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Abstract 
 

Gibbsite is a common and important aluminum hydroxide mineral in natural environments and various industries, but the 
mechanisms by which metal ions sorb on the gibbsite surface, and their impact on surface reactivity, is not well understood. 
Here we examined Cr3+, Eu3+ and UO2

2+ cation sorption on synthetic nanoplatelet gibbsite using vibrational sum frequency 
generation (VSFG) spectroscopy along with time-resolved laser-induced fluorescence spectroscopy (TRLFS), Raman/Fourier 
Transform Infrared (FTIR) spectroscopy, and electron microscopy. Batch sorption experiments show uptake across a broad pH 
range. VSFG spectra reveal cation-specific participation of surface OH groups in metal binding. For Cr3+, uniform loss of 
spectral intensity with increasing cation loading indicates equal involvement of the six distinct hydroxyls. But sorption of Eu3+ 
and UO2

2+ alters its spectral profile where the reduction of the intra-layer OH bands was more pronounced and the correlation 
between the spectral reduction and metal ion concentration is weaker, indicating a different sorption mechanism. The latter 
was confirmed by the results of TRLFS analysis of both Eu3+ and UO2

2+ adsorbed on gibbsite. 
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1. Introduction 

Aluminum (oxy)hydroxides, such as gibbsite (-Al(OH)3) and 

boehmite (AlOOH), are major mineral components of bauxite 

aluminum ore, and are important secondary minerals in soils 

and sediments as a result of mineral weathering.[1-5] Not only 

are they important precursors to alumina synthesis,[6,7] but the 

structural and chemical characteristics of alumina surfaces in 

hydrous environments have been likened to that of these 

materials.[8,9] Understanding the surface chemistry of 

aluminum (oxy)hydroxides, particularly how they interact 

with various metals and ions in multicomponent aqueous 

solutions, provides insight generalizable to other related 

materials.[10-16] 

At the atomic scale, the surfaces of the Al(OH)3 

polymorphs (e.g., gibbsite, bayerite, and norstrandite) as well 

as boehmite have qualitative chemical similarities.[17-22] Their 

structures are based on stacked layers Al(O,OH)6 octahedra 

polymerized by edge and corner-sharing into sheets that are 

held together by interlayer hydrogen bonding. The chemical 

behavior of stable low-index terminations of these structures 

is based on the details of their terminal hydroxyl groups; 

dominant basal surfaces tend to exhibit relatively unreactive 

bridging -hydroxyl groups whereas edge surfaces tend to 

exhibit more reactive singly and triply coordinated 

hydroxyls.[23] Because of the amphoteric nature of these 

surface sites, solution pH is an important master variable 

determining the reactivity of different crystallographic 

terminations.[24,25] 

Unlike for acidic conditions, the effect of metal adsorption 

on the surface chemical behavior of these materials when 

exposed to highly alkaline solutions is poorly understood. This 

is important for production of the world’s supply of aluminum 

through the Bayer process, and for processing of complex 

radioactive wastes from plutonium production at Department 

of Energy legacy sites, where aluminum was used as the fuel 

rod casing and co-disposed in large amounts with plutonium 

processing wastes and sodium hydroxide.[26-28] Poorly 

understood nucleation, growth, aggregation, and dissolution 

of gibbsite and boehmite particles under these conditions is a 

risk driver for process engineering, and questions persist about 
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the possible influence of other metals in the waste.[26,29,30] In 

addition to being solid constituents of caustic nuclear wastes, 

gibbsite and boehmite may also encounter complex 

multicomponent alkaline solutions as components of host rock 

or engineered buffer materials in nuclear waste repositories.[31-

33] 

At the macroscopic scale a great deal of work has been 

done to understand metal ion adsorption on gibbsite and 

boehmite as a function of pH.[9,15,29,34-36] Using gibbsite as the 

example, batch sorption results show that lanthanide and 

actinide metal sorption strongly depends on pH and ion 

valence, in addition to the extent of metal ion loading which 

influences sorption site saturation. For trivalent ions, such as 

Eu3+, Gd3+ and Cm3+, sorption increases slowly as the 

suspension pH increases from 3 to 6 and then sharply from pH 

6 to ~ 7 and remains near complete coverage until pH 11. 

Neptunyl (NpO2
+) sorption gradually increases from pH 6 to 

11 reaching an ~80% maximum when concentrations range 

from 10-9 to 10-6 M under ambient conditions.[9,15,34] For 

sorption of uranyl (UO2
2+), at ambient conditions the pH 

dependence is more complicated. UO2
2+ sorption increases 

from pH 3 to ~ 5.5, plateaus from pH ~ 5.5 to ~ 8, and then 

decreases sharply due to the formation of strong negatively 

charged uranyl carbonate complexes that are electrostatically 

repelled from the surface.[37,38] The latter effect was shown to 

be circumvented by eliminating contact with ambient 

atmosphere.[39] 

A molecular level understanding is required to link metal 

uptake observations to interactions with specific terminal 

hydroxyl groups. Results from time-resolved laser-induced 

fluorescence spectroscopy (TRLFS) on aqueous suspensions 

of gibbsite suggested that trivalent lanthanides and actinides 

can form multiple inner-sphere surface complexes involving 

both surface OH groups and aqueous OH ligands.[9,15] For 

example, multiple uranyl surface complexes form on gibbsite: 

two inner-sphere bidentate complexes along with uranyl 

hydroxide oligomers or clusters as well as possibly 

electrostatically bound uranyl tri-hydroxide surface 

complexes based on conclusions from studies using TRLFS, 

U-LIII edge extended X-ray absorption fine structure (EXAFS) 

spectroscopy and density functional theory (DFT) 

calculations.[40-43] The observations suggest that metal 

adsorbate behavior is closely tied to specific interactions with 

surface hydroxyl sites, but this is inferred from the metal 

speciation, as these experiments do not directly probe the 

surface hydroxyl groups. 

In this work, we examine the adsorption of Cr3+, Eu3+ and 

UO2
2+ cations on gibbsite nanoplatelets using vibrational sum 

frequency generation (VSFG) spectroscopy, complemented 

with Raman and Fourier transform infrared (FTIR) 

spectroscopy, electron microscopy, and TRLFS (for 

fluorescing metals Eu3+ and UO2
2+) under basic solution 

conditions similar to that in the nuclear waste tanks. As a 

second-order nonlinear optical technique, VSFG spectroscopy 

is sensitive to the surface hydroxyl groups and adsorbed water 

where the centrosymmetry of the bulk solids and bulk solution 

is broken.[44-47] To our knowledge, this is the first time VSFG 

has been used to study metal ion sorption on minerals.   

While we recently showed that Cr3+ adsorption onto basal 

surfaces of boehmite nanoplates under alkaline conditions 

goes beyond simply adsorbed monomers, and includes 

polynuclear chromium hydroxide clusters, it is not known how 

this behavior relates to the topology of exposed hydroxyl 

groups.[36] Hence one of the objectives of this work is to exploit 

the sensitivity of VSFG to the vibrational properties of surface 

hydroxyl groups and how they change during Cr3+ adsorption.  

Comparisons are made with Eu3+ and UO2
2+ adsorption to 

unravel the role of cation hydration characteristics on the 

adsorption mechanism.     

       

2. Materials and methods 

2.1 Chemicals and materials 

Aluminum nitrate (Al(NO3)3·9H2O) (≥ 98%, Sigma-Aldrich),  

chromium nitrate (Cr(NO3)3·9H2O, ≥ 99%) and sodium 

hydroxide (NaOH) (≥ 98%) and nitric acid (ACS reagent, 70%) 

were purchased from Sigma-Aldrich Chemical Co. Ltd., USA. 

Europium chloride hexahydrate (EuCl3·6H2O, 99.99%, 

reagent grade) were purchased from Aldrich. An acidic uranyl 

stock solution was prepared by dissolving uranyl nitrate 

hexahydrate solid (UO2(NO3)2·6H2O, ACS reagent grade, 98-

102%, Fisher Scientific) in 0.01 mol/L nitric acid. Dilute 

HNO3 solution (0.01 M) was prepared by dilution of 

concentrated HNO3. NaOH solutions (0.1 M – 3.0 M) were 

prepared by dissolving weighed amounts of the reagent in DDI 

water. Distilled and de-ionized (DDI) water was used 

throughout the experiments. Suspension pH was measured on 

a Fisher Scientific XL20 pH meter with Orion Ross Ultra 

semi-micro electrode that was calibrated with Fisher standard 

pH solutions.  

 

2.2 Synthesis of gibbsite 

The procedures for hydrothermal syntheses of platelet gibbsite 

nanoparticles has been reported previously.[48,49] Briefly, 0.25 

M Al(NO3)3·9H2O aqueous solution was titrated with 1 M 

NaOH until the solution pH reached ~ 5.0. After stirring for an 

additional hour, the suspension was centrifuged to separate the 

solids. The solids were rinsed with DDI water three times and 

then dispersed into DDI water to [Al3+] ~ 0.5 M.  The resulting 

suspension was placed in a 23 mL Teflon liner that was sealed 

within a Parr bomb reactor and heated in an electric oven with 

rotating platform (speed of 10 rpm) at 80 °C for 72 h. The 

resulting white solid was separated by centrifugation, washed 

with deionized water three times, and then dried at 80 °C 

overnight. Nitrogen adsorption-desorption isotherm was 

collected by a surface area and porosity analyzer 

(Micromeritics, ASAP 2020), and the Brunauer-Emmett-

Teller (BET) surface areas were calculated from the linear part 

of the BET plot. X-ray diffraction (XRD) patterns of the 

samples in the 2θ range of 5−80° were recorded on a Philips 

X’pert Multi-Purpose Diffractometer (PANAlytical, Almelo, 
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The Netherlands) equipped with a fixed Cu anode operating at 

50 kV and 40 mA. Phase identification was done using JADE 

9.5.1 from Materials Data Inc., and the 2012 PDF4+ database 

from the International Center for Diffraction Data (ICDD) 

database. The morphological imaging was performed on a 

Helios NanoLab 600i scanning electron microscopy (SEM, 

FEI, Hillsboro, OR) after sputter-coating the samples with a 

thin layer (~ 5 nm) of carbon prior to analysis to ensure good 

electron conductivity. 

 

2.3 Metal ion (Cr3+, Eu3+ and UO2
2+) adsorption 

experiments 

For Cr3+, Eu3+ and UO2
2+ adsorbed on gibbsite, calculated 

volumes of chromium nitrate, europium chloride or uranyl 

nitrate solutions were added to gibbsite suspensions (1 g/L) at 

the desired NaOH concentration, and the pH was adjusted with 

dilute NaOH and/or HNO3. The concentration of Cr3+ was 

0.003% and 0.01% of the concentration of Al3+ in the 1g/L 

gibbsite suspension, corresponding to 2.0 × 10-5 M and 6.6 × 

10-5 M respectively, at pH 13. The Eu3+ concentration was 

0.01%, 0.1% and 1% of the concentration of Al3+ in the 1g/L 

gibbsite suspension, corresponding to 2.3 × 10-5 M, 2.3 × 10-4 

M and 2.3 × 10-3 M respectively, each at pH 5, pH 13 and 3 M 

NaOH. The UO2
2+ concentration was 0.001%, 0.01% and 0.1% 

of the total Al3+, corresponding to 1.5 × 10-6 M, 1.5 × 10-5 M 

and 1.4 × 10-4 M respectively, both at pH 5 and pH 13. The 

solid suspensions were then slowly shaken on an orbital shaker 

for 24 h, followed by phase separation via centrifugation at 

2000 rcf for 30 min. The resulting solid pastes were dried at 

80 °C for 24 h and then subjected to spectroscopic analysis. 

Selected supernatant liquids were acidified to verify the 

amounts of metal ion adsorption via inductively-coupled 

plasma – optical emission spectrometry (ICP-OES) (Perkin 

Elmer Optima 2100 DV, with calibration standards from Ultra 

Scientific, Inc., Kingstown, RI, and Inorganic Ventures, Inc., 

Christiansburg, VA). To prevent the contamination of 

atmospheric CO2, all experiments were conducted in a dry N2 

atmosphere glove box. Samples for fluorescence analysis were 

transferred into 2 mm × 4 mm × 25 mm quartz cuvettes, tightly 

capped with silicone stoppers, and sealed with parafilm prior 

to removal from the N2 atmosphere chamber. 

 

2.4 Spectroscopic analyses 

For VSFG spectroscopy analysis, we used a picosecond 

scanning VSFG system as described previously.[50-52] Briefly, 

the VSFG spectrometer consists of a customized commercial 

EKSPLA laser system (EKSPLA PL2251A-50) running at 10 

Hz, with a pulse width of 29 ps. A part of the fundamental 

Nd:YAG laser output (1064 nm) was frequency-doubled to 

532 nm using a KD*P crystal and the rest is used to pump an 

optical parametric generation/amplification and difference 

frequency generation system (EKSPLA PG401/DFG) to 

produce an IR beam tunable from 650 cm−1 to 4300 cm−1. The 

fixed 532 nm beam and tunable infrared (IR) beam were 

focused on the sample surface with an incident angle of 65˚ 

(visible) and 55˚ (IR), respectively, to overlap spatially and 

temporally to generate the sum-frequency signal, which passes 

through a polarizer and is then dispersed through an Andor 

Shamrock M spectrometer and detected by a Hamamatsu 

R585 photomultiplier tube (PMT). The signal was collected 

and plotted after normalization to the laser energies and gains 

of the PMT, while scanning the frequency of the IR beam 

between 3800 cm-1 to 3200 cm-1. The pulse energy of the 

visible beam was maintained at around 110 μJ, while the pulse 

energy of the IR beam applied was around 80 μJ. The VSFG 

spectrometer offers an overall spectral resolution of 

approximately 6 cm−1.  

The TRLFS spectra of Eu3+-/UO2
2+-adsorbed gibbsite 

samples were obtained using a Nd:YAG laser (Spectra-Physics 

Quanta-Ray PRO) pumped MOPO laser (Lasertechnik-GWU) 

equipped with a FDO-900 scanning frequency doubler, 

running at 10 Hz (pulse width ∼40 ns) by excitation at 394 nm 

for Eu3+ and 415 nm for UO2
2.[53,54] For UO2

2+-adsorbed 

gibbsite samples, the luminescence measurement was 

performed at near liquid helium temperature.[53,54] The 

resulting fluorescence was collected at ~85◦ in respect to the 

excitation beam by a 2 inch diameter f/3 fused silica lens, 

focused by a 2 inch f/4 fused silica lens into the entrance slit 

of a 0.3 m focal length Acton SpectroPro 300i double 

monochromator spectrograph and recorded by a 

thermoelectrically cooled Princeton Instruments PIMAX 

time-gated intensified CCD camera that was triggered by the 

delayed output of the laser pulse and controlled by the 

WinSpec™ Data acquisition software. Fluorescence decay 

curves of the Eu3+-/UO2
2+-adsorbed samples were obtained by 

sequentially recording fluorescence spectra at different delay 

times and then plotting the spectral intensity as a function of 

the delay time. The emission spectra and decay data were 

analyzed using commercial software, IGOR®, from 

Wavematrix, Inc.  

Raman spectra were recorded using a Horiba LabRam HR 

spectrometer coupled with an inverted optical microscope 

(Nikon Ti-E) and a 632.8 nm HeNe laser light source. Spectra 

were collected with a 40X objective in backscattered geometry 

in the spectral range of 150−4000 cm−1 range. The collected 

Raman signal was transmitted through a beamsplitter, 

dispersed through an 1800 g/mm grating and detected by an 

EM-CCD detector. ATR-FTIR spectra were measured using a 

Bruker Alpha II Fourier transform infrared spectrometer 

(FTIR) spectrometer. The presented FTIR spectrum were the 

average of the average of five consecutive measurements, each 

consisted of 128 scans at a resolution of 4 cm-1. 

 

3. Results and discussion 

3.1 Structural characterization of synthetic gibbsite 

The XRD pattern for the as-synthesized gibbsite was 

consistent with the reference pattern for gibbsite in the ICDD 

database (ICDD PDF # 00-33-0018) (Fig. 1 and SI Fig. 1).[49,55] 

SEM images show that the gibbsite particles have a uniform 

hexagonal platelet morphology, with a diameter of ~ 500 nm 
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Fig. 1 XRD patterns of as-synthesized gibbsite (a), U-adsorbed gibbsite, pH 5 (b), U-adsorbed gibbsite, pH 13 (c), Eu-adsorbed 

gibbsite (d, e, f) at pH 5, 13 and 3 M NaOH. The concentration of added U or Eu were all at 0.1% relative to Al concentration. For 

clarity, the XRD traces were arbitrarily re-scaled and offset along the y-axis. 

 

and a thickness of ~ 10 – 20 nm (Fig. 2 and SI Fig. 2). The 

measured BET surface area was 52.2 m2/g, which is similar to 

published data for gibbsite synthesized using the same 

method.[56,57] Raman spectra showed four discrete peaks in the 

OH stretch frequency range at 3623, 3527, 3435 and 3364 

cm−1, respectively (Fig. 3). Similarly, four IR bands, though 

less resolved, were also present in the ATR-FTIR spectra in 

the same region as the broad OH stretch band of hydration 

waters (Fig. 4). 

The features in the Raman spectra correspond to specific 

OH groups in the bulk gibbsite crystal structure. In this 

structure, Al3+ cations occupy 2/3 of the octahedral cavities 

between pseudo-hexagonally close-packed hydroxyl groups 

stacked along the z-direction with hydroxyls in each layer 

pointed in the opposite directions to those in adjacent layers 

(Fig. 5).[49, 57-60] There are a total of six structurally distinct OH 

groups within each unit layer, three in intra-layer directions 

and three in the inter-layer direction, which has been 

confirmed with polarized Raman and IR spectroscopy analysis 

under cryogenic conditions.[59] At room temperature, only four 

bands are commonly observed due to spectral broadening that 

causes band overlap, consistent with our observations.[49,57]  

 

 
Fig. 2 SEM images of Eu-adsorbed at gibbsite with 0.01% Eu (top row), 0.1% Eu (middle row), 1%Eu (bottom row) at pH 5 (left 

column). pH 13 (middle column) and in 3.0 M NaOH (right column). 



Engineered Science                                                                                                                                                                                Research article        

 

© Engineered Science Publisher LLC 2023                                                                                                                                                       Eng. Sci., 2023, 24, 896 | 5  

 
Fig. 3 Raman spectra of the synthesized gibbsite (a), Cr-adsorbed 

gibbsite at [Cr] = 0.003% (b) and Cr-adsorbed gibbsite at [Cr] = 

0.01% (c).  

 
Fig. 4 IR spectra of the synthesized gibbsite (a), Eu-adsorbed 

gibbsite at Eu 1% in 3M NaOH (b), Eu-adsorbed gibbsite at Eu 

0.01%, pH 5 (c) and Eu-adsorbed gibbsite at Eu. 

 
Fig. 5 The crystal structure of gibbsite showing the six unique 

hydroxyl groups. 

3.2 Impact of metal ion adsorption on bulk gibbsite 

characteristics 

All three metal ions (Cr3+, Eu3+ and UO2
2+) adsorb on gibbsite 

with the amount depending on the suspension pH, metal ion 

concentration and the mass loading ratio of gibbsite to the 

metal ion in solution (Table 1, SI Table 1).  After separation of 

the solids from the solution by centrifugation, measurement of 

the remaining metal ion concentration in the supernatants 

showed that for Eu3+, uptake was less than 13% at pH 5 but 

reached 88% to nearly 100% at pH 13 and in 3 M NaOH, 

respectively (Table 1). For UO2
2+ adsorption, its uptake varied 

between 82% to 94% and its relative adsorption was higher at 

pH 13 than at pH 5 and increased as the initial UO2
2+ 

concentration decreased (SI Table 1). The higher relative 

UO2
2+ adsorption as compared with those reported by 

Baumann et al.[43] was likely due to the much higher surface 

area of the gibbsite nanoparticles in this work (52.2 m2/g vs. 

1.5 m2/g) as well as the absence of CO2 which suppressed the 

formation of highly stable uranyl tricarbonate complexes 

typical in basic solutions.[61] For Cr3+, the uptake was 23% and 

12% at initial Cr3+ solution concentrations of 0.003% and 

0.01%, respectively. 

 

Table 1. ICP-MS results for Eu(III) in solution before (initial) and 

after (final) adsorption on gibbsite at 25 °C. 

Sample 

Conditions   

[Eu(III)]Initial 

(mM) 

[Eu(III)]Final 

(mM) 

Eu(III)Adsorbed(%) 

1% Eu – 3 M 

NaOH 

0.128 0.029 97.7 

1% Eu – pH 

13  

0.128  0.00008  99.9 

1% Eu – pH 

5   

0.128  0.124 3.31 

0.1% Eu – 3 

M NaOH 

0.0128 0.0085  93.3 

00.1% Eu – 3 

M NaOH            

0.0128 0.0001 99.2 

0.1% Eu – 

pH 5  

0.0128 0.0011 12.8 

0.01% Eu – 3 

M NaOH      

0.00128 0.0015  88.5 

0.01% Eu – 

pH 13  

0.00128 0.0001 97.7 

0.01% Eu – 

pH 5   

0.00128 ---* ---* 

* Not measured. 

 

SEM revealed no significant change in particle size or 

shape for the metal-adsorbed gibbsite, except in the 3.0 M 

NaOH solutions, in which dissolution of the gibbsite resulted 

in particles with more rounded edges (Fig. 2, right column).  

The Raman spectra were recorded for both Cr3+- and Eu3+-

adsorbed gibbsite samples (Fig. 3 traces b and c, SI Fig. 3).  As 

seen in Fig. 3, Cr3+ adsorption leads to lowered Raman spectral 

intensity for all four bands and the magnitude of intensity 
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reduction increased as the concentration of added Cr3+ 

increased from 0.003% to 0.01%, yet the spectral positions 

remained unchanged. Although the Raman signal is a bulk 

measurement, this loss of spectral intensity in the OH region 

is a clear indication that Cr adsorption occurred through 

interaction with hydroxyl groups, likely the fraction exposed 

at the surface.  For the thin nanoplatelets, the surface 

hydroxyls contribute nearly 30% of the total hydroxyl content 

as estimated by the average size and particle geometry of the 

gibbsite nanoplatelets. Cation exchange with surface protons 

on these hydroxyl groups is one possible adsorption 

mechanism consistent with this change in the Raman spectra. 

The peak positions of the two sharpest and strongest bands on 

the high frequency end also show minor shifts due to Cr3+ 

adsorption. For example, the highest frequency peak originally 

located at 3619.6 cm-1, corresponding to the intra-layer 

hydroxyls, shifts to 3621.4 cm-1 and 3623.3 cm-1after gibbsite 

exposure to 0.003% and 0.01% Cr3+ solutions, respectively.  

FTIR spectra were recorded for Eu3+-adsorbed gibbsite 

samples. Similar to the Raman spectral behavior, four bands 

were observed in the FTIR spectra for the as-synthesized 

gibbsite as well as Eu3+ adsorbed gibbsites at all three initial 

Eu3+ concentrations, and there is no noticeable differences in 

the spectral band maxima (Fig. 4).   

 

3.3 Interfacial vibrational spectroscopic analyses 

VSFG spectroscopy allowed direct interrogation of the surface 

hydroxyl groups before and after metal cation adsorption 

without interference of the -OH groups within the bulk 

nanocrystal. VSFG measurements were performed using a 

fixed visible laser beam at 532 nm while scanning the IR laser 

beam across the same OH stretch frequency region observed 

in the Raman/FTIR (3200 - 3800 cm-1) (Fig. 6). In VSFG, the 

sum frequency signal, ISFG, can be expressed as Eq. (1): 

 𝐼𝑆𝐹𝐺 = |𝜒(2) × 𝐸𝜔 𝑉𝑖𝑠 × 𝐸𝜔 𝐼𝑅|
2
                     (1) 

where EωVis and EωIR are the visible and IR electric fields. χ(2) 

is the second-order susceptibility of the material for SFG and 

is described by Eq. (2): 

  χ(2) =  χ𝑁𝑅
(2)

+ ∑
𝐴𝑘

𝜔𝑘− 𝜔𝐼𝑅−𝑖Г𝑘
𝑘                         (2) 

where χ𝑁𝑅
(2)

  is the non-resonant contribution of the material, 

ωIR is the IR frequency; Ak is the amplitude of the kth resonant 

mode with corresponding peak frequency and half width of ωk 

and Гk, respectively. χ𝑁𝑅
(2)

 is intrinsic to the substrate material.  

For common dielectric minerals such as silica and alumina, it 

is usually featureless and small.[45,62-64] For a given chemical 

system the value of Ak is proportional to the concentration of 

the active surface species, its Raman tensor and IR transition 

dipole moment. As can be seen from Eq. (2), if χ𝑁𝑅
(2)

 is constant, 

which is the case for gibbsite,[56] larger χ(2) values will appear 

at or near the IR absorption bands of the surface species when 

the frequency of the electric fields involved in the process 

overlaps with that of a transition between two vibrational 

levels of the material, leading to “resonance 

enhancement”.[47,65-67] 

Fig. 6 VSFG spectra of gibbsite in 0.1 M NaOH with adsorbed metal ions: Cr3+(A); UO2
2+ (B); and Eu3+ (C). All metal ion 

concentrations are relative to [Al]. Spectral traces are off set in the Y-axis for clarity.
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As shown in Fig. 6A, pristine gibbsite nanoplatelets 

showed strong, well-resolved VSFG spectra with band 

maxima located at 3615, 3525, 3425 and 3355 cm-1, with 

shoulder bands at ~3500 cm-1 and 3355 cm-1. Once any of the 

three metal cations are adsorbed, the intensity of all four 

surface -OH bands decreased, consistent with the bulk Raman 

and indicating a prominent effect of adsorbed metals on 

surface hydroxyl groups. The relative peak intensities among 

the four VSFG peaks of gibbsite varied depending on the 

specific metal adsorbed (Fig. 6). For pristine gibbsite, the 

intensities of the intra-layer hydroxyl bands at 3615 and 3525 

cm-1 are higher than the inter-layer hydroxyl bands at 3425 and 

3355 cm-1, with the peak at 3615 cm-1 about 3.7 times higher 

than the 3355 cm-1 (Fig. 6A). The same trend follows for Cr3+-

adsorbed gibbsite and Eu3+-adsorbed gibbsite (Figs. 6A and C). 

However, for UO2
2+-adsorbed gibbsite, the 3615 cm-1 band 

displays approximately the same intensity as those of the 3425 

and 3355 cm-1 bands and the intensity of the 3525 cm-1 band 

is mostly lower than those of the 3425 and 3355 cm-1 bands 

(Fig. 6B). 

The present findings confirm that metal cation adsorption 

entails strong disruption of the surface OH configuration, 

likely through partial deprotonation during cation exchange to 

form adsorbed metal surface complexes. The peak intensities 

of the strongest VSFG band of gibbsite at ~ 3615 cm-1 

decreased by ~ 95% (Eu3+ 0.01%) to 65% (Cr3+ 0.001%), 

depending on the specific cation and their initial 

concentrations (Fig. 7). While for both Cr3+ and UO2
2+, the 

peak intensity reduction appeared to increase as the initial 

metal ion concentration increased, the opposite trend was 

observed for Eu3+, suggesting different adsorption 

mechanisms for Eu3+.   

 
Fig. 7 Maximum VSFG peak intensity of gibbsite with and 

without metal ions adsorbed at ~3615 cm
-1 

in 0.1 M NaOH (the 

percentage values in the bar graph are the initial concentrations 

of the corresponding metal ions). 

These observations support the hypothesis that adsorption 

of the three metals may not involve the same hydroxyl groups. 

In the case of UO2
2+, more intra-layer hydroxyl groups appear 

to be involved in the formation of surface complexes, as 

reflected by a decrease in the band intensities. This suggests 

that UO2
2+ preferentially binds to these hydroxyl orientations. 

This may further indicate a preference for UO2
2+ to bind to 

particle edge sites, where these intra-layer hydroxyl groups are 

exposed. Previous electron microscopy and X-ray 

photoelectron spectroscopy studies of boehmite nanoplates 

also showed preferential binding of Cr3+ at (101) edge 

surfaces,[29] which hindered subsequent dissolution by 

blocking the most reactive corner and edge sites, as confirmed 

by high-resolution transmission electron microscopy.[30] 

Additional support consistent with the intrinsically pivotal role 

played by surface hydroxyl groups during metal binding 

comes from the prior discovery of Cr3+ cluster formation on 

boehmite surfaces, which appeared to be catalyzed, at least in 

part, by short-range epitaxial lattice matching between the 

topology of basal surface hydroxyls and that of CrOOH 

polymorphs.[30] The intimate association of Cr3+ coordination 

clusters with the boehmite surface implies formation of Cr-

O(H)-Al bridging bonds that undoubtedly entails disruption of 

the configuration and/or protonation state of the surface 

hydroxyls. Given our current observations, it seems plausible 

that such oligomeric surface complexes also form during 

adsorption of Eu3+ and UO2
2+ cations, with differences linked 

to the discrepancy between the larger ionic radii of Eu3+ and 

UO2
2+ compared to Al3+, versus the similar ionic radii of Cr3+ 

and Al3+. 

 

3.4 TRLFS characterization of Eu3+ and UO2
2+adsorbed on 

gibbsite.  

Both Eu3+ and UO2
2+ cations display unique luminescence 

properties upon absorption in the UV-visible region.[68-74] Their 

absorption and luminescence spectral position, band splitting 

pattern and relative intensity are dependent on the local 

bonding and symmetry around the metal ion.[53,75-84] For 

example, ligand coordination typically leads to longer 

luminescence lifetimes for both Eu3+ and UO2
2+. In case of 

Eu3+, the luminescence decay constant in aqueous solution is 

linearly correlated with the number of bound hydration waters 

or OH moieties.[70,85] Here we used nanosecond pulsed laser-

induced time-resolved luminescence analysis to gain deeper 

insight into how Eu3+ and UO2
2+ adsorb on gibbsite 

nanoplatelets. 

The TRLF spectrum for 0.1 % Eu3+ adsorbed on gibbsite at 

pH 13 had well-resolved peaks at 574.5 nm, 593.1 nm, 618.0 

nm, 653.5 nm, and 698.2 nm (Fig. 8). These peaks correspond 

to the electronic transitions 5D0 → 7Fj (j = 0, 1,2,3 and 4), 

respectively, of the Eu3+ cation.[76] The 5D0 → 7F2 transition, 

which is of electric dipole character, shows a large dependence 

on the coordinating ligand field, but for the 5D0 → 7F1 

transition, which is of magnetic dipole character, the radiative 

transition probability is minimally influenced by the ligand  
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Fig. 8 Time-resolved TRLFS spectra of Eu-adsorbed gibbsite at Eu 0.1%, pH 13 (A) and the corresponding luminescence decay trace 

(B) and the fitted curve (solid line).   

 

field. Thus, the relative intensities of the 5D0 → 7F2 band at ~ 

614 nm and the 5D0 → 7F1 band at ~ 593 nm and the spectral 

shift of the former can be used as an indicator of coordinating 

ligand field strength around Eu3+.86 For the aqueous Eu3+ 

cation (e.g., in the bulk aqueous EuCl3 solution), the peak 

corresponding to the 5D0 → 7F2 transition appears at 616 nm 

with a spectral intensity of ~ 25% that of the peak 

corresponding to the 5D0 → 7F1 at ~ 593 nm.[68] In comparison, 

for Eu3+ adsorbed on gibbsite, the peak position of the 5D0 → 
7F2 transition is red-shifted 2 nm to 618.0 nm and its spectral 

intensity is 3.6 times more intense than that of the 5D0 → 7F1 

band, indicating that the Eu3+ ion forms strong inner-sphere 

surface complexes on gibbsite.   

In agreement with the spectral changes, the primary 

component of the measured luminescence lifetimes of Eu3+-

adsorbed on gibbsite (Table 2) were much longer than that of 

the fully hydrated Eu3+ ion (~ 117 µs[68,87]). Using the linear 

correlation between the measured luminescence decay 

constant and the number of hydration waters in the inner 

coordination sphere of the Eu3+ ion,[85]  

𝑁𝐻2𝑂 = 1.07 ∙  𝑘𝐻2𝑂 – 0.7         (3) 

In Eq. (3), 𝑁𝐻2𝑂 is the number of water molecules remaining 

in the inner coordination sphere and 𝑘𝐻2𝑂  is the measured 

fluorescence decay constant of the Eu3+ (in ms-1). For Eu3+ 

adsorbed on gibbsite, the primary 𝑁𝐻2𝑂 values fall in the range 

from 7.2 in 3 M NaOH at 0.01% initial Eu concentration to 1.9 

at pH 13 with an initial Eu concentration of 0.1% (Table 2). In 

aqueous solution, the Eu3+ ion has an average inner-sphere 

hydration number of ~ 8.5±0.5.[87] Thus, adsorption of Eu3+ on 

gibbsite via surface complexation removes 1.3-6.4 inner-

sphere hydration waters, which is consistent with the observed 

spectral changes (Fig. 8).[76,85] This large variation in the 

number of inner-sphere hydration waters may indicate that 

there are multiple surface binding sites for Eu3+. The presence 

of a minor fast luminescence decay pathway, as reflected by a 

lifetime (data in parenthesis of Table 2) shorter than that of the 

aqueous Eu3+ ion, may indicate the presence of Eu3+ clusters 

in the system.[53,88,89] 

Table 2. Luminescence lifetimes (25 °C) and calculated 

hydration numbers of Eu(III) adsorption on gibbsite.  

Sample 

Conditions 

Luminescence 

Lifetimes (µs) 

Eu(III) Hydration 

Number a 

1% Eu – 3 M NaOH 157 6.1 

1% Eu – pH 13  383, (0.174) b 2.1 

1% Eu – pH 5  N.M. N.M. 

0.1% Eu – 3 M 

NaOH 

260 3.4 

0.1% Eu – pH 13  408, (12) b 1.9 

0.1% Eu – pH 5  297, (32.5) b 2.9 

0.01% Eu – 3 M 

NaOH  

136, (16.1) b 7.2 

0.01% Eu – pH 13 N.M. N.M. 

0.01% Eu – pH 5  162 5.9 
a Hydration number calculation method has an error of ± 0.5 

(and the faster decay component in parenthesis is not 

considered). b Minor component with larger fitting error. N.M. 

= not measured.  

For UO2
2+ adsorbed on gibbsite, the liquid helium 

temperature (LHeT) TRLFS spectra displayed strong 

luminescence spectra (Fig. 9A and SI Figs. 4-6), with 

enhanced spectral resolution as the delay time after the laser 

pulse increased. Such spectral changes indicate the presence 

of more than one unique UO2
2+ coordination environment.[90-

92] For most samples, it was found that the spectral profiles at 

long delay times (≥ 1 ms) displayed minimal changes, 

suggesting that it likely represents a unique UO2
2+ surface 

complex. By subtracting the spectral contribution of this 

species iteratively from the TRLFS spectra at shorter delay 

times, the spectra representing a shorter-lived UO2
2+ species 

can be obtained. The results of such a spectral analysis for  

0.1% UO2
2+ adsorbed on gibbsite at pH 13 are shown in Fig.  
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Fig. 9 TRLFS spectra at three different delay times (A) and luminescence decay data (open circles) with biexponential fitting results 

(solid line) (B) of U-adsorbed gibbsite at U 0.1%, pH 13. λex = 415 nm.  

 

 
Fig. 10 Deconvoluted TRLFS spectra at delay time ≤ 0.005 µs for 

U-adsorbed gibbsite at U 0.1%, pH 13.  

 

10. While the TRLFS spectra at long delay time (1 ms) (blue 

spectrum in Fig. 10) representing a unique long-lived 

luminescent adsorbed UO2
2+ species displayed well-resolved 

vibronic bands at 481.9 nm, 500.8 nm, 521.2 nm, 543.7 nm 

and 568.8 nm, respectively, the spectra representing a short-

lived species showed poor spectral resolution and a spectral 

maximum at ~ 505 nm (green spectrum in Fig. 10). For the 

former, the average vibronic peak spacing of ~ 790.6 cm-1 falls 

well within the range for uranyl oxyhydroxide species,[93] 

which likely reflects the nature of UO2
2+ bonding to hydroxyl 

groups to form complexes on the gibbsite surface. The 

luminescence decay curve is best fit by a bi-exponential 

function (Fig. 9B) with luminescence lifetimes of 778±16 µs 

and 28±2 µs, respectively, consistent with the presence of two 

uranyl surface species, which is in agreement with the spectral 

analysis. The bonding and structures of the UO2
2+ surface 

species are dependent on solution pH, as well as initial UO2
2+ 

concentration, based on the shifts of the vibronic bands of the 

long-lived UO2
2+ species. For example, at an initial UO2

2+ 

concentration of 0.001%, the four vibronic bands are located 

at 479.9 nm, 499.7 nm, 521.7 nm and 538.5 nm, respectively 

at pH 5, while they shifted to 471.4 nm, 491.8 nm, 512.9 nm 

and 535.2 nm, respectively, at pH 13.  

 

4. Conclusion 

The results from batch adsorption and surface specific VSFG 

studies show that the sorption of metal ions Cr3+, Eu3+ and 

UO2
2+ on gibbsite occurs across broad pH conditions from 

weakly acidic to highly basic conditions. VSFG spectra 

indicate that, within the metal ion concentration range studied 

(0.001% to 0.1% relative to total Al), sorption of metal ions 

leads to reduction of the spectral intensity of gibbsite surface 

OH groups, indicating participation of the surface OH in metal 

ion bonding, which likely occurs via metal ion substitution for 

the hydroxyl proton. The VSFG spectra show that the three 

metal ions had different sorption characteristics. For Cr3+, the 

spectra for different Cr3+ concentrations are similar to that for 

as-synthesized gibbsite, and the reduction of the VSFG band 

intensities are inversely correlated with Cr3+ concentration. 

This suggests that the six distinct surface hydroxyls on the 

gibbsite basal surface are equally involved in Cr3+ binding, 

within the concentration range studied. However, for both 

Eu3+ and UO2
2+, the spectral profile for gibbsite was altered 

when the metal ion was adsorbed. The reduction in intensity 

of the higher frequency bands corresponding to intra-layer 

hydroxyl groups (~ 3620 cm and ~ 3519 cm) was more 

pronounced, particularly in the case of Eu3+, indicating that 

these hydroxyls preferentially bind Eu3+ and UO2
2+. 

Considering the much larger ionic radii of Eu3+ and UO2
2+ as 

compared to both Cr3+ and the substrate metal ion Al3+, this 

suggests that the sorption involves edge sites where intra-layer 

hydroxyls are more accessible. The weak correlation between 

the decrease in spectral intensity and metal ion concentration 

also suggests that surface metal ion adsorption involves metal 
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oxide clusters. The redshift of the luminescence spectra of 

both Eu3+ and UO2
2+, and the large enhancement of the 5D0 → 

7F2 transition of Eu3+, also indicate strong surface 

complexation of Eu3+ and UO2
2+ on the gibbsite surface. Time-

resolved luminescence spectra showed there are at least two 

distinct UO2
2+ surface complexes formed on gibbsite. Here, 

we analyzed metal ion adsorption from the perspective of the 

surface OH groups for the first time and demonstrated that 

metal ion adsorption on gibbsite is likely to strongly impact its 

interfacial properties, including pH dependent surface 

charging and reactivity with respect to dissolution. This 

change to the interfacial properties will also influence particle 

aggregation and the subsequent rheological behavior of 

gibbsite suspensions. The technical approach demonstrated in 

this work and fundamental knowledge on the interfacial 

chemistry of solids and minerals will help with future design 

and synthesis of advanced materials for removal and recovery 

of toxic metal, e.g. chromium and uranium, from engineered 

systems.[94-96]  
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