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THE ORGANIC AND THE THIRD PHASE IN THE SYSTEM

HNO3/TBP/n-DODECANE: NO REVERSE MICELLES

*P. lvanov,2J. Mu,” L. Leay,P¢S.-Y. Chang,t? C. A. Sharrad,”° A. J. Masters® S. L. M.

Schr oeder Pde
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9PL, UK

d(Present address) Diamond Light Source Ltd., Didcot, Oxfordshire, OD&L OK

¢(Present address) School of Chemical and Process Engineering, Uniklsitgs, Leeds LS2 9JT, UK

The composition and speciation of the organic and third phases in the systesfT BRI@-dodecane
have been examined by a combination of gravimetry, Karl Fischer analysis, chemical analigsis, FT
and®'P NMR spectroscopy, with particular emphasis on the transition from the two-phase to the
three-phase region. Phase densities indicate that third phase formation takesr jotétéa fiqueous
HNOs concentrations above 15 M, whilst the results from the stoichiometric analysis imglyethat
organic and third phases are characterized by two distinct speamesly the mono-solvate

TBP-HNOs and the hemi-solvate TREHNG;, respectively. Furthermore, tR#¥-NMR spectra of
organic and third phase show no significant chemical differences at the phosphorus centres,
suggesting that the second HN@olecule in the third phase is boundHNOs rather than TBP. The
third phase FTIR spectra reveal stronger vibrational absorption bands at 1028, 1310, 1653 and 3200-
3500 cm', reflecting higher concentrations 0f® HNO; and TBP. The molecular dynamics
simulation data predict structures in accord with the spectroscopically identifiedtgpedndicating
inequivalent HN@ molecules in the third phase. The predicted structures of the organic and third
phases are more akin to microemulsion networks rather than the distinct, reverse agsahesd in

previous studies. #D appears to be present as a disordered hydrogen-bonded solvate stabilising the
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polar TBP/HNQ aggregates in the organic matrix, and not as a strongly bound hydrate species in

aggregates with defined stoichiometry.

Keywords: Third phase formation, PUREX, solvent extraction, nitrid,dributyl phosphate,

molecular dynamics simulations

*Correspondence: peter.ivanov@npl.co.uk

INTRODUCTION

The principal method for reprocessing of spent nuclear fuel is the PUREX (PlutonianiudR

EXtraction) process, which is based on solvent extraction of the two actinide elemmenistfic acid
solutions by tri-n-butyl phosphate (TBP), dissolved in either odourless keroséeeatiphatic
hydrocarbon n-dodecaféExtraction systems built on such organophosphorus ligands dissolved in
aliphatic solvents can suffer from third phase formation, when threshold concentrations of@xtract
metal and/or acid are exceeded. Such third phase formation is exhibited also by N-based extractants
such as amiel as well as tetraalkylammonium salts and awili® Third phase formation is readily
recognisable as a separate, dense organic phase enriched in extractant, acid and metal relative to the
lighter organic phase. Formation of third phase is an undesirable process in the reprocspsimig of

fuel, as it could potentially cause safety and even criticality concerns due to the high metal
concentrations and can lead to phase inversion ig8uBsird phase formation is often considered to

be the result of limited solubility of metal-ligand complexes in the organic mediutmatsthé

colloidal suspension formed by TBP acting as a surfactant becomes favourable at higher met
loadings!” & The phase splitting process in a variety of TBP-based systems has for some time been
considered to be associated with the formation of a microemulsion consisting of reverse micellar
structures with a polar water core containing ionic species surrounded by a layer of extractant

moleculed?
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A number of studies have investigated the process of third phase formation in terms of phase
boundaries, mainly studying the limiting organic concentration (LOC), defined as the ithrestal

and acid concentrations in the organic phase at which phase splitting occurs. For a more sophisticated
treatment of this phase behaviour, we refer to the research of Baugf! gthatd phase formation in
extraction of actinides by neutral organophosphorus extractants, including phase boundaries and
factors affecting the process of phase splitting, has been thoroughly reViéweastigation of the
organic phase speciation of neptunium and plutonium in relation to the process of third phase
formation has been conducted and the third phase boundaries have been #é&pineghenomenon

of phase splitting during the extraction of plutonium with TBP in n-dodecane framagtd has

been studied using small angle neutron scattering (SANS), which indicated that TBP inwibntact
agueous phase containing nitric acid and plutonium forms small reverse micelles incorplaragéng

to five TBP molecules® The third-phase formation during the extraction of thorium nitrate from
solutions with near-zero free acidity by 1.1M solutions of tri-n-butyl phosphate (TBP) and tyikn-am
phosphate (TAP) in n-octane, n-decane, n-dodecane, n-tetradecane, and n-hexadecane have been
studied and it was found the difference in solute concentrations and density between the third phase
and the diluent-rich phase, as well as the ratio of the volume of diluent-rich phase to that af the thir
phase, can be treated as indices of the third-phase formation tefélency.

Some mineral acids cause third phase formation with TBP dissolved in aliphatidcasglvents even

in the absence of metal ions. For example, the phase splitting phenomenon has been observed at very
high nitric acid concentrations in the system BN®P in cases when long-chain aliphatic solvents
such as n-dodecane are used as TBP dilifeSisnilarly, the extraction of sulfuric acid by tri-butyl
phosphate-kerosene solutions results in three-phase formatie8@t ¢dncentrations from 6.8 to

16 M, independent of the initial TBP concentratfiéhThe tendency towards third phase formation of
inorganic acids with 0.73 M TBP dissolved in n-octane in terms of decreasing LOC walsiésund

to decrease in the order: HGI® H,SQ, > HCI > H3PQ, > HNOs.*! This ordering has since been put
onaquantitative basig?*¥ A considerable amount of research has been devoted to its relationship
with the Hofmeister series and we refer to referef¢éd for recent work in this area. Third phase

formation in the systerHCI/TBP/noctane system was found to involve the simultaneous extraction
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of large amounts of water, bringing about organic phase splitting when the equilibrium HCI
concentration in the aqueous phase becomes higher than #6Tkk extraction by 1.1M tributyl
phosphate in n-dodecane of perchloric and nitric acid was found to result in the formatiosh of thi
phase in solutions with initial aqueous acidic concentration exceeding 2MldCIGM HNQ. 29

Based on small-angle X-ray (SAXS) and SANS evidence, the higher potential of perchlorar acid f
phase splitting the formation of third phase was attributed to the higher polarity of theéechl

anion, which leads to more effective attractive interaction in the polar cotes widellar structures.
The phenomenon of phase splitting and formation of third phase occurs not only for TBP but across a
range of neutral organo-phosphorous extractants when dissolved in long-chain non-polar, aliphatic
solvents such as n-dodecane. Such extractants include TBPO, Octyl(Phenyl)-N,N-Diisobutyl
Carbamoyl Methyl Phosphine Oxide (CMPQO) and Dihexyl N,N-Diethyl Carbamoyl Methyl
Phosphonate (DHDECMPThe third-phase formation tendency of DHDECMP varies across
inorganic acids in the order HCI® HNG; > HCI > H,SQ.?Y1 SANS studies suggest that the process
of third-phase formation is driven by the formation of DHDECNIRO; reverse micelles in the

diluent phase. After phase separation the size of the aggregates in the third phase wadb#&und t
significantly smaller compared to those present when approaching the LOC, with thetlsize of
entities in the heavy phase larger than in the light organic phase.

The exact molecular structure and composition of the third phase entities remainsmurkreow

recent study, simulation of the behaviour of TBP in the organic phase was carried orgswuitth
suggesting that TBP self-assembles into a bi-continuous phase characterised by filamem®wo$ chai
TBP molecules formed by interaction of the oxygen and phosphorous moieties of adjacent TBP
molecules. Formation of a molecular micro-emulsion structure was proposed, in whichntes i

form a network?? The forcefield used in this study, however, overestimated the polarity of the TBP
moleculed?® and simulation results using a higher quality forcefield are presented later in this article.
Suffice it to state here that these later studies also revealed a micro-emulsionestaioer than

reverse micelles. The process of organic phase splitting for several inorgani¢idiiis ICIO;,

H.SQ, and HPQr) extracted with TBP in n-octane was investigated by SANS, which provided

evidence for the existence of reverse micelles with diameters from 15 to 22 A, with polar core
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diameters ranging from 10 to 15A. For the extraction dfiCl by TBP dissolved in n-octane the
formation of reversed micelles with a maximum TBP aggregation number of 7 and a diameter of 19 A
has been reportétt! An FTIR spectroscopy study of the systelildOs/TBP/octane identified two
structures, TBRINO; and TBRP2HNQ;.?! The two nitric acid molecules in the hemi-solvate
structure are spectroscopically inequivalent in the vibrations of the P=0 bond, adichthe
conclusion that the predominant structure of TBINO; involved hydrogen-bonded dimers of

HNO;, with only one of thédNOz; molecules attached to TEP!,

In addition to the SANS and SAXS studies already mentioned, other studies with theseiéschniq
indicated the formation of large aggregates and reversed micelles in the heavy orgarié33yer.
Specifically for the HN@ TBP system SAXS/SANS indicated that organic phases of TBP in
equilibrium with acid solutions contains reverse micelles containing aggreg&t¢s 5fTBP

molecules assembled around an aqueous polaPtore.

The present gravimetric and spectroscopic study dfith@s/TBP/n-dodecane system was performed
to examine third phase formation in this system more systematically and in more detaillgrrtio
generate additional information on the stoichiometry and the structure of the solvhtethindtand
organic phases. Shedding light on phase formation in thesAB®/n-dodecane system is essential
for better understanding more complex extraction systems, and is relevant to the indusrial scal

reprocessing of spent nuclear fuel.

EXPERIMENTAL

Materials

All reagents were analytical grade. Tri-n-butyl phosphate (Fisher Scientific, 99% purityydensi

0.979 g mt) was used as supplied without any further treatment. Anhydrous n-dodecane (99%,
Sigma Aldrich) was used as a solvent for TBP solutions. Perchloric acid 70% (Merck) and 1 M NaOH
in methanol (Fisher Scientific) were used for the determination of TBP and Et©entrations,

respectively. All agueous acidic solutions were prepared using 65% (Bi§na Aldrich), 37% HCI
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(Acros Organics) and 70% HCI@Merck). Deionised water .2 MQ-cm) was obtained using

Milli-Q water purification system.

Methods

Batch extraction experiments were carried out by mixing 5 ml of acidic solution cagtaiNiOs,

HCI or HCIO, at various concentration levels wih equal volume of 1.1 M (30% by volume) TBP
dissolved in n-dodecane. Aqueous and organic samples were placed in 12 ml screw-cap polystyrene
centrifuge tubes and intensively shaken for at least 10 min, then positioned uprggvei@l hours

to obtain equilibrium and allow phases to separate. As a next step, aliquots of the aqueoas, organi
and third phases were withdrawn with a 1000 pl Eppendorf pipette (max. error 0.35%) for further
analysis. Mass densities were determined by measuring the weight of 1 ml aliquots on an Ohaus
Galaxy 160D analytical balance with sensitivity of*If)

HNO; equilibrium concentrations in organic and third phase samples were determined by direct
titration of aliquots with standardised 1 M NaOH solution in methanol using 1% phenolphthalein in
ethanol as an indicator. The values reported below represent averages of thredivetisetion
measurements. TBP equilibrium concentrations in third phase aliquots were determined
volumetrically, determining the volume of the third phase formed by equilibrating the santpnwit
equal volume of 10 M HCI© The method requires calibration, conducted by measuring the exact
volume of the third phase formed in a number of solutions with known TBP concentration, as
described elsewhel&:2Y For samples that did not form a third phase, the concentration of TBP in the
organic phase was considered to be equal to the initial one, based the negligible TBP solubility
agqueous media. Equilibrium water content in the organic and third phase samples was measured by
coulometric titration method usiregC20 Compact Karl Fischer coulometric titrator (Mettler-Toledo
Inc.).

Infrared spect of organic and third phase samples were recorded adiiplet iIS10 FT-IR
spectrometer (Thermo Scientific). TH® NMR spectroscopy of organic and third phase samples in 5
mm PTFE NMR tubes was performed using a B400 Bruker AVANCEMR spectrometer

operating at 161.91 MHz. All spectroscopic measurements were carried out at room temperature.
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Molecular Dynamics Simulationgere performed for an organic phase and a third phase using the
experimentally determined compositions shown in Table 1. Simulations were performed using the
GROMACS packag&234 at a pressure of 1 bar and a temperature of 298.15 K, using the Parrinello-
Rahman barost&? 36 and Nosé-Hoover thermost&t 38! The number of TBP, n-dodecane, HNO

and BO molecules were 278, 1267, 255 and 30 respectively for the organic phase, and were 597,
711, 1197 and 293 respectively for the third phase. The time step was 1 fs. The systems were
equilibrated for 10 ns and the results quoted were averaged over runs of 10 ns. The force field used

was the OPLS-200%, where the partial charges on TBP were optimigéd.

RESULTSAND DISCUSSION

Third phase boundaries

In order to study the concentration boundaries of the third phase formation, extraction experiments
were conducted by equilibrating equal volumes of nitric acidic solutions witkl 1ritn-butyl

phosphate dissolved in n-dodecanasBtiensities of the aqueous and both organic phases were
measured as a function of initial HN@oncentration, which was in the range between 1.1 and 15.8 M

asshown in Fig. 1.

Figure 1. Density of aqueous, organic and third phase in the systeny-HNO/A TBP / n-dodecane

asa function of the initial HN@concentration in the aqueous phase

From the results given in Fig. 1, it can be seen that the aqueous phase density depends linearly on the
initial HNOs concentration and reaches a maximum value of 12mB' dor the sample containing

15.8 M initial HNGs. A two phase region exists below initial Hl@ncentration of 15 M. Beyond

that point the organic phase splits forming a three phase rddgidv initial HNO; appears to be the
threshold value for phase splitting. In the two phase region, the organic phase density rendgins stea

in the range between 0.85 and 0.9@Ig. After the threshold concentraticathird phase is formed,
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causing a decrease in the organic phase density from 0.90 tor@l85vhile the third phase density
increased from 0.90 to 1.0nglX. The light organic phase after the splitting contains mainly diluent,
while HNO; and TBP are concentrated in the heavy organic phase, which explains the differences in
the phase densities. The limiting density of the aqueous phase corresponding to the phase splitting
threshold is approximately 1.43g? or 15 M initialHNOs concentration. These values are

significantly higher compared to the limiting aqueous density of the +{i¥@se in case of ON3
DHDECMP in n-dodecane, which was found to be 1.08 4 corresponding to 1.1 M initial aqueous
HNO; concentratiorf?!! This indicates that TBP is more resistant towards phase splitting and the
formation of third phase compared to other neutral organophosphorous extractants such as

DHDECMP.

Effect of different acids

In a separate series of measurements the occurrence of third phase in systems contati@4C

or HCIO, mixed with TBP was studied and the phase densities were determined by mixing 5 ml of the
acidic solution with an equal volume of 1.1 M TBP in n-dodecane. In order to investigate thefeffec
changing the mineral acids the differences between the densities of the heavy arddigictphases

for these three systems were determined at initial acid concentrations immedgtehthan the

LOC (Fig. 2).

Figure 2. Equilibrium density of aqueous, organic and third phase for systems containing HGl, HNO
and HCIQ with 1.1 M TBP in n-dodecan&he data for each system refer to an initial acid

concentration immediately higher than that corresponding to the LOC.

The density difference between the light and heavy organic phases decreased in the following order
HCIOJ/TBP >HCI/TBP > HNOs/TBP. Density differences have previously been considesead
indicator for the tendency to form a third ph&%eTherefore, based on the experimental results

presented in Fig. 2, it can be concluded that H®I& the strongest tendency to form third phase
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with TBP, followed byHCI andHNO:s. In line with this, a previous styaoncluded that the HCLO
system is characterised by much stronger water transfer into the organic phase thaQfanH
HNO;.4 The potential for the formation of third phase during the extraction of inorgddgiac
TBP appears to be associated with the acidity strength of the acids, witk.treues following the
order HCIQ > HCI > HNGs. This suggests that a better ability to transfer protons may stabilise a
more extensive water network solvating the acid in the organic matrix, and thus stabilisimngithe th
relative to the organic phase. Again we note the similarity of these results with thosbeulfir
diamides and it is likely that the same molecular mechanisms are inviblvEdrthermore, it has
been reported that the acid strength order applies only to monoprotic acids. Chiarizimadt’Br
have demonstrated that if one considers al8{and HPQ;, the pKa values do not follow the
tendency to phase splitting, which indicates that third phase formation is a more complex

phenomenon.

Equilibrium TBP, HNO3 and H»0O concentrations

The equilibrium nitric acid concentrations in both organic and third phase sampiesitiet

agueous HN@concentration ranging from 1.1 to 1%/8and initial organic TBP concentration of 1.1
M were determined by direct titration of phase aliquots with standard NaOH solution in methanol.
The resultgeveal an increase of the equilibritANO; levels in the organic phase (Fig. 3), from
negligible up to 1.1 M as a function of the initial HN€ncentration. The equilibrium nitric acid,
water and TBP concentrations, measured in the organic and third phases of systems with highest

initial aqueous nitric acid loading of 15.8 M are summarised in Table 1.

Figure 3. Equilibrium HNG;, TBP and HO concentrations in the organic and third phase vs. the

initial aqueous HN®concentration.

The equilibrium organic HN@concentration sharply decreases when the third phase formation

boundary is crossed (Fig. 3). It is noteworthy that within the two phase region the equilithiDgn H
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concentration in the organic phase never exceeds the TBP concentratioMah1tie organic

phase. This value is exceeded in the third phase that appears atHiNghsroncentrations, in which
amaximum value of 3.2 M is reached (Fig. 3).

A similar trend is evident for the equilibrium molar concentration 4 kh the organic and third

phase samples as determined by Karl Fischer titration (Table 1 and Fig. 3). It can batsben t
distribution of HO in the system HNETBP/n-dodecane mirrors the extraction behaviout O,

indicating that HN@ extraction is accompanied by water transfer from the aqueous to the organic
phase. In the absence of third phase formation, the fractiogotrihsferred to the organic phase is
relatively small and increases steadily from 0.17 to 0.24 M as the initiaklddi@entration is

increased. Once the LOC threshold value is exceeded the majority of the organicfhase H

molecules are transferred to the third phase, as evident through a decrease©fdbetéht in the

organic phase by approximately an order of magnitude.

Taking into account that TBP solubility is negligible in the agueous phase, the equilibrium
concentration of TBP in the organic phase of the two-phase systems can be assumed to be equal to the
initial TBP concentration. For the three-phase systems, the concentration of TBP in theéight or

phase was determined by measuring the volume of the heavy organic phase produced by equilibrating
of 5 ml aliquot of the organic phase with an equal volume of 10 M H@¥described in the

Experimental section. Results indicate that Ti88§ignificantly more concentrated in the third phase
compared to the light organic phase. In summary, our compositional analysis indicates that the third
phase is enriched in.B, HNOs; and TBP relative to the organic phase, which is depletedse the

compounds and mainly contains solvent.

Table 1. Equilibrium concentrations of 8, HNG; and TBP in the organic and third phases with

initial aqueous HN®concentratiorof 15.8 M

10
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Based on the stoichiometric data given in Table 1, the equilibrium concentration ofl e i
organic phase appears to be approximately equal to the sum of nitric acid and water equilibrium
concentrations:

[TBP]Jorg = [HNOs]org + [H2Olorg

The water concentration is a fraction (approximately 12%) of the Jtfd@centrationThis suggests
that the main species in the organic phase is the mono-solvat NBE perhaps accompanied by
monohydrate TBM,0 or the ternary species TBINOs-H-0.

The equilibrium concentration of HNGn the third phase was twice higher than the equilibrium TBP

concentration:

[HNO3]3d = 2[TBPErd

This stoichiometric ratio suggests that the predominant species in the third phase is the laeni-solv
TBP-2HNGs. Adding a second HNgmolecule to the mono-solvate TBINO; would increase the
polar character of the assemblies, thus decreasing solubility of the species in nganialsmivent

and facilitating the formation of the third phase, in which a higher concentration of aatstabilise

3IP NMR spectroscopy

Two structurally different models for the third phase TBINO; hemi-solvates have been suggested
in the literature with the main being the exact location where the secongrAd&cule is bound to
the existingHNOs- TBP mono-solvate molecule. The second HM®@lecule could be directly
attached to the P=0 group of the tributyl phosphate forming a pa#les structurd?? Other

studies indicated that the secddNOs; molecule is linkdto the solvate by a hydrogen bond between
the two HNQ molecules, forming a chain TBfNO;-HNO; structurd?®! In an attempt to shed
additional light on this issue and to determine the structures oHINEB? solvates, &'P-NMR

characterisation of both organic and third phase samples was performed (Fig. 4).

11
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Figure 4. *P-NMR spectra of organic (left) and third phase samples (right) of 16 MsHINM

TBP/n-dodecane system

The formation of chemical and hydrogen bonds as well as rearrangements and modifications of the
partial chemical structure around the phosphorus centres could lead to changes irrdmedelesity

and hence in chemical shifts in tHe-NMR spectrum*3! Attaching a second HNOnolecule

directly to the TBP phosphate group should result in a dowrifieldhemical shift relative to the

organic phase mono-solvate. However, experimental organic and third®*#h&#dR spectra (Fig.

4) reveal no strong differencasboth spectra consist afsingle narrow signal with chemical shifts of

-1.64 and -1.54 ppm, respectively. The relatively narrow peak widths of less than 10 ppm suggest that
the composition of TBP species is rather uniform, with no distribution of chemically distinct

species?

Fig. 5. Proposed structure of the third phase TBMO; hemi-solvates

The lack of significant chemical shift in the third ph&$&NMR spectrum compared to the spectrum
of the organic phase provides a strong indication that the third phase formation and tbe affditi
extra HNQ molecule to the organic TBRNO3z; mono-solvates is not associated with the immediate
chemical surroundings of phosphorus moieties in TBP. Therefore, it appears likely tthatdiphase
solvate structure involves two HN@olecules hydrogen-bonded to each other forming a chain

TBP-HNO3-HNO;s structure as shown in Fig. 5.

Figure6. IR spectra of organic phase samples with initial aqueousstéNientration of 2, 4, 6, 8,

10, 12 and 14 M (from bottom to top)

12



323  Infrared spectroscopy

324  Organic samples with various initial aqueous HRNOncentrations were also analysed using infrared
325  spectroscopy (Figure 6). Thereaisharp increase in the intensity of the peaks at 1653 and 1340 cm
326  with increasing initial agueous HN@oncentration. These peaks stem from the asymmetric NOO

327  stretching (1700-1620 cHand the symmetric NOO stretching (1330-1280'ch ¥l The increase

328 in the intensities of these bands with an increase in aqli#dOs concentration despite the decrease
329 in HNG:s concentration quantified (figure 3) is due to the increase in mono-solvatelNIBR

330 concentration in the organic phase. The broad peak at 3500-32Q@lsmnincreased in intensity

331  which corresponds to the O-H stretching band of BNi®Oline with the higher HN@concentrations

332  inthe organic phase (see fig. 3) as a function of aqueous; Edbi@entration. The intensity of the

333  vibrational bands at 1028n* (P-O-C stretch}?® related to the TBP concentration together with the
334 triplet at 3000-2800 crh(C-H stretch), shoed no significant differences indicating that the

335  equilibrium concentrations of TBP and n-dodecane remain constant.

336

337 Table2. Major vibrational bands relevant to thi&NOs-TBP systentd

338

339  The infrared spectra of both organic and third phases with an initial agdldsconcentration of

340 15.1 M were also measured (Fig. 7). Both spectra include identical sets of vibrational bandainThe m
341  differences between the organic and third phase IR spectra are in the intensities of some vibrational
342  bands. The third phase spectrum shows higher peak intensities at 1028, 1310, 1653 and 3200-3500
343  cm! compared to the organic phase. These higher intensities are in line with the higher concentrations
344  of H,O, HNG; and TBP in the third phase. The intensity of the 32860 cm' band (C-H stretch)

345 decreases in the third phase spectra, reflecting the fact that the n-dodecane conasritnaBothan

346  in the organic phase.

347

348  Figure?. IR spectra of organic vs. third phase samples with initial aqueous Eidf@entration of

349 151 M
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Molecular Dynamics Simulations

In order to obtain structure models for the organic and third phases molecular dynamics siffitilations
were performed for an organic phase and a third phase using the experimentally determined
compositiors shown in Table 1. Simulation snapshots of the two phases, where for clarity only 2 nm
slices are shown, are shown in Figures 8 and 9. While the structures shown are mobile and will flex
and bend, the basic topology does not alter with time. We see no evidence of reverse micelles. Instead
the structure resembles a bi-continuous emulsion on the molecular scale, with the TBP molecules
acting as surfactants. The butyl groups of the TBP are in contact with the dodecane diluent, whil

polar molecules, such as nitric acid and water, are associated with the polar phosphate groups.

Figure 8. A shapshot of the organic phase system. TBP, +#dd HO molecules are represented in

yellow, red and blue, respectively; n-dodecane molecules are not shown for clarity

If we consider the organic phase with a relatively low nitric acid concentration, we observed
predominantly monodentate TBfNOz complexes. At higher nitric acid concentrations,
corresponding to the observed third phase composition, we seelNIBRHNO; complexes, in
agreement with the conclusion drawn above fron¥#B&IMR data. The water molecules are
somewhat randomly distributed around the system and while one can occasionally firliNTBP-
HNOs-H,O-HNOs-HNO3-TBP chains, they are not common. Our belief is that the experimentally

observed stoichiometry does not stem from a significant presence of such extended structures.

Figure 9. A snapshot of the third phase system. TBP, Hki@ HO molecules are represented in

yellow, red and blue, respectively; n-dodecane molecules are not shown for clarity

14



375 In addition, the average number of hydrogen bonds between molecule gsénsalysed. The

376  criterion for determining the presence of a hydrogen bond was that the donor-acceptce distaitc
377  be no more than 0.35 nm and the acceptor-donor-hydrogen angle should be no more than 30°. The
378  oxygen atoms that have covalent bonds with the hydrogen atoms igQhenH HNQ molecules

379  were regarded as potential donors and the electronegative atoms that possess a lone electron pair were
380 regarded as potential acceptors. The average numbers of hydrogen bonds between pairs of TBP,
381  HNOs or H:O molecules are shown in Table 3.

382

383  Table 3. Average numbers of hydrogen bonds between molecule pairs

384

385  Torecap, the numbers of TBP, n-dodecane, Eat HO molecules used in the MD simulations

386 were 278, 1267, 255 and 30 respectively for the organic phase, and 597, 711, 1197 and 293

387  respectively for the third phase.

388 In the light organic phase, the number of TBRO; hydrogen bonds is 231 (Table 3), which

389  accounts for 91% of HN£and 83% of TBP molecules. The number of TB Hydrogen bonds is
390 33, which accounts for 111% of® and 12% of TBP molecules. Note the 111% here indicates that
391 100% of HO molecules are connected with TBP and 11% of these are connected with two TBP
392  molecules. The number of HN®INO; hydrogen bonds is only 4. These results indicate that there
393  are large numbers of TBRNO; dimers and only small number of HN®@HNO; dimers. Hence

394  TBP-HNOs; s the predominant structure in the light organic phase, in line with the experimental
395 results. In addition, it is very likely that each@imolecule forms at least one hydrogen bond with
396  TBP molecule in the light organic phase.

397 Inthe third phase, however, the number of THIRO; hydrogen bonds is 619, which corresponds to
398  52% of HNQ and 104% of TBP molecules. Note the 104% here indicates that 100% of TBP

399 molecules are connected with Hal@nd 4% of these are likely bidentate species linked to two

400 monodentatéiNOz; molecules. The number of HN®INO3; hydrogen bonds is 284, which involves
401  47% of theHNOs. The number of TBP-¥D hydrogen bonds only accounts for 31% eOHwhich is

402  noticeably lower than in the light organic phabkeese results could be explained by the formation of

15
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429

bidentate TBP-2HNgzomplexes in the third phase, predomihanBP-HNOs;-HNO; aggregates,

again in line with thé'P NMR results. In addition, the number of H§8,0 hydrogen bonds is

almost twice the number of.B molecules, which indicates that ongCHs typically shared between

two HNQO; molecules. Hence, HNEH-O-HNO; aggregates may be a common structure in the third
phase. A very recent pap# also presents the results of molecular dynamics simulations of this
system and the hydrogen bonding analysis is broadly in agreement with that given above.

Overall, the observed behaviour of the TPB/HAO/dodecane system has much in common with
oil/water/surfactant systems. The phases we report have similarities with the Winsasdlifichtion

of surfactant micro-emulsion systeffi§ where bi-continuous micro-emulsion phases are found.

What differentiates our system from most surfactant systems, however, is that we believe we have
phase co-existence between two bi-continuous micro-emulsion phases, both of isotropic symmetry.
Most Winsor Il phase diagram show, instead, co-existence between a bi-continuous and a micellar
phase (or a phase of different symmetry). A recent review of surfactant phase behaviour is given by
Hyde et al*® and we note the work of Erling&;, which describes the transition of reverse micelles

to a bi-continuous structure. It is interesting to note in this context the two level-cut Gausdan ra
wave representations of the micro-structure of bi-continuous stru€ti%swvhich show a striking
resemblance to the molecular dynamics snapshots shown in Figures 8 and 9. The fact that the majorit
of water-poor microemulsion systems exhibit bicontinuous structures rather than reverse micelles

gives, arguably, extra credence to the results we have presented.

CONCLUSIONS

Third phase boundaries of the system the systemsHINOM TBP/n-dodecane were determined by
measuring the phase densities. The formation of third phase occurred when the initial aigniccous n
acid concentration is higher than 15 M. Based on stoichiometric ratio analysis, two differ@es sp
have been identified in the organic and third phase, mono-solvat&éiNBR and the hemi-solvate
TBP-2HNGO;, respectively. Thé'P-NMR spectra of both organic and third phase have been obtained

and no significant differences have been observed, suggesting that the attachment of a segond HNO

16
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456

molecule to the TBIPINOz; mono-solvate does not affect the chemical state of the phosphorus centres.
This indicates that the TBREHNQO; solvate structure involves twéNOs molecules, linked together in

a chain oHNOs dimers in the form of TBANOzHNO:s. Infrared spectra of the organic phase show
that an increase in the intensity of the vibrational bands, assigned to O-H (3200-3%00 cm
asymmetric NOO (1620-1700 chnand symmetric NOO stretches (1280-1330'cmith increasing
initial aqueous nitric acid concentration. The intensity of the vibrational bands asdagitn CH

stretch (2800-3000mY) and P-O-C stretch (1028r?) remain constant. Compared with the organic
phase with identical initial aqueous HiGncentration, the third phase spectrum shows stronger
absorption at 128, 1310, 1653 and 3200-3500 ¢mmeflecting the fact that the third phase is enriched
in H.O, HNG; and TBP. Molecular dynamics simulation predict structures in accord with the
experimentally observed spectroscopic data, indicating inequivdd®@t molecules in the third

phase. The structures of the organic and third phases are more akin to micro-emulsion networks than
distinct, reverse micelles. Similarities with bi-continuous micro-emulsion piragies WinsorH|
classification of surfactant micro-emulsion systems are evident, although the current systm appe
to be characterised by phase co-existence between two isotropic bi-continuous micro-emulsion
phases. The results of our molecular dynamics analysis of the microstructure are in line vatls prev
Gaussian random wave representations of the micro-structure of bi-continuous stridtttires.
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Table 1. Equilibrium concentrations of 2, HNO; and TBP in the organic and third phases with

initial agueous HN@concentration of 15.8 M

Table 2. Major vibrational bands relevant to the HNTBP system

Table 3. Average numbers of hydrogen bonds between molecule pairs

Figure 1. Density of aqueous, organic and third phase in the systemy-HNO1 TBP / n-dodecane

as a function of the initial aqueous HEncentration

Figure 2. Equilibrium density of aqueous, organic and third phase for systems containing HGl, HNO
and HCIQ with 1.1 M TBP in n-dodecan&he data for each system refer to an initial acid

concentration immediately higher than that corresponding to the LOC.

Figure 3. Equilibrium HNGs, TBP and HO concentrations in the organic and third phase vs. the

initial aqueous HN®concentration

Figure 4. 3¥P-NMR spectra of organic (left) and third phase samples (right) of 16 MsHNOM

TBP/n-dodecane system

Figure 5. Suggested structure of the third phase ‘PBIRIO; hemi-solvates

Figure6. IR spectra of organic phase samples with initial aqueoussHN@entration of 2, 4, 6, 8,

10, 12 and 14 M (from bottom to top)

Figure 7. IR spectra of organic vs. third phase samples with initial aqueous Eiientration of

151 M

Figure 8. The snapshot of the organic phase system. TBP,sHIN®HO molecules are represented

in yellow, red and blue, respectively; n-dodecane molecules are not shown for clarity
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597  Figure9. The snhapshot of the third phase system. TBP, HiN@d HO molecules are represented in

598 vyellow, red and blue, respectively; n-dodecane molecules are not shown for clarity

599 FIGURESAND TABLES

600

601  Table 1. Equilibrium concentrations of 4, HNG; and TBP in the organic and third phases with

602 initial agueous HN®concentration of 15.8 M

Compound Concentration in the organic  Concentration in the third
phase, M phase, M
H.O 0.08 0.77
HNOs 0.68 3.15
TBP 0.74 1.57
603
604
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605  Table2. Major vibrational bands relevant to the HNTBP systent!

Assignment Frequency, cm
P-O-C stretch 1028
P=0 stretch 1282
NOO symmetric stretch 1304
NOO asymmetric stretch 1627
606
607
608
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609  Table 3. Average numbers of hydrogen bonds between molecule pairs

Molecule pair The light organic phase The third phase
TBP—-HNO; 231 619
TBP - H.0O 33 89
HNOs; — HNOs 4 284
HNOs; - H.0O 28 584
H.O - H.0O 4 20
610
611
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613  Figurel. Density of the aqueous, organic and third phases in the sydié@3:1.1 M TBP / n-

614  dodecane as a function of the initial HNéncentration in the aqueous phase

615

616

27



617

618

619

620

621

622

1.3 1 1 1 1 1
ITE 129 . n i
=) Third phase
%‘ 1.1 -
c
]
o
% 1.0 . - L
<
e | HNO3 | HCIO
§ 0.9 HC 3 4
S8
% [ ]
3084 i L

Organic phase u
0.7 T T T T T
1.0 11 1.2 13 1.4 15 16

Equilibrium density of the aqueous phase, g.ml™

Figure 2. Equilibrium density of aqueous, organic and third phase for systems containing HGl, HNO
and HCIQ with 1.1 M TBP in n-dodecan@he data for each system refer to an initial acid

concentration immediately higher than that corresponding to the LOC.

28



35 T T T T T T T T T T T T T T T T

304 = HNO, in third phase s
2_ 0 HNO, in organic phase ]
_§ 2.5 A TBP in third phase - .
g A TBP in organic phase ]
§ 204 H,O in third phase 4
§ H,O in organic phase R

1.5 Ad
5 .
é 10- A A A A A n n oS |
= . [m] A@
if o 8

0.5 i

O
0.0 L] T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16

Initial aqueous [HNO,], M
623

624  Figure 3. Equilibrium HNG;, TBP and HO concentrations in the organic and third phase vs. the

625 initial aueous HN@concentration
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648

649

650

651

Fig. 5. Suggested structure of the third phase PBIRO; hemi-solvates
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658  Figure?. IR spectra of organic vs. third phase samples with initial aqueous Eidf©entration of

659 15.1M
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663

664

3HNOHO molecules are represented

Figure 8. The snapshot of the organic phase system. TBP

665

-dodecane molecules are not shown for clarity

n

in yellow, red and blue, respectively;

666

667

668
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669

670

671  Figure9. The snapshot of the third phase system. TBP, Hid HO molecules are represented in

672  yellow, red and blue, respectively; n-dodecane molecules are not shown for clarity

673
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