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ABSTRACT: This study outlines the methodology to model hydrophobic HDES have less favorable hydrogen bond interactions than
deep eutectic solvent (HDES) interactions to obtain computational results individual components.

that accurately represent experimental results of furfural removal from water. g 015 |

Computational prediction with high accuracy of HDES behavior could Té ey fom DT predictons 2 od é
elucidate hydrogen bond interaction in HDES. COSMOtherm modeling % .15 od 1
and experimental evaluation demonstrated that both decanoic and = , \ ) \%
dodecanoic acid-based HDES can remove furfural from water even at very 5 o A V\ﬁ N
low concentrations of 0.1 mol %. The modeling methodology considered < (o) rom averagof HDES companens ”// P
salts as independent cations, which were paired with the hydrogen bond & . e

donor (HBD) species. These resulted in computational predictions of " 003 001 0.01 0.03

liquid—liquid equilibrium (LLE) between tetra n-alkyl ammonium bromide Charge Density (e/A?)

salt-based HDES with >95% accuracy of experimental results. The

COSMOtherm modeling methodology strengthens the understanding of HDES by considering intermolecular forces that affect
electron density (6) of the HDES components to determine the LLE of the HDES-aqueous system. This results in a deep eutectic
phase that has a positive sigma potential (potentials, y(c), up to 0.1 kcal/mol A?) at charge densities associated with hydrogen
bonding (+0.0084 e/A?). Though n-alkyl ammonium salts ranging from tetramethyl- to tetraoctylammonium bromide were
considered in the computational model, only pentyl- and longer alkyl chains displayed hydrophobic behavior with less than 1% salt
loss to the aqueous phase. However, there was still significant water uptake in the eutectic phase (final phase composition containing
greater than 60 mol and 12% by mass) for the hydrophobic DES.

1. INTRODUCTION the DES phase significantly and change the properties of the
solvents, which includes absorption parameters, polarity,
density, and viscosity.* "

The physical properties of the DES can be tuned and
enhanced by altering HBA and HBD. This includes changing
solubility and miscibility in water drastically compared to the
individual DES components. Van Osch et al. demonstrated
that utilizing quaternary ammonium salts (HBA) with long
alkyl chains paired with long-chain acids (C4—C,;, HBD)
could be used to promote hydrophobicity in the DES, even
though the HBA itself is soluble in water."" This new category
of DES, therefore referred to as hydrophobic deep eutectic
solvents (HDES), allows for further application to extraction
processes from an aqueous medium. One such application
includes the recovery of valuable platform organic chemicals
from aqueous solutions (whether from processed biomass,

Deep eutectic solvents (DES) are a relatively new class of
solvents that can optimize a solvent’s physical properties by
complex interactions through multiple solvent components.
DES are characterized by the mixing of two or more
compounds that form a single phase with a lower melting
point than any of the individual components. These
components can be metal chlorides, weak acids and bases, or
functionalized aromatic species. Generally, DES components
are hydrogen bond acceptors (HBA) and hydrogen bond
donors (HBD). Choline chloride (HBA) and urea (HBD) at
1:2 molar ratio was first shown to have a deep eutectic
interaction by Abbot et al." The DES formed has a melting
point of 12 °C, which is significantly lower than the melting
points of choline chloride (300 °C) and urea (133 °C). Since
then, additional DES have been shown to form using HBA of
quaternary phosphonium and ammonium salts along with
HBD of nearly any compound with an acidic hydrogen® " Received: June S, 2020
Unfortunately, most of these examples of DES are hydrophilic. Accepted: August 14, 2020
Applications for these DES have been limited to organic Published: August 24, 2020
systems and gas absorption from dehydrated gas streams.”~”

Water can be added to decrease DES viscosity, though

processes that involve significant amounts of water can disrupt
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wastewater, or post thermochemical process liquid).">"’

Furfural is one such platform chemical that can be easily
made through the hydrolysis of sugars in a water medium."*~"°
Usually, furfural concentration in wastewater or process water
can be found as high as 1000 mg/L with optimal conditions.*”
This concentration varies with the operating parameters as well
as the feedstock used. Furfural often repolymerizes into larger
molecules at higher concentration and hydrolysis temper-
atures.'® Therefore, the concentration of furfural is often
maintained low. Therefore, several stages of purification are
required at the downstream processing. Generally, fluid
extraction processes (such as liquid—liquid equilibrium
extraction or supercritical extraction) are desirable for furfural
purification since thermal methods can degrade the furfural or
cause polymerization of the furan monomers.' >’

HDES could be a potential solvent for furfural removal from
water. However, with overwhelmed possibilities of DES
components (HBA and HBD), experimental methodologies
are limited in their capacity to process the enormous possible
combinations of components at varying ratios. Dietz et al.
tackled a small subset of HDES to remove furfural from water
using experimental methodologies and found that furfural has a
4:1 distribution ratio between water and HDES.”" This work is
promising but only covers a small amount of solvents when
considering all the possible combinations of HBA and HBD
that can form HDES. Computational methods are therefore
required to screen and process DES. However, modeling DES
solvents and the eutectic interactions are not straightforward,
as electrostatic interactions along with partial hydrogen
bonding and solvation shells result in complex bonding
networks. Depending on the type of HBA and HBD being
modeled, methods such as the nonrandom two-liquid model
(NRTL) can have errors up to 20% when predicting the
solubility of salts in phosphonium-based DES.”* Multiple
studies have even found that considering eutectic interactions
for DES compounds made less accurate predictions than
considering ideal solutions when using perturbed chain
statistical associating fluid theory (PC-SAFT)-based mod-
els.”>** These methods need adjustments to account for the
hydrogen bonding that occurs in the DES. Studies that have
explicitly incorporated corrections for hydrogen bonding from
experimental data have achieved SAFT predictions closer to
real values.”> However, additional corrections may be needed
since, with HBA and HBD interactions, the electron density is
shifted around the molecules, which can induce various dipoles
that affect even nonhydrogen-based interactions.”® Therefore,
molecular simulations and probabilistic models are required to
evaluate DES solvent properties at higher accuracies. Density
functional theory (DFT) is one such method for modeling the
interactions between molecules by first determining electron
distribution. COSMOtherm™ is a software suite from Dassault
Systémes (previously Cosmologic.de) that utilizes DFT
calculations to determine electrostatic interactions in liquids.””
This modeling methodology specifically focuses on electro-
static interactions as well as hydrogen bond afhinities, which is
more relevant for DES, as it represents an ionic bond in the
halide salt as well as the eutectic hydrogen bond that is formed.
Previous studies have used COSMOtherm to predict the
solubility of hexane and benzene in hydrophilic quaternary
ammonium salt-based DES.”**” Overall, the predictions have
been relatively close with root-mean-square deviations
averaging 5%; however, the modeling methodologies are not
always transferrable among solvents. A successful method for

reline (choline chloride/urea 1:2 molar ratio) that considers its
unique hydrogen bonding states is likely to be unsuccessful for
HDES as tetraoctylammonium bromide and decanoic acid do
not have the same bonding and intermolecular behaviors.

One of the limitations of the existing COSMO models, and
other DFT models that evaluate electrostatic interactions of
DES, is that intermolecular forces that redistribute electron
density rapidly drive up the complexity and computational
effort. To overcome the limitation, several studies assumed
that electron densities of solutions, noted with sigma (o, unit
of e/A?), are linear combinations of the component
species.””*”*" However, the charge densities of these solutions
are not exactly linear combinations.’” The potential associated
with the electron density distribution, noted as u(c) and
referred to as sigma potential (kcal/mol A%), can be used to
elucidate intermolecular bonding. Negative sigma potential
values show energetically favorable interactions, and potentials
at high- and low-charge densities can be used to predict if a
molecule will participate in hydrogen bonding. There are
significant deviations in the area associated with hydrogen
bond donation in DES, which will likely to increase COSMO
model accuracy. Therefore, this study will evaluate the
modeling of HDES by methods previously used on ionic
liquid modeling (i.e., separate modeling of anionic and cationic
species in the ammonium salt). These methods are expected to
be more accurate (less than 5% error compared to experi-
ments) for predicting furfural distribution in DES—water
systems. This model will be validated by rigorous experiments
that consider the effect of alkyl chain length on the ammonium
salt and the size of the carboxylic acid.

2. RESULTS AND DISCUSSION

2.1. Validation of COSMO Model Consistency. The
modeling methodology used for this study was tested against
previously verified models such as the similar COSMO-based
model detailed by Hizaddin et al, which examined
denitrification of fuels using hydrophilic DES.** This modeling
methodology predicted lower solubilities and selectivity of
nitrogen-containing compounds such as pyrrole in a DES made
of Ny,Br and n-hexanoic acid (1:2 molar ratio). This model
predicted a selectivity of pyrrole over diesel of 123 and a
maximum capacity (determined at infinite dilution) of pyrrole
of 6.1, whereas Hizaddin et al. reported selectivity of 207 and
24.6, respectively.’® In general, this difference is caused by the
newer model predicting a lower degree of hydrogen bonding
interaction between the solute species and the DES. This is a
result of the newer model recalculating the electron
distribution of the DES components after they have been
mixed together, whereas Hizaddin et al. assumed a linear
combination of sigma profiles.”® The result of these differences
is that Hizaddin’s model has electron density potentials of
N, 444Br and n-hexanoic acid DES that do not go below —0.5
kcal/(mol A?) at positive charge densities, whereas this model
predicts larger values of —0.8 kcal/(mol A*) at the same
conditions. It should be noted that Hizaddin et al. also report
errors lower than 5% between model and experimental data
sets.”> This shows that models are not necessarily transferrable
between solutions and solvents; their model was appropriate
for their conditions, while the model used here is more
appropriate for evaluating HDES.

Perturbed chain statistical associating fluid theory (PC-
SAFT)-based models are also commonly used for modeling
the electrostatic interactions found in DES. Dietz et al
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Figure 1. Sigma potential profiles of tetraalkyl ammonium cations, decanoic acid, and dodecanoic acid with respect to charge density.

developed a model for predicting CO, solubility in HDES.*
Compared to the PC-SAFT model, the described COSMO
methodology predicts a higher solubility of CO, in a [N44,]*-
based DES (mole fraction of CO, at 0.20 compared to 0.14 at
1 MPa and 2S5 °C in Ny4,Cl and decanoic acid at a 1:2 molar
ratio). This difference in prediction is consistent with other
PC-SAFT models that also predicted a lower solubility of
furans in ammonium and nonammonium-based HDES than
those measured by experimental methods.”* Dietz et al. have
reported, using a similar PC-SAFT model, that NgggeBr/
decnaoic acid (1:2 molar ratio) HDES has a high solubility of
S-hydroxymethyl furfural (HMF), whereas this model
predicted full miscibility between the HDES and HMF.”
Both of these PC-SAFT models do not consider hydrogen
bonding effects explicitly that occur between both the HDES
components as well as the HDES and the target solute, but
rather use a generic association term between components that
includes all intermolecular interactions.”***

Conformers of all quaternary ammonium cations were
generated using COSMOconfx. Conformers and their
respective energy compared to the ideal geometry are shown
in Table S1. Conformers are considered as significant, when
they have energies less than 4 kcal/mol higher than the ideal
geometry.” This is in agreement with more robust
experimental studies that have investigated conformer energies
of smaller quaternary ammonium salts.”> The addition of these
additional conformers is significant, as nonideal geometries
may actually have lower energy when interacting with
additional solvents or solutes. DES have been shown to exist
in multiple conformer states even without additional species
being added to the solution.’® The addition of these
conformers does introduce additional complexity to the
calculations but should not be ignored when screening such
a wide range of solvent compositions.

2.2. Charge Density Distribution of Individual
Species and DES. Electron density distribution (distribution
of o(e/A*)) is the basis for the equilibria calculations
performed in COSMOtherm, with hydrophobic and hydro-

22307

philic species have drastically different profiles.”” Electron
density distribution is commonly referred to as the sigma
profile or o-profile. For example, water has a dispersed profile
over both positive and negative charge densities (+0.015 e/
A?), while hexane has a sharp peak at a neutral charge density
that quickly falls off and does not extend beyond +0.005 e/
A%?” The total and maximum values of these electron density
distribution profiles are dependent on the size of the molecule,
so hexane has a much higher peak than water (nearly 40 A
compared to less than 5 A*). Water’s sigma profile extends into
the zones associated with hydrogen bond donation while
hexane does not. Similar evaluations can be used to
qualitatively compare different molecules before quantitatively
comparing them using the calculations performed by the
COSMO software.

Figure 1 shows the sigma profile of the various quaternary
cations along with the sigma distributions of the DES and their
respective components. The major sigma profile peak for all
species occurs between —0.005 and —0.002 e/A® in the
nonpolar region, with longer alkyl chains leading to higher
peaks (as expected since there is more surface area on the
longer molecules). These tightly grouped distributions show
that the ammonium cation has a fairly consistent charge
around the molecule. This can be mostly attributed to the
longer alkyl chains, which have the significant surface area and
only slightly positive charges (causing the peak to occur in the
slightly negative electron density range of —0.005 to —0.002 e/
A?). All of the cations, when corrected for having a positive
charge, correctly lack significant electron density at charges
associated with hydrogen bond acceptance (electron density
greater than 0.0084 e/A%). In the DES itself, the halogen is
what will be participating in the hydrogen bond interaction
with the donor species (decanoic and dodecanoic acid).*®

The sigma potentials elucidate additional information about
the hydrogen bond accepting and donating capabilities of the
HDES investigated and their individual components. These
potentials, commonly referred to as sigma potentials or y(0),
show how a molecule would favorably or unfavorably interact
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in a charged environment. These potentials are generally
divided into two regions, the central region that shows
nonpolar interactions (charge density < +0.0084 e/A?), and
the outer regions that show hydrogen bond acceptance or
donation capabilities (charge density > +0.0084 e/A?). Figures
2 and 3 show these profiles along with their molar and mass-
based averages. All profiles can be found in the Supporitng
Information.

The x-axis for all figures is the charge density and spans both
the hydrogen bonding and nonpolar interacting regions, while

the y-axis refers to the sigma potential the molecule
experiences when exposed to an environment with that charge.
Each subfigure shows a different ammonium salt (from N,,,,Br
to NggssBr) with its respective sigma potential profile, along
with the potentials of its associated HDES. A key distinction
between sigma profiles and sigma potential profiles is that
charge density in the former refers to the molecule’s charge
density, and charge density in the latter refer to the charge
density of a surface not on the molecule. Thus, high electron
density on a sigma profile would be reflected by a peak in the
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positive electron density region and mostly likely a favorable,
negative potential in the negative electron density region of the
sigma potential profile. Each HDES has three potentials: the
potential calculated by COSMO (which was used for
determining LLE), the potential determined by percent mass
contribution, and the potential determined by percent mole
contribution. The mass- and mole-based potentials, which
were not used in any calculations, are shown to compare to
methods used in previous studies that have examined the sigma

potentials of DES.””*”*" As expected from the sigma profiles,

the sigma potentials of the ammonium salts (with the halogen
now included) predict that these species can accept hydrogen
bonds but cannot donate the hydrogens that they do not have.
All NyuusBr species have negative sigma potentials below
—0.0084 e/A? and positive sigma potentials above 0.0084 e/A”.
Lengthening the alkyl chain has little effect on the sigma
potential of the HBA at negative charge densities, with values
ranging from —0.809 to —0.798 kcal/mol A* for N,,,,Br and
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Table 1. Computational and Experimental LLE Combinations of HBA and HBD for Furfural Removal from Water by HDES

aqueous phase

HDES phase

computationally evaluated

experimentally evaluated

water

furfural

decanoic acid

dodecanoic acid

Ny444Br
NisssBr
NesssBr
Ny777Br
NigssBr
Nyya4Br
NisssBr
NesssBr
Ny777Br
NigssBr

GG NG S S G

Table 2. Equilibrium Phase Distribution of Furfural Solutions With N#### Bromide and Decanoic Acid/Dodecanoic Acid

HDES at 40 °C and 1 atom”

DES component

phase 1 species (mMol)

phase 2 species (mMol)

HBD HBA HBD HBA water
decanoic acid N4444Br 597.1 53.1 453
decanoic acid NSS555Br 599.9 81.6 1698.8
decanoic acid N6666Br 599.9 199.9 1670 + 80
decanoic acid N7777Br 599.9 199.9 1481.7
decanoic acid N8888Br 599.9 191.4 1230 + 60
dodecanoic acid N4444Br 599.4 53.9 346.7
dodecanoic acid NSS555Br 599.6 78.7 488.6
dodecanoic acid N6666Br 599.9 199.9 1380 + 30"
dodecanoic acid N7777Br 599.9 199.9 1251.6
dodecanoic acid N8888Br 600 188.5 1030 + 40”

furfural HBD HBA water furfural
5.7 29 1469 9547 43
8.4 0.1 1184 8301.2 1.6
8.5 + 0.1° 0.1 0.1 8330 + 80" 1.5 +0.1°
8.4 0.1 0.1 85183 1.6
79 + 0.1° 0.1 8.6 8770 + 60” 2.1 +0.1"
54 0.6 146.1 9653.3 4.6
54 04 1213 95114 4.6
84 + 0.1° 0.1 0.1 8620 + 30° 1.6 + 0.1°
8.3 0.1 0.1 8748.4 1.7
7.6 + 0.1° 0 11.5 8970 + 40° 24 +01°

“Initial conditions used 0.6 moles HBD, 0.2 moles HBA, 10 moles water, and 0.01 moles furfural. ®*Values with standard deviations shown are

experimentally determined values.

NgsssBr, respectively, at —0.3 e/A% At positive charge
densities, lengthening the alkyl chain increases the potential,
with values ranging from 0.36 to 0.428 kcal/mol A for N,,,Br
and NgggsBr, respectively, at 0.3 e/A”

The HDES themselves have a positive potential after the
hydrogen-bond-donating threshold (charge density = 0.0084
e/A?) and only display donor affinity after charge densities of
0.022 e/A% This difference between the predicted molar
average and actual sigma potentials is significant, as generally
molar averages are considered acceptable prediction methods
for sigma values.””*"*” The largest difference between the
molar average and model values occurs in the hydrogen bond
donor region at 0.022 e/A?, where the linear combination
value is close to zero, and the model value is higher at around
0.1 kcal/mol A This positive potential indicates that for there
to be favorable hydrogen bonding interactions the bonding
species must have an electron density greater than 0.022 e/A”.
In general, this would mean that the model predicts less
extensive hydrogen bonding on species that are not strongly
electronegative. For evaluating the performance of the HDES
in removing furfural, this prediction of energetically unfavor-
able hydrogen bonds would also suggest that van der Waals
interactions will be the primary mechanism for furfural
removal.

Variations in the ammonium salt and the carboxylic acid had
minimal effect on the sigma potential of the HDES phase. For
all ammonium salts, the related HDES formed by either
decanoic or dodecanoic acid have sigma potentials within a
range of 0.006 kcal/mol A* (such as N,,,,Br when paired with
decanoic acid compared to Ny Br paired with dodecanoic
acid). Figures 4 and S show the sigma potentials of the

decanoic and dodecanoic acid-based DES, respectively, with
each DES’s potential being relative to N, Br. Each figure
shows two clear inflection points around the hydrogen bonding
thresholds at approximately +0.008¢/A% Between these values
(e/A* < £0.008), the largest ammonium salts have the most
negative potentials, but even so there is only a difference of
0.004 kcal/mol A% At charge densities greater than the
hydrogen bonding threshold (e/A* > +0.008), the larger the
ammonium salt the more positive (and thus unfavorable) the
sigma potential. This is significant as it shows that simply
increasing the salt’s size, in this case increasing the alkyl chain
length, will not make the HDES more available to hydrogen
bonding (the main mechanism for the formation of the
eutectic phase). The potential difference between the species is
approximately 3% for each step in alkyl chain length (such as
pentyl- > hexyl) in the hydrogen bonding regions (e/A* >
+0.008).

2.3. Furfural Extraction from Water and Salt Loss.
LLE were modeled for systems of HDES made from decanoic
and dodecanoic acid using N,4Br to NgggeBr, at a 1:3 molar
ratio. These were mixed with low concentration furfural
solutions. Table 1 shows how each system was evaluated, and
Table 2 shows the finial equilibrium reached in each system. In
all systems, there is a two-phase distribution. Generally, phase
1 refers to the HDES-rich phase (mostly nonpolar), and phase
2 refers to the water-rich phase (mostly polar). N4, and N
systems, when paired with either acid, do not keep their
eutectic ratios as more of the ammonium salt moves into the
aqueous phase than the carboxylic acid does. N Br and
decanoic acid are at a 1:11.2 ratio and Njs5sBr and decanoic
acid are at a 1:7.4 ratio in their respective nonaqueous phases.
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In dodecanoic acid, these ratios are 1:11.1 and 1:7.6 for
N, 444Br and NigssBr, respectively. This change in the ratio is
because the ammonium salt has a stronger interaction with
water than with the HBD. This causes most of the ammonium
salt to move into the water phase (more than 70% for N,,,Br
and more than 55% for NgsssBr when paired with either acid).
Due to this significant mixing with water, DES with
ammonium salts with chains shorter than five carbons can be
considered hydrophilic, and those with longer chains can be
considered hydrophobic (though there is still significant
mixing of the two phases, a clear aqueous and nonaqueous
phase).

Though there is little HBA loss in the longer chained HDES,
there is a large amount of water uptake into the HDES phase.
This additional water uptake may be beneficial for furfural
extraction though, as Ny removes more total furfural than
Nggss (85% compared to 80%, respectively). Another
explanation can be found in Figures 4 and S, which show
that increasing the ammonium salt’s alkyl chain length
decreases the energetic favorability of hydrogen bonding.
Phase distributions were confirmed using experimental
methods previously described. The calculations were con-
firmed within +5% relative error of the results presented in
Table 2. Experimental values are shown in Table 2 with
standard deviations, and computation values are shown
without standard deviations. These results indicate a clear
cutoff for HDES that can be used with aqueous systems with
minimal solvent loss. This is consistent with previous
experimental research, which has shown that DES with
ammonium salts with shorter alkyl chain than Ny are
water miscible.""***' For N,,,,Br with decanoic acid, there is a
loss of salt leaching of 0. 28 g/g water at equilibrium. This is
comparable to measurements taken by van Osch et al. using
similar solvents (0.35 g of N,,,Cl lost per gram of water)."
Longer alkyl chains drastically reduce the amount of salt
leaching, with less than 1 mol % of NggBr and No,.-Br
leaching into the aqueous phase. NggesBr has slightly higher
leaching, with 4.3 and 5.8% loss with decanoic and dodecanoic
acid, respectively. This increase, despite having the longest
alkyl chains of any of the HBA, is most likely due to weakened
interactions between the HBA and HBD in the HDES. Of the
ammonium salts that do not dissolve into water, NggBr
extracts the most furfural (85%), though it also takes up the
most water (67 mol %/13.7 mass % water with decanoic acid
and 63 mol %/ 12.7 mass % water with dodecanoic acid). This
is far more water than is predicted by PC-SAFT models, which
predict less than 4 mass % of water in NggqeBr/decanoic acid
HDES.”* For NgggsBr/decanoic acid, specifically the modeled
and experimental results match previous research that
measured a 4:1 ratio of distribution of furfural between the
DES and aqueous phases even with less acid, suggesting that
the salt is primarily responsible for furfural removal.”’
Increasing the hydrophobicity of the acid lowers the amount
of water in the HDES phase, but has no significant impact on
the amount of furfural removed. This was true for both HDES
that did and did not keep their ratios of 1:3 HBA/HBD in the
HDES phase.

3. CONCLUSIONS

Hydrophobic deep eutectic solvents were modeled using
COSMOtherm software suite. This process included density
functional theory (DFT)-based modeling of the electron
distribution of the quaternary ammonium salts and evaluation

of the various geometric conformers that may appear. The
separate consideration of the bromide anion and ammonium
cation resulted in an accurate prediction for the HDES’s ability
to remove furfural from water. This step resulted in a sigma
potential distribution that was dissimilar from the linear
combination of the sigma potentials of the component species,
specifically in the hydrogen bond-donating region. The HDES
did not display donor affinity until after charge densities of
0.022 e/A? well beyond the normal threshold for hydrogen
bonding of 0.0084. Shorter alkyl chains on the ammonium salts
generally reduced the ability to remove furfural form water, as
there was significant salt leaching into the aqueous phase.
Future research into hydrophobic deep eutectic solvents
should consider Nys5sBr as the smallest ammonium salt that
does not have significant salt loss in water.

4. MATERIALS AND METHODS

4.1. Modeling Process of N-Quaternary Ammonium
Cations. COSMOtherm’s TURBOMOLEX module was used
to create COSMO profiles for HDES components. These
COSMO profiles are the energetically favorable configuration
of the components, whose initial electron distributions are
calculated using the tri-zeta valence polarizable (TZVP)
parameters. The Supporting Information shows the two such
configurations of tetra octyl ammonium ion before and after
minimizing energy by optimizing geometry that results from
this molecular modeling process (Figure S1). Using the
COSMO parameter (meaning each atom as an ideal
conductor) selection along with the TZVP parameter set the
modeled molecules are considered as ideal conductor where
electron density can move across the molecules’ surface. This is
preferable for the HDES components, as capturing the correct
electronic nature of the molecules is vital for correctly
macroscopic behavior of the model. This is particularly
important when there is such a significant polarity difference
between phases, such as liquid—liquid extractions (LLE)
between hydrophobic (dielectric constant below 15) and
aqueous phases (dielectric constant above 75).

N-Quaternary ammonium cations ranging from tetramethy-
lammonium, [Nj;;]*, to tetraoctylammonium, [Ngges]*, were
modeled using the methods described above. The central
nitrogen was considered with an SP*® hybridization and the
overall molecular charge was considered +1 for all species (as
they were modeled as cations). This independent modeling of
cations and anion is meant to reflect experimental observations
of eutectic solvent arrangement in real solutions."* Additional
conformers were generated using COSMO’s confX18 module.
A basis set of TZVP was also used for conformer generation.
This module determines the various geometric confers that
exist by performing the same calculations in TURBOMOLEX
but with intermediate steps of adjusting the dihedral bonding
angles. The relative energy of each conformer is then
compared to the original molecule. Similar molecules are
then grouped together, so that even if hundreds of geometric
variations exist, the whole set can be approximated by a few
(<10) unique geometric configurations. The conformers used
in this study can be found in the Supporting Information.

4.2, COSMOtherm Liquid—Liquid Extraction (LLE) of
Furfural from Water. COSMOtherm’s LLE property
calculation option was used to determine the equilibrium
state of various HDES when mixed with water and furfural. All
calculations for equilibria were performed at 40 °C and 1 bar,
which matched with the experimental conditions. Only

https://dx.doi.org/10.1021/acsomega.0c02665
ACS Omega 2020, 5, 22305-22313


http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02665/suppl_file/ao0c02665_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02665/suppl_file/ao0c02665_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02665/suppl_file/ao0c02665_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02665?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

N,444Br—NyggesBr were considered as the lower alkyl chain
lengths than N, Br are fully miscible in water and do not
form a separate phase readily.43 For each case, 0.6 moles of
acid (either decanoic or dodecanoic) and 0.2 moles of HDES
(0.2 moles of [Nyu]" along with 0.2 moles of [Br]™) were
considered Phase 1, and 10 moles of water with 0.01 moles of
furfural were considered Phase 2. This low concentration of
furfural was selected to mimic experimental measurements of
furfural in treated wastewaters.”” The COSMO profiles of all
acids, water, and furfural were all extracted from the COSMO
TVZP molecular library. Both acids were considered with five
conformers, while furfural had two conformers. Extended
options of 500 000 iterations (though most converged in less
than 1000 and all converged before 100000) and a desired
convergence threshold of 1Xx107® was used for all LLE
calculations (convergence refers to a relative change in
concentrations between calculation iterations).

4.3. Experimental Determination of Liquid—Liquid
Extraction (LLE) of Furfural from Water. Phase equilibria
between HDES and furfural solutions were determined by the
mixing of the two individual phases into a centrifuge tube that
was kept at 40 °C in a water bath at atmospheric pressure.
HDES were prepped from N,4,Br, NggesBr, and NgggeBr and
decanoic and dodecanoic acid combinations at a 1:3 molar
ratio, as shown in Table 1. This ratio of 1:3 for salt/acid was
selected to minimize salt leach into the aqueous phase."'
Additionally, previous works have shown that hydrophobic
DES have strong melting point depressions even outside the
ideal eutectic ratio."* Osch et al. have also noted in previous
works that increasing the amount of carboxylic acid in HDES
can extend HDES life when regenerating after extraction has
been finished.* All chemicals were purchased from Fisher
Scientific (Hampton, NH). The samples were allowed to mix
for 4 h before analysis by ultraviolet—visible (UV—vis).
Furfural concentration in the aqueous phase was determined
by UV-—vis using a Hach DR6000 UV-—vis spectrometer
(Loveland, CO). The water capacity of the HDES was
determined through the addition of 100 yL of water into a
known mass of HDES, also at 40 °C. The HDES was
considered saturated when there was a visible clear aqueous
phase, which would appear below the HDES phase. The
mixture was allowed 30 min between water additions to come
to equilibrium, though most solutions seemed to visually
separate after saturation within a minute. All experimental
samples were kept in a desiccator and covered in plastic film to
prevent the uptake of atmospheric moisture. All experimental
conditions were completed in triplicates. Table 1 shows all
solvent combinations evaluated using computational modeling
and experimental methods. All combinations are at a 1:3 molar
ratio between HBA and HBD.
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