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Abstract

Organic phase structure plays an important role in solute extraction energetics

and phase behavior of liquid-liquid extraction (LLE) systems. For a binary extrac-

tant (amphiphile)/solvent mixture of relevance to LLE, we find that the organic phase

mesostructuring is consistent with extractant concentration fluctuations as the compo-

sitional isotherm traverses the Widom line above its liquid-liquid critical point. This

reveals a different mechanism for the well-documented heterogeneities in LLE organic

phases that are typically attributed to micellization.
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Liquid-liquid extraction (LLE) is a chemical process used for the selective recovery of

target materials from complex chemical matrices, such as metals from dissolved ores.1 The

distribution of components between immiscible liquid phases, such as oil and water, is

driven by differences in solvation free energy between the two phases. Polar components are

transferred to the nonpolar organic phase by complexation with amphiphilic “extractant”

molecules. Given that effective separations often operate on relatively small free energy

differences between phases, including on the order of thermal energy, minor energetic con-

tributions are relevant for modeling and designing successful separations processes. Among

such contributions are those originating from the mesoscale structure of the oil phase, driven

by aggregation of the amphiphilic extractant molecules and extracted polar solutes.2–6 Or-

ganic phase aggregation also impacts third phase formation, which is a deleterious, efficiency

limiting phenomenon wherein the organic phase becomes sufficiently loaded with extracted

polar components that the amphiphile/solute aggregates are no longer soluble in the organic

solvent. The organic phase then splits into “light” and “heavy” phases, the latter of which

contains the majority of extracted species.7–10

Despite its importance for process design, the fundamental drivers of organic phase

mesostructure are poorly understood. In this study, we consider a simplified binary extrac-

tant/solvent mixture without extracted water or aqueous solutes whose behavior is relevant

to more complex systems. Generally, LLE systems are treated as microemulsions, where the

amphiphilic extractant molecules form reverse micelles in the organic phase with aqueous

constituents extracted into their polar cores.2,7 The primary evidence for this description

is the small angle X-ray scattering (SAXS) behavior of the organic phase at low scattering

vector, q, which is consistent with scattering patterns expected for reverse micellar systems.

The mesostructure of the organic phase is typically quantified by fitting small angle scat-

tering patterns with colloidal models representing those reverse micelles.2,7,11,12 However, it

was recently reported that a series of binary malonamide extractant/alkane solvent organic

phases show the scattering features typically attributed to micellization despite a lack of
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water (or other polar solutes) or any microemulsion-like nanostructure.13 This suggests a

new—or complementary—explanation of organic phase mesostructure may be needed.

In this study, we propose that the structure evident in SAXS comes from concentration

fluctuations related to the critical point of the binary malonamide/alkane mixture. While

LLE systems contain aqueous and organic phases, here we consider just the organic phase,

such that demixing of the organic phase into two phases is analogous to third phase forma-

tion. The so-called Widom line is the locus of maxima of the correlation length, ξ, emanating

from the critical point into the single phase region, as illustrated in Figure 1. The correlation

length diverges at the critical point while the strength of its maximum along the Widom

line decays with increasing temperature above the critical temperature, TC . The Widom

line has been identified for liquid-vapor critical points in single-component systems for small

molecules14–16 and model potentials17,18 as well as for the liquid-liquid critical points (LL-

CPs)19 including supercooled water.20–25 Compared to liquid-vapor critical points, LLCPs

more often occur near ambient conditions and the effects of the critical point on thermo-

dynamic properties of the solution extend farther from the critical point.26,27 Therefore, we

might expect a similar behavior of the correlation length for an isotherm spanning the am-

phiphile concentration range in the single phase region for the binary mixture studied here:

N,N ’-dimethyl,N,N ’-dibutylpentylmalonamide (DMDBPMA)/n-dodecane.

Here, we choose DMDBPMA for its reduced lipophilicity and resulting proximity to

the third phase formation phase boundary: the DMDBPMA/n-dodecane organic phase

splits simply upon contact with water over a wide extractant concentration range.28,29

Self-association of DMDBPMA in n-dodecane is consistent with commonly used malon-

amide extractants featuring longer alkyl tails and increased lipophilicity, including N,N ’-

dimethyl,N,N ’-dibutyltetradecylmalonamide (DMDBTDMA).13 Therefore, the conclusions

drawn here about DMDBPMA/alkane binary mixtures are expected to apply to other mal-

onamides; the scattering features observed for DMDBPMA are analogous as well to those

of other malonamide extractants.13 In this study, we combine molecular dynamics (MD)
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simulations (see Supporting Information) with SAXS data from ref. 28 to demonstrate that

the electron density fluctuations observed for these systems in the low-q scattering region

are consistent with critical fluctuations manifested away from the LLCP rather than micel-

lization.

The compositional isotherm at room temperature is defined by DMDBPMA mole frac-

tion, χM. Figure 1 shows the trends in simulation structures and experimental SAXS pat-

terns28 along that isotherm. With increasing DMDBPMA concentration, the SAXS peak

near q≈0.6 Å, which results from alkyl tail spacing of the malonamide head groups,13 in-

creases as the solution becomes more densely packed. The low-q intensities that result from

the long-range fluctuations in malonamide concentration increase with concentration at low

χM before decreasing after χM = 0.33. The experimental SAXS data28 are compared to

SAXS patterns calculated from the corresponding simulation trajectories in Figure 2. (Pat-

terns for the remaining simulations are given in the Supporting Information.) The good

overall agreement in the SAXS trends between the experiment and simulations lend con-

fidence to the interpretation of solution structure from the simulations. The agreement is

worst at χM = 0.42, particularly in the low-q region. We suspect this is a finite size ef-

fect: doubling the linear dimension of the simulation box for that mole fraction significantly

improves the low-q behavior of the simulation SAXS pattern.

Amphiphile organization is evident from the simulation trajectories, with snapshots for

three systems shown in Figure 1. At low concentration, DMDBPMA monomers dominate,

with only a small degree of self-association. For moderate, process-relevant concentrations,

significant malonamide aggregation occurs and solution heterogeneity is visually apparent.

At high concentration, polar regions of DMDBPMA head groups and nonpolar regions of

aliphatic tails and solvent are interspersed in a bicontinuous-like fashion. Malonamide self-

association is quantified by cluster analysis, an intuitive description of amphiphile aggrega-

tion that is accessible from simulation trajectories,13,30–34 described in the Supporting Infor-

mation. Cluster size distributions are plotted in Figure 3. At low DMDBPMA concentration,
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𝟀M = 0.03 𝟀M = 0.13 𝟀M = 0.59

Figure 1: On the top row, snapshots are shown for χM = 0.03, 0.13 and 0.59 simula-
tions. Surface representations of the malonamide molecules are drawn in blue, using the
amide-bridging carbon atom positions, with solvent omitted for clarity. A snapshot of a
DMDBPMA molecule is shown below, with nitrogen atoms drawn in blue, oxygen in red
and carbon in white with hydrogen atoms not depicted. On the bottom left plot, the com-
positional isotherm studied here is shown with relevant features of the phase diagram. The
relative positions of the critical point, reduced temperature of the isotherm, liquid-liquid
coexistence curve, Widom line and percolation line are schematic. The bottom right plot
shows SAXS patterns along the isotherm (from Bauduin et al.28) with arrows highlighting
trends in the scattering features with increasing χM.
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Experiment (Bauduin et al.)
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Figure 2: Experimental SAXS patterns from Bauduin et al.28 (left) are compared to SAXS
data calculated from simulation trajectories (right). Simulation data for 10 nm periodic
cubic box lengths are drawn with solid lines, and data for the 20 nm box length with a
dashed line.

the cluster sizes are exponentially distributed. Then, near χM = 0.19, the distribution tran-

sitions to a power law. These power law distributions have slopes that are consistent with

percolation of the DMDBPMA network: overlayed on the cluster size distributions in Figure

3 is a power law distribution with the percolation Fisher exponent, τ = 2.19, for the cluster

size distribution in three dimensions.35 After increasing χM further, the system-spanning

cluster dominates, manifested as a narrow peak at large cluster size, in dynamic equilibrium

with small, discrete clusters.

Cluster analysis reveals a lack of any distinct microemulsion-like structures that would

have a characteristic aggregate size, which would manifest as a maximum in the distribution

at the associated cluster number.36 For this system, colloidal model fitting has suggested

aggregate numbers of 3-4.28 Instead, continuous transitions in clustering and SAXS features

are observed between exponential and power law distributions that lack such characteristic

cluster numbers, with the only maxima corresponding to the spanning cluster in percolating

systems. This is consistent with the lack of clear critical aggregation concentrations in
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Figure 3: The left plot shows the DMDBPMA cluster size distributions for each DMDBPMA
mole fraction. On the right, the cluster size distributions are plotted for the 3D Ising model
on a simple cubic lattice for different fractions of spin up sites. A power law distribution
with the Fisher exponent τ = 2.19 is overlayed with a dotted red line.

malonamide organic phases.3 We find that malonamide aggregation in these systems are

more analogous to clustering in the 3D Ising model (details of calculations in Supporting

Information). Figure 3 shows cluster size distributions of one spin type for the 3D Ising

model on a simple cubic lattice with fixed spin fractions, with fractions of that spin type

varied along an isotherm above the critical temperature. Across the series of fixed spin up

fractions—in analogy to the series of DMDBPMA mole fractions—we observe remarkably

similar cluster size distributions, demonstrating that DMDBPMA clustering is qualitatively

captured by a simple correlated lattice model.

Given the lack of characteristic aggregate sizes, an alternative explanation for the long-

range fluctuations observed at low-q in the SAXS data is needed. The SAXS intensity, I(q),

at low-q shows classical Ornstein-Zernike behavior,37 described by

I(q) =
I(0)

1 + (qξO-Z)2
+B, (1)

8



where ξO-Z is the Ornstein-Zernike correlation length, B is the background scattering. Devi-

ation of the (qξO-Z)2−η exponent by η, the “dimensional anomaly” exponent,38 is neglected.

We plot this correlation length for each experimental SAXS profile in Figure 4 by fitting the

scattering intensities at the low-q region, with fits shown in Figure S4. A maximum in the

correlation length occurs between χM = 0.13 and 0.33, before decaying slowly at higher mole

fractions. This behavior of the correlation length is consistent with the isotherm traversing

the single phase region above the critical point, as illustrated in Figure 1, with the isotherm

crossing the Widom line at the maximal value of ξO-Z, between χM = 0.13 and 0.33. The

critical point is expected to occur at χM < 0.5 due to the asymmetry in molar volumes of

the binary DMDBPMA/n-dodecane mixture. Insofar as the Widom line is a continuation

of the line of rectilinear diameters,14,15 a negative slope in the χM− T phase diagram might

be anticipated, as illustrated in Figure 1. Both of these are consistent with the χM range of

the observed ξO-Z maximum.
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Figure 4: The SAXS Ornstein-Zernike (ξO-Z) (blue squares for DMDBPMA, black triangle
for DMDBTDMA) and MD cluster (ξcluster) correlation lengths are plotted across the range
of DMDBPMA mole fractions. The red cross corresponds to the 20 nm simulation box, and
the red circles to the 10 nm simulation boxes.

A connection between the Ornstein-Zernike correlation length and simulation clustering
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is desirable: it would link the former, an experimentally observable feature of interest, to the

latter, a physically intuitive description of solution structure that is commonly applied to

quantify extractant aggregation.13,33,34 To that end, we compute a cluster correlation length,

ξcluster from the malonamide clusters to qualitatively compare with ξO-Z. Here, ξcluster is

defined for N total molecules by

ξ2cluster =

N∑
i<j

′δijr
2
ij

N∑
i<j

′δij

, (2)

where rij is the distance between molecules i and j with δij being unity if the molecules

are on the same cluster and zero otherwise.35 The prime denotes that when a spanning

cluster is observed (for χM ≥ 0.25), the contribution of the largest cluster is excluded from

the summation.39,40 The average ξcluster values are plotted for each system in Figure 4. As

with ξO-Z, ξcluster shows a maximum at low χM before decaying to zero at χM = 1 when all

molecules exist on the same system-spanning cluster.

While ξO-Z and ξcluster show qualitative similarities as they both stem from malonamide

self-association, there are clear differences between the two properties across the composition

range. At high DMDBPMA mole fraction, ξcluster is consistently smaller than ξO-Z. This

results primarily from the DMDBPMA cluster connectivity definition, which produces edges

between weakly interacting malonamides, merging them into the system-spanning cluster

at high concentration, reducing the correlation length. Also apparent is that the maximum

value of ξcluster is larger than the maximum of ξO-Z. This is primarily because ξcluster diverges

(or, would for an infinitely large system) with the divergence in the mean cluster size at the

percolation threshold.35 Meanwhile, ξO-Z simply passes through a maximum for an isotherm

at T > TC and only diverges along the critical isotherm. Therefore, above TC , while ξcluster

would always diverge at some concentration along the isotherm, ξO-Z does not, with the

strength of its maxima determined by the distance of the isotherm from TC .
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While ξO-Z and ξcluster both contain information that link a separations system to its

location on the phase diagram, their relationship to the composition is different. The mole

fractions at which the Widom and percolation lines intersect the compositional isotherm

are not expected to be the same. Generally, the percolation line—the locus of percolation

thresholds for a given definition of connectivity, the choice of which is arbitrary for continuum

systems—depends on the connectivity definition and is not generally coincident with the

Widom line and does not necessarily intersect the phase boundary at the critical point.41,42

Rather, we might expect the isotherm to cross the percolation line at lower DMDBPMA

mole fraction, as illustrated schematically in Figure 1, based on the percolation line for the

3D Ising model.43

This study has significant implications for the conventional understanding of several as-

pects of LLE organic phases. The scattering and cluster analysis both indicate that the mal-

onamide concentrations fluctuations captured by ξO-Z stem from the slow decay of solution

inhomogeneity away from the critical point of the binary mixture rather than the formation

of reverse micellar-like aggregates. This demonstrates that colloidal interpretations of the or-

ganic phase structure7 are, for this system, neither appropriate nor necessary to describe the

classical Ornstein-Zernike behavior at low-q.44,45 Instead, we propose a fundamentally differ-

ent origin for the dominant solution structure: dipole-driven self-association of DMDBPMA

produces aggregates qualitatively comparable to clustering with the 3D Ising model. We

expect this behavior to persist for the more lipophilic malonamides used in conventional

LLE process. For example, we find that structure of dry (water-free) 0.5 M DMDBTDMA

in n-dodecane (experimental data from ref. 13) is likewise dominated by Ornstein-Zernike-

like behavior, as shown with a low-q fit in Figure S5. The fitted correlation length, plotted

in Figure 4, is smaller than observed for DMDBPMA, as might be expected for the more

lipophilic extractant having a lower TC .

Overall, this suggests understanding the role of critical fluctuations is essential to relat-

ing LLE systems variables to organic phase structure and phase behavior. Generally, upon
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approaching the liquid-liquid phase boundary along a compositional variable such as metal

or acid concentration, the characteristic length scales observed in the organic phase increase,

often substantially. Rather than indicating the growth in size of reverse micellar structures,

as this behavior is typically interpreted, the critical behavior of the system may be driv-

ing the long-range concentration fluctuations as approaching the phase boundary naturally

brings the system closer to the critical point. Attributing low-q electron density fluctuations

to critical behavior could explain certain notably unphysical results from colloidal model

fitting.10,46–48

As the Ornstein-Zernike scattering is generic, it does not preclude any specific nanostruc-

tural motif. When system complexity is increased and additional components or hierarchical

structuring11 are introduced into the organic phase, a physical interpretation of the critical

fluctuations may not be obvious. Rather than mesostructure resulting from critical fluctua-

tions of single malonamide units, as observed here, any potential micelle-like nanostructures

may instead represent those structural units. In that case, critical fluctuations could cor-

respond to aggregation of those units. Recently, Sheyfer et al. reported that the critical

behavior of a malonamide/n-dodecane organic phase containing extracted water, nitric acid

and lanthanide nitrate salts was consistent with a pseudo-binary order parameter having a

single diverging length scale.49 This order parameter is presumed to be analogous to the

composition variable χM used here, with the additional compositional complexity impacting

the location of the critical point but not the number of compositional degrees of freedom of

the critical fluctuations. Sheyfer et al. also reported that the LLE organic phase is consistent

with the 3D Ising universality class: in addition to capturing the clustering behavior across

the range of χM as reported here, the 3D Ising model also defines the critical exponents of

these organic phases, furthering its potential as a robust and simplified model for studying

the organic phase. Overall, given the proximity of many LLE processes to their respective

critical points—especially upon loading with aqueous components49,50—we broadly expect

critical behavior to play a vastly more significant role than previously understood in the
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structure of LLE organic phases.
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(48) Dourdain, S.; Špadina, M.; Rey, J.; Bohinc, K.; Pellet-Rostaing, S.; Dufrêche, J.-F.;
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