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The impact of phase modification on the
equilibrium and kinetics of lanthanide(in) extraction
from nitric acid media by TODGA

*ab

Wyatt S. Nobley ©2? and Mark P. Jensen

Organic phase modification is a commonly implemented strategy to avoid third phase formation in f-
element solvent extraction. For trivalent lanthanide extraction by neutral extractants in alkane diluents,
such as N,N,N',N'-tetra(n-octyl)diglycolamide (TODGA) in n-dodecane, the addition of a phase modifier
is necessary to operate at high organic acid and metal loadings. Phase modifiers such as tri(n-butyl)
phosphate (TBP) and N,N-di(n-hexyl)octanamide (DHOA) have been proven to be effective at preventing
organic phase splitting well beyond the critical concentrations that limit the TODGA/n-dodecane phase
without any modifiers. While the extraction capacity and loading limits of lanthanide extraction from
nitric acid media by TODGA in alkane diluents have been evaluated for DHOA- and TBP-modified
phases, the fundamental bulk equilibrium and kinetic mass transfer processes have not been well
characterized for these systems. Solvent extraction and operando absorption spectroscopy were used to
evaluate the impacts of DHOA and TBP on the equilibrium complexation and the reaction orders with
respect to the extractant and acid. Compared to the unmodified organic phase, we determined that
DHOA has very little effect on both the metal complexation and the interfacial kinetic mechanism.
DHOA appears to act as a cosolvent, as phase modifiers are traditionally intended. In contrast, the
addition of TBP to TODGA in n-dodecane altered the bulk TODGA:lanthanide() speciation and
distinctly changed the transition state complex during reversible phase transfer of the cation between
the aqueous phase and the organic phase. These results are novel and provide significant insight into the
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Introduction

Solvent extraction of lanthanides from mineral acid media is
currently the most effective industrial strategy to separate these
15 elements from other elements and from one another.*?
Organic ligands bind with different affinities to each lanthanide
due to the contraction of the ionic radius across the series.*”
Particular organic-soluble ligands, known as extractants, aid in
solubilizing the metal cation in nonpolar organic diluents like
alkanes and can be used to separate individual lanthanides. For
adjacent lanthanide separation, the acidic organophosphorus
extractants have been best-in-class extractants for many
decades.®” More recently, the neutral diglycolamide (DGA)
extractants have proven competitive for intra-lanthanide sepa-
ration efficiency,>® especially for the most abundant lantha-
nides, while also being useful in the nuclear fuel cycle in the
separations of lanthanide(ur) from actinide(m).’

The most studied DGA, N,N,N',N'-tetra(n-octyl)diglycolamide
(TODGA), can operate across a broad range of conditions,' has
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fundamental parameters defining this relevant f-element extraction system.

excellent organic phase solubility,”"* binds and releases
lanthanides with relative ease, is sufficiently resistant to
degradation,” and is completely incinerable. Despite these
favorable characteristics, TODGA often forms undesirable third
phases in alkane diluents under relevant metal-separations
conditions.” TODGA pulls water, acid, and counteranions
into the organic phase along with the extracted metal cation.
When the organic phase acidity or metal concentration are
sufficiently high, the organic phase will undergo phase splitting
because of the overload of polar solutes in the nonpolar organic
diluent. The result is two organic phases, one consisting of
mostly diluent and unbound extractant, and a denser phase of
mostly aggregated complexes of extractants, metal cations, and
polar species.**® To avoid this deleterious phase splitting, the
solvating power of the paraffinic diluent is augmented with
a small, amphiphilic molecule known as a phase modifier
(PM)."”*®* PMs create a more hospitable environment for the
polar species being extracted, thereby increasing the concen-
tration of polar solutes that the organic phase can hold before
the onset of the third phase™ and enhancing the throughput of
the separations process.

The impacts of PMs on the fundamental parameters that
characterize the TODGA-n-dodecane-lanthanide(in)-nitric acid
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solvent extraction system have been reviewed but are not yet fully
understood.* Significant research has been devoted to the modi-
fiers tri(n-butyl)phosphate (TBP), N,N-di(n-hexyl)octanamide
(DHOA), and 1-alcohols.®>"”***° The nitric acid extraction, lantha-
nide(m) extraction and separation, and limits of loading have been
mostly characterized for these PMs,"***" but questions still remain
regarding the role of the modifier in the solvation of the polar
species. An even more significant question exists; how do these
surface active PMs affect the kinetics of mass transfer? A few
studies have delved into the kinetics of TODGA extraction of
trivalent lanthanides,*** but only one has specifically focused on
organic phase modification. One study investigated TODGA
kinetics using hydrogenated tetrapropylene and 5 vol% 1-octanol
as the organic solvent.*® While it was shown that the 1-octanol
cause significant changes in interfacial tension measurements
when added to the alkane diluent, this study did not compare the
kinetics between unmodified and modified organic phases. A
recent investigation looked at TBP, DHOA, and 1-octanol and their
influence on TODGA-lanthanide(m) solvent extraction kinetics for
the first time, beyond time-to-equilibrium studies.* It was found
that the addition of PMs decreased the rate of extraction in all
cases, and they found reaction orders of one for the components
studied (TODGA, Nd(m), HNO;) with and without PMs, despite the
possibility for higher slopes under pseudo-first order conditions.

In this study, we investigated the extraction of Nd(m) from
nitric acid media by TODGA in n-dodecane containing the
phase modifiers DHOA or TBP. Metal distribution between
phases was determined and used to inform the analysis and
interpretation of the kinetics of Nd extraction. Rate constants
for the mass transfer were obtained using an operando UV/Vis
spectroscopy technique under highly-stirred tank conditions.
By isolating and varying different components of the chemical
system, we were able to investigate the ways in which DHOA and
TBP alter the extraction equilibrium and kinetics compared to
the unmodified n-dodecane phase, which we have previously
characterized.>” TBP plays a more direct role in the metal
complexation than DHOA and leads to significantly faster rates
of extraction. DHOA appears to be a cosolvent, as PMs are
traditionally intended to function, but TBP functions as both
a cosolvent and cosurfactant under relevant conditions. These
findings have implications both on the bulk complexation and
the kinetic mechanism.

Experimental
Materials

Deionized water (18.2 MQ) from a Millipore Direct-Q purifier
and concentrated nitric acid (ACS grade) were used in the
preparation of all aqueous samples. A stock solution of 0.478 +
0.004 M neodymium(m) nitrate prepared in our laboratory was
diluted appropriately for all Nd containing aqueous phases. The
n-dodecane (99%) was purchased from Fisher Scientific.
TODGA (99+%)® and DHOA (99.5+%)*® were synthesized from
procedures adapted from prior reports. More details can be
found in the SI. TBP (99.5+%) was purchased from Alfa Aesar
and further purified through vacuum distillation. Its purity was
verified by *'P NMR.
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Solvent extraction

Aqueous phases were prepared volumetrically with known
masses of Nd(NO;); stock solution and nitric acid diluted in
water. Organic phases were prepared volumetrically with known
masses of TODGA, TBP, and DHOA diluted in n-dodecane. All
organic phases were pre-equilibrated twice with an equal
volume of aqueous phase containing the appropriate concen-
tration of HNO; without Nd present. This ensured that metal
extraction experiments would remain at constant aqueous
acidity.

Extractions were performed in triplicate for all concentra-
tions of TODGA, TBP, DHOA, and HNO; reported in this study.
TODGA concentration dependence experiments used 0.00490 M
Nd(m) and ranged from 0.060 to 0.40 M TODGA at a constant
aqueous concentration of 0.50 M HNO; with either 0.25 M or
1.0 M TBP or DHOA in the organic phase. Acid dependence
experiments also used 0.00490 M Nd(m) with aqueous nitric
acid concentrations that ranged from 0.20 to 3.0 M HNO; with
a constant organic phase TODGA concentration of 0.10 M and
either 0.25 M or 1.0 M TBP or DHOA in the organic phase. TBP
and DHOA dependences ranged from 0.10-1.0 M phase modi-
fier at constant aqueous 0.50 M HNO; and 0.00490 M Nd(ur) and
constant 0.10 M TODGA in n-dodecane. Equal volumes of fresh,
Nd(m) containing aqueous phase and preequilibrated organic
phase were placed in vials and shaken vigorously for 10 min at
2200 rpm using a Benchmark Scientific Benchmixer Vortex
Mixer. Samples were centrifuged for 5 min at 2200 rpm using
a Eppendorf benchtop centrifuge. The phases were separated,
and an aliquot of the aqueous phase was diluted to 5 or 10 mL in
a volumetric flask with 2% HNO;.

ICP-OES

Pre- and post-extraction aqueous phase samples were analyzed
for Nd content using a PerkinElmer Avio 220 Max Inductively-
Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
instrument. The 406.109 and 401.225 nm emission bands
were counted in both axial and radial viewing modes for each
sample, and the counts were converted to Nd concentration
through a 5-point calibration curve spanning 0-20 ppm Nd.
Experimental error at 2¢ was propagated through the calcula-
tions and accounted for in OriginPro linear regression fitting.

The equilibrium distribution ratio, defined as the ratio of
concentrations of metal in the organic phase to aqueous phase
at equilibrium, was calculated from aqueous phase measure-
ments according to eqn (1), where i denotes initial and eq
denotes equilibrium.

[NdJ; — [Nd],,
Dy Nd],, 1)

Single-phase UV/visible absorption spectroscopy

Spectra were collected using a Varian Cary 5E spectrophotom-
eter. Using a 1.000 cm pathlength quartz cuvette, post-
extraction equilibrium organic phases were analyzed across

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the wavelength range of 650-500 nm, which encompasses the
9, — *Gsp, Gy, hypersensitive electronic transitions of
Nd(m). These transitions are sensitive to changes in the metal
coordination environment. Organic phases contained varying
concentrations of TODGA, DHOA, or TBP in n-dodecane, having
been contacted with either 0.005 or 0.010 M Nd(w) in 0.50 M
HNO;. ICP-OES analysis allowed for the determination of the
Nd(m) concentration; therefore, the spectra were normalized to
the molar absorptivity scale according to the Beer-Lambert Law
for comparison. The number of unique light-absorbing species
was identified from the spectral changes across a range of
solution compositions using the programs SIXPack** and MCR-
ALS,**** and the equilibrium constants were calculated using
the program SQUAD.*

Kinetic experiments

Kinetic experiments were conducted using the Olis RSM 1000
DeSa Rapid-Scanning Monochromator Spectrophotometry
System with CLARITY attachment and a custom-made, over-
head, two-blade stirrer. This configuration of the instrument
uses a spinning disk with 16 slits and a dual monochromator
setup to allow a ~70 nm wavelength range to pass through the
sample at a maximum rate of 1 scan per 10 ms. The CLARITY
attachment includes an 8 mL round-bottom cell surrounded by
a reflective coating, which boosts the pathlength and absor-
bance. Equal volumes (3.95 mL) of aqueous and organic phase
were placed in the cell, then the overhead stirrer was carefully
lowered into the cell, reaching to the interface between the
phases. Data was collected for 50 s at 3.1 scans per s while
stirring at 57 rpm, and the cell temperature was held at 22 +
0.5 °C.

The three-dimensional raw kinetic data (wavelength, absor-
bance, time) were baseline corrected and two observable
neodymium-containing species were identified using singular
value decomposition in the Olis GlobalWorks software. The 2
Species Sequential Global Kinetic Fit provided an initial
observed rate constant ks from which initial rate constants for
the forward, k,, (aqueous — organic, extraction), and reverse,
koa (organic — aqueous, stripping), directions were obtained
according to eqn (2) and (3). By incorporating the specific
interfacial area (A/V) into eqn (3), these relative observed rate
constants, which depend on the interfacial area, are made
absolute.

[~

k,
_ eq _ Kao
Dng = Nd, = (2)
A
kobs - (7) (kao + koa) (3)

The specific interfacial area is the interfacial area (4, cm?)
divided by the volume of the dispersed phase (V, cm®). Images of
the stirred phases were acquired, randomly sampled, and
analyzed across 0.10 to 1.0 M TBP and 0.10 to 1.0 M DHOA with
constant 0.10 M TODGA, 0.50 M HNOj3, and 4.90 mM Nd ().
The specific interfacial area was independent of TODGA and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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HNO; concentrations but varied significantly with the concen-
tration of phase modifier. These initial k,, and k., values were
input into the GlobalWorks Reversible First Order Global
Kinetic Fit to obtain pseudo-first order forward and reverse rate
constants.

Results and discussion

Effect of N,N-di(n-hexyl)octanamide (DHOA) on equilibrium
and kinetics

Multiple monoamides have been examined as PMs for lantha-
nide(m) extraction by TODGA, and DHOA was identified as the
best candidate. While DHOA extracts significant quantities of
nitric acid,"*” it also prevents third phase effectively,"®'**” but
its specific role in the extraction process is not understood. The
general equilibrium for this extraction system is provided in
eqn (4), which leads to the equilibrium constant K, defined in
eqn (5). Using the distribution ratio defined in eqn (1) and
taking the logarithm of eqn (5), rearrangement reveals a loga-
rithmic dependence Dygq on the TODGA concentration in
eqn (6).

Nd** + ¢ TODGA; + mH" + (n+m)NO; =

Nd(TODGA),(NOs),-mHNO;  (4)

[Nd(TODGA)é‘(Nos)n'(HN03)m]
K = ! (5)
{Nd""} [TODGA| {NO:"}""{H"}"

log Dng = £ log [TODGA] .+ log((Kux) (v {NOs T} {H"}")
(6)

Equilibrium equations are functions of the activities of the
species involved, but these are often approximated as concen-
trations. That approximation only holds at dilute concentra-
tions of the species, thus the activity of aqueous Nd**, NO;™,
and H' were used in this treatment due to the wide range of
ionic strengths studied. The mean activity coefficients (y+ =
Yno,- = Yu') for aqueous species used herein were calculated
using empirical models from previous studies,****> while the
activity coefficients of the organic phase species were assumed
to be unity. The partial dissociation of HNO; in the aqueous
phase was treated using previously measured values for the acid
dissociation constant.**** Free extractant (TODGA;) was
included to account for the loss of extractant to the cation and
nitric acid.

Holding the acidity constant, the slope of the logarithmic
plot of the Dyq dependence on the TODGA¢ concentration in
eqn (6) leads to the value ¢, which corresponds to the average
number of extractant molecules coordinated to the metal in the
bulk organic phase. While integer numbers are often expected
for ¢, non-integer values are commonly found for TODGA:
lanthanide complexation. These are usually explained as arising
from a mixture of different complexes with different stoichi-
ometries. For TODGA in unmodified n-dodecane extracting
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Eu(m) from 1 M HNOj, literature values of ¢ average 3.80, which
implies a mixture of TODGA : Eu(in) complexes with 3: 1 and 4:
1 stoichiometry.”® Although slope analysis can only provide an
average stoichiometry and cannot eliminate the possibility of
more polydisperse mixtures, studies have shown that the 3:1
homoleptic TODGA:Ln(m) complex dominates in these
systems, and the association of any additional TODGA mole-
cules likely occurs in the outer sphere of the complex where the
TODGA is not coordinated to the cation directly.**°

The extraction of Nd(ur) from 0.50 M HNO; by 0.060-0.40 M
TODGA dissolved in n-dodecane with either 0.25 M or 1.0 M
DHOA yielded Dygq values that increased with increasing TODGA
concentrations, shown in Fig. 1. Error bars that were smaller
than the point are not displayed but were included as weights in
the fitting. Throughout the results presented in this study, data
for the unmodified organic phase are included for comparison,
which were collected and reported in a previous manuscript.*” It
is evident from an initial inspection of Fig. 1 that the addition of
DHOA to the organic phase decreased the amount of Nd(m)
extracted at equilibrium compared to the unmodified case. This
occurred across all TODGA concentrations for both 0.25 M
DHOA (9 vol%) and 1.0 M DHOA (36 vol%). The data in Fig. 1 is
plotted as the logarithm of Dyq versus the logarithm of organic
TODGA concentration according to eqn (6), and the linear
regressions fit well for each organic phase composition, with
slopes reported in Table 1. There was no significant difference
observed between slopes for unmodified n-dodecane (3.33 +
0.05) and either 0.25 M DHOA (3.23 4 0.09) or 1.0 M DHOA (3.41
=+ 0.14). These results imply that DHOA does not compete with
TODGA for metal coordination at equilibrium in the bulk
organic phase and likely does not significantly alter the pres-
ence of any outer-sphere TODGA molecules.

In order to confirm that the TODGA complexation remains
essentially unchanged at different DHOA concentrations, the

1 = =
00; O Unmodified E

] ¢ 0.25 M DHOA ]

] Y 1.0 M DHOA ]

10 3 E

2 E E
Q ] ]
14 E
0.1+ .

0.1 0.2

[TODGA] (M)

T

03 04

Fig. 1 Equilibrium distribution ratios for the extraction of 490 mM
Nd(m) from 0.50 M HNO3 by 0.060 to 0.40 M TODGA in n-dodecane
without and with DHOA as a phase modifier. No phase modifier (black
squares),*” 0.25 M DHOA (orange diamonds), and 1.0 M DHOA (purple
stars). Error bars (£2¢) smaller than their data point have been removed
for clarity.
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equilibrium Nd(m) complexes in the organic phase were exam-
ined spectroscopically across several DHOA and TODGA
concentrations to examine the coordination environment
around the extracted Nd cations (Fig. 2). Despite the wide range
of DHOA concentrations studied (0-1.0 M), the shape of the
spectra in Fig. 2A remained consistent. From no DHOA to
0.10 M DHOA an increase in the molar absorptivity was
observed, but only a minor change was observed in the peak at
587 nm, which decreases from a distinct peak into a shoulder
with increasing concentration of DHOA. Similarly, in Fig. 2B,
addition of 1.0 M DHOA broadened the main peak at 583 nm for
the lower TODGA concentrations. The features at 576 and
587 nm became significantly more distinct as the TODGA
concentration was increased. Such spectral changes have been
observed previously for the *Iy;, — “Gsj,, *G,, hypersensitive
electronic transitions of Nd(um).***> Campbell and coworkers
observed a single peak at 583 nm with minor shoulders when
a similar DGA extracted Nd (i) from 3 M NaNOj;.** The addition
of HNO; to the organic phase sharpened the features, leading to
a crown-shaped spectrum similar to that in Fig. 2. Peroutka and
coworkers observed the same phenomenon using TODGA.**
They isolated the post-extraction organic phase from containing
significant quantities of HNO;, which changed the hypersensi-
tive band significantly and diminished the side peaks into
shoulders of the main peak. We can interpret the variations in
the spectrum for the 0.10 M TODGA + 1.0 M DHOA in n-
dodecane system in Fig. 2B as being caused by interactions
between DHOA and outer-sphere HNO;. It is well known that
the association of water, nitrate, and nitric acid in the outer
sphere of DGA complexes is extremely important to the extrac-
tion.***>* While DHOA does not appear to coordinate to the
metal center or significantly disrupt TODGA in the interfacial
mechanism (vide infra), the PM could interact with HNO; and
disrupt hydrogen bonding in the outer sphere. A disruption of
the interactions between the associated acid and the complex
could lead to a broadening of the feature across 570-590 nm
that changes the crown shape into a single peak with shoulders
and likely decreases extraction (Fig. 1). Greater concentrations
of TODGA, such as 0.30 and 0.40 M, were able to outcompete
this effect of DHOA in the outer sphere, reforming the crown-
shaped spectrum (Fig. 2B).

DHOA has been proposed as a possible lanthanide(u) coex-
tractant with TODGA,>* but this claim has not been verified, and
the slope analysis presented in Fig. 1 and Table 1 indicate that
DHOA acts primarily as a cosolvent. DHOA antagonizes the
extraction because it extracts significantly more acid and water
into the organic phase. While it aids in solubilizing the
extracted complexes at higher loadings to prevent third
phase,'®”” DHOA does not provide more stable complexes by
binding the cation. It is possible that the observed antagonism
toward lanthanide(m) extractability is caused by DHOA-HNO;-
H,O-TODGA interactions, which would lower the amount of
TODGA available for binding the metal. Developing a full
picture of the post-extraction, phase-modified organic phase,
however, will require spectroscopic and computational investi-
gations on the interplay between extractant, acid, and DHOA
modifier.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1 Slopes of the linear regression fits for the dependence (dep) of Dng, Kao. and koq 0N the TODGA concentration and aqueous nitrate anion
activity for unmodified n-dodecane® and solutions modified with 0.25 M and 1.0 M DHOA. Uncertainties are reported at +2¢ from an error-

weighted linear regression

Phase modifier Dyg dep on [TODGA] ka0 dep on [TODGA]

koa dep on [TODGA] k.o dep on {NO;7} koa dep on {NO;™}

Unmodified 3.33 £+ 0.05 2.97 + 0.05
0.25 M DHOA 3.23 £ 0.09 2.86 £+ 0.28
1.0 M DHOA 3.41 £ 0.14 2.97 £+ 0.09

In order to understand the effect of DHOA on the mass
transfer kinetics of Nd(m) partitioning between nitric acid
media and TODGA in n-dodecane, operando optical spectros-
copy and 3-dimensional data fitting were performed as
described above. Both k,, (aqueous — organic) and k,, (organic
— aqueous) pseudo-first order rate constants are functions of
the components in the system,*

o :ﬁ({m]f“, NOy Y, [DHOA}”) o)

Koa = f3 ( [m] fd, (NO;™}¥, [DHOA}") 8)

and the order with respect to each reactant can be determined
by taking the logarithm of both sides, shown in eqn (9) as an
example.

log kuo = a log [m]f + log({NO{}b[DHOA]") 9)

Plotting k,, versus TODGA concentration on a logarithmic
scale, while holding other components constant, should lead to
an interpretable slope a, which in eqn (9) is the order of the
reaction with respect to TODGA.

Kinetic experiments were performed from 0.060 to 0.40 M
TODGA at a constant aqueous concentration of 0.50 M HNO;
and an initial aqueous concentration of 4.90 mM Nd(m). An
example of the spectra collected during the extraction of Nd (i)
in the 0.12 M TODGA + 1.0 M DHOA in n-dodecane system is
provided in Fig. 3A. These conditions gave an equilibrium Dxq
of 0.67 and a kops of 0.188 s~ (corrected for the specific inter-
facial area, kops = 5.47 x 10~* ecm s™'). Fig. 3B tracks the
absorbances of the most prominent wavelengths as they evolved
over time, with every other point removed for clarity. Since the
round bottom cell holds both phases while they are vigorously
stirred, these spectra represent a combination of the Nd(m)
hypersensitive band for aqueous and organic bulk complexa-
tion. The peak centered at 576 nm was prominent in both
phases, so it initially decreased, then increased smoothly like
the peaks at 583 nm and 587 nm.

The resulting rate constants are provided in Fig. 4. In the
forward direction (Fig. 4A), the addition of 0.25 M DHOA to n-
dodecane had almost no effect on k,,, but it hastened the rate of
stripping (Fig. 4B) for the higher TODGA concentrations.
Quadrupling the DHOA concentration, on the other hand,
slowed extraction (k,,) by approximately a factor of 3 across the
lowest TODGA concentrations. The rate constants for the
reverse reaction, k,,, were nearly identical to those of the 0.25 M

© 2025 The Author(s). Published by the Royal Society of Chemistry

—3.14 £ 0.20 2.17 £ 0.13 —3.63 £ 0.14
—2.78 £ 0.22 2.80 £ 0.07 —3.44 £ 0.35
—2.85 + 0.09 3.14 £ 0.13 —2.82 £ 0.24

DHOA system. Furthermore, the data in Fig. 4 exhibit linear
regions at low TODGA concentrations and high TODGA
concentrations for k,, and k,,, respectively. While the curvature
of these plots implies that the mechanism of extraction and
stripping are complex, like that observed for TODGA in the
unmodified system,*” the slopes of the linear regions provide
the limiting reaction order for the rate law with respect to
TODGA (Table 1). It is evident that the rate law remains
unchanged with respect to TODGA when DHOA is used as
a phase modifier. The statistically similar slopes, along with the

T T T T T T T T
o 14__ (A) ——O0MDHOA ||
I i ——0.10 M DHOA
o 12
- ] ——0.25 M DHOA | |
g 10 < —(0.50 M DHOA |_|
> ——1.0MDHOA ||
s 6 1
“é‘_ 4 4
o 6 .
2]
2 | )
< 44 ]
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O . .
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0 T T T T T T T T T
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i —0.40 M TODGA | |
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|
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Fig. 2 Molar absorptivities of Nd(i) after extraction by TODGA in n-
dodecane containing DHOA as a phase modifier. Organic: (A) 0.10 M
TODGA + 0, 0.10, 0.25, 0.50, or 1.0 M DHOA in n-dodecane, and (B)
1.0 M DHOA + 0.10, 0.30, or 0.40 M TODGA in n-dodecane.
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Fig. 3 Example of the data collected using the Olis RSM with CLARITY
and overhead stirrer. (A) Spectra collected over 40 s while 4.90 mM
Nd(in) in 0.50 M HNO3 was extracted by 0.12 M TODGA + 1.0 M DHOA
in n-dodecane. (B) Absorbances of the three main peaks of the spectra
as they evolve over time, with every other data point removed for
clarity.

similarly shaped curves, indicate that the mechanism of mass
transfer with respect to TODGA is the same as previously
described for the unmodified organic phase.?” After a slow step
where Nd(m) adsorbs at the interface, being bound by an initial
TODGA extractant, two additional TODGA molecules associate
with the metal before the complex (with nitrate anions) desorbs
from the interface in a second slow step. In the reverse direc-
tion, all three TODGA molecules dissociate from the complex
before the cation transfers across the interface and returns to
the aqueous phase, likely with the release of the final bound
TODGA being the slow desorption step.

Dependencies of Dyq, ka0, and k., across DHOA concentra-
tions (0.10 to 1.0 M) at constant 0.10 M TODGA and 0.50 M
HNO; are provided in Fig. S1. The results are consistent with the
discussion thus far, since an increase in the concentration of
DHOA decreased the degree of extraction at equilibrium, slowed
the forward rate, and had almost no effect on the reverse rate.
Meaningful slopes were not obtained from the changes in
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The equilibrium aqueous phase acidity was 0.50 M HNOs. No phase
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DHOA (purple stars). Error bars are provided at +2¢.

DHOA concentration, and despite its role as an f-element
extractant, DHOA does not alter the complexation of TODGA
with the trivalent lanthanide. The role of DHOA in slowing
down the forward kinetics is likely due to its presence at the
interface without providing any new mechanisms for transfer.
Since DHOA appears to not interact with the metal, it would
only compete with TODGA adsorbed at the interface and slow
down the rate at which three TODGA molecules can bind to the
metal or free TODGA molecules can displace the metal-TODGA
complex from the interface so that the complex can transfer into
the organic phase.

Even though the presence of DHOA did not affect the TODGA
complexation to Nd, the spectroscopic evidence in Fig. 2B
suggests that the modifier interacts with HNO; in the outer
sphere of the organic phase complexes. In order to investigate
these potential interactions between DHOA and nitrate species,
we studied the effect of DHOA modification across a range of
aqueous equilibrium HNO; concentrations on the thermody-
namic and kinetic parameters described thus far. As the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aqueous acidity was varied from 0.20-3.0 M HNO;, the Nd(u)
concentration was held at 4.90 mM, and the TODGA concen-
tration was held at 0.10 M with either 0.25 M or 1.0 M DHOA in
n-dodecane. Due to the wide range of HNO; concentrations
used, it was necessary to account for the nitrate anion activity,*
{NO;7}, to understand the dependence of the distribution ratio
and rate constants on nitrate species.

The resulting logarithmic dependence of Dyg on {NO;} is
provided in Fig. 5. Due to the nonlinear curves in Fig. 5, eqn (6)
cannot be directly applied to this data, and a more in-depth
fitting would be needed to fully understand the nitrate anion
and nitric acid contributions to Dyq.*” This was executed for the
unmodified data in our previous work, but requires knowledge
of the organic phase composition, such as the extraction of
nitric acid and the free extractant concentration. That data is
not available for DHOA-modified organic phases, but the rela-
tive changes that occurred in the acid dependence results
provide certain insights into the impact of DHOA on the equi-
librium and kinetics.

The addition of DHOA led to lower extraction, slower
extraction, and faster stripping across almost all acidities
tested. Interestingly, the equilibrium distribution ratios tailed
off at the highest acidities when 0.25 M DHOA was in the
organic phase, and this effect was significantly enhanced when
the DHOA concentration was quadrupled (Fig. 5). It is evident
that the modifier, which is known to increase the solubility of
aggregates and prevent third phase formation, decreases the
stability and solubility of the Nd(m) complexes relative to the
unmodified organic phase. Alkane diluents consistently foster
greater extraction of metal by TODGA than most polar dilu-
ents.”® The 3:1 (often 4:1) TODGA : Ln(m) complex is highly
favorable in alkane diluents. The creation of significant polarity
in the organic phase, whether by changing the diluent or adding
a PM, likely disrupts alkyl chain overlap, alters the outer-sphere
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Fig. 5 Equilibrium distribution ratios for the extraction of 490 mM
Nd(in) from 0.20 to 3.0 M HNOsz by 0.10 M TODGA in n-dodecane
without and with DHOA as a phase modifier. No phase modifier (black
squares),*” 0.25 M DHOA (orange diamonds), and 1.0 M DHOA (purple
stars). Error bars (£2¢) smaller than their data point have been removed
for clarity.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

interactions, and reduces the amount of TODGA that is free to
bind the metal.

The impact of changing the aqueous acidity, and thus the
nitrate anion activity, on k,, and k., are depicted in Fig. 6.
Limiting linear regions were observed in the kinetic data, and
the slopes of these linear regions are provided in Table 1. In the
forward direction, the initial slope increased in the order 2.2,
2.8, and 3.1 for 0, 0.25, and 1.0 M DHOA, respectively.

In order to understand this change, it is necessary to
consider the unmodified system in more detail. It is known that
three nitrate anions accompany the trivalent metal cation into
the bulk organic phase to retain charge balance. In our previous
analysis of the unmodified organic phase, we determined that
the changes in k,, at low nitrate anion activities were completely
accounted for by the changes in Dyq, because of the plateau in
koa values.”” In that study, the unmodified Dyq curve showed
a slope across low {NO; "} that was less than 3 due to the flat-
tening of the curve to a baseline extraction where the
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Fig. 6 Pseudo-first order rate constants for the (A) aqueous to organic
and (B) organic to aqueous mass transfer of Nd(i) from 0.20 to 3.0 M
HNO3z by 0.10 M TODGA in n-dodecane without and with DHOA as
a phase modifier. No phase modifier (black squares),’” 0.25 M DHOA
(orange diamonds), and 1.0 M DHOA (purple stars). Error bars are
provided at +2¢.
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distribution becomes nearly independent of the acidity. When
all aqueous-phase activities (including water, nitrate anions,
protons, and the metal cation) and free TODGA corrections were
applied to the distribution ratio curve, a slope of 3 was observed
across this lower nitrate anion activity region. Since ko, is
unchanging across this region, we used the corrected Dyq slope
to interpret the k,, values. Across the higher {NO; "} region, the
kao curve reaches a plateau, and the corrected Dyq curve reached
a limiting slope of approximately 7. This nitrate dependence
slope was applied to the slope in k,, across the higher acidity
region. Therefore, it was concluded that three nitrate anions are
involved at or before the rate limiting adsorption to and
desorption from the interface when Nd(m) is transferred from
the aqueous phase to the organic phase. A slope magnitude of 7
across high nitrate anion activities in the unmodified organic
phase stripping kinetics implied that three nitrate anions and
two nitric acid adducts (2m + n = 7) dissociated from the metal
complex before the rate-limiting desorption of the cation into
the aqueous phase.””

In light of this analysis for the unmodified extraction system,
addition of DHOA as a phase modifier appears to impact the
equilibrium and kinetics across the acidity range studied. Based
on the nitrate activity slopes of 2.8 and 3.1 (0.25 M and 1.0 M
DHOA) for k,, across the low {NO; "} region (Fig. 6), DHOA shifts
the baseline metal extraction to lower acidities, which causes
the slopes of the Dyq and k., plots to approach the ideal slope of
3 in the DHOA containing systems as compared to the phase
modifier-free system. The increase of the slopes from 2.8 to 3.1
for 0.25 M and 1.0 M DHOA, respectively, confirms that this is
a DHOA-based effect, likely due to the added polarity that the
modifier affords the organic phase. Therefore, we can conclude
that the aqueous to organic mass transfer kinetics are governed
by the same mechanism with DHOA present as with no modi-
fier, and three nitrate anions associate to the cation in fast
equilibria before desorption into the organic phase.

Another impact of DHOA modification of the system is
apparent in the stripping kinetics. While 0.25 M DHOA affected
the slope at high aqueous nitrate activities to some extent, the
presence of 1.0 M DHOA lowered the reaction order of k,, with
respect to nitrate to —2.8 (Fig. 6B and Table 1). Relatively large
standard deviations are associated with these slopes due to the
curvature of the data as nitrate anion activity increases. This
curvature is a result of the curvature in the uncorrected distri-
bution ratios (Fig. 5) and the plateau in forward rate constants
(Fig. 6A). Nevertheless, the decrease in the limiting slope in the
stripping kinetics, the tailed-off Dyq values in Fig. 5, and
interactions of DHOA and HNO; evident in the spectral changes
in Fig. 2B, imply that DHOA has an impact on the outer-sphere
HNO; adducts in the Nd complex. The presence of DHOA may
be displacing HNO; from the organic phase Nd(m) complex,
which would then remove HNO; from the dissociative equilibria
of the stripping mechanism. A much more extensive treatment
of the data, with knowledge of the degree of acid and water
extraction, aqueous activities, the free extractant concentration,
and the extent of any interactions between DHOA and the Nd
complexes would be necessary to verify this claim.
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As a PM, the monoamide DHOA does not alter the equilib-
rium or the kinetic mechanism of lanthanide(u) extraction
from nitric acid media by TODGA in n-dodecane to a significant
extent. DHOA appears to be a cosolvent in the bulk organic
phase, not interacting with the metal center, although it may
interact with outer-sphere HNO; adducts. In the kinetics, the
data show that 1.0 M DHOA substantially decreases the forward
rate across TODGA concentrations and acidities. Most likely,
the DHOA amphiphile displaces some of the interfacial TODGA.
Since the PM does not change the mechanism or enable alter-
native mechanisms for mass transfer, DHOA served to decrease
the rate at which the TODGA extractants can bind to the metal at
the interface.

Effect of tri(n-butyl)phosphate (TBP) on equilibrium and
kinetics
Many studies have investigated TBP as a PM for TODGA-lan-
thanide(m) extractions, with the majority of these studies
focused on acid extraction and determining the limits of third
phase formation with acid and metal.***>*>* The impact of TBP
on distribution ratios, organic phase complexation, and
kinetics were determined in this study following a similar
experimental approach and analysis used for DHOA above.
DHOA and TBP are both monodentate, neutral ligands that
are used for similar f-element separations, but when they are
used as PMs for the extraction of lanthanide(m) cations by
DGAs, they show opposite effects. As previously reported, TBP
enhances the extent of lanthanide extraction®*® while DHOA
generally decreases the amount of lanthanide extracted.*®*” The
resulting Dngq values obtained across 0.060-0.40 M initial
TODGA concentration with 0.25 M (6.8 vol%) or 1.0 M (27 vol%)
TBP in n-dodecane are plotted on logarithmic scales in Fig. 7.
The total TODGA concentration was corrected to the free
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Fig. 7 Equilibrium distribution ratios for the extraction of 490 mM
Nd(m) from 0.50 M HNOs by 0.060 to 0.40 M TODGA in n-dodecane
without and with TBP as a phase modifier. No phase modifier (black
squares),* 0.25 M TBP (blue circles), and 1.0 M TBP (green triangles).
Error bars (£20) smaller than their data point have been removed for
clarity.
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Table 2 Slopes of the linear regression fits for the dependence (dep) of Dyg on free TODGA concentration for unmodified n-dodecane® and
modified with 0.25 M and 1.0 M TBP. Uncertainties are reported as +2¢ from error-weighted linear regression

Phase modifier Dnq dep on [TODGAJ;

Dnq dep at low [TODGAJ; Dnq dep at high [TODGAJ;

Unmodified 3.25 £ 0.05
0.25 M TBP 2.86 £+ 0.05
1.0 M TBP 2.53 + 0.08

TODGA concentration (TODGAy) using the nitric acid extraction
data provided by McLachlan et al.** and the Nd(m) extraction
results obtained in this work. The results for the TBP modified
system show the opposite of the effect of DHOA modified
system. The equilibrium extraction of Nd was significantly
enhanced by TBP, even with only 0.25 M of the modifier present
(Fig. 7). At the lowest TODGA concentrations, 1.0 M TBP
modifier caused almost an order of magnitude increase in
extraction compared to the unmodified extraction system.
Despite its propensity to extract significant quantities of acid
and water,**>% just like DHOA,®*** TBP is beneficial to the
extraction of Nd(m) by TODGA.

The slopes for the linear regressions of the equilibrium data
in Fig. 7 are provided in Table 2. Greater quantities of TBP
ushered in distinct decreases in the magnitude of the equilib-
rium TODGA dependence slope. A slope of 2.86 for 0.25 M TBP,
and a further decrease to 2.53 for 1.0 M TBP, indicates that the
presence of TBP in the system reduces the average number of
TODGA molecules bound to the Nd ions in the equilibrium
organic phase complex. However, a more thorough analysis of
the equilibrium extraction data from Fig. 7 shows some curva-
ture of the data, and the Dyq data for both the 0.25 M and 1.0 M
TBP systems can be fit with two linear regions with distinct
slopes (Fig. S2). This approach tracked the data well, and the
resulting slopes are provided in Table 2. For both TBP concen-
trations, equilibrium complexes containing only two TODGA
molecules were more prevalent in the bulk organic phase at the
low, 0.060-0.10 M initial TODGA, concentrations. The number
of coordinated TODGA molecules rose much closer to three
when the TODGA concentration was increased beyond 0.12 M.
This is a clear sign of competition between TODGA and TBP for
metal coordination in the organic phase.

The TBP-modified experiments revealed a unique spectral
signal that was investigated using conventional optical
absorption spectroscopy. In the DHOA-modified experiments
discussed above, the presence of DHOA did not alter the
hypersensitive Nd(m) absorption band centered at 580 nm
except to broaden the main peak (Fig. 2), which was indicative
of interaction with HNO; in the outer sphere. In contrast, the
spectra from the TBP-modified system (Fig. 8) exhibited
significant changes. A new peak appeared at 579 nm when TBP
was introduced into the organic phase and grew larger with
increasing concentrations of TBP (Fig. 8A). As the concentration
of TODGA was increased while holding the TBP concentration
constant at 1.0 M, the peak receded, and the spectra re-formed
the familiar crown shape (Fig. 8B). Such results have not been
reported before for this extraction system. The spectral changes
across TBP concentrations were analyzed using the program,

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.13 £0.19 3.25 £ 0.07
2.43 £0.13 2.90 = 0.06
2.00 £ 0.12 2.57 £0.14

SQUAD, and the best fitting model involved the exchange of one
TBP for one TODGA by the equilibrium,

Nd(TODGA);(NOs); + TBP = Nd(TODGA)»(TBP)(NO;);
+ TODGA (10)

with an equilibrium constant of 0.752 + 0.043. The SQUAD
calculated spectra from the fit were consistent with the experi-
mental spectra (Fig. S3) and reached an equilibrium where

equal fractions of Nd(TODGA);3(NO3)3 and
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Fig. 8 Molar absorptivities of Nd(i) after extraction by TODGA in n-
dodecane containing TBP as a phase modifier. Organic phases were
(A) 0.10 M TODGA + 0.10, 0.25, 0.50, or 1.0 M TBP in n-dodecane, and
(B) 1.0 M TBP + 0.060 to 0.40 M TODGA in n-dodecane.
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Nd(TODGA),(TBP)(NO;); were present in the organic phase just
above 0.10 M TBP and 0.10 M TODGA (Fig. S4).

Based on the spectra in Fig. 8 and the Dyq values reported in
Fig. 7, TBP appears to be a synergist for Nd(ur) extraction by
TODGA in n-dodecane. TODGA, being the stronger trivalent
lanthanide extractant, remains complexed to the Nd ina 2:1
TODGA : Nd ratio despite the excess of TBP in the organic
phase, and forms the favorable 3:1 homoleptic complex at
higher TODGA concentrations, which provides the triple-
peaked spectrum shown in the black trace in Fig. 8B. As the
TBP concentration was increased from 0-1.0 M with constant
0.10 M TODGA in n-dodecane, a new species formed that
included one TBP molecule. Similarly, as the TODGA concen-
tration was increased from 0.060-0.40 M at constant 1.0 M TBP,
the coordinated TBP molecule was replaced and the species
changeed from Nd(TODGA),(TBP)(NO;);(HNO;)y, to the
complex, Nd(TODGA);(NO3)3(HNO3)o_, that is found in n-
dodecane solutions. The significant increases in Dyq provided
by TBP-modification of the n-dodecane diluent, considering the
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Fig.9 Pseudo-first order rate constants for the (A) agueous to organic
and (B) organic to aqueous mass transfer of Nd(i) by 0.060 to 0.40 M
TODGA in n-dodecane without and with TBP as a phase modifier. The
equilibrium aqueous phase acidity was 0.50 M HNOs. No phase
modifier (black squares),®” 0.25 M TBP (blue circles), and 1.0 M TBP
(green triangles). Error bars are provided at +2¢.
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low Dygq value of 0.05 when Nd(m) was extracted from 1 M HNO;
by 1.0 M TBP in n-dodecane without TODGA, prove TBP is not
just competitive with TODGA for coordination but that it acts as
a synergist in the extraction even at high TODGA concentrations
when TBP is not directly coordinated to the lanthanide.

The pseudo-first order rate constants for forward (k,,) and
reverse (ko,) mass transfer of Nd(ur) were determined across the
same range of total TODGA concentrations studied in the DHOA
modified system. The results are shown as a function of free
TODGA concentration on logarithmic scales in Fig. 9. Unlike
either the DHOA-modified or the unmodified n-dodecane
systems, the TBP-modified organic phases led to limiting
TODGA reaction orders for k,, that were significantly less than
three (Table 3). Notably, the k,, curve for the 1.0 M TBP system
did not plateau at the lowest TODGA concentrations that were
studied (Fig. 9B). In 1.0 M TBP, two linear regions exist with
slopes of —1.11 + 0.08 for the low [TODGAJ; region and —2.25 =+
0.09 for the higher concentration region. This change of the
shape of the k., curve, along with the limiting TODGA reaction
orders of 1.82 and 0.98 observed for the k,, dependence using
0.25 M and 1.0 M TBP, respectively, signify significant changes
in the extraction mechanism and rate laws defining mass
transfer in both directions.

If we assume that the solvent extraction kinetics of the DHOA
and TBP containing systems are governed by chemical reactions
at the interface, just like the TODGA/n-dodecane system appears
to be,*” the TBP-modified kinetic results can be interpreted in
terms of changes to the rate laws and chemical mechanisms of
interfacial mass transfer. TBP speeds up the aqueous to organic
phase transfer consistently across the lower TODGA concen-
tration range. This is due to the altered mechanism that TBP
induces for mass transfer across the interface, potentially
lowering the activation barrier. Based on the slopes of the initial
linear regions in the forward direction (Fig. 9A) reported in
Table 3, only one TODGA molecule is coordinated to the metal
in the transition state for the extraction in 1.0 M TBP-modified
n-dodecane. Thus, the presence of 1.0 M TBP in the system
removes two TODGA molecules from the activated complex in
the rate limiting step(s) compared to the unmodified and DHOA
modified systems. Considering that an average of 2.5 TODGA
extractants are still bound to the complex in the bulk organic
phase when 1.0 M TBP is present, it is clear that solvent
modification by TBP has a greater effect on the kinetic mecha-
nism than on the equilibrium speciation. This is consistent
with the fact that TBP is active at the interface®”*® (especially at
when the bulk TBP concentration is 1.0 M) but is a weak
extractant for trivalent lanthanides. The difference between the

Table 3 Slopes of the linear regression fits for the dependence (dep)
of ks, and ko, on free TODGA concentration for unmodified n-
dodecane® and modified with 0.25 M and 1.0 M TBP. Error is reported
as +20 from error-weighted linear regression

Phase modifier

kao dep on [TODGA|; koa dep on [TODGA|;

Unmodified 3.03 £0.32 —3.01 £ 0.18
0.25 M TBP 1.82 + 0.12 —2.42 £ 0.08
1.0 M TBP 0.98 £ 0.15 —2.25 £+ 0.09

© 2025 The Author(s). Published by the Royal Society of Chemistry
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number of TODGA molecules involved in the transition state of
the forward reaction as reflected in the kinetic rate law and the
additional 1.5 TODGA molecules that, on average, coordinate
Nd in the bulk organic phase imply that these additional
TODGA molecules must add after the final rate limiting step at
the interface.

It is possible that TBP is also involved in the mass transfer
mechanism based on the observed increase in ks and on the
interactions of TBP with the equilibrium species apparent in the
absorption spectra. Unfortunately, the kinetic results across
TBP concentrations (0.10-1.0 M) were inconclusive (Fig. S1).
The apparent TBP reaction orders derived from the TBP data
range from 0 to 0.38. Across this range of TBP concentrations,
the organic phase bulk and interfacial properties vary signifi-
cantly due to the PM, which makes it difficult to distinguish
between the cosolvent or cosurfactant roles of TBP and its
action as an extracting ligand from the apparent reaction order.

For the stripping kinetics (Fig. 9B), 1.0 M TBP in the organic
phase slows the rate of stripping significantly over the entire
TODGA range. The shape of the k,, curve for 1.0 M TBP is
significantly altered relative to the curve for the unmodified
extraction system, and the 0.25 M TBP data represents a balance
between the 1.0 M and unmodified systems. The observed
change of shape can arise from multiple effects, but two
possibilities seem the most reasonable. One involves a shift of
the plateau region to lower TODGA concentrations, which are
difficult to monitor with our technique due to the low Dyg
values. Another possibility is that TBP has changed which steps
are rate determining in the reverse mechanism, similar to our
observations in the forward direction. An extractant depen-
dence curve that does not plateau and exhibits two distinct
linear regions is described by a chemical mechanism for
organic — aqueous transfer where the two slowest steps of the
sequence are the loss of the final two extractant molecules from
the complex.”” It is difficult to distinguish these possibilities
based on the data that we could collect, but molecular dynamics
simulations and experiments directed at identifying interfacial
speciation may be able to shed light on TBP's impact on the
mass transfer.

Solvent extraction equilibrium and kinetic experiments also
were performed across a range of equilibrium nitric acid
concentrations (0.20-3.0 M HNO;) at constant concentrations
of TODGA and TBP. The results are presented in Fig. 10 using
the aqueous nitrate anion activity as the independent variable.
Unlike DHOA-modified organic phases, the extraction of HNO;
into n-dodecane by mixtures of TODGA and TBP has been well
characterized by McLachlan et al* In order to accurately
describe and compare the impact of TBP modification on the
equilibrium and kinetics across this acidity range, the distri-
bution ratios (Dng) were corrected (D.) for the free extractant
concentration® and the changing activities of water, nitrate
anions, and protons in the aqueous phase,*** as explained in
the SI. The corrected equilibrium results are displayed in
Fig. 10B.

It is evident from the differences between Fig. 10A and B that
the corrections for consumption of TODGA by extraction of
nitric acid and variations in the aqueous activity coefficients are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) Experimentally-determined and (B) corrected Nd(i)

distribution ratios as a function of nitrate anion activity for the
extraction of 4.83 mM Nd(n) from 0.20 to 3.0 M HNOz by 0.10 M
TODGA in n-dodecane without and with TBP as a phase modifier. No
phase modifier (black squares),® 0.25 M TBP (blue circles), and 1.0 M
TBP (green triangles). Error bars (+£2¢) smaller than the data point have
been removed for clarity.

vital to understanding the nitrate dependence across this large
range of acidities. Both 0.25 M and 1.0 M TBP led to lower metal
extraction for high nitrate activities, with a more pronounced
effect when the TBP concentration was quadrupled. As has been
observed multiple times for DGA extraction systems, the
extraction of trivalent f-element cations at increasing acidities
exhibits high nitrate: metal stoichiometries due to the
changing speciation in the organic phase.”'** Despite this
curvature, the speciation can be inferred from linear slopes
across smaller sections of the data. The apparent nitrate stoi-
chiometries in the extracted complexes at low and high {NO;™}
are provided in Table 4. When the nitrate anion activity is low,
the unmodified and modified organic phases behave similarly
with respect to extracted complexes containing only nitrate
species, the three nitrate counteranions required to balance the
charge of the Nd(m) cation are accounted for in the data. Across
the high {NO;"} region, the presence of TBP lowered the
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Table 4 Slopes of the linear regression fits for the dependence (dep)
of D. on aqueous nitrate anion activity for unmodified n-dodecane®”
and modified with 0.25 M and 1.0 M TBP. Error is reported as +2¢ from
error-weighted linear regression

Phase modifier D. dep across low {NO;"} D, dep across high {NO; "}

Unmodified 3.03 £ 0.08 6.91 £+ 0.39
0.25 M TBP 2.96 £ 0.40 6.53 £ 0.10
1.0 M TBP 2.71 £ 0.07 5.74 + 0.22

apparent average number of nitrate species coordinated to the
equilibrium complexes. From the equilibrium in eqn (6), we can
interpret the slopes from Fig. 10B as slope = 2m + n, wheren =3
nitrate anions, and the average number of HNO; adducts is m.
The unmodified organic phase fosters an average of 1.95 HNO;
adducts in the outer-sphere of the extracted complex at the
highest acidities, the presence of 0.25 M TBP lowers the average
HNO; stoichiometry to 1.8, while in 1.0 M TBP only an average
of 1.4 HNO; adducts are associated with the extracted complex.
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Fig. 11 Pseudo-first order rate constants for the (A) aqueous to
organic and (B) organic to aqueous mass transfer of Nd (i) from 0.20 to
3.0 MHNO3 by 0.10 M TODGA in n-dodecane without and with TBP as
a phase modifier. No phase modifier (black squares),*” 0.25 M TBP (blue
circles), and 1.0 M TBP (green triangles). Error bars are provided at +2¢.
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In addition to changing the inner coordination of Nd, this
shows that TBP affects the outer-sphere HNO; coordination in
the TODGA : Nd complexes.

The thermodynamic corrections made to the distribution
ratios cannot be reasonably accounted for in the rate constants
for mass transfer shown in Fig. 11. Nevertheless, we can draw
conclusions from the relationship between Dyg, ka0, and ko, in
eqn (1). Analysis of the 1.0 M TBP modified data reveals that,
across low nitrate anion activities, the corrected distribution
ratios increased with a slope of approximately 3. In the same
region, the changes in k,, provide a reaction order of 1.3 with
respect to nitrate while changes in k,, provide a reaction order
of —0.8. Approximately 2/3 of the change in the distribution
ratio is accounted for by the changes in k,,, while 1/3 comes
from the changes in k,,. Since the equilibrium thermodynamics
shows that there are 3 nitrates involved in the partitioning
under these conditions, we can interpret these reaction orders
to actually represent two nitrate anions as part of the activated
complex at the interface in the forward direction, while the
third, final nitrate anion associates after the final rate deter-
mining step. A charged activated complex is possible owing to
the more polar interfacial region provided by the presence of
TBP, whose dielectric constant (8)* is four times greater than
that of n-dodecane (2).*

No plateau region was observed for the reverse rate constants
with 1.0 M TBP phase modification, similar to the TODGA
dependence data in the 1.0 M TBP system discussed earlier.
There appears to be two linear regions, with slopes interpretable
through the D, slopes given in Table 4. Across the higher nitrate
anion activity region, the slope of D, is fully accounted for by the
changes in k,, because of the plateau in the forward extraction
rate across the same region. Whether the lack of a plateau in the
forward direction means that the plateau has merely shifted to
lower nitrate activities or that the rate limiting steps have
changed, the plateau in the k,, data and the slope of D indicate
that the nitrate anions and nitric acid molecules must decom-
plex before completion of the final slow step in the mass
transfer of Nd(m) from the organic phase to the aqueous phase.

Conclusions

Similar to the unmodified TODGA extraction system, organic
phases modified by DHOA appear to be governed by an Interfacial
Two-Step Consecutive Reactions mechanism, where adsorption
and desorption of the metal cation and a metal complex from the
interface controls the rates.*>” In the DHOA-modified system,
three TODGA molecules and three nitrate anions associate with
the metal before the desorption of the complex from the interface
into the organic phase. In the reverse direction, the
Nd(TODGA); 4(NO3)3(HNO3),, complexes dissociate completely
before desorption into the aqueous phase. The equilibrium slope
analysis indicates that fewer HNO; adducts are associated with the
bulk complex in the 1.0 M DHOA system, and thus fewer HNO,
molecules are lost in the stripping mechanism. Confirmation of
this finding will require a more detailed treatment of the depen-
dence of Dnq, ka0, and k., on the aqueous nitric acid content, which
requires a more extensive understanding of the nitric acid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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extraction by TODGA + DHOA organic phases. It was determined
spectroscopically that DHOA is, for the most part, a non-
interacting phase modifier when Nd is extracted, though it may
play a solvating role in the outer sphere of the complex. Because of
its cosolvent role, the mechanisms and reaction orders are similar
to those observed for the unmodified organic phase, except for the
interactions with HNO;.

In contrast, phase modification of the TODGA/n-dodecane
solvent with TBP altered the equilibrium species, the extraction
kinetics, and the stripping kinetics of Nd(m) extraction by
TODGA. While addition of 0.25 M TBP to the organic phase
caused some changes in the system, addition of 1.0 M TBP to
TODGA in n-dodecane led to sweeping change in both the
organic phase and at the interface. TBP was able to displace one
TODGA extractant from Nd(m) coordination in the bulk organic
solution, which was evident in the equilibrium slope analysis
and absorption spectra of Nd(m). TBP also altered the mecha-
nism of mass transfer. When 1.0 M TBP was used, the forward
mechanism only involved one TODGA molecule and two nitrate
anions in the activated complex. The additional 1.5TODGA
molecules, 1 nitrate anion, and 1.4HNO; adducts add to the
complex in fast equilibria after the slow steps of the mecha-
nism. In the reverse Kkinetics, all the TODGA, nitrate and nitric
acid dissociate from the Nd by the final rate-limiting step. The
change in the shape of the k,, curves across TODGA concen-
trations and nitrate anion activities potentially indicates that
loss of the second-to-last TODGA molecule from the complex is
also rate controlling, but further investigations will be needed
to verify such a mechanism.

The addition of TBP to n-dodecane does far more than just
modify the organic phase; it changes the mechanisms of
extraction and stripping and encourages lanthanide complex-
ation by TBP in the organic phase. The lack of a significant
effect on the equilibrium or kinetics using DHOA and the
significant effect using TBP both need to be taken into account
when using these modifiers industrially and in future studies.
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