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ABSTRACT: Rare earths are important materials in various technologies such as
catalysis and optoelectronics. Graphene oxide (GO) is a promising material for
separation applications, including the isolation of lanthanides from complex mixtures.
Previous works using fatty acid monolayers have demonstrated preferential heavy
versus light lanthanide adsorption, which has been attributed to differences in
lanthanide ion size. In this work, we used interfacial X-ray fluorescence measurements
to reveal that GO thin films at the air/water interface have no lanthanide selectivity
for dilute subphases. However, at high subphase concentrations, ∼8 times more Lu is
adsorbed than La. By comparing the GO results with an ideal monolayer with a
carboxylic acid headgroup, arachidic acid (AA), we demonstrate that the number of
Lu ions adsorbed to GO is significantly higher than the number expected to compensate for the surface charge. Vibrational sum
frequency generation (SFG) spectroscopy results on both GO thin films and AA monolayers reveal a red-shifted SFG signal in the
OH region, which we attribute to partial dehydration of the adsorbed ions and carboxylic acid headgroups. Liquid surface X-ray
reflectivity data show that the GO thin film structure does not significantly change between the very dilute and concentrated
subphases. We speculate that the functional groups of both GO and AA facilitate cation dehydration, which is essential for ion
adsorption. Heavy lanthanide Lu has stronger ion−ion correlations that can overcome the electrostatic repulsion between cations at
higher concentrations compared to light lanthanide La, meaning GO and AA can exhibit apparent overcharge with Lu. Lastly, the
layered structure of the GO films and reactive chemical nature of GO itself can accommodate ion adsorption.

■ INTRODUCTION

Isolating lanthanides from complex mixtures is critical for a
range of applications including catalysis and petroleum
refining, medical imaging, permanent magnet fabrication,
optoelectronics, and green technology development among
others.1−4 Graphene oxide (GO) is a promising5 two-
dimensional amphiphile due to its sp2 hybridized carbon
backbone decorated with oxygen functional groups including
carboxylic acids, epoxies, and hydroxyls.6 The exact chemical
and physical structures vary depending on the synthesis,7 but
GO usually exists as flakes with hydrophobic basal planes and
hydrophilic edges.8,9 Bulk experimental and computational
works have investigated rare earth,10−13 actinide,11,14−18 and
other metal separations19−22 using GO, typically through bulk
adsorption of the metal ions onto the GO flakes or filtration via
GO membranes consisting of stacked GO flakes. Arguably, the
nanoscale interactions governing the success of these
separations occur in the small, interfacial region formed
between the GO flakes and liquid. Recent works have probed
this interface by creating GO thin films directly on aqueous
subphases,23−28 and a recent work by our group connected

interfacial interactions with GO to rare earth metal separation
performance using GO membranes.29

Interestingly, the extraction efficiency of metals across the
lanthanide series varies even though nearly all ions are trivalent
in typical aqueous conditions.1,2,30−32 These differences have
been attributed to lanthanide contraction,33,34 where the
atomic radius of the metal decreases as the atomic number
increases. This small but important variation in the ion size
strongly affects hydration structures,35 coordination chem-
istry,36 and solvation enthalpies.37 Indeed, studies have probed
changes in the hydration structure of the lanthanides across the
series.38 X-ray scattering and molecular dynamics simulations35

have shown a gradual transition from ∼9 to ∼8 waters in the
first coordination shell from La3+ to Lu3+. The hydration
structure of ions at the air/water interface is directly relevant to
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separation efforts, as ions may undergo partial or total
dehydration during adsorption.32,39,40 Recently, our group
studied Nd adsorption to arachidic acid (AA) films using
vibrational sum frequency generation spectroscopy (SFG) and
observed a red-shifted signal within the water region, which
was attributed to the partial dehydration of adsorbed Nd
ions.41 SFG is an inherently surface-specific technique that is
well suited to understand local water structures near the air/
water interface as the signal is only generated when
centrosymmetry is broken (Figure 1).39,40,42−44

In this work, we consider both light lanthanide La and heavy
lanthanide Lu adsorption to a GO thin film and an ideal AA
monolayer at the air/water interface to understand the effects
of ion size on adsorption and local water structure. AA serves
as a model monolayer composed of well-organized carboxylic
acid headgroups each with a hydrocarbon tail. This comparison
allows us to quantify the density of carboxylic acid groups on
GO and to resolve the ambiguities due to the interference
effects in the SFG signal.26 Surface X-ray fluorescence near
total reflection (XFNTR) measurements on GO and AA
monolayers (Figure 1) allow quantitative determination of
adsorbed La and Lu ions45 and reveal that GO thin films
adsorb 8.3× more Lu versus La when placed on a high-
concentration subphase. By comparing this adsorbed ion
density to that of AA and examining the thin film structure
with liquid surface X-ray reflectivity (XR) (Figure 1), we show
that the GO films exhibit apparent overcharging for Lu, i.e.,
significantly more Lu ions adsorb than the amount expected to
compensate the surface charge of GO. However, La ions do
not show overcharging. Strikingly, for dilute subphases, La and
Lu adsorption to GO thin films is nearly identical with no
noticeable selectivity. Additionally, the XFNTR measurements
explicitly show apparent overcharging of the AA monolayer
when Lu is present, while La adsorption follows the expected
charge compensation. This is the first time, to the best of our

knowledge, that apparent overcharging on AA with only a
heavy lanthanide has been demonstrated. These results are
coupled with SFG measurements that show the emergence of a
signal attributed to partially dehydrated adsorbed ions that is
present for both GO thin films and AA monolayers. We posit
that the functional groups of GO and AA facilitate partial ion
dehydration and allow adsorption, as evidenced by our SFG
results. Lastly, we speculate that GO thin films can
accommodate more adsorbed ions because of their complex
layered structure and the reactive chemistry of GO.

■ EXPERIMENTAL SECTION

Materials and Sample Preparation. All samples were
prepared using ultrapure water (resistivity = 18.2 MΩ,
Millipore, Synergy Water Purification system). We considered
two surfactants: AA and GO. 1 mM AA samples (Sigma-
Aldrich) were prepared using 3:1 chloroform/methanol (v/v,
Sigma-Aldrich) and were stored at 0 °C. GO samples were
made by sonicating a commercially available stock solution of
10 mg/mL GO (purchased from Standard Graphene, South
Korea) for 5 min and then diluting it to 1 mg/mL with water.
Samples were diluted again 1:5 with anhydrous methanol
(Sigma-Aldrich), sonicated for 1 h, and lastly filtered through a
1.2 μm syringe filter. This GO preparation method allows
smooth, reproducible thin films to be formed at the interface,
as investigated in another work.24 Metal solution samples were
prepared using LaCl3·7H2O (99.999% trace metal basis) and
LuCl3·6H2O (≥99.99% trace metal basis) (Sigma-Aldrich).
The pH of the subphases was not adjusted and was
approximately 6, meaning nearly all carboxylic acid groups of
AA and GO were fully deprotonated.29

Synchrotron X-ray Measurements. Liquid surface XR
and XFNTR measurements were completed at Sector 15ID-C,
ChemMatCARS, at the Advanced Photon Source at Argonne
National Laboratory. The incident X-ray beam at 10 keV was
focused using various optics and the final size is 2 mm
horizontal by 40 μm vertical set using slits.
Samples were prepared in a polytetrafluoroethylene-coated

Langmuir trough, with a single barrier and a pressure sensor
(Nima) equipped with a clean Wilhelmy plate made of
chromatography paper, placed inside a containment box. A
custom glass slab cleaned using Nochromix was placed in the
trough to reduce the trough volume to 200 mL. The trough
was thoroughly cleaned before each sample by wiping it with
chloroform and alcohol and then rinsing it two to three times
with clean water. 200 mL of the liquid subphase was placed in
the trough, and the surface was cleaned to eliminate
contamination. After cleaning, the surfactant, either AA or
GO, was slowly spread on top of the subphase using an
appropriately sized glass syringe (Hamilton). For these
measurements, we spread 150 μL of AA and 200 μL of GO.
The barrier was slowly closed until the target surface pressure
was obtained, 10 mN/m for AA and 20 mN/m for GO. A
surface pressure of 20 mN/m was chosen for GO because it
placed enough GO at the interface to create a continuous,
reproducible film. Lower surface pressures likely have spaces in
between the GO sheets, which can complicate analysis. The
final area depends on the surfactant. The containment chamber
was purged with He gas, which reduced X-ray damage to the
sample during the measurement and minimizes unwanted
background scattering in air. He was bubbled through water
prior to purging to keep the humidity consistent.

Figure 1. Experimental cartoon showing AA (tan) monolayers and
GO (gray) thin films at the air/water interface. X-ray fluorescence
(top), XR (top), and SFG spectroscopy (bottom) are interface-
specific techniques that detail the adsorbed ion density, monolayer or
film structure, and water organization, respectively.
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Liquid Surface XR Measurements and Fitting. After
aligning the liquid sample height, reflectivity data was collected
by measuring the specular reflection of the incident X-ray
beam off the liquid surface as a function of the momentum
transfer QZ = (4π/λ) sin (2α/2), where λ is the wavelength of
the incident beam, 1.24 Å, and α is the angle between the
incident beam and sample surface. The reflections were
measured on a Pilatus 200K detector. The sample was
horizontally shifted at different points during the scan to
reduce beam damage effects, and a few data points were re-
collected to check reproducibility. Both AA monolayers and
GO thin films showed reproducible XR signals across the
horizontal sample area, meaning the samples were homoge-
neous.
Obtained XR data for GO are modeled using three slabs

each with its own thickness and electron density, and a global
roughness parameter. The roughness of these non-sharp,
layered interfaces was dominated by surface capillary waves;
hence, the roughness of each slab was set to be equal through
the global roughness parameter. The slab parameters were
determined using the recursive Parratt formalism via least-
squares fitting to the following merit function (eq 1)

=

=

R R( )

i

N

i

2

1

calc exp
2

2

i i

(1)

where Rcalc is the calculated reflectivity, Rexp is the
experimentally measured reflectivity, and γ is the uncertainty
for each slab i. Reflectivity data were fit using StochFit,46 and
fit parameters are provided in the Supporting Information
(Table S1).

X-ray Fluorescence Near Total Reflection Measure-
ments and Fitting. Fluorescence intensities were collected
on a Vortex-60EX multi-cathode energy-dispersive detector
positioned 10.4 mm perpendicular to the liquid surface sample.
Detector calibration data were collected by measuring a 20
mM metal subphase sample without a surfactant. Measured
fluorescence data were collected on prepared samples with a
surfactant, either AA or GO. All fluorescence energies are
recorded simultaneously over QZ, and the target subphase ion
emission energy was extracted after the measurement by fitting
the emission energy to a Gaussian peak with a polynomial
background. Consequently, we could assess subphase metal ion
contamination, which was insignificant in our measurements.
This process was repeated for each measured value of QZ.
XFNTR data were fit by calculating the penetration depth

and area of the incident X-ray based on the beam parameters
and fitting the surface density of fluorescent ions necessary to
generate a signal from that calculated area. As QZ varies, only
the penetration depth of the beam changes because the beam
footprint on the liquid sample is always larger than the area of
the detector. We measured QZ around the critical angle

=Q r4
C e

, where re− is the classical radius of an
electron and Δρ is the electron density contrast between the
liquid subphase and air. For these samples, QC ∼0.022 Å−1. At
QZ < QC, the signal undergoes total external reflection and only
the evanescent waves penetrate the first few nanometers of the
liquid, meaning the measured fluorescence signal is limited to
ions at the interface. At QZ > QC, a fluorescence signal is
generated from the bulk and interface.45 Data were fitted using
liquid surface software freely available from ChemMatCARS.
All data and fits (Figures S2 and S3) and the fitted parameters

(Table S1) are reported in the Supporting Information. For the
GO samples, ions were placed at a fitted distance away from
the liquid surface29 to account for the partial submersion of the
multilayered GO film, as characterized explicitly with liquid
surface XR. We speculate that some GO may dissolve in the
subphase and attract ions, although our XR analysis shows that
more GO is contained at the air/water interface.
After fitting the XFNTR data to determine the surface

density of adsorbed ions, data were plotted over concentrations
of LaCl3 and LuCl3 for both AA and GO. Linear plots are
provided in the Supporting Information (Figure S4). The
concentration isotherms for La were fitted to a Langmuir
adsorption model with one binding event (eq 2)

=

+

i

k
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B (2)

where θ is the absorbed ion coverage, θMax is the maximum
adsorbed ion coverage, KB is the adsorbed ion binding affinity,
and C is the subphase concentration.47 Concentration
isotherms for Lu could not be described using a Langmuir
adsorption model with one binding event and were instead
fitted to a Langmuir adsorption model with two binding events
(eq 3)
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in which subscripts 1 and 2 refer to binding events 1 and 2,
respectively.48 Because determining the absolute values of K
requires additional very low concentration data, these fits are
only included as guides to the eye and for qualitative analysis.

Sum Frequency Generation Spectroscopy Measure-
ments. SFG samples were prepared by slowly spreading a
small amount of either AA or GO dropwise on an
approximately 22 mL subphase in a polytetrafluoroethylene
dish (inner diameter of 60 mm and a height of 20 mm) while
monitoring the surface pressure with a sensor (Nima)
equipped with clean chromatography paper. 25 μL of AA
was added such that the surface pressure was 10 mN/m and
100 μL GO was added to give a surface pressure of 20 mN/m.
All data were collected at room temperature under regular air.
SFG measurements were conducted using an EKSPLA

system, which has been described in detail elsewhere.39,43,49 In
brief, an amplified Nd/YAG laser produces 20 ps pulses with
28 mJ power centered at 1064 nm at a rate of 50 Hz. This
1064 nm beam is split into two 532 nm beams. One is used as
the visible-light source to measure the sample, and the other is
used to generate a tunable IR signal using the original 1064 nm
beam. These two signals are overlapped spatially and
temporarily at the liquid surface to generate the SFG signal.
The 532 nm beam was attenuated to 200 μJ, and the IR beam
was attenuated to 100 μJ power during the measurements. The
angles of incidence for the 531 nm and IR beams are 60 and
55° normal to the surface, respectively. The generated SFG
signal was detected by a photomultiplier tube connected to a
monochromator. Each spectrum was measured over the
vibrational water range from 3000 to 3800 cm−1 using 4
cm−1 steps. Each datum point is an average of 300 laser shots.
To avoid sample damage, the sample was rotated after every
three frequency steps. This rotation also ensures that the
samples are homogeneous and reproducible as data were
measured and compared to ensure consistency. All presented
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SFG data were normalized to a reference z-cut quartz (MTI
Corporation). Data were collected by SSP polarization.
All collected SFG data (Supporting Information), ISFG, are

proportional to the effective χ(2) signal, χeff
(2), and can be fitted

to a series of n Lorentzian peaks using

+

+

I
A

i
e

n

n

n n

i

SFG eff
(2)

NR
IR

2

2

(4)

where χNR is the non-resonant contribution, An is the peak
amplitude, ωIR is the IR frequency, ωn is the resonant peak
frequency, Γn is the dampening constant that determined peak
width, and ϕ2 is the phase between the resonant and non-
resonant signals.50 Data fitted over all concentrations via the
sum of least-squares to eq 4 using three peaks centered around
approximately 3100, 3200, and 3400 cm−1 to describe the
emerging red-shifted signal, strongly hydrogen-bonded water,
and weakly hydrogen-bonded water, respectively. The peak
widths and frequencies, χNR, and ϕ2 were global parameters
and fitted across the concentration series, while the peak
amplitudes were fitted individually for each concentration. All
fits (Figures S5 and S6) and parameters (Tables S3 and S4)
are provided in the Supporting Information.
Samples with charged surfaces can induce an additional SFG

signal called the χ(3) effect, defined as

+

+

+
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e e
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i i

SFG eff
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IR

2
Z
2

(3)
0

2

2 3

(5)

in which κ is the inverse Debye length, ΔkZ is the inverse SFG
coherence length, ϕ3 is the phase angle, χ(3) is an explicit
contribution, and Φ0 is the surface potential.50 Undoubtedly,
the χ(3) effect is important for dilute systems with large surface

charges, as the third term of eq 5 becomes significant. As
discussed in the Supporting Information (Figure S7),

+ k
0

2

2

z

2
is about an order of magnitude smaller than

the measured SFG intensities, which roughly implies that the
collected data can be described using the χ(2) contribution. We
note that this calculation assumes a simplistic Debye length
and surface charge decay, which are likely not valid for trivalent
ions. In general, we focus our analysis on a qualitative
discussion of the SFG data trends over subphase concentration
and note that the red-shifted signal we observe is likely not
from the χ(3) effect. Explicitly determining the unique χ(2) and
χ(3) contributions for trivalent ions requires additional analysis
and measurements.

■ RESULTS AND DISCUSSION

La and Lu Ion Adsorption to GO and AA. To
understand the impacts of ion size on adsorption, we
determined the adsorbed La and Lu ion surface density for
GO thin films and AA monolayers at the air/water interface
using XFNTR. As mentioned in the Experimental Section, GO
thin films were prepared at the air/water interface using a
simple sonication and spreading method, investigated in detail
in another work.24 In brief, the film quality was assessed using
liquid surface XR and SFG, and the prepared films are
homogeneous and smooth, meaning interfacial measurements
were reproducible. XFNTR is an inherently interfacial
technique that measures fluorescence signals from ions within
the first ∼5 nm of the air/liquid surface.45 It is element-specific
and can detect3 approximately 1 ion/50,000 Å2, meaning it is
well suited to quantitatively determine the number of ions
adsorbed to a surfactant.
Lu3+ is smaller than La3+ and has a higher charge density per

unit volume and more surface activity, as demonstrated in

Figure 2. Adsorbed ion surface densities for LaCl3 (A) and LuCl3 (B) on GO thin films (circles) and AA monolayers (triangles) plotted over
subphase concentration. Ion surface densities were calculated from fitted XFNTR data, and error bars are derived from those fits. Obtained ion
surface densities qualitatively match Langmuir adsorption models with one binding event for LaCl3 (eq 2) and two binding events to LuCl3 (eq 3),
which are included as guides to the eye. The trivalent ion surface density required for AA charge compensation is shown (solid black line).
Cartoons are not to scale. Linear plots are provided in the Supporting Information. Note the y-scale changes between the two panels.
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other works on rare earth adsorption.1,3,29,44 XFNTR data
(Supporting Information) for GO thin films on LaCl3 and
LuCl3 subphases were collected for concentrations ranging
from 10 μM to 20 mM, and XFNTR data for AA monolayers
were collected for concentrations up to 5 mM, as AA is not a
stable monolayer at higher concentrations and will collapse
into micelles. For all other measured concentrations, AA exists
as a monolayer, as determined by measured surface pressure/
area isotherms (Supporting Information).
From these data, the adsorbed La and Lu surface densities

are determined (Experimental Section) and plotted over
subphase concentration to create concentration-dependent
isotherms, which generally follow a Langmuir adsorption curve
with one binding event for La (eq 2) and a Langmuir
adsorption curve with two binding events for Lu (Figure 3).
These curves are included as guides to the eye, as explicitly
fitting concentration isotherm data requires additional very
dilute measurements. Error bars for these surface densities are
derived from the XFNTR fit. For each measured sample, the
subphase pH was ∼6, meaning 99% of the carboxylic acid

groups of AA and GO were deprotonated, as the pKa of AA
51

and GO29 is 4. In this pH range, both lanthanum52 and
lutetium29 are largely trivalent. Given that the deprotonated
carboxylic acid headgroup of AA has a charge of −1, three AA
molecules are required per adsorbed ion for charge
compensation, which gives a surface charge density of 0.015
ions/Å2, assuming that each AA molecule occupies 22 Å2 at a
compressed pressure of 10 mN/m (Figure 4, black horizontal
line).
Reasonably, the AA monolayers achieve charge compensa-

tion with adsorbed La ions on the 50 μM subphase1 and retain
that adsorbed ion surface density as the subphase concen-
tration increases. GO shows a similar trend but does not
adsorb as many La ions after reaching maximum adsorption
coverage, which is consistent with GO having fewer carboxylic
acid groups per accessible thin film area as compared to AA,
although GO has a more complicated interfacial struc-
ture.24,25,28,29 For La adsorption, both surfactants qualitatively
match a Langmuir adsorption isotherm with one binding event

Figure 3. Normalized SFG spectroscopy intensities and fits (solid lines) of the vibrational water region plotted over wavenumber for GO thin films
(blue circles) and AA monolayers (red triangles) on LaCl3 subphases with different concentrations (panels). Data are normalized to a reference
quartz sample and fitted to eq 4 using three Lorentzian peaks. AA monolayers were compressed to 10 mN/m, and GO thin films were compressed
to 20 mN/m.

Figure 4. Normalized SFG spectroscopy intensities and fits (solid lines) of the vibrational water region plotted over wavenumber for GO thin films
(orange circles) and AA monolayers (green triangles) on LuCl3 subphases with different concentrations (panels). Data are normalized to a
reference quartz sample and fitted to eq 4 using three Lorentzian peaks. AA monolayers were compressed to 10 mN/m, and GO thin films were
compressed to 20 mN/m.
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despite being a simple model that does not consider specific
ion-adsorption interactions or cooperative effects.
Interestingly, Lu adsorption onto GO thin films and AA

monolayers is quite different (Figure 2). The AA monolayers
already achieve charge compensation at the dilute subphase
concentrations of 10, 50, and 100 μM LuCl3, meaning the
primary binding event occurs at concentrations lower than the
10 μM measured in this paper. The adsorbed Lu surface
density surpasses the expected charge compensation value and
continues to increase for AA monolayers measured on 500 μM
and 5 mM LuCl3 subphases. This additional increase in
adsorbed Lu density is qualitatively indicative of a second,
unique binding event. Evidently, the AA monolayers show
apparent overcharging at high LuCl3 concentrations, which is
likely enabled by enhanced ion−ion correlations for Lu3+ due
to its ion size compared to La3+. These correlations allow Lu3+

ions to overcome the electrostatic repulsion between cations,
meaning more Lu3+ can adsorb in the same area. It is also
possible that hydroxide species with lower overall charge lead
to increased Lu adsorption but their identification requires
further investigations. Again, we note the utilized Langmuir
adsorption model is simple and does not consider these more
complex interactions between adsorbed ions. The trend of the
experimental data is captured by considering a second, unique
binding event. GO shows similar apparent overcharging for
subphase concentrations greater than 5 mM. Both surfactants
show preferential heavy lanthanide Lu3+ adsorption compared
to light lanthanide La3+.
When comparing Lu adsorption to AA and GO, it is

important to note that GO has a more complicated layered
structure at the interface, which will be examined and discussed
later using XR. The preferential heavy lanthanide adsorption
also demonstrates that the prepared GO films remain at the
air/water interface despite the solubility of GO in the aqueous
subphase. Recently, Sun et al. observed preferential light
lanthanide adsorption to a fatty acid with a phosphate
headgroup when the fatty acid was able to dissolve in the
subphase, as heavier lanthanides in the subphase could interact
with the dissolved fatty acid, thus allowing lighter lanthanides
to adsorb to the surface.3 We observe the opposite trend in our
experiments where heavy lanthanide Lu preferentially adsorbs,
meaning the prepared GO films remained at the interface and
are available for heavy lanthanide complexation. Overall,
XFNTR is a reliable and sensitive probe for determining
overcharging because it quantitatively measures the amount of
adsorbed metal ions within the interfacial region di-
rectly.3,39,41,45,49

La3+ and Lu3+ Hydration Structure during Adsorption
to GO and AA. To further understand both La and Lu
adsorption to GO and AA, we utilize SFG, an inherently
interfacial non-linear spectroscopy technique, to probe the
vibrational modes of water.53 Normalized SFG data collected
for GO thin films and AA monolayers on LaCl3 subphases
show a dramatic change in SFG intensity as the subphase
concentration is increased (Figure 3). Data were fitted to eq 4,
as described in the Experimental Section. The SFG intensity
for an AA monolayer on a 50 μM LaCl3 subphase shows a low
signal, indicating minimal water alignment.54 This is consistent
with the previously presented XFNTR data that show La ion
adsorption to the monolayer, as adsorbed metal ions disrupt
the hydrogen bonding network of the interfacial water and
subsequently decrease the measured SFG signal.26,44,49 When
the subphase concentration is increased to 100 μM LaCl3, a

new SFG peak with significant intensity emerges around 3100
cm−1. This peak intensity grows for the higher-concentration
500 μM and 5 mM LaCl3 subphases. As previously discussed,
the XFNTR results show that the amount of adsorbed La is
nearly constant in this concentration range and is consistent
with the ion adsorption values expected for charge
compensation, i.e., one adsorbed La3+ per three AA molecules
(Figure 2). Together, these data suggest that this SFG peak at
3100 cm−1 is not indicative of ion overcharging, as interpreted
previously by Sthoer et al.52 using Y. It is important to clarify
that Y has a charge density per unit volume that is more like
heavy lanthanides, such as Lu, than light lanthanides. Using
XFNTR, we observe apparent overcharging for heavy
lanthanide adsorption to AA, meaning it is possible that Y
adsorption to AA observed by Sthoer et al.52 using SFG
showed apparent overcharging as well. However, the
quantitative XFNTR data on La adsorption to AA demon-
strates that the emergence of the SFG signal at 3100 cm−1 also
occurs for systems that are not overcharging, meaning this red-
shifted signal is not a reliable feature of overcharged
surfactants. It is also unlikely that this red-shifted signal is
generated by the χ(3) effect observed in collected SFG
intensities for charged surfaces. Additional discussion about
the χ(3) contribution is provided in the Supporting
Information.
Rather, we posit this SFG signal comes from the asymmetric

hydration shell of the trivalent ions that directly coordinate to
the carboxylic acid headgroup of AA during ion adsorption,
consistent with the results of Nayak et al.41 demonstrated with
another light lanthanide, Nd. As was investigated by Sthoer et
al. in detail, carboxylate groups can bind to trivalent ions in
different ways by replacing the water molecules in the first
coordination shell.52 The SFG signal at 3100 cm−1 likely stems
from the remaining water molecules in the first hydration shell.
Indeed, Nayak et al. observed changes in the SFG intensity and
peak position of the carboxylic acid headgroup for light
lanthanide Nd adsorbed to AA.41 Careful SFG analysis by
Sthoer et al. revealed different binding motifs between the
carboxylic acid headgroups and La including a bridging
bidentate configuration, where metal ions adsorb to each
oxygen of the deprotonated carboxylic acid group and metal
ions may be additionally coordinated, and a chelating bidentate
configuration, where one adsorbed metal ion may interact with
both oxygens of the deprotonated carboxylic acid.52 Multi-
valent ions are known to disrupt bulk hydration structures,41

and water structure changes induced by trivalent lanthanides
have been observed using Raman spectroscopy55 and recently
with SFG by our group.41

The SFG signal for GO thin films on LaCl3 subphases shows
qualitatively different behavior compared to AA. An intense
SFG signal is present for films on 50, 100, and 500 μM LaCl3
subphases, with two prominent peaks located around 3200 and
3400 cm−1, which are generated by aligned, strongly hydrogen-
bonded water and weakly hydrogen-bonded water, respec-
tively, and are consistent with other works.23−26,29 Such a large
signal is possible because there is little La adsorbed to the GO
thin film, as determined using XFNTR. With minimal
adsorbed metal, water molecules can align thus creating a
measurable SFG signal. At 5 mM LaCl3, the measured SFG
decreases significantly, except for a persistent peak around
3600 cm−1, attributed to water trapped in between GO flakes
within the thin film and thus unaffected by metal
adsorption.24,25,29 The overall decrease in SFG intensity is
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consistent with a GO thin film saturated with adsorbed
metal,24,25 agreeing well with the previous XFNTR results. No
significant dehydration signal near 3100 cm−1 appears, which
implies that not enough partially dehydrated La ions adsorb to
be detected using SFG.
The measured SFG signal for an AA monolayer on 50 μM

LuCl3 subphase (Figure 4) has a low intensity that is similar to
that of the 50 μM LaCl3 subphase (Figure 3). When the
subphase concentration is increased to 100 μM LuCl3, a
significant peak appears around 3100 cm−1, while the
remainder of the SFG signal remains low. Similar to the SFG
results on the AA monolayer on a LaCl3 subphase discussed
before, we attribute this signal to the partial dehydration of Lu
ions that occurs during ion adsorption. Noting that the plotted
SFG intensities are normalized, the absolute SFG intensity for
an AA monolayer on 100 μM LuCl3 is slightly larger than the
SFG intensity for an AA monolayer on 100 μM LaCl3, which
implies more disruption within the interfacial water structure
for adsorbed Lu ions versus the adsorbed La ions. This
difference in SFG peak intensity is even more pronounced
when comparing AA on a 500 μM LaCl3 subphase to AA on a
500 μM LuCl3 subphase.
Based on the XFNTR results, there are more Lu ions

adsorbed to AA compared to La ions adsorbed for the 500 μM
subphase, as AA shows apparent overcharging for Lu
adsorption but not for La adsorption. We speculate that this
is because Lu3+ has a larger charge density per unit volume due
to its smaller size. The La3+−O distance for an ion with two
layers of hydration56 is 4.65 Å, while the Lu3+−O distance57 is
4.45 Å. Lu3+ ions have approximately 2−4 fewer water
molecules than La3+ in this configuration as well.58

Consequently, Lu3+ has more charge per ion volume compared
to La3+. This increased charge density more significantly affects
local ion−ion correlations and can allow more Lu3+ ions to
adsorb59 compared to La3+ even though La3+ has a more
favorable dehydration free energy.60 Sthoer et al. presented a
detailed SFG analysis of the carboxylic acid headgroup for La
and Y adsorbed to AA and observed that nearly 60% of
adsorbed La participated in a bridging bidentate configuration
and about 40% of adsorbed La in a chelating bidentate
configuration.52 These binding motifs were different for Y,
which behaves more similarly to a heavy lanthanide, and
Sthoer et al. found about 15% of adsorbed Y forms an ion pair
with the carboxylic acid, 45% of the adsorbed Y exists in a
bridging bidentate, and the remaining 40% of adsorbed Y exists
in a chelating bidentate configuration.52 Notably, when the
charge density of the adsorbed trivalent ion changed from La
to Y, the adsorption configurations also changed. Our current
XFNTR and SFG data and interpretation are consistent with
these results.
Interestingly, the 3100 cm−1 peak intensity decreases for the

AA monolayer on the high-concentration 5 mM LuCl3
subphase. The XFNTR data show significant apparent
overcharging for AA at this subphase concentration (Figure
2), meaning the 3100 cm−1 peak intensity decreases when the
monolayer overcharges. This is consistent with the results of
Nayak et al. who observed apparent overcharging on AA
monolayers when using a light lanthanide and an additional
background salt via XFNTR.41 Additionally, we note that a
small signal near 3700 cm−1 appears inconsistently for AA
spread on LaCl3 (Figure 3) and LuCl3 (Figure 4) subphases.
Given the high frequency of this signal, it is almost certainly
from dangling OH bonds that stick up out of the water surface.

We suspect that it stems from water molecules that are
interacting with the AA monolayer.61 In another work, our
group observed significant changes in the entire water region
for a GO film on a very dilute LuCl3 at pH 9, which was
attributed to insoluble Lu(OH)3 formation on the GO films
based on SFG, XFNTR, XR, and GO membrane analysis.29

While some partially hydrolyzed lanthanide ions exist in
solution and can also affect the measured SFG intensities, we
argue that it is unlikely for these species to create the signal
observed at 3700 cm−1.
The measured SFG data for GO thin films on LuCl3

subphases (Figure 4) show large, bimodal signals for the 50,
100, and 500 μM subphases, with a slight decrease in the
absolute peak intensity for the 500 μM subphase, consistent
with an increase in adsorbed metal ion density, which disrupts
the local water alignment and decreases the SFG signal. The
GO thin film on the 5 mM LuCl3 subphase shows a peak
around 3100 cm−1, a signal that has not been observed before
for GO thin films at the air/water interface. Consistent with
the interpretation of the model AA monolayer SFG data, we
attribute this peak to partially dehydrated, adsorbed metal ions.
Previous works have speculated that the functional groups
present on GO can facilitate ion adsorption by aiding in
dehydration,2,5 and these SFG data support these claims. The
lack of this signal at the lower LuCl3 subphases does not imply
that the adsorbed ions are fully hydrated. Rather, it means the
population of dehydrated ions is either too small or not
ordered enough to be detected using SFG.

GO and AA Apparent Overcharging during Lu Ion
Adsorption. Collectively, the XFNTR and SFG data for both
GO thin films and AA monolayers on LaCl3 and LuCl3
subphases can provide detailed information about ion
adsorption and water structure at the air/water interface.
The previously discussed XFNTR data (Figure 2) for AA
monolayers on LaCl3 subphases show about 3.5−3.3 AA
molecules per adsorbed La, consistent with trivalent ion
adsorption. It is worth noting that XFNTR is not sensitive to
the metal hydration structure and can detect metal ions within
∼5 nm of the liquid surface.45 Using a La3+−O bond distance,
determined experimentally with X-ray scattering,56 of 4.65 Å,
one would expect a geometric maximum of 3.4 AA molecules
per La3+ if the metal ion retains both layers of its hydration
shell. This geometric limit is not a favorable configuration for
adsorbed ions, meaning it is likely that some of adsorbed La3+

detected using XFNTR have undergone partial dehydration of
the outermost hydration shell, and possibly first hydration shell
while adsorbing to the AA monolayer. This interpretation is
consistent with the SFG results showing signals from an
ordered population of partially dehydrated metal ions and
carboxylic acid headgroups.
Similar calculations for AA monolayers on LuCl3 subphases

support monolayer apparent overcharging where cations
continue to adsorb to the monolayer even after the system
seems to achieve charge compensation. From the XFNTR data
presented above (Figure 2), the calculated AA molecule per
adsorbed Lu ion is ∼3.1 for a 100 μM LuCl3 subphase and
decreases to about 1.9 for a 5 mM LuCl3 subphase, indicating
significant apparent overcharging. Assuming the ions are
trivalent, the geometric upper limit of Lu3+ ions is about 3.1
AA molecules per ion if the metal retains both layers of its
hydration shell. This physical limit decreases to about 0.86 AA
molecules per adsorbed Lu3+ if the Lu3+ shed the outermost
hydration shell, thus decreasing the Lu3+−O distance57 to 2.34
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Å. Because such geometric limits are not favorable
configurations, these results imply that a portion of Lu3+ ions
partially dehydrate while adsorbing to an AA monolayer on a
100 μM LuCl3 subphase. Given the amount of adsorbed Lu3+

ions in the 5 mM subphase case, it is not possible for all
adsorbed ions to retain two full hydration shells. Instead, some
Lu3+ ions must shed part of their water structure. These
calculations agree well with the SFG results that show a red-
shifted peak in the vibrational water region for AA monolayers
on LuCl3 subphases, which we argue is related to interfacial
water reorganization from metal ion and carboxylic acid
headgroup partial dehydration. Dehydration is necessary for
these monolayers to accommodate the excess metal ions
present during overcharging.
Interestingly, the amount of adsorbed Lu to GO is similar to

that of AA for a 5 mM LuCl3 subphase even though AA likely
has a large surface charge because it has more carboxylic acid
groups per unit area compared to GO. Another work
completed by our group estimates that GO is about 8%
carboxylic acid, as determined using ex situ X-ray photo-
electron spectroscopy and in situ SFG.26 However, unlike AA,
GO under these experimental conditions is not a monolayer
and instead has a complicated, multilayer structure at the air/
water interface.24,29 We use XR to determine the GO film
structure with sub-nanometer resolution.
XR data on GO thin films on 50 μM LaCl3 and LuCl3

subphases are nearly identical with two features near QZ = 0.11
and 0.31 Å−1 (Figure 5). Fitting to a three-slab model gives an
electron density profile consistent with previous results.24,29

We interpret this profile as follows: one layer of GO flakes is
partially submerged in the subphase, one layer sits at the air/
water interface, and the last layer pushes up into the air. A GO
film on plain water does not show a partially submerged layer,
which implies the GO layer closest to the liquid interacts
primarily with adsorbed metal ions. The electron density
profiles for the films on LaCl3 and LuCl3 are similar because at
this subphase concentration, a similar number of ions adsorb.

Taken together with the XFNTR data, these data demonstrate
that GO thin films show no specificity between light and heavy
lanthanide ions at dilute concentrations. This implies that at
low subphase concentrations, ion−ion correlations are not
significant enough48 to overcome energetically unfavorable
steric hindrance between adsorbed cations. Presumably, the
functional groups of GO still enable ion dehydration, but
electrostatic repulsion between the cations hinders adsorption.
XR data for a GO film on a 20 mM LuCl3 subphase are

significantly different, with more prominent signals at QZ ∼0.1
and 0.3 Å−1 and additional features at QZ = 0.4 and 0.57 Å−1

(Figure 5). Consequently, the electron density profile shows
higher density after fitting with a three-slab model. Integrating
these electron density profiles gives an electron density per
unit area.29 The integrated electron density profile for a GO
thin film on a 20 mM LuCl3 subphase shows an excess ∼1.4
e−/Å2 after accounting for electrons from the GO thin film on
plain water (i.e., electron density from the GO itself and
electron density from water typically near the GO film) and
electrons from the adsorbed Lu3+ ions. This extra electron
density likely stems from additional water surrounding the
adsorbed ions at the interface, which is present in much smaller
amounts for films made on lower-concentration subphases,
consistent with the differences in adsorbed ion densities.
Comparing the AA and GO results for LuCl3 subphases

allows us to demonstrate GO overcharging. An ideal
monolayer of AA requires 0.015 adsorbed Lu3+/Å2 to achieve
charge compensation (Figure 2). Considering that the
carboxylic acid density of GO is around 8% of AA, 0.0012
Lu3+/Å2 would compensate for the surface charge of GO.
XFNTR data for a GO thin film on a 20 mM LuCl3 subphase
has an adsorbed ion density of 0.047 ± 0.003 Lu3+/Å2, which is
significantly higher than the amount needed for charge
compensation of an AA monolayer. XR data for a GO film
on this subphase show significantly more electron density
within the two layers closest to the liquid surface, meaning
adsorbed Lu3+ ions are not distributed evenly across the GO

Figure 5. Normalized liquid surface XR and fits (gray lines) plotted over momentum transfer QZ (A) of GO thin films on different subphases
(colors) and calculated electron density profiles from fitted reflectivity data (B). The corresponding box model with no roughness (gray) and an
ideal interface (black) is included.
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layers. Taken together, these data suggest that GO apparently
overcharges on significantly concentrated LuCl3 subphases. We
speculate that GO thin films can accommodate more adsorbed
Lu ions than necessary for charge compensation because of
their layered structure. It is possible the GO flakes can
rearrange to minimize the electrostatic repulsion between
adsorbed cations, which is also reduced by the subphase
concentration. It is also possible that the GO itself can
chemically rearrange to accommodate adsorbed Lu ions. David
and Kumar show via Born−Oppenheimer molecular dynamics
that GO flakes can react with pure water and form different
functional groups, depending on the GO degree of oxidation.62

It follows that GO flakes can also move protons in response to
adsorbed cations. AA monolayers do not have such flexibility
and therefore cannot accommodate more adsorbed ions even
with improved ion−ion correlations.

■ CONCLUSIONS

Isolating targeted lanthanide ions from mixtures is imperative
for many high-technology applications but challenging, as the
metal ion extraction efficiency varies across the lanthanide
series. Previous works have attributed these variations with the
change in metal ion size from the lightest lanthanide La to the
heaviest lanthanide Lu. In this work, we investigate the effects
of lanthanide size on ion adsorption to GO thin films and AA
monolayers at the air/water interface using La and Lu.
Interface-specific XFNTR provides quantitative adsorbed ion
densities and shows that Lu exhibits apparent overcharging
when adsorbed to AA and GO on higher-concentration
subphases. La adsorption is consistent with the expected
charge compensation, one trivalent metal ion per three
deprotonated carboxylic acid headgroups. Understanding the
surface charge of GO is difficult, as GO forms a multilayer thin
film at the air/water interface. XR data show three primary
layers within the GO thin film with most of the electron
density existing in the layers closest to the liquid surface. When
combined with the adsorbed ion densities obtained by
XFNTR, this data supports GO overcharges.
Additional SFG data reveal the hydration structure of the

adsorbed ions to both AA and GO. The emergence of a red-
shifted signal in the vibrational water region for AA is
attributed to the partial metal ion and carboxylic acid
headgroup dehydration during ion adsorption. Both light La
and heavy Lu show this peak, meaning it is not related to
monolayer overcharging. Rather, the peak intensity decreases
slightly as more ions adsorb, possibly because these extra
adsorbed ions disrupt local water alignment and SFG
detection. This dehydration peak is also present for a GO
thin film on a high-concentration subphase, which supports the
argument that GO functional groups enable significant ion
adsorption by facilitating ion dehydration. Taken together,
these results underscore the importance of considering model
monolayers in comparison to more complicated, but
technologically relevant, GO thin films and highlight the
necessity of multiple surface probes to detail the interface.
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