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ABSTRACT

In this paper we used a surfactant-stabilized bt lamellar model system to study the interfabithaviour of
an ion-extracting agent: 'NN® dimethyl- N, N*-dibutyl-2-tetradecyl malonamide (DMDBTDMA). An dgais
of small angle X-ray scattering (SAXS) and poladiz&ttenuated Total Reflectance - Fourier Transfdnfna
Red (ATR-FTIR) data enabled to describe the distidm of the malonamide extractant within the biiesyand
its complexation state at the equilibrium. The |Harephase was diluted with salt water containiragying
amount of complexing salt, and each structuralestaéasured was described using a thermodynamiclmode
based on three elementary equilibria: (i) partitadrthe extractant polar heads between the corettamgolar
shell of the bilayers, (ii) the complexation of $ohy extractants at the bilayers surfaces, andili@ partition of
bonded extractants between the core and intertddatayers. This model enabled to compare thegneost of
each step.

INTRODUCTION the core and the interface of bilayers. This singgproach
Reactions at liquid-liquid interfaces are of great was based on the evolution of interfacial area viith
fundamental interest because they play a key rolmany addition of extractants, which was measurable thaokhe
important chemical and biological systénmsuch as phase- multitude of interfaces in lamellar phases, as for
transfe catalysié, liquid-liquid extraction, micellar — microemulsion systerfis
catalysié, biomembrane activity, enzymatic reactions on fat In the present paper, we studied the effect of ion
lipase8. Systems in which such reactions take place arecomplexation on the system. First, we characterittes
difficult to study because their global behavicuthe result  system using Small Angle X-Ray Scattering (SAXSY an
of reactants diffusion in bulk and interfacial mantsms. transmission electron microcopy (TEM) coupled with
To study specifically liquid interfaces, different freeze fracture to follow structural parameters,d an
experimental systems were developed: systems with golarized Attenuated Total Reflectance - FourieanBform
unique and controlled interface between two immbigci  Infra Red (ATR-FTIR) spectroscopy to measure odtoh
liquids (interface of pendant dropinterface developed for of dipoles and to quantify the ion complexation
reflectance measuremehts interface created into a phenomenon. In a second part, a thermodynamic appro
microchannél nanoscopic interface  supported by of liquid-liquid extraction was developed on thesiseof the
nanopipett® and systems with interfaces stabilized by experimental data by considering the ion extractimtess
amphiphilic molecules (vesiclgés micelles and micro-  as the sum of three equilibria (Scheme 1):

emulsiond). In the present work, we chose to use lyotropic (1) Positioning of free extractants polar head areas at
lamellar phases, periodical stacking of oily laygmade by  interfaces

the surfactant tails) diluted by salt water. Thegstems  (2) Complexation of cations with extractants at
with multiple interfaces, in thermodynamic equilibn, are interfaces

structurally and mechanically responsive to wedkeots, 3) Burying of bonded extractants within the bilayers

such as the Hofmeister ion efféct® or the partitioning  Hence, the free energy contributions of each stes w
of host molecules within bilayefs *> ** 7 In a previous  estimated and compared. This allowed to elucidae t
papel® we described and characterized the insertion of aprecise mechanism of extraction by DMDBTDMA in this

lipophilic ion-complexing agent, \N® dimethyl- N, N°- model system.
dibutyl-2-tetradecyl malonamide (DMDBTDMA), in a
lamellar phase stabilized by a non-ionic surfactant EXPERIMENTAL SECTION

pentaethyleneglycol dodecyl ether,{&). DMDBTDMA Ci.Es was obtained from Nikko Ltd. (high purity grade >
is an extractant molecule used in nuclear industy 99%) and used as received. DMDBTDMA was obtained
separate minor actinides from high level radioactiguid from Panchim and was purified on an alumina column
wastes by liquid-liquid extraction procesSeéDIAMEX eliminate traces of surface active impurities. Aaue
process) or in more conventional hydrometallurgy tfee solutions were prepared using deuterated water9¢e9.
rare earths elements recycfifig?. We showed that the Eurisotop), anhydrous LiNQ salt (purity>99%) from
structural parameters of an ideal lamellar systeabked to Strem, and Nd(Ng);6H,O salt (purity>99.9%) from
describe the partition of the extractant molecuiesveen Aldrich.

1



Small angle X-ray scattering (SAXS) measuremenisgus
Mo-radiation 7p=0.71 A) were performed on a bench built
K by XENOCS. The scattered beam was recorded using a
T large online scanner detector (diameter: 345 mmmfr
¢ “ ;) MAR Research) located at 750 mm from the samplgesta
K I I K, A large Q range (2.16-2.5A") was covered thanks to an
1 off centre detection. The collimation was appliezsing a
120 multilayer Xenocs mirror (for Mo radiation) cougle
to two sets of scatterless FORVIS $fitproviding a 0.8 x

OIL PHASE

gy o= & 0.8 mm x-ray beam at the sample position. Pre-aisabyf
K data was performed using FIT2D software, takingp int
i - account the electronic background of the detectbe (

flatfield is homogeneous) and the empty cell sutima.
@ The scattered intensities were expressed versus the

magnitude of scattering vect@r= [(47)/1].sin (A2), where
AQUEOUS PHASE A is the wavelength of incident radiation arél the
scattering angle. Experimental resolution wW43/Q=0.05.
Silver behenate in a sealed capillary was usedhas t
scattering vector calibration standard. The Ilamella
periodicity of samples (d) was deduced from thet BBragg
peak position @

Scheme 1. Schematic view of cation extraction by
extractant molecules. The global extraction reactitr)
can be divided into three elementary mechanismshwéaie
characterized by thermodynamic equilibrium constant
Adsorption of extractants from the organic phasthéo o
interface (K), complexation of cations with extractants d==" (1)
which are at the interface g and desorption of ion- Q,

extractant complex from the interface to the org@fiase g, iface tension experiments at the oil-water intfwere

(Ka). performed on pendant drops using a drop shape seraly

- . . . (Kruss DSA 100). The aqueous solution was eith&Qsi
To avoid introduction of KD into samples, hydration water 1M or Nd(NO); 0.33M, and organic solutions were

moleculgs Of. the neodymiqm S‘f’"t were gxchanged 1y D DMDBTDMA solubilized into dodecane (from 0.005 to
performing five BO solubilisation (stirring at 50°C) — 1\ Before tensiometry measurements, each organic
drying (under vacuum cycles under inert atmospiarg: solution was emulsified with the aqueous solutioh o
IThT(' efﬁmenr?y (;).f the exchang? \r/]vasocheckedh_by FTIR jnterest (50/50 v/v) by mechanical stirring for 2notes
ooking at the disappearance of the H stretc |¢gjen and then isolated after centrifugation. Densitiesadutions
around 3400 crf_’n Samples were formulated adding the were measured at 20°C using a vibrating tube desieim
dSeSJ/tzeéatedl solgtlonsl to a prr]emlx OtZ.ES/EM.DhBTDMA DSA 5000 from Anton Paar. After injection of theganic

( molar). Sample were homogenised with a §I%608 45 into the aqueous solution, surface tension was
of centrifugationsand were left several days at 25°C to measured versus time. The values at equilibrium4<1

ilibri i 0, R . . .
reach equilibrium. Dodecane (purity> 90%, Flukegdifor o\ q1tion) were selected for this study. The Gibhsation

tensiometry experiments was previously purified @m a5 sed to calculate the superficial excess ahetent
alumina column

Microscopic observations were performed on a Zaise ("):
Imager A1m microscope equipped with crossed paesis - _ 1 ay )
To determine conditions of homeotropic orientatioh RTdInC e

lamellar samples (bilayers oriented perpendicutarttte ) ) ]

optical axis), different thicknesses of spacersvbeh glass ~ Wherey is the surface tension and C is the concentratfon
slide and cover slip were tested. It was obsenvet t the adsorbing specie (in the concentration regietov
samples sheared between slide and cover slip sgaced ¢mc). Hence, the polar head area (A) was determine):

10um thick mica sheets, display homeotropic ortéta _ 1

after few minutes (Figure 1). - m (3)
For freeze-fracture measurements, a drop of sampk ) a

placed on a gold holder and frozen by plunging litjoid where N is the Avogadro constant.

propane. Fracture and replication were carried ipua ~ Polarized ATR-FTIR experiments were performed on a
freeze-fracture apparatus (Leica EM BAF060) at the Perkin Elm_er Spec_trum-One Fourier Transform I_nftdare
temperature of —150 °C under vacuum. Pt/C was diegbs System equipped with an attenuated total mono atédle

at an angle of 45° and C at 90°. Replicas werevevenl at ~ (ATR) device, using a diamond crystal. Lamellar gtha
room temperature by specimen dissolution in ethamal ~ Samples, spread on the ATR crystal, were confimeteua
water. Then, replicas were collected onto ATHENEpay  9lass coverslip, 10pm-spaced from the crystal (€idy).

400 mesh grids to be examined on an Hitachi H-600

75kV’s transmission electron microscope equippetth an

AMT’s CCD camera (DVC 1 megapixels). :(_IZ

v Glass coverslip 2

10pm n, <« Sample




Figure 1. Polarized FTIR-ATR. (a) Scheme of the
experimental setup. The sample was confined betieen
ATR crystal and a glass cover slip to ensure an
homeotropic orientation of the lamellar phase. Rzda
light microscopy pictures of samples observed luteirib)
and 5 minutes (c) after shearing between flat saga
separated by 10um.

This confinement ensured the orientation of theeltan
phase (bilayers parallel to the crystal) as dematest by
polarized light microscopy and a sample thickneghdr

than the penetration depth of the evanescent
electromagnetic waves,,diefined by*
A
d, = (4)

P . 2
2m4/(sin“®-n,,")

where® is the incidence angl@, is the wavelength,ris

the refractive index of the ATR crystal, the refractive
index of the sample, and,rn,/ny. In our case, gvaried
between 0.2 and 1um&P.4, n=1.45 and®=45°). For
each sample, 64 scans spectra, with a resolutighanf’,
were obtained for two polarizations of the incidéeiam:
parallel (p) and perpendicular (s) to the incideplme. A
linear baseline correction was performed on eaelatsypm.
Two kinds of analysis were performed with FTIR data
first, to obtain information about orientation dpdles into
samples, and second to quantify bonded extractants
Orientation information of dipoles is contained the
dichroic ratio R™ which is the ratio of the absorbance of
the corresponding band measured with a parallel
polarization of the incident light Ato the absorbance

measured with a perpendicular polarization A
RATRz_p

A

The dichroic ratio is related to the dipole ordargmeter S,
according to:

(®)

_ (B -RTEJ +E))
- 2 ATR[=2 2
(EX -R Ey —ZEZ)

(6)

where B2, E2 and B2 are the time-averaged square electric
field amplitudes of the evanescent wave in the $amjpthe
crystal/sample interface. The electric field amul#s on
the crystal-sample interface were calculated ugtiegthick
film model of Harrick®, valid when the thickness of the
sample is very large compared to the penetratipthde
4cos @.(sin® ® —nJ)

2

= r 1 (7
*oa- njl)[(1+ njl)sinZCD - n221J @)
4cos2d
Ef=—— 8)
(1_ r‘21)
5 4cos2P sinzd
9

- - @a- nzzl)[(1+ nZ,)Jsin2® - nzzl-

In our case, E1.157, E=1.774 and [E2.227.

The order parameter S contains the information fw t
mean orientation of the transition dipole and ore th
distribution of the dipole orientations at the meafue:

. 3(cos?d) -1
2
where®b is the angle between the dipole and the normal of

the ATR plate, an<r0529> is the mean value of cdsfor

a distribution of transition moment in the film.

To perform quantitative analysis of bonded extnatstathe
isotropic spectrum of samples was calculated frdm t
polarized spectra. The isotropic sprectrum can dfened
as:

(10)

SSOZS("'S)/"'SZ (11)

where $is the spectrum in the direction i. The sample
being uniaxial, $=S,. Polarized spectra can be defined as
follow:

S~E..Scand $=E,.S+E,.S,
Hence using our parameters,
Sis=0.8345.5+0.449.§ (13)

The second analysis was related to the ion-bondihg
extractants and was studied using the carbonyl band
positioned around 1650 ¢mThis band was fitted using
two Gaussian curves centred at 1640 and 1615 cm
assigned to free carbonyls (not complexed) and &dnd
carbonyls (complexed with N§ respectively. Fitting
procedure was realised with the Omnic software whiges

a Fletcher-Powell-McCormick algorithm as convergenc
routine. To obtain the area of each contributicosifions
and the full widths at half height were fixed andintained
constant for all samples. The evolution of the ftaebonyl
absorbance (area) in isotropic spectra enabledutmtdy
the complexation into samples. According to the rBee
Lambert law:

(12)

A=¢l.C (14)



where A is the absorbandethe length of the pathway, C

the concentration, ande the extinction coefficient.
Considering that for a vibration modes constant, and that
| is constant in our samples (the sample thickiessgher

than the penetration depth which is constant foremi

wavelength and setup), the following relationshigm de

established:

(AoA)/A=(C-C)IC (15)

Hence, the fraction of free carbonyl consumed (lednd
carbonyls created) was determined.

\/\/\/\/\/\/O\/\O/\/o\/\o/\/o\/\OH

@

(b)
DMDBTDMA

Aqueous
solution 50 25 C12Es
% wiw

Figure2. Moleculaf’c)structures of GEs (a) and
DMDBTDMA (b). (c) Ternary phase diagram of
C1,Ess/DMDBTDMA/agueous solution indicating in grey
the monophasic lamellar phase domain at room

temperature. The salty aqueous solution contaiN©k.i
and Nd(NQ)3 salts in a 1 molar ionic strength. Crosses
indicate experimental points and the star indictites
composition of samples studied in this paper
(C,Es/DMDBTDMA = 80/20 molar, 40% hydration).

RESULTS
Preliminary experiments were carried out to identiie
boundaries of the monophasic lamellar phase inaimary
phase diagram GE;/DMDBTDMA/aqueous solution
(1M). Macroscopic and microscopic (optical micrgsgo
with crossed polarizers) observations performedsome
formulations, derived from the Iamellar domam dfe t

surfactant/water systéfn enabled to roughly determine the
lamellar region in the ternary system (Fig. 2)tHa present
work, we choose to work with a formulation locatsdthe
center of this domain: a premixEs/DMDBTDMA 80/20
molar hydrated with 40 wt% of agueous solution. sThi
composition lies in the concentrated region of ldraellar

phase (aqueous layers are about 2 nm thick) mainly

stabilized by the interplay of the attractive vear &Vaals
force and the steric repulsion of the hydrated hgradips
(repulsive undulation forces are negligible)rhe effect of
complexation was studied varying the nature ofafpeeous
solution from LING 1M to Nd(NG); 0.33M to keep 1
molar of ionic strength (range of ionic strengttplégd in
extraction systems) in the different samples.

The lamellar phases obtained with such formulatiwase
characterized by freeze-fracture (see Figure 3).
characteristic lamellar structure with periodicsps, was
obtained for both LiIN@ or Nd(NGy); hydrated extractant-
containing lamellar phases, like for the binaryteys No
structural change e.g. topological deféttwas detected
after addition of extractant or salt to the lamefihase.

20
©—=C12E5
-— C12E5/DMDBTDMA
19.; E
T -e--0_o
- - _
N ® -9 - -0
18 - 7
~~
<
N—r
017 + 7
T
Le)
16 7
o =2-9_0 Q_a____o _
15+ O 7
1 1 1 1
0 20 40 60 80 100

% Nd(NO )
Figure 4. Evolution of bilayer th?cﬁnessﬁ,qc) with the
percentage of Nd(N£; in the aqueous solution. Empty
dots display the reference system.f&z) whereas full dots
display the mixed system££s/DMDBTDMA (80/20
molar).

The periodicity (d) of samples was characterizethgus
SAXS. Assuming an ideal lamellar structure (flagidi
bilayers without defect), the hydrocarbon thickness
bilayers @yc) was determined using the following dilution
law:

Onc=d. Puc (16)




Figure 3. TEM pictures of freeze-fracture replica: (apks lamellar phase hydrated with 30% LiNOM, (b)
C1,Ess'DMDBTDMA lamellar phase hydrated with 40% LIN@LM), and (c) G,Es/DMDBTDMA lamellar phase hydrated
with 40% Nd(NQ)3(0.33M).

where @ is the volume fraction of DMDBTDMA and
alkyl chains of GEs in the sample. The following density
values were used: c¢=0.803° dc1oe50.963 (from
supplier) and ghvpetoma=0.906 (measured). The interface
was defined as being located between the alipluiiins
of surfactants, and the polar layer comprising odar
heads of surfactants and hydration water. Figudésglays
the evolution of bilayer thickness versus the naaidyn
percentage in the hydration solution forE; and
C;,Ess/DMDBTDMA lamellar phases. By increasing the
neodymium content, the bilayer thickness remainmstzmt
for the reference Es samples, whereas it continuously
decreases from 18.8 to 18.3 A for samples confginin
DMDBTDMA.

In our previous pap& we demonstrated in analysing the
bilayer thicknesses that the extractant molecule ba
considered either as a co-surfactant or as a daivelecule
distributed within the aliphatic domain of the lyi#as, both
configurations being in equilibrium for a given
surfactant/extractant ratio. Assuming an ideal ngxiof
extractant and surfactant, and constant polar apeas
molecule at the hydrophilic/hydrophobic interfacene

bilayer thickness was expressed as a function ef th

extractant repartition between the interfaces aedoulk of
the bilayers:

(1_ X)ch + XVDMDBTDMA
(1_ X) A:HES + XKADMDBTDMA

(17)

Y
Oy =—=2
e T A

whereV; are molecular volumes determined from density 0.33M,

values,A; are polar head areas,is the molar fraction of
DMDBTMA among the organic components ardthe
fraction of DMDBTDMA participating to the interfaal
area. The two extreme cases0 andk=1, are plotted on
Figure 5. The experimental points are intermediat&<1)
and indicate roughly an equi-partitioning of exteat
molecules between the core of the bilayers and th
interfaces. The decrease ofic with the percentage of
complexing ions can be thus interpreted as an &vaolwf
extractants partition within the bilayers; qualitaty, the
interaction between extractant molecules and ibas ¢an
be complexed, pull the lipophilic extractants tosgathe
interface.

28 T T '_4-
N k=
06 - k=0
24 1
=z 2 A
<
)
T 20
w
Figure .8E J+Na3 _1*:tion of the
percenta T —=TDMA
mixture - ’. or which
extractants~~ _ — — 0  |mehs the

dasheduine Tegresemnts ule case TOLWMIGT € ity
partimpate%o thele[aintelr?ac?gf) are%‘? as %ﬁe ;%rfacta
molecules. Full dot%/QaQM@Br-iEQMﬁ points olehifor a
system hydrated with LINQLM.The arrow indicates the
decrease of the bilayers thickness by exchandihnigitn
with neodymium cations at constant DMDBTDMA
percentage.

To estimate the contribution of extractants toitterfacial
area we measured their polar head area at modetter
interfaces: dodecane-LINOLM and dodecane-Nd(NR

to consider free and bonded extractants
respectively. Dodecane was chosen to mimic thecfain

of surfactants which constitute the oily domaingyuFe 6
displays the evolution of interfacial tensions wars
DMDBTDMA concentration for both cases. Critical
aggregation concentrations around 0.1M can be ethtin
accordance with literatu?® 3 Using the Gibbs equation

e(2), we obtained fe pvpeTOMA=8015 A2/molecule and

Aponded ompaToma=10045 A2/molecule. These values do not
represent only a geometrical polar area but takeés i
account all the lateral interactions within theabérs. lon
complexation charges the extractant molecules adidcies
additional electrostatic lateral repulsions thansamuently
increase the apparent extractant polar head area.

24 -
© LINO3

4 NA(NO3)3

18 - 7 5

y (mN/m)



Figure 6. Determination of polar-head areas of free and
bonded DMDBTDMA by tensiometry measurements. Free

DMDBTDMA is studied using an aqueous solution of

LINO; 1M, whereas bonded DMDBTDMA is studied using
a 0,3M Nd(NQ)3 solution.

Figure 7 displays the characteristic polarized AHRR
spectra of oriented samples. We can notice thee @D
elongation vibrations around 2500 ¢pihe OH elongation
vibrations attributed to the polar head of surfattaround
3400 cnt, the CH vibration modes around 2900 ¢pand

molecules. This latter was decomposed into two main
contributions centred at 1640 and 1615 caitributed to

free (Vc=of ) and bonded I(C:Ob) carbonyls respectively.

Hence, we calculated the dichroic ratios correspantb
Ven,, . Ve=o, . Ve=o, . These ratios are constant whatever
the neodymium percentage and the mean values are
displayed in Table 1. As the transition moment fhe
Ven,, lies perpendicular to the chain axis, the order

parameter of aliphatic chains was calculated ugimg
following relationship:

_ 2(EZ -RYFES +E)
~ (3cos’ @ —1)(EZ - R"REZ - 2E?)

wherea is the angle between the chain axis director bhad t
transition dipole ¢=90°). The low value obtained (S=0.1)
is explained by the fluid character of thg tiilayers and is
consistent with literature results forEs/water lamellar
phase¥. The zero value of S for free carbonyls indicates
isotropic orientation of these bonds, as previonsdasured

(18)

the amide | (mostly.ther== atios rationytad——usingpotarized_microRaman spectrosc8pycontrary to
1650 cm'. The sym p-polarisation He of GH  bonge re characterized by a velbse
positioned at 2855 ¢ wzss-polanzatlon b probe YRR\ 1o aliphatic chains.
S 0.03
order of aliphaticOcHains into bilayers, whereas @0 > 1
elongation vib’@ion mode was used to probe ext g
] Verz =
N
orr 1 [ | o=Ft -
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Figure7. Polarized ATR-FTIR spectra of samples. The carbbagd was decomposed into two mains contributeamtred
at 1640 crit and 1615cA(in inset, yellow line : experimental spectrum) fisrk line: fitted spectrum).
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Figure 8. (a) Evolution of the carbonyl stretching vibratioand with the percentage of neodynium salts iratheeous
solution. (b) Fraction of bonded carbonyl versiesircentage of neodymium obtained using equatish (

This
experimental order parameter measured fr&ff Rlenoted
Sexp 1S the product of several order parameters reladea
set of nested, uniaxial symmetric distribution&:

Sex=Smembran@moleculetipole (19)

where S$.emp describes the distribution function of the
membrane patches with respect to the internal atifie
element, Soecuedescribes the orientation tife molecules
within the membrane plane, andg,s describes the
orientation of the dipole relative to the molecuteoviding
the good orientation of the samples sheared betd@gm-
spaced flat surfaces, we can estimate thatanelS close

to 1. Hence, the variation of order parameter with
complexation can be attributed either to a chanfie o

molecule orientation inside bilayers fRcud OF @

modification of carbonyls orientation with respeot the

molecule axis (o). It is difficult to consider a higher
order parameter for the extractant compared totigeof

the surfactant (S=0.1). Then, withc-8yonqed0.096 and
considering Semt~1 and Horecuss0.1, Sipole—bondedmuSt be

close to 1. This means that in a bonded malonanhidi

result must be analysed considering that the

Table 1. Dichroic ratios oo, Voo, @andVey, .

Order parameters of carbonyls and aliphatics chains
(*Dichroic ratio of CH and order parameter of aliphatic
chains).

ANALYSIS- DISCUSSION
The liquid-liquid extraction of neodymium by
DMDBTDMA is usually described by the following
solvation reactioft , characterized by an equilibrium
constant k:

X DMDBTDMA + Nd*" + 3NOy &

(DMDBTDMA) ,Nd(NOy);

where upperlined species are solubilized in theamig
phase and the other species are solubilized in rwate

carbonyls bonds are parallel. For free malonamides,Usually, above a given bulk concentration in orgaiases
Sc-one0 is  explained either by the trans/gauche the extractant forms reverse aggregates which are
conformation of carbonyl groups or by the isotropic characterized by their aggregation number (frono 4a@"

orientation of molecules within bila3yers. Usin@aantum
Mechanics method, Boehme et*alshowed that free
malonamides, in gas phase, roughly adopt

% depending on concentration, pH, type of salt\Within
these aggregates the coordination number, X, lisugtler

transdebate since the molecular conformation is not well

conformation B,the angle between the two carbonyl defined, but it is established that 2<x<4. Howewra flat

dipoles is 162°). The monodentate mode, rarely rvlese
displays a gauche conformatiofs i§ about 90f. Both
conformations would lead to gRe<<l. However, the
bidentate coordination state with lanthanides irduan
alignement of carbonyl bonds i.e. cis conformatieith
30°<3<60° according to the stoichiometry consideredsThi
latter conformation can be considered as the mudigble
for ion bonded extractants in our system.

The evolution of the carbonyl band shape with tthéitéon
of neodymium (figure 8a) enabled to follow quariiitaly
the complexation. Figure 8b display the fractiorbohded
carbonyls versus the percentage of neodymium salise
aqueous solution. In 0.33M neodymium samples (100%
Li* replaced by N at constant ionic strength), the
DMDBTDMA/NA ratio is 2 and only 30% of carbonylsear
bonded. Assuming a unique denticity of the coortitima
complex, the fraction of bonded carbonyls is edqoathe

fraction of bonded extractants.
Free C=0 Bonded C=O | CH
Dichroic ratio R 2 2.5 1.8
Order
parameter S 0 0.096 0.106

interface x was never determined, neither experiatign
nor theoretically. Usually the aggregate size \sabietween
2 and 3ni¥" ¥ In our case, it is difficult to consider
extractant aggregates within the bilayers as tloemation
would have induced topological defects that we did
observe by electron or optical microscopies. Moezpa
lower order parameter (closer to zero than 0.1pafded
carbonyls would have been measured with the foomadf
extractant aggregates. As a consequence, it appears
reasonable to consider a 1:1 stoechiometry (x=1h @i
bidentate coordination between the ion and theaetdnt as
demonstrated previously.

We propose to describe the solvation reactioneénpitesent
system as the sum of three equilibria (Scheme 1):

(1) Positioning of free extractants polar heads at
interfaces

DMDBTDMA < DMDBTDMA K,
(2) Complexation of cations with extractants at
interfaces



Dl\_/Ip_E:'[_D_I\{I,_A_f_N_qi*_t 3NG; & values must be used with care. However, this result

(DMDBTDMA)Nd(NO3)3; K, indicates that bonded extractants, i.e. extrad@ming a
complex with Nd* are more amphiphilic than free

(3) Burying of bonded extractants from interfaces extractants. The complexation must charge the hpiop
(DMDBTDMA)NA(NO3);<> (DMDBTDMA)NA(NO5), extractant and should make the head more polas. i§hin
K accordance with tensiometry measurements whicHagisp
where dash upperlined species are localized atfauts, more important and faster reduction of surfaceitenwith
and K are the equilibrium constants. DMDBTDMA in presence of neodymium salt (bonded
In the next part, we will show that these equiibcan be =~ molecules) than with DMDBTDMA in presence of lithiu
quantified knowing the concentration of each specie salt (free extractant).
The complexation of neodymium by DMDBTDMA at the
19 interfaces (K) can be described in a first approach as a
K.=0.43 cation adsorption isotherm at fluid interfaces. 3hthe
1= Langmuir model can be used:
18.8 4~ Kg=0-55 | K,a
o ~ — 2
.~ g=_"22_ (22)
N 1+K,a
__ 186" - J where8 is the relative occupancy of sites, each sitedein
oL See the polar head of an extractant at interface, tke
vo + AR adsorption constant, ardhe complexing ion activity . The
o184 - N 1 relative occupancy of sites, defined as the ragbtwben
SN bonded extractants over the total number of exrdastat
1821 | the interface, was determined using FTIR data Ky)and
Ka:
K.
18 S = 2y (23)
0 005 01 015 0.2 0.25 0.3 0.35 K.y +k,.(1-y)

This definition assumes that the saturation linfith@ ion

y . : .
Figure 9. Evolution of bilayer thicknessed.() versus the  isotherm is  Nd/DMDBTDMA=1/1 molar ratio. As
fraction of bonded extractant (y). Experimentaln®iare previously, the molar concentration was used imstefethe

adjusted with equation (20), usiRge 0.43+0.01 eks= ion activity. As a consequence, an apparent adsorpt
0.55+0.02. constant K; was obtained:

The variation in the bilayer thickness can be aswdy Kz =Ky (24)
considering the partition of extractants betweendbre (as
the solvent molecule) and the interface of bilay&rs a
cosurfactant), using the following relationshipided from
(17):

wherey is the molar activity coefficient of the complegin
ion (a=yC where C is the concentration).

1

J.. = Vv _ 0-8\/c12 + O'Z\/DMDBTDMA
HC — A

2

A 0-8'%1255 + O'Z(Kl(l_ y)'AfreeDMDBTEMA +K3yAbondedDMDBDMA) 0.8 I
(20)

where y is the molar fraction of bonded extractai@duced
from the FTIR analysis; the fraction of free extractants at
interfaces andkz the fraction of bonded extractants at D
interfaces. Each polar head areas was considermrestactd 04l J
and was evaluated by tensiometry for DMDBTDMA, and ° b
taken from the literature for 16E5 °
(Acioes=50A2/moleculed® '8 Figure 9 displays the 021 ° ]
evolution of the bilayers thickness as a functidnttiee
fraction of bonded extractant, which was adjustgdthe
equation (20) giving k;=0.43+0.01 andk;=0.55+0.02 0
(correlation coefficient: 0.8). Approximating exttant
activities to molar concentrations, the apparerated [Nd(NO3)3](m0V L)
equilibrium constants can be calculated using:

0 005 01 015 0.2 025 0.3 0.35

Figure 10. Fraction of bonded extractant at the interfade (
1-«, 21) as a function of the Nd(Ng concentration in the aqueous
1-«k K solution. Experimental points are well fitted wéh
! 3 Langmuir isotherm using #1.85+0.3.

Hence, K;=0.75+0.3 and k=0.82+0.7. Because of the
dispersion of experimental points in the studiedlesc



Figure 10 shows that experimental data were wéakdi
with such model, using k=1.85+0.3.

The apparent equilibrium constants characterizihg t
system (Ki, K',, K'3) deduced from experimental data
enabled to calculate the apparent free eneryG’)(
corresponding to the different equilibrium:

AG'= -RTInK® (25)

The different contributions to the free energy displayed

in a table and illustrated by an energy diagrafigure 11.
We can observe that the free energy of the totaitien,
the ion extraction from the aqueous domains towands
bilayers, is negative due to the complexation €jction
which is spontaneous. However this effect is redunethe
energy cost to position the free extractant atinberfaces
(1) and to desorb bonded extractant from the iates (3),
both being energetically unfavourable. The
thermodynamics of liquid-liquid extraction by diates was
previously studied in classic biphasic systems.ifigaknto
account the formation of supramolecular aggregates
extractant in the organic phd5e® and their associated
potential surfaces on which ions can adsorb, Zemat'®**
have obtained thermodynamical
assuming a sum of Langmuir isotherms for each sifte
aggregation. This view enabled to
thermodynamical values to the different aggregattates
of extractants. Free energies of about feyd kwere
deduced, slightly higher than our values. HoweugrQur
model system, we cast off aggregation and only efdany

mechanisms at interfaces were studied. Consequently

adsorption constants are not fully comparable. Kbetess
the complexation free energy value can be evaluate
looking at the complexation values obtained for
hydrosoluble malonamides. Cousteh al*? found an 1:1
complexation equilibrium constant;K equals to 1.3 for
tetraethylmalonamides with europium in water. The
corresponding free energy valuAG=-0.26kT) has the
same order of magnitude A&’,.

Free
extractant
ergy .
'i[‘ at interface
Free
extractant AGl
inbuk _§ Bonded _ _
extractant in
AG, bulk AGy,;

Bonded
extractant at
interface ~
Extraction pathvv'ay
(@)

Equilibrium 1) 2) (©)) Total
AG(kJ/mol) 0,69 -1,52 0,50 -0,33
AG (kgT) 0,28 -0,61 0,20 -0,13

(b)

extraction parameters,

associate

Figure 11. (a) Energy diagram of the extraction reaction
divided into three elementary equilibrium: positiug of
free extractants at interfaces (1), complexation of
extractants with cations at interfaces (2), buryhg
bounded extractants from interfaces (3). (b) Frezgy
values associated to each elementary steps ahd ghabal
extraction reaction.

In our system we use surfactant molecules whicht tmign
competition with extractants for the interfacialsatption,
like in model micellar syster§ Thus, the results are
certainly function of the surfactant used, but fomgiven
system, parameters such as the nature of extraatazhs,
the nature of extractant, the ionic force can halied
comparatively. Nevertheless, from these data,
amphiphilic property of extractant could be consideas
the limiting step for extraction.

In future studies, the extractant aggregation cohéd
eventually introduced in the lyotropic system releg
sterical constraints by swelling bilayers with oiln
addition, the dehydration of cations, which is ut#d in
the mechanism of cation adsorption at interfaces|dcbe
modulated decreasing the water thickness betwdayebs.
Indeed, the water activity in such confined envinemts
was shown to be modulated by the distance between
bilayeré®. The cation desolvation energy could be thus
studied using the lamellar phase.

the

CONCLUSIONS

d1n this work we proposed a lyotropic lamellar phadee

study interfacial mechanisms of liquid-liquid exitian.
Due to the numerous oriented interfaces and using a
combination of SAXS and FTIR techniques, we deteedi
the concentrations of free and bonded extractantsaules
either buried into bilayers or localized and oréhtat
interfaces,. Hence, apparent free energies assddiateach
interfacial elementary mechanism were estimatecule
indicate that extraction by DMDBTDMA is partially
controlled by the variation of amphiphilicity of eh
molecule during the ion complexation. Between banaied
free extractant, the former appears to be a mueufable
state at interfaces. This observation could beidensd as
a bridle to an ideal extraction kinetics.

With this study we demonstrated that a lyotropimd#ar
phase can be a meaningful system to model redajiviel-
liquid interfaces. In the future, other studies Idobe
engaged varying parameters such as the natureactardgs
or layers thicknesses.
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