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Abstract

Extraction of neodymium by N,N-dibutylacetamide (DBACc) has been investigated using a
single hollow porous fiber pertraction device. It consists of a polypropylene hydrophobic fibre
maintained in a cylindrical glass calender. The Nd loaded aqueous phase flows inside the porous
fiber. The organic phase flows outside in the calender and fills the pores of the membrane.
Neodymium is extracted by DBAc, transported through the membrane by molecular diffusion
and collected in the solvent flow. DBAc was chosen taking into account its efficiency with
regard to the extraction of rare earths, estimated initially by liquid-liquid extraction, and
because of its low variation of viscosity with metal concentration. Accurate measurements of
diffusion coefficient of neodymium in the solvent by Taylor Dispersion Analysis (TDA)
confirmed the low influence of the neodymium concentration on its diffusivity. These results,
combined with the determination of the distribution coefficient of Nd in DBAc, gave good
agreement between experimental and simulated data of pertraction test. Nevertheless, the
results showed a high resistance of mass transfer mainly due to the diffusion in membrane. A
possible explanation was that the distribution coefficient of Nd was not high enough to ensure
a sufficient gradient of concentration along the thickness of the membrane filled by the solvent.

To prove it, a second pertraction experiment was performed using HDEHP at 1 mol Lt in n-
1



dodecane as extractant. In this case, the distribution coefficient of Nd is 3 times higher than for
DBAc. Good fitting of experimental data with simulated extraction of neodymium has been
obtained and confirm the aforementioned hypothesis which assumes that high mass transfer

rate requires high distribution and diffusion coefficients.

Keywords
Pertraction, N,N-dibutylacetamide, Di(2-ethylhexyl)phosphate, Taylor Dispersion Analysis,

rare earth recycling.

1. Introduction

Due to their peculiar physico-chemical properties, the rare earth elements (REEs), which
include the 15 lanthanides plus scandium and yttrium, are widely used in many high-tech
applications (electronics, green energy...) [1-3]. The increasing demand associated to a high
supply risk led to considers the REEs as the most critical raw materials group by the western
nations (EU and US) [4]. The balance between demand and production do that the REE market
is a versatile market [5].

The need of selectively extraction of rare earth elements from mineral ores [6, 7], urban mines
(e-wastes) [8, 9], or spent nuclear fuel [10], led to the development of processes [11-14], mainly
based on solvent extraction and ion exchange. These processes are the common approaches
used in the recovery or removal of metal ions from aqueous solutions.

The extraction of REEs has been carried out mainly by using organophosphorus reagents [15-
17], amides [18-20], supramolecular ligand [21-23], multifunctional ligand [24] or synergistic
systems [25, 26]. Among them, di(2-ethylhexyl)phosphate (HDEHP) has proved to be versatile

due to good loading and stripping properties associated to good kinetics, low solubility in the



aqueous phase and high chemical stability [27]. Also, as REEs are considered as hard acids
according to Pearson’s HSAB concept [28], they are preferentially bounded by oxygen donor
hard bases, such as malonamides [29] and diglycolamides [30]. Indeed, amides are weak bases
whose protonation occurs only on the oxygen atom.

Liquid-liquid extraction is the usually employed method for the separation of REEs [31].
Despite its effectiveness, it has some drawbacks such as the use of large volumes of solvent that
can increase the environmental footprint of the process, emulsions / third phase formation
difficult to break requiring the use of phase modifier.

Therefore, supported liquid membrane have a few advantages over the classical solvent
extraction based separation methods [32] . A benefit is that the organic phase volume is reduced
and the extraction/stripping steps can be carried out simultaneously, as well as relief of
problems such as third phase formation or phase disengagement issues. Nevertheless, the
durability of such a membrane over long times is questionable due to the solubility of the
organic phase, even when it is low.

The term “pertraction” in the literature refers to different meanings. It may concern the
extraction using supported membrane, using liquid membrane or using porous membrane
separating an aqueous and an organic phase. In this publication, pertraction consists of a liquid-
liquid extraction using a porous membrane barrier as the exchange surface between the aqueous
phase and the solvent. It is promising due to its simplicity and cost-effectiveness. This barrier
generally consists of porous hollow fibers mounted in a bundle; one of the phases flowing in
the fibers while the other flows in the calender of the device. According to the wettability
characteristics of the membrane material, aqueous or organic phases fill in the porosity of the
membrane and the mass transfer occurs between the two phases in contact at the surface of the
pores. With the removal of the step devoted to mixing phases, this methodology allows the use

of pure solvent without the constraints of difference in the density or interfacial tension. It is



thus possible to use a solvent consisting of a pure extractant with a high solvent loading capacity
(greater than 100 g LY).

However, it is necessary to consider the increase in the viscosity of the extractant phase once
in contact with the feed solution, which can penalize the kinetics of mass transfer. Indeed, the
diffusivity in the membrane, is inversely proportional to the viscosity of the fluid that govern
the transfer and depends on the molecular interaction of the metal with the extractant. In this
context, it is important to experimentally determine the molecular diffusion coefficients, both
in organic and aqueous phase.

Several methods are reported in the literature for the determination of the diffusion coefficient
of rare earth metals, such as pulsed filed gradient nuclear magnetic resonance (PFG-NMR) [33],
or electrochemical methods [34]. In this work, we propose, for the first time, the use of Taylor
Dispersion Analysis (TDA) [35, 36], as a simple and straightforward method allowing the
determination of the molecular diffusion coefficients of the rare earth metals in aqueous and
organic phases. TDA is a simple and rapid method based on the analysis of the dispersion profile
of a solute plug in an open tube under the influence of a laminar Poiseuille flow. TDA was
already applied to characterize different types of samples such as polymers [37-39], proteins
[40, 41], nanoparticles [42, 43], micelles and microemulsions [44, 45], but to our knowledge
was not applied to rare earth metals. One of the advantages of TDA, besides its simplicity, is
that it can be applied in experimental conditions close to real applications.

Recently, rare earth metal extraction has been investigated mainly with organophosphorous
reagents as carrier using different technologies [46-50]. Hollow fiber supported liquid
membrane system has been investigated by using di-nonyl phenyl phosphoric acid (DNPPA) in
n-dodecane for the extraction of Nd(I11) from nitrate solutions [46]. The synergistic extraction
of Nd(II1) from nitric acid has been studied using mixtures of DNPPA and tri-n-octylphenyl

phosphine oxide (TOPQ) as carrier with a surfactant emulsifier in Petrofin as the diluent



through emulsion liquid membrane (ELM) [47]. In the same way, the pertraction of Dy(lIll)
from nitric acid medium across ELM was studied using HDEHP as the carrier extractant in
kerosene with a binary mixture of surfactants (Span 85/Span 80) as emulsifier [48]. Diluted
HDEHP was also investigated in a pseudo-emulsion hollow fiber strip dispersion system for
the recovery of Y(I1I) [49]. Pertraction of Nd(I11) from chloride media have been also studied
using Cyanex derivatives in kerosene using a microporous polytetrafluoroethylene film as
supported liquid membranes system [50].

To the best of our knowledge, the implementation of pertraction system to recover REEs from
aqueous solution has not been previously reported by using monoamide compound. The present
study aims at investigating the recovery of REEs from nitrate solution using
N,Ndibutylacetamide (DBAC) as the carrier in a pertraction device. In the present study, we
focused our attention on the extraction efficiency from a nitrate media, while nitric acid is
commonly used for the leaching of REEs mineral deposit,[51, 52] for all nuclear fuel treatment
operations,[53, 54] but also in some cases for the leaching of end of life products that contain
REEs such as NdFeB magnets.[55-57]

Solvent extraction experiments using DBAc as extracting agent displayed a high efficiency
towards REEs over competitive elements from nitrate solution with a high loading capacity (>
125 g L) [58]. Moreover, DBAc exhibits physico-chemicals properties such as a low solubility
in water (0.6 %), interfacial tension allowing “quasi-stable emulsion” formation (3.4 mN.m™)
and a moderate viscosity (< 5 mPa s), which makes it possible to use it as pure solvent in the
pertraction experiments.

Therefore, pertraction experiments were performed on a single fiber hollow in order to analyze
and model the mass transfer in the case of the extraction of Nd(111) by pure DBAc in comparison

to dilute HDEHP.



2. Materials and methods
2.1. Materials and reagents

N,N-dibutylacetamide (DBAc) is a commercially available product (CAS 1563-90-2).
However, in order to avoid delivery delays, the price and the purity of the product, we
synthesized the DBAC at scale semi-pilot scale (= 1L) in good yields (>90%). The general
procedure for the DBAC synthesis and it characterization are reported in supporting
information. In the various experiments, pure DBAc (4.79 mol L) was used as organic phase.
Di(2-ethylhexyl)phosphate (HDEHP) was of analytical grade and purchased from
SigmaAldrich. In the various experiments, HDEHP dilute in dodecane (1 mol L) was used as

organic phase. The chemical structure of the extractant is illustrated in the Fig 1.
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N,N-dibutylacetamide Di(2-ethylhexyl)phosphate

Fig 1. Chemical structure of the extractant studied.

Metallic stock solutions were prepared at the desired acidity from Nd(NO3z)3- 6H20 (99.9%,
ACROS Organics), Dy(NOz)3- 6H20 (99.9%, ACROS Organics), Pr(NO3z)3 (99.9%, ACROS
Organics), Fe (via Fe(NQOs)3- H20 (99.9%, ACROS Organics), Co(NOs)z (99.9%, ACROS
Organics), Ni(NOs)2 (99.9%, ACROS Organics), H3BOz (99.9%, ACROS Organics). Nd(I11)
stock solutions (1 — 35 g L) were prepared, at the desired acidity (typically HNO3 0.1 mol L)
with or without NaNOs (2.5 mol L?).

A multi-elementary solution containing 0.3 g L of Nd, 0.3g L of Dy,0.3g L of Pr,0.3g L
L of Fe, 0.3 g Lt of Co, 0.3 g L?*of Niand0.2 g L™of Bwas prepared in an agqueous solution

consisting of 0.1 mol L™ of HNO3 and 0.5 to 3 mol L"*.NaNOs.



To evaluate the efficiency properties of DBAc towards Nd and rare earth elements (Nd, Dy, Pr)
from the multi-elementary solution, experiments were performed under batch conditions at
organic (O) over aqueous phase (A) ratio of 1. For this purpose, pure DBAc (4.79 mol L) was
used as organic phase. The two phases were mixed and stirred for 30 minutes at room
temperature (22 = 3 °C). A preliminary study on the phase transfer kinetics indicated that
equilibrium was reached quickly under batch conditions. As the equilibrium values after 5
minutes changed no further during up to 60 minutes of shaking, a 30 min shaking-time was
therefore used in the experiments to ensure thermodynamic equilibrium. After separation by
centrifugation (3000 rpm for 5 min), the aqueous phases were collected and analyzed by

ICPAES.

Metal concentrations were measured by inductively coupled plasma/atomic emission
spectroscopy (ICP-AES) using a SPECTRO ARCOS spectrometer.

In the extraction experiment, the distribution coefficients of the metals (kp), extraction
efficiency (%E) and the separation factor () were computed from the ICP-AES results and

calculated from the equation (1), (2), (3) as follows:
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Where [M]:L is the metal concentration in solvent and [M]

org

aqueous phase at equilibrium and [M]5, the initial concentration of the metal in the feed aqueous



solution, A and O are the volumes of the aqueous and the solvent phases, kom1 and kpmz are the
distribution coefficients of the metal ions M1 and M2, respectively.

Stripping experiments were performed at room temperature (22 = 3 °C) by contacting the
loaded organic phase with pure water (Milli Q) or with a 3M nitric acid solution during 30
minutes (aqueous to organic phase volumetric ratio V«/Vo of 1). After separation by
centrifugation (3000 rpm for 5 min), metal concentrations were measured in the aqueous phase

by ICP-AES. The stripping percentage (%S) was calculated as follows:

M
s = M V00 @)

[M],, Vo

where [M]st and [M]org are the concentrations of the metal ions in the stripping aqueous phase
after stripping and in the loaded organic phase before stripping, respectively.

All rheological measurements were performed using an AMVn automated micro-viscometer
(Anton Paar, Graz, Austria). The apparatus measures viscosities using the rolling ball/falling
ball principle, which consists of measuring ball-rolling time in a diagonally-mounted glass
capillary filled with the sample. All measurements were made at 20.00 °C with a 70° inclination

angle of the capillary.

2.2. Taylor dispersion analysis
TDA experiments were performed on a 7100 CE Agilent (Waldbronn. Germany) instrument
using fused silica capillaries (Polymicro technologies. USA) having 100 cm x 100 pm i.d.
dimensions and a detection window at 91.5 cm. Solutes were monitored by UV absorbance at
585 nm. TDA experiments were carried out using 100 mbar mobilization pressure for aqueous
phase and 1000 mbar for organic phase and using the frontal mode (i.e. the Neodymium sample
is injected continuously during the whole analysis time). New capillaries were first conditioned

with 1 mol L't NaOH for 20 min and water for 10 min and finally flushed with the matrix for



10 min. The operating temperature was set to 25°C. Each sample was prepared in the matrix
(aqueous or organic phase without Neodymium). Before sample analysis, the capillary was
previously filled with the matrix to keep the viscosity in the capillary constant.

2.3. Pertraction setup
The pertraction device (Fig 2) is a single hollow fiber contained in a cylindrical glass tube of 4
mm internal diameter. At both ends, stainless steel parts with seals ensure a separate flow of

the fluids between the inside and the outside of the fiber i.e. the calender.

The fiber has a 25 cm useful length for mass transfer. It is made of polypropylene membrane
provided by Microdyn-Nadir with pores of about 200 nm and a thickness of 400 um. The fiber
as an internal diameter of 1.8 mm. The porosity is 72 % (measured by mercury porosimetry).
The tortuosity of the membrane is around 2 (manufacturer data). It is defined as the square of
the ratio of the average distance between two points along the paths defined by the pores over

the shortest distance between these two points.

Stainless steel support
(green part)

calender

Hollow fiber
membrane
(White part)

Glass calender
Spacer (Black part) PEEK tip KARLEZ PEEK seals
(Black rod)

Fig 2. Pertraction device. Top and bottom parts have been designed to ensure the separation of the
aqueous and organic phases without leak. Blue region represents the aqueous phase containing Nd(l11)
and yellow one is the organic phase.



The setup designed for the experiments is illustrated in Fig 3. Both phases flow in closed loop.
The aqueous phase (blue) is cycled in the fiber while the organic phase (yellow) is cycled in the
calender side. As the fiber is hydrophobic, the organic phase fills the pores of the fiber. A co-
current mode was chosen for the pertraction experiments. The device stands in upright position
and the phases are introduced at the bottom and go up. On output, the phases go through weirs.
The aqueous weir is located higher than the organic one to ensure a counter pressure to avoid

organic phase entrainment in the aqueous phase.

Air

Sampling
\ 4
Peristaltic
pump »q
e o
Tank Rotarﬁn?iston Tank
aqueous phase pump organic phase

Fig 3. Experimental pertraction setup in closed loop and co-current mode. The aqueous phase tank
contains the Nd(I11) aqueous phase (in 0.1M nitric acid solution). The organic phase is composed of the
pure extractant (DBAc) or HDEHP diluted at 1 M in dodecane.

During the pertraction experiment, regular sampling is carried out in order to monitor the

evolution of the Nd concentration of the aqueous phase by ICP-AES analyses. Thus,

Concentration in the organic phase was obtained by mass balance.
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No evolution of the polypropylene hydrophobic hollow fibers have been observed during the

experiments.

2.4. Theoretical aspects on TDA
Taylor dispersion analysis is a simple and absolute method allowing the determination of the
molecular diffusion coefficient and of the hydrodynamic radius of a given molecule. It is based
on the analysis of the peak broadening of an injected solute plug in an open capillary tube and
under a laminar Poiseuille flow [35] (Fig 4. Schematic representation of the Taylor dispersion
analysis experiment using frontal mode, where the sample is injected continuously throughout
the analysis. ). The elution profile is generally obtained by online UV detection through the
capillary tube. When the injected sample is monodisperse in size a Gaussian shaped peak is

obtained for the elution profile, as given by equation (5):

S(r)= S exp_(f;r[)) ®)

where to is average elution time and o2 is the temporal variance of the elution profile and So is a
constant that depends on the response factor and injected quantity of solute. The peak variance
is obtained by fitting the experimental data with equation (5) to obtain the molecular diffusion
coefficient D of the sample and its hydrodynamic radius using equation (6):

kT ActkT
6nD zz'rnyrO

(6)

h

where kg is the Boltzman constant. T is temperature (in K). R is the capillary radius and # is
the viscosity of the matrix. To increase the sensitivity of detection, TDA can be implemented

in frontal mode. In that case, the sample is continuously injected in the capillary leading to the
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detection of a front instead of a peak and the experimental data are fitted with a Gaussian error

equation (erf), as expressed by equation (7):

S(t)_ll t—t,
—_2+Zerf(6\/§j (7)

where the first derivative of equation (7) leads to equation (5). Equations (5-7) are valid when
two conditions are fulfilled. First, the average elution time, to, should be much longer than the

characteristic diffusion time of the solute in the cross section of the capillary, i.e. to > 1.25
R2 /D for a relative error ¢ on the determination of D lower than 3% [59]. Second, the axial
diffusion should be negligible compared to convection (i.e. when the Peclet number P, = R,u/D

is higher than 40 for ¢ lower than 3% [59, 60] where u is the linear velocity.

c Parabolic
velocity profile

I 100 pm i.d. fused silica capillary I 1

Analysis matrix

Sample in the matrix

Sample Matrix

Fig 4. Schematic representation of the Taylor dispersion analysis experiment using frontal mode, where
the sample is injected continuously throughout the analysis.

2.5. Theoretical aspects on pertraction
Nd is extracted at the pores of the membrane by the extractant molecule, transported through

the membrane by molecular diffusion and collected in the solvent flow. Assuming that the
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amount of neodymium accumulated in the membrane is negligible, the mass balance described

following equation (8) allows to evaluate the concentration of Nd in the solvent:

Aqueous Agueous
phase inlet phase outlet
n—1 r A\ \
AX, =Vp 3" X, =[ A=(n-1)V,, | X, +O¥, ®)
i=1
Samples from Solvent
the aqueous tank phase outlet

where A and O are the volumes of the aqueous and the solvent phases, respectively. The
variation of A and O (related to the transfer of acid and water in the solvent or to the solubility
of the solvent in the aqueous phase) during the extraction process is considered as negligible.

Vpe 1S the volume of samples for ICP-AES analysis.

X, (or [M] ;q) and Y, (or [M] Lrg) are respectively the initial concentrations of the metal in the
aqueous phase and in the solvent (g L™). The solvent does not initially contain metal. So Y, =

[M]' =0gL™

org

The concentration of the metal in the solvent (¥ or [M] o ) is expressed by equation (9):

v [A-(n-1)V
v,=Ax, Ve xi—[ (n-2Ve. |, ©)
1

0 = 0 "

From the flow rates of the aqueous and solvent phases, and their intrinsic hydrodynamic
properties, different adimensional numbers and other process variables can be expressed to

define the hydrodynamics in the pertraction device.

The average velocity of a fluid u (m s™) is determined by the ratio between the flow rate Q (m*

s'1) and the section S of the pipe (m?).
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_Q
u= 3 (10)

The Reynolds number (Re) is a adimensional number that distinguishes the laminar (Re <
2000), intermediate (2000 < Re < 3000) and turbulent (Re > 3000) flow regimes of a fluid. It is

expressed by:

Re=2d 11
n

with p the density of the fluid (kg m?) ; d the diameter of the pipe (m) and # the dynamic

viscosity of the fluid (Pa s). Flow rate of phases for our studies gives a laminar flow regime in

the fiber and in the calender, with very low Reynolds number values (of the order of 7).

For a fluid in laminar flow in a cylindrical pipe, the height of the pressure loss associated to the

Re can be expressed by:

h=2 (12)

2qd

where h corresponds to a height (m) of pressure; L is the length of the pipe (m); and g is the

acceleration of gravity (m s).

A is the coefficient of the pressure loss. It is expressed by:

64
A=— 13
- (13)
The pressure loss is expressed by:
J = pgh (14)

with J the pressure loss (Pa), p the density of the fluid (kg m) and h the previously expressed
height (m).

The Péclet (Pe) number is an adimensional number which is expressed by the ratio of the

transport of a metal by convection on its transport by diffusion in a pipe:

L.u
Pe = 15
D (19)
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To study the transfer kinetics of Nd, a mass transfer model already described in ref. [61] has
been used. It is an axisymmetric model based on the hypothesis of a hydrophobic membrane
with a convective transport in the fiber and the calender. The transfer of the solute at the
interface is governed by kp. Minor adaptations were made to account closed loop operation on
both phases and sampling at selected intervals of aqueous phase which decreases aqueous
volume. This model was used to estimate the transfer coefficient of Nd in the aqueous side film

(ka), in the membrane (km) and in the organic side film (ks).

To calculate the Nd concentration in the reservoirs (solvent, aqueous phase), the
implementation of the model required input data such as the geometrical parameters of the
module and the process parameters including the diffusion coefficient of the Nd complexes in

the aqueous and solvent phases.

3. Results and discussions

3.1. Efficiency of the DBAc towards Nd extraction

A preliminary study was investigated in order to evaluate the efficiency of the DBAC to extract
Nd as well as the recovery of the Nd and consider the recyclability of the organic DBAC phase.
Extraction experiments have been implemented in test tubes involving pure DBAC (4.79 mol
L1) as organic phase and an aqueous solution at 0.1 M HNO3 — 2.5 M NaNOj3 containing 1 g/L
of Nd. The distribution coefficient of Nd extraction reached a value 16 after mixing an equal
volume of aqueous and organic solutions at 25 °C indicating that this system is highly efficient.
Also, it was observed that the distribution values decreased sharply with a slight increase in the
nitric acid concentration from 0.1 M (kp ng= 16.0) to 3 M (ko ng= 0.08) allowing to consider a
stripping step using nitric acidic solution with concentration > 3M.

After the extraction step with DBAC, the loaded organic solution contain, respectively, about

94% of the Nd initially present in the feed nitric acid solution. Stripping or back-extraction

15



experiments were implemented to strip Nd quantitatively from the organic phases using
concentrate nitric acidic solution (HNOs 3M) as well as pure water (MilliQ) with an aqueous
stripping solution to organic ratio of 1. Both solutions showed promising results, which allow
to recover the Nd up to 99% (ko ng= 0.01) and 93% (kp na= 0.07) of recovery respectively with

the nitric acid solution and pure water.

3.2. Selectivity of DBAc towards rare earth elements
To consider the selectivity of the DBAcC to extract the rare earth elements an aqueous
multielement solution was proposed based on elements that can be found in leachate of NdFeB
magnet. However, identical concentrations of the rare earth elements were chosen to evaluate
on the one hand the selectivity with respect to competing metals but also if a separation of rare
earths between them was also possible. Pure DBAc (4.79 mol L) was used as organic phase
which was put in contact with an aqueous solution containing a mixture of 0.1 mol L™ of HNO3
and 0.5 to 3 mol L* NaNOs, in order to study the effect of salting-out agent on the extraction
of metallic species with DBAc. Table 1 shows the comparison between elements extraction

with respect to the variation of the ko values as a function of the NaNOs concentration.

Table 1 kp values of Nd, Pr, Dy, Fe, Co, Ni, B at 0.1 mol L of HNOjs as a function of the concentration
of the NaNO:s.

[NaNO3] Distribution coefficients kp
(mol LY Nd Pr Dy Fe Ni Co B
0.5 0.6 0.6 0.3 0.2 0.2 0.01 0.5
1 1.8 1.8 0.9 0.5 0.6 0.05 0.5
2 5.1 4.9 3.0 1.0 0.07 0.08 0.5
25 8.1 7.7 5.0 1.5 0.1 0.1 0.5
3 121 114 8 2.2 0.1 0.1 0.5

The increase in nitrate NO3 concentration up to 3 mol L™ (last line of the table) favors the
extraction of rare earth elements (kp (Nd) = 12.1 , kp (Pr) = 11.4 , kp (Dy) = 8) compared to

other elements (Fe, Co, Ni, B) which have values of kp less than 2.5 in the whole concentration

16



range of NO7. Salting-out agent is one of the major parameters that influences neutral
extractants on the extractability, they have been assumed to act by increasing the activity of
metal ions and improving the formation of neutral nitrate.[62, 63] The increase in distribution
coefficient with an increase in the concentration of nitrate ions in the aqueous phase supports
that nitrate ions are coextracted during the equilibration and that they are present in the
metalsolvate formed. Therefore, the main effect is probably due to a preferential extraction of

metalnitrate, as compared to their possible hydrates.[64, 65]

The kp values were used to calculate the separation factor (B) between rare earth elements and

between Nd and the other elements (Fe, Co, Ni, B). These results are summarized in Table 2.

These results confirm the ability of DBACc to selectively extract rare earth element towards
competitive metals that can be found in leachate of permanent magnet at 3 mol L of NO; (last

line of Table 2: B (Nd/Co) = 90, B (Nd/Ni) = 116, B (Nd/Fe) = 5.4, B (Nd/B) = 23.6).

Table 2 Separation factor B values between rare earth elements and between Nd and the other elements
(Fe, Co, Ni, B) at 0.1 mol L of HNO; as a function of nitrate concentration NO.

[NaNO3] B
(molLY)  NdPr  Nd/Dy Pr/Dy Nd/Fe Nd/Ni Nd/Co Nd/B
05 1.0 2.2 2.1 3.8 2.7 51.7 1.2
1 1.0 2.0 19 3.6 2.7 36.0 3.6
2 1.0 1.7 1.7 53 71 62 10.1
25 1.06 1.6 15 55 83 72 15.3
3 1.07 15 14 5.4 116 0] 23.6

The extraction is also selective towards light and heavy rare earth depending on the nitrate
concentration. When NaNO3z 0.5M is used, separation factors are respectively 3 (Nd/Pr) = 1.04,

SF (Nd/Dy) = 2.2 and B (Pr/Dy) = 2.09.
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It was shown that the necessary energy required to dehydrate the rare earth is improved with
increasing atomic number and decreasing ionic radii [66, 67], which in connection with the

salting-out effect can explain these observations.

3.3. Taylor dispersion analysis
Fig 5 shows the dispersion fronts of Nd at different concentrations from 1 to 35 g/L in different
matrices (0.1 mol Lt HNO3 + 2.5 mol L't NaNOs aqueous phase (Fig 5A), pure DBAc (Fig
5B), and 1 mol L™t HDEHP in n-dodecane (Fig 5C)). Different elution times to from 3.5 min (Fig

5B) up to 15 min (Fig 5C) were obtained depending on the viscosity of the matrices.
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Fig 5. Overlay of fronts obtained by TDA for Nd solutions at different concentrations prepared in (A)
the aqueous phase (0.1 mol L™* HNOs + 2.5 mol Lt NaNOs), (B) pure DBAc and (C) 1 mol L* HDEHP
in n-dodecane. Experimental conditions: fused silica capillary 100 cm (91.5 cm to detector) x 100 pm
i.d. Mobilization pressure: (A) 100 mbar, (B) 1000 mbar and (C) 100 mbar. UV detection at 585 nm.
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Temperature: 25°C. Red lines are the theoretical fits obtained by adjusting equation (13) to the
experimental traces.

These results prove the opportunity to employing TDA and a UV detector to measure the
diffusion of Nd in nitric and organic medium (DBAc or HDEHP). Fig 6 shows the diffusion
coefficient values calculated as a function of Nd concentration in the aqueous phase (0.1 mol
L HNOs + 2.5 mol L™ NaNQs) (Fig 5A), or in organic phase such as pure DBAc (Fig 5B) or

in 1 mol L™t HDEHP in n-dodecane (Fig 5C).

0 5 10 15 20 25 30 35 40
Nd Concentration (g L")

Fig 6. Calculated molecular diffusion coefficients for the fronts displayed in Fig 5. (A) Nd in the aqueous
phase (0.1 mol L HNO; + 2.5 mol L™ NaNO3), (B) Nd in pure DBAc and (C) Nd in 1 mol Lt HDEHP
in n-dodecane. Error bars are +/- one SD on 3 repetitions. Viscosity variation of Nd solution with the
Nd concentration is presented in Fig. 7.

The diffusion coefficient of Nd in the aqueous phase decreases slightly from 5.8 x 10 "0 m? st

to 5.0 x 101 m? st between 1 and 35 g L™ of Nd (see Fig 6A). These diffusion coefficient

values determined by TDA are of the same order of magnitude as the diffusion coefficient of

19



Nd in water calculated by the Nernst Einstein equation. The values are also of the same order
of magnitude as the published diffusion coefficient value of Nd in water [68].

In organic medium (DBAc or HDEHP), Fig 6B shows a decrease in the diffusion coefficient
of Nd from 4.07x10! m?s to 2.7x101! m? s between 5 and 32 g L™ Nd in correlation with
the viscosity increase from 9 to 14 mPas.

Unlike the DBAC - Nd system, Fig 6C displays a slight variation in the Nd diffusion coefficient
in the range of 4.9-6x10! m? s between 6 and 15 g L™ of Nd in HDEHP. This could be
explained by a very small variation in the viscosity of HDEHP [3.3 - 3.5] mPa s with its Nd
load. In all cases, the statistical analysis of the data was realized using Fisher's least significant
difference (LSD) procedure in order to determine which means are significantly different from
which others. It was shown that there were no statistically significant differences between any
pair of means at the 95.0% confidence level. In other words, the diffusion coefficient of Nd did
not change significantly within the studied concentration range in each selected solvent. The

variation of the viscosity with Nd concentrations in all the studied media is illustrated in Fig. 7.
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Fig 7. Variation of the dynamic viscosity of pure DBAc (m), of 1 mol L™t HDEHP in n-dodecane (A)
and of the aqueous phase (HNOz 0.1 M+ NaNOsz 2.5 M) (e), with the neodymium concentration. Error
bars on x and y axes are calculated based on RSD values of 5%.

These diffusion coefficient values determined by TDA and a UV detector were used as input
parameters in the modeling of mass transfer in the pertraction device. If diffusion coefficient
values exist in the aqueous phase literature, it was not possible for us to find Nd diffusion

coefficient values in the organic phases studied in this work.

3.4. Mass transfer studies in Pertraction of Nd by DBAc and HDEHP
3.4.1. Pertraction of Nd by DBAc

The Nd pertraction experiments from an aqueous phase containing 1 g L™ of Nd, 0.1 mol L of
HNO3 and 2.5 mol L of NaNOswere firstly implemented by using pure DBAc (4.79M) and
the device as described in Fig 2. and Fig 3. The hydrodynamic and thermodynamic parameters

of the process are summarized in Table 3.

Table 3 Hydrodynamic and thermodynamic parameters of the Nd pertraction by DBAC. Qaq = Qorg= 40
mL h? A=22mL,0=20.7 mL.

DBAC Reservoir Peclet Number Reynolds Number  Loss oLpressure
ko=16 residence time (bar)
(min)
Aqueous phase 33 1,870,000 7.4 13.1x10°
Organic phase 31 6,810,000 0.2

16.7X10°

The experiment took place in 4 days in co-current mode. 22 samples were taken and analyzed
to realize the variation of the concentration of Nd in the aqueous phase and in the DBAC as a
function of time. Fig 8. shows the impoverishment of the reservoir of aqueous Nd phase during

the process. The experimental results are represented by black dots and the data from the
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numerical simulation by red lines. The results of the simulation are in good agreement with

the experimental data only by adjusting the tortuosity coefficient of the membrane to 4.5.
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Fig 8. Pertraction of Nd by pure DBAc. Variation of the concentration of Nd in the aqueous phase and
in the DBAc as a function of time (black dots). Qag = Qorg=40 mL h'*, A=22mL, O =20.7 mL, kp =
16, Dag = 5.8%101° m? 5%, Dorg = 3.7%102 m? s, tortuosity = 4.5

The DBAC is gradually loaded in Nd during the process for a equilibrium achieved from 97 h
of test corresponding to a partition coefficient of 16. This shows the possibility of a transfer of
Nd from an aqueous nitrate load through the pores of a macroporous membrane filled with pure
DBAc. However, this transfer of Nd has relatively slow kinetics since it takes 4 days to reach
equilibrium. The value of the diffusion coefficient of Nd in the solvent contained in the pores
of the membrane (D) is used as the only adjustment parameter in the simulation of the mass
transfer for correctly take into account the Nd accumulation in the solvent contained in the pores
of the membrane (Fig. 9).

According to equations detailed in [69] for transfer coefficients and transfer resistances, the Nd

transfer coefficient in the aqueous phase side film, in the solvent side film, and in the pores of
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the membrane have been calculated and estimated to 2.1 x 10 °m s?, 2.9 x 10" m st and 2.5

x 107" m s, respectively.

Continuous organic phase in the calender

n=30

Mass accumulation
in the membrane

Continuous aqueous phase in the fiber

Continuous organic phase in the calender

membrane thickness

0 001 002 003 OD4 005 000 007 008 O0DF 01 O 012 013 08 015 090 017 0% 0% 02 02 022 023 0M 02

Length 25 em

Fig 9. lllustration of Nd accumulation in DBAc contained in the pores of the polypropylene membrane
with thickness e = 400 um. Conditions: pure [DBAc]; [Nd]ini = 1 g L?; ko = 16; n is the number of
discretization steps in the calender and along the fiber.

These values made it possible to evaluate the transfer resistance of the Nd in the aqueous phase
side film at 4.6x10°s m* in the solvent side film at 2.1 x 10° s m™, in the pores of the membrane

at 4.0 x 10% s m™. These numerical values lead to an overall transfer resistance of

4.70 x 108 s m™. Fig 10 shows the repartition of each local resistance in the overall Nd transfer
resistance. Resistance to Nd transfer in DBAc contained in the pores of the membrane (85.5 %)
is higher than the resistance in the aqueous side (9.9%) and solvent side (4.6%) films. These
results show that a transfer mechanism of the Nd is controlled by its diffusion in the DBAc
contained in the pores of the membrane. The lack of diffusion of Nd could be explained by an
increase in the viscosity of DBAc with the Nd concentration, leading to a string decrease in the

Nd diffusivity, as demonstrated by TDA in the section 3.3. Correlatively, the Nd distribution
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coefficient is not high enough to generate a high concentration gradient in the membrane, which

would lower the mass transfer resistance in the membrane.
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Fig 10. Representation of the local resistances in the 100% of the overall resistance to Nd transfer.
Aqueous phase =1 g L of Nd + 0.1 mol L* of HNO3 + 2.5 mol L* of NaNOs, Solvent = 4.79 mol L*
of DBACc, Qaq=Qs =40 mL.h}, A=22mL, O=20.7 mL.

These results show that the good solvent for the pertraction process is a solvent which gives a
high partition coefficient (ko >>1) of the solute but whose solute load does not lead to a
significant increase in its viscosity. To prove this rationale, the HDEHP was selected for its

high Nd partition coefficient and for the low influence of its Nd load on its viscosity.

3.4.2. Pertraction of Nd by HDEHP
The Nd pertraction was then studied using HDEHP at a 1 mol L concentration in dodecane
from aqueous phase containing 1 g L™ of Nd, 0.1 mol L* of HNO3 using the same the device
used and process. The hydrodynamic and thermodynamic parameters of the process are

provided in Table 4.

Table 4 Hydrodynamic and thermodynamic parameters of the Nd pertraction by [HDEHP] = 1 mol L
in dodecane. Qaq = Qs =40 mL.h-1, A=16.2mL, O =15.2 mL.
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HDEHP 1M L* kp Reservoir Peclet Number Reynolds Loss of

=475 residence time Number pressure (bar)
(min)
Aqueous phase 24 1,870,000 7.3 13.1X10°
Organic phase 22 5,610,000 18 6X10°

13 samples were taken and analyzed to realize the variation of the concentration of Nd in the
aqueous phase and in the [HDEHP] = 1 mol L™* in dodecane as a function of time. Fig 11 shows
the impoverishment of the reservoir of aqueous Nd phase during the process. The experimental
results are represented by black dots and the data from the numerical simulation by red dots.
The results of the simulation are in good agreement with the experimental data with the same

adjustment of the tortuosity coefficient to 4.5.
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Fig 11. Pertraction of Nd by [HDEHP] = 1 mol L in dodecane. Variation of the concentration of Nd in
the aqueous phase and in the HDEHP as a function of time (black dots). Qaq = Qorg=40 mL h'}, A=16.2
mL, O =15.2 mL, kp = 47.5, Daq = 5.8%X102° m? s, Dorg = 5.8%101 m? s, tortuosity = 4.5

Unlike DBAC, the HDEHP gradually charges in Nd for a equilibrium achieved from only 19
hours of the process corresponding to a partition coefficient of 47.5. The Nd transfer coefficient

in the aqueous phase side film in the solvent side film and in the pores of the membrane are
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calculated to be 2.10° m.s™; 3.9x107 m.stet 1.1x10° m.s? respectively. These values made
it possible to evaluate the transfer resistance of the Nd in the aqueous phase side film at 4.8.10°
s.m’%, in the solvent side film at 5.4 x 10* s.m™* in the pores of the membrane at 8.7 x 10° s.m™
and deduce an overall transfer resistance of 1.4 x 10° s m™. Fig 12 shows the share of each local

resistance in the overall Nd transfer resistance.

—~ 100

5%

AN
K XXX,

R
.0
.0
éo
%X
2%
ot
Joles

90

RS
Petetede
Petetede
205
2055
oeteos
ot
gle,
30K
8

X
X >

-
S
%
<
<
<

SRR
%

%

o
335
55

K

80

e
<,
<,
X2

0o

%

&

%
5

61.8%

52
0%
%
%
%
5

s
3R
&5

LR

XKD
X2

50505050505

bo%e%e%
Petelede
R
25
5
&

35:
9%,

v
KK
botete
<
X
&,
()
é

70

K

¢

5
0.0
e e e

ot
35
55
&
RS
g
5

&

5%
55
555

55

Film, solvent phase (1 mol.L”" HDEHP) side
% B Solvent in the membrane
- Film, aqueous phase (1g.L'1 Nd) side

&
X
55
5
&
X5
ole!

60

o

K0
9.9.9.0.0.9.9.0

vvv
%&&
Josess
SRS
SRR
55

e

50

S
1o te %020 %0 Tetetede!

X
X
X
X
X
X
K>
K
K
K

-
S
=

3
%
<5
<
2
%
%

TS0 0.0 0000
TS0 000000

AP P00 0.9.9.9.9

40

X >
X
X
X
X
X >
K>
K
K

vv

2;

2;
oS

X

30
20

10

Proportion of local resistances (%
e
2
‘0
‘0
‘0
.0
&
52

0

Fig 12. Pertraction of Nd by [HDEHP] = 1 mol L in dodecane. Variation of the concentration of Nd in
the aqueous phase and in the HDEHP as a function of time (black dots).

Resistance contribution to Nd transfer in the HDEHP contained in the pores of the membrane
(61.8%) is reduced compared to DBACc even it is still higher than the resistance in HDEHP
contained in the aqueous side (34.3%) and the resistance in the solvent-side film (3.8%). As
expected, the high distribution coefficient leads to high concentration gradient in the membrane,
which ensures a lower mass transfer resistance. These results show that the Nd transfer
mechanism is also controlled by its diffusion in the aqueous phase side film. The limitation of
the diffusion flux in the film on the aqueous side could be explained by a concentration gradient
defect due to the depletion of the aqueous phase by the presence of a large partition of the Nd

at the interface (ko = 47.5). These results demonstrate that sustainable kinetics is obtained in
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the case of a solvent which gives a high partition coefficient (ko >> 1) of the solute but whose

solute load does not lead to a significant increase in its viscosity.

CONCLUSION
This study demonstrated that Taylor Dispersion Analysis (TDA) can be beneficially used for

the experimental determination of the molecular diffusion coefficients of Nd or other rare earth
elements (REES) in aqueous and organic phases, which are necessary for modeling the mass

transfer through pertraction monofiber. The following conclusions are highlighted:

- The first step of the study consisted of solvents screening based on three main criteria
such as the affinity for rare earth elements including Nd, viscosity, solubility in aqueous
phase and flash point for the process safety. By this approach, N, N-Dibutylacetamide
(DBAC) was selected as a specific solvent for rare earth elements recovery. The system
used exhibits promising results with regard to the extraction of REEs (Nd, Pr, Dy) from
iron, boron, cobalt and nickel as competitive metals which can be encountered in NdFeB

magnet waste.

- Mass transfer modeling through a porous membrane requires the knowledge of the

diffusion coefficient of the solute in the two phases. Therefore, the second step in our study was
the identification of a method allowing the experimental determination of the diffusion
coefficient of neodymium in the aqueous phase and in the DBAc. In this context, Taylor
Dispersion Analysis, an absolute technique, was chosen and the conditions leading to diffusion

coefficient values in aqueous and organic phase have been defined during our study.

Finally, a study combining experience and modeling of Nd transfer kinetics in a hydrophobic
and porous hollow fiber membrane extraction device was carried out using pure DBAc or
HDEHP in n-dodecane, in order to study the influence of the distribution coefficient of Nd at

the interface on the resistance to mass transfer in the membrane. The results shown the
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advantage of using a solvent which highlight high distribution coefficient for the considered
metal in order to limit the resistance to transfer into the membrane by obtaining a strong
concentration gradient. However, this only remains valid if the viscosity of the solvent in the
membrane does not increase too much, which could lead to a sharp decrease in the diffusion
coefficient of the metal.

The experiments were conducted on a single fiber to simplify the system but it cannot be directly
applied to an industrial process. In this case, a multi-fiber device should be applied with a
thinner membrane thickness to increase the mass transfer kinetics; however, the principles

implemented here can be +useful for sizing and calculation of the mass transfer efficiency.
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