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ABSTRACT: A semi-automated and fully integrated millifluidic platform has been developed for rapid development and
study of Solid-phase extraction (SPE) processes. In this instrumented setup, the fluid coming out of the extraction mini-
column is analysed directly using on-line X-ray fluorescence, enabling a real-time, fast and accurate measurement of the
elemental concentrations within the flowing liquid. This platform aims at enhancing and facilitating the development of
SPEs whose numerous experimental parameters make it time consuming to optimize and upscale. Hence, this approach
solves the labour intensity issue and is as accurate as off-line Inductively Coupled Plasma, for instance. This is exemplified
with a system comprising of a mixture of Rare-Earth Elements (REEs) and Iron, whose separation is investigated as a func-
tion of various experimental parameters. It enabled us to study the performance of the newly released METALICAPT® com-
mercial materials and to determine an optimized path towards the almost total separation of Iron from the initial mixture.
Overall, the original SPE process reported herein demonstrates the platform’s reliability, performance and range of applica-
bility.
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1. Introduction

Solid-phase-extraction (SPE) belongs to the world of chromatography and consists of eluting a mobile - liquid - phase
containing dissolved species through to a stationary - solid - phase. The aim of such a process is to remove one or more
compounds from the continuous - liquid - phase by taking advantage of their affinity towards the solid they are in contact
with. SPE processes are mainly implemented for chemical, pharmaceutical, food or cosmetic purposes [1-3]. Well-known
processes based on SPE, such as High-Performance Liquid Chromatography (HPLC), aim at highly purifying solutions by
removing unwanted impurities. However, one of the drawbacks of SPE lies in the solid-phase, which is the most expensive
part of the process, as it needs to be renewed regularly because its efficiency decreases from one extraction cycle to another.
This, added to the considerable time needed to develop a process, deters efforts to optimize SPE.

The metal SPE processes considered in this report are based on a three step cycle. Each step is followed by an intermediate
wash using a neutral liquid solution (usually deionized (DI) water), which removes the previously eluted solution from the
solid phase enclosure. The first step of a cycle is the elution of the liquid phase to be purified, where species are interacting
with the solid phase. This step is then followed by the desorption of the captured compounds and finally, the last step of
the cycle, which enables a regeneration of the solid phase for the next cycle. Consequently, one may foresee that many
parameters must be taken into account when implementing and optimizing such a process [4]: flowrates of the solutions
to be eluted, desorption solution, regeneration solution, etc. Finding the optimal parameters for a given SPE is a long-
standing effort, which requires non-negligible upstream studies. This is of particular interest when dealing with metal re-
cycling SPE processes involving Rare-Earth Elements (REEs) and Iron. Indeed, lots of work has been done in the past few
years focusing on the recovery of the elements commonly found in magnets, e.g. Neodymium-Iron-Boron magnets (NdFeB)
[5-12] or electronic components that can be enriched in REEs, such as Nd-based capacitors [13].

Most of these previous studies deal with SPEs followed by time consuming and/or expensive off-line analysis of their output,
using either Inductively Coupled Plasma by Optical Emission Spectroscopy (ICP-OES) [14], X-Ray Fluorescence (XRF) [15]
or liquid chromatography coupled with Mass Spectrometry (MS) [16,17]. The drawbacks of these off-line measurements are
that they: (i) require a larger sample size; (ii) may need further sample preparation and; (iii) may destroy the sample.



Hence the present study, which reports the first semi-automatized and fully integrated millifluidic platform performing
SPE processes and enabling real-time metallic concentration measurement using an on-line XRF analysis. We will present
the XRF integrated millifluidics platform in detail, as well as its usage, performance and interest. To illustrate its perfor-
mance, we choose the application case of the SPE of Lanthanum, Neodymium, Ytterbium and their separation from Iron.
We will show that the platform allows to swiftly follow the process from beginning to end with high accuracy and reliability
as well as help in the design of a separation process.

20 Materials and methods

2.1 Chemicals.

Lanthanum(III) nitrate hexahydrate La(NO;);-6H,O (purity 99.99 %), Neodymium(III) nitrate hexahydrate Nd(NO;);-6H,O
(purity 99.99 %), Ytterbium(III) nitrate pentahydrate Yb(NO;);-5H,O (purity 99.99 %), Iron(IIl) nitrate nonahydrate
Fe(NO,);-9H,O (purity 98 %), Nitric acid 70% and Citric Acid (purity 99 %) were purchased from Sigma Aldrich. The
METALICAPT®-MFC-11 cation-exchange fiber with sulfonic acid (SO;H) functional groups was purchased from AJELIS
SAS.

2.2 Preparation of the initial solutions.

Initial standard solutions of sole La, Nd, Yb and Fe with an intended concentration of 250 mM each were respectively
prepared by dissolving calculated and weighted amounts of La(NO;);:6H,O, Nd(NO;);-6H,O, Yb(NO;);;5H,O and
Fe(NO;);-9H,O salts in a solution of nitric acid of different concentrations (0.1 M and 2M). Due to the hygroscopic nature
of REEs nitrate salts, each of their solutions needed an initial calibration using ICP measurements to accurately determine
their concentrations. All masses and final standard concentrations obtained via ICP are tabulated in the Supplementary
Material (see Table S1). Finally, solution A was made by pipetting calculated volumes of each of these standard four solu-
tions, in order to obtain a mixed solution in which each metal had a concentration of 30 mM.

A pure 3 M citric acid (Cit) solution was prepared by dissolving a calculated and weighted amount of solid citric acid in DI
water (Milli-Q, 18.2 MQ.cm at 25 °C). To study the impact of different Fe:Cit molar ratios on Fe adsorption, a calculated and
pipetted volume of 3 M Cit was added to 55 mL of solution A (55 mL corresponded to the volume to be injected in the
column during the adsorption step). Table Sz placed in the Supplementary Material presents the elemental concentrations
calculated after the addition of the citric acid solution and the associated dilution.

2.3 Apparatus & accessories.

The millifluidic SPE platform is represented in Fig. 1. Its design was adapted from one dedicated to Liquid-Liquid extraction
and previously reported [18][19]. It comprised of an extraction column with an embedded ion-exchange fiber where SPE
occurs, a valve, and a downstream XRF optimized analytical chip, all mounted on a translational moving stage. This plat-
form was fully integrated, and could quickly and efficiently perform the SPE process and the on-line XRF analysis of liquid
output.

Analysis was performed using a homemade XRF spectrometer, which comprised of a static miniature X-ray tube equipped
with a small XRF detector.

(A) @

i 5
Fig. 1. (A) 3D view of the millifluidic platform. From right to left: peristaltic pump (1), motorized stage (2) holding one valve
(3) and a chromatographic column (4) in which the fiber is wrapped, X-ray tube (5) placed inside its 3D-printed tube holder,
XRF Detector (6) held by a 3D-printed arch screwed to the tube holder, and the XRF chip with a set of four Polyimide tubes
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(7). A beam stop made of a circular tin plate (8) is located beneath the XRF chip. The glass reagent bottle in the background
(9) contains the solution to be eluted in the column and the one in the forefront (10) is filled up with the output liquid
(waste). (B) Real-life picture of the platform.

The extraction column was made up of Polypropylene (PP) with a total inner volume of 7.12 mL (see Fig. 2A) with the fiber
based static phase already embedded, purchased from AJELIS SAS. All connections were made from Polyether Ether Ketone
(PEEK) tubing purchased from Drawing-Microfluidics. The XRF chip comprised a set of four parallel sections of polyimide
tubes (1.52 mm ID; 38 pm wall thickness) provided by Zeus Industrial Products, Inc. connected by PEEK tubes. Each con-
nection was also reinforced with Polytetrafluoroethylene tape and finally glued with silicon seal purchased from RS Com-
ponents and directly laid on a 3D-printed frame made to hold this set of tubing and the chip (see Fig. 2B).

Fig. 2. (A) Close-up picture of the extraction column placed in its red 3D-printed holder and the XRF system. (B) XRF chip with
its four Polyimide tubes glued onto a black 3D-printed holder frame.

The XRF spectrometer’s hardware was composed of an X-ray source, an X-ray detector, and the assembly infrastructure.
The X-ray tube was a Magnum 50 kV from Moxtek with a Silver anode. The X-ray detector was an X-123 SDD X-ray spec-
trometer from Amptek. The acquisition conditions were optimised to obtain the highest signal to noise (S/N) ratio when
measuring Lanthanum, Neodymium, Ytterbium and Iron: 20 kV at 150 pA for the X-ray generator, an integration time of
120 s and a combination of two 50 pm-thick filters, one made of Titanium and the second of Silver. Both the calibration
procedure and data treatment have been described previously by El Mangaar et al. [20] and Maurice et al. [18]. The quanti-
ties needed for the calibration procedure in the new geometry adopted for this work are recalled in the Supplementary
Material (Table S3).

The entire platform was located within a Memmert, IPP 750 Plus temperature-controlled incubator, accurate to + 0.1 °C.
This also served 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 stopped most of the X-ray beam after it had gone through
the XRF chip. The fluidic tubing used to link the different parts were made of PEEK with an Internal Diameter (ID) of 0.45
mm and an Outside Diameter (OD) of 1.52 mm. For liquid injection, a peristaltic pump (BT100-2]) from The Longer Pump
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Co., Ltd. with a DG-6 rollers pump head enabled a continuous flowrate. Specific Viton® tubing (1.6 mm ID x 2.4 OD) with-
standing high acid concentrations was implemented in the pump head. The connections were made with PEEK fittings
manufactured by Fluigent. The liquid valve was base mounted with 3-ports (2-way SMC LVM105R). To precisely put the
Polyimide tubes embedded in the XRF chip at an optimized location according to the XRF detector and the X-ray beam, a
Thorlabs motorized stage was used (DDSMioo/M). All customized 3D parts were printed using an Ultimaker 3 Extended
printer. The X-ray tube and the acquisition of spectra from the XRF detector were computer controlled using a homemade
software programmed in Python 3+.

A pH-meter from Mettler-Toledo (S220) equipped with a pH probe was used to follow the pH of the adsorption solution.

3. RESULTS AND DISCUSSION
3.1 Millifluidic SPE.

One SPE experiment comprised of three main steps. The first step was the elution of the solution loaded with the metal
ions concentrated at 30 mM. This step corresponded to the adsorption of the dissolved cations on the fiber. DI water was
then eluted through the extraction column to avoid any contamination from any remaining initial solution in the column
during the final step. Then, the metal elements previously captured by the fiber were fully desorbed using a highly concen-
trated HNO; solution (8.5 M). Indeed, preliminary tests showed that this acid concentration enabled a full regeneration of
the fiber by removing all adsorbed metallic ions (see Fig. S2 from the Supplementary Material). Furthermore, an ex-situ
XRF analysis of a fiber which underwent a full extraction cycle, was performed using a handheld XRF from Olympus (Vanta
C) and no remaining peak of the implemented metal elements was found. This analysis was done on three 250 mg fiber
samples: one taken at the top, one in the centre and one at the bottom of the column.

Time (min)
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Fig. 3. SPE of La3*, Nd3*, Fe3* and Yb3* at 0.1 M HNO,. Evolution of concentrations and pH as a function of bed volume (BV, mL)
and time (min). NB: one bed volume of injected liquid corresponds to the total volume of the chromatographic column (7.12 mL)

All experiments were conducted at 25 °C. The liquid flowrate was chosen to allow us to observe the kinetics of both
adsorption and desorption and was kept constant for these two steps.
Thanks to the integrated on-line XRF measurement, a full SPE process with periodic measurements (every 123 s) of all
metals concentrations within the output solution took only 4 hours and 30 minutes and accounted for 100 mL. A usual
measurement of the concentrations by ICP-OES would have more than doubled the total time for one extraction (taking
into account the preparation of the solutions to be sent for ICP-OES, followed by their analysis) and would have resulted
in nearly ten times more liquid waste.



Table 1. Experimental parameters for an SPE

30 mM La3*

30 mM Nd3*
Adsorption solution 30 mM Yb3*

30 mM Fe3*

in 0.1 M HNO;
Washing solution DI water
Desorption solution 8.5 M HNO;
Adsorption and Desorption .
fAowrate 0.405 mL.min
Temperature 25.0 °C

Finally, as an acidic cation exchange fiber was implemented in this study, a pH measurement of the output liquid during
the adsorption step was also conducted. Indeed, H* protons are released when exchanged with metal ions and can serve as
a tracer of the stationary phase exchange capacity.

3.2 REEs and Fe SPE.

Firstly, an SPE involving an adsorption solution of 30 mM of La(IIT), Nd(III), Fe(III) and Yb(III) in 0.1 M HNO3 was imple-
mented in order to get an idea of how the adsorption process was behaving between these four metal elements and H".
Table 1 summarises the experimental parameters for the SPE presented here. The graph presented Fig. 3 shows the evolu-
tion of the metal ion concentrations, followed by on-line XRF during the three process steps, and the pH during the ad-
sorption step. This first SPE experiment was cycled four times to check the result repeatability and see if there was any
modification undergone by the fiber. It showed similar adsorption and desorption curves for each of the four cycles (see
Supplementary Material Fig. S3).

At the beginning of the elution of the REEs plus Fe mixture, the pH slowly decreased from 4, as the fiber was initially washed
with DI water, until it reached its lowest value of 0.62 for a BV = 3.7 + 0.2. H* is therefore the very first ionic species piercing
out of the column, as the metal concentrations had not increased. This decrease in the pH value was due to the cationic
exchange taking place on the fiber, where H* protons were replaced by metallic ions: the fiber was being loaded with the
REEs and iron. Before pH reached its minimum, Fe(III) was the first metal element to see its concentration curve increasing
at BV = 3.3 + o.1. This means that iron had reached its loading capacity and therefore pierces out of the column. From BV
equal to 4.4 £ 0.1 to 10.2 + 0.1 (end of adsorption), pH was then slowly increased towards pH equal to 1, which corresponds
to the pH value of the input adsorption solution concentrated at 0.1 M in HNO,. One then measured the piercing of Yb(III),
Nd(III) and finally La(III) at BV equal to 3.7 + 0.1, 4.1 + 0.2 and 3.8 * 1.0, respectively. One should note that the BV standard
deviation of Lanthanum is the highest because of a low S/N ratio for La’s XRF peaks at low concentrations. As metal ele-
ments’ concentrations were plateauing starting at 7.5 BV, pH was still levelling off to its plateau at 1, resulting in a selectivity
competition between these five species, namely La(III), Nd(III), Fe(III), Yb(III) and H*. Many SPE studies report the influ-
ence of the pH of the initial adsorption solution on the extraction efficiency, where they specifically mention this competi-
tion between metal ions and protons [21-26]. However, beyond varying the pH of the initial solution to be eluted, following
the pH during the adsorption allowed us to get a better understanding of this protonic competition [27]. In addition, ex-
traction processes involving either a weakly acidic fiber or a strongly acidic one (with all the other experimental parameters
fixed) would lead to different extraction efficiencies [28]. Indeed, the interactions between a binding site on the fiber and a
proton will differ because of their different acidic constants, resulting in final different selectivity competitions between all
the involved species.

At the end of the adsorption step, the output metal concentration was measured as equal to the input concentration (30
mM) indicating that all adsorption sites of the cation-exchange fiber were occupied: the fiber was saturated and no more
interaction between the eluting liquid and the fiber occurred. After the washing step with DI to rinse out the adsorption
solution, the desorption step showed four peaks, one for each element. The highest peak refers to La(IIl) and, as the area
under the desorption curve is proportional to the molar quantity of the adsorbed species on the fiber, La(IlI) was conse-
quently the most adsorbed element, compared to the others. Indeed, lower peak maxima were measured for La(III), Nd(III)
both around 95 mM, Yb(III) at 50 mM and finally Fe(III) at a little more than 40 mM.

The fact that Fe(III) had the smallest desorption peak can be related to the 60 mM peak maximum for Fe(III) concentration
at 4.5 BV during the adsorption step. Indeed, such a peak can be explained as coming from the competition between each
element versus the binding site on the fiber [29]. Calculations, placed in the Supplementary Material (see Section 6.), show
that the amount of adsorbed iron is effectively equivalent to the total desorbed Fe(IIl) during both the adsorption peak at
4.5 BV and the desorption peak. Therefore, we can conclude from the observation of this 4.5 BV iron peak that some Fe(III)
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desorption is induced by its lower affinity with the fiber when compared to La(III), Nd(III) and Yb(III). To a lesser extent,
this is also observed for Yb(III), with a broad peak centred at ~5 BV.

The desorption curves also enable a determination of the total exchange capacity, or retention capacity, of the fiber allowing
a comparison with the commercial value given by the manufacturer (3-6 eq/kggber). The calculation of this exchange capacity
is determined for each species and then summed in order to get the total capacity. The retention capacity is given by Equa-
tion 1 as follows:

__€qi
Cretention,i - mpip (1)
ore

Where eq; (mol) is the molar equivalent, which refers to the molar quantity of adsorbed species I on the fiber, determined
by the product of the area under the desorption curve for element I by the cationic charge (+3 for every element included
in this study) and mgper (kggber) is the mass of the fiber wrapped in the column.

Table 2. Exchange capacities of REEs and Fe and total capacity of the cation-exchange fiber

Element Retention capacity Cretention (€q/Kgfiber)
La 0.72 £ 0.04
Nd 0.51 £ 0.03
Yb 0.22 * 0.02
Fe 0.41 % 0.02
Total
. 1.87 * o.11
capacity

Table 2 gives the retention capacities for La(III), Nd(III), Yb(III) and Fe(III). Supplementary Material Fig. S5 depicts the
area under each element’s curve used for the determination of their respective retention capacity.

Overall, the total retention capacity of the fiber is of the same order of magnitude, although slightly smaller than the value
of 3-6 eq/kgsber given by the manufacturer. This is due to the low pH at which we were working, which favours the proto-
nation of the binding sites instead of the exchange of a proton by a cation.

3.3 Adsorption: Experimental data modelling.

The performance of a fixed-bed column assessed experimentally can be compared with adsorption mechanisms theoretical
performance. Usually, only the curve obtained during the adsorption step, called the breakthrough curve, is modelled and
evaluated with the implemented experimental parameters (flowrate, bed height, initial concentration).

Throughout this SPE study, several theoretical models were tested (Adams-Bohart [30], Li [31], Thomas [32], Yoon-Nelson
[33]). Among these models, only two are presented in this report as they show the closest fit with our experimental data.
The first one is the Thomas model, which is the most widely used mathematical model in the prediction of breakthrough
curves. This model is based on a Langmuir equilibrium, second-order reversible kinetics and a plug-flow-based flow system.
External and internal diffusion resistances are ignored in this model. The Thomas model is expressed by Equation 2.

Ci _ 1 (2)
- Kkt idr imfi
Co 1+exp( T,i T,tQ flbre—kT’iCOt)

Where C; and C, (g/L) are the concentrations of the species i at time t and t., respectively, kr;i (mL.min™g") is the Thomas
rate constant of the species i, qr; (mg/g) is the adsorption capacity of the fiber of the species i, mgber (g) is the mass of the
fiber wrapped in the column, Q (mL/min) is the liquid flowrate and t (min) the time.

The second implemented model is the Yoon-Nelson model, which is based on the adsorption theory and breakthrough of
adsorbate probability. This model is described by Equation 3 :

Goi-—1 o @

C L
0 1 +< CoQt )
AyN,iMfibre



Where C; and C, (g/L) are respectively the concentration of the species i at time t and t,. Q (mL/min) is the liquid flowrate,
t (min) the time, qyn; (mg/g) is the adsorption capacity of the fiber of the species i, mgber (g) is the mass of the fiber wrapped
in the column and q; is an empirical parameter determined experimentally of the species i.

Linear regressions of these two models were performed in order to determine the parameters kr and qr for the Thomas
model and a and qyn for the Yoon-Nelson model. Besides, only the experimental data of Lanthanum and Neodymium were
used, because Iron and Ytterbium display a desorption peak during their respective breakthrough curve. Table 3 gives the
values of the Thomas and Yoon-Nelson parameters as well as their corresponding R-squared value.

Table 3. Thomas and Yoon-Nelson models’ parameters

Thomas Model Yoon-Nelson Model
Element kr qr 5 qwN )
. T a r
(mL.min™.g")| (mg/g) (mg/g)
La 0.010 63 0.95 7.8 [8.9 0.93
Nd 0.97 0.03 57 21 8.5 0.98

After the determination of these values, simulated breakthrough curves for both Lanthanum and Neodymium were plotted
(see Fig. 4 (a) and (b)). On each graph, the experimental concentration of the species, the Thomas model concentration
and finally, the Yoon-Nelson model concentration were plotted. One should note that the x-axis of each graph starts at the
time of the experiment when the corresponding element is piercing (defined as 1% of the initial concentration).
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Fig. 4. Thomas (green), Yoon-Nelson (red) and modified Thomas (pink) models compared to experimental data for Lanthanum
(a) and Neodymium (b).

However, neither model led to a good fit of the experimental data. We interpreted this as due to the use of a multi-compo-
nent extraction system. Indeed, if some reports showed a good accuracy of the Thomas model when dealing with extractions
of multiple ions [34,35], a majority of studies also pointed out unfitting data in such multi-species cases for the Thomas
model[36-39]. A new Thomas model was even proposed by Yan et al. [38] and confirmed [39], that still could not fit our
data. Hence, a phenomenological approach was considered by adding a corrective coefficient to the two models. While this



attempt failed for the Yoon-nelson model, a theoretical adjusted Thomas model was found to fit our experimentally ob-
tained breakthrough curves. Equation 4 gives the updated equation from the initial Thomas model.

= - (4)
c kT,i4T,iMfibre 4
0 1+exp(#—(xikrm€0t)

Where a;, =1.6 and oy, = 2.1.

In Equation 4, an apparent rate constant under the expression k,,,,; = a;kr; (i = La or Nd) reflects a new rate constant for
this adapted Thomas model. The fit for this model for both Lanthanum and Neodymium was also plotted, see Fig. 4 (a)
and (b), respectively. To further test the applicability of this modified model, an SPE involving a single REE (Nd) was per-
formed, and the data fit well with the proposed modified Thomas model (see Fig. S6 in the Supplementary Material). The
alpha value for this single ion extraction was adjusted at ay, = 2.6, which differs from the one obtained for the multi-ion
extraction, ay, = 2.1. Therefore, the modified Thomas model presented herein does not only stem from the implementa-
tion of a multi-ion extraction system, it also derives from the fact that we are using synthetic fibres with a far higher ex-
change surface area than conventional ion-exchange resin [40-45]. Moreover, Liu et al. also reported that an unsmooth
interface such as our fiber materials may have an effect on the existing predicted models [46]. With such fibers, cation
diffusion to the binding site plays little role, hence allowing for faster sorption kinetics. This could explain why such kinetic
observations have seldom been reported, as well as the need to adjust the theoretical modelling as shown by Vuorio et al.

[41].
3.4 Selective separation of Fe(IIl).

Inspired by the previous multi-components results, highlighting the two different behaviors between Fe(III) and the other
REEs, we investigated a potentially new separation process via selective extraction. Its aim was to remove or reduce as much
as possible the concentration of Fe(III) in the desorption stream. An organic acid was chosen that would modify the overall
charge of the involved cation complexes (the ion speciation), resulting in a difference of interaction with the cation-ex-
change fiber. Based on our literature search, we chose Citric Acid, which is a well-known complexing agent, particularly
towards Fe(II) and Fe(III) [47-49]. This choice was further confirmed by simulation using Hydra-Medusa software, which
allowed us to predict: (i) the formation of the complex [FeHCit]*, between Citrate (Cit: C6H;0,*), Fe3* and H* and; (ii) that
Lanthanum, Neodymium and Ytterbium are not coordinated by Cit in low pH solutions. Fe:Cit molar ratios were first ex-
perimentally optimized prior to studying the role of HNO; concentrations. The amount of desorbed Fe(IIl) was determined
by varying the Fe:Cit = 1:X molar ratios (where X =1, 2, 4, 6, 10 and 20). The results obtained, and displayed in Fig. 5, indicate
that the molar quantity of desorbed Fe(III) decreases when the Fe:Cit molar ratio increases. Hence, in order to get the least
absorption of Fe(III) on the fiber, a Fe:Cit molar ratio of 1:20 and a 0.1 M HNO; were determined to be best. An SPE imple-
menting these specific experimental parameters (Fe:Cit = 1:20 and 0.1 M HNOj;) was performed and followed by on-line XRF
and furthermore confirmed by ICP-OES measurements. Overall, the latter off-line analysis tripled the amount of time re-
quired to performed the analysis (12h 30min) and produced more than 8 time the amount of waste (830 mL) when com-
pared to what can be achieved when using purely the on-line XRF tool. The graph presenting the evolution of the concen-
trations during the extraction process with the implementation of the optimized parameters (within the range of our study)
can be found Fig. 6 (XRF (a) and ICP-OES (b)). The two trends remain the same between XRF and ICP followed extractions.
However, one can note that the concentration scale differs. Indeed, for the ICP-followed extraction, 1 mL of output solution
was collected every 2.78 mins, while for the XRF-followed extraction, one spectrum acquisition lasted 2.05 min. For the ICP
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Fig. 1. Molar quantity (mmol) of desorbed Fe3* for different
Fe:Cit molar ratios and HNOj; concentrations.



method, concentrations’ samples are reflected as averaged within 1 mL volume sample, whereas for the XRF method, a
continual flow with concentrations’ gradients is measured. Consequently, concentrations displayed on the Y-axis cannot be
compared together.

Results show that if one is willing to recover REEs with some traces of Fe, sampling virtually all the desorption eluant is
of interest. Also, pure Fe can be obtained at the beginning of the adsorption step, which can be followed by the recovery of
a small amount of a Fe-Yb mixture.
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Fig. 6. SPE of La3*, Nd3*, Fe3* and Yb3* at 0.1 M HNO, and Fe:Cit = 1:20. Evolution of concentrations followed by XRF (a) and
ICP-OES (b) as a function of time.

4. CONCLUSION

The millifluidic platform presented in this report showed that it can enable a fast and accurate implementation of S-P
metal extraction processes. The downstream on-line XRF analysis of the output solution helps to reduce the analysis time
down to a few hours and reduces liquid waste. Thus, we have proved that this platform is capable of completing a whole
SPE study from the choice of the solid-phase to the concentrations of the solutions to be eluted. Indeed, once the chemical
system has been determined, the analysis parameters have been fine-tuned, and the XRF calibration routine has been per-
formed, the platform is ready to run a comprehensive chemical engineering-related study. Furthermore, a modified phe-
nomenological adsorption model based on the theoretical Thomas model has also been proposed that fits well with exper-
imental data.

From this multi-component system, a speciation-based separation could be derived where the use of an organic acid at a
specific molar ratio avoided significant adsorption of iron on the fiber, leading to a final desorbed solution virtually free of
iron. This would embody a first important step when dealing with streams loaded with REEs and Fe, particularly when
recovering Nd from NdFeB magnets.

Furthermore , we have also shown that we could use this platform to find an optimal operating point by rapidly and effi-
ciently screening ranges of different experimental parameters. This kind of setup could particularly help building an ion-
exchange simulation bed with fast determination of operating points of a given SPE process [50].

Finally, thanks to the selectivity and sensitivity of the XRF spectrometry, a very wide range of different metal mixtures can
be studied using this platform, as long as element studied have an atomic number greater than 22 (Titanium), that their
XRF peaks do not overlap and that their concentrations are above 1 mmol.L™. This platform should therefore definitely be
of interest for most industry wanting to implement such processes on a larger scale.
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