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ABSTRACT: Head-space gas chromatography mass spectrometry
(HS-GC-MS) was used for the first time to measure the total vapor
pressure of hydrophobic deep eutectic solvents (DESs). The new
method was developed as a valid alternative for thermogravimetric
analysis (TGA), as TGA did not allow obtaining reliable total vapor
pressure data for the hydrophobic DESs studied in this work. The main
advantage of HS-GC-MS is that the partial pressure of each DES
constituent and the contribution of each DES constituent to the total
vapor pressure of the mixture can be measured. The results give a clear
indication of the interactions occurring between the DES constituents.
Also, activity coefficients, enthalpies of evaporation, and activation
energies for fluid displacement were obtained and correlated to the
measured vapor pressure data. It was confirmed that the total vapor
pressures of the hydrophobic DESs are very low in comparison to vapor pressures of commonly used volatile organic solvents
like toluene. The total vapor pressures of the hydrophobic DESs were successfully predicted with perturbed-chain statistical
associating fluid theory (PC-SAFT) when using PC-SAFT parameters for the individual DES constituents.

KEYWORDS: Deep eutectic solvents, Volatility, Hydrophobic, PC-SAFT

■ INTRODUCTION

Ionic liquids (ILs) are often proposed as sustainable
replacements for volatile organic solvents1 owing to their low
vapor pressure, tunability of chemical and physical properties
(obtained by tuning the cation/anion combination), and high
thermal stability. However, the high production cost of ILs is
still a limiting factor hampering their use at industrial scale.2,3

Deep eutectic solvents (DESs) are an interesting and cheaper
alternative class of “green” solvents compared to ILs. DESs are
relatively easy to prepare (by simply mixing its constituents
upon heating), and therefore their production is generally
cheaper than (corresponding) ILs.4 Still, the price and toxicity
of DESs is mainly determined by their constituents. DESs are
usually considered as IL analogues, because they also possess
tunability in thermal, physical, and chemical properties by
changing both the constituents and their mixing ratio,4 while
they are also assumed to have a very low volatility.5 A DES is a

mixture of two or more components with much lower melting
point than its constituents due to attractive interactions. These
attractive interactions consist of hydrogen bonding between
the constituents of the DES in addition to van der Waals
interactions.4 The potential use of DESs covers a wide range of
applications in separation technology, such as extraction,
absorption, distillation, and chromatography.6−9 Especially
interesting are the hydrophobic DESs, discovered in 2015,
which have successfully been applied for the removal of fatty
acids, biomolecules, and metal ions from water.10−12 A
systematic screening of various new “green” hydrophobic
DESs was recently published. The six most hydrophobic DESs
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with low viscosity that were identified in that screening have
been selected for this study.
For many applications in separation technology, it is

necessary that the total vapor pressure of the DES is as low
as possible. This has the advantage that other compounds
might be separated from the DES by distillation without
contamination by the DES and without any DES emissions
into the atmosphere. While it is generally claimed that DESs
have a very low total vapor pressure,5 in reality almost no vapor
pressure data for DESs have been reported so far, so this
general statement is not yet proven quantitatively. Knowledge
of vapor pressure data is also of utmost importance for
thermodynamic modeling as well as for classifying the DESs as
compared to common organic solvents like toluene, and this
will be the key objective of this paper.
The most common screening method for total vapor

pressure measurement is the use of a thermogravimetric
analyzer (TGA), which has been used to investigate the vapor
pressure of liquids as well as the sublimation pressure of
solids.13−16 This method has also been used for assessment of
the total vapor pressure of many ILs and a few hydrophilic
DESs. Another method for measuring vapor pressure data is
the Knudsen method, which has also been used before to
measure the total vapor pressure of a few ILs and hydrophilic
DESs.17,18 A disadvantage of both methods is that only the
total vapor pressure of the DES (i.e., a binary mixture) is
measured and not the two partial vapor pressures of the DES
constituents separately.19 Moreover, these experiments are very
time-consuming. The total vapor pressures of hydrophobic
DESs have never been reported before. New total vapor
pressure data open the door to parametrize thermodynamic
models, and partial pressure data for DES constituents allow
comparing to predictions with thermodynamic models. By this,
quantitative information on the interactions between the DES
constituents becomes available.
Interactions between DES constituents are usually quantified

by activity coefficients of the DES constituents, which for the
DESs have been recently accessed by solid−liquid equilibrium
measurements.19 However, activity coefficients derived from
these measurements are both concentration-dependent and
temperature-dependent. In contrast, total vapor pressure data
of DESs are accessible at isothermal conditions. This is
advantageous for analyzing interactions and for the application
and validation of thermodynamic models such as PC-SAFT.
PC-SAFT modeling of the phase behavior of DESs was applied
for the first time in 2015.20−22 In a following work, CO2
solubilities in DESs were modeled.23,24 Pure component
parameters and binary interaction parameters (kij) were fitted
to density data only. Using the pseudo pure approach (where
the DES was treated as one single compound) it was found
that the pure-component parameters are DES-specific and the
kij depend on the ratio of the DES constituents. This approach
was successful and simple, but new parameters are required for
each ratio of the DES constituents within one DES. In contrast,
the pure-component parameters were constituent-specific, and
the kij was ratio-independent when applying the individual-
component approach; in this approach the DES was modeled
as a mixture of its constituents. Despite higher complexity the
individual-component approach is much more elegant as DESs
with the same constituents but with different composition can
be modeled with the same PC-SAFT parameters. Thus, in this
work the individual-component approach will be used for PC-

SAFT modeling of the total vapor pressure and even more for
the partial pressures of the DES constituents.
In this study, we will use a new method, headspace gas

chromatography−mass spectrometry (HS-GC-MS),25,26 for
the first time to measure the partial pressure of the constituents
of six hydrophobic DESs individually, as well as their total
vapor pressure. Activity coefficients will be calculated from the
measured partial pressure data, and this will provide
quantitative information on the interaction between the two
DES constituents. The activity coefficients will also be
correlated to the viscosities of the six DESs, which are
Newtonian solvents,27,28 via activity energy relations. We will
show that the interactions between the DES constituents
significantly affect the measured vapor pressures. In addition,
the total vapor pressures of the six DESs will be predicted with
the PC-SAFT model for the first time using the individual
constituents approach. Finally, we will conclude that the six
DESs have indeed a very low volatility compared to
conventional organic solvents.

■ EXPERIMENTAL SECTION
Materials and Methods. The chemicals used in this work,

including their purity, source, and melting points, are presented in
Table 1. All chemicals were used as received from the supplier.

DESs Preparation. Table 2 presents the six DESs prepared and
used in this work, including their hydrogen bond donors (HBDs),

their hydrogen bond acceptors (HBAs), and the ratio between the
HBD and HBA. All HBDs and HBAs used were solids at ambient
conditions. Both solids were weighed and mixed in the desired molar
ratio in a round-bottom flask to produce an approximate amount of
25 g of DES. The round-bottom flask was stirred and heated in an oil
bath at 313 K for 2 h to obtain a liquid, the DES, which stayed liquid
after cooling to room temperature.

Vapor Pressure Measurements. Vapor pressures of the six
prepared DESs can be analyzed using two methods: (i) the
conventional TGA method and (ii) the new HS-GC-MS method
developed in this work. The TGA method is explained in detail in the
Supporting Information (Table S.1).

HS-GC-MS measurements were performed using a HS20 head
space, a GC-2010-plus gas chromatograph of Shimadzu (with a
capillary 100% dimethylpolysiloxane Agilent DB-1MS ultra inert

Table 1. Chemicals Used, Including Purity, Source, CAS
Number, and Fusion Temperature

name purity source CAS no.
fusion temperature

(K)

decanoic
acid

>98% Sigma-Aldrich 334-48-5 300−305

thymol >99% TCI
Chemicals

89-83-8 322−325

menthol >99% Sigma-Aldrich 98-78-1 304
lidocaine >99% Sigma-Aldrich 137-58-6 339−342

Table 2. DESs Prepared in This Work Including Their
HBDs, HBAs, HBD:HBA Ratios, and Abbreviations

HBD HBA molar ratio abbreviation

decanoic acid thymol 1:1 deca-thy
decanoic acid lidocaine 2:1 deca-lid 2:1
decanoic acid lidocaine 3:1 deca-lid 3:1
decanoic acid lidocaine 4:1 deca-lid 4:1
decanoic acid menthol 1:1 deca-men
thymol lidocaine 2:1 thy-lid

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.8b05449
ACS Sustainable Chem. Eng. 2019, 7, 4047−4057

4048

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05449/suppl_file/sc8b05449_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.8b05449


column with a length of 30 m, diameter of 0.25 mm, and a film
thickness of 0.25 μm), and a MS QP2020 of Shimadzu. The
headspace keeps the sample at a certain temperature, with an accuracy
of ±0.5 K, for a specified period of time. By means of GC and MS, the
constituents were separated and detected.25,26 The sample line
temperature has an accuracy ± 0.5 K and the transfer line temperature
± 0.5 K. The GC2010plus has an accuracy in temperature ±1%
(calibration at 0.01 K). Helium was used as carrier gas, and the
settings of the HS-GC-MS can be found in the Supporting
Information (Table S.2). A total of 0.5 g of DES was put in 20 mL
vials and incubated for different times (5−15−30−60−120 min) at
different temperatures (313−333−353−373 K). After incubation, 1
mL of the gas-phase was sampled and the concentrations of the DES
constituents in the gas-phase were analyzed with GC-MS.29,32−34

From these concentrations it is possible to determine vapor pressure
data using the Clausius−Clapeyron equation. Vapor pressure
measurements were repeated five times, and the standard deviation
was found to vary between 3.4 and 20 Pa, depending on the DES’
structure and temperature.
Viscosity Measurements. Rheology measurements were per-

formed with an Anton Paar Physica MCR 301 rheometer with a
concentric cylinder CC27 system (inner and outer diameter are 26.66
mm and 28.92 mm, respectively). First, dynamic measurements were

performed twice for each sample with a constant frequency of 6.3 rad/
s and a strain of 0.001 and temperature 293 until 333 K. Before and
between the measurement series, the sample was stirred for 100 s at
100 s−1. Subsequently, viscosity measurements were performed at
different shear rates between 0.001 and 100 s−1 until steady state
conditions were achieved at 293 K. Temperature accuracy is ±0.03 K,
and the torque uncertainty is max. 0.5%.

PC-SAFT. PC-SAFT was been first introduced by Gross and
Sadowski.30 It is based on statistical thermodynamics from Barker and
Henderson.31 PC-SAFT is a perturbation theory, which accounts for
association and dispersive forces that perturb the hard-chain reference
system. In PC-SAFT the residual molar Helmholtz energy ares is
calculated by the sum of free energies caused by hard-chain repulsion
ahc, dispersion forces adisp, and site−site specific hydrogen bonding
interactions aassoc (eq 1).

= + +a a a ares hc disp assoc (1)

For more information regarding PC-SAFT, the corresponding
formulas, the Berthelot−Lorenz and Wolbach−Sandler mixing rules,
and the parametrization, the interested reader is referred to previous
works.21,30,32,33

In this work the ratio specific individual constituent approach is
used, because different molar ratios of DESs are compared. Carboxylic

Table 3. PC-SAFT Pure Component Parameters for All the DES Constituentsa

compounds Mw (g·mol−1) mseg,i σi/Å ui/kB (K) Nsite εAiBi/kB (K) kAiBi

decanoic acid 172.27 7.147 3.339 242.46 2B 2263.00 0.020
lidocaine 234.34 5.294 2.585 323.00b 4C 1830.73 0.020
menthol 156.27 3.038 4.244 217.55 2B 3530.68 0.057
thymol 150.22 4.012 3.816 290.22 2B 1660.00 0.062

aThe parameters were obtained from literature.21,35−37. bWas refitted to experimental vapor pressure data of pure lidocaine from refs 29, 32.

Figure 1. Plot of the vapor pressure (Pvap) versus the parameter v (eq 2) for (A) ethylene glycol, (B) glycerol, (C) decanoic acid, and (D) thymol.
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acids and alcohols are modeled in general using the 2B association
scheme30 This well-known approach was also used in this work. For
lidocaine, the 4C scheme was inherited from the original work.34 The
segment number (mseg,i), the temperature-independent segment
diameter (σi), the dispersion-energy parameter (ui/kB), the associa-
tion-energy parameter (εAiBi/kB), and the effective volume of an
association site (κAiBi) are available from the literature and shown in
Table 3, including their literature references.

■ RESULTS AND DISCUSSION
Suitability of TGA Method for Vapor Pressure

Determination of Hydrophobic DESs. The conventional
technique for measuring sublimation pressures and vapor
pressures of pure components is the thermogravimetric
analysis (TGA).38 Price and Hawkins17 examined eq 2 for
pure components with known vapor pressure, and they found a
linear relationship between the vapor pressure (Pvap) and a
parameter (v) related to the weight loss in time in TGA
measurements with the same constant k for all the investigated
materials:

ν= ·P kvap (2)

where

i
k
jjj

y
{
zzz

i
k
jjj

y
{
zzz= ·v

m
t

T
M

d
d (3)

In eq 3, dm/dt is the mass decrease in time in TGA
measurements (g min−1), M is the molecular mass (g mol−1),
and T is the temperature (K). In previous works, the total
vapor pressures of several ILs and a few hydrophilic DESs19

were investigated with the TGA method, and it was found that
TGA is a useful method for rapid total vapor pressure
screening.
In this work, the suitability of the conventional TGA method

for measuring the total vapor pressure of several hydrophobic
DESs was analyzed. First, the values of k (assumed to be
constant for all materials in previous works16,39,17) for the pure
components ethylene glycol, glycerol, decanoic acid, and
thymol were determined using the TGA method. Ethylene
glycol and glycerol were chosen to confirm the reproducibility
of our results with previous literature,18 while decanoic acid
and thymol were selected as the reference substances of known
vapor pressure used in this work. Therefore, the evaporation
rates of ethylene glycol, glycerol, decanoic acid, and thymol
(dm/dt) were measured in the temperature range of 343−393
K, and the parameter ν was calculated (eq 2). Figure 1 shows a
plot of the vapor pressures (Pvap) of ethylene glycol, glycerol,

decanoic acid, and thymol against the calculated ν at different
temperatures. As expected, all substances show indeed a linear
relationship, so that parameter k can indeed be determined
from the slope. For ethylene glycol a k value of −2.0 × 106 Pa
min g−1/2 mol−1/2 K1/2 was found, which is identical to the
value found previously by other authors,17,21 validating our
TGA method. However, for glycerol it was found that k = −7.8
× 105 Pa min g−1/2 mol−1/2 K1/2, for decanoic acid k = 1.8104
Pa min g−1/2 mol−1/2 K1/2, and for thymol the k-value found
was −3.2.103 Pa min g−1/2 mol−1/2 K1/2. Thus, contrary to
previous works, all substances have different values for k in this
work. In fact, not only k but also Pvap depend on the value of ν
(see Figure 1), which makes application of the TGA method
for determining the vapor pressures questionable. As the value
of k is not constant for all hydrophobic DES constituents, eq 2
cannot be used to determine the unknown total vapor
pressures of the hydrophobic DESs investigated in this work.
Thus, the TGA method is apparently not suitable for the
determination of the total vapor pressure of the hydrophobic
DESs studied in this work.

Suitability of HS-GC-MS Method for Vapor Pressure
Determination of Hydrophobic DESs. Since the TGA
method was found to be unsuitable, it was necessary to develop
a new method to measure and study the volatility of
hydrophobic DESs and the effect of the DES constituents.
The method developed in this work and applied for the first
time to hydrophobic DESs is the headspace gas chromatog-
raphy−mass spectrometry (HS-GC-MS) method. This method
specifically determines vapor−liquid equilibria (VLE) and can
handle samples with unknown components.
Using HS-GC-MS, the composition of the vapor phase is

analyzed at known composition of the liquid phase, and the
measured peak area in the gas chromatogram needs to be
related to the vapor pressure. This can be done using the
Clausius−Clapeyron equation, which describes the relationship
between the vapor pressure (Pvap) and the temperature (T) of
a liquid (or solid) when the VLE is reached:

i
k
jjj

y
{
zzz= −Δ +P

H
RT

Cexpvap
vap

(4)

where ΔHvap (J mol−1) is the evaporation enthalpy, R (J mol−1

K−1) is the universal gas constant, and C (−) is an integration
constant (when assuming that the evaporation enthalpy is
temperature-independent within the relatively small temper-
ature range studied27). Because the peak areas are directly
proportional to the vapor pressure, as shown in Figure S.1 in

Figure 2. (A) Vapor pressure of toluene vs temperature. Black squares: literature data;33 red circles: this work. (B) Linearized with reciprocal
temperature.
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the Supporting Information, the peak area follows the same
shape as a function of the temperature:

i
k
jjj

y
{
zzz= − +A

T
BArea exp

(5)

where A and B are component related constants. Combining
eq 4 and 5 yields the vapor pressure as a function of the area of
the peak:

i
k
jjjj

y
{
zzzz= Δ · −

·
+P

H B
A R

Cexp
(ln(Area) )vap

vap

(6)

The HS-GC-MS setup was validated by measuring vapor
pressure data for toluene with the new setup and comparing
these data with literature.29 From Figure 2 it can be concluded
that the newly measured data for toluene are in close
agreement with the literature data. Thus, the HS-GC-MS
method can be used to measure vapor pressures. The only
drawback of this method is that literature values of the pure
components are required, as calibration curves are prepared
using literature data. Thus, for all individual components to be
studied, these calibrations curves were recorded and calibrated
to the pure-component vapor pressure data.
Next, the suitability of the HS-GC-MS method for

measuring the total vapor pressure of several hydrophobic
DESs was studied. First, the time to reach VLE using the HS-
GC-MS method was investigated. Therefore, the vapor
pressure data of the six hydrophobic DESs at 373 K as a
function of the incubation time are plotted in Figures S.2 in the
Supporting Information. From these figures it can be noted
that the vapor pressure already becomes stable after 10 min.
Thus, VLE is reached within 10 min. Therefore, the time for
equilibration was set to 15 min for all experiments in the rest of
this work, in order to ensure that VLE was always achieved.
The HS-GC-MS method is only suitable for measuring the

total vapor pressure of hydrophobic DESs, if the partial
pressures of both DES constituents when added up together
follow the Clausius−Clapeyron equation, i.e., showing
exponential dependence on the temperature. Therefore, the
partial pressures of both constituents in the six different DESs
were measured at four different temperatures (313, 333, 353,
and 373 K) and summed to represent the corresponding total
vapor pressure of the six DESs. In Figure 3A, the total vapor
pressures of all hydrophobic DESs are plotted as a function of
temperature. For all DESs indeed a linear correlation can be
observed for the dependence of the logarithm of the total

vapor pressure on the reciprocal temperature (Figure 3B). It
can be concluded that the total vapor pressure of the studied
hydrophobic DESs indeed obey the Clausius−Clapeyron
equation; hence, the HS-GC-MS method is suitable for
determining the total vapor pressure of the hydrophobic
DESs studied in this work. An additional advantage of this
method is that the partial pressures of both constituents within
the DESs are also obtained. It is expect that the HS-GC-MS
method is also suitable for determining the total vapor
pressures of hydrophilic DESs and other hydrophobic DESs,
which we will be verified in future work.

Total Vapor Pressures of Hydrophobic DESs and
Partial Pressure of the DES Constituents. The total vapor
pressures of the six hydrophobic DESs and the partial pressures
of their constituents were measured at different temperatures
using the HS-GC-MS method. The results are presented in
Table S.3 Supporting Information and graphically depicted in
Figure 4. The linearized vapor pressures with reciprocal
temperatures are plotted in the Supporting Information Figure
S.3. It was found that deca-men has the highest total vapor
pressure and deca-lid 2:1 the lowest one. The results show that
the total vapor pressure is dominated by the constituent with
the highest vapor pressure. The vapor pressures of the
constituents follow the order menthol > thymol > decanoic
acid > lidocaine. This results are in the following order for the
total vapor pressure of the DESs: deca-men > deca-thy > thy-
lid > deca-lid 4:1 ≥ deca-lid 3:1 > deca-lid 2:1.
Assuming ideal-mixture behavior, the total vapor pressure of

a DES can be predicted by Raoult’s law:

=P x Pi i i
vap

(7)

in which Pi (Pa) is the partial pressure of the DES constituent i
in the DES, xi is the mole fraction of constituent i in the DES,
and Pi

vap is the vapor pressure of the pure constituent i. The
total vapor pressure of the DES is identical to the sum of the
partial pressures.
A mixture made up of two or more compounds has cohesive

and adhesive forces. In an ideal mixture all interactions are the
same as if a pure component was present. A real mixture
generally shows either positive (cohesive forces are stronger)
or negative (adhesive forces are stronger) deviations from
Raoult’s law. Therefore, the modified Raoult’s law is generally
used for real mixtures:

γ=P x Pi i i i
vap

(8)

Figure 3. Total vapor pressures of deca-lid 2:1 (black squares), deca-lid 3:1 (red circles), deca-lid 4:1 (blue triangles), deca-men (purple turned
triangle), deca-thy (green diamond), and thy-lid (dark blue star) (A) plotted against temperature and (B) linearized with reciprocal temperature.
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where γi (−) is the activity coefficient of constituent i in the
DES, which is used to correct for the nonideality of the DES.
Deca-lid 2:1 has the lowest total vapor pressure for different

hydrophobic DESs (studied at 373 K), which is 55.5 Pa, while
ILs in literature (e.g., 1-hexyl-3-methylimidazolium triflate)
have even lower vapor pressure (∼1 Pa, studied at 393 K).40

Thus, low-volatile ILs are less volatile than the different
hydrophobic DESs studied in this work. This could have been
expected, since the DES constituents can be evaporated
separately (and thus easier), while the ILs need to be
evaporated as ion pairs (in order to keep electroneutrality).
Besides the measured vapor pressures, Figure 4 also shows

the calculated partial pressures and total vapor pressures using
Raoult’s law for ideal-mixture behavior. From Figure 4A it can
be noted that the calculated total vapor pressures of the

hydrophobic DES deca-thy using Raoult’s law are similar to the
measured values, suggesting ideal-mixture behavior. However,
the partial pressures of decanoic acid are underpredicted, while
the partial pressures of thymol are overpredicted, indicating
that deca-thy is in fact a nonideal mixture. The calculated total
vapor pressures of the hydrophobic DESs deca-lid 2:1, deca-lid
3:1, and deca-lid 4:1 (Figure 4B−D) using Raoult’s law are all
lower than the measured values; that is, the interactions among
the different DES constituents are less attractive than in the
pure DES constituents. Thus, the DESs are nonideal mixtures
showing activity coefficients greater than 1. Contrary, the
calculated total vapor pressures of the hydrophobic DESs deca-
men and thy-lid (Figure 4E,F) using Raoult’s law are higher
than all measured values. Thus, the HBD−HBA interactions
are more attractive than the interactions between HBA−HBA

Figure 4. Partial pressures of DES constituents within a DES and total vapor pressures of DESs as a function of temperature. (A) deca-thy (purple),
(B) deca-lid 2:1 (brown), (C) deca-lid 3:1 (brown), (D) deca-lid 4:1 (brown), (E) deca-men (orange), and (F) thy-lid (cyano). DES constituents:
decanoic acid (red crosses); thymol (blue circles); lidocaine (green triangles); menthol (yellow squares); experimental data from this work
(symbols); and calculated total vapor pressures using Raoult’s law (lines).
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or HBD−HBD. Therefore, deca-men and thy-lid are also
nonideal mixtures, in this case showing activity coefficients
lower than 1. These data will be used in the following sections
to study the interaction between constituents of the DESs.
The mixture deca-lid forms a DES (liquid mixture) at room

temperature at different molar ratios (i.e., deca-lid 2:1, 3:1, and
4:1 are all liquids at room temperature). At all these ratios, the
deca-lid mixture exhibits higher experimental total vapor
pressures than those calculated with Raoult’s law (see Figure
4B−D) that assumes ideal-mixture behavior. Especially the
partial pressures of decanoic acid in the deca-lid mixtures at
molar ratios 2:1 (= 67% decanoic acid), 3:1 (= 75% decanoic
acid), and 4:1 (= 80% decanoic acid) are much higher than the
vapor pressure of pure decanoic acid. However, it is anticipated
that the partial pressure of decanoic acid in mixtures with an
even higher decanoic acid content will again approach the
vapor pressure of pure decanoic acid. This was confirmed by
measuring the partial and total vapor pressures of deca-lid
mixtures at molar ratios of 9:1 (= 90% decanoic aid) and 19:1
(= 95% decanoic acid) at 373 K and comparing these with the
values at molar ratios 2:1, 3:1, and 4:1 at the same temperature
(see Figure 5). It should be mentioned that the 9:1 and 19:1

mixtures did not form liquids at room temperature; therefore,
the comparison was done at 373 K in order to measure

isothermal equilibrium pressures between liquid and vapor
phase.
The observed increase in partial pressures of decanoic acid

in the deca-lid mixtures at mole fractions of decanoic acid
above 67% (molar ratio of 2:1) as compared to the ideal
mixture is associated with the effect that addition of lidocaine
weakens the cohesive forces between the different decanoic
acid molecules. Up to a molar ratio of 2:1 (= maximum
coordination), this is compensated by an increase in adhesive
forces between lidocaine and decanoic acid. However, at molar
ratios higher than 2:1, the adhesive forces cannot further
increase due to steric hindrance (repulsion between the tails of
decanoic acid). Therefore, the partial pressures of decanoic
acid increase significantly at molar ratios higher than 2:1.
Further, at very high concentrations of decanoic acid in the
mixture (above 90%), approaching a pure decanoic acid
system, the cohesive forces between the decanoic acid
molecules are restored and partial pressures go down back to
the vapor pressure of pure decanoic acid.
DESs are generally assumed to have a very low volatility.5

This can now be quantified for the hydrophobic DESs studied
in this work. The total vapor pressures of the measured
hydrophobic DESs are therefore compared to those of a
commonly used volatile organic solvent (toluene). In Figure 6
the vapor pressures of toluene25,28 and the DES deca-men,
which is the most volatile DES studied in this work, are
compared. The difference between the vapor pressures
depends strongly on temperature due to the exponential
dependency. It was found that the total vapor pressure
(between 320 and 380 K) of the most volatile DES deca-men
is 150−1000 times lower than the vapor pressure of toluene.
The other studied hydrophobic DESs have even lower total
vapor pressures than deca-men, and the difference in total
vapor pressures between those DESs and toluene are even
greater. Thus, the total vapor pressures of the hydrophobic
DESs studied in this work are indeed much lower than of those
of commonly used volatile organic solvents like toluene, and
the exact values have now been quantified for the first time.
However, the total vapor pressures for the hydrophobic DESs
studied in this work (55 Pa at 373 K) are not as low as those of
typical low-volatile ILs (∼1 Pa at 393 K),41 because the DES
constituents can be evaporated separately (and thus easier),
while the ILs need to be evaporated as ion pairs (in order to
keep electroneutrality).

Figure 5. Partial and total vapor pressures at 373 K of mixtures
consisting of decanoic acid and lidocaine at different mole fractions of
decanoic acid. Symbols represent experimental data (decanoic acid:
red crosses; lidocaine: green triangles; DES deca-lid: black triangles).
Lines represent ideal total vapor pressure (black line) and ideal partial
pressures (lidocaine: green; decanoic acid: red) obtained from
Raoult’s law.

Figure 6. (A) Total vapor pressure of the DES deca-men 1:1 (orange squares; this work) and the vapor pressure of toluene (black line29) at
different temperatures. (B) Linearized with reciprocal temperature.
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Interactions between DES Constituents. Despite the
fact that total vapor pressures of hydrophobic DESs are very
low in comparison to those of commonly used volatile organic
solvents, they still can give information about the interactions
between the constituents of the DESs. Interactions are
generally quantified by the activity coefficients of the
components in a mixture. The activity coefficients for the
DES constituents were calculated using modified Raoult’s law
(eq 8). Furthermore, other important thermodynamic data for
the DES constituents, such as enthalpies of evaporation, were
obtained using the Clausius−Clapeyron equation (eq 4).
The activity coefficients of the DES constituents in the six

different DESs obtained with eq 7 are reported in Table 4. The

results show that the activity coefficients of all DES
constituents have similar values independent of the DES the
constituent is part of. For example, decanoic acid has activity
coefficients greater than one in each of the considered DESs.
Thymol and lidocaine have activity coefficients lower than one,
independent of the fact whether they present the HBD or HBA
in the DES.
Another possibility to quantify the interactions between the

HBD and the HBA within a DES is to determine the activation
energy for fluid displacement under shear stress. Therefore,
viscosities of all six DESs were measured to allow
determination of these activation energies. This is only
possible if the DESs are Newtonian liquids, for which the
viscosity is constant under different sheer rates. The viscosity
results for all six DESs at different shear rates at 293 K and
atmospheric pressure are presented in Figure S.4 in the
Supporting Information, showing that the all the DES exhibit

indeed Newtonian behavior. Table S.4 in the Supporting
Information presents the measured viscosities of all six DESs at
eight different temperatures.
A higher viscosity means that the molecules can pass each

other with more difficulty as a result of stronger attractive
interactions, which would translate to higher Arrhenius
activation energies. In case of Newtonian liquids, the dynamic
viscosity (η in Pa·s) can be related to the gas constant (R =
8.3145 J mol−1 K−1)), the Arrhenius activation energy (Ea in J
mol−1), the pre-exponential (entropic) factor (As in Pa·s), and
the temperature (T in K) using eq 9:27

i
k
jjj

y
{
zzzη = +A

E
R T

ln( ) ln( )
1

s
a

(9)

Thus, it is possible to obtain Ea values and As values from the
intercept and the slope of the straight line (Ea/R), respectively,
of a plot of the logarithm of the viscosity against the reciprocal
temperature. These plots are shown in Figure S.4 in the
Supporting Information, and Table S.5 lists the obtained values
for Ea and ln(As). The observed trend for the activation
energies is deca-thy < deca-men < thy-lid < deca-lid 4:1 <
deca-lid 3:1 ≈ deca-lid 2:1.
To better compare all obtained values for the total vapor

pressures, Arrhenius activation energies, and viscosities (all
data measured at 373 K), these data are summarized in Table
5. In general, it can be stated that the DES with the highest

total vapor pressure has the lowest heat of evaporation, the
lowest Arrhenius activation energy of the viscosity, and the
lowest viscosity. This is because the attractive interactions
between the HBD and the HBA within this DES are lower
than in all other DESs considered in this work. The advantage
of using viscosity measurements for estimating the strength of
HBD−HBA interactions is that this method is simple and fast,
but it does not give any further information for each DES
constituent. Contrarily, although somewhat more time-
consuming, the vapor-pressure measurements with the new
HS-GC-MS setup allow determining the contributions of each
DES constituent to the total vapor pressure and, thus, on the
HBD−HBA interactions.

PC-SAFT Modeling of the Total Vapor Pressures. As
stated in the section Interactions..., equilibrium pressures can
significantly deviate from ideal-mixture pressures according to
attractive interactions as well as steric hindrance. Both effects
can be captured by activity coefficients, which comprise
enthalpic and entropic effects. The φ−φ approach was used in
this work to model the vapor−liquid equilibrium of the six

Table 4. Individual Activity Coefficients of the DES
Constituents (γHBD and γHBA) at Four Different
Temperaturesa

T [K] γHBD γHBA

deca-thy 313 2.8 0.3
333 4.0 0.8
353 3.5 0.8
373 2.7 0.8

deca-lid 2:1 313 NAb NAb

333 1.3 0.3
353 1.5 0.3
373 1.6 0.3

deca-lid 3:1 313 NAb NAb

333 1.7 0.3
353 1.7 0.2
373 2.1 0.2

deca-lid 4:1 313 NAb NAb

333 1.4 0.2
353 2.6 0.2
373 2.2 0.2

deca-men 313 3.4 0.3
333 3.6 0.3
353 2.7 0.5
373 3.2 0.6

thy-lid 313 0.25 NAb

333 0.2 0.1
353 0.4 0.3
373 0.5 0.2

aStandard uncertainties are u(T) = 0.1 K and u(γ) = 0.1. bNA = Not
available as it was below the detection limit of the equipment.

Table 5. Total Vapor Pressures (Ptot) at 373.1 ± 0.1 K and
1.01 ± 0.03 bar, Arrhenius Activation Energies (Ea), and
Viscosities (η) at 293.1 ± 0.03 K and 1.01 ± 0.03 bar for
the Six Different Hydrophobic DESs Measured in This
Worka

Ptot [Pa] Ea (kJ mol−1) η (Pa·s)

deca-men 540.9 33.7 0.028
deca-thy 466.3 30.7 0.020
thy-lid 329.4 48.5 0.124
deca-lid 4:1 87.5 49.1 0.182
deca-lid 3:1 81.2 53.7 0.285
deca-lid 2:1 55.5 54.8 0.340

aStandard uncertainties are u(Ptot) = 20%, u(Ea) = 0.1 kJ mol−1 and
u(η) = 0.005 Pa·s
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different DESs at various temperatures yielding the total vapor
pressure at constant composition. The DESs were considered
as a binary system composed of HBA and HBD. The PC-
SAFT parameters of HBA and HBD were available from
literature and are given in Table 3. Please note that originally
the lidocaine PC-SAFT parameters were fitted to solubility
data of lidocaine in different organic solvents. Using such
parameters to model vapor pressures of lidocaine caused a
significant overestimation compared to experimental data.
Thus, in this work the dispersion energy parameter of lidocaine
u/kB was refitted to vapor pressure data of lidocaine while
keeping all other PC-SAFT parameters as in the original
parameter set from ref 20. The number changes from the
original value of 155.97 K20,24 to 323.00 K [this work], which
allowed accurate modeling of the vapor pressures of pure
lidocaine. Thus, the latter was used further in this work also for
predicting total vapor pressures of lidocaine-based DESs.
Furthermore, a binary interaction parameter kij was introduced
between HBD and HBA of a DES, and this parameter was used
to correct the predictive Berthelot−Lorenz mixing rule. This
parameter was fitted to total vapor pressure data of the DESs
(results listed in Table 6).

Equation 10 shows the calculation of the AARD (%)
between the experimental and modeled vapor pressure.

∑=
−

·
n

P P
P

AARD(%)
1

100i i

i

exp calc

calc
(10)

In this equation P indicates the total vapor pressure of the
DESs determined via experiments (exp) and modeling (mod)
of a number of n total experimental data points. The absolute
average relative deviation, AARD(%), between the exper-
imental volatilities of the DESs and the PC-SAFT correlation
are listed in Table 6. The AARD(%) values do not exceed 4.15,
which indicates a good agreement between the vapor pressures
determined via experiments and PC-SAFT. The difference
between all kij values becomes more or less negligible at
elevated temperatures (e.g., 333 K). The kij of deca-men is
more temperature-dependent than the other DESs.
Since the deca-lid DESs have been investigated at three

different compositions, the total vapor pressure of these DESs
can be analyzed as a function of composition. This is illustrated
in Figure 7, which compares the modeled total vapor pressures
to the experimental data in the whole range of composition.

The interesting total vapor pressure behavior of the deca-lid
DES at different ratios was qualitatively correctly predicted
with PC-SAFT. This means that the behavior between the two
DES constituents can be explained by thermodynamics. The
maximum of the total vapor pressure is certainly caused by the
nonmonotonic behavior of the activity coefficients of the DES
constituents’ decanoic acid and lidocaine as a function of the
composition, which are listed in Table 5. Independent of
temperature, the experimental activity coefficient of decanoic
acid has a maximum at the molar composition deca-lid 3:1.
This could be validated by PC-SAFT predictions (results not
shown) and thus is the reason for the qualitatively correct
prediction of the vapor pressure of deca-lid vs composition, as
shown in Figure 7.
From Table 6 it can be seen that for the DES deca-thy the

total vapor pressure predictions were quantitatively correct;
i.e., the binary parameter kij between HBA and HBD equals
zero. In order to quantitatively model the vapor-pressure
behavior of the other DESs one binary parameter kij was
introduced. It was decided that kij was dependent linearly on
temperature. It has to be stressed that kij must not be a
function of composition to keep the physical consistency
within modeling with an equation of state. The results for the
composition-dependent total vapor pressures of deca-lid (2:1,
3:1, 4:1) impressively show that PC-SAFT is a very
appropriate model for the VLE of the DESs, as it allows
predicting the maximum of total vapor pressures at a
composition of about 95 mol % decanoic acid despite the
fact that kij was fitted to the DES deca-lid at 67 mol % decanoic
acid.
It should be noted that the binary interaction parameters

between HBA and HBD kij of all the DESs linearly depend on
temperature in order to accurately model the vapor pressures
at different temperatures. Thus, the individual component
approach used in this work is temperature-dependent. The
slopes of the temperature-dependent kij function given in Table
6 are all very similar (about 0.0003); that is, the temperature
dependency of kij is not very pronounced, nor is it very
different for the different DESs, nor does kij depend more than
linearly on temperature. Thus, the temperature dependency of
kij could be neglected in a first modeling step or a value of

Table 6. Absolute Average Relative Deviation, AARD(%),
between Experimental Total Vapor Pressures and PC-SAFT
Modeling of Six DESs within the Temperature Range of
353−393 K Using the Parameters from Table 3 and the kij
between HBD and HBA Given in This Table

DES
no. of data
points kij

AARD
(%)

max. st.
deviation

deca-lid
4:1

4 0.000250 T [K]−0.123287 4.15 7.7

deca-lid
3:1

4 0.000250 T [K]−0.123287 2.23 3.2

deca-lid
2:1

4 0.000250 T [K]−0.123287 2.12 2.9

deca-
men

4 0.001083 T [K]−0.479246 1.54 12.8

deca-thy 4 0 4.02 2.7
thy-lid 4 0.000263 T [K]−0.184952 2.72 11.7

Figure 7. Total vapor pressure of deca-lid at different ratios and
temperatures (blue, 353 K; red, 373 K; black, 393 K). Closed symbols
are experimental data, and open symbols are results obtained with PC
SAFT. Binary interaction parameters between decanoic acid and
lidocaine are kij = −0.03 (393 K), kij = −0.035 (373 K), and kij =
−0.04 (353 K).
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0.0003 could be inherited for the slope of kij over temperature
from this work.
Nevertheless, the modeling results are satisfactory and show

the big advantage of the modeling strategy proposed in this
work: the use of the individual constituents approach within
PC-SAFT that accounts for interactions among HBD and HBA
based on physical forces. This is believed to be much more
promising than the conventionally applied pseudo-DES
modeling approach which considers each DES as a new
pseudo component, despite the fact that only the composition
is changing while the constituents are the same. This work
shows that there is no direct need to apply such an extreme
simplification and that accounting for the real components
within a DES provides big advantages to predict its properties.

■ CONCLUSIONS
A new method developed in this study, HS-GC-MS, was
applied for the first time to measure the total vapor pressure of
six hydrophobic DESs. This method specifically determines
vapor−liquid equilibria (VLE). The only drawback of this
method is that literature vapor pressure data of the pure
constituents are required for calibration. The main advantage
of this method over other methods (e.g., TGA) is that the
partial pressure of each constituent and the contribution of
each constituent to the total vapor pressure of the mixture can
easily be determined and compared. This information can be
very useful for the use and recovery of the DESs. The new
method also gives the opportunity to calculate the activity
coefficients of the HBA and the HBD in the DES mixtures,
which can serve as an indication for the interactions between
both constituents. The Arrhenius activation energies for the
DESs were calculated from viscosity data. Also, it is shown for
the first time that PC-SAFT can be used for the prediction of
the total vapor pressure of DESs whereby parameters were
fitted to the vapor pressure data of the DES constituents. This
means significant time savings compared to experimental
methods. The total vapor pressures of all six hydrophobic
DESs studied in this work are confirmed to be low-volatile in
comparison to vapor pressures of common organic solvents
like toluene.
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