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ABSTRACT

Porous media in extraction and especially pertraction are often suspected to add
unnecessary diffusive resistance and considerably slow down extraction kinetics. This
work presents a miniaturized pertraction device and simulation of diffusive and
reactive solute transport. Kinetics are experimentally observed and numerically fitted.
Reaction rates - or solute transfer rates — are estimated via this fit on a numerical basis.
The work shows that the diffusive resistance created by a porous medium is prevalent
only at low distribution coefficients. At high distribution coefficients as is the case of
quasi all industrial processes, the porous membrane does not interfere with overall
kinetics. Instead, the diffusive resistance is shared between the feed and extraction
phases, and the interface transfer, depending on the value of the transfer rate. Overall,
this work can be generalize as enabling the measurement of solute transfer rates at the
liquid-liquid interface, a key parameter in pertraction and membrane separation which
is difficult to measure using classic methods of extraction.
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INTRODUCTION

Membranes and porous materials are key elements in many industrial fields [1-6],
whether in catalysis [7], sensor design [8-11] or in gas [12] and liquid phase separation
processes [13-16]. In the later field, membranes are especially studied in ion extraction
using pertraction. Indeed, in contrary to emulsifying mixers and columns, pertraction
devices have the advantage of keeping immiscible fluids completely segregated by the
capillary barrier of the hydrophobic and oleophilic membrane. Hence a decantation step
is unnecessary and otherwise associated limitations like emulsion stability and loss of
time are circumvented [16]. Membranes are often made of e.g. polypropylene, PTFE,
PEEK or any fluorinated polymer. These hydrophobic membranes soak up with organic
liquid while being only partially wetted by the aqueous phase. The capillary barrier,
associated with a positive hydrostatic counter-pressure on the aqueous side, ensures
perfect stability of the aqueous/organic interface, and prohibits formation of emulsions
and phase mixing [17]. Overall, it allows direct contact of the two phases whilst keeping
up effective and complete phase separation [18, 19].

Essential properties or specifications of such membranes include - besides chemical
compatibility with the used solvents, acids, rectifiers and adjuvants are:

» Sufficient membrane thickness, em, for mechanical stability, typically 30 to 200
pm;

* High porosity, p, for efficient solute exchange, typically 50 to 80 percent;

* Small pore diameter, d, to build an effective capillary barrier, typically 20 to 200
nm;

* Pore tortuosity, 7, typically 1 to 20, which is an essential parameter for
calculating inter-membrane diffusion of molecules and complexes.

Considering pores larger than solute size, geometrical considerations lead to the
effective diffusivity in porous media [20]:

Deff=D p/t (Equation 1)

Here, D is the diffusivity of the solute in the fluid filling the void regions. Widely used
commercial polymer membranes often exhibit a porosity of more than 50%, hence the
main issue is the compromise between diffusive resistance and mechanical stability.
Intuitively, a thick membrane hinders solute transport, whereas an ultra-thin
membrane is difficult to fabricate and integrate.

Thus the major incertitude concerning use of membranes besides all of their advantages

is the importance of diffusive resistance they engender during solute transport from the

aqueous to the organic phase. It is considered that after phase transfer, solute within

extraction aggregates accumulate next to the interface and inside the membrane due to

the reduced diffusion coefficient, Der [16]. This was studied here using a microfluidic

pertraction device for solvent extraction of lanthanide complexes, combined with a
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finite difference method for assessing solute transport in a three-parted geometry:
aqueous channel, membrane and organic channel. It will be clear by calculating diffusive
resistances of each domain - aqueous, porous organic and organic - that the porous
medium represents a less important impact than previously reported.

1 EXPERIMENTAL METHOD

Microfluidics is an advantageous way of implementing assays for membrane-based
extraction, whether for gas-liquid [21] or liquid-liquid interface [17, 22-26]. With regard
to a pertraction device, a microfluidic chip offers the advantage of small sample
consumption, faster equilibrium and better control over extraction kinetics [22].

The microfluidic chips used in this study are optimized for metal ion extraction, viz.
lanthanide ions: PMMA is used as bulk material (10 mm extruded PMMA sheet) which is
chemically compatible with nitric acid and most organic solvents. PMMA sheets are
surface-milled, then microfluidic channels are milled with a rectangular section of 0.4
mm x 0.4 mm. The contact section is 171 mm long.

Figure 1: 3D sketch of microfluidic chip with (from top to bottom): four tightening bolts;

two stainless steel solvent input/output tubes; PMMA block milled with solvent

microfluidic serpentine channels; PTFE membrane; PMMA block milled with aqueous
4



microfluidic serpentine channels; aqueous input/output steel tubes and four tightening
nuts for mechanical stability.

The micro/macrofluidic interface is provided by stainless steel cylinders connected
to the microfluidic chip on one side and to PTFE tubing on the other side (0.65 mm inner
diameter). Two PMMA sheets are screwed together, microfluidic channels facing. The
inserted PTFE membrane is hydrophobic with a thickness of 30 um, pore size of 20 nm
and porosity of 55% (Commercially available from Cobetter filtration, China). It acts as
capillary separation between the microfluidic channels (figure 1).

Furthermore, the channel used for aqueous media is connected to a pressure
regulated nitrogen reservoir used to generate a slight over-pressure ensuring stability
of the organic-aqueous interface. A silicon sealant is applied around the membrane
filling the gap between the two PMMA sheets induced by membrane thickness. The
sealant gas-tights the device and avoids leakage of organic solvent from the membrane
toward the outside of the chipset, but it does not come into contact with neither of the
two phases.

Assays are organized in the following way: sample phases are charged into gas-tight
5mL Hamilton glass syringes equipped with PTFE plunger. Syringes are loaded onto a
syringe pump (NE1000, New Era Pump Systems) and connected to the PTFE tubing. An
over-pressure is applied to the aqueous channel via the output sample septum vial, so as
to stabilize the liquid-liquid interface: the nitrogen reservoir is connected via PTFE
tubing into the vial gas phase. The aqueous sample is then introduced into the aqueous
channel, there contained by the hydrophobic membrane. Then, the organic sample is
introduced into the organic channel. Here, the oleophilic membrane soaks up with
organic sample. Once this is complete, both syringes are perfused at constant and equal
flow rates, though various values were studied in order to acquire kinetics data. The
equivalent of two times the combined channel and output tubing volumes is perfused to
ensure that dynamic equilibrium of the system is reached. Then, the extraction sample
is rerouted to a clean sample vial and 600 pL of sample is collected for off-line ICP-AES
analysis (Spectro Arcos, Ametek). The overall test bench (syringe pump + tubing +
microfluidic + sample vials) is stationed within a climate chamber (IPP750plus,
Memmert) precise in temperature to 1K and constant to 0.1K. It should be noted that a
clean microfluidic chip with a new membrane were used for each new set of feed and
extraction phases.

To validate and prove usefulness of microfluidic membrane integration and its
modelling we choose the problem of the extraction of rare earth elements from a
mixture of trivalent ions. The model system we selected is an aqueous solution
consisting of 100 ppm each of La(NO3)3, Nd(NO3)3, Eu(NO3)3, Dy(NO3z)3and Yb(NO3)3
(Sigma-Aldrich) amounting to a total of 500 ppm of lanthanide nitrates. They were
solubilized together with 100 ppm Fe(IlI)-nitrate in MilliQ water (14 M{) and acidified
using nitric acid down to pH values of 2.3, 1, 0 and -0.5, respectively. Organic phases
were prepared in dodecane with 0.1M N,N,N’,N’-tetraoctyl-diglycolamide (TODGA).
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Extractions were performed at 19°C and 35°C, for both batch and microfluidic
extractions. TODGA was chosen as it has been proved to be an efficient and selective
extractant for trivalent ions by Tachimori and coworkers in 2002.[27] Since then,
selective extraction by TODGA has been subject of more than 400 papers.[28] Other
reason for its interest are that (i) it is free of phosphate, therefore allowing simple
effluent treatment in process engineering and; (ii) it is efficient even in weak organic
acids.[29] The unusually high efficiency of TODGA is due to the formation of reverse
micelles, as reviewed by Jensen et al.[30] The interphase existing at the water/diluent
interface has also been observed and studied in details recently by Nanometric Surface
Oscillation Spectroscopy.[31] Varying the pH was also presenting a great interest
beyond membrane characterization because obtaining efficiency in hydrometallurgy
processes at high pH is the subject of intense research, as it enable to reduce process
cost and the amount of effluent to be treated.[32]

Validation of microfluidic membrane extraction results was performed by
comparison to results obtained by batch extraction experiments. Typically, a sample
tube is filled with equal volumes of each phase, followed by a one hour planetary
agitation at controlled temperature. Both organic and aqueous phases are then allowed
to decant and are separated for ICP analysis.

100
ppm

Organic channel
depth 400 um

Membrane 30 um §§

lon concentration

Aqueous channel
depth 400 pm

Figure 2: Sketch of a simulated concentration profiles in both microfluidic channels. The
sketch is not to scale and the colour scale represents an example of ion distribution once
a dynamic equilibrium is reached.

2 MODEL AND SIMULATION
2.1 Model

The model for solute transport is based on a simple Fick diffusion model, represented
here by its first law of diffusion for solute flux ¢ (Equation 2) [33]:

¢ =DV Equation 2

where Vis the gradient operator and C the volume concentration in the respective
phase. The two phases are coupled by proportional transfer with constant kv at the
phase boundary, such that interface reaction is of first order. The flux at the interface,
¢'F, is determined by aqueous and organic concentrations near the interface, CCIIZ and
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Céfg, respectively, and the equilibrium distribution coefficient k; according to the
following expression:

¢'F = k,p(CiE — CLFy/ka) Equation 3

The chemical force is expressed as a gradient of chemical potential. Therefore,
explicit calculations of effective flux require to express molar concentration in osmotic
concentration (formerly called osmolarity). The corrections for activity between
aqueous and organic phase need to be taken into account when considering a given
process. In present conditions, the osmotic concentration correction is smaller than
10% [34], and is not considered in the following.

Initial conditions are Cag= 0 and Corg= 0. Furthermore, convection in both phases is
calculated by the flow rate, Q, generated by the syringe pumps. This defines the
incoming solute flux in the aqueous channel, i.e. the feed phase, qbfl?] = C};ZQ =
100 ppm - Q, where Q = 0.16 mm? - L/tcont with the desired residence time, tcont, of solute
in the extraction section of length L = 170 mm. The extraction phase is exempt of ions,
hence d)f,’;g = 0ppmulL/s.

The developed simulation uses a finite difference method to calculate the
concentration profile throughout the domain [18]. The domain itself is tripartite: (a) the
aqueous channel, (b) the porous membrane medium filled with organic phase and (c)
the organic channel, as depicted in figure 2. In the latter figure, the simulated overall
domain is split into three subdomains, (aq) aqueous channel with feed flow, 400 um
depth, (m) porous medium filled with organic liquid, 30 um thickness, (org) organic
channel, 400 um depth. Solute extraction takes place for a contact length of 170 mm
between (aq) and (org) through (m) in a coflow regime. The interface is thus situated
between the aqueous phase and the hydrophobic membrane, inverse micelles build up
directly at the interface inside the porous medium. Flow inside the porous medium is
considered zero. Flow profiles in both channels are approximated by a 2D Poiseuille
flow (flow between infinite parallel planes), instead of a more realistic 3D Poiseuille
flow scenario, which would take into account the width of the channels. Even though,
readers will see that simulation results compare well to experimental kinetics, which is
why the authors did not question this simplification.

The three diffusion volume coefficients, one for each sub-domains, Daq,Dg,fZ; =

Dyyrg - p/7 and Dorg respectively, are fixed to the following values:

* Dag=6x10-19m?2/s at 25°C [35];

*  Dorg=10"19m?2/s at 25°C, measured by Taylor dispersion analysis [36] by Moussa
Touré et al. [37] for Nd-HDEHP complexes in HDEHP 1M in dodecane,
considering an inverse proportionality of viscosity (3.5 mPa s for HDEHP 1M and
1.61 mPa.s for TODGA 0.1 M and three dimers of HDEHP for one metal ion [38,
39] versus three monomers of TODGA for one metal ion [40] as complexes which
diffuses in the organic phase. The molar mass of those entities is comparable and



extrapolated to the present work taking into account the difference of viscosity
of the two systems;

. Dg,’ff; = Dorg *p/T = 2.75 x 107*'m? /s at 25°C, using p = 0.55 and 7 = 2,

Temperature dependence of diffusivity is given by the Einstein-Stokes theorem, D(T) =
D(25°C) - T/25°C, for T=19°C and T = 35°C, counted in Kelvin scale, respectively for the
two data sets described below. The distribution coefficient at thermodynamic
equilibrium:

kg = Corg/Caq Equation 4

is determined experimentally using batch experiments. It is then reinjected into the
simulation for each pair of feed and extraction phase to determine solute flux
magnitude. The diffusivities, convection rates and distribution coefficients being known.
Hence, the only adjustable parameter n the simulation is the solute transfer rate at the
liquid-liquid interface, ky. There resides our interest in the microsystem since this
parameter is difficult to measure using classic methods of extraction. The kinetics
measurement in microfluidics allows a good estimate for kyas will be pointed out in the
results and discussion section.

2.2 MODEL OF SOLUTE TRANSPORT

The concentration profile for each channel and the membrane is linearized: a constant
and a linear profile in both liquid channels, and a linear profile in the membrane. This
allows estimation of linear gradient widths, eagand eorg (figure 3). These gradient widths
are related to the diffusive resistances, R = p e, in each domain and through the
interface. The resistance is the product of gradient width e and diffusive resistivity p =
D1,
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Figure 3: sketch representing the various gradient considered and their linear
approximation.

Overall, the calculated concentration profiles can be approximated by linear gradients to
refer to the classical model of liquid-liquid pertraction [41]. These linear gradients help
to consider approximate diffusive resistance for each domain. An estimation of the
thickness of the diffusion layer in both phases can be also calculated.

This is a way of calculating respective contributions to diffusive resistances and obtain
an estimation of the major barrier throughout the extraction process. Classically [42],
the transfer flux, gbaq,d)’F , m and P,rg, can be expressed for each gradient domain,

aqueous, interface, membrane and organic, respectively, as follow:

baq = ;22 (Cll = Cif) = kag (€l — Cif))  Equation s
¢'F = k,p(CE — CF/ky) Equation 6
¢ —pDﬂ(C’F —Csry) Equation?
m — em?T org org q
Dor .
Porg = ?Z(cgrg —CWy) =korg(C3-g — C¥,) Equation 8
The transfer flux can as well be expressed for the overall system:
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bror = K(Coy — C¥4/kq) Equation 9

With the calculated concentration profiles, it is possible to determine the thickness of
the organic and aqueous diffusion layers on each side of the membrane, as well as the
local transfer coefficients kaq= Daq/€aqand Korg= Dorg/€org, Without using correlation laws.
The total transfer coefficient, K, can be written in combination with total solute flux, ¢.
As there is no accumulation of matter at the interface, the transfer fluxes expressed in
each domain and for the overall system are equal at dynamic equilibrium: ¢ = ¢ir= ¢pm=

¢)0rg = ¢t0t'

From above equations, the total transfer resistance as written from the aqueous side
reference, Riwot, can then be written as a serial contribution of the single resistances:

1 1 1
Riot =2 =7—+—+
K kaq kyp
emT 1 . ) ) TR )
|
kapDorg kdk‘?’"g Aque!)us Intlerface Mgmbrane Organic phase
Equation 10 Phase

Please note that the whole mathematical formalism can as well be written with the
organic phase as reference, which yields the same results up to a factor kaq.

3 RESULTS AND DISCUSSION

A T T T T B T T T T

. 1 . s ] 1 .

S ? 0 ’

> 08 . 0.8 [ .

S

S 06 . 0.6 [ .

S

5§ 04 . 0.4 .

3 [

g o2 7 02 3 7

i pH 2.3 & pH 1.0
0 . o .

10



0 20 40 60 80 100 0 10 20 30 40

Contact time .5+ (min) Contact time t, (Min)
C T T T T D T T T T
g 1F 2 -1 g 1F 7\1_7—7/’ .
(\')9 0.8 | 4 . 9@ 0.8 1
S 3 S / Yb —e—
o 06 J 1 o o8l Dy —— _
s 5 l Eu ——
et pad 4 Nd
5 0.4 . 5 0.4 B La 1
3] 3] ° Fe
g8 02 . 8 02 1
o pH 0.0 a5 pH -0.5
0 F . 0 F 1
| L | | L | | |
0 10 20 30 40 0 10 20 30 40

Contact time t

cont (MiN) Contact time t

cont (min)

Figure 4: Extraction kinetics, dependence on pH at 19°C.

Dependence of extraction kinetics on pH at 19°C is shown in figure 4. It shows that
high acidity yields high extraction efficiency, low acidity yields high inter-lanthanide
selectivity. Iron as control has poor k4. Overall kinetics significantly accelerates as pH is
reduced. This is classically attributed to some apparent stoichiometry of a complex
including some adducts [43].

However, the driving force in the non-equilibrium systems is the chemical potential
difference of the electrolyte between the initial location of the ion in water phase and
the final location in the organic solvent phase [44]. In the case of HDEHP, we are dealing
with the “case Type III-B: Extraction of saturated metal complex” including adducts in
the general classification of metal selective extraction that includes seventeen
categories for which no general predictive theory is established yet.

When a neutral saturated metal complex forming in the organic phase has been
considered as the conjunction of driving forces and quenching mechanisms, the large
difference between metal complexation free energy and the global extraction free
energy can be identified as a combination of bulk “entropic” electrostatic terms and
other minor terms [45].

[t is also noticed that at higher pH, higher mass (smaller ionic radii) lanthanides are
more extracted (kqis higher) than smaller lanthanides. This derives from the quenching
term related to the complexing agent reorganisation around the cation to be extracted
[46]. However, a quantitative evaluation requires to abandon the concept of average
stoichiometry and consider a Boltzmann distribution of complexing aggregates in
dynamic equilibrium [47]. Since, the selectivity also depends on pH, it also shows the
impact of interfacial curvature frustration that depends on the total volume of all the
hydrophilic extracted species in each aggregate [48, 49].

It should also be noted that when pH changes, the solution’s ionic strength also
changes. TODGA however belongs to the class of solvating extractants: their efficiency is
not linked to a cation exchange.[44] Therefore the extraction efficiency is limited by the
necessity to keep the nitrate counter-ions in the reverse micelle formed in the solvent
phase. This is industrially done by adjusting the pH to a low value (pH lower than one).
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However, if pH is too low, it induces the co-extraction of large quantities of water, which
limits the selectivity versus iron.[50]

These known trends are all found in results presented in figure 4: iron is not
extracted. When quenching mechanisms are in minority, all amounts for all dissolved
lanthanide ions are extracted. When there is a balance between complexation and phase
transfer quenching effects, smaller/heavier lanthanide ions are less extracted than the
larger/lighter ones, depending on the solvent used [51]. This is also the case for
synergic extraction when two extractants are used in a specific ratio [52, 53].

Extraction ratio Corgom’eqfcaqi”

-0.5 0 0.5 1 1.5 2 2.5
Aqueous phase pH

Figure 5: The liquid-liquid extraction ratio was measured as a function of pH via two
methods: (i) using the miniaturized membrane, microfluidic, device described in this

article (solid line, full symbols) and classical batch experiments in sample tubes (dashed
lines, open symbols), at 19°C.

A comparison of the data acquired both using our microfluidic device and in batch
samples is presented in figure 5 and then analysed. For all cations present in solution
both data set coincide within experimental uncertainty of the analysis.

Distribution coefficients kd used in the simulations were determined from the
experiments and are reported in table 1

pH La Nd Eu Dy Yb
2.3 0.3 1 9 26 34
1.0 0.3 1.1 11 43 26
0.0 14 129 62 119 81
-0.5 120 500 718 1000 1244
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Table 1 : Experimental distribution coefficients kd of the five lanthanide
elements at the four experimental pH (19°C)

Moreover, on figure 6, selectivity appears to be dependent on temperature. In
classical view of extraction, this is a surprising observation, corresponding to an
apparent entropic term in the free energy linked to structural reorganisation of the
solvent phase upon complexation. However, once complexation, bulk and electrostatic
free energy terms are identified [50], it is clear that this term is related to entropy of the
complexing molecules, that participate to a highly bent interfacial film [54].
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Figure 6: The system was studied at two different temperatures, 19°C and 35°C, pH 2.3
using both microfluidic, (full symbols). Fitted data using our simulation approach are
represented in dashed lines.

The fitted simulation curves for 19°C using parameter ky show that light rare earth
ions (La3*, Nd3+, Eu3*) extraction kinetics can easily be fitted simply by adjusting k.
Hence for these elements, kinetics follow a mixed diffusive-reactive regime. For heavier
rare earth ions, such as Dy3* and Yb3+, at pH=2.3 one can observed a misfit between
experimental and calculated values for contact times bellow 10 min. This points out a
pure diffusive regime for these elements. The ky values used for the fits are summarized
in table 2.
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Transfer coefficient kv (10-7m/s)
Temperature | 19°C 35°C
La3+ 30 50
Nd3+ 30 20
Eus+ 250 60
Dys3+ N.A. 250
Yb3+ N.A. 200

Table 2: Transfer rate kyvalues used for adjusting simulated to experimental curves at
pH 2.3 for mixed diffusive-reactive regimes. Data for pure diffusive regimes could not be
obtained since the transfer rate does not participate in kinetics (values assigned: N.A.).

Resistance chart

A resistance chart according to the later equation is proposed in table 3. Resistances
were determined as a function of both variables kqand kv, in the limits of 0.5 to 1000
and 10-*to 3 x 10-°m/s, respectively, for two contact times (tcont): (i) tcont=2 min 45 s
with both aqueous and organic injection flow rates identical (coflow), Qug = Qorg = 10
uL/min, respectively and (ii) tcont= 39 min in two regimes, either in coflow, Qug = Qorg =
0.7 puL/min, two special conditions were calculated with a very high aqueous flow rate
(Qaq = 1000 pL/min; Qorg = 0.7 uL/min; Qaq/Qorg= 1430) or with a high organic flowrate
(Qaq = 0.7 pL/min; Qorg = 1000 pL/min; Qag/Qorg= 7x10-4) in order to show the influence
of high flow rate on resistance contributions. Diffusive resistance is calculated using a
panoply of distribution coefficients, kg4, reaching from less efficient extraction, k4= 0.5, to
excellent extraction, ka4= 1000. These values are then examined for different interface
transfer rates, kv= 3 x 10 m/s to 10-*m/s, i.e. from slow to fast interface transfer.
Simulations are also evaluated at short and long contact time, in order to determine
whether diffusive resistance changed significantly over time.

Detailed results are given in table 3 in terms of relative diffusive resistances. They
show several tendencies. First, for low org/aq distribution coefficients, which means a
low chemical potential difference during the transfer from the aqueous phase, the main
diffusive resistance is located in the organic phase. High organic flow rate leads to a
lower resistance contribution of the organic phase due to the reduction of the diffusion
layer. Vice versa, for high kg4, the chemical potential difference of lanthanide ions
between the aqueous and the organic phase is high. In this case, the main diffusive
resistance is located in the aqueous phase. High aqueous flow rate leads to a lower
resistance contribution of the aqueous phase due to the reduction of the diffusion layer
but the reduction is here small because the distribution coefficient kq is very high (very
high driving force). Since the relative values of ion chemical potentials in the two phases
is the driving force for ion exchange, the extra effective resistance introduced by the
membrane, thus limiting the mixing between solvent phase and aqueous phase, is never
dominant [55].
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A second tendency can be observed regarding the influence of interface transfer. For
low ky, interface transfer is slow, and the major resistance contributor shifts to the
interface domain.
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Diffusive resistance (%)

k =i L/mi
d ke (m/s) Qeq=Qorg (HL/min) Aqueous Interface Membrane Organic

1000 1.00E-04

1000 1.00E-05 0.7
1000 3.00E-06 0.7
1000 1.00E-04 10
1000 1.00E-05 10 3

3.00E-06

w
wu

N

N w w w w
C " o ¢ w
NI [ © N N}

1.00E-04

30 1.00E-05 0.7 6.
30 3.00E-06 0.7
30 1.00E-04 10

1.00E-05
3.00E-06

5 1.00E-04

5 1.00E-05 0.7 253

5 3.00E-06 0.7 20.2 29.6
5 1.00E-04 10 32.6 37.9
5 1.00E-05 10 314 29.1
5 3.00E-06

25%

2 3.00E-06 Q ,4=0.7, Q 5;;=1000

Table 3: resistances contributions for each different domains are given as percentage
values of the total resistance, Riot.
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Figure 7: Percentage of membrane resistance to overall resistance at high reaction rate,
kv=10-7, and low reaction rate, ky= 10-10,

The final point regards the membrane resistance, which is mostly important for low
distribution coefficients. Then, the concentration gradient in the adjacent organic phase
is low, and the membrane accumulates extraction aggregates. This point is further
illustrated in figure 7. Data is plotted for equal coflow in both channels, Qug = Qorg = 10
uL/min, which corresponds to a contact time of 2'45”. A short contact time is chosen to
illustrate the functioning far from thermodynamic equilibrium. However, note that
dynamic equilibrium is well attained for the complete data set. The percentage of
membrane resistance is plotted as a function of distribution coefficient k4. The
significant fall of membrane resistance for high kqis demonstrated. Hence, in order to
operate an efficient process, distribution coefficients should be at least kq> 10 or higher,
signifying a low impact from membrane diffusive resistance.
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4 CONCLUSION AND OUTLOOK

In this work, a microfluidic device based on pertraction principles was presented,
studied and validated using a industrially relevant model case in hydrometallurgy (ca.
the role of pH in rare earth extraction, using TODGA as an extracting molecule). The
device not only reproduces, within measurement error bars, batch experiments used as
benchmark, It also gave kinetics pieces of information. At 19°C, extraction and kinetics
dependence on pH was examined. For pH 2.3, two different temperatures were
analysed.

A simple diffusion-reaction model was proposed and diffusive resistances of the
four barriers, i.e. feed channel, interface, porous medium and extraction channel, were
evaluated. The methodical analysis of these diffusive resistances given by the developed
model shows that the presence of the thin membrane does not perturb the equilibrium
nor does it increases significantly the time of experiment. Hence it makes the
determination of process selectivity by membrane based, pertraction microfluidics an
easier and more deployable approach than ones based on circulating alternating oil and
water droplets [56]. However, in the latter method, the determination of kinetics may be
more precise since the global flux through the device can be varied more easily and on a
larger range.

It should be noted that these conclusions are just as valid for desextraction, since
the important parameter governing diffusive resistance in different domains is the
relative level of chemical potential. For desextraction, chemical potentials are
interverted and so is diffusive resistance. Again, for high kp, as supposed for efficient
extraction processes, the membrane resistance stays below 20%.

Another outcome is that when designing pertraction microfluidic device, an
important design rule should be to reduce channels depth in order to speed up bulk
diffusion, or to implement additional convection methods. Toward that end, some
research is needed to regulate or speed up interface transfer through e.g. ultrasound
[25, 57] or electric means [58], [59].

Finally, the feasibility to implement on-line analytical devices (FTIR) on milli-fluidic
chip has been successfully demonstrated [21, 60]. Primary results suggest the
possibility to have a fast and precise screening of several physico-chemical parameters.
It should enable to analyse qualitatively and quantitatively extraction performances of
complex extractant systems. This device aims to open new recycling possibilities as a
support tool for the understanding of phenomena involved in liquid-liquid separation.
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1000 1.00E-04] 10 94.7 4.61 0.277] 0.428]
1000 1.00E-05 10 65.8 33.7 0.202] 0.282]
1000 3.00E-06 10, 35.8 63.9 0.115] 0.148|
100 1.00E-04] 0.7 80.3 4.03 2.42 13.2)
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100 1.00E-04] 10| 88.8 4.46 2.68 4.1
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30 3.00E-06 10, 32.9 59 3.54 4.56)
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Note Experimentalement les coefficients de partage Kd ( rapport des concentrations phase organique/ phase aqueuse a I'équilibre)
varient de 0,1 a plus de 1000. Quand le Kd est au dessus de 10 la résistance de la membrane n'est pas prépondérante. Dans la
majorité des extractions réalisée les Kd sont supérieur a 10. La membrane n'y est donc pas limitante. La diffusion et le passage de
I'interface sont alors limitants pour I'extraction liquide-liquide. La recherche de solutions pour augmenter la diffusion du milieu
aqueux est en cours. L'augmentation du débit dans la phase limitante ne permet pas d'augmenter de fagon significative la

diffusion.
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0.5| 1.00E-05 10, 4.23 3.33 40 52.4| 2.73E+06|
0.5| 3.00E-06 10, 4.65 10.3 37 48.1] 2.95E+06|




Résistance (%)

Kd |Kv(m/s)|[Qaq=Qorg (uL/min)|Aqueux |Interphase |Membrane|Organique
1000 1.00E-04 Qag=1000 et Qorg=0,7 81.9 15.7 0.629 1.78
1000]  1.00E-04 0.7 93.6 4.51 0.18 1.73
1000]  1.00E-05 0.7 65.9 33.2 0.133 7.13
1000|  3.00E-06 0.7 36.3 63.4 0.076 0.277
1000|  1.00E-04 10 94.8 4.61 0.185 0.428
1000]  1.00E-05 10 65.8 33.8 0.135 0.282
1000|  3.00E-06 10 35.8 64 0.0768 0.148
100]  1.00E-04 0.7 81 4.02 1.61 13.4
100]  1.00E-05 0.7 61.3 31.1 1.24 6.41
100]  3.00E-06 0.7 35.1 61.5 0.738 2.67
100]  1.00E-04 10 89.7 4.46 1.78 4.11
100]  1.00E-05 10 63.3 32.6 13 2.72
100]  3.00E-06 10 35.1 62.7 0.753 1.45
30|  1.00E-04 0.7 63.1 3.32 4.43 29.1
30|  1.00E-05 0.7 52.3 27 3.6 17.1
30| 3.00E-06 0.7 32,5 57.1 2.28 8.17
30|  1.00E-04 10 78.2 4.08 5.44 123
30| 1.00E-05 10 57.7 30 4 8.32
30| 3.00E-06 10 33.3 59.7 2.39 4.61
10]  1.00E-04 0.7 40.9 2.42 9.69 47
10|  1.00E-05 0.7 37.9 20.2 8.1 33.7
10| 3.00E-06 0.7 26.8 47.6 5.71 19.9
10| 1.00E-04 10 55.5 3.23 12.9 283
10|  1.00E-05 10 457 24.4 9.76 20.1
10/ 3.00E-06 10 29.1 52.4 6.29 12.2

5| 1.00E-04 0.7 26.7 1.76 14.1 57.5

5|  1.00E-05 0.7 27.2 15.1 121 15.7

5| 3.00E-06 0.7 213 38.4 9.21 31.1

5| 1.00E-04 10 37.2 2.41 193 411

5|  1.00E-05 10 34.5 19.1 15.2 31.2

5| 3.00E-06 10 24.4 443 10.6 20.7

2| 1.00E-04 0.7 12.4 0.964 19.3 67.3

2| 1.00E-05 0.7 14.4 8.73 17.5 59.4

2| 3.00E-06 0.7 13.1 24.5 14.7 47.7

2| 1.00E-04 10 17.4 1.32 26.5 54.8

2| 1.00E-05 10 19.2 115 22.9 46.5

2| 3.00E-06 10 16.2 30.2 18.1 35.5

2|  3.00E-06] Qag=0,7 et Qorg=1000 21.1 39.4 23.6 15.9

0.5  1.00E-04 0.7 3.14 0.291 233 73.3
0.5  1.00E-05 0.7 3.8 2.83 22.6 70.8
0.5  3.00E-06 0.7 4.21 8.84 21.2 65.7
0.5 1.00E-04 10 4.34 0.395 31.6 63.7
0.5  1.00E-05 10 5.17 3.79 30.3 60.7
0.5  3.00E-06 10 5.57 11.6 27.8 55

1.16E+08
4.03E+08
5.47E+08
9.56E+08
3.94E+08
5.39E+08
9.48E+08
4.53E+07
5.85E+07
9.86E+07
4.08E+07
5.57E+07
9.66E+07
1.64E+07
2.02E+07
3.19E+07
1.34E+07
1.82E+07
3.05E+07
7.51E+06
8.98E+06
1.27E+07
5.63E+06
7.45E+06
1.16E+07
5.16E+06
6.02E+06
7.90E+06
3.77E+06
4.77E+06
6.84E+06
3.77E+06
4.17E+06
4.95E+06
2.75E+06
3.17E+06
4.01E+06
3.08E+06
3.12E+06
3.22E+06
3.43E+06
2.30E+06
2.40E+06
2.62E+06



20 MICRONS

Résistance (%)

30MICRONS
Résistance (%)
Kd [Kv (m/s)Qorg (uAqueux |InterphgdMembrgdOrganiq|Rtot
Qag=1000

et 1.16E+08

1000| 1.00E-04| Qorg=0,7 81.6 15.7 0942 1.78
1000| 1.00E-04 0.7 93.5 451 0.27 1.73 4.03E+08
1000] 1.00E-05 0.7 65.9 33.2 0.199 0.712 5.43E+08
1000] 3.00E-06 0.7 36.3 63.4 0.114 0.277 9.57E+08
1000] 1.00E-04 10 94.7 4.61 0277 0.428 3.94E+08
1000] 1.00E-05 10 65.8 33.7 0202 0.282 5.39E+08
1000] 3.00E-06 10 35.8 63.9 0.115 0.148 9.48E+08
100 1.00E-04 0.7 80.3 4.03 2.42 13.2 4526407
100] 1.00E-05 0.7 60.9 30.9 1.86 6.34 5.88E+07
100] 3.00E-06 0.7 35 61.3 11 2.66 9.89E+07
100| 1.00E-04 10 88.8 4.46 2.68 4.1 4.076+07
100] 1.00E-05 10 62.9 32,5 1.95 2.71 5.60E+07,
100] 3.00E-06 10 34.9 62.5 1.12 1.45 9.70E+07
30| 1.00E-04 0.7 61.7 3.34 6.68 28.3 1.63E+07
30| 1.00E-05 0.7 51.4 26.7 533 16.7 2.05E+07
30| 3.00E-06 0.7 32.1 56.5 3.39 8.05 3.22E+07
30| 1.00E-04 10 75.6 4.07 8.14 122 1.34E+07
30| 1.00E-05 10 56.4 29.6 5.91 8.16 1.85E+07
30| 3.00E-06 10 32.9 59 3.54 4.56 3.08E+07
10] 1.00E-04 0.7 38.4 2.4 14.4 44.7 7.57E+06
10] 1.00E-05 0.7 36.3 19.7 118 32.1 9.21E+06
10] 3.00E-06 0.7 26 46.4 8.36 19.2 1.30E+07
10| 1.00E-04 10 50.9 3.14 18.9 27.1 5.78E+06
10] 1.00E-05 10 432 235 14.1 19.2 7.73E+06
10] 3.00E-06 10 28.1 50.9 9.17 11.8 1.19E+07
5| 1.00E-04 0.7 24.2 1.71 20.5 53.7 5.33E+06
5| 1.00E-05 0.7 253 14.5 17.4 42.8 6.27E+06
5| 3.00E-06 0.7 20.2 36.9 133 29.6 8.24E+06
5| 1.00E-04 10 32.6 2.27 27.2 37.9 4.01E+06
5| 1.00E-05 10 31.4 18 21.6 29.1 5.06E+06
5| 3.00E-06 10 22.9 422 15.2 19.6 7.18E+06
2| 1.00E-04 0.7 10.9 0.901 27 61.2 4.04E406
2| 1.00E-05 0.7 128 8.18 24.6 54.4 4.44E+06
2| 3.00E-06 0.7 12 23 20.7 442 5.26E+06
2| 1.00E-04 10 14.6 1.19 35.8 483 3.04E+06
2| 1.00E-05 10 16.5 105 31.4 41.7 3.48E+06
2| 3.00E-06 10 14.5 27.9 25.1 32,5 4356406

Kd [Kv (m/s)Qorg (uAqueux |InterphgMembrdOrganique |Rtot
Qag=1000
et
1000| 1.00E-04| Qorg=0,7 81.9 15.7 0.629 1.78| 1.16E+08
1000| 1.00E-04 0.7 93.6 451 0.18 1.73] 403e+08
1000| 1.00E-05 0.7 65.9 33.2 0.133 7.13| 5.47e+08
1000| 3.00E-06 0.7 36.3 63.4 0.076 0.277| 9 56E+08
1000| 1.00E-04 10 94.8 4.61 0.185 0.428| 3 94E+08
1000| 1.00E-05 10 65.8 33.8 0.135 0.282| 5 39e+08
1000| 3.00E-06 10 35.8 64| 00768 0.148| 9.48e+08
100 1.00E-04 0.7 81 4.02 1.61 13.4] 453E+07
100| 1.00E-05 0.7 61.3 311 1.24 6.41| 5 85E+07
100| 3.00E-06 0.7 35.1 61.5 0.738 2.67| 9 86E+07
100| 1.00E-04 10 89.7 4.46 1.78 4.11| 4 0sE+07
100| 1.00E-05 10 63.3 32.6 13 2.72| 557E+07
100| 3.00E-06 10 35.1 62.7 0.753 1.45| 9.66E+07
30[ 1.00E-04 0.7 63.1 3.32 4.43 29.1]  1.64E+07
30 1.00E-05 0.7 52.3 27 3.6 17.1] 2 026407
30| 3.00E-06 0.7 32,5 57.1 2.28 8.17| 3.19£+07
30 1.00E-04 10 78.2 4.08 5.44 12.3] 134E+07
30 1.00E-05 10 57.7 30 4 8.32| 182E+07
30| 3.00E-06 10 33.3 59.7 2.39 4.61] 305E+07
10| 1.00E-04 0.7 40.9 2.42 9.69 47| 7 51E+06
10| 1.00E-05 0.7 37.9 20.2 8.1 33.7] 898E+06
10| 3.00E-06 0.7 26.8 47.6 5.71 19.9] 127e+07
10| 1.00E-04 10 55.5 3.23 12.9 28.3| 5.63E+06
10| 1.00E-05 10 45.7 24.4 9.76 20.1| 7.45E+06
10| 3.00E-06 10 29.1 52.4 6.29 12.2] 1.16E+07
5| 1.00E-04 0.7 26.7 1.76 14.1 57.5] 5.16E+06
5| 1.00E-05 0.7 27.2 15.1 12.1 15.7] 6026406
5| 3.00E-06 0.7 21.3 38.4 9.21 31.1] 7 90E+06
5| 1.00E-04 10 37.2 2.41 193 41.1| 3.77e+06
5| 1.00E-05 10 34.5 19.1 15.2 31.2| 4.77E+06
5| 3.00E-06 10 24.4 44.3 10.6 20.7] 6 84E+06
2| 1.00E-04 0.7 12.4 0.964 193 67.3] 3.77E+06
2| 1.00E-05 0.7 14.4 8.73 17.5 59.4] 4.17E+06
2| 3.00E-06 0.7 13.1 24.5 14.7 47.7| 4 95E+06
2| 1.00E-04 10 17.4 1.32 26.5 54.8] 2.75E+06
2| 1.00E-05 10 19.2 115 22.9 465 3.17e+06
2| 3.00E-06 10 16.2 30.2 18.1 35.5] 4 01E+06




Qaq=0,7
et

Qorg=100

2| 3.00E-06 0 18.7 35.8 32.2 13.3 3.39E+06
0.5| 1.00E-04 0.7 2.77 0.264 31.7 65.3 3.44E+06
0.5| 1.00E-05 0.7 3.23 2.57 30.9 63.3 3.53E+06
0.5| 3.00E-06 0.7 3.63 8.08 29.1 59.2 3.75E+06
0.5| 1.00E-04 10 3.65 0.346 41.5 54.5 2.63E+06
0.5| 1.00E-05 10 4.23 3.33 40 52.4 2.73E+06
0.5| 3.00E-06 10 4.65 10.3 37 48.1 2.95E+06)

Qaq=0,7

et

Qorg=100
2| 3.00E-06 0 21.1 39.4 23.6 15.9] 3 08E+06
0.5| 1.00E-04 0.7 3.14 0.291 233 73.3] 3.12E+06
0.5| 1.00E-05 0.7 3.8 2.83 22.6 70.8] 3 22E+06
0.5| 3.00E-06 0.7 4.21 8.84 21.2 65.7| 3.43E+06
0.5| 1.00E-04 10 4.34 0.395 31.6 63.7| 2 30E+06
0.5| 1.00E-05 10 5.17 3.79 30.3 60.7| 2.40E+06
0.5| 3.00E-06 10 5.57 11.6 27.8 55| 2.62E+06




Diffusive resistance (%)

Ko ke (m/s) Qag=Quorg (WL/min) Aqueous Interface Membrane Organic
1000 | 100e04 @, 1000,Q,, 0.7
1000 1.00E-04 0.7
1000 1.00E-05 0.7
1000 3.00E-06 0.7
1000 1.00E-04 10
1000 1.00E-05 10
1000 3.00E-06 10
100 1.00E-04 07
100 100E-05 07
100 3.006-06 07
100 1.00E-04 10
100 100E-05 10
100 3.006-06 10
30 1.00E-04 0.7
30 1.00E-05 0.7
30 3.00E-06 0.7
30 1.00E-04 10
30 1.00E-05 10
30 3.00E-06 10
10 1.00E-04 0.7
10 100E-05 07
10 3.00E-06 07 !
10 1.00E-04 10 50.9 18.9 271
10 100E-05 10 432 N
10 | 3.00E-06 10 281
5 1.00€E-04 0.7 24.2
5 1.00E-05 0.7 253
5 3.00E-06 0.7 20.2
5 1.00€E-04 10 326
5 1.00E-05 10 314 N ..
5 3.00E-06 10 229 42.2 15.2 19.6
2 1.00E-04 0.7 10.9
2 1.00E-05 0.7 12.8
2 3.00E-06 07 12
2 1.00E-04 10 14.6 . ..
2 1.00E-05 10 16.5 10.5 314 41.7
2 3.00E-06 10 145 279 25.1 325
2 3.00E-06 s 0.7,0ﬂg 1000 18.7 35.8 322 13.3
05 100E04 07
05  100E-05 07
0.5  3.00E-06 07
05  100E-04 10
05  100E-05 10
0.5 | 3.00E-:06 10 103

100 %

25%

Membrane :

Porosité 0,55
Tortuosité 2

i 20 um

Résistance (%)

Qa

Qag=Qorg (uL/min) |Aqueux|Interphase |Membrane |Organique |Rtot
07

5| 1.00E-04 )
5| 1.00E-05 07| 15.7] 6.02€ 06
5| 3.00E-06 07| 31.1] 7.90€ 06)
5| 1.00E-04 10 41.1] 3.77€ 06)
5| 1.00E-05 10
5| 3.006-06] 10
2] 1.00E-:04 0.7
2] 1.00E-05 0.7 g
2] 3.00E-06 0.7 147, 47.7]_4.95E 06)
2] 1.00E-:04 10 26.5 54.8] 2.75E 06)
2] 1.00E-05
2
2

05|

05|

0.5 65.7| 3.43E 06

0%

0.5 3.00E-06

63.7| 2.30E 06
30.3 60.7| 2.40E 06|
27.8 55| 2.62E 06

100 %|

25%

0%






