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It was found that size recognition effect of malonamide aggregates produced the ability to
discriminate between metal ions. This discovery brings new conceptualization of extraction processes
opening opportunities on molecules and processes developments, contributing to resource security in
Japan.

This work aimed to develop a new surfactant system for the extraction and
separation of metal ions using the flotation process. For this purpose, synthesis and
characterization of a new malonamide polyethoxylated surfactant was consider. Unfortunately, a
robust synthesis route couldn’ t be obtained due to external constraint. However, the
characterization of reactants and model molecules were performed. A complete study of clay flotation

using a surfactant model system was realized to characterize the flotation process. Technical
feasibility of SANS experiments on foam has been demonstrated. Based on these results, three
flotation processes were found depending on pH range. In parallel, NR measurement on malonamide
model systems has been performed and had demonstrated the feasibility of analyzing liquid-air
interfaces. These results highlighted new insights for liquid-liquid extraction processes
deciphering the role of extractants aggregates on metal ion selectivity and kinetics.
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(1) lon Foam Flotation (IFF) was firstly described in 1959 by F. Sebba in the frame of
the mining industry, and focused on solid foams formation (froth). This process uses
a surfactant molecule to concentrate and separate metal-ions at the gas-liquid (G-L)
interface of an aqueous foam. Classical surfactants (SDS, CTAB) lead to the solid
films, displaying a poor ionic selectivity, as metal ion extraction is governed by
electrostatic interactions only.

(2) Malonamides have proven their efficiency in Liquid-Liquid Extraction (LLE) so far.
Their selectivity is mainly driven by metal coordination but extractant aggregation
seems to play a major role. However, G-L interface activity and aggregates structures
remain unclear.

In order to obtain a high metal-ion selectivity in the solvent free IFF process, it
has been decided to develop a new selective system by grafting a malonamide function
to a polyethoxylated alkyl chain, and simultaneously to elucidate interfacial
mechanisms involved during metal-ion separation by studying IFF and LLE reference
molecules.

(1) The creativity of the new system comes from the combination of coordination
properties brought by the malonamide function, to foaming properties given by
polyethoxylated chains. This new type of surfactant has never been synthesized.

(2) The characterization of reference molecules, will give new insights in term of
physicochemical properties and extraction mechanisms involved during IFF and LLE,
helping to develop innovative concepts for complex hydrometallurgical applications.

(1) The first step was to synthesize novel malonamide grafted alkyl polyethoxylated
surfactant. Two synthesis routes were envisaged starting from carboxylic acid
surfactants (AKYPO®) such as esterification with hydroxyethyl malonamide, and peptide
synthesis with malonamide function. Other routes with polyethylene glycol alkyl ether
(CiEj) can be investigated using Brij® surfactant.

(2) In a second step, reference malonamide molecules used in the French nuclear fuel
reprocessing cycle were selected, namely N,N,N' ,N' -tetrahexylmalonamide (THMA) and
N,N" -dibutyl-N,N' -dimethyl-2-tetradecylmalonamide (DBMA), as well as a model amine
polyethoxylated surfactant, namely Ethoxylated (15) coco alkyl amine (Ethomeen), used
in particle foam flotation process.

(3) The third step was to estimate the performance of the model molecules performing
IFF and LLE experiments at the Marcoule Institute in Separation Chemistry (ICSM,
France) with the help of Dr. P. BAUDUIN, Dr. 0. DIAT and Dr. D. Bourgeois.

(4) In a fourth step, reference systems and phases were characterized in term of
physicochemical properties through the use of various techniques, such as macroscopic
foam analysis, zeta potential measurements, dynamic light scattering (DLS) measurements,
interfacial tension (IFT) measurements, mainly performed at ICSM.

(5) Finally, the multi-scale structural characterization of the different systems was
performed using the SANS-J instrument at JRR-3 facility (Tokai, lbaraki), and the soft
interface analyzer (SOFIA) on beamline 16 at J-PARC MLF (Tokai, Ibaraki), with the
help of Dr. N. L. YAMADA and Dr. M. YAMADA from KEK, and Dr. K. AKUTSU from CROSS. The
small angle X-ray scattering (SAXS) analysis was performed at ICSM,

This research method allowed to decipher the different physicochemical mechanisms
involved during either IFF and LLE process and more specifically to correlate supra-
molecular organization to extraction efficiency, selectivity and kinetic.



(1) The development of the new surfactant system for the extraction and separation of
rare earth elements and/or platinum group metals using the IFF process was considered.
For the synthesis, two main routes were planned: (i) esterification between the
polyethoxylated carboxylic acid surfactant AKYPO LS-090 and the N(1),N(3)-Bis(2-
hydroxyethyl)malonamide, and (ii) alkylation between malonamide molecule and the
polyethoxylated alcohol surfactant Brij 010 (or Brij S10). Unfortunately, delay and
unavailability of some reactants drastically impacted the original plan, compromising
the obtention of a robust synthesis route and the obtention of the desired product
with a reasonable purity. In this way, additional synthesis routes are being consider
in order to reduce reactant cost and synthesis steps. However, the three received
surfactants (AKYPO LS-090, Brij 010 and S10) were characterized in term of purity, pKa
and micelle surface charge.

(2) Ethomeen surfactant system was investigated as a reference polyethoxylated
surfactant molecule for the flotation of nano-clay particles (Laponite RD) in the
context of soil and ground water contamination by heavy metals and radionuclides. For
this study, a specific flotation column for small angle neutron scattering (SANS)
analysis on foam was developed and successfully used at SANS-J, JRR-3, demonstrating
the technical feasibility of measuring foam film thickness at the beamline. Due to the
pH-sensitivity of the Ethomeen, flotation experiment of 1 g/L Laponite RD solution
were performed as function of the pH at ICSM. Two recovery regimes of the clays were
observed namely a total recovery under acidic (pH < 6) and neutral (pH 6-10) conditions,
and an unexpected negative recovery under alkaline conditions (pH > 10). To elucidate
the mechanisms involved in the particle flotation process for each of the pH conditions,
the bulk and foam phases were analyzed using the combination of zeta potential
measurements, DLS, foam image analysis and SANS. This multi-scale analysis method has
revealed the existence of three flotation processes, as described in Figure 1:
surfactant foam fractionation at pH > 10 where the negatively charged Ethomeen molecules
and the clay particles repelled each other at the air—liquid interfaces of the foam
films; clay particle foam flotation at pH 6-10 with a total extraction of the clay
which formed large aggregates with

Ethomeen molecules through
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interactions, stabilizing the foam
Plateau borders (i.e. film
junctions); precipitate froth
flotation at 2 < pH < 6 with a total
extraction of the clay which formed a
gel with the surfactant leading to the
formation of coarse foam. The
findings obtained here provide System demixion Clays aggregation Clay depletion
important guidance for separating
various particles using flotation
such as for the separation of oppositely charged particles (i.e. ore and gangue), to
recover sulfide minerals, or for the decontamination of mine water using nanometric
sorbents. The findings obtained here are a good proof of concept demonstrating that
this physicochemical method combined with multiscale structure analysis provides
fundamental knowledge in foam and soft matter fields, such as surfactant/solutes
interactions, foam and micelles structure, and their relationship helping to design
new IFF processes. In addition, this process can be employed for the decontamination
of radioactive elements due to accidental release in soil or groundwater and seawater,
such as cesium or lanthanides ions, with lowering the volume of the nuclear wastes.
Furthermore, the accumulated knowledge on foam properties can also be valuable for the
development of foam decontamination technologies for radioactive surfaces.
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Figure 1: pH-dependent clay flotation regimes

(3) Reference malonamide extractant systems were investigated in the scope of LLE
process for the separation and recovery of Palladium (Pd(11)) and Neodymium (Nd(I11)).
In this way, THMA in toluene system was compared to DBMA in n-heptane system. According
to the extraction experiments performed at the ICSM, THMA in toluene has far higher
affinity for Pd(1l) than for Nd(I11) during extraction from a 3 M HNO3 aqueous phase
compared with DBMA in the same diluent or in n-heptane in the



case of 0.3 M extractant concentration. However, for Pd(11), THVA has slower extraction
kinetics. These unexpected solvent effects on selectivity and kinetics for both
malonamide cannot be explained on the basis of classical coordination chemistry only.
To elucidate the mechanisms involved in the LLE process using malonamide molecules,
the organic bulk phases and G-L interfaces were analyzed using the combination of SAXS,
IFT and neutron reflectivity (NR). It has thus been demonstrated that THMA in toluene
forms small associates in the organic bulk phase and accumulates in a diffuse layer at
the interface, decreasing Pd(1l)
coordination probability and
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extraction 1in the interfacial
layer. These results suggest that the interface should be described as a nanoscale
interphase containing a high extractant concentration compared with the organic bulk
phase. This discovery is of great value as it is the first explicit demonstration of
the influence of supramolecular assemblies on LLE extraction. In addition, AR
measurement on malonamide standard systems performed at J-PARC, MLF, had demonstrated
the feasibility of analyzing liquid-air interfaces. In the future, this research may
lead to the development of solvent extraction technology from new perspectives, such
as the design of metal ion separation systems that take into account the characteristics
of supramolecular aggregates, and is expected to contribute to Japan resource security.

toluene and (b) DBMA in n-heptane

(4) Despite the fact that the new malonamide surfactant wasn’ t synthesized, analysis
methodology, sample environment and experiments protocol at the JRR-3 reactor and J-
PARC, MLF synchrotron were developed. This paves the way for future analysis using
surfactant and extractant systems, and also for the characterization of the future
malonamide polyethoxylated surfactant after it will be synthesized.

In parallel, this study opened a new research plan through the development and
improvement of LLE systems by using the power of supramolecular assemblies. In this
way, research project to decipher the parameters that trigger aggregation and control
the size of the aggregates, and thus the selectivity, are under investigation, in
collaboration with the ICSM.

Finally, this start-up work led to the publication of three articles in international
peer reviewed journals (see references) as well as Japanese press release in 2024.
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