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Liquid-liquid extraction is an essential chemical separations technique where polar solutes are extracted from an aque-
ous phase into a nonpolar organic solvent by amphiphilic extractant molecules. A fundamental limitation to the effi-
ciency to this important technology is third phase formation, wherein the organic phase splits upon sufficient loading
of polar solutes. The nanoscale drivers of phase splitting are challenging to understand in the complex, hierarchically
structured organic phases. In this study, we demonstrate that organic phase structure and phase behavior are funda-
mentally connected in a way than can be understood with critical phenomena theory. For a series of binary mixtures
of trialkyl phosphate extractants with linear alkane diluents, we combine small angle X-ray scattering and molecular
dynamics simulations to demonstrate how organic phase mesostructure over a wide range of compositions is dominated
by critical concentration fluctuations associated with the critical point of the third phase formation phase transition.
These findings reconcile many longstanding inconsistencies in the literature where small angle scattering features, also
consistent with such critical fluctuations, were interpreted as reverse micellar-like particles. Overall, this study shows
how organic phase mesostructure and phase behavior are intrinsically linked, deepening our understanding of both and
providing a new framework for using molecular structure and thermodynamic variables to control mesostructure and
phase behavior in liquid-liquid extraction.

I. INTRODUCTION

Liquid-liquid extraction (LLE) is a predominant chemical
separations technique1,2 widely used in industrial3 and bio-
logical applications,4 including the selective recovery of met-
als, such as platinum group elements,5 rare earth elements6–9

and actinides.10,11 In LLE, also called solvent extraction, tar-
geted solutes are transferred between two immiscible liquid
phases: typically, a polar aqueous phase and a nonpolar or-
ganic phase. Extraction of metal ions is facilitated by an am-
phiphilic extractant molecules that binds to the metal ion. The
resulting metal/extractant complex is soluble in the nonpolar
organic solvent, or diluent. Successful LLE processes often
operate with small solvation free energy differences between
phases for the targeted solutes.12 As a result, small energetic
contributions to solute distribution energetics are important to
consider when modeling and designing separations processes.

The challenging task of understanding subtle energetic
drivers of separations is a frontier of fundamental research
in chemical separations.13–18 One such energetic contribu-
tion results from aggregation of the amphiphilic extractant
molecules and extracted polar solutes in the organic phase.
This aggregation creates well-documented mesostructuring
in the organic phase, often studied with small angle X-ray
scattering (SAXS) or small angle neutron scattering (SANS),
which is widely attributed to the formation of reverse micellar-
like aggregates.19–22 As a result, colloidal models represent-
ing those aggregates fit to small angle scattering patterns are
a predominant means by which many important phenomena
and nonideal behaviors are explained.23–25 However, this ap-
proach has given rise to a variety of contradictory conclusions,
including: mesostructuring observed by small angle scattering

even in the absence of polar solutes needed to form water-
in-oil aggregates,26 unexpectedly large reverse micelle sizes
with a strong dependence on small changes in extracted so-
lute concentrations,27,28 and significant trends in reverse mi-
celle size with extractant concentration that are inconsistent
with alternative characterization techniques including NMR
diffusometry.29 In this study, we propose a fundamentally dif-
ferent origin to organic phase mesostructuring that resolves
these inconsistencies.

Another important consequence of aggregation in the or-
ganic phase is third phase formation, a liquid-liquid phase
transition were the organic phase splits into two phases, one
of which contains the majority of the extractant and extracted
solutes.23,30,31 This deleterious phase transition occurs upon
sufficient loading of polar solutes into the organic phase such
that the extractant/solute species are no longer soluble in the
nonpolar diluent. (Here, we consider just the organic phase,
such that third phase formation is the splitting of the organic
phase from one phase into two.) Third phase formation is a
processing impediment that fundamentally limits separations
efficiency by reducing the total amount of solutes that can be
extracted in a single contact. This liquid-liquid phase transi-
tion has an associated critical point,32 as illustrated in Figure
1.

In this study, we propose the mesostructure of the organic
phase is fundamentally linked to its phase behavior in a way
that can be understood with critical phenomena theory. We
consider binary extractant/diluent mixtures of a series of n-
alkane diluents with a series of common extractant molecules,
trialkyl phosphates,33–37 varying alkyl chain lengths of both
the extractant and diluent. By considering a wide chemical
and composition range, where we define the composition by
extractant volume fraction,38 ϕE, we use SAXS and molecular
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dynamics (MD) simulations to demonstrate the pervasive role
of critical concentration fluctuations in these model LLE sys-
tems. We propose that critical concentration fluctuations are
routinely misattributed to reverse micelle formation, and pro-
vide instead a new framework for understanding how compo-
sition and chemical variables control mesostructure and phase
behavior in LLE.

II. METHODOLOGY

A. Experimental

Samples for each trialkyl phosphate and alkane combina-
tion were prepared by volumetric addition of stock solutions.
The alkanes, tri-n-methyl phosphate (TMP) and tri-n-ethyl
phosphate (TEP) where purchased from Sigma-Alrich, tri-n-
propyl phosphate (TPP) from Phaltz and Bauer, tri-n-butyl
phosphate (TBP) from Fluka Analytical and tri-n-amyl phos-
phate (TAP) from TCI. Each reagent was used as-received.
SAXS measurements were performed at the Advanced Pho-
ton Source at beamline 12-ID-C39 using a 24 keV incident
X-ray energy. Data were collected with a Pilatus 2M detec-
tor with a sample-to-detector distance of 2.133 meters. Sam-
ples were loaded into 1.5 mm OD quartz capillaries and mea-
sured under ambient conditions with five one-second expo-
sures. Empty capillary scattering intensities were subtracted
from each measurement. Variable temperature measurements
were performed for the TEP/n-octane mixtures using a flow-
cell with a PID temperature controller with 0.1� C accuracy,
with five minutes of equilibration between measurements at 2�

C temperature steps. Atmospheric water content of the TEP
stock was determined with Karl Fischer titration, with masses
measured at 0.1 mg accuracy and averaged over three sample
injections.

B. Molecular dynamics

Trialkyl phosphate and diluent molecules were modeled
with the GAFF2 force field40 with charges fit using the AM1-
BCC method41 using Primadorac.42 Here, we scale the partial
atomic charges of the trialkyl phosphate extractants by a fac-
tor of 0.7. Charge scaling has been commonly applied in the
literature for tributyl phosphate modeled with AMBER-type
force fields.43–46 While the choice of scaling factor is em-
pirical, it results in good agreement of the computed SAXS
profiles with experimental data for each trialkyl phosphate ex-
tractant and composition considered. Force field parameters
are provided in the SI along with GROMACS topology files
for the extractant and diluent molecules. Water was modeled
with the TIP4P-ew model.47

The composition and size of each simulation is provided
in Table I. Simulations were conducted using the GRO-
MACS 2016 software package.48 Dynamics were propagated
with a leap-frog Verlet integrator49 using a 2 fs time step,
with hydrogen-containing bonds constrained with the LINCS

TABLE I. Simulation compositions and periodic box sizes.
Extractant Diluent ϕE Extractant Diluent Water Simulation box

num. num. num. length [Å]
— n-octane 0.0 — 3706 — 100.01

TEP n-octane 0.1 354 3335 — 100.08
TEP n-octane 0.2 707 2965 — 100.07
TEP n-octane 0.4 1415 2224 — 100.03
TEP — 1.0 3537 — — 99.82
TEP n-octane 0.2 707 2965 22 100.09
TEP n-hexane 0.3 1061 3204 — 99.86
TPP n-hexane 0.3 815 3204 — 99.85
TBP n-hexane 0.3 659 3204 — 99.77
TAP n-hexane 0.3 549 3204 — 99.61

algorithm.50 A 1.5 nm cutoff was used for short-range elec-
trostatic and van der Waals interactions, with Particle-Mesh
Ewald summation used for long-range electrostatics.51 Initial
configurations, generated using Packmol,52 were energy min-
imized with a steepest descent algorithm. After energy mini-
mization, 5 ns of NPT equilibration was conducted with pres-
sure set to 1 bar using the Berendsen barostat53 with a 2 ps
coupling time and temperature set to 300 K using the veloc-
ity rescale thermostat53 with a 0.2 ps coupling time. This was
followed by 10 ns of NVT equilibration and 100 ns of NVT
production using the Nosé-Hoover thermostat54 with temper-
ature set to 300 K using a 0.2 ps coupling time. Simulations
were sampled for radial distribution function (RDF) analysis
at 10 ps intervals, while SAXS patterns were computed using
the gmx saxs tool with 1 ns sampling intervals.

III. RESULTS

A. The trialkyl phosphate/n-alkane phase diagram

An overview of the phase behavior of the different combi-
nations of trialkyl phosphate extractants and alkane diluents
is provided in Figure 1. We consider a series of extractant
alkyl tail lengths from one to five carbon atoms long: TMP,
TEP, TPP, TBP and TAP. Similarly, we consider four n-alkane
diluent chain lengths, from n-hexane to n-dodecane. Molecu-
lar structures for TBP and TEP are given in Figure 1. While
we consider TEP mixtures with all diluents, the remaining ex-
tractants are mixed only with n-hexane. Compositions of each
extractant and diluent pair are made with ϕE increments of 0.1.

Overall, miscibility of the phosphate/alkane mixtures in-
crease with increasing phosphate alkyl chain length or de-
creasing diluent chain length. Consistent with literature
reports,55,56 we find that TMP is not miscible with any of the
diluents under ambient conditions except in very small quan-
tities of TMP or the diluent. The miscibility of TEP with the
alkane series depends on alkane chain length, with TEP fully
miscible in n-hexane and n-octane. A miscibility gap at room
temperature exists for TEP and n-decane, where a two-phase
region is observed between ϕE = 0:1 and ϕE = 0:8. Of the
volume fractions considered, TEP was only miscible with n-
dodecane at ϕE = 0:9. Meanwhile, TPP, TBP and TAP are
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FIG. 1. Schematic phase diagrams are shown for each trialkyl phosphate with n-hexane (left) and each diluent with TEP (center). Phase
boundaries for each molecule are labeled, with molecular structures shown for TEP, TBP and n-hexane. Phase boundaries are drawn with solid
lines, with critical points as hollow circles and truncated Widom lines as dashed lines. The room temperature isotherm is drawn as a dotted
gray line. The SAXS patterns are shown for TEP/n-octane mixtures at 22� (right).

fully miscible with n-hexane.

B. TEP/n-octane: critical fluctuations in the single-phase
region

First, we consider the extractant/diluent mixture whose
room temperature compositional isotherm passes closes to its
critical point: TEP/n-octane. The SAXS intensities, I(Q), ver-
sus scattering vector, Q, were measured a function of temper-
ature from 30� C to 10� C in increments of 2� C. The SAXS
patterns at room temperature (taken to be 22� C) are plotted
in Figure 1; the data for all temperatures are shown in Fig-
ure S1. From this data, strong scattering is evident for mid-
dling values of ϕE. We verify this scattering is consistent with
classical Ornstein-Zernike scattering by generating so-called
Ornstein-Zernike plots, which plot I(Q)�1 as a function of Q2,
for each composition and temperature, shown in Figure S2.
The Ornstein-Zernike plots are linear for each mixture, indi-
cating that the low-Q scattering is consistent with classical
Ornstein-Zernike behavior.57 Therefore, for a given tempera-
ture, we fit the scattering profiles with

I(Q) =
I0

1 +(Qξ )2�η
+ B; (1)

where B is the background scattering and η is the so-called di-
mensional anomaly exponent,58 which is typically small32 and
we take to be zero for this study. To determine the Ornstein-
Zernike correlation length, ξ , and scattering at zero wavevec-
tor, I(Q=0) or I0, for each temperature and composition (fits
for each composition and temperature are shown in Figure
S1). The temperature series of SAXS patterns for ϕE = 0:4

and fitted correlation lengths for all compositions and temper-
atures are plotted in Figure 2.

While different structural features can create Ornstein-
Zernike-like scattering, critical fluctuations follow certain
scaling relations.59,60 These scaling relationships relate cer-
tain quantities near the critical point to the reduced tempera-
ture. For systems in the same universality class, characterized
by having the same critical exponents, their behavior is same
once the temperature is scaled to their respective critical tem-
peratures. For properties accessible from SAXS, these scaling
relationships include

ξ (T ) ∝ (T � TC)�ν (2)

and

I0(T ) ∝ (T � TC)�γ ; (3)

where TC is the critical temperature. These critical exponents
are related through the Fisher identity:59,61

γ = ν(2 � η): (4)

For the TEP/n-octane system, ξ and I0 are plotted versus
T � TC for three compositions in Figure 3. The composition
nearest to the critical composition, ϕE = 0:4, with TC esti-
mated as 12.5 �C, shows scaling behavior over the entire tem-
perature range consistent with the 3D Ising universality class,
where ν=0.63 and γ=1.24.62 At lower and higher TEP vol-
ume fractions (further away from the critical point) the scal-
ing deviates from the theoretical prediction, although critical
fluctuations still dominate the organic phase structure. Small
deviations from the theoretical scaling at low reduced temper-
atures even for ϕE = 0:4 would be improved with finer com-
position resolution. Overall, the scaling observed here defini-
tively shows that mesostructuring in these systems is the result
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FIG. 2. The SAXS pro�les for each temperature are shown in the left panel for TEP/n-octane withj E = 0:4. The Ornstein-Zernike correlation
lengths are shown overlayed (center panel) and with staggered temperatures to highlight the ridge of correlation length maxima (right panel)
for each miscible composition (lines are truncated upon reaching two-phase region) from 10� to 30� .

of critical �uctuations, and not non-critical scattering of some
other structural motif, such as reverse micellization, that also
might also produce Lorenztian-like low-Q scattering.

The Ornstein-Zernike correlation length provides informa-
tion about the location of each sample relative to the phase di-
agram. From Ornstein-Zernike theory, the correlation length
is the characteristic length over which critical concentration
�uctuations decay.57 At the critical point, the correlation
length diverges as concentration �uctuations become macro-
scopically large. From the correlation lengths shown in Fig-
ure 2, it is evident that the critical point lies nearj E = 0:4.
Below 14� C, the organic phase splits into two phases for
most compositions; SAXS data for these samples are omitted.
While the correlation length depends on proximity to the crit-
ical point, correlations lengths decay differently from the crit-
ical point in temperature and composition dimensions. Fig-
ure 2 shows a ridge of correlation length maxima that extends
into the single-phase region. This ridge follows the locus of
correlation length maxima, called the Widom line, which has
been widely reported for liquid-vapor and liquid-liquid critical
points in various unary63–74and binary systems.75 Therefore,
changes to organic phase composition, such as increasing ex-
tractant concentration, can increase or decrease the correlation
length depending on whether the system is on the high-density
or low-density side of the Widom line.

C. Impact of extractant and diluent chain lengths

Molecular structure of the extractant and diluent
molecules are empirically understood to affect third phase
formation.30,36,76We now show how the impact of structural
changes on phase behavior can be understood by considering
the critical �uctuations. Critical �uctuations relate the
mesostructure of the organic phase to its phase behavior,
such that changes to, e.g., the observed correlation lengths
can show how the location of the phase envelope responds
to a change in molecular structure. The effect of diluent

FIG. 3. Plots ofx (left) andI0 (right) versus (T � TC) are shown for
j E = 0:3 to 0.5 for the TEP/n-octane mixture. Critical scaling for the
3D Ising model is plotted for comparison with a red dotted line.

chain length on SAXS patterns is shown for TEP in Figure
4. Low-Q scattering increases fromn-hexane ton-octane as
the compositional isotherm approaches the critical isotherm
(as illustrated in Figure 1), before it intersects the miscibility
gap for a wide range of volume fractions forn-decane and
n-dodecane. The effect of extractant tail length is shown
in the scattering pro�les for each trialkyl phosphate with
n-hexane in Figure 5 (with three-dimensional plots in Figure
S4). While none of these mixtures intersect the two-phase
region at room temperature, the long-range concentration
�uctuations evident with TEP are suppressed as the extractant
chain length increases. Thex values for each composition are
plotted in Figure 6, along with overlayed SAXS pro�les for
j E = 0:3 to highlight how changes to extractant and diluent
chain lengths affect low-Q scattering. For TBP and TAP, most
SAXS pro�les do not show Q-dependent behavior at low-Q,
with the few compositions exhibiting Ornstein-Zernike-like
features providing weakx values that are less reliably ob-
tained through �tting. Instead, differences in I0 far from the
critical point are dominated by non-critical electron density
differences related to the isothermal compressibility77,78 and
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FIG. 4. The SAXS patterns are plotted for miscible mixtures of TEP
with eachn-alkane for each miscible composition.

FIG. 5. The SAXS patterns are plotted for all mixtures of each tri-
alkyl phosphate withn-hexane.

scattering contrast of the binary mixture.79

Overall, we �nd that the extractant and diluent chain
lengths strongly impact the strength of the critical �uctuations
under ambient conditions. As these are binary mixtures, the
critical behavior is, as expected, consistent with the (binary)
3D Ising model: only a single length scale diverges at the
critical point. That length scale corresponds to concentration
�uctuations of the single binary composition variable, which
we de�ne by j E. Therefore, changes to molecular structure
would not affect the nature of the critical �uctuations, such as
their scaling; instead, they move the critical point by shifting
TC or the critical composition. This is evident in the com-

parison of the location of correlation length maxima between
mixtures. As shown in Figure 6, we �nd that the location
of the correlation length maximum shifts to lower extractant
volume fraction with decreasing diluent chain length and in-
creasing extractant chain length. That is, systems that are fur-
ther from their critical points have correlation length maxima
at lowerj E. This results from some combination of changes
in the critical composition between different mixtures and the
negative slope of the Widom line, as illustrated schematically
in Figure 1. The latter is consistent with literature reports of
other systems that also featuring negative slopes of their lines
of rectilinear diameter.58,63,64,74. The degree to which each
of these contributes is not easily determined from the present
data and would require an increased temperature range and
�ner resolution inj E.

D. Molecular dynamics and organic phase structure

The previous sections demonstrated how mesostructuring
in these LLE systems is consistent with critical concentration
�uctuations and how chemical structure can control this criti-
cal behavior. However, critical �uctuations are generic and do
not necessitate or preclude any speci�c underlying nanostruc-
ture of the particles experiencing those �uctuations. That is,
the fundamental “building block” unit whose self-association
drives the phase separation and associated critical �uctuations
cannot necessarily be inferred from the critical �uctuations
themselves. Instead, to identify the origins of the critical �uc-
tuations, we analyze molecular dynamics simulations for a
subset of the extractant/diluent combinations, provided in Ta-
ble I. First, to validate the simulations, we show that the sim-
ulation potentials are capable of reproducing the experimental
SAXS patterns over a wide range of chemical and composi-
tional space. Figure 7 compares experimental and simulation-
calculated scattering pro�les for each extractant inn-hexane
with j E = 0:3, and Figure 8 shows the same for a series of
TEP volume fractions inn-octane. Simulations show that the
small amounts of atmospheric water remain dispersed in solu-
tion and only slightly impact the scattering patterns (see Sup-
porting Information). Overall, scattering features at low- and
high-Q, including trends between systems, are in good agree-
ment with the experiments.

With SAXS-validated MD models, we now investi-
gate nanosctructure from the simulations to understand the
molecular-scale origins of the Ornstein-Zernike scattering.
Snapshots of the TEP/n-hexane mixture atj E = 0:3 and the
TEP/n-octane mixture atj E = 0:2 are shown in Figure 9
with the phosphate head groups depicted with a surface rep-
resentation to illustrate amphiphile self-association. From the
snapshots, clustering of the amphiphiles is clear, with extrac-
tant concentration heterogeneities extending beyond 10 Å. No
dominant structural motif, such as micellization, is apparent.
At low concentration, we expect weak dimerization of the
extractant,80–85but isolation of dimers from the more densely
packed solutions at the higher concentrations considered here
is not meaningful. Whilex is �t from the total scattering, it is
dominated by the electron density contrast between the polar
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FIG. 6. The Ornstein-Zernike correlation lengths are plotted for TEP in each alkane diluent (left) and for each trialkyl phosphate inn-hexane
(center). (The values forj E = 0:1 TEP/n-octane and TEP/n-decane are nearly overlapping.) On the right, SAXS pro�les are shown for
j E = 0:3 for each miscible mixture.

FIG. 7. Experimental SAXS patterns (left) are compared to
simulation-calculated SAXS patterns (right) for each trialkyl phos-
phate inn-hexane atj E = 0:3.

FIG. 8. Experimental SAXS patterns (left) are compared to
simulation-calculated SAXS patterns (right) for �ve compositions of
the TEP/n-octane mixture.

head group of the extractant and the aliphatic regions of the
solution composed of extractant tails and diluent. On the low-
density side of the Widom line, where separations typically
operate, we expect this clustering of the extractants to create
the Ornstein-Zernike scattering.

To create a microscopic description of the critical scatter-
ing, we consider the phosphorus-phosphorus (P-P) atom-atom

RDFs, g(r), plotted in Figure 9 for each simulation. Sys-
tems with largex show slow decay of P-P correlations over
tens of Å, while the RDFs for systems without strong crit-
ical concentration �uctuations decay quickly to unity. The
slow damping of the RDFs for systems with strong critical
scattering is consistent with classical Ornstein-Zernike theory,
in which the total density-density correlation function decays
asr � 1e� r=x .57,86 To show TEP-TEP correlations are consis-
tent with this theory, we �t the long-range decay of the P-
P RDFs from systems featuring strong low-Q scattering to
r � 1e� r=x + C, whereC is a constant, shown in Figure 10.
While the �tted correlation lengths are sensitive to the choice
of the minimumr value of the �t range due to the strong oscil-
lations ing(r) (here, we �t from 15 Å� r � 40 Å), the trends
in these P-P correlations lengths are consistent with those ob-
tained from �tting the SAXS patterns. For the TEP/n-octane
mixtures,x values �tted from the simulation RDFs forj E =
0.1, 0.2 and 0.4 are 9.3, 16.1 and 31.8 Å, respectively, com-
pared to values of 5.8, 11.4 and 22.1 Å from Ornstein-Zernike
analysis of the experimental SAXS patterns. Forj E = 0.3
TEP inn-hexane, the RDF �t provides a value of 11.4 Å com-
pared to 11.7 Å from SAXS. Even though the experimental
x is �t from the total scattering, comparison to P-P correla-
tions highlights how the Ornstein-Zernike scattering can be
approximately understood with this simple and intuitive de-
scription of real-space structuring. This straightforward rela-
tionship between scattering and nanostructure will be essen-
tial for investigating critical �uctuations in systems of increas-
ing complexity.

IV. DISCUSSION

In this study, we demonstrated how critical concentration
�uctuations dominate organic phase mesostructuring in the
single-phase region for a series of trialkyl phosphate/n-alkane
mixtures. This behavior is not simply of esoteric interest to
this model system. We previously noted similar behavior in
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FIG. 9. The P-P atom-atom RDFs are plotted for each simulation, with TEP/n-octane systems in the top panels and trialkyl phosphate/n-hexane
mixtures in the bottom panels. The rightmost plots enlarge the portion of the RDFs showing long-range behavior. In the snapshots on the
right, TEP concentration �uctuations are drawn with surface representations of the head groups of each TEP molecule, de�ned by their P atom
positions. The diluent is not depicted for clarity.

FIG. 10. The long-range decay of the P-P RDFs are �t over the
range ofr from 15 to 40 Å for the TEP/n-octane mixtures (left) and
the TEP/n-hexane mixture (right).

binary mixtures with malonamide extractants87 and Ornstein-
Zernike scattering is widely reported for other types of binary
mixtures encountered outside of chemical separations.88–92

Importantly, a recent study of the critical point for a complex,
5-component LLE system that included extractant and diluent
as well as extracted acid, water and metal salts found pseudo-
binary behavior with critical exponents that are also consistent
with the 3D Ising model.32 Therefore, because both simple
and complex organic phases feature binary 3D Ising-like crit-

ical �uctuations, we expect the observations made here apply
to a wide range of LLE systems. Speci�cally, we hypothesize
that the extracted polar solutes that drive third phase formation
increaseTC by enhancing the polarity of the amphiphilic ex-
tractant molecules through complexation, having a similar ef-
fect on critical �uctuations as the molecular structural changes
we systematically investigated here. That is, we propose that
extracted solutes and the molecular structures of the extrac-
tant and diluent molecules have analogous roles in promoting
or inhibiting critical �uctuations. This is consistent with the
evolution of scattering patterns reported in the literature for
malonamide extraction of water93 as well as TBP extraction
of water and increasing amounts of acid94 when compared to
the results reported here.

The prevalence of critical �uctuations in the single-phase
region explains a wide range of anomalous results and incon-
sistent interpretations of small angle scattering data reported
for a variety of LLE organic phases. Many LLE processes
operate relatively near to their critical compositions, with typ-
ical extractant volume fractions nearj E = 0:3.95 Maximiz-
ing polar solute loading drives the system further towards
the phase boundary and, as a result, closer to the critical
point. Lorentzian-like low-Q scattering patterns are widely
reported in the LLE literature for organic phases and are typ-
ically �t with colloidal models.20,21,23,94,96–113However, crit-
ical �uctuations also create Ornstein-Zernike scattering hav-
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ing the form of a Lorentzian, and inconsistencies arise when
colloidal models are �t to those critical �uctuations. Large
particle sizes resulting, potentially, from strong apparent criti-
cal �uctuations have been reported for a wide range of LLE
organic phases,97,99,109,111,114,115including: formation TBP
130-mers upon extraction of uranyl and plutonium ions,27 230
Å-long TBP aggregates upon extraction of zirconium,101 183
Å-long TBP aggregates upon extraction of HCl in the ab-
sence of metals,116 reverse micellar 50-mers115 and 600 Å-
long ellipsoidal reverse micelles28 from malonamide extrac-
tion of lanthanides from acidic media, and 400 Å-long digly-
colamide reverse micelles.117 As the length scale measured
by the Ornstein-Zernike relation corresponds to the long-
range decay of correlations between particles in solution, at-
tribution of critical concentration �uctuations to particle size
is not physically meaningful. Instead, those particles and
their critical �uctuations should be distinguished. The struc-
tural characteristics of the particles undergoing those concen-
tration �uctuations—whether they are individual extractant
molecules as observed here or discrete metal-extractant com-
plexes or something else—are expected to vary between LLE
systems even while the critical scaling is universal.60

The studies on organic phase structure mentioned above
highlight how dominant critical �uctuations are across a wide
range of common LLE systems. However, we hypothesize
that critical �uctuations dominate organic phase structure even
in those systems that are less close to the critical point where
their presence is less obvious. While the aforementioned large
particle �ts are sometimes met with appropriate skepticism,27

it is often challenging to identify critical contributions to scat-
tering farther from the critical point where the observed length
scales are more congruous with anticipated metal-extractant
complex sizes. However, upon considering trends in scatter-
ing behavior with, e.g., extractant concentration, the role of
more subtle critical concentration �uctuations may become
apparent. In a critical evaluation of colloidal model �tting,
Baldwin et al. found substantially increased Baxter hard
sphere with surface adhesion particle sizes for TBP extrac-
tion of uranyl nitrate withj E = 0:3 for TBP compared to
j E = 0:2. That study identi�ed that these results were in-
consistent with NMR diffusometry data, which revealed con-
sistent metal-extractant complex sizes between extractant vol-
ume fractions. This anomalous result is naturally explained by
considering the critical contribution: the Widom line extends
into the single-phase region from the critical point, presum-
ably nearj E = 0:4, and increasing the extractant composition
from j E = 0:2 to j E = 0:3 brings the system closer to the cor-
relation length maximum. As a result, particle sizes �t from
scattering appear to increase, while in fact metal-extractant
complexes remain the same size as the characteristic length-
scale of their critical �uctuations increases instead. This ex-
ample highlights the importance of a more global perspective
on the phase diagram to disentangle structural contributions
from critical �uctuations extending aboveTC and away from
the critical composition.

Lastly, we note the important role that molecular sim-
ulation has taken in recent studies of organic phase
aggregation.26,29,118Ornstein-Zernike scattering is a generic

behavior that does not guarantee or preclude any speci�c
nanoscale structuring. The lack of a priori assumptions about
organic phase structure make atomistic modeling an ideal
technique to help interpret experimental small angle scatter-
ing data. As an independent route to investigating solution
structure, simulation will continue to be an essential tool for
separating any potential underlying nanostructure from criti-
cal concentration �uctuations. Furthermore, concepts applied
to nonideal binary mixtures that feature critical concentration
�uctuations88–92may provide robust methods for understand-
ing LLE organic phases.

V. CONCLUSION

Solution structure and phase behavior are essential aspects
of LLE, yet they remain poorly understood. In this study, we
demonstrated how organic phase mesostructure is dominated
by critical concentration �uctuations over a wide chemical and
composition space for binary mixtures of trialkyl phosphate
extractants with alkane diluents. The scaling of these critical
�uctuations, as measured with SAXS, was consistent with the
critical exponents of the 3D Ising model, while MD simula-
tions provided a molecular-level description of these �uctu-
ations. From these results, we propose a new understanding
of the origins of organic phase mesostructuring, where critical
phenomena theory can provide a direct connection between
thermodynamic variables, solution structure and phase behav-
ior. We expect this dominance of critical �uctuations in the
single-phase region to apply to a wide range of LLE systems,
including organic phases with increased complexity, such as
extracted polar solutes. For example, the critical behavior of a
many-component LLE organic phase shows remarkable sim-
plicity: critical �uctuations diverge with a single length scale,
with critical exponents that are also consistent with the 3D
Ising model,32 just as we observe here for binary mixtures.
Therefore, as the critical �uctuations for complex LLE sys-
tems are de�ned by a binary composition variable, signi�cant
insight into the critical behavior of LLE systems can be ob-
tained from considering binary extractant/diluent mixtures.

These observations suggest the widely reported Ornstein-
Zernike-like scattering in many LLE organic phases, which
are commonly cited as evidence for the formation of re-
verse micellar-like aggregates, may instead result from crit-
ical concentration �uctuations. This new explanation for or-
ganic phase mesostructure is able to reconcile many appar-
ent inconsistencies and unphysical results in the literature
that were obtained from �tting colloidal models represent-
ing those reverse micelles to small angle scattering patterns.
Future studies of organic phase structure should distinguish
the contributions of critical �uctuations from the underly-
ing nanostructure of the species experiencing those concen-
tration �uctuations—whether individual extractant molecules,
metal-extractant complexes, water-in-oil aggregates that more
closely resemble reverse micellar particles, or some other
structural motif. The role of critical �uctuations in the ther-
modynamics of solute extraction is not yet clear, but previ-
ously reported correlations between organic phase mesostruc-
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turing and separations ef�cacy13 suggest a signi�cant impact
is plausible. Overall, this study demonstrates the importance
of a global perspective on LLE phase diagrams and provides
a framework to understand how chemical and thermodynamic
properties control organic phase mesostructure and phase be-
havior.

SUPPLEMENTARY MATERIAL

See supplementary material for additional supporting data:
simulation potentials and GROMACS topology �les, �tted ex-
perimental SAXS pro�les and Ornstein-Zernike plots, and a
comparison of wet and dry simulation-calculated SAXS pro-
�les.
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