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Abstract

Liquid/liquid extraction (LLE) is one of the most industrially relevant separations
methods, successfully leveraging the variable solubility of solutes (or their complexes)
between two immiscible solvents. Independently from the relative solubilities of those
solutes and complexes which determine their distribution between phases, the kinet-
ics of phase transfer is impacted by the molecular interactions and structure of those
species at the interface. A simple example includes the formation and extraction of
water-extractant adducts observed in the ternary water/organic/tri-n-butyl phosphate
(TBP) system. Despite its implications for LLE, a detailed description of the struc-
tural and dynamic mechanisms by which such adducts are formed at the interface is not
established. Describing that process requires connecting the evolving interfacial molec-
ular organization in the presence of surfactants to dynamic surface fluctuations and
interfacial heterogeneity. Herein, molecular dynamics simulation is combined with state
of the art network theory analysis to reveal features of interfacial structure and their
relationship to the extraction of water in the water/n-hexane/TBP system. Surfac-
tant adsorption enhances interfacial roughness which in turn causes directly interfacial
water to become less connected through hydrogen bonding to subjacent layers, partic-

ularly upon formation of the water bridged TBP dimer adduct. Further, heterogeneity
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within the interface itself is enhanced by surfactant adsorption, and serves as the basis
for the formation of protrusions of water into the organic phase at the extremes of
surface fluctuations. These features disproportionately incorporate the water bridged
TBP dimer and are the primary means by which water is transferred to the organic
phase. This work presents for the first time a holistic understanding of how interfacial
heterogeneity and spatial fluctuations become amplified in the presence of surfactants,
enabling water extraction into the organic phase. It further affords the opportunity to
study how solution conditions can control interfacial behavior to create more efficient

solvent extraction systems.

Introduction

Industrial liquid/liquid extraction (LLE) is the primary means of metal recovery and
purification applied to a wide variety of solutions that span dissolved ores in mining to
spent fuel from nuclear power plants.!' In this context, LLE generally employs ternary aque-
ous/organic/surfactant solutions that leverage the relative solubilities of surfactant-solute
complexes between phases. While those solubilities determine the distribution of species
between equilibrated phases, the extraction kinetics are dictated by the formation and sub-
sequent extraction of surfactant-solute adducts at the liquid/liquid interface. The assembly

4 occurring at an interface

of these complexes®? represents a kinetically limiting process™
whose structure is significantly perturbed by the surfactant itself. This process is a chal-
lenging area of study, as experimental characterization is limited by the relatively small set
of spectroscopic signatures of solvents in the interfacial region (e.g., solvent orientation by
vibrational sum frequency generation spectroscopy) or to changes in features like electron
density obtained from X-ray reflectivity.®® Nevertheless, these works in combination with
molecular simulation have informed the development of a theoretical understanding of the

thermal corrugated surface roughness of the interface, known as capillary waves.

Despite the potential benefits associated with employing surfactants to initiate interfa-



cial reactivity or enhance transport,™ the underlying molecular-level understanding of how
a surfactant perturbs capillary waves and the relationships between molecular-scale organiza-
tion, macroscopic interfacial properties, and transport mechanisms are not well known. The
dearth of knowledge has created a critical barrier to advancing LLE technologies.” Relative
solubilities and structures of species between two phases can be obtained from simulation
techniques including Gibbs ensemble Monte Carlo simulation.™1? However, to understand
the species and structures which form at the interface and inform the kinetics of extrac-
tion, explicit simulation of the interface is required. In principle, interfacial organization
and spatial fluctuations can be utilized as design features to control interfacial speciation
and transport, creating more robust extraction gateways that increase separations efficiency.
Thus, optimizing separations efficiency and moving into next generation LLE systems re-
quires a detailed understanding of dynamic molecular organization, reactions, and transport
processes at the interface itself.

The experimental challenges of measuring the structural and dynamic properties of
liquid/liquid interfaces has inspired widespread use of molecular dynamics (MD) simula-
tions.1#"%8 Those studies often report solvent density profiles, average molecular orientation,
and interfacial tension. However, it is now necessary to study how the dynamic processes
of the interface are coupled to molecular structure — considering the surface heterogeneity
with an instantaneous, rather than time averaged, description.?#430 Among the methods
used to determine an instantaneous interface from molecular simulation is the identification

2028 which directly measures a molecule’s occupation

of truly interfacial molecules (ITIM),
of the interfacial layer independent from its distance to the time averaged interfacial plane
(e.g., the Gibbs dividing surface). This allows quantification of the interfacial roughness and
its relationship to the molecular structure of the interfacial solvent molecules.*#2%! In this
work the surfactant tri-n-butyl phosphate (TBP) is chosen because of its ubiquity in sol-

32

vent extraction applications,™? notably in the Plutonium Uranium Reduction EXtraction

(PUREX) process, and because it has been the topic of extensive study in the MD modeling



literature, S04 Prior work@204243 hag shown that TBP adsorbs to the water/organic
interface with its dipole orthogonal and alkyl tails parallel to the interface plane. While the
extraction of water from the interface by TBP has been qualitatively described in the lit-

042 it remains to be understood — either qualitatively or quantitatively — how TBP

erature,
adsorption influences the capillary wave front, including its heterogeneity, fluctuations in
space, and the resulting mechanisms for water extraction into the organic phase. To address
these issues requires quantifying the structural features of TBP, water, and the ensemble of
interfacial configurations that may be correlated to capillary wave behavior. This necessi-
tates unique analysis, which herein combines the ITIM description of the aqueous/organic
interface with chemical network analysis of TBP-water and water-water hydrogen bonding
(HB) coupled to concentration dependent interfacial roughness.

This approach demonstrates how TBP adsorption affects interfacial water structure di-
rectly through hydrogen bonding. Formation of the water bridged TBP dimer adduct,
TBP(H,0),_2TBP, decreases the interaction of the bridging water with subjacent interfacial
water. Further, TBP indirectly affects interfacial water by increasing the spatial extent of
capillary wave fluctuations wherein the water bridged dimer is observed to form at the crests
of the wave front. The TBP(H,0);_»TBP species is indeed a common structure at the inter-
face, whose formation relies upon the interfacial heterogeneity associated with the physical
properties of capillary wave crests versus troughs. The crests of the capillary waves under
high surfactant concentration become protrusions of water from the aqueous surface into the
organic phase. These features serve as the primary dynamic water extraction pathway and
highlight the importance of the TBP(H,0);_oTBP species as demonstrated by its ubiquity
during protrusion formation and as a thermodynamically favored specied at equilibrium in
the bulk organic phase. A new holistic understanding that illustrates the importance of
both the intrinsic capillary wave features, and the enhancement of surface roughness and
heterogeneity caused by the surfactants, is thus developed that provides a driving force for

the formation of the protrusions and subsequent extraction mechanism. Given that these



interfacial structures form and disperse over the ns timescale, they are challenging to re-
solve experimentally without a prior understanding of possible structural features to probe.
Therefore, the structures predicted here also serve to inform future experimental investiga-
tion into surfactant-water interfacial reactivity at liquid/liquid interfaces and develop a new

chemical basis for optimizing surface conditions to minimize water-adduct formation.

Computational Methods

Simulation Systems and Force Fields

Classical molecular dynamics simulations were performed to study the effect of TBP
concentration on the water/n-hexane interface. The surfactant TBP concentration traversed
dilute (1 TBP per interface) to near saturation (93 available TPB for interfacial adsorption).
The latter corresponds to industrial PUREX process conditions. The AMBER-based force
field for TBP has been optimized by Ye et al.#? for the interfacial water/n-alkane system
to accurately reproduce the experimentally determined extracted water concentration in
the organic phase at equilibrium.®®#4 System compositions, simulation methodology and
force field descriptions are given in the Supporting Information. Additional data using
alternative force fields are presented in Supporting Information and validate that key results

are independent of the force field employed.

Analysis Methods

The directly interfacial water layer is composed of H,O that are nearest neighbors of n-
hexane solvent molecules. This, and subjacent layers, were determined instantaneously using
the Identification of Truly Interfacial (ITIM) algorithm.*® Figure [I| presents a snapshot of
the 56 total TBP simulation system with three insets showing the interfacial TBP (left), and
the three interfacial water layers as identified by ITIM (center). Water-water and water-TBP

HB networks were determined using a graph theoretical approach with the ChemNetworks
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Figure 1: The interfacial TBP (left inset), first three interfacial water layers determined by
ITIM with green, purple and blue oxygens, respectively, (middle) and a graph representation
of interfacial water and TBP hydrogen bonding (right) are depicted for the 56 total TBP
system. Non-interfacial water are depicted in red and n-hexane with gray lines. The alkyl
tail carbon atoms of TBP are drawn in black with cyan for the phosphate head group and
the phosphoryl oxygen of the TBP highlighted in black.

software,* depicted schematically in the right inset of Figure . Hydrogen bonding of water
and adsorbed TBP is then coupled with ITIM layer membership and molecule z-position
to interpret the relationship between surface heterogeneity, local hydrogen bonding, and in-
tact molecular configurations that include the TBP(H,0);_»TBP species. Interfacial tension
calculated using the pressure tensor, molecular density profiles, time-averaged spatial dis-
tribution and orientation of the directly interfacial water layer are given in the Supporting
Information. The interfacial width and Gibbs dividing surface were determined from Gaus-
sian fits of the the time-averaged directly interfacial water z-position distributions, where
the Gibbs dividing surface is the z-position where the water density is 50% of its bulk value.

The Gibbs dividing surface is labeled at z = 0 in all pictorial representations. The periodic



simulations necessarily contain two interfaces and the reported interfacial properties are the
average. Details on these analysis methods and density profiles for each component of all

the simulations are given in the Supporting Information.

Results

Surfactant Adsorption Increases Interfacial Roughness

The average number of interfacial TBP versus the total number available is plotted in
the left panel of Figure 2] For low total TBP concentrations, nearly all of the TBP is
located at the interface. At higher than 20 TBP surface loading, the surfactants begin to
distribute to the bulk n-hexane in significant quantities as interfacial saturation is asymptot-
ically approached. It has been previously postulated that interfacial roughness may enhance
surfactant reactivity with aqueous solutes.” Here, the roughness is quantified by the fitted
full width at half maximum of the directly interfacial water layer z-position distribution and
is plotted in the right panel of Figure The directly interfacial water layer distributions
were well fitted by a Gaussian distribution, as described in the Supporting Information. At
low interfacial TBP concentrations, adsorbed TBP are readily incorporated into the interfa-
cial water HB network. At this point the surface tension begins to drop even though changes
to the interfacial width indicate only modest enhancement of surface roughness (Figure .
However, above the 10 TBP interfacial concentration, incorporation into the directly in-
terfacial water network begins to cause a significant increase to the interfacial width and
concomitant major decreases to the interfacial tension. Thus at TBP organic phase con-
centrations that are relevant to process conditions significant perturbation of the interface
is observed. Note that the experimental value is 51.4 mN/m for the pure water/n-hexane
system“® and 8.8 for the TBP saturated water/n-hexane?” interface and that the calculated

values fall within these two limits.
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Figure 2: In the left panel, the average number of TBP at an interface for each simulation
is plotted against the total number of TBP available to adsorb from the organic phase.
For reference, a line is drawn corresponding to hypothetical adsorption of all of the TBP
in the simulation box. In the right panel, the average number of TBP at an interface for
each simulation is plotted against the fitted width of the directly interfacial water layer in
red, corresponding to the right axis. The interfacial tension is plotted with blue squares,
corresponding to the left axis.

Interfacial Hydrogen Bonding

The microscopic surface features of liquid/liquid interfaces, with or without adsorbed sur-
factant, are known to vary both dynamically and spatially across an instantaneous surface at
nanoscale distances.*? Additional surface heterogeneity, introduced by surfactant adsorption,
is expected to perturb interfacial hydrogen bonding which dictates the structure and ener-
getics of mixed surfactant /water species and informs the types of aggregates that TBP form
in the interfacial region. The distribution of TBP HBs with water is plotted in Figure
as a function of interfacial TBP concentration. At lower interfacial concentrations, roughly
75% of TBP have 2 HBs with water while the remaining TBP population have between 1 or
3 HBs. As the concentration of TBP at the interface increases, the 2- and 3-hydrogen bond
TBP populations decline while the 1-hydrogen bond TBP population increases, reducing the
average connectivity of individual TBPs with directly interfacial water.

Importantly, the average HB number of TBP is affected by the position of a given TBP
along the water interface capillary wave front (Figure ) The distribution of distances in
the z-dimension between the TBP phosphoryl oxygen and the water Gibbs dividing surface
as a function of TBP with different numbers of HBs with water, is plotted in Figure (for

the system with 28.4 interfacial TBP). A larger number of HB’s with water are probable



when TBP exists in a capillary wave trough, closer to the bulk water phase, because the
concave form of the regions enable more waters to surround an adsorbed TBP. At the same
time these interfacial waters reorient by 180 degrees from the preferred interfacial orientation
upon HB formation with TBP (see Supporting Information). These perturbations to water
structure are roughly proportional to the amount of adsorbed TBP present. HB statistics
for the first three interfacial water layers in the absence of TBP are given in Figure S9 for
comparison to existing studies of the water/hexane and other interfaces. Changes from the
pure water/hexane interface to the distribution of water-water HBs for the interfacial water
layer are given for each TBP concentration in Figures S10 and S12.

In addition to changes in HB structure and orientation of interfacial water, adsorbed TBP
leads to additional interfacial roughness beyond those from capillary fluctuations. Enhanced
roughness leads to a second, indirect, effect upon hydrogen bonding within the interface.
Specifically, enhanced interfacial roughness increases water-water hydrogen bonding, specifi-
cally for those waters that are not interacting directly with TBP at all. As TBP concentration
increases, H,O that are not hydrogen bonding with TBP gain an additional 0.193 £ 0.003
HBs with other H,O on average with error computed from 5 ns block averaging. This could
result from the fact that a more planar interface (less surface roughness) strains the ability
of water to form its preferred tetrahedral configuration of hydrogen bonds, and that it is
easier to have 4 tetrahedrally coordinating HB neighbors when more spatial fluctuations
of the interface are present. Plotted data concerning this analysis and further discussion
of water-water hydrogen bonding and reorientation by TBP is included in the Supporting
Information.

In combination, these data imply that surface roughness (dictated by surfactant con-
centration) and position of surfactant at different regions of a heterogeneous interface may
impact the reactivity of that surfactant with water or aqueous solutes. At the highest TBP
loading, those TBP at the troughs of the capillary wave are surrounded by more water, caus-

ing waters to reorient and also maximize their hydrogen bonding with one another, while



at the crests of the capillary waves TBPs have a limited HB network with water. Although
increased interfacial area has been attributed to enhancing the surface activity of TBP by
providing more total area for reactions to occur,™?2 the local structure, and therefore likely
the reactivity, of TBP varies as a function of the heterogeneous character within different

positions in the capillary wave front and cannot be ignored (vide infra).
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Figure 3: The probability of participating in a given number of hydrogen bonds with water,
Npyp, for interfacial TBP is plotted in panel A, labeled by the average number of TBP at
the interface. Lines are drawn connecting data points for visual clarity. Panel B shows the
distribution of TBP positions relative to the water Gibbs dividing surface for each water
hydrogen bond number for that TBP. Positive values indicate TBP positions on the organic
phase side of the Gibbs dividing surface. Inset are snapshots showing TBP located at
capillary wave crest (positive or organic facing) and trough (negative or aqueous facing)
regions of the interface.

Interfacial TBP-TBP Correlation and the Water Bridged TBP Dimer

The spatial correlation of adsorbed TBP is measured with a 2-dimensional radial distri-
bution function (RDF - labeled g(r)rsp_TrP), as described in the Supporting Information,
and plotted in Figure [l Over the range of TBP concentrations considered, the radial dis-
tribution is less than unity until roughly 10 A, with a correlation peak near 4 A. Beyond

15 A, interfacial TBPs are uncorrelated. The RDF is computed only between adsorbed
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TBP and the distances between TBP are projected onto the planar interface. Because TBP
adsorb with their alkyl tails parallel to the interfacial plane, the anti-correlated region in
g(r)rep_TBP before the plateau observed for all TBP concentrations is attributed to the steric
overlap of TBP alkyl tails within the interfacial plane which limits TBP configurations until
a TBP-TBP distance of about 12A, as depicted in Figure . These data contrast with
that observed for surfactants with single linear alkyl chains, such as m-octanol or certain
sodium alkyl sulfates, which orient perpendicular to the interfacial plane and therefore likely
experience different steric limitations to adsorption.*™® This implies that the adsorption
free energy could depend on the molecular structure of the surfactant alkyl tails, including
length and branching.

The g(r)rpp_TBp correlation peak at near 4 A corresponds to the TBP(H,O)TBP species,
depicted in Figure [dJA, where the water molecule is embedded in the directly interfacial water
layer while donating hydrogen bonds to two different TBP. The extracted TBP(H,O)TBP
species has been posited by the experimental literature®” and observed in the bulk organic

TLOBT and its presence at the interface implies its stability

phase in other simulation studies
and predominant role in the transfer process of water from the interface into the bulk or-
ganic phase. The concentration of interfacial TBP(H,O)TBP per unit of interfacial area is
presented in the left panel of Figure |5 with the average z-dimension distance between the
bridging water and the Gibbs dividing surface. Increased TBP concentration corresponds to
increased TBP(H,O)TBP that are located further from the bulk aqueous phase, the positive
z-direction, in the capillary wave front (crests). This is accompanied by perturbations to
the hydrogen bonding of the bridging H,O in the TBP dimer adduct, as shown in the right
panel of Figure [f] Two features of the hydrogen bonding were analyzed. First the bridging
H,0O hydrogen bonds with other H,O in the directly interfacial layer was studied, followed
by study of the HBs of the bridging H,O with the immediately subjacent layer. At low TBP
concentrations, there are on average one HB between the bridging H,O in TBP(H,O)TBP

and other water. As the TBP concentration increases most of the connectivity to the sub-
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jacent water layer is lost. This is illustrated schematically in the inset of Figure [5| where
the TBP(H,O)TBP on the rougher capillary wave fronts (higher TBP concentration) are
less connected to the subsurface layer relative to lower TBP concentration that have smaller
fluctuations in the z direction. Therefore, for systems with heightened surface heterogene-
ity, more TBP(H,O)TBP form at the crests of the capillary waves and with significantly
reduced connectivity to the bulk. In combination, these data indicate that the enhanced
surface heterogeneity (variation between troughs and crests) encourages the formation of
TBP(H,O)TBP, a structure that is essential to separating water from the directly interfacial

layer and enabling water extraction.
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Figure 4: Two dimensional RDFs of interfacial TBP are plotted for each system with inter-
facial configurations corresponding to the peak (A) and plateau (B) regions. On the right,
the distribution of interfacial TBP is shown looking along the z-axis for the lower concentra-
tion 10 TBP per interface system. TBP are depicted with the phosphoryl oxygens drawn as
spheres. Water is drawn in red (oxygen) and white (hydrogen) and n-hexane is not included
for clarity.

Dynamic Water Extraction

The most important conclusion from these data is that surface roughness coupled to
the formation of the TBP(H,O)TBP species play a central role in the dynamic process of
water extraction into the bulk organic phase. The highest concentration system corresponds
to process relevant conditions, and has been examined further in the context of dynamic

extraction events. Four representative extraction processes are depicted in Figure [(JA-D with
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Figure 5: Left panel: the average number of interfacial TBP(H,O)TBP (inset, denoted T-
W-T), is plotted per interfacial area (left axis) and the average z-dimension distance between
the participating water and the Gibbs dividing surface (right axis), is plotted as a function of
the number of TBP(H,O)TBP per interfacial area. Right panel: the number of water-water
hydrogen bonds, within the directly interfacial layer and with the subjacent layer, for the
bridging water of TBP(H,O)TBP are plotted as a function of their total number. Inset is a
schematic depiction of the impact of roughness on the formation of TBP(H,O)TBP and the
reduction of hydrogen bonding of the bridging water with the subjacent layer.
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timestamps where extracted or soon-to-be extracted water is depicted in blue and the TBPs
that form organic phase clusters with those water are highlighted from other TBP that remain
at the interface. Water is found to nearly always extract from the protrusion architecture
although the character of those protrusions varies. In Figure [0JA, two TBP extract two
water, which form a TBP(H,O),TBP cluster shortly after leaving the interface. In panels
B and C, water is extracted in larger clusters with several TBP. The protrusion formed
immediately before extraction in panel B is linear with the entire protrusion transferring to
the organic phase. In panel C, only a portion of the protrusion is extracted by the TBP. In
panel D, the largest observed extracted cluster consisting of 14 water and 6 TBP, is shown.
This process in panel D resembles reverse micelle formation at the interface, with the initial
protrusion (first frame, t = 21.64 ns) evolving to form a narrow neck with a single water
connecting it to the bulk phase (second frame, t = 22.12 ns) before separating entirely from
the aqueous interface (third frame). The final frame highlights the reverse micelle character
of the extracted cluster, with TBP alkyl tails surrounding the polar core. While water
is often extracted in larger clusters, they are not thermodynamically stable in the organic
phase and dissociate after extraction, forming the most frequently observed TBP(H,O)TBP
species, or less often the TBP(H,0),TBP species.

The extraction mechanisms described above convey several unique characteristics of this
extraction system. More than increasing the total interfacial area, TBP saturation at the
interface results in protrusions through which water extraction is possible. The examples of
protrusions in Figure [6] focus upon observed extraction events, these structures form sponta-
neously and result in water extraction most but not all of the time. Further, the protrusions
are noticeably different in curvature than typical capillary fluctuations. The surfactant in-
duced surface perturbations to the inherent capillary roughness of a liquid-liquid interface
creates distinct structural features (protrusions) that facilitate water extraction from the
surface. While extracting events at lower concentrations may result in water protrusions sim-

ilar to Figure [6B, reaction pathways that feature larger cluster extractions are less frequent.
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Figure 6: Four water extraction events are depicted in panels A-D with timestamps given for
each frame. Water is depicted in red (oxygen) and white (hydrogen) with oxygens of waters
being extracted drawn in blue. TBP forming the extracted clusters are drawn in black (head
group) and cyan (alkyl tails) while other TBP are drawn with black lines. The phosphoryl
oxygen of all TBP are highlighted with spherical representations. No n-hexane is shown for
clarity.

Throughout protrusion formation and extraction, the TBP(H,O)TBP species is frequently
observed, demonstrating that the reduction in HB connectivity to the aqueous bulk at the
extremes of surface roughness facilitate pulling clusters of water from the surface into the
organic phase. Interestingly, nearly all possible hydrogen bonds donor sites within the pro-
trusion are occupied, i.e., there are few dangling O-H bonds irrespective of the size or shape of
the protrusion architecture. This indicates that discrete hydrogen bonding energetics inform
the specific configurations adopted by the protrusions. Lastly, it is important to note that
the TBP-water cluster speciation at the “interphase” region (whether of TBP(H,0),TBP
or more complex species) can be different from the equilibrium organic phase speciation
that favors TBP(H,0);_oTBP. Likewise, TBP extraction of solutes aside from H,O could
similarly undergo coordination or structural changes in the interphase region.

Although formation of “fingers,” or protrusions, resulting from thermal fluctuations at
the interface, and their impact on ion phase transfer have been discussed in the litera-

ture, %61 initially apparent distinctions can be made with the observations made herein.
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1.°Y invoke curvature and line tension energetics, rather than discrete molecu-

Liang et a
lar interactions, to describe ion/water/extractant micelle formation at the interface. Yet
in the water/n-hexane/TBP system, water protrusions avoid dangling O-H bonds and the
resulting prevalence of TBP(H,0);_>TBP structures indicate that discrete molecular inter-
actions likely govern protrusion structure energetics instead. Further, prior observation of

water protrusions that trail ions that are transferred into nitrobenzene,®® chloroform® or

2Li0" oroanic phases often display numerous exposed hydrogen bond donor

dichloromethane
sites. Therein ion transport between phases also results from a biasing potential and the pro-
trusions do not form spontaneously (unlike the those described in this study). The generic
and impactful extraction system studied here displays essential physics that demonstrate
how the interfacial organization and fluctuations in capillary waves are impacted by surfac-

tants and the ability therein for the surfactant-water adducts to separate from subjacent

water layers and migrate into the bulk organic phase.

Conclusions

Adsorption of TBP at the water/n-hexane interface was studied via MD simulation to
understand the effects of surfactant upon the structural and dynamic properties of the in-
terface and mechanisms of water extraction into the organic phase. Increased interfacial
roughness, and a concomitant decrease in interfacial tension, is correlated to changes in the
hydrogen bonding character of adsorbed TBP and directly interfacial water. The formation
of TBP(H,0),,TBP adducts and their disengagement from the interfacial region is shown to
depend upon the location along the fluctuating interface (the crests of capillary wave fronts)
and is assisted by a concomitant decrease in hydrogen bonding to subjacent water layers.
Surfactant adsorption further induces added fluctuations to traditional capillary wave be-
havior, including protrusions into the organic phase. These hydrogen bonding features are

expected to be further influenced by system variables that could impact surface roughness,
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including organic solvent, surfactant structure and the structure and concentration of aque-
ous solutes. The relationship between protrusion formation, extractant-induced interfacial
roughness and extractant-water speciation dependent on surface heterogeneity is essential
to understanding the mechanisms of liquid/liquid interfacial transport. These results will
inform future interfacial mass transport modeling and design of efficient LLE systems that
can now utilize capillary wave behavior as a design principle. As an example, consider the
systematic study of surfactant induced capillary wave fluctuations and subsequent data-
driven selection of surfactants that minimize or maximize interfacial roughness for selective

transport of surfactant adducts.
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