions in the microreactor. It has been 

demonstrated that the fluid mixing plays an essential role in µSAS precipitation and that our 

microreactor can offer an extremely fast mixing with a mixing time down to 0.01 ms, of the same order 

of magnitude as the nucleation time. This coupled experimental and numerical modeling approach 

highlights the high performance of the microreactor for fluid mixing and particle precipitation by µSAS 

process. It underlines the value of this technique for the controlled production of very small organic 

NPs, potentially paving the way of practical applications for a large number of organic compounds. 
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Appendix 

 

Hydrodynamic and thermodynamical contributions 



 

The flow is considered as incompressible, monophasic and turbulent. As the simulation is performed 

down to the Kolmogorov scale, no turbulence model is needed, it reads:  

 

0   u  (6)

  

 uu-uu
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t
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in which p is the pressure, ρ the density of the fluid, g the gravity vector, µ the dynamic viscosity, t the 

time and u the velocity vector. The Peng Robinson equation of state (PR-EOS) with quadratic mixing 

rules is chosen to calculate the density of the fluid. 

The species continuity equations are expressed by taking into account the diffusion of species according 

to the Fick's law: 
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with a and s the mass fractions of solvent and solute, respectively, Da and Ds the diffusion coefficients 

of solvent and solute in solvent/CO2, respectively. p is the density of the solid solute and kv the volume 

shape factor of the particles that is based on the morphology of produced particles (kv = p/6).  

 

The population balance equation 

 

As in our case, the precipitated particles obtained experimentally in the microreactor are very small, we 

assume that the effect of the breakage and the agglomeration can be neglected. According to the 

conservation law, the general equation of population balance is defined by: 
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In this equation n represents the number density function which depends on internal coordinates (particle 

size L) and external coordinates (space coordinates X (x,y,z)). u and  are respectively the velocity and 

the density of the fluid and G is the growth rate of the particles. The population balance equation is 

solved with the standard method of moments. Only the four first moments are solved, the system of 

equations to be solved remains [37]: 
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where mj is the jth moment defined by: 
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where mj is the jth moment of the distribution. B and G represent the nucleation and the growth rates. 

Assuming that the distribution is log-normal, the following relationship [37] is used to build the 

simulated particle size distribution with the calculated moments: 
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Nucleation and Growth parameters 

 

We consider that particle formation is only due to primary nucleation: 
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with Na the Avogadro constant, σ the solid-fluid interfacial tension, kb the Boltzmann constant and Vm 

the solute molecular volume, DWC the solute diffusion coefficient calculated by the correlation proposed 

by Wilke and Chang (1955).  

The growth rate, assuming that the main mechanism for growth is diffusion, is calculated by: 
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where kg represents the mass transfer coefficient deduced of the local Sherwood number. This one is 

estimated by the Froessling equation. 

 

 

Nomenclature 

 

B nucleation rate (1/(m3s)) 

C concentration (mol/m3) 

D diffusion coefficient (m²/s) 

g gravity vector (m/s²) 

G growth rate (m/s) 

Kb Boltzmann constant (m2 kg s-1 K-1) 

kg mass transfer coefficient (m4/(mol.s)) 

L length of the particles (m) 

mk kth order moment (mk/m3) 

n particles density function (1/m3) 

Na Avogadro number (1/mol) 

p pressure (Pa) 

S supersaturation 

T temperature (K) 

t time (s) 

u velocity vector (m/s) 

Vm molecular volume (m3) 

 

Greek letters 

 viscosity (Pa.s) 

 surface tension (N/m) 

 density (kg/m3) 

 mass fraction 

 


