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ABSTRACT 

Effective and energy efficient separation of precious and rare metals is very important for a variety of 

advanced technologies. Liquid-liquid extraction (LLE) is a relatively less energy intensive separation 

technique, widely used in separation of lanthanides, actinides, and platinum group metals (PGMs). In LLE, 

the distribution of an ion between an aqueous phase and an organic phase is determined by enthalpic 

(coordination interactions) and entropic (fluid reorganization) contributions. The molecular scale details 

of these contributions are not well understood. Preferential extraction of an ion from the aqueous phase 

is usually correlated with the resulting fluid organization in the organic phase, as the longer-range 

organization increases with metal loading. However, it is difficult to determine the extent to which organic 

phase fluid organization causes, or is caused by, metal loading. In this study, we demonstrate that two 

systems with the same metal loading may impart very different organic phase organization; and 

investigate the underlying molecular scale mechanism. Small angle X-ray scattering shows that the 

structure of a quaternary ammonium extractant solution in toluene is affected differently by the 

extraction of two metalates (octahedral PtCl62- and square-planar PdCl42-), although both are completely 

transferred into the organic phase. The aggregates formed by the metalate-extractant complexes 

(approximated as reverse micelles) exhibit more long-range order (clustering) with PtCl62- compared to 

that with PdCl42-. Vibrational sum frequency generation spectroscopy, and complimentary atomistic 

molecular dynamics simulations on model Langmuir monolayers, indicate that the two metalates affect 

the interfacial hydration structures differently. These results support a strong relationship between the 

organic phase organizational structure and different local hydration present within the aggregates of 

metalate-extractant complexes, which is independent of metalate concentration.  
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INTRODUCTION 

Chemical separations are fundamental processes involved in transforming raw materials into finished 

products.1-3 Development of cheaper and greener separation processes is a necessity for sustainable 

industrial technologies. Liquid-liquid extraction (LLE) is a widely used separation process that is relatively 

less energy-intensive compared to other separation processes, such as distillation.2-3 Although novel 

separation methods are being developed,4-9 LLE is the dominant separation technology in industrial 

settings for purification of metals from their ores. With an increasing demand for materials recycling and 

other important separation tasks,10-11 LLE is gaining increased attention.3 The principle behind LLE is the 

preferential partitioning of a solute between two immiscible phases and thus it involves interfacial 

transport of the solute. In LLE an aqueous solution (the “aqueous phase”) of multiple metals is contacted 

with an organic solution (the “organic phase”). Typically, the organic phase contains surface active 

extractant molecules that enhance the partitioning and separation of desired metals through a direct, and 

preferential, interaction with the metal of interest. The aqueous phase speciation of the metal ions, the 

strength and the specificity of interaction between the extractants and the solutes, and the organization 

of extractant-metal complexes in the organic phase are expected to affect the distribution and selectivity 

of the LLE process. However, the molecular scale details of these interactions are not well understood. 

The extractants are typically amphiphilic and populate the interface between the immiscible phases in 

LLE. There is a macroscale interface between the aqueous and the organic phases that the solutes must 

cross during LLE, which contains important molecular scale organizational features.12-18 In addition to this 

macroscale interface, it is hypothesized that there are nanoscale interfaces within the organic phase in 

the form of reverse micellar aggregates.19-20 The pertinence of this colloidal model of the organic phase is 

still debated21-22 and is possibly system dependent. Regardless of the existence of well-defined nanoscale 

interfaces in the organic phase, there is strong evidence showing that the extractant aggregation affects 

the efficiency of LLE.20, 23-26 Changes to aggregation structure that include increasing correlations and 

elongation of aggregates have been associated with increased metal and acid extraction.19, 23, 27-31 In 

addition, the coordination environment around the metal species in the organic phase has been linked to 

changes in the mesoscale structure of the organic phase.32 Although the direction of causality is not 

known, an interplay between extraction and aggregation, where extracted metal seeds the formation of 

reverse micellar aggregates, which in turn enhances the metal extraction has been reported.24  

Selectivity in LLE is hypothesized to be, in part, driven by the differences in the outer-sphere interactions33 

and the structure of the organic phases formed after extraction.20, 34 The weak interactions between the 

aggregates, which may vary between similar metal-extractant complexes, can affect separation.35 These 

interactions are typically ascribed to van der Waal forces between the polar cores of the aggregates, but 

more specific intermolecular interactions have also been suggested.36-37 These interactions can vary with 

the nature (identity) of the metal in the organic phase. Thus, while highly selective extractants are being 

developed for LLE from a coordination chemistry perspective, 38-41 the effects of long-range interactions 

needs to be considered. 



4 

 

 

Figure 1. Liquid-liquid extraction (LLE) of a solute (PdCl4
2- or PtCl62-) affects the structure of the organic 

phase containing the extractant molecules (represented in brown squiggly lines). The extracted species 

and the extractant molecules form “aggregates” which, in turn, may interact with each other to form 

“clusters”.  We examine the role of the interfacial structure in LLE using the techniques depicted above – 

(a) extractant-ion aggregation is studied with small angle X-ray scattering (SAXS) and analyzed with a 

clustering model; (b) solute effects on interfacial hydration are studied using vibrational sum frequency 

generation (VSFG) spectroscopy and (c) complementary molecular dynamics simulations of model 

Langmuir monolayers.  

In summary, the organic phase structure can vary with the metallic species, concentration of metal, water 

and acid. Most studies have focused on the effect of metal content in the organic phase. Here, we study 

the differences in organizational structure of organic phases having similar metal loading, but different 

metallic species, namely PdCl42- and PtCl62-. Aliquat 336 is a mixture of quaternary ammonium extractants 

and is used in the LLE of platinum group metals from their chloride solutions.42-44 Both PtCl62- and PdCl42- 

are well extracted by Aliquat 336, and the extraction depends on the medium conditions such as 

background salt concentration.44-47 Quaternary ammonium extractants are highly aggregated in the 

organic phase and this aggregation is correlated with their LLE behavior.44, 48 Hydration behaviors of these 

metalates have been linked with their LLE using basic extractants like Aliquat 336.49-50 However, the 

relation between hydration of the metalates, their extraction, and organic phase aggregation remain 

elusive as it is difficult to conduct controlled experiments; most of these parameters are interrelated and 

difficult to control individually while keeping others constant. The chlorometalate system presented here, 
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provides a great opportunity to study the different organic phase structuring under equal amount of metal 

loading. 

Extraction of metalates with Aliquat 336 proceeds with co-extraction of water and acid.49, 51-53 In 

accordance with the literature,31, 48, 54-55 we define the divalent chloro complexes of platinum and 

palladium as metalates; the species formed by metalate and two extractant molecules (required for 

charge balance) as metalate-extractant complexes; the structure formed by all the extracted species and 

the extractant molecules as aggregates; and the larger-scale structures formed by multiple interacting 

aggregates as clusters (Figure 1a). We use trioctylmethylammonium chloride (TOMA.Cl, the main 

constituent of Aliquat 336) as the extractant. The electrostatic interaction between positively charged 

quaternary ammonium molecules and the negatively charged metalates is the dominant interaction 

expected to affect the structure of the organic phase. It is difficult to isolate the effect of this interaction 

between extractants and the metalates in the organic phase. Therefore, separately, we study the effect 

of metalates on a positively charged monolayer as a model system. We use 1,2-dipalmitoyl-3-

trimethylammonium-propane (DPTAP) as the analogue of TOMA.Cl for the interfacial studies. Organic 

phase structure has been monitored by small angle X-ray scattering (SAXS) (Figure 1a) and the interfacial 

interaction between the extractant and the metalates has been studied by X-ray fluorescence near total 

reflection (XFNTR),56 vibrational sum frequency generation (VSFG) spectroscopy (Figure 1b), and atomistic 

molecular dynamics (MD) simulations, using a model system at the vapor/surfactant/electrolyte interface 

(Figure 1c). Although both metalates are extracted equally, the organic phase structures with the two 

metalates are different. The model fits to SAXS data suggests that the difference originates from the 

different clustering behaviors of aggregates with PdCl42- and PtCl62- (See Figure 1a for the definition of 

aggregate and cluster). XFNTR data and MD simulations show that the enthalpic interaction between the 

extractants and the metalates are almost identical for PdCl42- and PtCl62-, and possibly the main driver of 

the extraction in this system. VSFG experiments and MD simulations show that the interfacial hydration 

is significantly different, a feature that could be carried into the organic phase, leading to the different 

aggregation trends observed in SAXS data.  
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RESULTS AND DISCUSSIONS 

 

Figure 2. Liquid-liquid extraction (LLE) of (a) PtCl62- and (b) PdCl42- from 5 M HCl medium using 0.2 M of 

TOMA.Cl in toluene. Aqueous phase concentrations of the metalates before and after LLE are tabulated 

in Table S1. 

Extractant Organization in Organic Phase. We conducted LLE of varying concentrations of PtCl62- and 

PdCl42- in 5 M HCl media using 0.2 M TOMA.Cl (Figure 2). The organic phase was collected after extraction 

and studied with SAXS, to investigate the differences in nanoscale structure of the organic phases 

containing PdCl42- and PtCl62-. Inductively coupled plasma mass spectrometry (ICP-MS) analysis of the 

aqueous phase before and after LLE showed near complete extraction of both PtCl62- and PdCl42-, even at 

0.1 M initial aqueous phase concentration (Table S1). Figure 3a and 3b show the SAXS (in absolute units) 

from the solutions obtained with LLE of different concentrations of PdCl42- and PtCl62-, respectively.  
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Figure 3. SAXS profiles of organic phases obtained by LLE of (a) PdCl42- and (b) PtCl62- from 5 M HCl medium 

with 0.2 M of TOMA.Cl in toluene. Legend entries refer to the aqueous phase concentrations of the 

metalate before LLE. Increasing metal concentration in the organic phase differently affects the organic 

phase structure in the case of PdCl42- and PtCl62-. 

Solutions of TOMA.Cl in toluene that are not contacted with any aqueous phase show aggregation.55 SAXS 

of these solutions show that the aggregates behave like hard-spheres with repulsion-dominant 

interactions between the spheres.55 The organic phase obtained after LLE of metalate-free aqueous phase 

shows significant structuring due to aggregation of extractants (Figure 3a, blue circles). In comparison to 

the uncontacted TOMA.Cl solutions, the organic phase obtained after contact with metalate-free aqueous 

phase shows increased scattering in low-Q region. This increased low-Q scattering is an indication of 

increasing attractive interactions between the aggregates.27, 55 
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The differences between the uncontacted and the contacted  metalate-free organic phases are likely due 

to the differences in water and acid content in the organic phases.57 When metalates are extracted, there 

is no appreciable change in the SAXS pattern with PdCl42- until the aqueous phase concentration is above 

0.01 M (Figure 3a). For charge neutralization, we expect two TOMA+ to interact with one PdCl42-, but the 

aggregation number can be larger as TOMA.Cl pairs can also be present in the aggregate (Figure 1a). 

Assuming that the aggregation number remains the same with and without the metal, most of the 

aggregates are metal free at 0.01 M [PdCl42-]aq. This could be the reason behind such relative invariance 

of the SAXS profiles. At 0.1 M of [PdCl42-]aq the minimum in the SAXS profile shifts to higher Q values. With 

PtCl62- a qualitatively different trend appears with increasing [PtCl62-]aq (Figure 3b). There is an abrupt 

change above [PtCl62-]aq = 0.01 M, a similarity with PdCl42-, but there is an increase in overall scattering 

unlike the PdCl42- case.  

This abrupt change in SAXS profiles above 0.01 M metalate concentration correlates with the two-step 

adsorption of these chlorometalates at positively charged interfaces, where interfacial adsorption of 

chlorometalates qualitatively change around the same relative concentration.12, 14 This suggests that the 

trends observed at the nanoscale interfaces in the organic phase could be related to ion-extractant 

interactions at the macroscopic interfaces.18, 58-60  

 

Figure 4. Variation of select parameters from clustering model fits to SAXS data shown in Figure 3. Blue 

filled circles and orange triangles correspond to PdCl42- and PtCl62-, respectively. The variation of (a) core 

radius of the aggregate, (b) electron density of the core, (c) the apparent hard-sphere volume fraction, 

and (d) aggregates per cluster are shown. The major difference between PdCl42- and PtCl62- appears in the 

variation of number of aggregates per cluster.  

Clustering of metalate-extractant aggregates. The qualitative differences in SAXS profiles refer to 

different effects of PdCl42- and PtCl62- on the nanoscale structure of the organic phase obtained after LLE. 

(Figure 3). We use a clustering model to understand the origins of these differences. Owing to the 

amphiphilic nature of the extractants, reverse micellar aggregates (due to extractant-extractant 
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interactions) are observed in the organic phase. Since LLE typically involves a high extractant 

concentration in the organic phase (>10% by volume), the interactions between these aggregates can 

significantly affect the extraction and the organic phase structure.36 This nanoscale structure has been 

commonly analyzed with the Baxter model of interacting spherical aggregates. Recently, there have been 

reports describing the inadequacy of this model.21, 61 Thus, we have adapted a clustering model to describe 

the organic phase structure.62 We have recently showed that this model is very successful in describing 

how TOMA-lanthanide aggregates cluster under similar conditions.55 There are two main advantages of 

this model compared to similar attempts in the literature. First, it can adequately fit the data represented 

in absolute units, without the need for an arbitrary scaling factor, providing physically meaningful 

parameters. Second, it is a simple analytical expression which does not require any computational work 

to describe the fine details of the aggregates.  

In the clustering model, a shape function that defines the finite shape of a cluster of aggregates held 

together by an attractive interaction is superimposed on the theoretical structure predicted in the 

absence of such attractive interactions. So, the effective structure of the complex fluid is a result of the 

repulsive hard-sphere interactions and the attractive interactions between them.  

In our SAXS model (see Methods) we assume that all the extractant molecules are aggregating into 

monodisperse structures and contributing to SAXS. This is a simplifying assumption as the amphiphile 

aggregation phenomena in organic solvents is not as well defined as in aqueous media.63 Further, we have 

used an average structure factor that describes the interactions between aggregates, whether they 

contain the metal or not. We also explored other commonly used models (Baxter’s sticky hard sphere 

model, and repulsive ellipsoidal particles), which were comparatively inadequate (Figure S1). Further, we 

ruled out the possibility that the abrupt change in SAXS data as a function of metal loading is only a result 

of increasing electron density at the core of the aggregates. The variations in the structures of the organic 

phases could not be explained solely by variations in the form factor of the aggregates (Figure S2), 

indicating that the interaction between the aggregates is a function of organic phase composition. Thus, 

the clustering model provides an analytical method to capture the key trends in the SAXS data. The 

employment of the clustering model is validated by the black solid lines in Figure 3, which fit well with the 

experimental SAXS data. The clustering model describes the structure of the organic phase well in all the 

samples studied here, for most of the Q-range studied (Q < 0.6Å-1).  

The fit parameters are listed in Table S2. Variation of four of these parameters with aqueous phase 

metalate (PdCl42- or PtCl62-) concentration is shown in Figure 4. Core radius of the aggregates decreases 

with increasing aqueous phase metal concentration for both PdCl42- and PtCl62-, while the core electron 

density increases. Although the increase in electron density of the core is commensurate with increasing 

concentration of metal in the organic phase, the decrease in core radius is interesting. Apparently, 

metalate-free aggregates do not simply incorporate metalates in their pre-existing structures but lose 

water and chloride leading to a decrease in the core radius.   

The apparent hard-sphere volume fraction decreases with metal concentration, indicating the 

predominance of attractive interactions at higher metal concentrations. The clustering of the aggregates 

increases with the metalate concentration in the case of PtCl62-; whereas it remains almost constant with 

varying [PdCl42-]aq. Thus, increasing metal concentration in the organic phase increases the scattering 

contrast as expected, and also changes the aggregation behavior in the organic phase. While PdCl42- affects 
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the shape of the aggregate alone (reducing core radius), PtCl62- affects both the long-range structure 

(clustering) and the aggregate shape.  

Interfacial Studies. The main structural difference between PdCl42- and PtCl62- is that while the former is a 

square-planar complex, the latter is an octahedral complex. Consequently, there are differences in 

hydration structures of these complexes in water.64 What are the implications of these differences on the 

structure of the organic phases containing them? In the SAXS results shown above there appears to be a 

difference between PdCl42- and PtCl62- samples at Q > 0.6 Å-1, although it is difficult to reliably model this 

region due to the low signal of scattering contributions from solvent structure and the extractant tail-

group structures. To study the interaction between the ions and the extractant head-group, we have used 

a model system — adsorption of PdCl42- and PtCl62- to a monolayer of 1,2-dipalmitoyl-3-

trimethylammonium-propane (DPTAP) at the air/aqueous interface (Figure 1b). Langmuir monolayers are 

often used as model systems to study the behavior of biological membranes65-66  and fluid interfaces found 

in LLE.13-14, 60, 67 DPTAP forms a positively charged Langmuir monolayer on aqueous subphases mimicking 

the interfaces populated by TOMA+ in the reverse micellar aggregates. All the samples in the model system 

contain 0.5 M LiCl maintained at pH = 2 with HCl. We verified that DPTAP is indeed a good model 

monolayer to study the effect of the chlorometalates by XFNTR and MD studies. Both studies showed that 

the number density of PdCl42- and PtCl62- are equal at the interface (Figure S3), which indicates similar 

enthalpic interaction strength between the quaternary amine headgroups and both metalates.  

The equal adsorption of PtCl62- and PdCl42- at DPTAP is of note as these two complexes differ in their 

hydration structures, which typically affects interfacial adsorption behaviors.68 Since XFNTR only reports 

on the interfacial coverage of the metalate ions, we conducted VSFG spectroscopy of the model DPTAP 

system to study the interfacial hydration structure. VSFG is a surface-specific, second order non-linear 

spectroscopic technique that probes the orientational order of the dipoles near the interface.69-73 
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Figure 5. (a) VSFG spectra showing the -OH stretching modes of water. The symbols and colors correspond 

to different sample conditions as follows: red triangles – DPTAP spread on 5 mM PdCl42- in 0.5M LiCl, pH 

=2, green squares – 5 mM PtdCl62- in 0.5 M LiCl, pH=2, orange inverted triangles – DPTAP spread on 0.5 M 

LiCl, pH=2, and blue circles – air/water interface. (b) VSFG spectra showing the variation of the AIWHB 

peak with the concentration of PdCl4
2- in the subphase. Symbols represent experimental data whereas 

solid lines are fits to the experimental data obtained with equation 6. All samples contain 0.5 M LiCl and 

are kept at pH = 2. 

Figure 5a shows the VSFG spectra in the -OH stretch region for different aqueous subphase conditions. 

The bare air/water interface, which has been well-studied and is used as a benchmark, shows a peak at 
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~3700 cm-1, corresponding to the dangling free -OH bonds of interfacial water. In the presence of 0.5 M 

LiCl (pH = 2) solution having DPTAP monolayer at the interface, the ~3700 cm-1 peak disappears due to 

the surfactants occupying the interface. Also, the water-water hydrogen bonded (WWHB) band between 

3200-3500 cm-1 drops significantly. This is commensurate with effect of short Debye length due to the 

high ionic strength of the solution. The counterions screen the static electric field induced by charged 

interface and disturbs the orientational order of water molecules. In the presence of 5 mM PtCl62- or 

PdCl42- however, there is a clear peak appearing around 3600 cm-1. The peaks observed with metalates 

adsorbing to DPTAP are clearly different from the “dangling free” OH peak. The peak observed with PtCl62- 

has been previously studied in detail and named as anion-induced weak hydrogen bonded (AIWHB) water 

signal.13 One of the results from that study are presented here for comparison and contrast (Figure 5a, 

green squares). The proximity of the peak with PdCl42- to the AIWHB band induced by the adsorption of 

PtCl62- to DPTAP suggests that it also has a similar origin. The significantly lower intensity of this peak with 

PdCl42- in comparison to the one with PtCl62- is particularly interesting and will be discussed below. These 

results indicate that chlorometalates cause a unique hydrogen bonding environment near positively 

charged interfaces unlike simple ions such as chloride. 

Figure 5b shows the variation of the AIWHB peak at different PdCl42- concentrations. In order to study the 

spectral features in more detail we have modeled the data using a Lorentzian as shown in Equation 6. The 

fitted results are shown as solid lines in Figure 5b and the fit parameters are tabulated in Table S3. Unlike 

the two Lorentzian used to describe AIWHB obtained with PtCl62-, the one with PdCl42- is modeled with a 

single peak centered at 3590 cm-1. Previously, the corresponding peak with PtCl62- (centered at 3606 cm-1) 

was attributed to AIWHB-down water molecules (first coordination shell of water molecules around PtCl62- 

that also interact with headgroup of DPTAP). The absence of corresponding further red-shifted peak 

(centered at 3534 cm-1) in PdCl42- and the lower intensity of the peak at 3590 cm-1 indicates that although 

both metalates affect the hydrogen bonding environment, the hydration structures at the interface are 

different with them.  

Sub-ensemble analysis. Sub-ensemble analysis of all-atom MD simulations of interfacial water can be 

used to understand origins of AIWHB water signal. Figure 6 shows the density-weighted orientation of 

water’s OH dipoles near the interface. Water molecules at the interface are labeled AIWHB-Down, AIWHB-

Up, WWHB-Down or WWHB-Up depending on the distance between water molecule, metal center and 

the N-atoms on DPTAP (see Experimental Methods).  Here WWHB refers to water-water hydrogen bond. 

These subgroups represent water molecules with similar hydrogen bonding environments. 

AIWHB waters mainly coordinate chlorometalates. Therefore, their hydrogen bonding is weaker 

compared to water-water hydrogen bonding and the VSFG signal from these molecules to appear around 

3600 cm-1. AIWHB waters are divided into two subgroups. AIWHB-Up waters (orange) coordinate only 

chlorometalate and AIWHB-Down (yellow) waters are in the proximity of both chlorometalates and the 

DPTAP headgroup nitrogen. These two sub-ensembles were previously defined for PtCl62- as shown in 

Figure 6a and 6b, and they successfully explain why the AIWHB band (Figure 5a, green squares) needs to 

be fit by two oppositely signed Lorentzian curves centered at 3534 cm-1 and 3606 cm-1 for WWHB-Up and 

WWHB-Down, respectively. 
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Figure 6. All-atom MD results showing the density-weighted orientation of different water populations 

interacting with (a) PtCl62- and (c) PdCl42-  near the interface. Water molecules interacting with the complex 

near the interface are labeled as AIWHB-Up, AIWHB-Down, WWHB-Up, or WWHB-Down depending on 

the distance between water molecule – Pd/Pt distance and water molecule – N (from DPTAP) distance. 

These labels correspond to the first coordination shell of water around the anionic complex away from 

(AIWHB-Up) and second coorination shell, towards the interface (AIWHB-Down), and second coordination 

shell of water underneath the chlorometalate, not interacting with DPTAP (WWHB-Up) and water 

molecules immedieately under DPTAP headgroups, not interacting with the chlorometalate (WWHB-

Down). (b,d) show the schematic of different interfacial water populations in the presence of PtCl62- and 

PdCl42-, respectively.  
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A similar sub-ensemble analysis for PdCl42- (Figure 6c) exhibits significant differences. First, the AIWHB-Up 

(orange) waters have populations of almost equal up and down orientation, suggesting that the first 

hydration shell of PdCl42- stays more intact compared to PtCl62-. Since AIWHB-Up have an almost equal 

number of water molecules pointing up and down (Figure 6d), they do not contribute to the VSFG signal. 

This explains the significant decrease in VSFG signal from the PdCl42- solution (Figure 5a, red triangles). In 

contrast, the AIWHB-Down waters are preferentially oriented downward, suggesting that the observed 

small VSFG signal mainly originates from these water molecules, which corresponds to the AIWHB peak 

at 3590 cm-1.   

Discussion. Long-range colloidal interactions have been suggested to play a role in determining selectivity 

of LLE in addition to the complexation between the extractant and the ion.34, 74 Our results show that the 

converse need not always be true – even when the complexation is the same for two ions, a difference in 

organic phase structure at the mesoscale does not imply higher selectivity in LLE. Similar phenomenon is 

observed with lanthanide bearing TOMA-NO3 complex fluids wherein the organic phase structure is not 

correlated with metal concentration.55 In the case of TOMA-SCN however, the organic phase structure is 

correlated with the metal concentration.55 These different anions affect the interfacial hydration structure 

around the extractant headgroup differently.67 These results indicate the importance of the water 

structure within the reverse micellar aggregates in determining the organic phase structure. Extraction of 

lanthanides with TOMA-NO3 or TOMA-SCN is particularly interesting as lanthanides do not form anionic 

complexes in the aqueous phase at typical extraction conditions, unlike the chlorometalates presented 

here.49, 75 The atypical selectivity of TOMA-NO3 towards light lanthanides is hypothesized to be due to the 

hydration properties of the lanthanides.55, 76-77 

The major difference in the effect of chlorometalates on the organic phase structure is the higher 

clustering of aggregates in the case of PtCl62- compared to that of PdCl42- (Figure 3). Given the similar metal 

content, these differences can be due to different geometries of PtCl62- and PdCl42-64 and different 

hydration structures in the reverse micellar aggregates. Differences in water and acid extraction between 

the two systems can also cause differences in aggregation structures. VSFG results show that the 

hydration structure of the chlorometalates, as they interact with the model extractant, are different. 

When PtCl62- adsorbs at the interface, it mostly loses the top half of the first hydration shell (Figure 6a, 

AIWHB-Up). In contrast, the first hydration shell of PdCl42- appears to have water molecules both above 

and below the chlorometalate.  

The formation of long-range structures has been attributed to the increased dispersion forces between 

the polar cores of the aggregates.19, 24 Given that organic phase concentration of PtCl62- and PdCl42- are 

equal, the differences in their hydration environments could be the reason behind these differences. 

Higher number of chlorides present in PtCl62- could also enable higher interactions with water and other 

polar solutes, leading to larger structures. Alternatively, due to the higher loss of hydration shell in PtCl62- 

there might be a higher tendency for PtCl62- to associate with other polar molecules in the organic phase 

as a shielding mechanism. Another possibility is that the dehydrated PtCl62- has higher counterion 

condensation effect on the extractant and hence it enables lower curvature of the aggregate interface. 

This is commonly observed in classical micelle forming systems, where counterion condensation and 

dehydration are strongly related to micelle structure.78-82 Stronger counterion adsorption reduces the 

repulsion between the headgroups and leads to elongated structures. The arguments are not mutually 
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exclusive but require a molecular level picture of the aggregates to definitively explain the origin of the 

differences in organic phase structure. 

CONCLUSIONS  

LLE is a very complex process with multiple factors governing the free energy landscape during the 

transfer of solutes between the aqueous and organic phases and the formation of nano- to meso-scale 

structures in the organic phase. Here, we isolated the effects of the hydration and showed how it affects 

the long range ordering in the organic phase. PtCl62- loses the top half of its hydration shell at the interface, 

which leads to significantly more clustering in the organic phase. PdCl42-, however, retains a relatively 

symmetrical hydration shell and does not show any significant clustering. 

We have used multiple surface sensitive techniques, MD simulations, and bulk characterization 

experiments to identify the individual parts of this complex process. Some of the important conclusions 

would not be obtained without a combination of these techniques. For instance, the different VSFG signals 

in PdCl42- and PtCl62- systems could easily be interpreted as a difference in the amount of adsorbed 

metalates at the interface. However, XFNTR experiments and MD simulations clearly showed that their 

interfacial coverages were equal, providing strong evidence that the difference in AIWHB peaks were due 

to the different interfacial hydration. The sub-ensemble analysis of MD simulations provided a clear 

explanation of the different hydration structures. Finally, all the information obtained from the interfacial 

studies correlated to the different clustering behaviors in the organic phase, providing connections 

between the amphiphile-metalate interactions at the interface and in the organic phase. 

LLE is typically driven by a few kT difference in the free energy of the organic and aqueous phase structures 

as multiple interactions with similar magnitudes compete. Understanding the molecular scale 

mechanisms in detail will provide big opportunities in developing more efficient, more robust, and less 

energy intensive processes.  

EXPERIMENTAL AND COMPUTATIONAL METHODS 

Materials. Methyltrioctylammonium chloride (TOMA.Cl), hexachloroplatinic acid (H2PtCl6, 8wt% aqueous 

solution), potassium chloropalladate (K2PdCl4), chloroform (anhydrous, ≥ 99% pure) were purchased from 

Sigma-Aldrich. 1,2-dipalmitoyl-3-trimethylammonium-propane (DPTAP) was purchased from Avanti Polar 

Lipids. All the chemicals were used as received without further purification.  

Liquid-Liquid Extraction. Aqueous solutions of H2PTCl6 and K2PdCl4 with HCl were prepared by dissolving 

the corresponding masses of salts in volumetric flasks.  Extractant phase was prepared by dissolving 

TOMA.Cl in toluene to prepare 0.2 M solution. Equal volumes of the organic phase and the aqueous 

phases were contacted in a glass vial by vortex mixing for ~ 1 minute, followed by radial shaking for one 

hour at room temperature. The phases were then separated by centrifugation and stored separately in 

glass vials. 

SAXS Experiments. SAXS measurements were conducted at sector 12-ID-C of Advanced Photon Source, 

Argonne National Laboratory. X-ray energy was 18 keV (λ = 0.516 Å). Samples were contained in 2 mm OD 

quartz capillaries. Standard data reduction procedures were used to obtain the 1D scattering profiles for 

the samples. Toluene was used as a standard for absolute intensity calibration. SAXS data was analyzed 
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as described previously. Briefly, background subtracted (quartz capillary and toluene) and calibrated SAXS 

data was fit to a model of clustering hard-spheres.  

We model the aggregates formed by extractants as core-shell structures. Due to the high extractant 

concentration present in our system, the inter-aggregate interactions cannot be ignored. Specifically, with 

increasing presence of polar solutes (water or ions) in the core of the aggregates, there can be attractive 

interactions between them that lead to the formation of larger scale structures, referred as clusters 

(Figure 1). So, we include a term in the structure factor that accounts for the attraction-induced clustering 

of the aggregates. We use hard-sphere structure factor (Sp(Q)) based on Percus-Yevick approximation and 

include a clustering term (Pc(Q)) that arises due to weak attraction between the aggregates.62 

𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 ∗ 𝐼(𝑄) + 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (1) 

𝐼(𝑄) = 𝑃(𝑄)𝑆(𝑄)  (2) 

𝑃(𝑄) =  
𝜙𝑝

𝑉𝑠
 [3𝑉𝑐(𝜌𝑐 −  𝜌𝑠) 𝑗(𝑄𝑅𝑐) + 3𝑉𝑠(𝜌𝑠 −  𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡)𝑗(𝑄𝑅𝑠)]2  (3) 

𝑗(𝑥) =  
sin 𝑥 − 𝑥 cos 𝑥

𝑥3   (4) 

𝑆(𝑄) = 𝑓 𝑃𝑐(𝑄) +  𝑆𝑖(𝑄) (5) 

In the above equations I(Q) is the absolute intensity (scattering cross section) in cm-1; P(Q) is the form 

factor of scatterers; S(Q) is the total structure factor; ϕp is the volume fraction of the scatterers; Rc and Rs 

are core and shell radius respectively; Vc and Vs are volumes of core and shell respectively; ρc, ρs, and ρsolvent 

are scattering length densities of core, shell, and solvent respectively. In the structure factor equation, f+1 

is the number of aggregates per cluster, Pc is the form factor of the cluster, and Sp is the hard-sphere 

structure factor which is a function of the hard-sphere volume fraction (𝜙𝐻𝑆) and size (same as the size of 

the shell). Form factor of the cluster is obtained using the Guinier-Porod equation. This theoretical curve 

is fit to the experimental data to obtain optimal fit values for Rc, Rs, ρc, ρs, ϕHS, f, Rg (radius of gyration of 

the cluster) and d (Porod exponent of the cluster). 

Interfacial Experiments. 1,2-dipalmitoyl-3-trimethylammonium-propane, chloride salt (DPTAP) was used 

as a Langmuir monolayer forming surfactant analogue to TOMA.Cl. Both have quaternary ammonium 

headgroup but different tail structures. Although DPTAP is not used as an extractant industrially, its ability 

to form a crystalline monolayer enables clear analysis of interfacial changes that accompany extraction. 

Preparation of these monolayers for XFNTR and VSFG measurements has been described earlier.13, 67 

Briefly, for XFNTR measurements, 200 mL of the aqueous subphase (0.5 M LiCl, pH =2 with different 

metalate concentrations) is poured into the PTFE Langmuir trough. The surface tension is monitored while 

the surface is aspirated to remove any floating contaminants. Approximately 100 μL of 0.25 mM DPTAP 

solution in chloroform is spread on the surface by dropwise addition using a Hamilton glass syringe. The 

barrier is then closed at 8 cm2/min until the surface pressure reaches 10mN/m.  

VSFG Measurement. The VSFG measurements are acquired using an EKSPLA system, which has been 

described previously.13, 67 Briefly, the setup consists of a picosecond laser system (PL223150-50), a 

harmonic unit (SFGH500-H/2H), an optical parametric generator with difference frequency generation 

(PG501-DFG1P), a spectrometer and a photomultiplier tube detector (Hamamatsu, R7899) connected to 

a monochromator (Sol, MS2001). An amplified Nd:YAG laser system produces 28 mJ, 29 ps pulses centered 
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at 1064 nm with a repetition rate of 50 Hz. The harmonic unit splits the 1064 nm laser and a portion is 

passed through a second harmonic crystal to generate two beams of 532 nm. One of the 532 nm beams 

and the 1064 nm beam are used to generate a narrowband IR pulse tunable from 1000-4000 cm-1 via 

optical parametric generator and difference frequency generation. Other 532 nm laser beam which passes 

through an adjustable delay stage is overlapped spatially and temporarily with an IR beam to generate a 

sum frequency (SF) signal. The polarization of 532 nm beam is adjusted with the help of λ/2 waveplate, 

whereas the IR polarization is adjusted by using a computer-controlled motorized mirrors. The VSFG signal 

is selected using a Glan polarizer. The SFG signal is then directed to a monochromator and collected with 

a photomultiplier tube.  

The VSFG spectrometer employs the reflection geometry where the incident angles of the visible and IR 

beams are 60° and 55° respectively to the surface normal. The visible and IR laser beams are attenuated 

to an average energy of 800 and 65 µJ respectively. A motorized piezoelectric rotation stage is used to 

rotate the sample to avoid beam damage. Each spectrum is collected with a 4 cm-1 increment over the 

range of 2800-3800 cm-1 and averaged 300 laser shots per point. The spectra are normalized against the 

SFG spectrum of z-cut quartz.  

VSFG Data Global Fit. The anion-induced weakly hydrogen-bonded (AIWHB) band centered around 3600 

cm-1 to Equation 6,83 with a single resonance for the PdCl42- solution unlike PtCl62- which requires two 

resonant peaks.13 This suggests that mainly one type of water hydrogen bonding environment contributes 

strongly to this band. Therefore, we used a single Lorentzian 

𝐼𝑉𝑆𝐹𝐺  ∝  |𝐴𝑁𝑅𝑒𝑖∅𝑁𝑅 + 
𝐴1𝑛

𝜔−𝜔1−𝑖Γ1
|
2

        (6) 

where, 𝐴𝑁𝑅 and 𝑒𝑖∅𝑁𝑅 are the non-resonant amplitude and phase, 𝜔 and 𝜔1 are the tunable IR and the 

resonance frequency, and Γ1and 𝐴1𝑛  are the peak width and amplitude. 

XFNTR Experiments. XFNTR experiments were conducted at sector 15-ID-C of Advanced Photon Source 

at the Argonne National Laboratory using the experimental setup described elsewhere.14 X-ray energy 

was 17 keV. Fluorescence photons emanating from the sample, perpendicular to the interface, were 

collected as a function of the incidence angle, using an energy dispersive Vortex detector. The integrated 

emission in the L-alpha emission region of Pt, as a function of the vertical momentum transfer (qz) was 

modeled considering the experimental geometry and the atomic spectral properties of Pt.17  

ICP-MS analysis. Aqueous phase compositions, before and after LLE, were determined using ICP-MS. 

Aliquots of the aqueous phases were diluted with a 2wt% HNO3 + 2wt% HCl solution (both acids of trace 

metal grade). Quantitative standards were made using a 1000 µg/mL Pt elemental standard and a 10,000 

ug/mL Pd elemental standard (Inorganic Ventures, Christiansburg, VA, USA) which was used to create a 

1000 ng/mL mixed element standard in 3.0% nitric acid (v/v) in a total sample volume of 50 mL.   

ICP-MS was performed on a computer-controlled (QTEGRA software) Thermo iCapQ ICP-MS (Thermo 

Fisher Scientific, Waltham, MA, USA) operating in STD mode and equipped with an ESI SC-2DX PrepFAST 

autosampler (Omaha, NE, USA). Internal standard was added inline using the prepFAST system and 

consisted of 1 ng/mL of a mixed element solution containing Bi, In, 6Li, Sc, Tb, Y (IV-ICPMS-71D from 

Inorganic Ventures). Online dilution was also carried out by the prepFAST system and used to generate 

calibration curves consisting of 1000, 500, 250, 50 and 10 ng/g Pt and Pd.  Each sample was acquired using 
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1 survey run (10 sweeps) and 3 main (peak jumping) runs (40 sweeps).  The isotopes selected for analysis 

were 105Pd, 106Pd, 108Pd, 195Pt, 196Pt, 198Pt, and 89Y, 115In, 159Tb (chosen as internal standards for data 

interpolation and machine stability). Instrument performance is optimized daily through autotuning 

followed by verification via a performance report (passing manufacturer specifications). 

MD simulations. All MD simulations were performed using the GROMACS 2016.2 software package84 to 

study the water solvation of the heavy anionic complex at the charged liquid surface. The simulation box 

was built with the aqueous phase that is sandwiched between two DPTAP surfactant monolayers and a 

large empty region beyond the DPTAP monolayers. Periodic boundary conditions were applied in all three 

dimensions. The modeled aqueous solution contains 0.5 M LiCl, 0.01 M HCl (pH = 2), and 0.5 M PtCl62- or 

PdCl42- with K+ as the counterion with a goal to reproduce the highest concentrations experimentally 

explored. The DPTAP surfactant was positively charged at its head group (-NH3
+), which was charge 

compensated with Cl-. The CHARMM force field for DPTAP85 and all ions,86 and the TIP3P force field87 for 

water were employed in the simulation. The energy minimized configuration was equilibrated in the 

isothermal-isobaric (NPT) ensemble for 200 ns, where the Nose-Hoover thermostat/Parrinello-Rahman 

barostat88-89 with temperature/pressure coupling time constant of 2/0.4 ps were chosen. Following the 

NPT equilibration, a 100 ns trajectory was obtained in the canonical (NVT) ensemble with a 10 ps sampling 

time as the production runs for the following analyses. All simulations adopt a 1.2 nm Lennard-Jones and 

short-range Coulombic interaction cutoff. Long-range electrostatics were computed using the Particle-

Mesh Ewald summation.90 The time step is 2 fs.  
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      Figure 7 (a) RDF between the Pt atom and water oxygen atom (Ow, red curve) and RDF between the 

DPTAP head group (N atom) and Ow atom (blue curve) for the PtCl62- interface system. The corresponding 

Pd-Ow and N-Ow RDFs for the PdCl42- interface system are shown in (b). 

Figure 7 (a) and (b) show the radial distribution functions in the simulated PtCl62- (a) and PdCl42- (b) 

interfacial systems, respectively. Based on the Pt-Ow and Pd-Ow RDFs, we estimated the first minima as 

a distance criteria for determining the first solvation shell of the PtCl62- or PdCl42- anion. Similarly, the 

second minima define cutoff distances corresponding to the respective second solvation shell. Based on 

the N-Ow RDFs, the solvation shell of DPTAP head group are considered to be truncated at the respective 

first minimum. 

Table 2: Descriptions of different interfacial water populations and their cutoff distances chosen based on 

the corresponding RDF in Figure 7.  
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System AIWHB-UP AIWHB-DOWN WWHB-DOWN WWHB-UP 

Description water molecules 
in the first 
solvation shell of 
PtCl62- or PdCl42- 

water molecules in the 
second solvation shell of 
PtCl62- or PdCl42- and in 
the solvation shell of 
DPTAP head group 

water molecules 
outside the 
second solvation 
shell of PtCl62- or 
PdCl42- but within 
the solvation shell 
of DPTAP head 
group 

water molecules 
outside the first 
solvation shell of 
PtCl62- or PdCl42- 

and outside the 
solvation shell of 
DPTAP head group 

PtCl62- rOw...Pt < 5.0 Å 5.0 < rOw...Pt < 6.5 Å,   

rOw...N < 6.0 Å 

rOw...Pt > 6.5 Å, 

rOw...N < 6.0 Å 

rOw...Pt > 5.0 Å, 

rOw...N > 6.0 Å 

PdCl42- rOw...Pd < 4.8 Å 4.8 < rOw...Pd < 5.7 Å,   

rOw...N < 5.8 Å 

rOw...Pd > 5.7 Å, 

rOw...N < 5.8 Å 

rOw...Pd > 4.8 Å, 

rOw...N > 5.8 Å 
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