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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 kinetics 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 structural and dynamic mechanisms by which such adducts are formed at
the interface is not established. Describing that process requires connecting the evolving interfacial molecular
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. Surfactant adsorption enhances interfacial roughness which in turn causes directly interfacial water to
become less connected through hydrogen bonding to subjacent layers, particularly upon formation of the
water bridged TBP dimer adduct. Further, heterogeneity 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.
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Interfacial heterogeneity is essential to water

extraction into organic solvents

Michael J. Servis and Aurora E. Clark
Department of Chemistry, Washington State University, Pullman, WA
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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 uctuations 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 uctuations. 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 rst time a holistic understanding of how interfacial
heterogeneity and spatial uctuations become ampli ed in the presence of surfactants,
enabling water extraction into the organic phase. It further a ords the opportunity to
study how solution conditions can control interfacial behavior to create more e cient

solvent extraction systems.

Introduction

Industrial liquid/liquid extraction (LLE) is the primary means of metal recovery and
puri cation 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
of these complexes=* represents a kinetically limiting process*** occurring at an interface
whose structure is signi cantly 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 re ectivity.®® 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 bene ts 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.*2 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 uctuations can be utilized as design features to control interfacial speciation
and transport, creating more robust extraction gateways that increase separations e ciency.
Thus, optimizing separations e ciency 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. 328 Those studies often report solvent density pro les, 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.?228(30' Among the methods
used to determine an instantaneous interface from molecular simulation is the identi cation
of truly interfacial molecules (ITIM),“*2¢ which directly measures a molecule’s occupation
of the interfacial layer independent from its distance to the time averaged interfacial plane
(e.g., the Gibbs dividing surface). This allows quanti cation of the interfacial roughness and
its relationship to the molecular structure of the interfacial solvent molecules.“#<%2L In this
work the surfactant tri-n-butyl phosphate (TBP) is chosen because of its ubiquity in sol-
vent extraction applications,*#2 notably in the Plutonium Uranium Reduction EXtraction

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



literature 8102033842 prigr work#29%4243 has 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-
erature,®< it remains to be understood { either qualitatively or quantitatively { how TBP
adsorption in uences the capillary wave front, including its heterogeneity, uctuations 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 con gurations 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 a ects interfacial water structure di-
rectly through hydrogen bonding. Formation of the water bridged TBP dimer adduct,
TBP(H,0), ,TBP, decreases the interaction of the bridging water with subjacent interfacial
water. Further, TBP indirectly a ects interfacial water by increasing the spatial extent of
capillary wave uctuations 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),; ,TBP 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 e ect 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

eld 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.®®42 System compositions, simulation methodology and
force eld descriptions are given in the Supporting Information. Additional data using
alternative force elds are presented in Supporting Information and validate that key results

are independent of the force eld 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 Identi cation of Truly Interfacial (ITIM) algorithm.“® Figure [1| 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 identi ed 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), rst 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 [l 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 con gurations that include the TBP(H,0); ,TBP species. Interfacial tension
calculated using the pressure tensor, molecular density pro les, 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 ts 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 pro les 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 2l 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 signi cant 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 quanti ed by the tted
full width at half maximum of the directly interfacial water layer z-position distribution and
is plotted in the right panel of Figure [2 The directly interfacial water layer distributions
were well tted 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 [2).
However, above the 10 TBP interfacial concentration, incorporation into the directly in-
terfacial water network begins to cause a signi cant 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 signi cant 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.



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 tted 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 [JA
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 a ected by the position of a given TBP
along the water interface capillary wave front (Figure 3B). 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 di erent 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 rst 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 uctuations. Enhanced
roughness leads to a second, indirect, e ect upon hydrogen bonding within the interface.
Speci cally, enhanced interfacial roughness increases water-water hydrogen bonding, speci -
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 con guration of hydrogen bonds, and that it is
easier to have 4 tetrahedrally coordinating HB neighbors when more spatial uctuations
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 di erent 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,”# the local structure, and therefore likely
the reactivity, of TBP varies as a function of the heterogeneous character within di erent

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,
Nng, 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)tsp TBP), as described in the Supporting Information,
and plotted in Figure 4l 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(Nrep TP 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 con gurations until
a TBP-TBP distance of about 12A, as depicted in Figure B. These data contrast with
that observed for surfactants with single linear alkyl chains, such as n-octanol or certain
sodium alkyl sulfates, which orient perpendicular to the interfacial plane and therefore likely
experience di erent steric limitations to adsorption.#4® 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)tep Tsp correlation peak at near 4 A corresponds to the TBP(H,O)TBP species,
depicted in Figure A, where the water molecule is embedded in the directly interfacial water
layer while donating hydrogen bonds to two di erent TBP. The extracted TBP(H,O)TBP
species has been posited by the experimental literature®® and observed in the bulk organic
phase in other simulation studies”™%3" and its presence at the interface implies its stability
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 [b| 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 5| Two features of the hydrogen bonding were analyzed. First the bridging
H,O 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,O0)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 [f, 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

uctuations 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 signi cantly
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 con gurations 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 [A-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 [6jA, 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 ( rst 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 nal 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,O), 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 di erent in curvature than typical capillary uctuations. 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 speci ¢ con gurations 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 di erent from the equilibrium organic phase speciation
that favors TBP(H,0); ,TBP. Likewise, TBP extraction of solutes aside from H,O could
similarly undergo coordination or structural changes in the interphase region.

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

ture, %63 injtially apparent distinctions can be made with the observations made herein.
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Liang et al.®! invoke curvature and line tension energetics, rather than discrete molecu-
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
dichloromethane>*% organic phases often display numerous exposed hydrogen bond donor
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 uctuations 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 e ects 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 uctuating 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 uctuations to traditional capillary wave be-
havior, including protrusions into the organic phase. These hydrogen bonding features are

expected to be further in uenced 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 e cient 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 uctuations and subsequent data-
driven selection of surfactants that minimize or maximize interfacial roughness for selective

transport of surfactant adducts.
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Molecular Structure and Force Fields

The molecular structure of trin-butyl phosphate (TBP) is shown in Figure[]. The
MD study of TBP is extensive, including the development of several di erent force elds
with parameters empirically t to various physicochemical properties and under a range of
conditions, including pure TBP solutions*®' binary mixtures with organic solvent$® and
interfacial TBP/alkane/aqueous systems?*2 TBP is known to adsorb to at the interface
with its dipole, aligned with the P=0O bond of the phosphate head group, oriented towards
the aqueous phasé? It has further been predicted that TBP undergoes a signi cant con-
formational change in the interfacial region* and prior studies have described the dynamic
process by which TBP extracts water molecules from the aqueous/organic interface into the
bulk organic?®

Numerous studies have tested, optimized and compared classical non-polarizable TBP
force elds for use in a variety of chemical environment&>' Khomami and coworkers opti-

mized AMBER force eld for various partial atomic charges sets and charge scaligith the
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alkyl tail carbon and hydrogen Lennard-Jones (L-J) parameters taking values from the OPLS
force eld for pure TBP and TBP/ n-alkane solutions. For simulation of the water/f-hexane
TBP) system, Khomami and coworkers found that a 0.9 scaling factor to the atomic charges
of a DFT-derived charge set for TBP accurately reproduced the experimentally determined
concentration of water extracted by TBP into the organic phasé.

The charges for the TBP andn-hexane molecules, depicted in Figurés 2 ahfl 3 with the
AMBER force eld names for the di erent atoms types, are given in Tablé [1. The general-
ized AMBER Force Field (GAFF)* with modi cation to the L-J potentials developed for
linear alkanes by Voet al.® is implemented forn-hexane. The TBP force eld is implemented
from the modi ed AMBER potentials described by Cuiet al.t where parameters for the L-J,
bond, angle and torsion potentials are reported. Water is modeled with the TIP4P poten-
tial. *® Molecular dynamics simulations were conducted with the GROMACS 5.1 software
package- 18 using periodic boundary conditions and a leap-frog Verlet integrator with a 2
fs time step. A 12A cuto was used for Lennard-Jones (L-J) and short range electrostatic
interactions with Particle-mesh Ewald summation implemented for long range electrostatics.
The LINCS algorithm was used to constraining hydrogen-containing bonds for all molecules.
Each system was equilibrated for 1 ns in the NPT ensemble with pressure set to 1 bar with
a 2 ps coupling time constant with the Berendsen barostat and temperature to 300 K with
a 0.4 ps coupling time constant using the velocity rescale thermostat. This was followed by
24 ns of further equilibration in the NPT ensemble with the Parinello-Rahman barostat and
Nos-Hoover thermostat to allow for migration of surfactant to the interface and equilibra-
tion of the interfacial TBP density. This was followed by 25 ns of simulation in the NVT
ensemble with the Nose-Hoover thermostat with the nal 15 ns sampled for analysis at 20

ps intervals.



Figure 1: The molecular structure of trin-butyl phosphate.

Figure 2: The AMBER force eld atom names for TBP.

Figure 3: The AMBER force eld atom names forn-hexane.



Table 1: Charges for the TBP andn-hexane atoms.

Atom Charge FE]
02 -0.72747
P 1.44864
(01 -0.55422
CT, (TBP) 0.32733
CT, (TBP) 0.02340
CT3 (TBP) 0.10917
CT,4 (TBP) -0.02934
HC, (TBP) -0.02349
HC, (TBP) 0.00063
HC; (TBP) -0.03483
HC, (TBP) -0.00045
CT;: (n-hexane)| -0.08890
CT, (n-hexane)| -0.07520
CTj3 (n-hexane)| -0.07580
HC; (n-hexane)| 0.03150
HC, (n-hexane)| 0.03620
HCs (n-hexane)| 0.03650

Simulation Systems

System compositions and simulation periodic box sizes in Tall¢ 2. The total number of
TBP in the simulation per interface is half of the total value as the periodic system contains
two interfaces. The largest TBP concentration, after migration of TBP to the interface,
results in a bulk TBP concentration of roughly 30%, a typical concentration implemented in
the Plutonium and Uranium Reduction EXtraction (PUREX) process. A water/n-hexane
interfacial system without TBP is also simulated for reference. Initial con gurations were
generated with Packmat® and energy minimized with a steepest descent algorithm. Simu-
lations boxes were generated as adjacent water and oil phases with the water phase centered
along the z-dimension and then-hexane/TBP phase wraps through the z-dimension peri-
odic boundary. For systems with TBP, the TBP molecules were initially randomly dispersed

within the n-hexane phase before migration to the interface during equilibration.



Table 2: The compositions and simulation periodic unit cell box sizes for the systems studied
are provided here.

Water | n-Hexane| TBP Dimensions
X Y ZJ[A]
3205 586 0 41.40 41.40 132.49
3205 586 2 40.96 40.96 136.55

3205 586 10 | 41.11 4111 137.04
3205 586 20 | 41.36 41.36 137.88
3205 586 42 | 4242 4242 136.09
3205 586 56 | 42.20 42.20 140.66
3205 586 84 | 42.72 4272 14241
3205 381 186 | 43.40 43.40 138.88

Hydrogen Bonding

The ChemNetworks software packa¢€ was used to identify hydrogen bonds between water
and TBP molecules. Using a graph theoretic approach, water and TBP molecules are treated
as vertices with an edge connecting any two vertices if there exists a hydrogen bond between
those molecules. Hydrogen bonds were de ned by an oxygen-oxygen distance and an H-
0O...0 angle cuto. For water-water hydrogen bonds, an oxygen-oxygen distance of 3A5
was employed with a 30 angle cuto. For TBP-water hydrogen bonds, a 3.5A distance

cuto was used with 45 angle cuto .

ITIM Implementation

In the ITIM algorithm, “! a probe sphere scans the interfacial surface and records exposed
molecules from each point in a grid in the xy plane. Subsequent water layers were similarly
determined after removing the previous interfacial molecules and rerunning the ITIM algo-
rithm on the newly exposed water surface. Herein, the probe sphere radius was set toA.5
with a grid spacing of 0.2A. To avoid counting water hydrogen bonded to TBP in the bulk
organic phase, water molecules with z-positions outside of the 35-1®&nge were omitted

from the ITIM search. That range was chosen from the density pro les of water and TBP, as



shown in Figure[§. For consistency with the the way in which water molecules were chosen
to be included in the interfacial water identi cation, TBP were counted as interfacial if their
phosphoryl oxygen atom fell within the that z-position range. The interfacial widths for
each system were computed from the the full width at half maximum of a Gaussian function
t to the time average density pro le of the interfacial water layer. The interfacial layer
distributions were well described by the Gaussian t, as shown in Figuiig 4 for the 42 total

TBP system.

Figure 4: The Gaussian t to the interfacial water density pro le for the 42 TBP system
which is used to compute the interfacial width.

Comparison of TBP Force Fields

To demonstrate that the conclusions of this study are independent of the choice of TBP
force eld, we compare the force eld used in this study (AMBER 90% charge scaling)
to two others developed in the literature with highe? (GAFF) and lower? (AMBER 70%
charge scaling) hydrophilicity. While the interfacial width and number of TBP adsorbed at
the interface are, as expected, a ected by the force eld hydrophilicity, the trend with ad-

sorbed TBP concentration in the interfacial width and connectivity of the water in the water
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bridged TBP dimer are consistent between force elds, as shown in Figdre 5. The signi cant
underprediction of induced interfacial roughness by the 70% charge scaled AMBER force
eld is consistent with the reported lack of water extracted for this reduced hydrophilicity
model® These data indicate that the mechanism of water extraction by TBP, through cre-
ating interfacial roughness and separating directly interfacial water from the bulk through
the the water bridged TBP dimer structure, is not dependent on the force eld, although
the degree of its e ectiveness at doing so is directly a ected by the hydrophilicity of the

surfactant.

Figure 5: Left panel: The interfacial width, as a function of the number of TBP adsorbed
at the interface, is plotted for three TBP force elds{the one implemented in the this study
(AMBER 90% charge scaling) and two others which are expected to over- (GAFP) and
under-predict (AMBER 70% charge scaling) the impact of adsorption on interfacial rough-
ness due to varying hydrophilicity. Right panel: The change to the water-water connectivity
of the water in the water bridged TBP dimer within the directly interfacial layer (solid lines)
and with the subsequent subsurface layer (dashed line) are plotted for each TBP force eld.

Density Pro les and Interfacial TBP RDFs

The density pro les of each of the ternary simulation systems in this study are plotted

are plotted in Figure[6. The water Gibbs dividing surface for each system is calculated as
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the time averaged z-position of the water density pro le at half of the bulk density. The
surfactant character of TBP is apparent from the high density in the interfacial region, with
some degree of excess TBP in the bulk-hexane phase, often forming hydrogen bonded
clusters with extracted water molecules. For the lowest TBP concentration, panel A, the
peak inn-hexane density near the interface results from the parallel orientation of the alkane
combined with the center of mass determination of molecule position for the density pro le.
At higher concentrations, su cient TBP is present at the interface to instead reduce the
n-hexane density near the interfacial regions. Variations to the-hexane and TBP densities
in the organic phase regions of the z-position, noticeable in panels E and F, result from
transient organic phase clusters of TBP with extracted water rather than variation of the
actual equilibrium distribution of molecular species.

Two-dimensional RDFs plotted in the main text are generated for interfacial TBP with
their positions de ned by the coordinates of the phosphoryl oxygen projected onto the x-y
plane. Distances between each pair of TBP are evaluated with a A2bin size. The number
of counts in each bin are then time averaged and normalized by the bin area amdl ( 1)=N;,
where N; is the number of interfacial TBP at time t, to account for the nite size e ects
of the simulation on the e ective interfacial TBP concentration. It should be noted that
the non-zero value ofg(r) whenr is close to OA is not direct spatial overlap of the TBP
phosphoryl oxygens. Rather, it results form overlap of the oxygen positions as projected
onto the x-y plane for the high interfacial TBP concentrations which produce signi cant
surface roughness such that two TBP molecules are able to occupy the same position in the

x-y plane at di erent z-positions.

Interfacial Tension

Surface and interfacial tensions are often calculated from simulation using one of two meth-

ods: with the diagonal elements of the pressure tensor or by tting the capillary wave



Figure 6: The TBP (green), water (red) andn-hexane (black) density pro les as a function
of z-position are plotted for the 2, 10, 20, 42, 56, 84 and 186 total TBP systems in that order
in panels A-G.



uctuations to the density pro le. “? In the pressure method, the interfacial tension, , is

de ned as the integral over thez dimension with a box length ofL,

z Pxx + Pyy
= P - _  — d 1
Nt o 77 > z (1)

where Pzz, Pxx and Pyy are the diagonal components of the pressure tensor where the
interfacial normal is in the z direction andN;, is the number of interfaces in the periodic
box. The interfacial tensions calculated in this study are done so with this method.
Capillary wave theory density prole tting is also implemented in the literature to
calculate the interfacial tension from MD simulation. In contrast to the pressure tensor
method, capillary wave tting of the water interface relies upon tting the density pro le of

water to an error function with the form

1 1 Z 7o
(2) = > éerf P

o (@)

where (z) is the density of water as a function of z position, is the bulk density of water,
Z, is the Gibbs dividing surface, located at the z position corresponding to a water density
equal to half its bulk value, and w is the width due to capillary wave uctuations. The w;

parameter is then related to the interfacial tension by
In —: (3)

Here, kg is the Boltzmann constant, T is the temperature, L is the x and y box length and, |
is the bulk correlation length. As the bulk correlation length is not known a priori, the slope
of the linear relationship between & and In(ﬁ) can be obtained by varying L which then
allows for direct evaluation of .“* The reported value is the average over both interfaces
in the simulation. The assumptions underlying the density tting for the surfactant-laden

systems were found to prohibit calculation of reasonable and consistent interfacial tension
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values and therefore we only report values form the pressure tensor method for intefaces
with TBP.

Both methods have been demonstrated as e ective for water/vapor and water/organic
interfaces. However, the assumptions required by these di erent approaches and their poten-
tial utility in obtaining accurate values is a ected di erently by the presence of surfactant
molecules. The pressure method relies on an accurate description of the forces between parti-
cles, which de ne the virial from which the pressure tensor is obtained. It is therefore a ected
by approximations to the pairwise potentials, including the L-J and Coulmobic cut-o s used
in simulation.“# Capillary wave theory attributes all uctuations of the density at the inter-
face to the formation of capillary waves, which is not the case for systems where surfactant
adsorption signi cantly a ects the density pro les at the interfacial region, particularly for
the protrusion features resulting form TBP which are visually apparent for the higher TBP
concentrations. While the pressure tensor method will slightly underestimate the interfacial
tension compared to density pro le tting (giving 47.7 mN/m versus 53.4 mN/m from cap-
illary wave tting for the water/ n-hexane interface in this study, compared to 51.4 mN/m
from experimeng?), it is commonly applied to simulation of surfactant system&8 and the
reported interfacial tension values in this study are reported with this method. In contrast,
we found that the capillary wave tting method was not applicable for even the moderate

TBP concentrations.

Interfacial Water Hydrogen Bonding and Orientation

As discussed in the main text, adsorption of TBP at the interface impacts the hydrogen
bonding character of interfacial water through reorientation of water which TBP is directly
hydrogen bonded to and through distortion of the nearby water-water hydrogen bonding
network in response to TBP-induced surface roughness. Details and data concerning the

nature and magnitudes of these e ects are discussed here.
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The changes of the hydrogen bond distribution of interfacial water molecules are com-
pared to the water/n-hexane interface for water-water hydrogen bonding both within in the
interfacial layer and with all layers is plotted in Figure[10. The hydrogen bond distribution
of the water/n-hexane interface for each layer plotted in Figurld 9, showing that by the second
layer the hydrogen bonding has nearly converged to its bulk-like behavior. Interfacial water
edge distributions for the waterh-hexane simulation are consistent with results from Sega
et al. for a variety of water potentials 2239

Within the interfacial water layer, water's tetrahedral structure limits its ability to form
more than three hydrogen bonds? On average, we nd that in the absence of TBP interfacial
water forms on average about two hydrogen bonds within the interfacial layer and a single
hydrogen bond with the subsurface layer. Water reoriented to hydrogen bond with a TBP
molecule is often able to maintain the remaining three hydrogen bonds, with the reorientation
to hydrogen bond to TBP sometimes occurring at the expense of hydrogen bonding to the
subsurface water layer.

Figure [1 shows the decrease in water-water hydrogen bonding between the interfacial
and second layers with increasing TBP concentration. This is shown in Figuré 7 where the
total number of hydrogen bonds between the interfacial layer and the rst subsurface layer is
plotted as a function of interfacial TBP concentration. Over the range of concentrations, the
total connectivity between layers is reduced by roughly 5%. For the lower TBP concentration,
Figure [IQA-C shows a reduction in the total water-water hydrogen bonding of interfacial
water, primarily through a transition of the 4-hydrogen bond population to 3-hydrogen
bond. However, this transition was not observed for the hydrogen bonding between interfacial
water. The reduction in total water connectivity therefore comes from a loss in hydrogen
bonding between the interfacial and subsequent subsurface layer. Therefore, when TBP
occupies water hydrogen acceptor sites, the water restructures in a way that limits loss
in connectivity within the interfacial water layer at the expense of connectivity between

the surface layer and the bulk. As discussed in the main text, the roughness induced by
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TBP enables the tetrahedral hydrogen bonding water to more readily hydrogen bond with
interfacial neighbors due to their o set in the z-dimension.

The e ect of TBP on water orientation is quanti ed with orientation pro les of the
interfacial water layers are plotted in Figuré 8 for each simulation system. The net orientation
is de ned as

Dx E
cosf; i) =Veiab; (4)

i
where the dot product of the dipole vector of water molecule, ;, is taken with the z-
dimension unit vector, n,. The time averaged summation over of the dot products are
divided by the slab volumes V4, for 0.5 A slabs in the z-dimension. Contributions to the
net orientation are broken down into the opposing contribution from water hydrogen bonded
to TBP and those which are not. The net orientations of this partitioning of the interfacial
water population is compared to the total (not just interfacial) net orientation pro le of the
water/ n-hexane system without TBP. The opposite orientations of water hydrogen bonded
to TBP and those which are not remains consistent across the TBP concentrations.

The reason that the total hydrogen bonding of interfacial water is relatively constant
despite a reduction in hydrogen bonding between layers and the signi cant occupation of
hydrogen bond donor sites by TBP is an increase in hydrogen bonding within the interfacial
layer for water which is not occupied by TBP. To investigate this, the interfacial water is
partitioned into those hydrogen bonded to TBP and those which are not, as discussed above
in the analysis of water orientation. Figuré I[l shows the number of water per interfacial area
as a function of interfacial TBP for all water (black) and water not hydrogen bonded to TBP
(red). The number of water per interfacial area for the watem-hexane interface is plotted
for reference as a line. The increase in the total number of water per interfacial area as a
function of TBP concentration increases signi cantly upon transition to the regime where
interfacial roughness increases signi cantly. At that transition, the addition of interfacial
water through creation of interfacial area outpaces the occupation of those interfacial water

by TBP and the number of interfacial water not hydrogen bonded to TBP reaches a minimum
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value before beginning to increase. Changes to the hydrogen bond distribution for interfacial
water not hydrogen bonded to TBP, compared to the reference waterfhexane system, are
plotted in Figure [I2A. The addition of TBP increases the 3- and 4-hydrogen bond water
populations, while depleting 1- and 2-hydrogen bond relative to the reference waterhexane
interface. Figure[12B shows the corresponding total change in water-water hydrogen bonds
per interfacial water not hydrogen bonded to TBP, which approaches a value of 0.2 for the

highest TBP concentration (roughest interface) system.

Figure 7: The average number of water-water hydrogen bonds for interfacial water with
water in the second layer is plotted as a function of interfacial TBP concentration.
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Figure 8: The net orientation pro les of interfacial water for the 2, 10, 20, 42, 56, 84 and
186 total TBP systems are plotted in A-G. The orientation contributions are broken down
into water hydrogen bonded to TBP (blue) and those that are not (red) and compared to
the total net orientation of the water/ n-hexane system (black dotted line).
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Figure 9: The edge distributions of hydrogen bond numbers for water in the rst (black
squares), second (red triangles) and third (blue circles) interfacial layers for the no TBP
water/ n-hexane interface.
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