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ABSTRACT: Solvent extraction is used widely for chemical
separations and environmental remediation. Although the kinetics
and efficiency of this process rely upon the formation of ion−
extractant complexes, it has proven challenging to identify the
location of ion−extractant complexation within the solution and its
impact on the separation. Here, we use tensiometry and X-ray
scattering to characterize the surface of aqueous solutions of
lanthanide chlorides and the water-soluble extractant bis(2-
ethylhexyl) phosphoric acid (HDEHP), in the absence of a
coexisting organic solvent. These studies restrict ion−extractant
interactions to the aqueous phase and its liquid−vapor interface,
allowing us to explore the consequences that one or the other is the location of ion−extractant complexation. Unexpectedly, we find
that light lanthanides preferentially occupy the liquid−vapor interface. This contradicts our expectation that heavy lanthanides
should have a higher interfacial density since they are preferentially extracted by HDEHP in solvent extraction processes. These
results reveal the antagonistic role played by ion−extractant complexation within the aqueous phase and clarify the advantages of
complexation at the interface. Extractants in common use are often soluble in water, in addition to their organic phase solubility, and
similar effects to those described here are expected to be relevant to a variety of separations processes.

1. INTRODUCTION

The extractant-assisted transport of rare earth metal ions across
the liquid−liquid interface between immiscible aqueous and
organic phases underlies their separation and purification by
solvent (i.e., liquid−liquid) extraction processes.1,2 In spite of
the importance of rare earth ions to a diverse range of critical
and evolving technologies,3−5 the separation mechanism on
the nanoscale is not well understood. This mechanism relies
upon the interaction and complexation of metal ions with
organic extractants, but the location of this complexation
within the solution, i.e., at the interface, in the boundary layer
near the interface, or in one of the bulk phases, is not known
for extractants soluble in both phases.
Early studies of the solvent extraction of the lanthanide (Ln)

elements, which make up most of the rare earths,
demonstrated the utility of organophosphoric acid extractants
such as bis(2-ethylhexyl) phosphoric acid (HDEHP) dissolved
in organic solvents.6 When the organic phase is placed in
contact with an immiscible aqueous phase of lanthanides,
HDEHP complexes with lanthanide ions and extracts them
into the bulk organic phase. This extraction can be more
efficient for some lanthanides than for others, leading to its use
to separate and purify individual lanthanide elements.
Generally, lanthanides are divided into two groups, based
upon their position in the lanthanide (4f element) series: light

and heavy lanthanides. The separation of lanthanides from
different groups is relatively easy compared with those located
within the same group. For example, the separation factor
between the light lanthanide neodymium, Nd, and the heavy
lanthanide erbium, Er, can reach about 100, indicating that the
process can easily separate these two elements. However, the
separation factor between neighboring lanthanides is usually
between 1 and 2, indicating that the process shows only a slight
preference for one element over the other.7 As a result,
separation of neighboring lanthanides often involves repeated
cycling of the extraction process, complicating the process of
separations and increasing the cost of production and the risk
of environmental pollution.8,9 Although a great effort has been
made during the past 50 years to improve the separation of
lanthanides by optimizing the extraction process conditions
and synthesizing new extractants, there is still a need to better
understand the extraction mechanism on the molecular scale in
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order to optimize the separation of neighboring lanthanides or
even those within a single group.
The weak amphiphilic nature of many extractants suggests

that the formation of metal ion−extractant complexes occurs
preferentially at the organic−aqueous interface.10−13 Many
extractants contain a hydrophilic, polar headgroup responsible
for interacting with metal ions in the aqueous phase and a
hydrophobic tailgroup that provides solubility in the organic
phase. Interfacial tension measurements demonstrate signifi-
cant interfacial activity of extractants, which tend to
accumulate at the organic−aqueous interface, where their
encounter with metal ions is likely to occur.11,14 However,
investigations into the kinetics of lanthanide ion complexation
and transport have suggested that extractants can bind to ions
either at the interface (Path 1 in Figure 1) or in the region of

the aqueous phase boundary layer near the interface if the
extractants are also water-soluble, as is often the case (Path 2 in
Figure 1). The mass transfer with chemical reaction
(MTWCR) mechanism includes the possibility illustrated by
Path 2 that water-soluble acidic extractants, such as HDEHP,
are transferred into the aqueous boundary layer near the
organic−aqueous interface, where they are deprotonated and
interact with metal ions to form aqueous ion−extractant
complexes, which subsequently diffuse into the organic
phase.15−17 Similar effects have been observed with transition
metals. An example is the extraction of Zn(II) with
diphenylthiocarbazone (dithizone) for which kinetics studies
suggested complexation in the bulk aqueous phase as in Path
2.18 Subsequent kinetics studies of more hydrophobic variants
of dithizone suggested that complexation occurs at the
interface as in Path 1.10 The relative advantage of ion−
extractant complexation occurring either at the interface or in
the aqueous phase is not well explored and is addressed here in
the context of HDEHP extraction of trivalent lanthanides.
Interface-sensitive experimental methods have begun to

probe the structure of interfacial ion−extractant complexes and
the role of hydrogen bonding in their formation and
stabilization at the aqueous−organic interface.19−25 For

instance, a thermal switch was developed to arrest interfacial
complexes of lanthanides and water-insoluble extractants
formed in the midst of the extraction process, thereby allowing
for the characterization of intermediate interfacial states by X-
ray scattering.21,22 Model systems of water-insoluble surfactant
monolayers at the liquid−vapor interface have also been
studied by interface-sensitive methods to explore the
interactions between ions and surfactants whose headgroups
mimic those of weakly amphiphilic extractants.26−37 Although
studies at the liquid−vapor interface cannot model ion
transport through the interface or structures that may form
uniquely at a liquid−liquid interface, they may be able to
model many aspects of the nanoscale variation of density,
dielectric properties, and water structuring near a liquid
interface that can influence ion−extractant complexation.
However, studies of water-insoluble surfactants or extractants
cannot address the issue of the location of complexation of
water-soluble extractants.
Recently, Kusaka and Watanabe studied the liquid−vapor

interface of aqueous solutions containing water-soluble
HDEHP and lanthanide ions.38,39 They used vibrational sum
frequency generation spectroscopy measurements to suggest
the coordination of ion−extractant complexes at the interface.
Here, we study the liquid−vapor interface of aqueous solutions
containing lanthanide chlorides and water-soluble HDEHP
(Chart 1) with tensiometry, X-ray reflectivity, and X-ray

fluorescence. By omitting the bulk organic phase, these studies
restrict interactions of HDEHP with trivalent lanthanide ions
to the bulk aqueous phase, the aqueous boundary layer near
the interface, and the liquid−vapor interface. This allows us to
explore the consequences of ion−extractant complexation
occurring either in the aqueous phase or at the interface.
Unexpectedly, we find that light lanthanides preferentially
occupy the water−vapor interface. This contradicts our
expectation that heavy lanthanides should have a higher
interfacial density since they are preferentially extracted by
HDEHP in the presence of an organic phase.6,7 We also
examined the complexation between Ln ions and a monolayer
of insoluble dihexadecyl phosphoric acid (DHDP in Chart 1),
which has the same phosphoric acid headgroup as HDEHP but
is confined to the aqueous liquid−vapor interface. In this case,
we found an enhanced presence of heavy over light Ln ions, as
expected. A comparison of these results reveals the antagonistic

Figure 1. Two locations of ion−extractant complexation define the
initial state of two different paths for transport of ions across the
liquid−liquid interface during solvent extraction. Path 1 starts at the
interface as the location of initial ion−extractant complexation. Path 2
starts in the aqueous phase boundary layer as the location of initial
complexation.

Chart 1. Molecular Structure of (A) HDEHP and (B)
DHDP
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role played by ion−extractant complexation within the
aqueous phase.

2. RESULTS
2.1. Solutions. Aqueous solutions of water-soluble

HDEHP at a concentration of 10 ± 1 μM and a 6:1 mole
ratio of HDEHP:Ln for each lanthanide in solution were
studied (SI Section 1.1 for solution preparation). The ratio 6:1
was chosen based upon known values of HDEHP complex-
ation with lanthanides in bulk organic phases but may not
necessarily represent the complexation ratio for the bulk
aqueous phases studied here because the speciation of
HDEHP and lanthanides in bulk water is unknown.7,40 The
pH values used in these measurements span a range for which
the phosphoric acid extractant in bulk water is mostly
protonated (HDEHP) at pH 2.0, is mostly deprotonated
(DEHP−) at pH 4.5, and is present in intermediate quantities
of both protonated and deprotonated species at pH 3.0 (SI
Section 1.2). Note, however, that the presence of lanthanide
ions can change the relative amount of protonated and
deprotonated species as the proton and the Ln(III) compete
for DEHP−. The shorthand notation (H)DEHP will be used in
contexts that do not distinguish between DEHP− and HDEHP
species.
2.2. Surface Tension Measurements. Figure 2 presents

surface tension measurements from the liquid−vapor interface
of aqueous solutions of (H)DEHP and a series of lanthanide
chlorides for three values of pH (2.0, 3.0, and 4.5). The curves
in Figure 2 illustrate the variation of surface tension with time
as well as equilibrium values (SI Section 1.3). In the absence of

lanthanide ions, aqueous solutions of (H)DEHP have an
equilibrium value of surface tension that decreases as the pH is
lowered. Aqueous solutions containing (H)DEHP and
lanthanide chlorides at pH 2.0, 3.0, or 4.5 produce an
equilibrium surface tension that is highest for solutions
containing the heaviest lanthanide ions (Lu) and sequentially
lower for solutions containing lighter lanthanide ions (from Lu
to Er, Dy, Gd, Nd, and La). X-ray measurements presented
later will confirm the interpretation of these surface tension
measurements that surface adsorption is greater in the
presence of lighter lanthanides.
Figure 2 also illustrates the kinetics of attaining equilibrium.

It is generally observed that solutions with lighter lanthanides
equilibrate quickly, more or less at the rate with which
(H)DEHP equilibrates in the absence of Ln ions, but the
kinetics are slower for solutions with heavier lanthanides.
Similar Ln extraction kinetics have been reported for the
TALSPEAK system: 1 M HDEHP/0.05 M DTPA in a lactate
buffer.41−43 The slow equilibration is particularly apparent at
pH 4.5 where it can be observed that the surface tensions for
the single-Ln-ion component samples containing Er and Lu
ions persist at values near that of pure water for 100 min or
more, suggesting that these ions stabilize an interface that has
little extractant even on time scales much longer than required
for the equilibration of (H)DEHP in the absence of Ln ions.
Eventually, the surface tension relaxes to values lower than that
of pure water, e.g., 66.6 mN/m for Er ions, indicating a slow
adsorption to the liquid−vapor interface, an adsorption that is
confirmed by X-ray measurements, as discussed later. On the
other hand, the surface tension of solutions with lighter

Figure 2. Surface tension measurements. Relaxation and equilibrium values of the liquid−vapor surface tension of (H)DEHP-aqueous solutions in
the absence (“no Ln ions”) or presence of lanthanide chlorides. (A) pH 2.0, (B) pH 3.0, (C) pH 4.5, where the vertical order of the surface tension
curves for Ln from top to bottom follows the order in the legend. (D) Equilibrium values of the surface tension vs atomic number [La(57),
Nd(60), Gd(64), Dy(66), Er(68), Lu(71)] for different values of pH, where dashed lines indicate the values in the absence of lanthanide ions
(Table S1 lists the values). Surface tension curves for a mixed monolayer containing Er and Nd are shown in Figure S2.
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lanthanides, for example, Nd ions, relaxes on the same time
scale as in the absence of ions, suggesting that the relaxation is
dominated by the adsorption kinetics of (H)DEHP to the
interface. Similar effects are observed to a lesser extent at pH
2.0 and 3.0.
2.3. Electron Density Profiles of the Surface Layer. X-

ray reflectivity measures the electron density profile with sub-
nanometer resolution, where the profile is the variation in
electron density along the interfacial normal but averaged over
the X-ray footprint in the plane of the liquid−vapor interface
(SI Sections 1.4 and 1.5).44 Since the interfacial region may
consist of different componentswater, (H)DEHP, and
lanthanide ionseach with a different electron density, X-ray
reflectivity can reveal the arrangement of these components at
the interface. However, X-ray reflectivity cannot distinguish
between HDEHP and DEHP− because of the small difference
in electron density between them. Element-specific informa-
tion that distinguishes one lanthanide from another will be
measured by X-ray fluorescence, which is discussed in the next
section. X-ray measurements used 10 keV X-rays with the
liquid surface scattering instrument at Sector 15, NSF’s
ChemMatCARS, of the Advanced Photon Source at Argonne
National Laboratory.45,46

We have limited our X-ray studies of these systems to
aqueous solutions containing (H)DEHP without Ln ions,
(H)DEHP with a representative heavy lanthanide, Er(III), and
a representative light lanthanide, Nd(III), as well as (H)DEHP
with a 1:1 mixture of these two lanthanides. Figure 3 illustrates
X-ray reflectivity measurements from the liquid−vapor inter-
face of these aqueous samples whose composition and pH are
identical to those measured with tensiometry. The lowest
curves shown in Figure 3A−C for each pH illustrate the

measurement of aqueous solutions containing water-soluble
(H)DEHP without Ln ions. Other curves in Figure 3A for pH
2.0 samples with Ln ions are not greatly different. A broad peak
develops at Qz ≈ 0.2 Å−1 for most of the samples with Ln ions
at pH 3.0 and 4.5 except for the one with only Er ions at pH
3.0.
All reflectivity curves are fitted with a simple model of the

electron density profile illustrated by the dash−dot line in
Figure 3D. This profile consists of a single homogeneous slab
of thickness d and electron density ρ on top of an aqueous bulk
phase represented by a homogeneous electron density. The
interface slab represents a layer composed of (H)DEHP, water,
and lanthanide ions. In order to fit reflectivity data, the profile
is convoluted with a Gaussian function to account for capillary
wave fluctuations of the interface.44 Note that the slab
illustrated by the dash−dot line in Figure 3D is drawn in the
absence of capillary wave roughening (Figure S4 shows zero-
roughness profiles for all data sets).
Figure 3D−F illustrates the electron density profiles that

result from fits to the data in Figure 3A−C. The lines in Figure
3D−F indicate the values of the electron density in the vapor
and bulk aqueous phases, 0 and 0.333 e−/Å3 at large negative
and positive z, respectively, as well as the gradual crossover
from the water-saturated helium vapor above the solution
through the aqueous interfacial layer to the aqueous bulk
phase. The gradual crossover is primarily the result of thermal
capillary waves that roughen the surface. The electron density
in the interfacial region rises above the value of the bulk
aqueous phase. This additional electron density is the result of
adsorption of (H)DEHP and ions to the surface of the aqueous
solution. It is apparent that the development of a broad peak at
Qz ≈ 0.2 Å−1 for most of the samples with Ln ions at pH 3 and

Figure 3. X-ray reflectivity measurements and analysis. (A−C) X-ray reflectivity R normalized to the Fresnel reflectivity RF as a function of wave
vector transfer Qz normal to the surface. Measurements are from the liquid−vapor interface of equilibrated aqueous samples for three different
values of pH: (A) pH 2.0, (B) pH 3.0, and (C) pH 4.5. The samples contained (H)DEHP, ErCl3, and NdCl3 at the same concentrations used for
the surface tension measurements shown in Figure 2 and Figure S2. The label “Er+Nd” indicates a 1:1 mixture of ErCl3 and NdCl3; “no Ln ions”
refers to aqueous solutions that contain (H)DEHP but not lanthanide ions. Data are displaced for visual clarity with the vertical placement of data
sets corresponding to the ordering in the legend. Note that all measured reflectivity curves approach 1 as Qz approaches 0. Lines represent the best
fits of the reflectivity data. (D−F) Electron density profiles as a function of the distance z normal to the liquid−vapor interface. The vapor above
the interface occurs at z ≪ 0 and the bulk aqueous phase at z ≫ 0. The dash−dot line in panel D displays a zero-roughness profile to illustrate the
thickness d and electron density ρ of the interfacial slab. The profiles are the result of the fits shown in panels A−C, respectively.
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pH 4.5 is the result of the enhanced electron density at the
interface shown in Figure 3E,F.
The slab that represents the interfacial layer is described by

three parameters: the layer thickness d, the layer electron
density ρ, and the interfacial roughness σ. Table 1 lists the

values of these parameters determined by fits to the X-ray
reflectivity data. The interfacial layer is thin, with a thickness
that varies from 7 to 9 Å. The resolution of these X-ray
reflectivity measurements is inadequate to distinguish the
location of lanthanide ions separately from the location of
(H)DEHP within this thin interfacial layer. The electron
density of the interfacial layer is 4−30% larger than the
electron density of pure water, depending upon the sample
composition. The interfacial roughness varies from 3 to 3.6 Å

and is primarily due to capillary wave fluctuations of the
interface.44

As expected from the nearly identical reflectivity curves and
corresponding electron density profiles measured for pH 2.0
samples, the parameters in Table 1 that describe the profiles of
these samples are the same within experimental uncertainty.
Samples containing Nd ions at pH 3.0 and all samples with Ln
ions at pH 4.5 form thinner layers than in the absence of ions,
but with higher electron density. This suggests that Ln ions
alter the (H)DEHP conformation at the surface. Note,
however, that the thinning of the layer is not observable in
Figure 3E,F because the larger roughness for these samples
smears the profile in the z-direction. The electron density ρ is
significantly larger for Nd-containing samples at pH 3.0 and for
both Er- and Nd-containing samples at pH 4.5, indicating
substantial ion density at the liquid−vapor interface which will
be verified by X-ray fluorescence in the next section.

2.4. Ion-Specific Interfacial Density. Although X-ray
reflectivity measures the electron density profile resulting from
all species at the liquid−vapor interface, it does not identify the
presence of specific elements. Therefore, X-ray fluorescence
near total reflection (XFNTR, SI Section 1.6) was used to
measure the element-specific interfacial density in units of
number of ions per area for the same samples studied by X-ray
reflectivity. Figure 4A illustrates the increase in XFNTR signal
with pH for equilibrated samples containing either Nd or Er
ions. Analysis of these signals relies upon the measurement of a
scale factor that differs for Nd and Er (Figure S6), such that
the same interfacial density of fluorescing ions produces a
larger signal for Er than for Nd. An analysis of these data is
summarized in Figure 4C, which demonstrates the increase in
the interfacial density of ions as the pH increases from 2.0 to
4.5. More Nd ions are adsorbed to the interface than Er ions at
each value of pH. Table 2 displays values of the interfacial area

Table 1. Fitting Parameters from X-ray Reflectivity
Measurementsa

pH ions d (Å) ρ (e−/Å3) σ (Å)

2.0 none 8.4−1.1
+0.7 0.353−0.003

+0.008 3.2−0.1
+0.2

Er 8.3−1.3
+0.8 0.351−0.003

+0.009 3.1−0.2
+0.1

Nd 8.1−1.2
+0.4 0.36−0.01

+0.03 3.3−0.2
+0.1

Nd + Er 7.1−0.8
+1.6 0.364−0.003

+0.09 3.1−0.2
+0.1

3.0 none 9.3−0.6
+0.4 0.359−0.003

+0.005 3.2−0.2
+0.1

Er 8.8−0.6
+0.4 0.354−0.003

+0.002 3.0−0.1
+0.1

Nd 7.3−0.9
+0.6 0.42−0.02

+0.02 3.6−0.1
+0.1

Nd + Er 7.4−0.7
+0.6 0.43−0.01

+0.02 3.5−0.1
+0.2

4.5 none 9.9−0.5
+0.4 0.346−0.001

+0.001 3.0−0.1
+0.1

Er 7.1−0.6
+0.8 0.43−0.01

+0.02 3.2−0.1
+0.2

Nd 7.7−0.8
+0.6 0.44−0.02

+0.02 3.5−0.1
+0.2

Nd + Er 7.7−0.8
+0.6 0.44−0.01

+0.02 3.4−0.1
+0.1

aParameters: layer thickness d; layer electron density ρ; interfacial
roughness σ. Uncertainties on the parameters are determined by
mapping the chi-squared space.47

Figure 4. X-ray fluorescence near total reflection (XFNTR) as a function of the wave vector transfer Qz near the critical Qc ≈ 0.217 Å−1 for total
reflection. Measured sample concentrations are the same as those in Figure 3. (A, C) Measurements from equilibrated samples containing single Ln
ionic components, either Nd or Er at pH 2.0, 3.0, or 4.5. (B, D) Measurements from equilibrated samples containing a mixture of Nd and Er ions,
each at a 6:1 ratio of (H)DEHP:ion, at pH 2.0, 3.0, or 4.5. (A, B) The XFNTR signal axis scale is the same for all samples, though the pH 2.0 data
have been multiplied by a factor of 10. (C, D) Interfacial density of ions (number per area) at different pH values (Table S2). Note that in panels A
and B the interfacial density scales differently with the XFNTR signal for Nd and Er due to the difference in X-ray fluorescence yields for these two
elements (Figure S6). Insets to panels A and B indicate that ions and (H)DEHP can be either at the interface or in the bulk aqueous phase, though
XFNTR detects ions at the interface.
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per ion, just the reciprocal of the ion interfacial density shown
in Figure 4C.

Aqueous samples of (H)DEHP that contain a 1:1 mixture of
NdCl3 and ErCl3, both in a ratio of 6:1 (H)DEHP:ion,
demonstrate the result of competitive adsorption between
these Ln ions. Under these conditions, Figure 4B,D and Table
2 demonstrate that the density of Er ions at the interface drops
to very low levels as Nd dominates the surface adsorption at all
values of pH. The surface adsorption of Nd ions in mixtures
with Er ions is similar to that in the absence of Er ions.
2.5. Safety Statement. No unexpected or unusually high

safety hazards were encountered.

3. DISCUSSION
These studies of trivalent lanthanide ion adsorption to the
liquid−vapor interface of aqueous electrolyte solutions
containing the water-soluble extractant (H)DEHP demon-
strate the preferential adsorption of light over heavy
lanthanides. Measurements were presented from three kinds
of solutions: (1) single-Ln-component solutions with
(H)DEHP, (2) solutions of two lanthanides (Nd and Er)
with (H)DEHP, and (3) solutions of (H)DEHP without
lanthanides. It is worthwhile noting that surface tension and X-
ray measurements of aqueous solutions of lanthanide chlorides
at the micromolar concentrations used in these experiments,
but in the absence of (H)DEHP, are essentially indistinguish-
able from measurements of the surface of pure water.
3.1. Preferential Adsorption of Lighter Lanthanides

at the Surface of Water-Soluble HDEHP Solutions.
Figure 2 showed that the surface tensions of single Ln-
component solutions become successively lower with decreas-
ing lanthanide mass from Lu to Er, Dy, Gd, Nd, and La for
each pH studied (2.0, 3.0, and 4.5). X-ray measurements in
Figures 3 and 4 compared the behavior of aqueous (H)DEHP
solutions with Nd ions, a light lanthanide, to solutions with Er
ions, a heavy lanthanide. The enhanced electron densities
measured by X-ray reflectivity occur primarily at higher pH
(3.0 and 4.5) in the presence of the lighter Nd ions, though a
significant, but slightly lower, electron density is also observed
for the heavier Er ions at the highest pH of 4.5 (Figure 3). X-
ray fluorescence measurements (XFNTR) demonstrate that
the interfacial density of Nd ions is larger than that of Er ions
at the liquid−vapor interface of single Ln-component solutions
for all pH values studied (Figure 4C). Studies of solutions
containing both Nd and Er ions reveal an overwhelming
preference for ions of the lighter lanthanide, Nd, at the liquid−
vapor interface, again, for all pH values studied (Figure 4D).
3.2. pH Dependence in the Absence of Ln Ions.

Varying pH has a substantial impact on the results, most likely

due to the varying degree of protonation of (H)DEHP in the
bulk aqueous phase. The fraction of protonated species,
HDEHP, can be calculated, in the absence of Ln ions, to vary
from 95% at pH 2.0 to 63% at pH 3.0 to 5% at pH 4.5 (Figure
S1). This variation influences the surface tension even in the
absence of Ln ions. At pH 4.5, without Ln ions, the
concentration of both HDEHP and DEHP− are below their
respective values of critical aggregation concentration (CAC),
1.6 μM (Figure S3) and 18 mM.48 The surface tension is
reduced to 66.5 mN/m, only slightly below that of pure water
at 72 mN/m, indicative of a small adsorption of (H)DEHP to
the interface. At pH 3.0, without lanthanide ions, the
concentration of HDEHP has risen above its CAC, though
DEHP− is still far below its CAC, likely making HDEHP the
dominant contribution to the reduction in surface tension to
54.1 mN/m. At pH 2.0, without lanthanide ions, the surface
tension is further reduced to 43.8 mN/m. In the absence of
ions, the reduction in surface tension with pH follows the
increase in concentration of the protonated species, HDEHP,
which is expected to be the predominant species at the
interface at these values of pH in the absence of Ln ions.

3.3. pH Dependence with Ln Ions. The surface tension
measurements shown in Figure 2 suggest that (H)DEHP
adsorption in the absence of ions is strongest at pH 2.0;
however, when Nd or Er ions are present in solution, their
adsorption is weakest at this pH. This is demonstrated by
XFNTR measurements shown in Figure 4 that measured the
area per ion at the interface to be 4700 Å2 for Nd ions to nearly
20 000 Å2 for Er ions. Under these low pH conditions, the
nearly fully protonated interfacial monolayer is resistant to
adsorption of either Nd or Er ions or (H)DEHP complexes
containing them. At pH 2.0, the measured surface tension
value in the presence of Nd ions is slightly higher than the
value without ions and is much higher in the presence of Er
ions (Figure 2D). Both results suggest that the amount of
interfacial (H)DEHP is reduced in the presence of ions,
though the resolution of the X-ray reflectivity measurements is
not sufficient to confirm this.
At the intermediate pH 3.0, XFNTR measurements shown

in Figure 4A reveal substantial adsorption of Nd ions but small
to negligible adsorption of Er ions (Table 2). This is consistent
with the increase in electron density measured by X-ray
reflectivity for Nd-containing samples, either single-Ln-
component or mixed Nd+Er ion solutions (Figure 3E). At
this pH, the surface tension for single-ionic-component Nd
solutions is nearly the same as in the absence of ions (Figure
2D), suggesting an adsorption of Nd−(H)DEHP complexes at
the interface whose interfacial density is similar to that of
(H)DEHP in the absence of Ln ions. Surface tensions of
solutions containing Er ions are higher than for solutions
without Ln ions, again suggesting the reduction in the amount
of interfacial (H)DEHP in the presence of Er ions.
Although (H)DEHP adsorption in the absence of Ln ions

appears to be low at pH 4.5, ion adsorption is greatest at this
pH as demonstrated by XFNTR measurements in Figure 4 that
measure the area per ion at the interface to be roughly 240 Å2

(Table 2). A substantial adsorption at the surface of solutions
with Nd ions is consistent with the reduction in surface tension
by 10.3 mN/m below the value for HDEHP solutions without
Ln ions. A substantial adsorption is also observed when Er ions
are in the solution, even though its equilibrium tension value is
essentially unchanged from the value without Ln ions. The
very long equilibration time for Er at this pH, in which the

Table 2. Interfacial Area per Ion (in Å2) of Nd and Er
Measured by XFNTRa

single Ln ion samples mixture of Ln ions

pH Nd Er Nd Er

2.0 4700 (200) 19 900 (1600) 5300 (200) 16 000 (3000)
3.0 400 (20) 6500 (300) 360 (20) BDLb

4.5 240 (10) 310 (10) 240 (10) BDL
aEstimated standard deviations at the one-sigma level are shown in
parentheses and were determined by mapping the chi-squared
space.47 bBDL, below detection limit (≳50 000 Å2).
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surface tension remains close to the value for pure water
(Figure 2C), and XFNTR measurements reveal only a small
adsorption of Er ions for roughly 100 min (Figure S7),
suggests that complexation in the bulk aqueous solution plays
an important role.
3.4. Complexation in the Bulk Aqueous Solution. The

measurements of single-Ln-component HDEHP solutions
show that Nd−extractant complexes adsorb to the interface
to a greater extent than Er−extractant complexes under
otherwise similar conditions. Either the Nd−(H)DEHP
species have more favorable interactions with the interface,
or they have less favorable interactions with the bulk aqueous
phase or, possibly, a combination of the two. Considering the
surface tension kinetics discussed in the previous section which
suggests the importance of bulk complexation, we discuss our
results in the context of the hypothesis that Nd−(H)DEHP
species have less favorable interactions with the bulk aqueous
phase. Stated another way, Nd−extractant species are more
hydrophobic than Er−extractant species. More generally, the
surface tension measurements of HDEHP solutions with other
lanthanides suggest that lighter Ln ion−extractant complexes
in the bulk aqueous phase are more hydrophobic (or,
equivalently, less hydrophilic) than those formed by heavier
lanthanides.
This hypothesis explains the pH variation shown in Figure

2D of the surface tension of solutions with different
lanthanides relative to the values without Ln ions. At pH 4.5,
Figure 2D shows that heavier lanthanides do not greatly
change the surface tension from the value without Ln ions, but
lighter lanthanides lower the surface tension significantly. If
lighter Ln ion−extractant complexes are more hydrophobic
than the hydrophilic DEHP− present at this pH, then these
complexes will go to the surface and reduce the surface
tension. The more hydrophilic heavier Ln ion−extractant
complexes will preferentially stay in the bulk, as will the
hydrophilic DEHP− for solutions without Ln ions; therefore,
the surface tension will be high in both cases. In contrast to
this behavior at pH 4.5, Figure 2D shows that at pH 2.0 lighter
lanthanides do not change the surface tension from the value
without Ln ions, but heavier lanthanides raise the surface
tension. Hydrophobic ion−extractant complexes formed by
lighter lanthanides may not change the tension much in
comparison to solutions without Ln ions which consist
primarily of electrically neutral hydrophobic HDEHP.
However, stronger interactions of heavier lanthanides with
(H)DEHP, described next, can stabilize (H)DEHP in the bulk
phase and raise the surface tension.
It is reasonable to expect that lighter and heavier lanthanides

will interact differently with (H)DEHP in the bulk aqueous
phase as a result of the lanthanide contraction, which expresses
the fact that heavier lanthanides have smaller radii. For
example, the Er(III) ionic radius is smaller than Nd(III) by 11
pm.49 Therefore, Er(III) has a higher effective charge than
Nd(III), that is, while they have the same formal charge (+3),
the smaller Er ion has a larger electric field which interacts
more strongly with charged DEHP−. The stronger interaction
in aqueous solution is demonstrated in Figure 5 by a molecular
dynamics (MD) simulation of the potential of mean force (or
free energy profile) of each ion interacting separately with
DEHP− in bulk aqueous solution. The free energy minimum is
lower for the Er−DEHP− complex by 2.2 kcal/mol, and the
equilibrium distance of the ion to the phosphorus atom in
DEHP− is slightly smaller for Er(III). At pH 3.0 and pH 4.5,

where DEHP− is the dominant species in the bulk aqueous
phase, this stronger interaction is expected to lead to greater
complexation of DEHP− with Er(III) in the bulk solution. This
stronger interaction with Er may form a more stable bulk
complex that also has the effect of stabilizing (H)DEHP in the
bulk aqueous phase. This is consistent with our surface tension
measurements that suggest that the presence of Er can reduce
the amount of interfacial (H)DEHP, most likely by stabilizing
it in the bulk.
The different kinetics of relaxation of the surface tension

shown in Figure 2 for light and heavy lanthanides is also likely
due to a difference in the bulk complexes. One form of this
bulk complexation is illustrated in Figure 6, which shows an
MD simulation of the formation of micelles of DEHP− and Ln
ions. These micelles have a roughly 3:1 ratio of DEHP−:Er(III)
with the Ln ions situated on the outer surface of the micelle.
Micelles were also observed in MD simulations for complexes
with Nd(III) (not shown). The slower kinetics of heavier
lanthanides, which maintains the surface tension of a nearly
pure water surface for some time, suggests that bulk complexes
of heavy lanthanides are more resistant to surface adsorption.
Large complexes such as micelles were not observed at the
surface by X-ray reflectivity, which indicates that if present in
the bulk solution they would have to disintegrate into smaller
complexes upon adsorption to the surface. Therefore, large
bulk complexes of heavier lanthanides which are more strongly
bound than those of lighter lanthanides would have slower
adsorption kinetics. Further research will be required to
establish the nature of the bulk aqueous ion−extractant
complexes formed by different lanthanides and the mechanism
of their adsorption to the solution surface.

3.5. Ln Ion Adsorption to Water-Insoluble DHDP. If
Er(III) has a stronger interaction with DEHP− than does
Nd(III), then it might be expected that Er ions would also
dominate the interfacial adsorption of (H)DEHP solutions,
though this is not observed. We suggested above that the
preferential adsorption of light lanthanides is the result of the
stronger complexation of heavier Ln ions with (H)DEHP in
the bulk aqueous phase. Here, we test this idea by eliminating
the bulk complexation and measuring the competitive binding
of Nd and Er ions to an insoluble monolayer of dihexadecyl

Figure 5.MD simulations of the potential of mean force (PMF or free
energy profile) between a single Ln(III) ion and a single DEHP− in
bulk water, where Ln(III) is either Er(III) or Nd(III). The deeper
minimum and slightly smaller ion to P distance for Er(III) reveal a
stronger interaction with Er(III) than with Nd(III). The molecular
cartoon illustrates Ln(III) in green at given distances from DEHP−

(cyan balls represent carbon, red oxygen, white hydrogen, and bronze
phosphorus). See SI Section 2 for MD methods.
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phosphoric acid (DHDP in Chart 1) at the liquid−vapor
interface. DHDP has the same phosphoric acid headgroup as
HDEHP but longer unbranched hydrocarbon tailgroups, which
make it insoluble in the aqueous phase and, therefore, confine
it to the interface. The initial ratio of ions in bulk aqueous
solution was 1:1 (Nd:Er) at a concentration of 10 μM and a
pH of 2.5. The measurement shown in Figure 7 illustrates the
temporal evolution of ion adsorption to the DHDP monolayer.
The first XFNTR measurement, taken 30 min after spreading
the monolayer, illustrates a similar adsorption of both ions to

the DHDP monolayer, but soon after, Er ion adsorption
dominates the interface. A related observation has been
reported of preferential adsorption of Er over Nd to an
insoluble octadecylphosphonic acid monolayer supported on
the surface of an aqueous electrolyte solution.29 Here, we have
seen that when the phosphoric acid headgroups of water-
insoluble DHDP are confined to the liquid−vapor interface, Er
ions are preferentially adsorbed, but when the extractant is
water-soluble HDEHP, then Nd ions were preferentially
adsorbed to the liquid−vapor interface.

3.6. Implications for Solvent Extraction of Lantha-
nides by HDEHP. The extractant HDEHP is commonly used
in rare earth processes and preferentially extracts heavy over
light lanthanides.8,41 In this process, a multicomponent
aqueous solution of lanthanides is placed in contact with an
immiscible organic solvent containing HDEHP. It is believed
that ions complex with (H)DEHP near the interface as the
result of one or both of the following processes: (Path 1 in
Figure 1) weakly amphiphilic (H)DEHP adsorbs to the
liquid−liquid interface, where it then interacts with ions
approaching from the water-side of the interface and transports
them into the organic phase,12 or (Path 2 in Figure 1) HDEHP
dissolves in the aqueous phase boundary layer where it forms
hydrophobic complexes with ions, which diffuse back to the
interface and into the organic solvent.15 The consequences of
these two paths for the kinetics of solvent extraction have been
discussed within the mass transfer with chemical reaction
(MTWCR) mechanism, which also dismissed the relevance of
a third path that originates deep within the bulk aqueous
phase.15

Although experiments at the liquid−vapor interface cannot
model all processes involved in solvent extraction at the
liquid−liquid interface between aqueous and organic solvents,
this study has provided insight into the competitive
interactions between lanthanides and the water-soluble
extractant HDEHP. Specifically, we have found (1) that
heavier lanthanides do not populate the liquid−vapor interface
as much as lighter lanthanides in single-Ln HDEHP solutions;
(2) that the kinetics of heavier lanthanide adsorption to the
interface is slower than that of lighter lanthanides by up to 2
orders of magnitude; and (3) that favorable but not
overwhelming preferences in single-Ln HDHEP solutions can
lead to an overwhelming competitive advantage for the
population of lighter over heavier lanthanides at the
aqueous−vapor interface of lanthanide mixtures. Overall,
these results show that heavier lanthanides are held back in
the bulk aqueous phase in favor of lighter lanthanides
populating the aqueous−vapor interface under conditions of
both equilibrium adsorption and the approach to equilibrium.
To the extent that these features at the liquid−vapor interface
hold true for the liquid−liquid interface, each appears to be
antagonistic to the intended preferential extraction of heavier
lanthanides by HDEHP.
Our results suggest a different role for complexation in the

bulk aqueous phase than hypothesized by Path 2 in Figure 1.
The primarily hydrophobic ion−extractant complexes shown
in the aqueous boundary layer in Figure 1, which are expected
to transport ions from the boundary layer into the organic
phase, cannot explain our results. Instead, complexation and
speciation throughout the aqueous phase, including more
hydrophilic complexes, must play an important role in the
results presented here. Our studies point to a more significant
role for aqueous complexation and speciation in understanding

Figure 6. MD simulation of bulk water (without an interface) that
illustrates a selection of differently sized micelles formed sponta-
neously in a bulk aqueous solution of DEHP− represented as a stick
structure and Er(III) ions represented by green dots (cyan sticks
represent carbon, red oxygen, white hydrogen, and bronze
phosphorus, and the water is hidden). The three micelles shown
contain 9 DEHP−:3 Er(III), 12 DEHP−:4 Er(III), and 16 DEHP−:5
Er(III). See SI Section 3 for MD methods.

Figure 7. Interfacial density of Er(III) and Nd(III) at the surface of
pH 2.5 aqueous solution supporting an insoluble monolayer of
DHDP. These results from XFNTR measurements illustrate the
preferential binding of Er ions over Nd ions for the phosphoric acid
headgroup of DHDP confined to the interface (see Figure S8 for
XFNTR data and Table S3 for numerical values).
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competitive Ln-binding to HDEHP at the liquid−vapor
interface and suggest that further studies are required to
understand their consequences for solvent extraction at the
liquid−liquid interface.

4. CONCLUSION
Measurements of the liquid−vapor interface of aqueous
solutions containing a water-soluble extractant, HDEHP, and
trivalent lanthanide ions demonstrated the preferential
adsorption of light over heavy lanthanides for a solution pH
of 2.0, 3.0, and 4.5. Surface tension measurements revealed a
sequential variation along the lanthanide series, as well as
slower kinetics of adsorption for heavier lanthanides. X-ray
reflectivity and X-ray fluorescence near total reflection
measurements directly probed the interfacial adsorption of a
light lanthanide ion, Nd(III), and a heavy lanthanide ion,
Er(III), including element-specific measurements of the
interfacial density of these ions. These measurements
demonstrated the preferential adsorption of Nd over Er ions
at the surface of aqueous solutions containing single Ln ionic
components but also revealed the nearly exclusive presence of
Nd at the surface under conditions of competitive adsorption
in an aqueous solution containing both types of ions. Our
hypothesis that light lanthanides form ion−extractant com-
plexes that are more hydrophobic than those formed by heavy
lanthanides explains the observed differences in adsorption of
light and heavy lanthanide ions to the surface of aqueous
solutions of (H)DEHP.
In contrast to these measurements with a soluble organo-

phosphoric acid extractant, HDEHP, measurements of
interfacial adsorption to a monolayer of a water-insoluble
organophosphoric acid extractant, DHDP, which contains the
same headgroup but is confined to the interface, demonstrated
the inverse preferential adsorption, that is, a preferential
adsorption of Er over Nd. This exhibits the same preference for
heavy over light lanthanides that is utilized by liquid−liquid
extraction of these elements by HDEHP. Our results suggest
that the presence of water-soluble extractant HDEHP will bias
the extraction toward heavier lanthanides when it is located at
the aqueous−organic interface, but once HDEHP is solvated in
the aqueous solution, it becomes antagonistic to the
preferential extraction of heavy over light lanthanides. The
effects investigated will likely reduce the separation factor
between heavy and light lanthanides, thereby leaving excess
heavy lanthanide in the aqueous raffinate at the end of the
extraction process and complicating the environmental impact
of the extraction. Comparative studies at the liquid−liquid
interface will be necessary to confirm this suggestion when
aqueous and organic phases are in equilibrium. This work also
points to an unappreciated role for ion−extractant complex-
ation in the bulk aqueous phase in the context of solvent
extraction. Future work is required to further explore the
chemical speciation and coordination chemistry of Ln with
HDEHP in the bulk aqueous phase and at the interface. Our
results clarify the role of the bulk aqueous phase and possible
advantages of extractants that interact with ions only at the
interface (Path 1 in Figure 1) during solvent extraction. These
results may have broader applicability in chemical separations
because solvent extraction of solutes from an aqueous phase to
an organic phase is a separations technique widely used in
chemistry, not just for the separation of rare earth elements,
and extractants with some solubility in water are not
uncommon.50
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