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Abstract
Water-ethyl acetate-ethanol is widely used as “green” extractant system. We show that two 
different types of phase separation can be induced upon centrifugation in this ternary system 
using ethanol as a co-solvent of water and ethyl acetate (EA): centrifuge-induced criticality and 
centrifuge-induced emulsification. The expected composition profiles of samples after 
centrifugation can be represented by bent lines in a ternary phase diagram when gravitational 
energy is added to the free energy of mixing. The experimental equilibrium composition profiles 
behave qualitatively as expected and can be predicted using a phenomenological theory of 
mixing. The concentration gradients are small except near the critical point, as expected for 
small molecules. Nevertheless, they are usable when accompanied by temperature cycles. 
These findings open new possibilities of centrifugal separation, even if control is delicate during 
temperature cycles. These schemes are accessible even at relatively low centrifugation speed 
for molecules that float and sediment with apparent molar masses several hundred times larger 
than the molecular mass.
 

Introduction

Nearly a century after Svedberg introduced analytical ultra-centrifugation with centrifugal fields 

exceeding 300 000 g, analytical centrifugation remains to have a strong focus on the field of 

biomacromolecules1. However, centrifugation has a broader field of applicability. We have 

recently shown that centrifugation can lead to phase separation of simple binary mixtures of 

linear alcohols and alkanes even far from the critical point 2. The experimental determination 

of the extraction efficiency in the vicinity of critical points of poorly miscible fluids has been 

reported, however, without predictive modeling of the chemical potential involved available.3 

Remarkably, the investigation of the behavior of micellar solutions as well as microemulsions 
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with the aim of extracting a solute in a centrifugal field away from proximity to a critical point 

has been ignored in the last twenty years. 

This is because “soft” centrifugation (up to 3 000 g) as well as modern-day preparative 

ultracentrifugation (up to 600 000 g) is generally believed to handle only low yields, and 

analytical ultracentrifugation is confined to the field of analytical chemistry. Emulsions such as 

micelles in milk show slow sedimentation speeds and ultra-low concentration profiles 

compared to nanoparticles and clays. Since the seminal papers by Hildebrandt and Knobler in 

19544,5 and by Onuki6, there is an abundant literature of centrifugation in complex fluids near 

the critical point, but our aim is to understand centrifugation of fluids far from the critical point.

Only three quantitative papers have been published in microemulsions: Hwan et al.7 concluded 

that phase boundaries should move upon centrifugation. Later Dvolaitsky and coworkers8  

concluded from analytical ultracentrifugation (AUC) studies that microemulsions can be 

described as monodisperse spheres, a conclusion that was shown to be wrong via small angle 

scattering as well as NMR studies.9 It is quite interesting to notice that the concept of 

“surfactant-free microemulsions” (SFMEs) was derived from careful AUC observations by 

Barden and coworkers as early as 197710 , but the correct physical principles of these 

observations that could not be explained by the standard flexible microemulsion model were 

only given in 2016, when the term “ultra-flexible microemulsions (UFME)” was coined11. Until 

now, the only quantitative sedimentation study available in the literature is by Bult and co-

workers, who have shown that the Winsor II equilibrium can even split into four phases due to 

the earth gravity field, i. e. without the need for centrifugal fields12. Following Jean Perrin in his 

Nobel prize work on emulsions13 this important method can even be used to measure 

molecular forces in such solutions.

In this work, we focus on the behavior of the system water/ethanol/ethyl acetate under 

centrifugation. This ternary system is highly used since it allows efficient and selective 

extraction of lipids from biological materials  without any membrane-protein or osmolytes14 and 

without using toxic material such as chloroform or methanol. The mixing thermodynamics of 

this system is well approximated by regular solution theory, and therefore distinct aggregation 

as it is observed in the case of surfactant-free microemulsions is not present. We study this 

system with six different compositions. Their locations in the phase diagram are described as:

- Pre-Ouzo (PO10 and PO20): the region in which pre-Ouzo type of aggregation occurs 

in SFMEs, the region close to the two-phase region on the water-rich side, where the 

PO20 composition has more ethanol (20%) than the PO10 composition. The PO20 
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composition is the formulation used for flavored alcoholic drinks, while many of the 

effects in centrifugation are more pronounced at lower concentration of ethanol since 

the supersaturation of the immiscible solvents is higher.

- The dilute Pre-Ouzo (dPO) point is a point similar to PO, but heavily used in practice, 

because of preconcentration of any hydrophobic solute. This is the region where 

dispersive liquid-liquid microextraction (DLLME)15 is performed.

- In the region close to the critical point (CP), prominent critical fluctuations give rise to 

centrifuge-induced criticality. This type of fluctuation is already present in binary 

systems2.

- The living network region (LN) is the solvent-rich region close to the phase boundary. 

This region has been investigated by scattering and molecular dynamics. This region 

is the domain where the elusive “reverse” ouzo effect was reported initially by Vitale 

and Katz16 but not yet quantified to our best knowledge. The microstructure is best 

understood as a 3D dynamical network of domains connected by hydrogen bonds17. 

The connection points in this network are the sites where excess water nucleation can 

occur. 

- The concentrated living network region CLN is the intermediate domain between the 

critical point and the living network LN region. It can be unambiguously quantified by 

scattering since the dominant scattering is a broad Lorentzian peak corresponding to a 

network mesh-size and at the same time, a smaller contribution as an Ornstein-Zernike 

function due to the proximity of the critical point: the fluctuation can be understood as 

water molecules nucleating at cross-link points of the connected hydrogen-bond 

network.18

- maceration point (MP): the point high up in the phase diagram that is used for 

maceration in case of extraction of organic molecules from plants. This hydrotrope-rich 

region in which no local structuration occurs is also used in the broadly used “Bligh and 

Dyer” methods and their greener version14. 

We report in this work the existence of two different types of phase separation induced by 

centrifugation: close to the critical point, centrifuge-induced criticality is induced similar to the 

already reported binary case2. However, in the ternary case, far from the critical point, not only 

clouding occurs, but also a new phenomenon of centrifuge-induced emulsification leading to 

efficient creaming is observed. The experimental observations are rationalized with the help 

our recently developed centrifugation map (CMap) theory.19
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Methods

Chemicals

Ethanol (for spectroscopy Uvasol®, purity ≥ 99.9%) and ethyl acetate (for spectroscopy 

Uvasol®, purity ≥ 99.9%) were purchased from Merck KGaA (Darmstadt, Germany). Nile Red 

(technical grade) was purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). 

Water was Milli-Q quality with organic total mass of 2 ppb and resistivity 18.2 MΩcm. All 

chemicals were used without further purification. The literature values and measured values 

of the refractive indices, densities, and viscosities of the three pure components are presented 

in Table S1. Figure S1 and S2 show the literature densities and refractive index map of the 

ternary system at 25 °C, and Fig. S3 the modelled refractive index map. The description of 

used software and fitting parameters needed for the calculations and visualisation of the 

refractive index map can be found in the supplementary information and in Table S2.  The 

relative errors of the calculated refractive index at 25 °C compared to the combined 

experimental values of Andrade et al. 20 and Robles et al.21 are shown in Fig. S4. These errors 

are in the fourth digit of the refractive index.

 

Analytical Ultracentrifugation. 

For the measurements, the ternary mixtures were prepared by weighing masses of about 1 g 

to ± 0.1 mg on an analytical balance (ED224S Sartorius AG Germany). The samples were 

prepared in screw thread vials (10 ml, 55 x 20 mm, clear glass) with screw cap DIN 18. Ethanol 

was added dropwise with a 200 µL micropipette (Finnpipette® F1) to the ethyl acetate/water 

binary mixture until the turbid solution became clear. For the samples with Nile Red, a 

0.0261 mM ethanol-dye stock solution was prepared. Figure 1 shows the mass fraction points 

of the sample mixtures that were selected from the ternary phase diagram. The exact 

compositions of the mixtures are listed in Table S3. 

The measurements were performed on a modified Optima XL 80k (Beckman Coulter, Palo 

Alto, CA, United States) using an UV/Vis multiwavelength (MWL) detector22 and an advanced 

Rayleigh interference optics developed by Nanolytics23. A 12 mm double sector titanium 

centrepiece was used with 340 µl of reference and sample solution. The general setup of the 
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MWL detector is described in refs. 22, 24, and 25. The raw data from the MWL detector are shown 

in Figures S5-S7, acquired at 50 000 rpm.

In the AUC, the interference optics is based on the principle of a Rayleigh interferometer as 

result of an interference pattern of parallel light and dark fringes behind the measurement cell. 

Such raw Rayleigh interference data are shown in Figure S8 collected at 50 000 rpm. At each 

radial position (r), the pattern of interference fringe reflects differences in the refractive index, 

∆n(r), between solution and solvent. The experimentally obtained radial interference fringe 

shifts is the result of a Fourier transform analysis26 of the experimental interference fringe 

pattern. This vertical shift of the interference fringes is counted in numbers of fringes, ∆J(r):

∆𝐽(𝑟) =  
∆𝑛(𝑟) ∗ 𝑎

 𝜆 (1)

where a is the thickness of the centerpiece (1.2 cm), λ is the wavelength of the light (675 nm), 

and Δn(r) is the refractive index difference, ∆n(r) = nsolution(r) - nsolvent(r). More theory of the 

calculations using the experimental fringes is described in our work on binary mixtures2.

The speed variation experiments were performed at constant temperature of 25 °C (± 0.1 °C) 

with speeds between 1 500 rpm and 50 000 rpm. Figures 2, S9 and S10 show the fringe shifts 

∆J(r) in dependence of different experimental speeds. The fringe shift is 0 at the point of the 

original composition. All raw data were presented using OriginLab 202027 and a self-written 

LabVIEW28 program.

 

Theory

The theoretical prediction of the system follows the procedure of our recent work,19 where also 

further details of the derivation are given. The free energy of the system is a functional of the 

particle densities {𝜌𝑖(𝐫)} in the framework of density functional theory (DFT). 29,30,31  Within the 

Local Density Approximation (LDA), for which non-local correlations are neglected, the free 

energy of an inhomogeneous system can be written as:

ℱ[{𝜌𝑖(𝐫)}] = ∭𝑓({𝜌𝑖(𝐫)})d𝐫 + ∭∑
𝑖

𝑚𝑖𝜌𝑖(𝐫)𝜓𝐺(𝐫) d𝐫 (2)

where 𝑓({𝜌𝑖(𝐫)}) is the free energy per unit of volume which can be expressed as 𝑓({𝜌𝑖(𝐫)}) =

∑
𝑖𝜇𝑖𝜌𝑖(𝐫) ― 𝑃 with the chemical potential 𝜇𝑖 and the pressure 𝑃 for a fixed temperature 𝑇. 
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Following a minimization of the functional with Lagrange multipliers and multiple steps of 

simplification we showed that, in equilibrium, composition profiles follow:

𝑘B𝑇( ∂
∂𝑟)

𝑃
ln(𝑥𝑖𝛾𝑖) ― (𝑚𝑖 ―

𝑉𝑖∑𝑗𝑥𝑗𝑚𝑗

∑
𝑘𝑥𝑘𝑉𝑘

)𝑔 = 0 (3)

Here, 𝑘B is the Boltzmann constant and 𝑔 the gravitational acceleration (in the case of 

centrifugation 𝑔 = 𝜔2𝑟). Furthermore, 𝑥𝑖, 𝛾𝑖, 𝑚𝑖, and 𝑉𝑖 denote the mole fraction, activity 

coefficient, (molecular) mass, and partial volume of component 𝑖, respectively. Having an 

appropriate model for the activity coefficients, the composition profile can be calculated 

numerically from this equation. Here, we use an UNIQUAC activity coefficient model similar to 

our previous work 19. This model gives a good representation of the mixing thermodynamics. 

Practically, a starting composition at 𝑟0 has to be set and then propagated throughout the vial 

in adequate steps of d𝑟. At equilibrium, the composition at 𝑟 + d𝑟 follows

𝑘B𝑇ln𝑥𝑖(𝑟 + d𝑟) + 𝑘B𝑇ln𝛾𝑖({𝑥}(𝑟 + d𝑟)) ― 𝑘B𝑇ln𝑥𝑖(𝑟) + 𝑘B𝑇ln𝛾𝑖({𝑥}(𝑟)) ― 𝑚′𝑖𝑔d𝑟 = 0 (4)

where 𝑚′𝑖 is the buoyancy-corrected mass. It should be noted that equation (4) has to be solved 

only for two independent components. The sedimentation length 𝑙sed is first estimated as the 

respective ideal value

𝑙sed =
𝑘B𝑇

𝜔2𝑟max𝑚′𝑖
(5)

for all components 𝑖. After solving the equations step by step for all 𝑟, the overall composition 

in the vial is evaluated. The step size d𝑟 is then set to the minimum sedimentation length (or 

the vial height, whatever happens to be smaller) divided by 1000. By repeatedly optimizing the 

initial composition at 𝑟0, the overall composition ⟨𝑥⟩ converges to a desired value.

Experimental Results
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Figure 1. Ternary phase diagram of ethyl acetate/ethanol/water by mole (left) and weight (right) fraction, 

showing the miscibility gap and the tie lines determined by Robles et al.21(black cubes). Experimental 

points obtained in this work without Nile Red (blue cubes) and with Nile Red (red spheres) at 25 °C and 

atmospheric pressure are shown.

In Figure 1 we show the ternary phase diagram. Literature data from Robles et al. is shown 

along with our own measurements with and without Nile Red dye. The good alignment of the 

red points (with dye) with the other data points shows that the presence of Nile Red has no 

influence on the phase behaviour of the mixture. The plot in weight fraction scale indicates that 

there are no heterophase fluctuations32 present because the critical point is highly symmetric, 

while the representation in mole fraction indicates from the slopes of tie lines that the free 

energy of transfer at constant mole fraction between water rich and water poor is below 1 kBT. 
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Figure 2. Raw interference data of sedimentation equilibria measured as number of fringes ∆J(r) versus 

radial distance of the measured cell from the rotor centrum (radius, r) and different experimental speeds 

for the six studied ternary compositions. No Nile red as dye is present, and the temperature is 25 °C.

Figure 2 shows the raw centrifugation results for the different points as the number of fringes 

as a function of radius and centrifugation speed (for further raw data also for samples 

containing Nile Red, see Figures S9 and S10). At the PO20 composition, centrifuge-induced 

emulsification occurs at the top of the tube: turbidity appears and there is flotation of water-
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poor droplets that coalesce and form a thin layer of water-poor phase at the top. In this 

situation, centrifugation can be understood as a similar effect as dilution by water, which 

induces the well-known Ouzo effect16. In contrast, the dPO and PO10 compositions show no 

such emulsification, because the nonpolar components are too dilute for this to happen at the 

used speed. The explanation follows in Figure 3. For the CLN composition we observe “reverse 

Ouzo” emulsification upon centrifugation, where a water-rich layer at the bottom of the tube 

appears: water-rich droplets are formed and quickly sediment to the bottom of the tube.

For the LN point the system is again too dilute, and emulsification will only occur at higher 

speeds. At the CP point, centrifuge-induced criticality is observed. This is not strictly a phase 

transition, where two phases are separated by a thin interfacial layer, but a continuous change 

of composition that becomes practically indistinguishable from a true phase separation at high 

centrifugation speed.

 

Figure 3. Theoretically predicted phase diagram and theoretical predictions for the 50 000 rpm 

composition profiles for the points studied by theory. The lines present the expected composition profiles 

in a real centrifugation cell between 6.2 cm and 7.2 cm. The densest, water rich compositions appear 

on the left and bottom of the curves. The point MP, which is used for maceration in practice is insensitive 

to centrifugal fields because hydrotrope and solvent have almost the same density.
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In Figure 3 the theoretically calculated phase diagram is shown along with the CMap 

predictions for the composition profile in a centrifugation experiment at 50 000 rpm for the six 

points where measurements are taken (see Fig. 3). First, we note that the phase diagram is 

qualitatively well reproduced by our model, but the UNIQUAC model fails to quantitatively 

describe the phase stability. The left binodal is shifted inward relative to the experimental phase 

diagram. Thus, the dPO, PO10, and PO20 points lie rather far from the binodal. Theoretical 

calculations at these compositions poorly relate to the experiments, where the composition is 

close to the binodal, and centrifuge induced emulsification can show up. The compositions 

dPO, PO10 and PO20 are far from the phase boundary and thus the CMap theory for these 

points does not predict a crossing of the 2-phase region. For a better comparison of the 

experiments that were done at these three points we introduce modified compositions 

dPOmod, PO10mod, and PO20mod: these compositions are relatively close to the theoretical 

phase boundary in locations that compare well to the respective positions of dPO, PO10, and 

PO20 relative to the experimental phase boundary. Calculations using these compositions thus 

relate to the situation in the experiments, and the theoretical prediction at 50 000 rpm is that 

centrifuge-induced emulsification occurs, which agrees well with experiment. Figure 4 shows 

the theoretical centrifugation profiles for three of these points: CP, dPOmod, and LN at larger 

magnification. The bent curve at the CP composition that is already visible in Fig. 3 is evident. 

Even at the LN point, where no composition changes in the tube are visible in Fig. 3, the 

magnified plot reveals a distinct, slightly bent profile. The dPOmod composition is close to the 

phase boundary and crosses the two-phase region.
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Figure 4. Full phase diagram (A) and enlarged composition profile plots for the points CP in blue (B), 

dPO in orange (C), and LN in green (D). Near the critical point (CP), the system is extremely susceptible 

to external fields, because large-amplitude density fluctuations are present. In the dilute pre-Ouzo 

region, where the point dPO is located, spontaneous emulsification results in a large shift in composition 

across the miscibility gap. 

Fig. 4 shows three composition profiles in more detail. There are profound differences between 

the behaviour near the critical point shown where the line connecting all local compositions is 

shown in blue and the one that occurs at low concentration near the pre-ouzo region, which is 

shown in orange. The line near the critical point does not cross any binodal nor the spinodal 

lines: no phase separation occurs, therefore there is no nucleation and growth of a distinct 

phase. In the case shown in orange, the turbidity that appears at the top of the phase is the 

subject of coalescence and finally forms a light clear phase of ethyl acetate rich phase at the 

top of the tube. The expected behavior observed near the LN point is shown in green: the scale 

is enlarged since the variation in composition is expected to be small. In this case, the 

introduction of a phase nucleation at the bottom of the tube is also possible, if the initial LN 

composition is located extremely close to the binodal line.  
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Figure 5. Comparison between experimental (orange) and predicted (blue) refractive index changes ∆n 

for the points CP, PO10, CLN, PO20, LN, and dPO. Note that the theoretical predictions for dPO, PO10, 

and PO20 are based on the points dPOmod, PO10mod, and PO20mod. 

Figure 5 shows a quantitative comparison of experimental and theoretical results. Shown are 

profiles of the index of refraction for centrifugation at 50 000 rpm. The experimental data is 

derived from the number of fringes raw data, and the theoretical curves are derived from the 

predicted composition profiles and the fitted refractive index. The general trend is that the 

measured index of refraction goes down with increasing radius unless turbid zones are 

encountered, which result in noisy lines. This is seen for the point CLN and PO20. The different 

behaviour of the theoretical prediction for point PO20 is easily explained: PO20 on the water-

rich side of the phase diagram is farther away from the binodal line in the theoretical phase 

diagram than it is in experiments, and thus the two-phase region is not entered. For high 

contents of ethyl acetate the experimental phase diagram is well reproduced by theory, and 

consequently phase separation is predicted for the composition CLN just at the outer end of 

the tube, similar to the actual experimental observation. 
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Overall, the index of refraction along the tube agrees well for all 6 data points. No adjustable 

parameters were needed to obtain this agreement, which demonstrates the predictive power 

of our CMap theory. 

 

Figure 6. Comparison of the recalculated refractive index profile ∆n versus radius for the CP 

experimental point from experimental sedimentation equilibrium data (A) and predicted refractive index 

changes (B) for different rotation speeds. In both plots, the thick black line is the experimental 

sedimentation equilibrium profile at 50 000 rpm (exp 50k).

In Fig. 6 we show the refractive index profile for the CP experiment and the CMap predictions 

for different speeds up to 50 000 rpm. The quantitative comparison reveals that the CMap 

prediction overestimates the refractive index change in the central region, while the slopes to 

the left and right region agree much better. The strong drop in refractive index between 6.6 

and 7.0 cm is an artifact, that arises close to the critical point. The refractive index gradients at 

different speeds for the other samples with and without Nile Red are shown in Figures S11 – 

S13 as a 3D plot or in Figs. S14 and S15 as 2D representations.
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Figure 7. Contour plot of the refractive index in the region of the CP and the LN composition. The black 

dashed line shows a prediction of a possible composition profile based on experimental refractive index 

measurements and theoretical composition gradients.  

So far, we have shown CMap predictions for the composition profiles in the ternary phase 

diagram. The reverse calculation of the refractive index allows to map the refractive index 

profiles in a centrifugation cell, as shown in Figure 6, onto the lines showing the composition 

profiles in the ternary phase diagram. This is shown in Figure 7.

Finally, Figure 8 shows the reduced apparent weight-averaged molar mass profiles (Mw,app/M1) 

observed using the standard expression used for non-interacting spherical droplets, where 

Mw,app is given by 

𝑀w,app(𝑟) =
1
𝑘 ∙

𝑑(ln 𝑐(𝑟))
𝑑(𝑟2) ≅

1
𝑘 ∙

𝑑(ln [𝐽𝑎 + ∆𝐽(𝑟)])
𝑑(𝑟2) (6)
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with k = (1 - 𝜌0 𝜌1)ω2/2RT, 𝜌0 and 𝜌1 are the solvent and solute density, ω is the angular velocity 

(2π rpm/60), R is the gas constant, T the thermodynamic temperature, c is the concentration, 

𝐽𝑎 is the absolute number of fringes at the meniscus for the case of sedimentation equilibrium, 

and accordingly at the bottom for the case of flotation equilibrium, ∆𝐽(𝑟) is the relative radial 

fringe shift (measured number of fringes with the offset to the meniscus), and 𝑟 is the radial 

distance from the center of rotation. For the calculation of the reduced apparent molar mass, 

the values used are listed in Table S4. 

As can be seen, near the phase boundary, the efficiency of centrifugation is enhanced by a 

small factor (less than 10) near the critical point, while it is enhanced in the connected network 

structure by a larger factor, close to 50. It is extreme in the pre-ouzo region, more than 100. 

As a consequence, in this region centrifugation speeds of 15 000 rpm acting on pre-ouzo 

aggregates have the same separation factor as 50 000 rpm (hundred times the centrifugal 

acceleration) that are only possible for small volumes.

Figure 8. Reduced apparent weight-averaged molar mass profiles (Mw,app/M1) as a function of r2 

determined from flotation equilibrium experiments at 25 °C using Eq. 6. Red: critical point CP at 50 000 

rpm (190 000 g at 6.7 cm). The concentration gradients observed correspond to an average apparent 

mass of 60 molecules. Black: Point CLN at 40 000 rpm (120 000 g at 6.7 cm). A reduced apparent 

floating object mass of 47 is observed. Green: point PO20 in the pre-ouzo region at 15 000 rpm 
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(17 000 g at 6.7 cm): aggregates are centrifuged as whole dynamic aggregates with an average content 

of 330 molecules. 

Conclusion and outlook
 

In this work we have shown and described centrifugation of three-component liquid mixtures 

by experiments (based on refractive index profiles) and theory. We characterize two types of 

phase separation in these systems: centrifuge-induced criticality (CIC) and centrifuge-induced 

emulsification (CIE). While CIE is a true phase transition in which there is a sudden jump in 

composition with a molecular-scale interfacial width, in CIC the composition changes are 

gradual, but practically appear as very steep concentration gradients when the centrifugal field 

is high. Away from the region where the transition occurs, the composition gradients are small, 

as one would expect for a mixture of simple liquids. 

Addition of a dye like Nile red has two advantages. First, it has no influence on the phase 

diagram and the data with or without Nile Red are identical. Second, using UV-Vis absorption 

optics, it allows for the possibility to determine the Nile Red concentration as a model solute to 

demonstrate the separation capability of our ternary solvent system in a centrifugal field.

This work lays out a reference for the various phenomena that centrifugation can induce in 

liquid mixtures. The system studied in this work does not comprise significant aggregation. The 

next step will be an extension to aggregating systems and even colloidal systems like micelles 

or microemulsions, for which a large variety of effects can be expected. 

Finally, the plot of an apparent sedimenting particle molar mass in Figure 8 reveals the high 

potential of centrifugation near phase boundaries between a two-phase region and a 

monophasic region that can be described as an ultra-flexible microemulsion. When the 

apparent mass is derived from the strong gradients obtained in the “pre-ouzo” PO region, this 

corresponds to an amplification of a factor of 60 versus isolated molecules. In terms of 

centrifugal acceleration, this allows a reduction of a factor of 20, that allows continuous 

preparative “soft” centrifugation. The well-studied centrifugation near the critical point (CP) or 

the sedimentation and coalescence observed starting from the solvent-rich corner (CLN) are 

much less effective, even above 40 000 rpm.  

The high sensitivity in a region where ternary aggregates that can be described as emerging 

micelles form is the source of the outstanding efficiency of pre-concentration and analytic 

extraction with high efficiency whatever the hydrophobicity (log p) of the trace solute to be 

analysed is. The DLLME method was proposed in 200615 and has expanded very quickly as a 
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reliable method to extract analytes with soft sedimentation, used for a large panel of analytical 

problems.33 It is likely that the similarity of water/ethanol/ethyl acetate to systems like 

octanol/ethanol/water is high enough for the identification of the processes that occur between 

the binodal and spinodal lines near the phase boundary, where also ultra-flexible 

microemulsions form. Our study allows to propose a first understanding of the molecular driving 

forces responsible for the DLLME efficiency.
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Figure 1. Ternary phase diagram of ethyl acetate/ethanol/water by mole (left) and weight (right) fraction, 

showing the miscibility gap and the tie lines determined by Robles et al.21(black cubes). Experimental 

points obtained in this work without Nile Red (blue cubes) and with Nile Red (red spheres) at 25 °C  and 

atmospheric pressure are shown.
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Figure 2. Raw data of sedimentation equilibria as number of fringes ∆J(r) versus radius and different 

experimental speeds for the six studied ternary compositions. No Nile Red as dye is present, and the 

temperature is 25 °C.
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Figure 3. Theoretically predicted phase diagram and theoretical predictions for the 50 000 rpm 

composition profiles for the points studied by theory. The lines present the expected composition profiles 

in a real centrifugation cell between 6.2 cm and 7.2 cm. The densest, water rich compositions appear 

on the left and bottom of the curves. The point MP, which is used for maceration in practice is insensitive 

to centrifugal fields because hydrotrope and solvent have almost the same density.
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Figure 4. Full phase diagram (A) and enlarged composition profile plots for the points CP in blue (B), 

dPO in orange (C), and LN in green (D). Near the critical point (CP), the system is extremely susceptible 

to external fields, because large-amplitude density fluctuations are present. In the dilute pre-Ouzo 

region, where the point dPO is located, spontaneous emulsification results in a large shift in composition 

across the miscibility gap. 
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Figure 5. Comparison between experimental (orange) and predicted (blue) refractive index changes ∆n 

for the points CP, PO10, CLN, PO20, LN, and dPO. Note that the theoretical predictions for dPO, PO10, 

and PO20 are based on the points dPOmod, PO10mod, and PO20mod. 
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Figure 6. Comparison of the recalculated refractive index profile ∆n versus radius for the CP 

experimental point from experimental sedimentation equilibrium data (A) and predicted refractive index 

changes (B) for different rotation speeds. In both plots, the thick black line is the experimental 

sedimentation equilibrium profile at 50 000 rpm (exp 50k).
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Figure 7. Contour plot of the refractive index in the region of the CP and the LN composition. The black 

dashed line shows a prediction of a possible composition profile based on experimental refractive index 

measurements and theoretical composition gradients.  
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Figure 8. Reduced apparent weight-averaged molar mass profiles (Mw,app/M1) as a function of r2 

determined from flotation equilibrium experiments at 25 °C using Eq. 6. Red: critical point CP at 50 000 

rpm (190 000 g at 6.7 cm). The concentration gradients observed correspond to an average apparent 

mass of 60 molecules. Black: Point CLN at 40 000 rpm (120 000 g at 6.7 cm). A reduced apparent 

floating object mass of 47 is observed. Green: point PO20 in the pre-ouzo region at 15 000 rpm 

(17 000 g at 6.7 cm): aggregates are centrifuged as whole dynamic aggregates with an average content 

of 330 molecules. 
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