
 

 

 

 

 

 

Coordination chemistry of lanthanides in AOT-CMPO solvent 

extraction system: UV-Vis and XAFS studies   
 

 

Journal: Dalton Transactions 

Manuscript ID DT-ART-07-2018-002957.R1 

Article Type: Paper 

Date Submitted by the Author: 11-Sep-2018 

Complete List of Authors: Moon, Jisue; University of California Irvine, Chemical Engineering and 
Materials Science 
Nilsson, Mikael; University of California Irvine, Chemical Engineering and 
Materials Science; University of California Irvine, Chemistry 

  

 

 

Dalton Transactions



Journal Name  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Coordination chemistry of lanthanides in AOT-CMPO solvent 

extraction system: UV-Vis and XAFS studies   
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a,b

 
 

The extractability and coordination chemistry for lanthanides in a binary extraction system containing Aerosol OT (AOT) 

and a phosphine oxide (CMPO) has been investigated by means of UV-Vis and X-ray Absorption Fine Structure (XAFS) 

techniques over a range of extractant concentrations. In addition to Fourier transform EXAFS analysis, the application of 

wavelet transforms (WT) to the Fourier transform was adapted to Ho L-III edge to provide a better contrast between the 

heavier and lighter backscattering atoms at higher coordination shells in the mixed extractant system. Through the 

variation of the ratio of AOT and CMPO and the acid concentration of aqueous phase, a synergistic effect appeared at a 1:1 

ratio of AOT and CMPO using moderate acid concentration (0.5 M HNO3). It was also found that CMPO itself is directly 

coordinated with the metal ions by forming the bond with P=O and C=O, while AOT extract the lanthanide as a hydrated 

form through reverse micelle formation. However, the complex of CMPO (C=O-M and P=O-M) to metal gets weaker as it is 

mixed with AOT. Our results indicate that complexation from the CMPO is aiding the control of water extraction through 

reverse micelles from AOT, which results in the cooperative effect of certain mixtures of AOT-CMPO. The information from 

this coordination environment offers insight into the role of reverse micelle formation in mixed-extractant solvent 

extraction system. 

Introduction 

Solvent extraction has been applied successfully in various 

fields including the pharmaceutical industry, the production of 

precious metals and rare-earth elements, and in the chemical 

treatment of used nuclear fuel1-11. In the practice of solvent 

extraction for chemical separation, amphiphilic extractants are 

used in a biphasic solution system to remove the target 

solutes, e.g. metal ions, from an aqueous phase. The targeted 

solute is bound selectively by the extractant or incorporated in 

a reverse micelle in the organic phase12,13. The effects of the 

combination of multiple extractants in a system have been 

studied extensively due to the synergistic enhancement of 

certain extractants. For example, Aerosol OT (AOT) has been 

used in combination with other extractants in systems that 

display synergistic extraction, such as carbamoylmethylene 

phosphine oxide (CMPO)14, bulky amides15 or N,N,N’,N’-

tetra(n-octyl)diglycolamide (TODGA)16. Those additional 

extractants by themselves are not surface active enough to 

create extensive reverse micelle formation. The improvement 

observed when combining it with AOT may be due to the 

formation of reverse micelles and, while not well understood, 

could be very important. 

In the present study, we investigate how a combination of 

AOT and CMPO (Figure 1) in an extraction system for metal 

ions affects the solute extractability and the phase stability 

with respect to coordination chemistry. The goal of this study 

is to improve the understanding of the extraction mechanism 

for extractants in a synergistic system. Probing the 

coordination environment around the metal ion and 

investigating the extracted complex on a molecular level could 

allow for establishing new extractants with improved 

properties. Holmium (Ho) and erbium (Er) were chosen as a 

target metals due to their spectroscopic properties that 

include hypersensitive bands responsive to the coordination 

and geometry of the surroundings. Water, metal ion and nitric 

acid extraction were carefully monitored as a function of AOT 

to neutral extractant concentration ratio. The complexation 

state of extracted species with AOT and CMPO was 

investigated by spectroscopic analysis such as UV-Vis 

spectroscopy17-19 and X-ray Absorption Spectroscopy (XAS).  

For certain lanthanides, the electron transitions are 

hypersensitive to the symmetry and electronic field strength of 

the metal such as 5I8 � 5G6 transition for Ho and 4I15/2 � 2H12/2 

transition for Er. Since the mechanism of each extractant, AOT 

and CMPO, are different, the electron transition of the 

extracted lanthanide will help to understand if and how the 

lanthanide environment changes during the extraction. In 

addition to the UV-Vis study, we applied X-ray Absorption 

spectroscopy (XAS) as a technique to better understand the 

coordination chemistry around the metal ions. The Fourier 

transform of extended X-ray absorption fine structure (EXAFS) 

enables a first qualitative estimate of how many atoms are 

Page 1 of 15 Dalton Transactions



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

present in each coordination shell at certain distance 

surrounding the absorbing atom. This is done by analyzing the 

spectrum in either k or R space through Fourier transform20. 

XAS has been used to provide local structure of molecules 

predominantly in inorganic systems. The ability to excite 

electrons in selected atoms permits for the distinguishing of 

metal-ligand coordination details at specific position in 

molecules. For example, the coordination chemistry of 

selected actinides and lanthanides in nitrate and chloride 

solutions has been studied to understand the aqueous phase 

speciation of the metal ions21,22. Furthermore, this technique 

has been used to study the coordination environment of 

metals extracted in the organic phase by various ligands, 

including oxygen coordinating ligands like CMPO23 and 

TODGA24 as well as nitrogen coordinating ligands25. Finally, this 

technique has been used successfully in past studies of 

synergistic extraction systems to obtain details regarding the 

role of each extractant26,27,28. In addition to XAFS analysis, 

wavelet-based XAFS analysis is a dedicated method to 

elucidate the elemental feature and spatial location of the 

neighbors surrounding the X-ray absorber29,30. Especially in 

solvent extraction system, the extraction conducted with soft 

donor or mixed donor systems will result in complexes which 

have similar bond length between the targeted metal ion and 

the different donor groups. To better understand these 

systems, wavelet transform (WT) of Fourier transform was 

adapted for discriminating the backscattering atoms by their 

elemental nature. The WT can resolve the k dependence of the 

absorption signals and therefore gives better contrast between 

heavier and lighter backscattering atoms, even if they are at 

the same distance from the central atom30,31. The aim of this 

work is to investigate the coordination chemistry by means of 

UV-vis and XAFS to understand the mixed extractant system 

and the role of each extractant. 

Experimental Section 

Material 

Aqueous solutions of 0.01 M of holmium and erbium were 

prepared by first dissolving holmium oxide (99.999%) and 

erbium oxide (99.999%) provided by Michigan Metals & 

Manufacturing, in nitric acid to prepare a stock holmium or 

erbium nitrate solution that could then be diluted to 

appropriate concentration. These solutions were subsequently 

standardized for Ho3+ and Er3+ concentrations, acidity (H+ 

concentration), and excess nitrate concentration by a 

combination of neutron activation analysis, UV-Vis, 

potentiometric titration, and ion chromatography. The 

lanthanide concentration was determined by taking samples of 

the prepared solutions along with samples of various dilution 

of ICP-MS standard solutions of each lanthanide (1,000 ppm 

Ln(III) in 2% HNO3, Inorganic Ventures). For the neutron 

activation, the solutions and standards were irradiated in the 

UC Irvine TRIGA® reactor to create radioactive isotopes of 

holmium (166Ho) by the n,γ reaction. Post irradiation the 

samples were analysed using a high purity germanium 

detector (Canberra, 40% relative efficiency, 1.8 keV FWHM at 

1.332 MeV) measuring the gamma energy of 166Ho. The 

activity of each sample was corrected for decay time. The 

activity was related to known concentration for the standard 

samples and this correlation was used to calculate the 

concentration of the unknown solutions. UV-Vis spectroscopy 

was carried out using an Olis upgraded Cary 14 UV-vis-NIR 

spectrometer with a jacketed cell held at 20 oC to standardize 

the erbium solutions. The solutions of ICP-MS standards were 

measured and a calibration curve of absorption vs. 

concentration was prepared and used to calculate the 

concentration in the unknown samples. The potentiometric 

titrations were carried out by titrating the lanthanide solutions 

with standardized sodium hydroxide using a Metrohm 836 

Titrando auto-titrator. The results were corrected for the 

known lanthanide concentration to find the acid 

concentration. Finally, the nitrate concentration of each 

sample was determined by using a Metrohm 850 ion 

chromatograph, supplied by Metrohm USA Inc. through the UC 

Irvine Metrohm Lab. Concentrated nitric acid (15.8 M) was 

supplied by Marcon Fine Chemicals. Water used to dilute the 

concentrated solutions was obtained from an in-house source 

of ultrapure (18.2 MΩ∙cm) water. Sodium nitrate was obtained 

from Fischer Scientific and was filtered and recrystallized 

before use. Sodium docusate (AOT) anhydrous was obtained 

from Fisher Scientific to >99% purity. CMPO was obtained at 

96% purity from Marshallton. Organic solutions containing 

different concentration of AOT and CMPO were prepared by 

dissolving the reagents in heptane (HPLC grade, >99.0%) 

obtained from OmniSolv. The organic chemicals were all used 

without any further purification. 

 

Figure 1. Structures of Aerosol OT (AOT) and carbamoylmethylene phosphine oxide 

(CMPO) employed in the present study. 
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Solvent extraction 

Solvent extraction experiments using AOT and CMPO in 

heptane were performed by contacting equal volumes of the 

organic and aqueous phase for 5 min using a vortex mixer 

followed by centrifugation at 3000 rpm for 3 min. After 

centrifugation, aliquots of each phase were taken for analysis. 

The distribution ratios of Ho were determined by neutron 

activation analysis using the UC Irvine TRIGA® reactor as 

described above. The distribution ratio of erbium was 

measured by UV-Vis analysis from the difference of the 

aqueous phase concentration before and after extraction. UV-

vis spectra of the organic phases were collected on the Olis 

upgraded Cary 14 UV-vis-NIR spectrometer. The organic phase 

spectra were collected after extraction with different 

extractant concentrations. The water concentration in the 

organic phase was determined by Karl Fisher titrations using a 

Metrohm KF Titrando with each sample measured in duplicate. 

The Karl-Fisher measurements were checked for accuracy 

using standardized solutions of 1 mg water per 1 g solution, 

HYDRANAL® Water Standard 1.0 obtained from Fisher 

Scientific. 

 

XAFS Measurement 

XAFS investigations were performed at beamline 10-BM-B 

of the Advanced Photon Source at Argonne National 

Laboratory32. Spectra were collected at the holmium L-III edge 

(8071 eV) and Erbium L-III edge (8358 eV) in fluorescence 

mode with a Hitachi Vortex-ME4 four element silicon drift 

fluorescence detector. For all samples, data sets were 

collected until adequate signal to noise was obtained, in all 

instances between 3 to 10 scans. The X-ray white beam was 

monochromatized by a Si (1 1 1) monochromator and detuned 

50% to reduce the contribution of higher-order harmonics. All 

samples were collected at room temperature.  

Data were processed with the Athena and Artemis programs of 

the IFEFFIT package33. Spectra were averaged in μ(E) data, 

which was calibrated to the literature E0 value for each 

elements edge. Background removal was achieved by spline 

fitting. EXAFS data were extracted above the threshold energy, 

E0. The conventional metrical analysis of the Ho and Er k3χ(k) 

EXAFS was performed. Fit windows in k space were 

determined based on the lowest quality data collected and for 

all data sets were from 1 to 9 Å-1. In all fits, the amplitude 

reduction factor (S0
2) was performed with a fixed scale factor 

as 0.9. Independent structural parameters determined by the 

fits included the change in the scattering half path length (ΔRi) 

and the relative mean square displacement of the scattering 

element (σ2
i). For each fit, the number of variables was not 

Figure 2. Distribution ratio of holmium (a) and erbium (b) and concentration of water in the organic phase from holmium extraction (c), and erbium extraction (d) as a function 

of [AOT]/[AOT+CMPO] mole ratio after contact with 0.001 M HNO3 (black) or 0.5 M HNO3 (red) aqueous phase containing 0.01 M Ho3+ or 0.01 M Er3+. The error bars represent 

standard deviations from triplicate measurement.
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permitted to exceed 2/3 the number of independent points, in 

keeping with the Nyquist criterion. 

 

Wavelet transform EXAFS 

A qualitative analysis of the property of the backscattering 

atoms in the higher coordination shells was conducted using 

the wavelet transform (WT) method implemented in the EvAX 

code34. These WT results are typically visualized as contour 

plots in three dimensions including the wave vector (k), the 

interatomic distance uncorrected for phase shift (R) and the 

WT modulus. Contributions from different back-scattering 

atoms at specific regions in k and R space are visualized in the 

plots as ridges and the location of the ridges helps to 

differentiate between light and heavy backscattering atoms30. 

Result and Discussion 

Extraction study 

Solvent extraction experiments were performed at varying 

AOT ratio ([AOT]/([AOT]+[CMPO]) = 1, 0.75, 0.5, 0.25, 0) 

keeping total extractant concentration (AOT + CMPO) at 0.05 

M in the organic phase and contacting with an aqueous phase 

of different nitric acid concentration with 0.01 M Ho3+ or Er3+. 

Figure 2 (a) and (b) shows the variation of distribution ratio of 

Ho3+ and Er3+, defined as the ratio of the concentration of the 

metal between the organic and aqueous phase. For the 

extraction from low acid concentrations, an increasing trend 

for both holmium and erbium is observed although erbium 

shows lower distribution ratios at high AOT concentration 

compared to holmium. When the acid concentration of the 

aqueous phase increase, a nonlinear trend for both holmium 

and erbium was observed. At an AOT ratio of 0.5 when the 

higher acid concentration was used, the distribution ratio of 

holmium and erbium increased from 0.7 to 2 and from 1 to 4, 

respectively. This suggest that the cooperative effect of CMPO 

is possibly due to the increase of extractability of CMPO at 

higher acid concentration. CMPO is well known to extract 

trivalent actinides, as well as lanthanides, with improved 

extraction at moderate HNO3 concentration35. For the 

experiments at high acid concentration, the distribution ratio 

drastically decreases at higher AOT concentrations, which can 

be explained by the deformation of AOT at higher acid 

concentration7 and the concentration of CMPO not being 

enough to extract additional lanthanides from the aqueous 

phase. Furthermore, at elevated nitric acid concentration 

CMPO is known to extract HNO3 which may compete with the 

metal uptake36,37. The fact that the distribution ratios, in the 

high acid case, for an AOT ratio of 0 is lower compared to the 

AOT ratio of 0.5 suggest that there is a synergistic effect. If 

there was no synergistic effect the solvent using 0.05 M CMPO 

alone should provide the highest extraction at high acid.  

In addition to the distribution ratio, the water content of the 

organic phase at each AOT ratio was analyzed and is shown in figure 

2 (c), (d). A linear trend for Ho3+ and Er3+ were observed for low acid 

concentration, but a non-linear trend is observed for the high acid 

concentration. While the water content trend is similar to the trend 

of the metal distribution ratio at high nitric acid concentration, the 

differences in water content between high and low acid case at AOT 

ratios of 0.25 and 0.5 were very small. This suggests that the 

amount of reverse micelle formed is similar between low and high 

acid concentration, at these AOT ratios. Due to the amphiphilic 

property of AOT, it can dissolve in both the aqueous and the organic 

phase and cause a phase change from micelle to emulsion phase if 

enough water is extracted into the organic phase38. From our 

previous study39, the emulsion phase of the organic phase occurred 

at lower AOT concentration, less than 0.02 M AOT, but the 

emulsion in the aqueous phase formed when AOT was added in a 

concentration above 0.02 M. However, this phenomenon did not 

occur for the mixed AOT-CMPO system and both phases were clear. 

 

UV-Vis absorption spectroscopy 

UV-vis spectra of organic phases after extraction of metal 

ions from different aqueous acid concentration were collected 

at the wavelengths covering the hypersensitive absorption 

band. The holmium ion has a hypersensitive band centered 

Figure 3. UV-vis absorption spectra of organic phases for the acid concentration dependency for holmium extraction with (a) 0.01 M AOT in heptane and (b) 0.01 M CMPO in 

heptane. Extraction conducted with 0.01 M Ho(NO3)3 dissolved in nitric acid of different concentration. 
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around 450 nm, related to the 5I8 � 5G6 transition. Depending 

on the coordination number and environment around the 

lanthanide atom, the peak shape and the intensity change 

drastically18,40. 

Before testing the effect of combining AOT and CMPO, the organic 

phases with the extracted holmium from the experiments using 

either AOT or CMPO individually were measured. Figure 3 shows 

the UV-vis spectra of the organic phase after contact with an 

aqueous phase of different concentration of nitric acid. The organic 

phase included either AOT (Fig 3. (a)) or CMPO (Fig 3. (b)). The data 

were collected from 430 to 560 nm to see the difference between 

the hypersensitive peak (450 nm) and the non-hypersensitivity peak 

(537 nm). Since the AOT showed higher extractability, the peak 

intensity of holmium should be higher for the AOT extraction. 

However, the intensity of the band centered at 450 nm, which 

correspond to the hypersensitive band, are similar for both AOT and 

CMPO extraction. The intensities of the band centered at 537 nm, 

which correspond to non-hypersensitive, are significantly lower for 

CMPO extraction, as expected. This high intensity around 450 nm 

for CMPO extraction is remarkable, indicating very intense 

hypersensitive transition compared with the same transition in AOT 

extraction. This can be explained by differences in the coordination 

environment around the extracted lanthanides. When polarizable 

ligands with high symmetry are used, the field gradient disappears 

and the magnitude of the induced f � f transition is insignificant 

and show low intensity. If a ligand with higher polarity bind to the 

lanthanide atom, the absorption intensity increases due to the 

effect of the electron donating ability of the ligand41
.  

Our earlier study suggests that AOT extracts lanthanides by 

forming reverse micelles which includes lanthanide ions 

solvated by water forming a symmetrical environment. 

However, CMPO extracts trivalent metal cations by the 

formation of lipophilic metal-CMPO-nitrate ternary species, 

M(NO3)3(CMPO)3 in the organic phase35,42-44. Because of this, 

the extractability of metal ions increase in acidic solutions but 

the extraction is also possible from lower acidic medium if 

Figure 5. UV-vis absorption spectra of the organic phase after extraction using varying extractant concentration ratios with the aqueous phase including Er3+ in (a) 0.001 M 

HNO3 and (b) 0.5 M HNO3. 

Figure 4. UV-vis absorption spectra of the organic phase after extraction varying extractants concentrations (legend shows the ratio of [AOT]/([AOT+CMPO])) with the 

aqueous phase including Ho3+ in (a) 0.001 M HNO3 and (b) 0.5 M HNO3. 
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nitrate anion coexists in a sufficient concentration45,46
. Based 

on this extraction mechanism, CMPO may cause asymmetrical 

conditions around lanthanide ions resulting in the high 

absorbance of the hypersensitive band. It is worth noting that 

the holmium absorption in the CMPO organic phase decreases 

when using 5 M HNO3 in the aqueous phase. Although high 

nitric acid concentration promotes Ho extraction, as 

mentioned above, CMPO may also extract nitric acid which 

cause the amount of CMPO available to complex metal ions to 

decrease36,37. This is likely the reason for the low absorption of 

Ho in the organic phase when contacting with 5 M HNO3, see 

figure 3b. 

The UV-Vis spectrum of the organic phase including 

extracted Ho3+ or Er3+ with AOT-CMPO mixed system was 

measured for all different AOT ratios except for the case of 

CMPO itself (AOT ratio of 0) at low acid concentration (0.001 

M) and AOT itself (AOT ratio of 1) at high acid concentration 

(0.5 M HNO3) due to the low concentration of metal in the 

organic phase for those two conditions. Figure 4 shows the 

spectra from the organic phase, containing different AOT and 

CMPO concentration ratios, after contact with an aqueous 

phase containing 0.01 M holmium nitrate. Only the 

hypersensitive band is shown in Figure 4. The difference 

between Fig 4. (a) and (b) is the acid concentration in the 

aqueous phase. For low acid concentration, the spectrum of 

the holmium nitrate dissolved in the aqueous phase and the 

spectrum of holmium extracted with only AOT shows the same 

band shape structure. However, once the AOT ratio decrease, 

the intensity of the peak around 450 nm increase and split into 

three peaks. For the AOT ratios of 0.5 and 0.25, the band 

showed similar shape and intensity. This suggest that AOT 

itself extract holmium from the aqueous phase as a hydrated 

form into the water core of the reverse micelle and not as a 

complex with AOT. As the AOT ratio decrease, CMPO 

substitutes the water and forms complexes with holmium ion. 

For the organic phase with high AOT ratio (0.75) contacted 

with high acid concentration, the band shape is similar to the 

low acid concentration band shape. However, once AOT ratio 

decrease to 0.25, the band shape turns into the double peak 

band similar to Ho extracted with CMPO only. Furthermore, 

the intensity of the peak in the organic phase containing high 

CMPO concentration is twice that of the peak for Ho extracted 

with AOT itself which can be explained by the symmetry of the 

lanthanide ion, as discussed above. 

Similar to the holmium studies, erbium was also tested 

with different concentration ratio of AOT and CMPO contacted 

with aqueous solutions of different acid concentration. Erbium 

exhibits a hypersensitive absorption band between 520 to 525 

nm owing to the 4I15/2 � 2H11/2 transition. Figure 5 shows the 

UV spectra of the organic phase following extraction with 

different AOT ratio at two different HNO3 concentrations. 

When erbium was extracted with AOT by itself, the band shape 

is identical to the erbium nitrate aqueous solution (black and 

dashed purple lines in Fig. 5(a) for AOT extraction and Erbium 

in aqueous phase, respectively). This indicate that AOT itself 

extract erbium in a symmetric hydrated form, directly 

comparable to the case of Ho extraction by AOT.  

However, when the AOT ratio is 0.75 or less, a second peak 

centered at 521 nm appeared, effectively forming a double 

peak. The intensity of the lower wavelength peak (at 521 nm) 

increase with decreasing AOT ratio. For extraction of erbium 

from high acidic aqueous solution using only CMPO, the band 

Figure 6. (Left) k3�(k) EXAFS data of organic phase extracting from aqueous phase containing 0.01 M Ho3+ with different composition of AOT and CMPO in 0.001 M HNO3 

(Black lines) and in 0.5 M HNO3(Bottom two blue lines). (Right) Fourier transform data of the k3�(k) EXAFS (black) and the corresponding fits (red). The graph from the top 

box shows the organic phase after contact with holmium aqueous solution in 0.001 M HNO3 and from the bottom box shows the contacted organic phase with holmium 

aqueous solution in 0.5 M HNO3. The AOT ratio ([AOT]/[AOT+CMPO]) is given by each line.
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shape and intensity of erbium is significantly changed (Fig 5 (b) 

AOT ratio = 0) and show a peak centered at 523 nm with a 

small shoulder at 521 nm. This indicates that the complex 

formed between CMPO and erbium nitrate cause an 

asymmetric condition around Er3+. 

As mentioned above, the significant band shape change 

observed in the UV-Vis data with different AOT ratio can be 

explained by changes in the surrounding environment of 

lanthanide such as different coordinating molecules or change 

in coordination number. Finally, bound hydrated water ions 

may affect the spectral change18,40.  

 

XAFS 

The k3χ(k) EXAFS data and the corresponding Fourier 

transform (FT) data for the extracted Ho with different AOT 

ratio from low and high acid concentration of the aqueous 

phase are shown in Fig. 6. For the data for higher acid 

concentration, only AOT ratios of 0.75 and 0.5 are included in 

this study due to the low concentration of extracted holmium 

in the solution.  For AOT itself (AOT ratio = 1), the k-space and 

R-space data looks similar to holmium nitrate dissolved in 

water. For CMPO itself (AOT ratio = 0), the data showed 

different features compared to the organic phase using AOT 

which showed a wider and deeper oscillation peak around 2 Å-

1 and a double peak signal at around 4 Å-1. As the CMPO 

concentration in the mixture increase, the features observed 

using CMPO by itself gradually appeared. For higher AOT ratio, 

the FT data of the organic phase shows an intense peak at 1.9-

2.0 Å (before phase shift correction) attributed to the nearest 

oxygen neighbors. The peak around 2.5 Å for AOT itself and 

75% of AOT mixture is more likely a back-scattering oscillation 

feature rather than second coordination feature due to 

multiple small peaks. However, for lower AOT ratio, two peaks 

of physical significance appear. The additional peak located at 

3.3~3.45 Å (before phase shift) is attributed to the distant P 

atoms from the second coordination shell. 

For high acid aqueous concentration (Figure 6 bottom), the 

k-space data, plotted as k3, show similar features at lower 

wavenumber for the two samples, but have different features 

at higher wavenumber. For an AOT ratio of 0.75, the low k-

space range showed similar properties with the organic phase 

extracted with AOT itself. However, for an AOT ratio of 0.5 a 

wider, double peak, feature was observed around 2 Å-1 which 

is similar to the organic phase at low acid with higher amount 

of CMPO. 

Figure 7 shows the result of the k3 weighted EXAFS data 

and corresponding Fourier transform data of the organic phase 

after contact with the aqueous phase containing 0.01 M Er in 

0.001 M HNO3. The organic phase with only CMPO was not 

analyzed due to its low extractability of erbium using low acid 

concentration. For the k-space data, two major changes are 

observed as the AOT ratio decrease. The oscillation around 4 Å-

1 shifted slightly to higher wavenumber and the oscillation 

around 6 Å-1 gets wider as the AOT ratio decrease. The FT Er 

data shows an intense peak at 1.9-2.0 Å (before phase shift 

correction) attributed to the nearest O neighbors. For lower 

AOT ratio, an additional peak located at 3.3~3.45 Å (before 

phase shift) is observed, attributed to the distant P atoms from 

the second coordination shell.  

The associated linear least squared fitting of the EXAFS 

data of Ho and Er are shown in Table 1 and 2. The result of the 

fit indicate that Ho is close to 8-coordinate with O at 2.34 Å 

bond length of Ho-O for the organic phase with AOT by itself. 

This result is comparable to the holmium nitrate dissolved in 

the aqueous phase which showed similar coordination number 

and bond length. As the concentration of CMPO increase, the 

average distance of Ho-O decreased to 2.25 Å and the 

coordination number is also slightly decreased. Once CMPO 

binds with a lanthanide, the water is replaced by an oxygen 

from P=O of CMPO and the distance between the lanthanide 

and the oxygen decrease. This behaviour was observed in 

previous experimental studies24,25,27,48 related to synergistic 

effect of neutral complexing agent and has also been observed 

in DFT simulations47.  

The erbium data showed a similar trend as the holmium 

EXAFS data. From the literature, the average coordination 

number and bond length of the erbium ion in the aqueous 

phase are 7.4 and 2.33 Å, respectively48. Comparing these 

numbers to our result of the organic phase contacted with the 

Er solution with low acid concentration showed similar bond 

length and coordination number. As with holmium, when the 

CMPO concentration increase the Er-O distance and 

coordination number decreased.  

Table 3 shows the corresponding fitting result of the 

organic phase contacted with the aqueous phase including 0.5 

M HNO3. The EXAFS fitting result can be compared with the 

low acid aqueous concentration data from Table 1. When the 

AOT ratio is 0.5 for higher acid concentration, the distance of 

Ho-O is shorter, and the coordination number is smaller than 

for the lower acid concentration case. This can be explained by 

higher affinity with CMPO at high acid concentration in the 

aqueous phase. This indicate that CMPO contribute more to 

the extraction of lanthanides at higher aqueous acid 

concentration, as would be expected. 

 

 

 

 

Table 1 Ho-O EXAFS fit results for organic solutions where Ho
3+

 was extracted from an aqueous phase with 0.001 M HNO3. r is the interatomic distance, CN is the 
coordination number, �2 is the Debye-Waller Factor, ∆� is the energy threshold value, R-factor indicate the goodness of the fit. 

  R / Å err CN err σ2 / Å err ∆E / eV err R-factor 

Page 7 of 15 Dalton Transactions



ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Ho(NO3)3 dissolved in 
Water 

Ho-O 2.34 1.0E-03 8.3 0.017 0.00139 3.57E-05 0.369 0.005 0.0123 

[AOT]/[AOT+CMPO] 
=1 

Ho-O 2.34 4.30E-05 7.9 0.004 0.0005 1.67E-05 0.373 0.0005 0.0146 

[AOT]/[AOT+CMPO] 
=0.75 

Ho-O 2.35 2.80E-05 7.6 0.002 0.0007 8.09E-05 
1.031 0.784 0.0130 

Ho-P 3.32 2.08E-02 0.2 0.301 0.0159 1.32E-02 

[AOT]/[AOT+CMPO] 
=0.5 

Ho-O 2.25 1.00E-05 7.7 0.002 0.00097 1.11E-06 
0.708 0.024 0.0158 

Ho-P 3.48 4.32E-02 0.5 0.328 0.0025 1.12E-03 

[AOT]/[AOT+CMPO] 
=0.25 

Ho-O 2.25 3.54E-05 7.8 0.003 0.00529 1.39E-05 
0.523 0.008 0.0135 

Ho-P 3.48 6.32E-02 3.0 0.043 0.00053 1.01E-04 

[AOT]/[AOT+CMPO] 
=0 

Ho-O 2.25 2.03E-04 7.7 0.006 0.0053 1.24E-05 
0.703 0.007 0.0129 

Ho-P 3.53  2.12E-03 3.0 0.173 0.0033 1.24E-04 

 

Table 2 Er-O EXAFS fit results organic solutions where Er3+ was extracted from an aqueous phase with 0.001 M HNO3. r is the interatomic distance, CN is the 
coordination number, �2

 is the Debye-Waller Factor, ∆� is the energy threshold value, R-factor indicate the goodness of the fit. 

  R / Å err CN err σ2 / Å err ∆E / eV err R-factor 

[AOT]/[AOT+CMPO] 
=1 

Er-O 2.34 4.30E-05 7.9 0.004 0.0005 1.67E-05 0.373 0.0005 0.01467 

[AOT]/[AOT+CMPO] 
=0.75 

Er-O 2.35 2.80E-05 7.6 0.002 0.0007 8.09E-05 
1.303 0.914 0.0182 

Er-P 3.24 0.53E-02 0.1 0.404 0.0109 2.56E-02 

[AOT]/[AOT+CMPO] 
=0.5 

Er-O 2.25 1.00E-05 7.7 0.002 0.0010 1.11E-06 
0.413 0.012 0.0013 

Er-P 3.56 0.13E-02 1.0 0.132 0.0013 1.07E-03 

[AOT]/[AOT+CMPO] 
=0.25 

Er-O 2.25 3.54E-05 7.8 0.003 0.00529 1.39E-05 
0.372 0.027 0.0112 

Er-P 3.54 1.28E-02 3.0 0.782 0.00041 1.01E-04 

 

Table 3 Ho-O EXAFS fit results for organic solutions where Ho
3+

 was extracted from an aqueous phase with 0.5 M HNO3. r is the interatomic distance, CN is the 
coordination number, �2

 is the Debye-Waller Factor, ∆� is the energy threshold value, R-factor indicate the goodness of the fit. 

  R / Å err CN err σ2 / Å err ∆E / eV err R-factor 

[AOT]/[AOT+CMPO] 

= 0.75 

Ho-O 2.26 3.15E-05 7.1 3.66E-05 0.006 2.53E-05 
2.013 0.518 0.0106 

Ho-P 3.50 1.01E-03 1 3.28E-01 0.01843 1.84E-02 

[AOT]/[AOT+CMPO] 

= 0.5 

Ho-O 2.25 1.23E-05 7.3 0.32E-04 0.0023 3.12E-05 
1.206 0.051 0.0109 

Ho-P 3.63 1.25E-02 3.0 5.00E-03 0.02825 1.72E-02 

 

Table 4 Parameters obtained from the XANES fitting for the organic phase including Ho
3+0 

Ho3+, 0.001M HNO3 

Sample Center err FWHM err Height err 

[AOT]/[AOT+CMPO] = 1 8073.5 0.1 6.82 0.1 3.07 0.2 

[AOT]/[AOT+CMPO] = 0.75 8073.5 0.2 6.95 0.1 3.07 0.5 

[AOT]/[AOT+CMPO] = 0.5 8073.5 0.1 6.98 0.1 3.20 0.2 

[AOT]/[AOT+CMPO] = 0.25 8073.5 0.2 7.01 0.2 3.36 0.2 

[AOT]/[AOT+CMPO] = 0 8073.3 0.2 7.12 0.1 4.14 0.3 

Ho(NO3)3 dissolved in water 8073.5 0.1 6.09 0.2 3.68 0.2 

Ho3+, 0.5M HNO3 

Sample Center err FWHM err Height err 

[AOT]/[AOT+CMPO] = 0.75 8073.5 0.1 6.34 0.1 3.62 0.5 

[AOT]/[AOT+CMPO] = 0.5 8073.5 0.1 7.14 0.2 3.17 0.2 
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Figure 7. (Left) k3�(k) EXAFS data of organic phase extracting from aqueous phase containing 0.01 M Er3+ in 0.001 M HNO3 with different composition of AOT and CMPO. (Right) 

Fourier transform data of the k3�(k) EXAFS (black) and the corresponding fits (red). The AOT ratio ([AOT]/[AOT+CMPO]) is given by each line.

Figure 8. Normalized L-III edge XANES fitting for extracted Ho3+ in 0.001M HNO3(left) and 0.5 M HNO3 (right) Corresponding fits are shown as red dashed lines.
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The phosphorous atoms located in the second coordination 

sphere give a direct indication to the increased binding affinity 

of CMPO. It can be seen that when the acid concentration 

increases in the aqueous phase the corresponding 

coordination numbers for the P atoms increase compared to 

the same AOT ratio at low nitric acid concentration. 

Furthermore, at an AOT ratio of 0.25 or below for the low acid 

case, and 0.5 for high acid, there appear to be three CMPO 

molecules surrounding the lanthanide ion. This compares well 

with the stoichiometry reported previously for CMPO 

extraction of trivalent lanthanides and actinides from nitrate 

media35,36,49. 

Comparing the results of our EXAFS analysis in terms of 

bond lengths and coordination number with the previous work 

of Yaita et al.23 the average bond lengths in our work are 

comparable for complexation with CMPO but the coordination 

number of phosphorous atoms are different. In the work of 

Yaita et al. the Ho—O bond in the CMPO complex was found to 

be 2.31 Å, and the Ho—P distance was found to be 3.51 Å. Our 

average Ho—O and Ho—P distances are relatively similar to 

their work at 2.25 Å and 3.53 Å. However, we observe a 

coordination number of 3 for phosphorous atoms. 

Furthermore, Yaita et al. report on Ho—C distances for the 

carbonyl group while we were unable to observe this. There 

are some important differences in the experimental approach 

as well as the data analysis that may account for some of the 

discrepancy. First of all, the Ho-CMPO complexes in the work 

by Yaita et al. were prepared by mixing CMPO and holmium 

chloride salt in ethanol while in our work the complexes were 

formed during extraction of Ho, along with three nitrate ions, 

Figure 9. Overview of the wavelet transform modulus of holmium nitrate in the aqueous phase analyzed at Ho L-III edge; k-space spectrum (bottom panel), magnitude of its 

Fourier transform (left panel) and its Morlet wavelet transform (central panel).

Figure 10. Wavelet transform modulus for (a) Ho(NO3)3∙5H2O, solid (b) Ho(NO3)3 dissolved in water.
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by CMPO in heptane.  The concentration of metal ion, while 

not stated in the work by Yaita et al. may be higher than what 

we obtained in our work, providing better contrast for their 

EXAFS measurements. Second, in their work the coordination 

number of oxygen from water molecules, P=O and C=O groups 

were determined from NMR experiments and fixed in their 

EXAFS analysis at 4, 2, and 2, respectively. In our work, these 

numbers were not predetermined and were allowed to vary in 

the fit. Due to low contrast of our experimental data no 

attempt was made to separate the Ho-O oscillations between 

the different oxygens that should be present around the metal 

ion. Furthermore, the number of P-atoms at the further 

distance was fixed at 2 in the work of Yaita et al. while this 

number was again allowed to vary in our work. Finally, due to 

the low contrast, no attempts were made to fit a Ho—C 

interaction for our EXAFS data. As mentioned above, the 

coordination number of P atoms observed at the highest 

concentration of CMPO agree well with previous extraction 

work providing some confidence in our EXAFS fit35.  

Figure 7 shows the analysis of the Ho XANES, which 

provides further insight into the oxygen coordination 

environment surrounding the Ho center. The intense wide line 

of the normalized L-III edge XANES are characteristic of dipole-

allowed electronic transitions from 2p to 5d for trivalent 

lanthanides50, and their general appearance suggest that the 

Ho3+ coordination environments are similar with different ratio 

of AOT in AOT-CMPO mixed system. Quantitative details were 

extracted from the XANES spectra by using the curve fitting in 

Table 4. The full widths at half maximum (FWHM) increased 

with decreasing AOT ratio which is attributed to the change in 

the coordination environment about the Ho center. This trend 

is caused by decreasing coordination number which 

correspond with the EXAFS fitting result. 

To further understand the EXAFS signal for the system, 

wavelet transform analysis was performed for each sample. 

Figure 9 shows the overview of the wavelet transform of 

holmium nitrate in the aqueous phase. Traditional EXAFS 

analysis need two separated k-space and R-space graphs to 

qualify or quantify the data, but by combining two separate 

data into one contour graph, the difference caused from multi-

scattering can be easily visualized. Wavelet transform contour 

plots were generated by decomposing the k-space and R-space 

(uncorrected for phase sift) signals. As a result, the wavelet 

transform provides detailed information on the local structure 

which may be difficult to identify with two separate graphs. 

Also, for Fourier transform, it is hard to separate different back 

scattering atoms in higher coordination shells present at 

similar bonding distance from the central lanthanide atom. 

Wavelet transform facilitates the identification of the 

backscattering atom and allow to filter out the experimental 

noise and can show the disorder of the structure. The color 

intensity is proportional to the modulus that correspond to the 

EXAFS amplitude term30,31,51. 

Figure 9 shows the spectrum of holmium nitrate dissolved 

in an aqueous phase. The major colored area shows the 

contribution from the Ho-O coordination shell. The location of 

the highest intensity for Ho-O in k-space were ~4.5 Å-1 and 

showed longer length contribution (between 2-3 Å in R-space). 

This higher length contribution is possibly coming from the Ho-

O-N contribution of the nitrate since the Ho-N showed very 

Figure 11. Simulated WT EXAFS model for Ho-O from different second backscattering atoms. (a) water, (b) nitrate, (c) monodentate binding of one phosphate and (d) a 

bidentate complexation of C=O and P=O from CMPO with Holmium. Each model includes Ho-O, Ho-P single scattering (for (c) and (d)) and double scattering of Ho-O-H (a) or 

Ho-O-N (b) or Ho-O-P (c) and Ho-O-P and Ho-O-C (d). Note that the contour density scale is different for each graph.
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weak intensity at 2.3 Å in R-space and strong oscillation 

occurred between 2 and 4 Å-1 in k-space. Because of the 

different backscattering atom from the higher coordination 

shell, the Ho-O scattering from each nitrate, P=O, and water 

showed different oscillation feature in k-space causing the 

different R space feature of Ho-O. This can be easily visualized 

through wavelet transform by analyzing the deformation of 

the Ho-O feature. The highest intensity of this Ho-O 

coordination shell caused from the hydrated water is 

understood by comparing the WT result of Ho(NO3)3∙5H2O 

solid and Ho(NO)3 aqueous solution (Figure 10). For solid 

holmium nitrate, uniform weak intensity was observed due to 

Ho-O from weakly combined water. Once dissolved in water, 

the strong Ho-O from the hydrated water appeared for the 

holmium nitrate aqueous solution. 

Before examining the data from the extraction 

experiments, WT EXAFS modules for each possible Ho-O from 

hypothetical structures were simulated as references. The use 

of theoretical standards has become the preferred XAFS 

analysis and can accurately model multiple-scattering 

contribution as well as single scattering using reliable 

algorithms such as FEFF52. If the Ho-O distance changed, the 

scattering path is shifted slightly but scattering oscillation will 

be the same in k-space. However, if the connected oxygen 

source from Ho are different (i.e. N from the nitrate or P from 

the CMPO P=O bond), the backscattering from the multiple 

scattering amplitude and phase changed with the higher 

coordination shell due to its element specific properties. Figure 

11 is the simulated WT transform of Ho-O single scattering 

path with additional multiple-scattering path from different 

oxygen sources such as nitrate, water and phosphate. Ho-O 

from water (Fig. 11 (a)) shows a horizontally wide elliptic shape 

without any distortion over 1.2-2 Å radial distance and showed 

high intensity at the center of the shape. However, once the 

Figure 12. Wavelet transform modulus for (a) Ho(NO3)3 dissolved in water, (b) [AOT]/([AOT]+[CMPO]) = 1, (c) [AOT]/([AOT]+[CMPO]) = 0.75, (d) [AOT]/([AOT]+[CMPO]) = 0.5, 

(e) [AOT]/([AOT]+[CMPO]) = 0.25, and (f) [AOT]/([AOT]+[CMPO]) = 0 extracted with low acid concentration in the aqueous phase, plotted as a function of k (Å
-1

) on the x-axis 

and R (Å) on the y-axis in the range of 1 to 4 Å.

Figure 13. Wavelet transform modulus for (a) [AOT]/([AOT]+[CMPO]) = 0.75, (b) [AOT]/([AOT]+[CMPO]) = 0.5 contacted with high acid concentration in the aqueous phase, plotted 

as a function of k (Å-1) on the x-axis and R (Å) on the y-axis in the range of 1 to 4 Å.
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backscattering atom from higher coordination shell is changed 

into N, C or P the structure is not same anymore. When the 

backscattering atom is the nitrogen from the nitrate, the vague 

low intensity increased at lower wavenumber and higher radial 

distance (white arrow at Fig 11. (b)) and the center density 

decreased. For the case when P is the backscattering atom, 

two different scattering models (monodentate binding of one 

phosphate and bidentate binding with C=P and P=O from 

CMPO with holmium) were visualized in Figure 11 (c) and (d). It 

is noteworthy that a wide low intensity circle area is observed 

between 4-6 Å-1 and 2-3 Å radial distance for monodentate 

structure while the bidentate oxygen bond from CMPO 

showed high intensity area at 6-9 Å-1 (2-3 Å radial distance). 

Based on these reference spectra, the WT EXAFS data of 

the organic phase can be examined. Figure 12 show the 

organic phase contacted with the low acid aqueous phase. 

After holmium was extracted with the AOT itself, the shape 

and location are similar to the aqueous holmium nitrate 

sample, but the intensity decreased due to the difference in 

solvent beyond the hydration shell. However, the intensity of 

the Ho-O from the water decreased as the AOT ratio decrease, 

owing to the loss of water in the reverse micelle, confirmed by 

KF titration. It is interesting to note that the intensity at the 

higher wavenumber (5-6 Å-1) from second coordination shell 

increases at lower AOT ratio (Fig. 12 (e), (f) white arrow). This 

can be explained by formation of M-O-P bonds with CMPO.  

For AOT ratio of 0.5, the intensity of the second coordination 

shell (wavenumber = 2.7 Å-1) show a slight shift to higher 

wavenumber although the bidentate mode does not appear 

dominant at the organic phase with 0.5 of AOT ratio.  Figure 13 

shows the wavelet transform EXAFS of the organic phase 

contacted with high acid concentration in the aqueous phase. 

The signal intensity from the coordination shell at k ≈ 3 Å−1 (R ≈ 

2.3 Å) is decreasing and shift to higher wavenumber compared 

with low acid concentration (Figure 12. (b), (c)). The shift to 

higher wavenumber is due to increasing binding ability of 

CMPO at higher acid concentration. 

Conclusions 

In the present work, the extractability and coordination 

chemistry of AOT and CMPO binary extraction system was 

studied. The system is known to display a cooperative effect at 

low concentration of each extractants, but the extractability 

did not increase remarkably by mixing two extractant when 

contacting with an aqueous phase with low acid content. The 

extractability increased by mixing the two extractants and 

using higher acid concentration. However, the highest 

extractability of metal was observed using AOT by itself at low 

(0.001 M) acid concentration.  

The coordination structure of lanthanide ions in this binary 

extraction system was studied using UV-Vis and XAFS analysis. 

AOT appear to extract lanthanides through reverse micelles 

and the extracted lanthanide exist as a hydrated ion. CMPO 

bind with lanthanides to form a complex with bidentate mode 

with C=O and P=O and decreased the amount of the hydrated 

water. This difference caused a significant change of the 

electron configuration observed in the hypersensitive f-f 

transition band of the lanthanide.  However, when the same 

amount of AOT and CMPO were applied in the system, the 

spectroscopic properties showed the partially complexed 

properties with CMPO as a reverse micelle form resulting in 

stable phase and increased distribution ratio. This study 

suggests that CMPO prevents the formation of massive 

micelles in the aqueous phase by partially complexing with the 

trivalent metal ion in the aqueous-organic interphase and 

aiding in the formation of reverse micelle in the organic phase. 
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Synergistic extraction systems using AOT and CMPO were investigated at molecular level for improved 
understanding of the lanthanide coordination environment. 
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