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a b s t r a c t

Solubility of biomass-derived compounds in ionic liquids is an important parameter for the design of
future processes incorporating ionic liquids as solvents for biorefining. Sugar alcohols such as sorbitol
and xylitol are carbohydrate derivatives which have been identified as building blocks for biorefining.
Therefore, in this work the solubility of these two sugar alcohols was measured experimentally within
the temperature range of 288 K to 433 K, in three ionic liquids: [emim][EtSO4], Aliquat�336
(N-Methyl-N,N-dioctyloctan-1-ammonium chloride), and Aliquat�[NO3] (N-Methyl-N,N-dioctyloctan-1-
ammonium nitrate). In addition, the densities of the ionic liquids were also measured and correlated.
Local composition models such as NRTL, e-NRTL, and UNIQUAC were successfully applied to represent
the experimental solubility data. The thermodynamic functions of dissolution were also calculated from
the experimental data.

� 2012 Published by Elsevier Ltd.
1. Introduction

Our planet has been facing a set of changes resulting from the
continuous increasing on population growth as well as from soci-
ety’s development. These changes are caused primarily due to the
high extraction rate of fossil resources which have impact in econ-
omy, environment, politics, and in life quality of the population.

Consequently, having a concern with maintenance and manage-
ment of natural resources, 170 states have signed in 2002 an action
plan for the 21st century (Agenda 21), which implies a search for
new solutions to decrease today’s rapid consumption of fossil,
non-renewable resources (petroleum, natural gas, coal, minerals)
[1]. This global effort is essential for a transition towards a modern
society based on sustainable resources [2], achieving a sustainable
development. Alternative raw materials to produce both chemicals
and energy can be found in biomass, the most abundant renewable
biological resource on earth [3]: biomass is available in nature as
forest resources, wood, agricultural crops such as switchgrass,
corn, and soybeans, as well as in residues from processing these
materials. The major compounds of biomass are cellulose, hemicel-
lulose, lignin (these three forming the lignocellulosic biomass,
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where they are often found interlinked), and starch (that is present
in many plants such as rice, corn, potatoes, etc.).

Harvested biomass cannot be directly processed into other
products, therefore pre-treatment technologies are required to dis-
solve it and separate the biopolymers, setting them more accessi-
ble as usable fractions to further processing. Mosier et al. [4]
have explained in detail the pre-treatment issues and showing
the existent technologies to carry it out. As the biomass main com-
ponents are separated, each one could be treated as a starting
material for biorefining. Cellulose, hemicellulose, and starch can
be hydrolyzed to produce sugars using acidic media or enzymatic
catalysis [5,6]. As for lignin, it can be burned to produce energy,
used as packaging material or processed into aromatic compounds
[7]. The sugars obtained from the hydrolysis of the polysaccharides
are highly functionalized molecules and therefore available to
react in many different ways: acetylation [8,9], dehydration
[10,11], oxidation [12,13], and reduction [14].

Let us focus now on the reduction of sugars, mainly the hydro-
genation under catalytic conditions of the carbonyl group, present
in molecules such as glucose and fructose into a primary alcohol
[15]. Such reduction yields a hydrogenated form of the carbohy-
drates: the sugar alcohols or alditols [16]. Sorbitol produced from
glucose or fructose and xylitol yielded from xylose (both of them
on batch technology) are among the most well known sugar
alcohols and have a wide range of applicability not only directly
in nutrition, cosmetic, and medicine, but also as high potential
building blocks for a huge panoply of chemicals [17]. In addition,
they have been considered two of the top twelve building blocks
with higher potential to yield high-value bio-based chemicals or
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Nomenclature

Au Debye–Hückel parameter
a slope of linear regression
b y-axis intercept (density)
I ionic strength
k y-axis intercept (thermodynamic functions)
M molar mass (g. mol�1)
Np number of experimental points
P pressure
R ideal gas constant (8.314 J �mol�1 � K�1)
T temperature (K)
V volume
x mole fraction

Greek letters
a non-randomness parameter
b thermal expansion coefficient
c activity coefficient
DCp heat capacity change (J �mol�1 � K�1)

DG Gibbs free energy change (kJ �mol�1)
DH enthalpy change (kJ �mol�1)
DS entropy change (J �mol�1 � K�1)
q density (g �mL�1)
q⁄ closest approach parameter

Subscripts
2 related to the solute
dissol. related to the dissolution process
fus fusion
hm harmonic mean
i related to the i specie

Superscripts
0 standard state
Exp experimental
L liquid phase
model calculated from the model
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materials, according to the U.S. Department of Energy together
with other institutions [17]. As stated in this report, sorbitol can
be processed by catalytic dehydration, producing isosorbide
(which can be used for the production of PET-like polymers), gly-
cols used as antifreezers can be obtained by bond cleavage, and
water-soluble polymers can be yielded by direct polymerization.
As for xylitol, bond cleavage and direct polymerization are also
applicable in its transformation, yielding the same sort of products
(glycols and water-soluble polymers). In addition, xylaric and
xylonic acids obtained from selective oxidation of xylitol can be
used as additives for specialty formulation of concrete and cement
[18].

Although these two sugar alcohols have a widespread spectrum
of transformation, there are some barriers concerning the process
engineering involving their production as well as their use as start-
ing material. A new system of reaction media/catalyst might turn
feasible a continuous process to yield these alditols with almost to-
tal conversion of starting sugars and high selectivity. Production of
glycols, isosorbide and xylonic acid with higher yields as well as
separation from some side products [17] are still some of the draw-
backs which have to be solved, undergoing an economically feasi-
ble and more competitive biotransformation of biomass into
chemicals. To face these challenges, a screening for solvents and
catalysts for specific reactions and separations has to be made, in
order to optimize the biorefining processes.

Room temperature ionic liquids (ILs), are a class of materials
recently explored, with a wide range of applicability as solvents,
catalysts, lubricants, etc. They have been defined as salts (once
they are composed solely by ions) which are liquid at room tem-
perature, or at least near to room temperature [19–22]. In general
terms, they are characterized with unique properties such as neg-
ligible vapor pressure (non-volatility), wide liquid range, high
thermal stability and conductivity, nonflammability, etc.

Other key feature of ILs is their tunability, i.e. small structural
modifications either in the cation or in the anion, give rise to ILs
with quite different physical properties and chemical affinity.
This turns possible producing an ionic liquid that meets the
specific characteristics needed for a given application. Due to
all these reasons, they have been extensively exploited in the
last twelve years, and the number of contributions has been
increasing, covering issues about their synthesis [23], physical
properties [24], applications in reaction and separation [25]
engineering and modeling [26]. Despite its ‘‘boom’’ in the scien-
tific community, industry has been slow in adopting ILs as
reliable solutions for process design and engineering challenges
[27], and few industrial processes are running so far. The high
purchasing cost of ILs (despite it has been decreasing), the high
viscosity which many of them have, and the lack of knowledge
on physical properties, phase equilibrium data, and toxicity data,
which albeit the efforts and the excellent contributions available
in the literature, is still in development, have been appointed as
the major barriers blocking the burgeon of ILs in industrial appli-
cations [27–29].

The potential use of ILs in biomass processing [7] has been
demonstrated over the last years, and applications in biomass
pre-treatment [30,31], hydrolysis of the biopolymers [32–34] and
transformation of sugar into building blocks [35,36] have found
in ILs a friendly way for lowering the energetic demand and equip-
ment cost that standard biomass processing entails, though ILs
recycling is critical to maintain economical viability of every
process using them. ILs ability to be used as versatile solvents for
biomass processing is strongly related with the molecular interac-
tions which can be present when they form a mixture. Biomass
compounds, especially biopolymers, are difficult to dissolve in
conventional solvents due to strong hydrogen bonding linking
these compounds together and the combination of amorphous
and crystalline regions [37]. Some ILs are able to disrupt these
bonds between biomass compounds and therefore to dissolve
them efficiently [38]. This capacity, connected with ILs inherent
properties, make them suitable to be used as reaction media, cata-
lysts and extraction solvents in biorefining applications. Thus,
solubility data of biomass-related compounds in ionic liquids is
of extreme importance to efficiently screen the ILs with major
potential for specific processes and for process design and optimi-
zation. Similarly, models that can represent accurately these phase
equilibrium data are very helpful for a faster computation of the
phase equilibrium.

Hence, in this work the solubility of the sugar alcohols sorbitol
and xylitol was measured within the temperature range of 288 K to
328 K in three ionic liquids: 1-ethyl-3-methylimidazolium ethyl-
sulfate, [emim][EtSO4], Aliquat�336 (a mixture of methyltriocty-
lammonium chloride and methyltridecylammonium chloride),
and Aliquat�[NO3] (the same cation mixture with nitrate as anion).
As a complement, density of these ILs as function of temperature
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was measured and compared with available literature data.
Thermodynamic functions of dissolution were calculated from
solubility experimental data, and the activity coefficient models
NRTL [39], e-NRTL [40], and UNIQUAC [41] were used for data
correlation.
2. Materials and methods

2.1. Materials

Aliquat�336 with 0.0386 of water mass fraction (measured
through Karl–Fisher titration) and average molar mass of 442
g. mol�1, was purchased from Acros Organics and used without
further drying. 1-Methylimidazole and diethylsulfate (>0.99,
Merck) and toluene (>0.9999, Fisher Scientific), were used in the
synthesis of [emim][EtSO4]. Sodium nitrate (0.999, Sigma), acetone
(0.999, Labsolve) and n-hexane (>0.999, Panreac) were used in Ali-
quat�[NO3] synthesis. Xylitol (0.99, Alfa Aesar) and D-(�)-sorbitol
(0.999, Merck) were the solutes used in this work and they were
dried in vacuum oven at 50 �C for several hours to remove mois-
ture. A sample description of ionic liquids and sugar alcohols is
provided in table 1, and their chemical structures are presented
in figure 1. All purities are given in mass fraction.
2.2. Synthesis of 1-ethyl-3-methylimidazolium ethylsulfate
[emim][EtSO4]

This IL was prepared according to a procedure available in liter-
ature [42] and briefly presented below. More details can be found
in reference [43]. Equimolar amounts of 1-methylimidazole and
TABLE 1
Sample description.

Chemical
Name

Source Initial mass fraction
purity

Purification
method

[emim][EtSO4] Synthesis* Not measured Distillation
Aliquat�336a,b Acros

Organics
0.96 None

Aliquat�[NO3]c Synthesis* 0.96 Extraction

Xylitol Alfa Aesar 0.99 None

D-(�)-Sorbitol Merck 0.999 None

a Commercial name, a mixture of methyltrioctylammonium chloride and methyltridecy
very high viscosity in dried solutions and solid state observed at water mass fraction <0
b N-Methyl-N,N-dioctyloctan-1-ammonium chloride (IUPAC name).
c N-Methyl-N,N-dioctyloctan-1-ammonium nitrate (IUPAC name).
* Synthesized in our lab.

FIGURE 1. Chemical structu
diethylsulfate react under nitrogen atmosphere for 24 h at room
temperature using toluene as solvent. After that, the IL phase
was washed three times with fresh toluene, which is further re-
moved by vacuum distillation. Traces of volatile compounds were
removed by drying the IL for 48 h under vacuum at moderate tem-
peratures (343 K). The water content of the resulting ionic liquid
was 960 ppm (Karl–Fisher titration).

2.3. Synthesis of Aliquat�[NO3]

This synthesis was performed based on a procedure available in
literature [44], although with a few modifications regarding the io-
nic liquid’s purification.

About 94.0 g (0.213 mol) of Aliquat�336 heated at 373 K were
added dropwise to NaNO3 in a quite large excess (28.6 g) previ-
ously dissolved in 50 mL of deionized water. Ten milliliters of ace-
tone were added for a faster phase separation. The mixture was
stirred for 6 h at room temperature and after that two liquid
phases were separated. To remove NaCl and unreacted NaNO3

the IL phase was washed with deionized water (3 � 100 mL), fol-
lowed by (3 � 100 mL) of n-hexane to remove the unreacted Ali-
quat�336. The ionic liquid is finally dried under vacuum at
moderate temperatures (343 K) to remove traces of n-hexane
and excess water. The duration of the drying step is dependent
on the application which the IL will be used. In this case, for solu-
bility experiments, highly viscous ILs should be avoided, thus, the
obtained Aliquat�[NO3] had 0.0185 (mass fraction) of water in its
content, showing a reasonable viscosity to be used in the solubility
experiments.

Additionally, the chloride anion content was measured with a
Mohr method (adding some acetone to attain a homogenous
Final mole fraction
purity

Analysis method

0.999 Karl–Fisher Titration, 1H NMR,13C NMR

0.973 Karl–Fisher Titration, Mohr method, 1H NMR,13C
NMR

lammonium chloride, with the first as predominant. It was used as received due to
.01.

res of the compounds.
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aqueous solution to apply the test). The final chloride anion con-
tent was estimated in 0.008 (mass fraction). Finally, the chemical
structure of the cation was checked by 1H NMR, with results sim-
ilar to the literature [44]. dH (400 MHz, CDCl3) 0.87 (3H, q,
CH2CH3), 1.229 (2H, q, CH2CH2CH2), 1.662 (2H, s, N CH2CH2),
3.149 (3H, s, NCH3), 3.303 (2H, t, NCH2).

2.4. Density measurements and solubility determination

Densities of the three ionic liquids were measured against
temperature (±0.01 K), using a vibrating tube densimeter (Anton
Paar DMA 4500 M), precise to within ±0.00001 g �mL�1.

The solubility determination of xylitol and sorbitol in the ionic
liquids, was performed using the setup described in detail in a
previous work [43]. Briefly, it is an isothermal technique using a
thermostatic bath (JULABO F12-ED) to control the temperature,
flowing water through jacketed glass equilibrium cells. Solutes
are added in a slight excess and magnetic stirring is applied until
saturation. Preliminary experiments were made to estimate the
time necessary to attain the phase equilibria. As in the previous
work, 48 h of stirring were applied. After phase separation, small
amounts of the clean saturated liquid phase are sampled in tripli-
cate to quantify the solute. Quantification of xylitol and sorbitol
was made using an isocratic HPLC method [43], with water as mo-
bile phase flowing at 0.7 mL �min�1 through a (250 mm � 4 mm)
column with RP-18 stationary phase. Detection was made using
a continuous refractive index detector HITACHI L-2490.

3. Results and discussion

3.1. Density of the studied ionic liquids

The experimental density data for the three ILs used in this
work are presented in table 2 and in figure 2.

The temperature range chosen in this work was determined by
the temperature range in which the solubilities would be measured
in the ionic liquids with tetraalkylammonium as cation (i.e. 308 K to
338 K), to allow these density data to be useful for modeling
purposes (i.e. parameterization of thermodynamic models). Also it
was affected by the relative higher melting temperatures of these
two ionic liquids [44], hence densities below 293 K, were not mea-
sured. In the case of [emim][EtSO4] a wide range of experimental
density data is already available in the literature [45–48], thus, in
this work its density was measured in a shorter temperature range
(293 K to 323 K), only to evaluate the accuracy of density measure-
ments performed.
TABLE 2
Experimental density data for the ionic liquids as a function of temperature at
101.3 kPa.

[emim][EtSO4] Aliquat�336 Aliquat� [NO3]
wH2 O = 0.00096a wH2O = 0.0386a wH2 O = 0.0185a

T/K q/(g � cm�3) T/K q/(g � cm�3) T/K q/(g � cm�3)

293.16 1.24025 293.15 0.88947 293.16 0.91529
298.15 1.23681 298.14 0.88645 298.14 0.91233
303.15 1.23339 303.14 0.88343 303.14 0.90937
308.15 1.22998 308.14 0.88041 308.14 0.90641
313.15 1.22659 313.14 0.87737 313.14 0.90343
318.15 1.22322 318.14 0.87435 318.14 0.90050
323.18 1.21984 323.14 0.87136 323.14 0.89758

328.14 0.86837 328.14 0.89467
333.14 0.86537 333.14 0.89176
338.14 0.86237 338.14 0.88884
343.14 0.85936 343.14 0.88593

The uncertainty associated to the temperature measurement is: u(T) = ±0.03 K.
The uncertainty associated to the density measurement is: u(q) = ±1 � 10�5 g � cm�3.

a Water content measured by Karl–Fisher titration in mass fraction.
Most of the ILs have room temperature densities above the
water density (�1 g �mL�1), being 1.2 g �mL�1 a kind of heuristic
for ILs density. However, large cations such as Aliquat�, have den-
sities lower than water. Reasons for that are the higher flexibility of
their long alkyl chains, therefore a larger volume. As a result, lower
densities are observed for these ILs, and many of them are less
dense than water. Thus, supported in that explanation, it is quite
easy to discuss the lower density of Aliquat’s relatively to [emi-
m][EtSO4]. In order to compare the two ammonium based ILs, it
must be kept in mind that, for the same cation, the density at a gi-
ven temperature is related with the bulkiness of the anion anion
[49–51]. Taking this into account, and as the bulkiness of nitrate
anion (M = 62 g �mol-1) is higher than chloride anion (M = 35.5
g �mol-1), the density of Aliquat�[NO3] is therefore higher (see
figure 2). Nevertheless, the relative higher water content of these
two ILs could also play an important role increasing the density.
However, and as the higher water content is observed for
Aliquat�336 (which is the less dense) the previous reasoning is still
valid.

Figure 3 shows the comparison of the results obtained in this
work with the density data available in the literature for these io-
nic liquids, in terms of the absolute deviation at each temperature.
In the case of [emim][EtSO4] these deviations were remarkably
small, being lower than 0.001 g �mL�1 for all the data sets. For
Aliquat�336 and Aliquat�[NO3] slightly higher deviations were
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TABLE 3
Parameters of linear regression of experimental density data.

Ionic liquid a � 103/(g � cm�3 � K�1) b/(g � cm�3) r2

[emim][EtSO4] �0.6798 1.4395 0.99998
Aliquat�336 �0.6021 1.0660 0.99999
Aliquat�[NO3] �0.5872 1.0874 0.99998

TABLE 4
Average isobaric thermal expansion coefficient and performance of density data
correlation with equation (5).

Ionic liquid b � 103/K�1 r � 104 ARDa

[emim][EtSO4] 5.53 0.03 0.0011
Aliquat�336 6.89 0.08 0.0037
Aliquat�[NO3] 6.52 0.07 0.0012

a ARDð%Þ ¼ 100
Np
�
PNp

i¼1jqi;calc: � qi;exp:j=qi;exp: .
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found (0.0029 g �mL�1 and 0.0024 g �mL�1, respectively), but liter-
ature data do not report information about water content in these
ILs and visual interpolation had to be made for obtaining the den-
sity values. Therefore, the density data obtained in this work is in
good agreement with literature data. Clearly, a linear decrease in
density with temperature is observed for the three ILs. Hence, in
figure 2 linear regressions of the density data are also plotted,
which accurately describe the density of the ILs in the temperature
range considered. Therefore equation (1) was used to correlate the
density, q, with the temperature, T:

q ¼ aT þ b: ð1Þ

Table 3 shows the parameters a and b as well as the coefficient
of determination, r2, of the linear regressions.

For a given mass of pure fluid, at constant pressure, the volume
can be differentiated as follows:

dV ¼ @V
@T

� �
P

dT: ð2Þ

Or in terms of density,

dq ¼ @q
@T

� �
P

dT: ð3Þ
TABLE 5
Experimental solubilities of carbohydrates in the ILs at 101.3 kPa.

[emim][EtSO4] Aliquat�336

Ta/K Sol. mass fraction rb T/K Sol. mass f

Xylito
289.2 0.113 0.003 308.2 0.123
298.1 0.146 0.001 318.0 0.151
308.2 0.187 0.002 328.1 0.193
318.4 0.247 0.002 335.5 0.211
328.3 0.310 0.003 343.0 0.250

Average standard relative u
±0.01 ±0.01

D-(�)-Sor
298.1 0.200 0.003 318.0 0.186
308.2 0.2283 0.0004 328.1 0.207
318.4 0.283 0.002 335.5 0.217
328.3 0.3377 0.0001 343.0 0.248

Average standard relative un
±0.02 ±0.01

a The uncertainty associated to the temperature measurement is: u(T) = ±0.01 K.
b Standard deviation in mass fraction.
c The relative uncertainty regarding solubility is presented for each system as it depend
The isobaric thermal expansion coefficient, b, is defined as:

b ¼ � 1
q

@q
@T

� �
P

: ð4Þ

Combining the last two equations, and considering the temper-
ature ranges for which b could be assumed constant, it results:

q ¼ q0eð�b½T�T0 �Þ; ð5Þ

where q0, is a known value of density at a temperature T0. From the
linear regressions, we can estimate an average b, for each IL valid for
the temperature range studied as shown in table 4, together with its
standard deviation, r. Once this parameter is calculated, equation
(5) can be used to compute the densities. Average relative devia-
tions, ARD, between densities calculated from equation (5) and
experimental data are also included in table 4, considering T0 equal
to 298 K and q0 the density of each IL at this temperature. Calcu-
lated values of ARD presented in table 4, show high accuracy of
equation (5) representing the experimental density data.

3.2. Solubility of xylitol and sorbitol in the ionic liquids

The obtained solubility data for the six binary systems are
presented in table 5. Due to the high viscosities of Aliquat�336
and Aliquat�[NO3], the temperature range of the solubility
measurements for these two ionic liquids was set to 308 K to
343 K to avoid long dissolution stages. In the case of [emim][EtSO4]
the temperature range 288 K to 323 K was maintained relatively to
the previous work [43]: the low viscosity of this IL allows efficient
mixing at low temperatures (288 K). Figures 4 and 5 clearly show
the solubility behavior of the two sugar alcohols in the three ILs,
following in both cases the series: [emim][EtSO4] > Aliquat�336 >
Aliquat�[NO3]. Hydrophobicity of Aliquat� cation causes weaker
interactions between the ILs and the solutes, which are very polar
and hydrophilic. As a result lower solubilities were obtained using
the two ammonium based ILs, compared to those using the
hydrophilic ionic liquid, [emim][EtSO4]. Differences on solubility
between the two Aliquat’s, can be attributed, in one hand, to a
higher water content in Aliquat�336 (allowing larger amounts of
solute to be dissolved). On the other hand the higher Lewis basicity
of chloride over nitrate anions provides a better ability to establish
hydrogen bonds with the hydroxyl groups of xylitol and sorbitol.
Although showing very similar behavior in the three ILs, sorbitol
Aliquat� [NO3]

raction r T/K Sol. mass fraction r

l
0.006 308.0 0.036 0.006
0.004 318.0 0.050 0.001
0.003 328.7 0.071 0.004
0.003 338.8 0.095 0.003
0.007 344.9 0.115 0.002

ncertainty, u(Sol.)/Sol.
±0.02

bitol
0.003 317.8 0.056 0.002
0.005 328.1 0.076 0.001
0.008 338.1 0.089 0.003
0.004 344.4 0.103 0.001

certainty, c u(Sol.)/Sol.
±0.02

s on each calibration curve as well as on the solubility values.
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is always more soluble than xylitol. An additional hydroxyl group
seems to be sufficient to produce a significant difference on solubil-
ity in [emim][EtSO4], in which solute–solvent interactions are
stronger. In Aliquat�336 and Aliquat�[NO3], the additional OH
group does not play such an important role. The solubility of the
two sugar alcohols can be related with their melting properties
(table 6), since lower attraction between solutes and Aliquat ILs
exists. As melting enthalpy is lower for sorbitol, its solubility is
expected to be higher. To our knowledge, there are no available data
in literature to compare the results obtained in this work.
3.3. Thermodynamic modeling

Local composition models have proved to be adequate for data
correlation of carbohydrates’ solubility in ILs [43]. In addition to
TABLE 6
Properties of the sugar alcohols used in this work.

Solute M1 (g �mol�1) Tfus/K D

Xylitol 152.15 367.52 3
D-(�)-Sorbitol 182.14 370.85 3

a Estimated based on data for solid state and liquid state from reference [52].
b Estimated based on data for solid state and liquid state from reference [53].
the original NRTL [39], and UNIQUAC [41] models, the electrolyte
version of NRTL, e-NRTL, was also applied here to compare its
performance with the original NRTL version. First developed in
1982 by Chen et al. [40], the e-NRTL has two contributions for
the activity coefficient of a species in solution: an NRTL-type local
composition contribution, cLC

i , and a Pitzer-extended Debye–
Hückel contribution, cPDH

i which assumes different expressions
whether calculating activity coefficients for molecular species or
ionic species. In this work, only activity coefficients for the solute
(which is expression used to calculate the Pitzer-extended
Debye–Hückel contribution is the following:

ln cPDH
i ¼

2AuI2=3
v

1þ q�I1=2
v

; ð6Þ

where q⁄, stands for the closest approach parameter which is
normally set to 25 for ionic liquids [54,55]. Au and Iv are the
Debye–Hückel parameter and the ionic strength in molar basis
respectively. Expressions to calculate them are presented in detail
in reference [54].

The resulting equation for the activity coefficient is given by:

ln ci ¼ ln cLC
i þ ln cPDH

i : ð7Þ

Both contributions have different expressions whether in case
of ionic or molecular species. Solubility is usually modeled through
the (solid + liquid) equilibria equation which is generally obtained
through an idealized thermodynamic cycle [56] while applying
some assumptions:

(i) solid phase is composed of pure solute;
(ii) solute’s heat capacity difference between pure liquid and solid

is considered temperature independent.

This derivation results in the following expression to compute
the solubility, xL

2, as a function of temperature, T:

lnðxL
2 � cL

2Þ ¼
DHfus

2

RTfus
2

1�Tfus
2

T

 !
�DCfus

P2

R
1�Tfus

2

T

 !
þ ln

Tfus
2

T

 !" #
: ð8Þ

Activity coefficients of solute in liquid phase, cL
2, are calculated

with a suitable thermodynamic model. Melting temperature, Tfus
2 ,

enthalpy, DHfus
2 , and heat capacity difference for the solute, DCfus

P2 ,
should be known or at least estimated to apply equation (8).
Regarding e-NRTL, its symmetric version [57] was adopted here
applying equation (6) for the long range interactions. As the goal
in this work is to compute the activity coefficient of molecular
solutes in the liquid phase, the expressions to calculate activity
coefficients of ions were not needed, turning the approach simpler
than for (liquid + liquid) equilibria [54].

UNIQUAC structural parameters r and q for each component
were found in the literature for the solutes and [emim][EtSO4].
For Aliquat�336 and Aliquat�[NO3], the empirical correlation pro-
posed by Domanska and Mazurowska [58] was applied. Table 7
presents the structural parameters used in this work for UNIQUAC
model. The binary interaction parameters for each model were
adjusted by minimization of the average absolute relative devia-
tion, AARD:
fusH/(kJ �mol�1) DfusCp/(J �mol�1 � K�1) Reference

3.68 100a [52]
0.20 155.4b [53]



TABLE 7
Structural parameters used in UNIQUAC model.

Compound M/(g �mol�1) r q Reference

[emim][EtSO4] 236.3 23.12 14.36 [59]
Aliquat�336 442 14.60 11.68 a

Aliquat�[NO3] 468.6 15.04 12.03 a

xylitol Table 2 5.34 4.68 [60]
sorbitol 6.31 5.50 [60]

a This work.
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AARDð%Þ ¼ 100 �
XN

i¼1

xL;exp
2;i � xL;model

2;i

��� ���
xL;exp

2;i

: ð9Þ

Once models’ parameters are obtained, they can be used to
compute activity coefficients as a function of T and xL

2. Thus to-
gether with equation (8), the value of xL

2 is calculated as a root of
that equation.

Table 8 presents the performance of the three thermodynamic
models correlating the solubility data, as well as the binary inter-
action energies, Dgij for NRTL and e-NRTL and Duij for UNIQUAC.
As done it is common practiced, the non-randomness parameter
for NRTL, a, was set in 0.3 in most of the cases, except in the system
Aliquat�336 with sorbitol were the value of 0.2 produced better
results. These values were fixed according to the literature [61].
No significant differences in the accuracy of the three models were
found. However, the electrolyte version of NRTL produces a slight
improvement in almost all cases. Generally, all the three models
represent quite well the experimental solubility data as shown in
figures 4 and 5 and all the AARDs are below 4% as presented in
table 8.
TABLE 8
Parameters and accuracy of each model on the correlation of experimental data.

Solute Ionic liquid NRTLa UN

Dg12/R Dg21/R AARD Du
(K) % (K

Xylitol [emim][EtSO4] �647.4 813.0 0.9 �3
Aliquat�336 �600.7 2662.8 1.9 �3
Aliquat�[NO3] �154.1 2399.2 1.2 �2

Sorbitol [emim][EtSO4] �553.0 723.6 2.5 �2
Aliquat�336 �638.6 4566.2b 2.7b �3
Aliquat�[NO3] �90.2 2140.6 3.7 �2

a a = 0.3.
b a = 0.2.
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FIGURE 6. ln(x2) vs (1/T � 1/Thm) representation for systems with sorbitol (left) a
3.4. Apparent thermodynamic functions of dissolution

The thermodynamic behavior of dissolution process can be ac-
cessed through three thermodynamic functions: enthalpy of disso-
lution, D0

dissol:H, which indicates if the dissolution process releases
or absorbs heat, Gibbs free energy change of dissolution, D0

dissol:G,
which indicates whether the process is spontaneous or not, and en-
tropy of dissolution, D0

dissol:S, that shows which is the more favor-
able state: the solution or the pure solvent. Note that these
functions are apparent functions since they are obtained from
experimental data. They are also important to estimate energetic
parameters for equations of state to model the solubility data.
The approach to calculate them is that proposed by Krug and co-
workers [62], which is based on a modified Van’t Hoff equation:

@ ln x2

@ 1
T � 1

Thm

� �
2
4

3
5

p

¼ �D0
dissol:H

R
; ð10Þ

where x2 is the solubility of the solute in mole fraction, R is the ideal
gas constant, T is the temperature in K, and Thm is the harmonic
average of the experimental temperatures given by:

Thm ¼
NpPNp

i¼1
1
Ti

; ð11Þ

where Np is the number of experimental data points. The enthalpy
of dissolution, D0

dissol:H, is obtained from the slope of the linear plot
of lnx2 against (1/T - 1/Thm), as shown in figure 6. To calculate the
change of Gibbs free energy during the dissolution, D0

dissol:G, this ap-
proach uses the following expression:
IQUAC eNRTLa

12/R Du21/R AARD Dg12/R Dg21/R AARD
) % (K) %

00.0 373.8 1.1 �2894.7 �332.7 0.8
45.3 995.3 1.9 �2811.8 �584.6 1.7
17.5 541.6 1.3 �2522.2 �236.9 0.7

29.8 221.7 2.6 �3240.7 �462.4 2.6
32.5 919.9 2.9 �3444.8b �548.1b 2.0
04.1 491.3 3.2 �2782.0 341.8 2.4

(1/T - 1/Thm) / K-1
-3e-4 -2e-4 -1e-4 0 1e-4 2e-4 3e-4

ln
 (x

2)

-2.4

-2.2

-2.0

-1.8

-1.6

-1.4

-1.2

-1.0

-0.8

-0.6

nd xylitol (right). [emim][EtSO4], s; Aliquat�336, h; and Aliquat�[NO3], e.



TABLE 9
Thermodynamic functions of dissolution.

Ionic liquid Solute Thm/K D0
dissol:H/(kJ �mol�1) D0

dissol:G/(kJ �mol�1) D0
dissol:S/(J �mol�1 � K�1)

[emim][EtSO4] Xylitol 307.8 18.4 3.42 48.8
Sorbitol 307.8 14.3 3.25 35.9

Aliquat�336 Xylitol 326.0 13.4 2.58 33.1
Sorbitol 326.0 8.8 2.65 18.8

Aliquat�[NO3] Xylitol 327.1 24.2 4.57 60.1
Sorbitol 326.7 19.0 4.87 43.2
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D0
dissol:G ¼ �RThmk; ð12Þ

where the constant k, is the y-axis intercept of the linear plot
represented on figure 6.

Finally, through the definition of Gibbs free energy, one can
calculate the entropy of dissolution, D0

dissol:S:

D0
dissol:S ¼

D0
dissol:H � D0

dissol:G
Thm

: ð13Þ

Table 9 presents the thermodynamic functions for the six binary
systems studied in this work. As the solubility increases with tem-
perature, the obtained dissolution enthalpy, D0

dissol:H, shows posi-
tive values for all the systems, presenting an endothermic
behavior in these dissolution processes. The lower this enthalpy,
the easier it is for the system to overcome the energetic barrier
for the dissolution. Dissolution entropy plays also an important
role as an indicator if solvent molecules’ configuration after disso-
lution is favorable or not. The positive values for D0

dissol:S obtained in
all cases indicate a higher mobility of the ionic liquids when they
are solvating molecules of carbohydrates than they have in a pure
state. The positive values of D0

dissol:G show these dissolution pro-
cesses are all non-spontaneous, requiring a continuous energy sup-
ply to dissolution occurs.
4. Conclusions

Solubilities of xylitol and sorbitol in three ionic liquids were
measured over the temperature range of 288 K to 433 K, using an
isothermal technique and liquid chromatography. In addition, the
densities of the ionic liquids were determined on a vibrating tube
densimeter, in a wide temperature range. Measured density of
[emim][EtSO4] is in excellent agreement with literature data.
Therefore, for Aliquat�336 and Aliquat�[NO3], their densities at a
specific water content were measured for a wide range of temper-
atures to increase the knowledge on volumetric data of these two
ionic liquids, which is still very scarce. Density data were satisfac-
torily correlated using both linear regression and equation of state
for liquids, considering thermal expansion independent of temper-
ature. Both sugar alcohols showed higher solubilities in [emim][Et-
SO4], where sorbitol is slightly more soluble than xylitol. Solubility
in Aliquat’s ILs is clearly lower than in [emim][EtSO4], due to the
hydrophobic character of this cation. Chloride anion, as a more
electron-donor species, provides a higher ability to dissolve carbo-
hydrates than nitrate. Local composition models (NRTL, UNIQUAC,
and e-NRTL) were successfully applied to correlate the experimen-
tal solubility data. The NRTL’s extension to electrolytes presented a
slightly better accuracy than the other two models in almost all
cases. Thermodynamic functions of dissolution were obtained from
the experimental data, showing the dissolution processes of the
studied systems are non-spontaneous, endothermic and favorable
under an entropic perspective.
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