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ABSTRACT: In this work, we assess the fundamental aspects of mutual miscibility of
solvents by studying the mixing of two potential candidates, methanol and n-dodecane, for
nonaqueous solvent extraction. To do so, 'H NMR spectroscopy and molecular dynamics
simulations are used jointly. The NMR spectra show that good phase separation can be
obtained by adding LiCl and that the addition of a popular extractant (tri-n-butyl
phosphate) yields the opposite effect. It is also demonstrated that in a specific case the poor
phase separation is not due to the migration of n-dodecane into the more polar phase, but

due to the transfer of the extractant into it, which is especially relevant when considering

industrial applications of solvent extraction. With the aid of molecular dynamics simulations, explanations of this behavior are
given. Specifically, an increase of all hydrogen-bond lifetimes is found to be consequent to the addition of LiCl which implies an
indirect influence on the methanol liquid structure, by favoring a stronger hydrogen-bond network. Therefore, we found that
better phase separation is not directly due to the presence of LiCl, but due to the “hardening” of the hydrogen-bond network.

B INTRODUCTION

Nowadays, hydrometallurgical approaches, which involve
aqueous chemistry for the recovery of metals, are fundamental
for the extractive metallurgy of many elements. The protocols
for the extraction of many metal ions are based on a
combination of pyrometallurgy, which consists of thermal
treatments aimed to produce physical and chemical trans-
formations, and hydrometallurgy. The latter is often used in
the first part of a flow sheet.'~” Unfortunately, pyrometallur-
gical methods are usually incapable of treating low-grade ores
or residues in an economic way and hydrometallurgy with
strong acid leaching is weakly selective. These problems,
together with the aim to develop and establish a circular
economy,” led to the innovative concept of solvometallurgy.

Solvometallurgy implies processes that are similar to those of
hydrometallurgy, but not involving aqueous phases. This opens
a wide spectrum of choices, including molecular organic
solvents, ionic liquids, deep-eutectic solvents, and inorganic
solvents.””'” It must be clarified that the term “nonaqueous
solvents” in the paradigm of solvometallurgy does not
necessarily imply anhydrous conditions, but rather a solvent
in which the water content is lower than 50 vol %.
Solvometallurgy has already been exploited for the recovery
of copper from chrysocolla,"”'* rare earth and other metals
from complex silica-rich ores,'> uranium from carbonate ores
and for reprocessing of spent nuclear fuel.'® In hydro-
metallurgy, conventional solvent extraction is commonly
used. In this case, metals are distributed between an aqueous
phase and an immiscible organic phase. As mentioned above,
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the new paradigm of solvometallurgy replaces the aqueous
phase by a nonaqueous solvent.'”'® Additionally, some
conditions have to be fulfilled: (1) the process should involve
two mutually immiscible liquid phases, (2) phase separation
should be fast, (3) good solubility of the extractant in the less
polar phase, (4) good solubility of the extracted metal
complex, and (S) poor solubility of the extractant in the
more polar phase. The first condition is crucial, especially with
regard to industrial applications. Hence, enormous effort is
made in the identification of suitable solvent pairs for
nonaqueous solvent extraction. The first indication of mutual
miscibility is a volume change of two phases that are in contact
with each other. This does not hold if the mutual solubility is
the same in the two phases. Therefore, the mutual solubility
can be quantified for instance by Fourier transform infrared
spectroscopy, gas chromatography, or NMR spectroscopy.
Furthermore, mutual miscibility is a function of the temper-
ature and the concentration of cosolvents, which can be a
dissolved salt or extractant. For example, it is known that two
completely miscible solvents can be phase-separated with the
addition of salt to the more polar phase.'”*° The opposite is
also possible, that is, the addition of extractants to the less
polar phase can worsen the phase separation by causing the
transfer of the solvent molecules from one phase to the other.
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In miscibility experiments, two candidates are mixed
together and the phase separation is evaluated. To improve
the phase separation, the addition of salts can be taken into
account. When the obtained phase separation is satisfactory,
the extractant is added and the evaluation is repeated. The
addition of the extractant can be considered as a critical step
since for many systems it leads to unsuccessful phase
separation.

In this paper, we aim to highlight those fundamental aspects
that act as a driving force to the mutual solubility of two
solvents in the presence of cosolvents and cosolutes and,
therefore, have to be taken into account while screening for
new solvent pairs. To do this, '"H NMR spectroscopy and
molecular dynamics (MD) simulations are used to obtain a
fundamental insight into the mixing and demixing of two
potential candidate solvents for solvent extractions, such as
methanol (MeOH) and n-dodecane (DD).”'™** Quantitative
analysis experiments were performed and based on these
results, several systems were simulated (see Figure 1) to

MLDT

MDT

MLD

Figure 1. Schematic representation of the procedure described in this
work.

provide molecular-level insight into the polar phase obtained
after the mixing and demixing of the two solvents. The system
was also tested and simulated in the presence of LiCl and the
popular solvating extractant tri-n-butyl phosphate (TBP).

B METHODS

Chemicals and Instrumentation. Methanol (>99.9%), n-
dodecane (>99%), and acetone-ds (99.9 atom % D) were
purchased from Acros Organics (Geel, Belgium) while TBP
(>98%) was purchased from Alfa-Aesar (Karlsruhe, Germany).
Chloroform-d (99.8 atom % D) and LiCl (99.9%) were
obtained from Sigma-Aldrich (Diegem, Belgium). The mixing
was performed using an Eppendorf ThermoMixer C, in T
Corning Centrifuge Tubes with CentriSTAR caps. Centrifu-
gation was performed by means of a Heraeus Megafuge 1.0. 'H
NMR spectra were recorded on a Bruker Avance 300
spectrometer, operating at 300 MHz. The chemical shifts are
noted in parts per million (ppm), referenced to tetramethylsi-
lane. All chemicals were used as received without any further
purification.
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Experimental Details. Solutions of MeOH with different
concentrations (0, 0.5, 1, 2, and 3 mol-L™!) of LiCl were
prepared and stirred overnight. S mL of each solution was
dispensed in centrifuge tubes and mixed with 5 mL of DD or
DD + TBP (1 mol-L™"). The centrifuge tubes were shaken for
30 min at 2000 rpm and centrifuged for 15 min at 4000 rpm.
The volume changes of the phases were evaluated using the
indicated graduation of the centrifuge tubes. The same
procedure was then repeated with a fixed concentration of
LiCl (2 mol'L™") and by varying the concentration of TBP
(0.25, 0.5, 1, 2 mol-L™"). After each step, solutions were left to
rest to reach thermal equilibrium with the environment.

"H NMR spectra of the different phases were collected. The
amount of dissolved solvent and in some cases also the amount
of extractant were quantified using the ratio of the integrated
peak values belonging to different molecules. To do so, two
NMR solvents were used: deuterated acetone (acetone-ds) and
deuterated chloroform (chloroform-d;). The NMR solvent
should not strongly interact with any compound to avoid
interference. Deuterated acetone was found to have an effect
on the MeOH acidic hydrogen atom peak. Nevertheless, the
integration has been performed on the peaks of the methyl
group hydrogen atoms, therefore, these spectra provide the
qualitative and quantitative information we were looking for.
With the aim of testing the effect of a different number of scans
and different relaxation times on the final spectra, the data
were collected with different number of scans (8—32) and
different relaxation times (20—40 s). All spectra are in good
agreement with each other, validating the gathered data.

Computational Details. The initial configuration of the
simulation boxes was generated using PACKMOL (version
17.039).>* Classical molecular dynamics simulations were
performed using the LAMMPS program package (version 17
Nov 2016).® For MeOH, DD, and LiCl, the well-known
OPLS-AA force field were used,’® whereas for TBP we opted
for the force field recently developed by Ali et al.”” since it was
proven to perform very well when TBP is mixed with n-
dodecane. Nonbonded interactions were described by the 6—
12 Lennard-Jones potential.”® Lorentz—Berthelot mixing rules
were used to obtain parameters for pairs of different atoms. A
cutoff of 1.6 nm was selected for the calculation of Lennard-
Jones and Coulombic interactions and a particle—particle
particle—mesh solver, mapping the atom charge to a three-
dimensional mesh.”” Equilibration of the systems was obtained
by simulating for 0.5 ns using the NPT ensemble. Constant
pressure and temperature were achieved applying the Nose—
Hoover chain thermostat and barostat (T = 297.15 K, 7 = 100
fs and P = 1 bar, 7 = 1000 fs, respectively).””’' The cell
vectors, averaged over the last 250 ps were taken to perform
the production run within the NVT ensemble. The production
run consisted of 10 ns of the simulation time after 0.5 ps of
equilibration. The time step was set to 0.5 fs during the whole
procedure. The obtained trajectories were analyzed with the
TRAVIS code.”” This tool offers different kinds of functions
allowing the analysis of the interaction among the components
of the systems. Intra- and intermolecular interactions can be
taken into account. In this work radial distribution functions
(RDFs), Voronoi analysis, mean square displacements
(MSDs), and hydrogen-bond lifetime calculations were
exploited.” ™’
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B RESULTS

Volume Analysis. As mentioned in the Introduction, one
of the key conditions for two solvents to be suitable for solvent
extraction is the formation of two immiscible liquid phases. In
this respect, the most immediate test is to check the volume
change of the solvents, after mixing and phase separation.
Volume changes which are not significant in a laboratory
workflow might result in a critical solvent loss on an industrial
scale. The optimal situation is when no volume change occurs.
The observed volume changes of the phases are reported in
Table 1. Numbers are referring to the volume ratio between

Table 1. Volume Ratios upon Mixing Equal Volumes of
MeOH and DD (at Room Temperature) with Respect to
Different Concentrations (mol‘L™") of LiCl in MeOH and
TBP (always 1 mol'L™") in DD”

MeOH + LiCl DD DD + TBP
neat MeOH 1:1.1 1:2.3
0.5 1:1 1:2
1 1:1 1:1.9
2 1:1 1:1.9
3 1:1 1:1.9

“Data are referred to the volume ratio between the top phase (apolar)
and the bottom phase (polar) obtained after mixing and phase
separation.

the top phase (apolar) and the bottom phase (polar). The
values reported in Table 1 show that the neat binary system
MeOH + DD is not suitable for solvent extraction. Increasing
the concentration of LiCl improved phase separation. An
optimal phase ratio was already obtained for 0.5 mol-L™" of
this salt. Yet, Table 1 shows that with 1 mol-L™! of TBP the
phase separation worsened and that even with higher
concentrations of LiCl (up to 3 mol-L™") it was not possible
to obtain the 1:1 ratio. In Table 2 the volume ratios are

Table 2. Volume Ratios with Respect to Different
Concentrations (mol'L™") of the Extractant for MeOH +
LiCl 2 mol'L™" #

DD + TBP MeOH + LiCl
neat DD 1:1
0.25 1:1.4
0.5 1:1.8
1 1:1.9
2 1:4.5

“Data reported is referred to the volume ratio between the top phase
(apolar) and the bottom phase (polar) after mixing and phase
separation.

reported for a fixed concentration of LiCl (2 mol-L™"), and the
TBP concentration ranging from 0 to 2 mol-L7% Again, in the
presence of TBP, the optimal phase separation could not be
achieved.

'H NMR Spectra. We used '"H NMR spectroscopy to
evaluate the amount of DD and MeOH being transferred from
one phase to the other. Figures S1—S4 (see the Supporting
Information (SI)) show the spectra of the polar (bottom)
phase which were obtained after shaking and centrifuging of,
respectively, MeOH and DD (MD), MD in the presence of
TBP (MDT), MD in the presence of LiCl (MLD), and MD in
the presence of both TBP and LiCl (MLDT). The evaluation

4402

of the ratio of the integrals of specific peaks allowed to estimate
the ratio of the number of molecules of MeOH, DD, and TBP
in the polar phase. For the MD system, the MeOH/DD ratio
was 92. With the addition of up to 3 mol-L™" LiCl, the
situation radically changed, moving the ratio to 1840. In the
case of MDT, the ratio was 30, whereas for MLDT it was 300.
The following conclusion can be drawn: the addition of LiCl
prevents the transfer of the DD into the polar phase, whereas
TBP facilitates it. Moreover, the volume change is not only due
to the transfer of DD into the bottom phase but also due to the
transfer of TBP. In fact, the MeOH/DD ratios are not fully in
line with what we expected from the phase volume analysis.
Specifically, the “quality” of the phase separation of these
systems according to the volume analysis is MLD > MD >
MLDT > MDT, whereas according to the MeOH/DD ratios
in NMR spectra, we have MLD > MLDT > MD > MDT. The
explanation may be found in the MeOH/TBP ratios, which
remain stable even in the presence of LiCl. Therefore, MLDT
shows a worse phase separation than MD, despite the fact that
the amount of DD in the polar phase is much lower. To align
the volume ratio analysis with the NMR results, we can count
TBP together with DD and recalculate the MeOH/(DD +
TBP) ratios for all systems. We finally obtain MLD(1838) >
MD(92) > MLDT(23) > MDT(13), which is in line with the
volume analysis.

Systems Simulated via Molecular Dynamics. Four
systems were simulated in accordance with the evidence
gathered from the 'H NMR spectra (see Figure 1), namely, the
bottom phases that were obtained after the mixing and phase
separation of the MeOH + DD mixture (MD) also in the
presence of TBP (MDT), LiCl (MLD), and both (MLDT).
Table 3 reports the number of molecules in each system.

Table 3. Compositions of Simulated Bottom Phase Systems
Chosen According to '"H NMR Spectra”

system MD MDT MLD MLDT
MeOH 3000 3000 3000 3000
DD 32 100 2 10
TBP 120 120
LiCl 361 361

“Data refer to the number of molecules in each system.

Solvent Partitioning. By means of the Voronoi
tessellation method, a domain analysis was performed.**~*’
With this analysis, we divided the systems into subsets of
different molecules or groups of atoms and calculated the
average number of domains of each subset during the
simulation. A large value means the subset is dispersed,
whereas a small value means the atoms belonging to the subset
are all connected. We decided to divide the systems into
subsets of molecules of the same kind, and also to pair MeOH
+ LiCl and DD + TBP. The results of these different analyses
are reported in Table 4. A value close to one means high
aggregation. Large values indicate small dispersed agglomer-
ates.

In the MD system, MeOH forms one single domain, most
probably due to the large excess of this solvent. The 32
molecules of DD form an average of 12.9 domains, which
means that DD molecules are clustering in groups of 2—3
molecules into MeOH.

In MLD system, MeOH again forms one single domain and
LiCl is well solvated by MeOH itself (in fact the subset MeOH
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Table 4. Bottom Phases Domain Analysis”

system MeOH MeOH + LiCl LiCl DD DD + TBP TBP
MD 1.0 12.9 (32)

MLD 1.0 1.0 291.8 (361) 1.5 (2)

MDT 2.7 9.3 (100) 3.9 6.4 (120)
MLDT 12 1.2 274.0 (361) 7.0 (10) 34 3.6 (120)

“The values refer to the average number of domains of the subsets into the systems (within parentheses is the number of molecules for that

component. For MeOH, the number of molecules is always 3000).

+ LiCl forms one domain, while LiCl is divided into 291.8
domains, corresponding to an average of 2.4 Li/Cl per
domain). According to the "H NMR spectra, in the presence of
LiCl], to reproduce the experimental concentration only two
molecules of DD were allowed; these molecules form an
average of 1.5 domains, which means that they were clustered
together for half of the simulation.

In the MDT system, the total number of DD molecules was
100, which can be related to the activity of TBP. In this case,
MeOH is divided into 2.7 domains, which is reasonable once
we take into account the amount of DD and TBP in the
system. DD forms 9.3 domains (meaning clusters of 10—11
molecules) and TBP 6.4 (clusters of 20—21 molecules).
Taking into account the number of domains for the DD + TBP
subset, and comparing it to the individual DD and TBP, we
find a reduction to 3.9 domains. This shows that DD and TBP
cluster together, and consequently “stabilize” each other.

This is even more evident in the MLDT system. For this
system, the number of domains for the subsets MeOH and
MeOH + LiCl is 1.2, due to the smaller amount of DD and
TBP. In this case, TBP forms 3.6 domains, showing the
negative influence of LiCl in the solvation of TBP by MeOH.
On the other hand, the 10 molecules of DD form 7 domains,
which is misleading since it might seem that in this system DD
can be well solvated. Analysis of the DD + TBP subset is
especially handy in this case. In fact, for this subset, we find an
average number of domains very close to the one of the TBP
subset. Hence, we can draw the conclusion that DD has to be
tully solvated by TBP to transfer into the polar phase. This is
also shown from the snapshot reported in Figure 2, where DD
is completely surrounded by TBP and LiCl is surrounded by
MeOH.

Mobility. The dynamics of the systems were studied by
calculating the mean square displacement (MSD) and
consequently the diffusion constant of the different compo-
nents (see Figure 3 and Table §). The MSDs in Figure 3 allow
an easy comparison of the mobility of different compounds in
the systems.

We observed that MeOH is mainly affected by the presence
of LiCl, which lowers its mobility (increasing the total viscosity
of the system) to half of the values for pure methanol. TBP
also slightly decreases the mobility of MeOH, which is in line
with the fact that TBP and MeOH can interact via hydrogen
bonds, and since TBP is a bulky molecule (with low mobility),
it decreases the mobility of MeOH as a consequence.

DD is more mobile in the MD system, where the lack of
strong interactions with TBP and the small amount of DD
itself (which prevents a strong clustering with itself) allows DD
to move “freely”. The lower mobility of DD in the MDT and
MLDT systems can be easily attributed to the clustering of DD
with itself or with TBP. Again, the higher viscosities in the
MLD and MLDT systems (due to LiCl) strongly influence the
results. With respect to the addition of TBP, MSDs of Li* and
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Figure 2. Snapshot taken from the MLDT system. All atoms are
represented by their van der Waals radii. Color scheme: yellow for
LiCl, red for MeOH, green for TBP, and blue for DD.

CI” seem to comply with those of MeOH by decreasing
accordingly, pointing to a correlation between them.
Interestingly, Cl™ is slightly faster than Li".

To allow some further considerations, we plotted the MSDs
of TBP and DD in the MDT and MLDT systems. The curves
show that the dynamics of these molecules might be related.
Yet, it is clear that TBP is more influenced by the addition of
LiCl than DD.

Table 5 shows the diffusion coefficients of the components
in different systems. The experimental diffusion coefficient of
neat MeOH is 2.6 X 10~ m*s™}, and in our simulation of the
system MD, we obtained 2.5 X 10~ m*s™!, which is in very
good agreement. We see that in all systems, MeOH molecules
are more mobile than DD, the ions and TBP. It is also
interesting that the dynamics of the ions are only slightly
influenced by the presence of TBP.

Structural Properties. We used radial pair distribution
functions (RDFs) to further interpret the data gathered in the
previous sections. Figure 4 displays the RDFs of the interplay
between MeOH molecules and Li*. With respect to the
MeOH—-MeOH interactions, the MDT system shows the
highest value first peak. The second highest value of the first
peak is from the MD system. Interestingly, MLD and MLDT
systems show the smallest first peak. This is easy to explain
once we take into account the shoulder of both curves at 340
pm. These shoulders are only visible for systems which contain
LiCl and therefore, they are due to the proximity of MeOH
molecules that are interacting with the same LiCl ion."" It is
reasonable to conclude that because of the strong interaction
between MeOH and LiCl, the ions interpose between MeOH
molecules, creating an even stronger network (showing the
kosmotropic character of LiCl), as shown by the increase in

DOI: 10.1021/acs.jpcb.9b00839
J. Phys. Chem. B 2019, 123, 4400—4407


http://dx.doi.org/10.1021/acs.jpcb.9b00839

The Journal of Physical Chemistry B

= MeOH N DD
— MD
— MLD
4 — MDT
— MLDT
o ~
2
53 £
o o
2 2
2 2 2
€ £ 1
1
co 5 10 15 20 25 ] 5 10 15 20 25
tau/ ps tau/ ps
" Licl R TBP
2 2
— MDT -
- - MDT -TBP
— MLDT -
15 15| |=—-MLDT-TBP
NE NE o
o s
Q4 %1 e -
T r L
° - |
1] @ e 4
£ S T e
0.5 05 = R
°o 5 10 15 20 25 ] 5 10 15 20 25
tau/ps tau/ps

Figure 3. Mean square displacements of the bottom phase components. Top left: MeOH; top right: DD; bottom left: Li* and CI~; bottom right:

DD and TBP.

Table 5. Diffusion Coeflicient (X107?, m*s™") in the
Bottom Phases

component MeOH Li* Cr DD TBP
MD 2.53 1.74
MLD 091 0.38 0.48 0.47
MDT 2.27 0.71 0.71
MLDT 0.82 0.36 0.39 0.69 0.39
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Figure 4. RDFs of the interactions of MeOH molecules in the bottom
phases.

viscosity in these systems. This is also confirmed by the highest
peaks in Figure 4, which represent the interactions between
MeOH molecules and Li". Figure 5 shows a snapshot of the
aforementioned situation. It is clear that MeOH interacts with
Li* and CI” via the oxygen and the hydrogen atoms,
respectively. Furthermore, it is possible to notice some
hydrogen bonds between MeOH molecules, a topic which
we tackle in the next section.

In Figure 6, we present an intramolecular analysis of the
RDFs of the two terminal carbons of DD. With the aid of this
analysis, we could define when DD is more crumpled or
stretched out in different systems. In the picture, we identified
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Figure 5. Example of the liquid structure of MeOH in the presence of
LiCl taken from the MLDT system. LiCl is represented with van der
Waals radii while MeOH is displayed with the ball-and-stick models.
Color scheme: brown for Li, green for CI, orange for C, red for O, and
white for H.

three distances for which the molecules seem more stabilized:
(1) 400 pm, which implies a crumpled structure, (2) 1050 pm,
which implies a stretched out structure, and (3) 850 pm, which
is the half-way case. In the MD system, the crumpled structure
is almost equally relevant as the stretched one, whereas the
addition of TBP in MDT and MLDT systems induces a
relaxation of the structure toward the more stretched one. The
comparison between MDT and MLDT systems confirmed
once more the stabilizing effect of TBP on DD. In fact, in these
systems, the amount of TBP was the same while having 100
DD molecules in the MDT system and only 10 DD molecules
in the MLDT system. Consequently, it is reasonable that in the
MLDT system, DD is completely surrounded by TBP, which
allows the full relaxation of DD. In the MDT system, due to
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Figure 6. Intramolecular RDFs of the distance between the terminal
carbons of DD molecules.

this larger amount of DD, TBP may not be able to interpose
completely between DD and MeOH due to the larger amount
of DD, which leads to a more crumpled structure of DD. For
the sake of completeness, we also reported the analysis for the
MLD system. However, since this system contains only two
molecules of DD, the statistical sampling for this specific
analysis is too poor and does not allow to draw any conclusion.

Hydrogen-Bond (HB) Network. Following the observa-
tions of the previous section, we decided to calculate the
average hydrogen-bond (HB) lifetimes in our systems (see
Table 6), to confirm the effect of LiCl on the solvent liquid

Table 6. Average Lifetime (ps) of the Hydrogen Bond
between MeOH (Donor) and the Components of Different
Systems

MeOH CI” TBP
MD 13.8
MLD 28.8 158.5
MDT 16.5 10.2
MLDT 32.6 18.7 20.1

structure. This was possible by means of the methodology
introduced by Luzar and Chandler.>*™>” The HB donor is
always the MeOH oxygen atom and depending on the system,
we have different acceptors: MeOH(O), LiCI(Cl7), and
TBP(O*?). By comparing the HB dynamics for MeOH—
MeOH in different systems, we can evaluate the influence of
other compounds and extend our molecular-level under-
standing of the systems.

We see that the addition of LiCl strongly slows down the
HB dynamics for MeOH—MeOH. This observation is crucial
as it shows that LiCl has a sort of “pinning effect” on MeOH.
This pinning effect organizes and stabilizes the MeOH liquid
structure by slowing down the HB dynamics without hindering
the HB formation (Figure S). Since the presence of LiCl is
clearly related to the lower miscibility of DD in MeOH, we can
easily correlate the slower, therefore stronger, HB network to
the lower miscibility. In fact, the diffusional motion of the
hydrophobic solute molecule can be explained via the diffusion
of a void containing the molecule itself. This diffusion process
becomes less likely with such a slow HB dynamics,”* which
explains the lower miscibility. Interestingly, TBP slows down
the dynamics of MeOH—MeOH HB. On the other hand, since
the interaction between TBP and MeOH (shown by the RDFs
analysis in the SI) is weaker, we cannot draw the same
conclusion we drew for LiCl. An easy explanation for the
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slower dynamics in the presence of TBP is that the dissolution
of any molecule, be it hydrophobic or hydrophilic, tends to
reduce solvent entropy in hydrogen-bonding solvents. There-
fore, DD and TBP influence on the HB network agrees with
previous studies on the effect of hydrophobic molecules on the
solvent HBs.”>™* Another effect to keep in mind, which
further justifies our findings, is the effect of secondary alkyl
groups on the HB formation energetics.”’

B CONCLUSIONS

By means of a comprehensive approach, which includes
experimental data and theoretical simulations, we studied the
fundamental aspects of solvent miscibility. We investigated the
mixing of two potential candidate solvents (methanol and -
dodecane) for solvent extraction, in the paradigm of
solvometallurgy. Experimentally, we found that good separa-
tion of the two solvents can be achieved by the addition of a
salt (in this case LiCl) and that the addition of a popular
extractant appeared to worsen the phase separation. We also
highlighted, by means of '"H NMR spectroscopy, in the case of
the full MLDT system, that poor phase separation is not due to
the migration of n-dodecane into the more polar phase, but
rather due to the migration of tri-n-butyl phosphate into the
polar phase. This is an interesting result, especially for
industrial applications of nonaqueous solvent extraction.

The “polar” phases obtained during the experimental study
were investigated by means of classical molecular dynamics
simulations. We found that n-dodecane tends to cluster into
methanol and tends to dissolve into tri-n-butyl phosphate
microphase. LiCl exhibited a greater impact with respect to the
overall dynamics. In fact, we observed an increase of the
viscosity, which we correlated to an increase of the hydrogen-
bond lifetimes. Consequently, the addition of LiCl not only
implied an addition of strong interactions between different
components of the system, but also an indirect influence on
the liquid structure of methanol, by favoring a stronger
hydrogen-bond network. This may be the reason why
experimentally we have found that the amount of n-dodecane
in the bottom phase of the MLDT system is lower than in the
MDT system, with the amount of tri-n-butyl phosphate being
the same, since tri-n-butyl phosphate can be part of the
hydrogen-bond network, and consequently the exclusion of #-
dodecane is not due to the direct presence of LiCl, but due to
the “hardening” of the hydrogen-bond network. This effect
recalls what had been previously observed by Jiang et al.**
while studying the roles of the hydrophobic effect and
hydrogen bonding in systems able to selectively recognize
hydrophilic molecules in water. Following the concept that it is
not the addition of the salt that directly improves the phase
separation, but rather a consequence of the hydrogen-bond
network, new ways of improving phase separation of two
solvents can be thought and tested. For example, it was proven
that the local structure of water reorganizes in the vicinity of
polyelectrolyte brushes, leading to an enhancement of the
hydrogen-bond network.*” Furthermore, a similar effect on the
methanol liquid structure can be obtained by playing with
temperature and pressure.’’ This kind of effect might be
exploited similarly to how LiCl has been used in our work.
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