
Comptes Rendus

Chimie

Fabien Olivier, Ange A. Maurice, Daniel Meyer and Jean-Christophe
P. Gabriel

Liquid–liquid extraction: thermodynamics–kinetics driven processes
explored by microfluidics

Volume 25 (2022), p. 137-148

Published online: 18 May 2022

https://doi.org/10.5802/crchim.172

This article is licensed under the
Creative Commons Attribution 4.0 International License.
http://creativecommons.org/licenses/by/4.0/

Les Comptes Rendus. Chimie sont membres du
Centre Mersenne pour l’édition scientifique ouverte

www.centre-mersenne.org
e-ISSN : 1878-1543

https://doi.org/10.5802/crchim.172
http://creativecommons.org/licenses/by/4.0/
https://www.centre-mersenne.org
https://www.centre-mersenne.org


Comptes Rendus
Chimie
2022, 25, p. 137-148
https://doi.org/10.5802/crchim.172

Full paper / Article

Liquid–liquid extraction: thermodynamics–kinetics

driven processes explored by microfluidics

Extraction liquide–liquide : processus sous contrôle

thermodynamique–cinétique explorés par la microfluidique

Fabien Oliviera, b, Ange A. Maurice b, Daniel Meyer c

and Jean-Christophe P. Gabriel ∗, a, b

a Université Paris-Saclay, CEA, CNRS, NIMBE, LICSEN, F-91191, Gif-Sur-Yvette,
France

b SCARCE Laboratory, Energy Research Institute @ NTU (ERI@N), Nanyang
Technological University, 637553, Singapore

c Institut de Chimie Séparative de Marcoule (ICSM), Université de Montpellier, CEA,
CNRS, ENSCM, UMR 5257, Bâtiment 426, BP 17171, 30207 Bagnols-sur-Cèze, France

E-mails: FABIENLO001@e.ntu.edu.sg (F. Olivier), amaurice@pa.uc3m.es
(A. A. Maurice), daniel.meyer@cea.fr (D. Meyer), jean-christophe.gabriel@cea.fr
(J.-C. P. Gabriel)

Abstract. Liquid–liquid extraction processes, characterized on-line by instrumented microfluidic plat-
form, significantly enhance the development of predictive thermodynamic models, such as ienaics,
and lay the foundations for new approaches to improve kinetic models which combine transport
and chemistry. Instrumented microfluidics enables precise measurement of free energy of transfer
of species at equilibria and their associated characteristic transfer times, faster and more accurately
than its batch mode counterpart. Computer controlled and fully automatized, our platform illustrated
the kinetic differences of high extraction’s of Ytterbium (Yb) and Iron (Fe), two elements reported as
having very different extraction efficiencies due to different molecular forces competing with com-
plexation when modifiers are used together with extractants. Once collected and processed, the ki-
netics show two distinct behaviors of these two metallic elements: depending on the temperature, Fe
could display a very slow extraction profile when compared to Yb.

Résumé. Les procédés d’extraction liquide-liquide, caractérisés en ligne par une plate-forme micro-
fluidique instrumentée, améliorent considérablement le développement de modèles thermodyna-
miques prédictifs, tels que la iénaïque, et posent les bases de nouvelles approches qui ont pour but
d’améliorer les modèles cinétiques qui combinent transport et chimie. La microfluidique permet de
mesurer avec précision les énergies libres de transfert des espèces à l’équilibre ainsi que leurs temps
caractéristiques de transfert associés, et ce de manière plus rapide et plus précise qu’en méthode
batch. Contrôlée par ordinateur et entièrement automatisée, notre plate-forme a été utilisée pour
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illustrer les fortes différences cinétiques d’extraction de l’ytterbium (Yb) et du fer (Fe), deux éléments
pointés pour leur efficacité d’extraction très différente en raison de différentes forces moléculaires ri-
valisant avec la complexation lorsque des modificateurs sont mis en jeu avec des molécules extrac-
tantes. Une fois collectées et traitées, les données cinétiques montrent deux comportements distincts
concernant ces deux éléments métalliques : selon la température, Fe peut présenter un profil d’extrac-
tion très lent par rapport à Yb.

Keywords. Liquid–liquid extraction, Microfluidics, Thermodynamics, Kinetics, X-ray fluorescence.

Mots-clés. Extraction liquide–liquide, Microfluidique, Thermodynamique, Cinétique, Fluorescence X.

Note. Based on a lecture given on 9 November 2021 at the French Academy of Sciences in Paris, on the
occasion of a conference-debate entitled “Recycling and Chemistry”.
Note. D’après une présentation faite le 9 novembre 2021 à l’Académie des sciences à Paris, à l’occasion
d’une conférence-débat intitulée « Recyclage et Chimie ».
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1. Introduction

Among all the industrial chemical processes whose
aim is to separate and recover elements from a com-
plex mixture, Liquid–Liquid (L–L) extraction plays a
key role because of its efficiency, cost-effectiveness
and speed. This process commonly involves two im-
miscible liquid phases, which are put in contact with
one another: one, the aqueous phase, is loaded with
compounds to be extracted selectively, and the other,
the organic phase, whose extraction power relies on
the chemical affinity towards the targeted elements,
thanks to the extracting molecules that it contains.

Because of the many independent variables that
play a role in such complex L–L extraction processes,
developing, implementing and understanding them
requires comprehensive and time consuming phase
diagram explorations, specifically when they are to
be scaled up to an industrial scale [1]. Thermody-
namic and kinetic data are particularly key to such
understanding and process control. However, kinetic
data are often difficult to extract because the core of
extraction processes performed in mixer-settlers or
pulsed columns [2] requires turbulent mixing of two
non-miscible solvents, which: (i) preclude knowing
the specific microscopic surface area of contact be-
tween the two phases, and (ii) preclude measuring
the fast kinetic, as one has to wait for the decantation
of the two phases prior to their analysis. It is impor-
tant to stress here that macroscopic area of contact in
the emulsified fluids is distinct from the microscopic
area of contact of extracted species [3].

To tackle this challenge, microfluidics has been
proposed as an innovative approach [4]. It is indeed a
powerful tool, which allows to monitor both thermo-
dynamics and kinetics of L–L extraction processes.

Hence, depending on the microfluidic technology
implemented, it can enable its user to precisely
measure the macroscopic surface area of the con-
tact interface between the water phase and the sol-
vent phase [5]. Microfluidics, once integrated with
on-line characterization methods, has also other ad-
vantages such as its speed enabling for fast process
development and low consumption of reagents [6–
9]. The fact that a microfluidic platform occupies a
small amount of lab-space for such a comprehen-
sive process is another key asset, hence the “Lab
On a Chip” (LOC) denomination that they have re-
ceived [10,11]. During the development of microflu-
idics, researchers embedded several characterization
techniques within their miniaturized platform such
as infrared spectroscopy measurements [12,13], bi-
ological mass spectrometry [14], and X-ray fluores-
cence (XRF) [15]. However, throughout the work pre-
sented here, we emphasize the importance of care-
ful monitoring of both thermodynamics and kinet-
ics. This specific point is illustrated by carrying out
a selective L–L extraction of both Ytterbium and
Iron, using a synergic extracting system known to
show good selectivity for Rare Earth Elements (REE),
which means that REE are extracted in preference
to iron [15]. Hence, to what extent is this selectivity
driven in this extraction system? Is there any balance
between thermodynamics and kinetics? If not, how
do these two affect the overall selectivity?

2. Materials and methods

2.1. Chemicals

Ytterbium(III) nitrate pentahydrate Yb(NO3)3·5H2O
(purity 99.99%), Iron(III) nitrate nonahydrate
Fe(NO3)3·9H2O (purity 98%) and Nitric acid
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70% were purchased from Sigma Aldrich. Bis(2-
Ethylhexyl) phosphate, 95% (HDEHP) was purchased
from Alfa Aesar, and N, N′-Dimethyl, N, N′-
dioctylhexylethoxymalonamide (DMDOHEMA) (pu-
rity up to 100%) was purchased from Technocomm
Ltd UK. Isane® IP175 was provided by Total.

2.2. Preparation of the initial solutions to be ex-
tracted

On the one hand, initial aqueous solutions were
prepared by dissolving calculated and weighted
amounts of Yb(NO3)3·5H2O and Fe(NO3)3·9H2O
salts in a 0.3 mol/L nitric acid solution in order to
reach the targeted concentration. On the other hand,
organic solutions were prepared by diluting calcu-
lated and weighted amounts of the two extractants,
HDEHP and DMDOHEMA, in Isane® at the targeted
concentrations. It should be noted that these con-
centrations were made in the following proportion:
75 wt% HDEHP and 25 wt% DMDOHEMA.

2.3. Batch extractions

Due to the difficulty of dissolving directly metallic
salts into the organic solvent, one concentrated
mother solution for each ion was prepared via
macroscale batch extractions. Toward that end, equal
volumes of an aqueous solution A concentrated at 18
mM of Yb3+ and an organic solution loaded with the
extractants were prepared. The second batch extrac-
tion involved an aqueous solution B concentrated at
94 mM of Fe3+ and the latter organic solution. L–L
extractions were carried out by placing both solu-
tions (solution A + organic solution; solution B +
organic solution) in test tubes placed on an orbital
shaker for 24 hours at 200 rpm. To separate the two
phases from one another, a Dynamica Velocity 14
Centrifuge apparatus was used by centrifuging the
mixtures at 6640 g for 20 min. The two organic so-
lutions obtained after extraction of solution A and
solution B were used to prepare the initial organic
solution for the reverse extraction (concentrated at
11 mM of Yb3+ and Fe3+, see Table 1).

2.4. Apparatus and accessories

The microfluidic platform, shown in Figure 1, has
been previously described in detail [15]. Therefore,

Figure 1. 3D view of the fully automatized
microfluidic platform. Syringes held by their
respective syringe pumps are located behind
the platform, in the background. In the fore-
front, from right to left: motorised stage hold-
ing microfluidic extraction chip and two valves,
X-ray tube placed inside its 3D-printed tube
holder, XRF Detector held by a 3D-printed arch
screwed to the tube holder, XRF microfluidic
chip with two sets of two Polyimide tubes. A cir-
cular tin plate serving as beamstop is located
beneath the XRF chip.

we emphasize here the improvements made to the
platform since that paper. The platform is fully
integrated and automatized, so can efficiently and
quickly perform an L–L extraction through a mi-
crofluidic extraction chip, followed by a dual on-line
XRF analysis of both phases, in a second dedicated
chip. This analysis can be performed using a home-
made XRF system made from the assembly of a static
miniature X-ray tube equipped with a XRF small de-
tector and a translational moving stage holding the
L–L extraction microfluidic chip, two valves and the
XRF chip.

2.4.1. Microfluidic chips

Microfluidic extraction chip. The liquid–liquid ex-
traction device used was composed of two fused
silica (jgs2 grade) blocks, shown in Figure 2(a) and
(b), each of them being etched with a mirrored
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Table 1. Experimental parameters for both extraction and R-extraction

D-extraction R-extraction

Aqueous phase
11 mM Yb3+

0.3 mol/L HNO311 mM Fe3+

0.3 mol/L HNO3

Organic phase
Isane® with

75 wt% HDEHP
25 wt% DMDOHEMA

11 mM Yb3+

11 mM Fe3+

Isane® with
75 wt% HDEHP

25 wt% DMDOHEMA

Flowrates/contact times 1.0, 5.0, 10.0 and 20.0 µL·min−1/34, 6.8, 3.4 and 1.7 min

Temperature 20.0, 25.0, 30.0 and 35.0 °C

channel 17 cm long, 1 mm wide and 0.2 mm
deep (total volume worth of 34 µL). The two
blocks sandwiched a 30 µm thick hydrophobic
Polytetrafluoroethylene (PTFE) membrane (0.02
µm pore size), which allowed: (i) to keep the two
liquids separate from each other, therefore greatly
facilitating the downstream XRF analysis of the two
liquids, but also (ii) to know and control the sur-
face area where the extraction is taking place [5].
Finally, the glass blocks were bonded together with
a silicon seal purchased from RS Components and
further maintained under constant pressure using a
customized stainless-steel armature (see Figure 2).
The latter enabled the application of pressure on
the two glass blocks without risking any mechanical
failure. Overall, this system showed excellent fluid
tightness and easiness in replacing the membrane
between two sets of experiments. The armature as
well as the etched glass blocks were manufactured
on demand by the Singaporean company SCENG
Robotics Pte Ltd.

Connectivity of the glass to flexible tubing was
achieved using Polyether Ether Ketone (PEEK) fit-
tings purchased from Elveflow. They were glued with
the light-activated Katiobond 4594 epoxy glue on
each vertical liquid inlet and outlet via of the glass
blocks.

Microfluidic XRF chip. The XRF chip was used for
the online downstream analysis and had two sepa-
rate liquid channels enabling a dual measurement of
both aqueous and organic channels, by use of a mo-
torized stage, which was controlled to position the
appropriate liquid channel under the X-ray beam.

As showed in Figure 2(c), the XRF chip comprised
two sampling zones, each one made of two paral-
lel sections of polyimide tubes (1.52 mm ID; 38 µm
thickness) provided by Zeus Industrial Products, Inc.
connected by PEEK tubes. Eventually, a 3D-printed
frame holds the two sets of tubing.

2.4.2. X-ray fluorescence spectrometer

The XRF spectrometer’s hardware was composed
of an X-ray source, an X-ray detector, and the as-
sembly infrastructure. The X-ray tube was a Magnum
50 kV from Moxtek with a Silver anode. The X-ray de-
tector was an X-123 SDD X-ray spectrometer from
Amptek. The acquisition conditions were optimised
to obtain the highest signal to noise ratio when mea-
suring Ytterbium and Iron: 25 kV at 150 µA for the
X-ray generator, an integration time of 120 s and a
combination of two 50 µm-thick filters, one made of
titanium and the second of tin. Figure 3(a) shows an
XRF spectrum of Fe and Yb obtained with these pa-
rameters using the XRF chip.

Both X-ray tube and detector were placed on a 3D-
printed holder (see Figure 3(b)), specifically printed
in Polycarbonate (PC) because of the high heat-
resistance of the material, which avoids any deforma-
tion of the holder when the tube is set at high power
and thus releasing a large amount of heat.

Both calibration procedure and data treatment
have been described by El Mangaar et al. [16] and
Maurice et al. [15]. Quantities needed by the delicate
calibration procedure in the new geometry adopted
for this work are recalled in the Supplementary infor-
mation.
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Figure 2. (a) Picture of the microfluidic extraction glass chip. (b) Exploded view of the microfluidic
extraction glass chip. (c) Picture of the XRF chip with Polyimide tubes.

2.4.3. Overall apparatus and microfluidic accessories

The entire platform was located within a Mem-
mert, IPP 750 Plus temperature-controlled incuba-
tor, custom made with via holes, accurate to ±0.1 °C.
It also serves as a safe X-ray enclosure to enable its
usage as per the required license provided by local
authorities. Indeed, the chamber was wrapped with
a 0.5 mm thick lead sheet, and all via holes were

designed and shielded to fully protect users from
ionizing radiations. A 5 mm circular tin plate stops
most of the X-ray beam after it has gone through
the XRF chip. The microfluidic tubing used to link
the different parts were made of PEEK with an In-
ternal Diameter (ID) of 0.45 mm. For liquid injec-
tion, syringe pumps were used (NE-4000 World
Precision Instruments) with Hamilton 5 mL Gastight
Syringes (Model 1005). The connections were made

C. R. Chimie — 2022, 25, 137-148
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Figure 3. (a) XRF spectrum obtained with a liquid sample of Yb and Fe injected through the XRF chip.
(b) XRF analysis system with the X-ray tube inserted inside its 3D-printed polycarbonate tube holder, XRF
detector, metallic filters and XRF chip.

with Polyether Ether Ketone (PEEK) fittings manu-
factured by Fluigent. The liquid valves were base
mounted with 3-ports (2-way SMC LVM105R).
To measure both phases and move the system, a
Thorlabs motorized stage was used (DDSM100/M).
All customized 3D parts were printed using an Ul-
timaker 3 Extended printer. The entire apparatus
was computer controlled using homemade software
programmed in Python 3+.

2.5. Microfluidic L–L extraction

Overall, a total of eight L–L extraction experiments,
four direct extractions (D-extraction) and four re-
verse extractions (R-extraction), were performed
within a set of four temperatures ranging from 20 °C
to 35 °C. For each L–L extraction, four contact times,
i.e. flowrates, were studied with a constant 1:1 vol-
ume ratio between the aqueous and organic phases.
These contact times allow ions to diffuse within the
length of 0.2 mm, which corresponds to the opti-
mized depth of the channels [5]. Indeed, the pene-
tration depth δl is given as below [17], in unsteady
state conditions (see (1)):

δl =
√

Dtc (1)

where D is the diffusivity coefficient (m2/s) and tc the
contact time (s). Hence, using the values of Dorg and
Daq given by Maurice et al. [15], the minimum dif-
fusion length calculated for the lowest contact time
is around 230 µm on the aqueous side and around
100 µm on the organic side.

Table 1 summarizes the implemented experimen-
tal parameters.

A typical measurement, at a given temperature
and for four different contact times (see Table 1) took
less than 18 hours and the overall process accounted
for less than 30 mL of total liquid waste. For each tem-
perature, any change of contact time/flowrate was
followed by a purge of Ethanol and Isane® respec-
tively for the aqueous side and the organic side at
100 µL/min for 15 minutes in the XRF chip only. A
back-pressure of 120 mbar was applied on the aque-
ous channel in order to prevent any leakage of or-
ganic solvent to the aqueous side. Indeed, the PTFE
membrane inside the extraction chip was saturated
with Isane® and the difference in viscosity of the
two phases, as well as the pressure drop induced by
the tubing, could result in some organic leakage. No
such issue can happen from the aqueous channel to
the organic one because of the hydrophobicity of the
PTFE membrane. The fluid flows are schematized in
Figure 4.

3. Results and discussion

3.1. Platform improvements

In previous reports, our microfluidic extraction
chips were made out of Poly(methyl methacrylate)
(PMMA) [15,16]. To improve chemical compatibility
and enhance both the pH operating window and
the range of organic solvent that could be used, we
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Figure 4. Schematic of the microfluidic circuit.

upgraded our platform and moved to glass as the
material of choice for our microfluidic parts. As per
design, glass shows a very high resistance towards
acids (2 M HCl, pH =−0.3 and 5 M HNO3, pH =−0.7
have been tested), as well as a high stability versus all
organic solvents.

The new XRF chip configuration described here
also allowed for stronger fluorescence due to an in-
creased volume of solution exposed to the X-ray
beam. However, this increased volume and signal
came with an increased experiment duration, espe-
cially at low flow rates since it takes more time to fill
the chip with the solution to be studied.

3.2. Mother organic liquor preparation by batch
L–L extraction

As described in Section 2.3, two separate batch L–
L extractions were performed at room temperature
(23 °C) to give us access to high concentration start-
ing solutions, one for each ion. This operation gives
us the opportunity to get an equilibrium point for
each of the two studied species taken separately,
especially regarding the extraction efficiency of the
organic system towards Fe3+.

Data presented in Table 2 show that the extrac-
tion ratios of Yb3+ or Fe3+ are nearly 100%. In other
words, at thermodynamic equilibrium, these two

ionic species, when extracted separately, are fully
extracted by the system 75 wt% HDEHP/25 wt% DM-
DOHEMA in Isane®. These experimental parameters
were chosen, in order to illustrate the purpose of
this article, ca. the fluctuation of the selectivity as a
function of the extraction duration and temperature
and the associated risk of misinterpretation of a slow
extraction. Choice was made on the basis of the ones
used and implemented by El Maangar et al. [14], in a
more complex but related mixture in order to avoid,
if possible, full extraction of the rare earth elements,
and hence to allow measurement of a finite value for
Free Gibbs energy of extraction ∆Gext(M) (M = Yb3+

or Fe3+).

3.3. Microfluidic L–L extraction

A typical set of microfluidic D-extraction/R-
extraction results is given in Figure 5. The rest of
the data can be found in the Supplementary Infor-
mation as well as extraction ratios corresponding to
each L–L extraction studies. The graphs of Figure 5
give the concentration for both Yb3+ and Fe3+ and
D-extraction/R-extraction, as a function of time of
flow in the microfluidic platform. For each value
of flow, one can observe first a transition period in
which the concentration increases until it levels off
to a plateau value which corresponds to the steady
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Table 2. Batch L–L extraction of single element aqueous solutions at 20 °C. The concentrations were
measured by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)

Solution
(Element)

Aqueous phase before
extraction

Organic phase after
extraction∗

Extraction ratio (%)
[X ]Out

org

[X ]In
aq

Solution A (Yb) 17.60 ± 0.07 mM 17.50 ± 0.07 mM 99.43 ± 0.81

Solution B (Fe) 93.79 ± 0.22 mM 93.57 ± 0.24 mM 99.77 ± 0.49
∗Concentration in the organic phase after extraction has been obtained by subtracting the concentration
of the aqueous solution before extraction by the concentration of the aqueous solution after extraction
(also measured by ICP-OES).

state reaching. This transition is due to the time it
takes for the microfluidic XRF channel’s content to be
fully exchanged with the liquid coming out of the L–L
extraction chip’s channels. One can therefore note
that at 1 µL/min the steady state is barely reached.
Each plateau value corresponds to one point in the
extraction kinetics of the ionic species. When the
position of the plateau no longer changes with a re-
duction of the flow rate, then the extraction thermo-
dynamic equilibrium is reached. This equilibrium
value should be identical in both D-extraction and
R-extraction. From all this, one can calculate free
energies of transfer, which accurate determination is
key to enable its decomposition in terms, described
by Spadina et al., as “representing strong complexa-
tion energies, counterbalanced by various entropic
effects and the confinement of polar solutes in nan-
odomains dispersed in the diluent, together with
interfacial extractant terms” [18]. To further increase
accuracy, measuring the equilibrium temperature
dependence helps to determine the overall entropic
contribution [19]. These measurements are at the
core of ienaics, which can be defined as the method-
ology describing ion transfer between two phases
or involving a bulk phase and an interface. Models
requiring experimental thermodynamic parameters
are currently under investigation in order to better
understand these complexation behaviors [20].

For Yb3+, all plateau values are very similar
whether in D-extraction or R-extraction and both
for the water and organic channels. This proved that:

(i) thermodynamic equilibrium is reached
within less than 1.7 minutes of contact time.

(ii) the extraction kinetic is so fast that it can-
not be resolved with our membrane-based
L–L extraction microfluidic device, presum-

ably indicating that the extraction kinetics of
Yb3+ is driven by matter transport. It should
be noted that for such fast kinetics, mem-
brane free L–L extraction chips have been de-
veloped [7,21].

If one now considers the case of Fe3+, although we
know from the batch study that its equilibrium is sim-
ilar to Yb3+, at 20 °C the kinetics are very different.
Indeed, in extraction from water to organic phase,
the aqueous and concentration steady state values
keep on decreasing with contact time. This indicates
that the thermodynamic equilibrium is not reached
for iron, even at the longest contact time explored of
34 minutes. The extraction kinetics of Fe3+ are cer-
tainly driven by chemistry and not by transport like
Yb3+. At 34 minutes of contact time, the extraction
ratio is 68.18%, still quite far from the single ion ref-
erence value of 99.77% measured by batch extrac-
tion in Section 3.2. It should be noted that this ref-
erence value is also observed by the microfluidic R-
extraction (Figure 5(d)) and in the presence of Ytter-
bium, which shows that only a few percent of Fe3+

are transferred from the organic phase into the aque-
ous one. This represents another feature of investi-
gating both D-extraction and R-extraction: it allows
clear-cut upper and lower boundaries for the equi-
librium value. Furthermore, in the case of a very slow
extraction from the aqueous into the organic phase
it quickly helps finding the true value from the R-
extraction one. This is especially important when in-
vestigating ions mixtures and the induced ion ex-
traction competition, as we can see here, with lower
maximum extraction ratio for Fe3+ and Y3+ mixtures,
when compared to quasi-full extraction when per-
formed alone.

C. R. Chimie — 2022, 25, 137-148



Fabien Olivier et al. 145

Figure 5. Concentration of Yb3+ and Fe3+ as a function of time for D-extraction and R-extraction at
20 °C. NB: For organic D-extractions, rare negative spikes are observed, which are the signature of a
microbubble of air passing in the microfluidic channel.
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Figure 6. Aqueous Fe3+ concentrations vs.
contact time for L–L extractions at 20, 25, 30
and 35 °C. The error bar located in the top-right
corner is applicable to all data points presented
in this graph.

3.4. Impact of temperature over the extraction

The overall kinetics trend underlined in Section 3.3
is also displayed for the three other studied temper-
atures. Figure 6 shows the evolution of the aqueous
concentrations of Fe3+ ions obtained at each plateau
as a function of the different applied contact times
from 20 °C to 35 °C. For a given contact time, the ex-
traction speed increases with temperature, and this is
particularly emphasized at low contact times. Within
that timeframe of study, thermodynamic equilibrium
is only nearly reached at 35 °C for Fe3+. Indeed, for a
contact time of 34 min, the Fe3+ concentration gets
close to the thermodynamic value (shown here with
the dashed-line asymptote on Figure 6).

Finally, the dual measurement of both aqueous
and organic phases during L–L D-extraction or R-
extraction enables the calculation of true Gibbs free
energy of extraction, ∆G , with concentrations taken
at confirmed thermodynamic equilibrium (in our
case, the thermodynamic equilibrium was reached in
either both or in at least one of the two extractions
performed—direct or reverse extraction). This dual
measurement is indeed of particular importance to
verify that the perceived equilibrium is true and not

just a very slow kinetics of extraction. Calculation of
∆G is obtained from the Debye–Hückel Law [22] as
follows (see (2)):

µ(M) =µo(M)+RT ln(γ)+RT ln(b) (2)

where µ(M) and µo(M) are respectively the chemi-
cal potential and the standard chemical potential, γ
is the activity coefficient and b the molality (mol/kg).
Considering that implemented concentrations are
low, interactions between species are negligible and
consequently we assume to be working under ideal
solution conditions, with an activity coefficientγ of 1.
When at thermodynamic equilibrium, this hypothe-
sis leads to the following (3):

∆G(M) =−RT ln

(
[M ]org,eq

[M ]aq,eq

)
(3)

where R is the gas constant, T the temperature in
Kelvin and [M ]org,eq and [M ]aq,eq (where M = Fe3+
or Yb3+) are the concentrations at thermodynamic
equilibrium in the organic and aqueous phases, re-
spectively. Values of the ratio of these two concentra-
tions, also known as distribution ratio, can be found
in the Supplementary Information.

Besides, as this study involves L–L partition pro-
cesses performed at four different temperatures, it
enabled calculation enthalpy and entropy variations
(∆H and ∆S), using the van’t Hoff equation (see (3)).
One should note that the van’t Hoff equation only
gives the apparent values of ∆H and ∆S. Indeed, this
equation should not be applied to such complex flu-
ids as enthalpy and derivative entropy both depend
on aggregation.

∆G =∆H −T∆S. (4)

In our case,∆G calculations could only be done for
Yb3+ in both D-extractions and R-extractions and, for
Fe3+, in R-extractions as no thermodynamic equilib-
rium was reached for D-extractions of iron (Figure 7).
However, for all these extractions and R-extractions,
one should be aware that high measurement errors
affected ∆G values because of high extraction ratios
for both Yb3+ and Fe3+. Indeed, aqueous concen-
trations at equilibrium (see Figure 5(c) and (d)) are
low, which means that the corresponding XRF peaks
have a poor signal over noise ratio in the spectra. This
leads to important but intrinsic and unavoidable er-
rors regarding ∆G calculations.

Table 3 presents ∆H and T∆S values for Fe3+ and
Yb3+ for R-extraction where T∆S refers to molecular
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Figure 7. Free energy ∆G in kJ/mol as a func-
tion of temperature for the Reverse extraction.
The net entropy during R-extraction is a differ-
ent sign: differences of binding of water around
the transferred ion between the initial solvent
phase and final water phase are an opposite
sign.

Table 3. Entropy and Enthalpy values for Yb3+

and Fe3+ for R-extraction as deduced from a
van’t Hoff decomposition assuming ideal be-
haviour and no nano-structuration

Ion T∆S (J/mol) ∆H (kJ/mol)

Yb3+ 15.2 ± 29.4 −15.5 ± 2.9

Fe3+ −113 ± 9 −4.0 ± 2.0

forces. The results show an exothermic reaction for
both elements.

Finally, this kind of rare study, that includes ki-
netics, enables the determining of a best operating
point, which is a trade off between the extraction se-
lectivity of the studied species and the amount of ex-
tracted elements for a given contact time. In our case
study, as underlined Section 3.3, the extraction sys-
tem reported here displays such a fast kinetics that
below 25 °C, our first data point is already an optimal
one with most of the Yb3+ extracted with maximum
selectivity.

4. Conclusion

L–L extraction is a long-standing process used to
separate chemicals and elements from one another.
However, in batch mode this process lacks fast-
development timespan and requires large amounts
of chemicals, particularly extracting molecules (ex-
tractants), which are usually the most expensive
chemical in such a process. Microfluidics solves these
development issues and enables the study of new
extracting systems in a faster, more exhaustive, and
more accurate way. The experiments reported in this
paper showed that microfluidics plays a key role
when searching for a better understanding of both
thermodynamic and kinetic data for a given chemical
system. It highlights that, although no selectivity can
be observed when working at equilibrium, the kinetic
study allows to determine a path for a successful sep-
aration by playing on their difference in extraction ki-
netics. The experiments also illustrated the limits of
this approach when dealing with fast extraction ki-
netics or the near to full extraction cases.

Furthermore, this unique example of a study that
performs both direct and reverse extractions illus-
trates well the importance of measuring them both.
Indeed, it helps in two ways: (i) to quickly measure
the true value of the thermodynamic equilibrium,
even in the case of an unusually slow extraction (tak-
ing days to reach equilibrium), which can sometime
be mistaken with a “no extraction”; (ii) to study the
asymmetry of kinetics of ion transfers at the aque-
ous/organic interface, in both directions, ca. from
water to oil and from oil to water for which there is a
quasi-total lack of data [21,23], and that was reported,
for the first time, only recently in the case of liquid–
liquid extraction of metals [15].
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