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Highlights

e Solubilities of two important organic acids for the bio-refinery industry have been
measured in several bio-based green solvents and correlated.

e Activity coefficients and excess energies at the saturation concentration were estimated
from the solid-liquid equilibria computed by the COSMO-RS method.

e Systems molecular interactions were analyzed throughout the excess enthalpy
contributions: electrostatic, hydrogen bonding, and van der Waals forces interactions.

e The free Gibbs energy, enthalpy, and entropy of solution of all systems were estimated

at the experimental harmonic mean temperature.



ABSTRACT

The solubility and involved energies of organic acids in green solvents are relevant to the design
of sustainable biorefinery downstream processes. In this work, the solubility of two important bio-
based organic acids such as succinic acid and fumaric acid, in water and four bio-based solvents
(i.e., ethyl acetate, 1,8-cineole, cyclopentyl methyl ether, and 2-methyl tetrahydrofuran) were
measured within a temperature range of [283 — 313] K. A gravimetric methodology was adopted,
previously validated using the organic acid aqueous solubilities available in the literature. The
reported data present an average estimated uncertainty of measurement, with a level of confidence
of 95%, of 5.2:10 mol-mol™'. Experimental results were correlated with the van’t Hoff equation,
and the Buchowski—Ksiazaczak Ah model, where the root mean squared deviations were less than
3.9-10* for all systems. From the experimental data and the COSMO-RS molecular simulation
method, the solid-liquid equilibria were modelled to estimate the excess energies and the solute
activity coefficients of the saturated solutions. Excess enthalpy contribution analysis shows that
attractive hydrogen-bonding interactions between the organic acids and the green solvents drive
the dissolution phenomena. The magnitude of the hydrogen-bonding interactions increases with
temperature for all systems, agreeing with the observed solubility trends. The organic acid energies
of solution were estimated from the van’t Hoff equation, demonstrating an enthalpy-entropy
compensation effect. The energetic analysis shows that the dissolution phenomenon is an enthalpy-

driven process for fumaric acid, whereas no predominant effect is observed for succinic acid.
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1. Introduction
Nowadays, a global urge to reduce fossil fuel consumption along with the increasing governmental
environmental regulations encourages green routes in chemical manufacturing [1]. In this context,
the production of bio-based molecules from renewable sources in the biorefinery industry is key
to addressing such a challenge [2]. Their use as chemical building blocks allows replacing
petrochemical-based compounds in the production of solvents, food, textiles, cosmetics,
pharmaceuticals, detergents, as well as other chemical commodities [3].

In particular, the United States Department of Energy has identified bio-based organic acids,
among other target building blocks, as strategic platform chemicals [4]. Succinic acid and fumaric
acid are two bio-based organic acids that can be produced by fermentation starting from
lignocellulose-derived sugars [5,6]. However, despite being acknowledged as a competitive
alternative to the petrochemical routes, there is still a need to improve its downstream recovery
and purification processes [7]. After fermentation, separation of the bio-based organic acids from
the aqueous broths is usually carried out by liquid-liquid extraction (LLX) with volatile organic
compounds, such as organophosphorus compounds or aliphatic amines, which is a clear mismatch
with their green purpose [6,8]. Moreover, the separation stage is critical, with a cost representing
more than two-thirds of the total production cost [9].

Due to the aforementioned reasons, the search for alternative solvents presenting more benign
environmental, health and safety features for biotechnological uses is receiving increasing
attention [10]. A large number of hydrophobic green novel solvents have been proposed and
systematically evaluated to fulfil the current gap in bio-based organic acids recovery [11].
Although several of them have proven their capacity for the extraction task, basic thermodynamic

properties such as the solute solubilities and solution energies are still needed to carry out proper



separation and purification process design. It is possible to find in the literature experimental
studies on the solubility of succinic acid in several organic solvents, such as isopropanol [12];
water-methanol and water-ethanol mixtures [13]; binary mixtures of cyclohexanone,
cyclohexanol, and cyclohexane [14]; binary mixtures of methanol, ethanol, and propanol [15]; as
well as on the solubility of fumaric acid in n-propanol, isopropanol, ethanol and acetone [16].
Nevertheless, most of the aforementioned solvents show polar nature, excluding them for LLX
from aqueous matrices. Based on the molecular structural information, the quantum chemical
COnductor-like Screening Model for Real Solvents (COSMO-RS) method is capable of predicting
the chemical potential of the compounds and thereby further thermodynamic properties [17].
COSMO-RS method has been shown to accurately predict the temperature-dependence of the
solubility of carboxylic acids in water [ 18]. Likewise, the method allows identifying solute-solvent
affinities by computing mixing enthalpies and molecular interactions, as well as partition
coefficient estimations, which have been used to evaluate solvent candidates for sustainable LLX
[19,20]. COSMO-RS predictions had been thoroughly assessed by contrasting with experimental
data [21]. The average absolute relative deviations (AARD) of infinite dilution activity coefficients
resulted in 84.6% and 58.5% for the TZVP-COSMO and TZVPD-FINE parametrization levels,
respectively. Likewise, the infinite dilution partial excess enthalpy showed an AARD of 244% and
255% for the above parametrizations. The authors noted that the higher deviations correspond to
the systems composed of nitrate-based ionic liquids and heavy nonpolar solutes with high
conformational flexibility. This prompted significant discrepancies between the calculated and
modelled activity coefficients, which are propagated in the computation of the excess enthalpy.
Better accuracy for predictions of activity coefficients at infinite dilution with COSMO-RS has

been reported for thiophene in several ionic liquids modelled with a TZVP parametrization,



obtaining an AARD of 24.1% [22]. In an extensive study, the relative mean deviations of the
excess enthalpies of 10,851 binary data sets were modelled using COSMO-RS with TZVP
parametrization, resulting in a range of 15.5% — 161.8% [23]. On the other hand, the COSMO-RS
method predictions of free energies of hydration showed an accuracy of approximately 0.5
kcal-mol™ [24].

The objective of this work is to perform a solubility study of succinic acid and fumaric acid in
aqueous solutions and target bio-based solvents. 1,8-Cineole, also known as eucalyptol (Cineole),
cyclopentyl methyl ether (CPME), and 2-methyl tetrahydrofuran (2-MeTHF) have been selected
based on their good performance in the recovery of such organic acids, as shown in our previous
work [11]. We have also included ethyl acetate (EtOAc), a conventional solvent providing high
organic acids extraction yields, which has been recently demonstrated that can be also produced
from renewable sources [25]. The obtained experimental solubilities have been correlated with
thermodynamic models including the van’t Hoff equation and the Buchowski—Ksiazaczak Ah
model. The obtained experimental solubilities have been correlated with thermodynamic models
counting with two adjustable parameters each. First, the van’t Hoff equation [26], which expresses
the entropy and enthalpy effect in the dissolution phenomenon; and secondly, the Buchowski—
Ksiazaczak Ah model that quantifies the energy of solution and the ideality degree [27].

The molecular interactions, in terms of excess energies, within the saturated mixture were
modelled with the COSMO-RS method. In addition, the energies of solution have been estimated
from the van’t Hoff equation to better understand the organic acids dissolution process
phenomenon. Overall, the results derived from this work will contribute to the development and
design of green routes for bio-based organic acids recovery, promoting sustainable downstream

processes in the biorefinery industry.



2. Materials and methods

2.1 Materials
Succinic acid (> 99.0% w/w, CAS: 110-15-6), fumaric acid (> 99.0% w/w, CAS: 110-17-8),
cineole (99% w/w, CAS: 470-82-6), and 2-MeTHF (> 99.0% w/w, CAS: 96-47-9) were purchased
from Sigma-Aldrich. EtOAc (99% w/w, CAS: 141-78-6) and CPME (> 99.9% w/w, CAS: 5614-
37-9) were purchased from Alfa Aesar. Reagents were used without further purification. Both
organic acids were kept in a desiccator to avoid surrounding water absorption due to the
hygroscopic effect. High purity water (Milli-Q type 1) was produced in the laboratory. Table 1
shows some of the relevant properties for the experimental and modelling procedures of the
compounds used in this work, including the moisture content in the bio-based solvents measured
using a Karl Fisher titrator prior to the experiments. The molecular structures of the compounds

can be found in Figure 1.



Table 1. Properties of bio-based solvents and organic acids used in this work.

Compound Abbreviation MW  BP? MP® Water content®
gmol! T,/K Tm/K why / g g’

Water - 18.02 373.15 - -

Ethyl acetate EtOAc 88.11 350.15 - 0.0003
1,8-Cineole Cineole 154.25 44915 - 0.0024
Cyclopentyl methyl ether CPME 100.16 379.15 - 0.0005
2-Methyl tetrahydrofuran 2-MeTHF 86.13  351.15 - 0.0001
Succinic acid - 118.09 - 455.2 -
Fumaric acid - 116.07 - 562.55 -

2 Boiling point according to the suppliers.

>Melting point [28].

¢Measured by Karl Fisher titration at 25°C using a Metrohm 899 coulometer. Standard uncertainty for water content,
u(wty) <107 g-gl.
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Water Ethyl acetate 1,8-Cineole Cyclopentyl 2-Methyl
methyl ether tetrahydrofuran
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Figure 1. Molecular structures of the bio-based solvents and organic acids studied in this work.

2.2 Experimental procedure
The solubilities of succinic acid and fumaric acid in the bio-based solvents and water were obtained
using a gravimetric method, by weighting the solids deposited after the complete evaporation of a
saturated solution of [organic acid (1) + solvent (2)]. First, a feed oversaturated solution, i.e., a
solution with visible suspended crystals, was prepared at a high temperature (> 60 °C). Then, 2 ml

of the feed solution were centrifuged for 3 h in a Sigma 4-16KS refrigerated centrifuge at a



controlled fixed temperature of the data point measurement and a relative centrifugal force (RCF)
of 23,506g. Lastly, 1 ml of the saturated supernatant was weighed in a Mettler Toledo MS1045/01
analytical scale in a previously weighted glass vial, and let dry overnight in a vacuum oven at 10
Pa and a temperature set at the boiling point of the solvent. The dry crystallized solid (i.e., just the
organic acid) was weighed again to obtain the organic acid mass contained within the saturated
supernatant sample. The solubility expressed as the saturated acid mole fraction, x; / mol-mol™,
was calculated following Eq. 1, where Myia,, Mary, and Miolution correspond to the vial mass, the dry
organic acid plus the vial mass, and the saturated supernatant plus the vial mass, respectively. The
mass standard uncertainty is u(mass) = 1.48-10~* g. Measurements were performed in triplicate,
reporting the mean value along with their respective uncertainty of measurement with a level of
confidence of 95% (LCosv) calculated according to NIST directions [29].

Mdry_Mvial Mdry_Mvial
x1 == .

(1

+ Msolutian_Mdry] -1
MW, MW, MW,

2.3 Solubility correlations
The solid-liquid equilibria of a system composed of a mixture miscible in the liquid phase but
completely immiscible in the solid phase can be expressed throughout Eq. 2. According to it, two
main factors are relevant in the compound solubility: the saturated solute activity coefficient in the
liquid phase, y1 / mol-mol!, to quantify the non-ideality within the system; and the solute enthalpy
of fusion, AHm / kJ-mol!, a temperature-dependent property, which is integrated between the
system temperature, 7'/ K, and the solute melting point, 71 / K. Eq. 2 also utilizes the gas constant,
R /kJ-mol!-K!. Different correlations have been proposed in the literature for an easier approach
to expressing the solubility data. These correlations are derived from the analysis and

simplifications of Eq. 2, employing empirical parameters (p;) fitted from experimental data.



n(x; -yy) = [ 2224 () 2)

The van’t Hoff equation (Eq. 3) is one of the more broadly thermodynamic models used to
correlate solubility with temperature. It has two non-dependent temperature empirical parameters,
named 4 (p1) and B (p2) in this work, respectively related to the entropy and enthalpy of solution,

hence giving a good overview of the system non-ideality.
B
In(x;)) =A+ p (3)
The Buchowski—Ksiazaczak Ah model (Eq. 4) is a two-parameter solubility correlation that
also includes the solute melting point, 7, / K. It states 4 (p1) as the system non-ideality measure

and 4 (p2) as the enthalpy of solution. The correlation assumes both parameters as approximately

constant with the temperature.

n(1+228) =3 p(2-2) )

X1 T Tnm

To fit the experimental solubilities of organic acids reported in this work to the above-described
correlations, the minimization of the root mean squared deviation, &(x;), of the N-data points was
used as the objective function (OF), showed in Eq. 5, where x;7 and x{% correspond to the

experimental data and the data calculated from each solubility correlation, respectively. A

MatLab® script has been developed to obtain the respective fitted values of the correlation

parameters.
OF: min[6(x;)] = min l\/%Z(xfxp — xlcal)2 (5)
2.4 COSMO-RS approach

Thermodynamic phase equilibria can be modelled from the screening charge density, ¢ / e-nm™,
on the molecular surface by the quantum chemical COnductor-like Screening Model for Real

Solvents (COSMO-RS) method [30]. As a statistical thermodynamic-based theory, the COSMO-
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RS method improves the COSMO polarization charge densities approach and had proved to be
capable to overcome several limitations of the dielectric continuum models [31]. Through this
property, the model can compute the chemical potential of the organic acid (1) as a pure compound,
pq / kI-mol?, and mixed in the a-phase, u¢ / kJ-mol™. For a multi-component system, the solid-
liquid equilibrium (SLE) is determined by Eq. 6, considering the free energy of the specie in each
phase. Herein, the AGs / kJ-mol™ denotes the compound Gibbs free energy of fusion which can
be estimated or provided. To enhance the model predictions, AGrns might be obtained from the
experimental data given the saturated molar concertation, x; / mol-mol™, at a fixed temperature, T
/ K. The value of AGs(T) is iterated until it meets the SLE governed by the experimental saturated
mole fraction, x1, and the chemical potentials, u; and uf, computed by the COSMO-RS method.

py + AGeys(T) = uf + RTIn(x) (6)

By combining the COSMO-RS method and the experimental results, the equilibria of the system
can be solved, allowing to determine the solute activity coefficient, y1*/ mol-mol™, of the saturated
solution by Eq. 7. Additionally, it is possible to identify specific molecular interactions, i.e.,
attractive or repulsive forces within the mixtures, by computing the saturated mixture excess
energies: excess Gibbs free energy, Gt / kJ-mol’!, excess enthalpy, HE / kJ-mol™, and excess
entropy expressed as -7SE / kJ-mol™!, according to Eq. 8. Furthermore, a deeper understanding of
these interactions can be obtained from the contributions to H*. These energies are divided into

electrostatic energy (MF), hydrogen bonding (HB), and van der Waals forces (vdW), according to

Eq. 9.
RTIn(y() = uft — p (7)
GE = HE — TSE (8)
HE = HE(MF) + HE(HB) + HE(vdW) 9)
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Computational calculations were performed using the COSMOtherm software, version C30,
release 18.0.2, at the parametrization BP_TZVP_18.

3. Results and discussion

3.1 Methodology validation
The experimental methodology proposed in this work was validated by comparing the solubility
of organic acids in water measured herein with the data found in the literature for both succinic
acid [15,32-46] and fumaric acid [33,38,42,47,48] within a temperature range of [283 — 333] K.
Compiled literature data for each acid were treated as single data sets and fed into the van't Hoff
equation (Eq. 3). Experimental data, ln(xfxp), was compared with the mean literature values,
ln(x{it), evaluated at the corresponding temperature, by the root mean squared deviation,
&[In(x;)]. Deviation between the values obtained in this work and those reported in literature are
S[In(x;)] = 0.19 and §[In(x;)] = 0.20, for succinic acid and fumaric acid, respectively. Hence,
the proposed methodology is in good agreement with the previously reported data. The validation
results details can be found in SI.

3.2 Experimental organic acid solubilities
Experimental results obtained in this work for the solubility of succinic acid and fumaric acid using
the gravimetric methodology described in section 2.2 are exhibited in Figure 2. The reported data
is expressed as the saturated solute mole fraction with the respective data point uncertainty of
measurement: x; £ Ucomb9s5%(x1) / mol:mol”. Succinic and fumaric acids display solubilities
ranging [0.0025 — 0.0439] mol-mol™! and [0.0005 — 0.0290] mol-mol™!, respectively. Succinic acid
shows a greater solubility than fumaric acid in water, EtOAc, and 2-MeTHF. As will be discussed
later, the solubility phenomenon is driven by enthalpic and entropic processes, where the broken

and formed molecular interactions define the system behavior. Although both organic acids have

12



two carboxyl groups (see Figure 1) to form interactions with the solvent molecules, the molecular
structure of succinic acid presents three rotatable bonds, making it more flexible. In contrast,
fumaric acid has a carbon—carbon double bond in its chain, resulting in a more rigid molecule. The
molecular capability to rotate might favour the formation of solute-solvent interactions, hence
increasing the solubility.

Saturated succinic acid mole fractions in water and bio-based solvents measured in this work at
temperatures in the range [283 — 313] K are plotted in Figure 2.a, along with the solubility in water
data compiled from the literature. The solubility values show an overall trend following: EtOAc =
CPME < Cineole = Water < 2-MeTHF. Likewise, Figure 2.b displays the solubility values for
fumaric acid, which exhibits greater solubility in 2-MeTHF, CPME, and cineole than in water,
following the trend: EtOAc = Water < CPME < Cineole < 2-MeTHF. Note that similar trends were
obtained in our previous work for the experimental liquid-liquid extraction of both organic acids

from model aqueous solutions using the bio-based solvents studied herein [11].
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Figure 2. Experimental and literature [15,32,41-48,33-40] solubilities of organic acids in water and bio-based
solvents at temperatures ranging [283 — 313] K: a) Succinic acid; b) Fumaric acid. Average combined expanded
uncertainty of measurement, Ucomb9s%(x1) = 5.2-10* mol-mol'.

Experimental error is composed of uncertainties arising from random and systematic effects.
The first one can be related to the variability of the results, while the second is to the measurement
procedure. Its proper determination by statistical methods is a subject of discussion among authors,
and nonstatistical approaches, such as the mathematical gnostic, have been proposed for the
estimation of thermophysical/chemical properties uncertainty [49]. Due to the complexity of the
procedure methodology, no more replicate experiments by data point were possible to measure.
This results in large confidence bound given by the basic statistical methods estimation of the
random variability, which no genuinely reflect the experiment precisions, and the uncertainty

should be estimated from other scientific judgment. Since the proposed methodology is based on
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reliable independent measurements under highly controlled conditions, the reported errors for the
organic acid solubility values are expressed as the combined expanded uncertainty of
measurement, Ucomb.95%(x1) / mol-mol!. They were estimated from the measured variables and the
error propagation with a level of confidence of 95% [29]. The respective variable standard
uncertainties and the expression for the combined uncertainty of the organic acid saturated mole
fraction derived from Eq. 1 are available in SI. Solubilities of succinic acid and fumaric acid have
an Ucomb.9s%(x1) < 8.7-10* mol-mol™! and Ucomb.9s%(x1) < 9.3-10* mol-mol™! respectively, where
the average relative error, 100-Ucomb9s%(x1)/x1, is 11%. Experimental solubility results and

uncertainty estimation details can be found in SI.

3.3 Correlation of organic acid solubility data

The following thermodynamic models for solubility: 1) the van’t Hoff equation (Eq. 3) and ii)
the Buchowski—Ksiazaczak Ah model (Eq. 4) were used to correlate the solid-liquid equilibria data
as a function of the temperature. The empirical parameters were obtained by fitting the equation
to the experimental data points and minimizing the objective function (Eq. 5). Table 2 presents the
fitted parameters for each [organic acid (1) + solvent (2)] system along with their root mean square
deviation, 8(x1). Although the modified Apelblat equation shows a slightly better fit, this might be
due to overfitting, considering the few data points available within the system.

The percentage of the individual relative deviations, €; / % (Eq. 10), for each data point and the
predicted saturated solute mole fraction obtained using the solubility correlations can be found in
SI. Succinic acid systems show an average relative deviation of 4.6%, with a maximum of 6.6%
in the CPME solution correlated with the Buchowski—Ksiazaczak Ah model. On the other hand,

the fumaric acid solubilities present an overall better fit, with an average relative deviation of 3.9%.
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The largest data point deviations are found for the fumaric acid in EtOAc with the van’t Hoff
equation and Buchowski—Ksiazaczak Ah model, where their respective maximum relative
deviations are 9.1% and 9.2%.

g = 100 - (xfff” —xf4) /xff{p (10)

Table 2. Fitted values of parameters for the van’t Hoff equation (Eq. 3), and Buchowski—Ksiazaczak Ah model (Eq.
4) for the organic acid solubilities in water and bio-based solvents.

Succinic acid Fumaric acid
Eq. P P2 100-5(x1) ! p2 100-5(x1)
Water
van’t Hoff 5.407 -2894 0.025 6.408 -3973 0.002
Ah model 0.3419 8220 0.024 0.5147 7707 0.002
EtOAc
van’t Hoff 0.8937 -1880 0.005 7.545 -4202 0.003
Ah model 0.0227 68940 0.005 1.074 3909 0.003
Cineole
van’t Hoff 10.64 -4485 0.008 0.2407 -1477 0.006
Ah model 2.236 2012 0.008 0.0602 21451 0.005
CPME
van’t Hoff 17.71 -6927 0.010 1.839 -2145 0.002
Ah model 12.41 559.3 0.010 0.1158 17683 0.002
2-MeTHF
van’t Hoff 11.26 -4509 0.037 -0.4378 -972.8 0.004
Ah model 4410 1045 0.039 0.0424 14738 0.003
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3.4 Thermodynamic analysis of organic acid — solvent systems using COSMO-RS
The observed solubility behaviour depends on the molecular interactions present within the
system. Such interactions can be quantified from the chemical potential of the species determining
the solid-liquid equilibria. To estimate the chemical potential of the compounds, the COSMO-RS
method uses the charge density probability distribution of a molecular surface segment, defined as
the o-profile, as the main descriptor. The molecular charge density, or o-surface, and the respective
o-profile of the compounds used in this work are depicted in Figure 3. Three core regions are
recognized: two polar-nature regions, hydrogen bond donor (HBD) at ¢ < -0.82 e-nm™ and
hydrogen bond acceptor (HBA) at ¢ > 0.82 e-nm, and a non-polar region within. Based on the
experimental data and the o — profiles of the organic acid solutes and the solvents, the solid-liquid

equilibria of each studied system were determined along with their intermolecular affinities.
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Figure 3. Representation of the ¢ — surfaces (left) and o — profiles (right) of the bio-based solvents and organic acids
studied in this work.

As one of the main thermodynamic properties of a multicomponent solution, the activity
coefficient of each specie provides key insights into the molecular affinity, In(y1) <0, or repulsion,
In(y1) > 0, i.e., to understand the non-ideal behaviour of a solution. The activity coefficients of the
organic acids at the saturated liquid condition are presented in Figure 4 as a temperature function.

Note that the organic acid solubility increases with the temperatures, so the yi-values are not at the
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same concentration. However, the infinite dilution activity coefficients of each acid present similar
trends with the temperature than the saturated mixtures. The details of the computed activities
coefficients results can be found in SI. The activity coefficients of both organic acids are lower in
bio-based solvents than in water, supporting bio-based solvents as good extractants for the
recovery of the acids from fermentation broths. From the solvents ¢ — profiles can be inferred that
molecules with a greater non-polar area provide a relatively lower solubility, while those showing
greater HBA capacity enhance the solubility of the target solutes. As mentioned above, the
molecular rotation capacity of succinic acid allows breaking the internal hydrogen bond depicted
in Figure 3, hence promoting interactions with the solvent molecules. The computed yi-values
results do not follow the experimental solubility, suggesting that more complex interactions are
present in the solid solvation phenomena. Regarding the solubility of organic acids in aqueous
solutions, the molecule of water presents both hydrogen bond donor and acceptor capacities, which
can promote strong interactions with the carboxyl groups of the organic acids. Nevertheless, the
limited solubility of fumaric acid in water is explained by the “hydrophobic effect”; this is an
entropic phenomenon [50] where the water molecules can form complex tetrahedral networks with
water-water interactions stronger than acid-water interactions, requiring high energy to disturb

them [51].
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Figure 4. Natural logarithm activity coefficient, In(y;), of saturated succinic acid (solid lines) and fumaric acid (dash
lines) in water and bio-based solvents computed by the COSMO-RS method within the experimental temperature
range of each [organic acid (1) + solvent (2)] system.

At the solid-liquid equilibria, the specific interactions of the saturated liquid phase can be
described through an excess energies analysis. Figure 5 shows the saturated organic acid-solvent
mixtures excess energies and their respective contributions to the HE-value, according to Eq. 9 and
Eq. 10, respectively. Within each system, the temperature dependence of the HE and -TSE
determining the excess Gt remained relatively constant. Thus, the analysis was made at a fixed
temperature of 293.15 K to allow a proper comparison. Overall results demonstrate that it is
possible to establish a proportional trend between G values and the solubility results for each
organic acid.

Except for succinic acid in water, GF values are negative, reflecting the spontaneity of the
solvation process. This agrees with the In(y1)-value > 0 for the former system, evidencing its low
unlike-molecules affinities. Succinic acid tends to form internal hydrogen bonds, exposing the
non-polar surface charges which repulse the water molecules. Most systems show a proportional
-TSE compensation effect with the HE, suggesting an increasing order within the system due to the
new interactions formed. Such compensation effect is predominant for aqueous systems where G-
values tend to zero, denoting the hydrophobic effect described above. In general, the main HE

contribution corresponds to hydrogen bonding interactions between the carboxyl groups of the
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solutes and the solvents; this is followed by a slight contribution of electrostatic interactions and a
negligible influence of the van der Waals forces. Solute-solvent interactions are stronger for
succinic acid than fumaric acid in water and EtOAc, while stronger for fumaric acid in Cineole,
CPME, and 2-MeTHF. Both solvent groups differ mainly in the non-polar region and the
HBD/HBA capacity. Notably, for the systems composed of CPME with both acids, greater ratios
of HB/MF and HB/vdW contributions are observed. This might explain the low affinity identified
from the activity coefficient analysis, yet the similar HBA capacity than other bio-based solvents,
such as cineole and 2-MeTHF. The low MF contribution suggests a poor molecular interstitial
accommodation, reducing the interaction capacity and thus limiting the solubility of both acids in
CPME. The energetic analysis revealed the complex interaction network that can be formed
between the target organic acids and the bio-based solvents, which is critical to consider for the
appropriate selection of the extraction media. The computed excess energies’ results details can

be found in SI.
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Figure 5. Analysis of the excess mixing energies of saturated organic acid — bio-based solvent systems computed by
the COSMO-RS method at 293.15 K. a) Excess Gibbs free energy (G / kJ-mol™), Excess enthalpy (HE / kJ-mol™),
and Excess entropy (-T'S® / kJ-mol'); b) Excess enthalpy contributions (kJ-mol"'): electrostatic energy (MF),
hydrogen bonding (HB), and van der Waals forces (vdW).

3.5 Energies of solution of organic acid — solvent systems
Given the solubility data and the van’t Hoff equation (Eq. 3) is possible to estimate the energies
of solution from the variation of the equilibrium constants with the temperature following the
modification proposed by Krug et al. [52,53]. The method normalizes the temperature by
accounting for the harmonic temperature, i.e., the harmonic mean of the N experimental
temperature data points, according to Eq. 11. This results in a solubility function in the form of
In(x1) = f(1/T-1/Tim), as shown in Figure 6, where the Gibbs free energy of solution, AGsoln /

kJ-mol™!, corresponds to the function intercept times the gas constant, R / kJ-mol'-K™!, and the
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harmonic temperature, as shown in Eq. 12; the enthalpy of solution, A Hso / kJ-mol™!, is related to
the function slope times the gas constant, as per Eq. 13; and the entropy of solution, ASson / kJ-mol
L.K!, is derived from the Gibbs free excess energy equation (Eq. 14). Uncertainties of the energies
of solution are derived from the respective intercept and slope confident bounds of the van’t Hoff
equation linear regression. The full derivation of the linear regression parameters, as well as the

energies of solution uncertainties, can be found in SI.

N
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Figure 6. Schematic representation of energies of solution estimation from the solubility experimental data in the
van’t Hoff plot modified by Krug et al. [52,53]. The free energy of solution, A G / kJ-mol”, is proportional to the
function intercept, i.e., the function evaluated at T = Ty, the enthalpy of solution, AHs, / kJ-mol™!, to the function
slope. The entropy of solution is obtained from the Gibbs free energy relationship: AG=AH-TAS.
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The energies of solution of the organic acids in water and the bio-based solvents studied in this
work were estimated at a fitted temperature of Tim = 299 K, i.e. the harmonic mean of the
temperature of all data reported, to allow for a proper comparison between the systems. The
estimated energies of solution for succinic acid and fumaric acid are presented in Table 3. As
expected, the dissolution of the organic acids is an endothermic process (AHsoln > 0) in all solvents.
Gibbs free energy results follow a similar trend to that of the overall organic acid solubilities: the
higher the solubility values, the lower the Gibbs free energy. Positive values of the entropy of
solution in all cases, except for fumaric acid in 2-MeTHF, suggest a possible contribution of this
factor to the dissolution. Note that due to the few point measured for the systems [succinic acid +
cineole] and [succinic acid + CPME], the uncertainty of the linear regression parameter causes a
large estimated uncertainty of their respective energies of solution. Thus those data points are
presented only as a qualitative insight into the energies trend.

To corroborate the predominant driving force in the organic acid dissolution process within the
studied solvents, the relationship between the enthalpy and entropy of solution was assessed. A
slope of the enthalpy respect to the entropy variation (Eq. 15) bigger than one denotes an enthalpy-
driven dissolution process, and otherwise an entropy-driven process.[54| The results demonstrate
an enthalpy-entropy compensation effect where a proportional linear trend is found between those
factors for both organic acids, as depicted in Figure 7. The slopes of the enthalpy to the entropy
are 1.01 and 1.30 for succinic acid and fumaric acid, respectively. This indicates an enthalpy-
driven process for fumaric acid, i.e. its dissolution mechanism is based on the absorbed energy to
break the solid molecular structure over the entropy change, which agrees with the observed low
solubilities. On the other hand, no predominated effect can be observed for succinic acid, both

enthalpy and entropy mechanisms are balanced.
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organic acid.

Table 3. Estimated Gibbs free energy (AGsom), enthalpy (AHsm), and entropy (Thm*ASsn) of solution, and their
respective uncertainty with a confidence limit of 95%( Ucomb.95%), for succinic acid and fumaric acid in water and the
bio-based solvents studied in this work. Estimations were performed following the methodology detailed in section
3.5 at Thm=299 K.

Solvent AGsoln AHsoln Thm'ASsoln
kJ-mol! kJ-mol! kJ-mol’!
Succinic acid
Water 10.62 +0.20 2377 +6.97 13.15 £7.17
EtOAc 13.41 +0.09 15.46 +3.41 2.05 +3.49
Cineole 10.81 #+1.83 38.70 +45.51 27.89 +47.34
CPME 13.59 +1.14 61.35 +61.30 4776 +62.44
2-MeTHF 948 =+0.13 35.81 +7.46 26.33 +7.59
Fumaric acid
Water 17.14 +0.49 34.65 +7.13 17.51 +0.52
EtOAc 16.23 +0.37 37.06 +6.42 20.83 +6.06
Cineole 11.69 +0.17 12.04 +3.35 0.36 +3.18
CPME 13.25 +0.11 18.45 =+1.05 5.20 +0.94
2-MeTHF 9.18 +0.06 8.08 +0.54 -1.10 +0.48
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4. Conclusions
The saturated succinic acid and fumaric acid mole fraction solubility in water and bio-based
solvents were measured in the temperatures range of [283 — 313] K, with an experimental
uncertainty of measurement less than 9.3-10* mol-mol!. Succinic acid shows to be the most
soluble in 2-MeTHF, while fumaric acid also presents high solubility in 2-MeTHF, followed by
cineole and CPME, rather than EtOAc and water. Results were successfully correlated with three
solubility models, i.e., the van’t Hoff equation, and the Buchowski—Ksiazaczak Ah model, with
relative deviations of less than 10%. The two-parameter van’t Hoff equation gives the proper
description of the reported data, allowing for further energetic interpretation of the dissolution
phenomenon. The saturated liquid mixture interactions were analysed by computing the solid-
liquid equilibria using the COSMO-RS method. Results reveal a complex unlike molecule
interactions, where hydrogen bonding dominates the organic acid dissolution process. The Gibbs
free energy, enthalpy, and entropy of solution were estimated for all systems at a mean harmonic
temperature of the experimental data. While the dissolving process of the organic acids is
endothermic, the thermodynamic analysis shows an enthalpy-entropy compensation effect for both
solutes within the bio-based solvents studied in this work, providing insights into the predominant
driving force for organic acid dissolution. This work provides new experimental data and insights
into the bio-organic acid solubility in green hydrophobic solvents. Overall, these findings will

promote the design of more benign biorefinery downstream processes for organic acids recovery.
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Notation

AGius Gibbs free energy of fusion

AGsoln Gibbs free energy of solution

AHn Enthalpy of fusion

AHsoln Enthalpy of solution

ASsoln Entropy of solution

A Entropy factor (p1) in van’t Hoff equation
AARD Average absolute relative deviation

B Enthalpy factor (p2) in van’t Hoff equation
G Gibbs free energy

H Enthalpy

HB Hydrogen-bonding energy contribution
HBA Hydrogen bond acceptor

HBD Hydrogen bond donor

h Enthalpic factor (p2) in Ah model

ko Coverage factor

LC Level of confidence

LLX Liquid-liquid extraction

Misotution Saturated supernatant plus the vial mass
Miial Vial mass

MF Electrostatic energy contribution (misfit)
MW Molar weight

Myt Dry organic acid plus the vial mass

N Number of data points

p Fitted parameter i of solubility correlation
p(o) o-profile

S Entropy

T Temperature

Ty Compound boiling point

Thm Harmonic mean temperature

Tm Compound melting point

u Standard uncertainty

Ucombos%  Combined expanded uncertainty (LCose;)
vdW van der Waals forces energy contribution
Wiy Solvent water content

X Saturated solute mole fraction

Greek letters:

Y Activity coefficient

o Root mean squared deviation

€ Relative deviation

A Non-ideality (p1) in Ah model

u Chemical potential

c Molecular charge density

kJ-mol!
kJ-mol!
kJ-mol!
kJ-mol!
kJ-mol!-K!

kJ-mol™!
kJ-mol!
kJ-mol™!

kJ-mol™!

kJ-mol!
g-mol’!

kJ-mol - K!

AR

kJ-mol!
gg'
mol-mol™!
mol-mol’!

%

kJ-mol!
e-nm
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Subscripts:

1 Organic acid

2 Bio-based green solvent

1 Individual data point i

Superscripts:

o Phase

cal Calculated from solubility correlation
E Excess property

exp Experimental value

lit Literature average value
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Solubilities of succinic and fumaric acids in water and bio-based solvents were experimentally

measured and correlated, and thermodynamically assessed.
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Notation

a

G

H
HB
kL
LC
Msolution
Muial
MW
MF
Mwet
N

P

S

S

Sy/x

T
t(v-2)
u
Ucomb,95%
v
vdW
Wtw

X

X

Y

Resolution of the instrument

Gibbs free energy kJ-mol*
Enthalpy kJ-mol*
Hydrogen-bonding energy contribution kJ-mol*

Coverage factor -
Level of confidence -
Saturated supernatant plus the vial mass g

g

Vial mass

Molar weight g-mol?
Electrostatic energy contribution (misfit)  kJ-mol*
Dry organic acid plus the vial mass g

Number of data points -
Fitted parameter i of solubility correlation
Entropy kJ-molt.K?

Parameter standard deviations of the least-squared linear regression method
Random errors in the y-direction of the least-squared linear regression method
Temperature K

t- factor

Standard uncertainty -

Combined expanded uncertainty (LCos%) -

Degree of freedom

van der Waals forces energy contribution  kJ-mol*

Solvent water content g-g*t
Independent variable of the least-squared linear regression method
Saturated solute mole fraction mol-mol™

Dependent variable of the least-squared linear regression method

Greek letters:

Y
€

Subscripts:

Activity coefficient mol-mol?
Relative deviation %

Organic acid

Bio-based green solvent
Effective

Individual data point i
Variable j

Superscripts:

cal
E
exp
lit

(00

Calculated from solubility correlation
Excess property

Experimental value

Literature average value

Infinite dilution



1. Methodology validation

Solubility data found in the literature for succinic acid [1-16] and fumaric acid [3,8,12,17,18] in

water was used to validate the proposed methodology. Each solubility data set were fed into the

van't Hoff equation (Eg. S1) and compared with the respective correlated data from experimental

values by the root mean squared deviation, 6[In(x;)], according to Eq. S2. The validation results

are shown in Table S1.

In(xy) =p; + P2

T

S[in(x,)] = \[%z (ln(xlexp) — ln(xi"t))z

(S1)

(S2)

Table S1. Comparison of experimental and mean values found in the literature for aqueous solubility of succinic and
fumaric acids for methodology validation. The estimated combined expanded uncertainty for the mean literature

lit

values: Ucomb,gs%(ln(xl )) =0.10 and 0.14, for succinic and fumaric acids, respectively.

Succinic acid Fumaric acid
T () WG WET) ()
1/K mol-molt  mol-mol* mol-mol*  mol-mol?
0.0035 -4.82 -5.08 -7.86 -7.48
0.0034 -4.42 -4.66 -7.19 -7.09
0.0033 -4.19 -4.27 -6.63 -6.72
0.0032 -3.82 -3.90 -6.30 -6.38
8[In(x,)]: 0.19 8[In(x,)]: 0.20




2. Experimental uncertainty

Reported solubility values, X;, are presented as the measurement result, x1, along with the
expanded combined uncertainty, Ucomn(X1), as is shown in Eq. S3. The saturated acid mole fraction
was calculated following Eq. 4, where Myial, Mary, and Msoltion correspond to the vial mass, the dry
organic acid plus the vial mass, and the saturated supernatant plus the vial mass, respectively. Two
approaches were adopted to evaluate Ucomn(X1), according to the NIST guidelines for expressing
results uncertainty [19]. First, the type A evaluation by statistical methods of the variability of the
results, where the error arising from a random effect on the repeatability of the measurement is
obtained assuming a t-distribution and the degree of freedom, v, according to Eq. S5. The results
standard uncertainty, u(x1), is obtained from the measurement deviation, while the t-factor, t(y_,),
for a level of confidence (LC) of 95% of the measured data in triplicate, i.e., degree freedom v =
1, results in 12.71. Due to the complexity of the procedure methodology, no more replicate
experiments by data point were possible to measure. This results in large confidence bound given
by the basic statistical methods, which no genuinely reflect the experiment precisions, and the
uncertainty should be estimated from other scientific judgment.

%1 =21 + Ucomp (1) (S3)
X, = Mary = Myiat [Mary = Mviar | Msotution — Mary -1 s
Ucomp(x1) = ulxy) - ty-2) (S5)

The type B approach corresponds to the uncertainty of measurement, which comes from the
error of the measured properties variation, due to the instruments’ resolution and error propagation
in the data treatment. Since the proposed methodology is based on reliable independent
measurements under highly controlled conditions, a type B approach represents a better
approximation to the experimental uncertainty. Assuming all the variable errors as small and
independent, the combined standard uncertainty, ucomn(X1), is determined by the law of propagation
of uncertainty: Eqg. S6. The list of the variable uncertainty estimation derived from the organic acid
saturated mole fraction measurements (Eq. S4) is given in Table S2. Then, Ucomn(X1) is calculated
by including a coverage factor, ki, (Eq. S7) given by the t-distribution for a specific confidence
level, p, and effective degrees of freedom, Verr, as shown in Eq. S8. The effective degrees of
freedom are calculated by the Welch-Satterthwaite formula (Eq. S9), where v; =r-1, is the

independent variable j degree of freedom and r is the size of the sample. The mass weight



uncertainty was modelled by a normal distribution of the scale resolution (+a=0.0001 g) according
to the instruments manufacturer’s specifications and assuming a 50 per cent probability that the
value of the quantity lies in the interval a. to a+, as shown in Eq. S10. Thus, for the measurement
procedure of this work and r=3 replicates for the Myia, Mary, and Msolution Measurements give a Ve
=4, Lastly, taking LC = 95% for t(4) results in a k_ of 2.78.

W) = ) (ai) u2(M)) (56)
j=1

Ucomp (xl) = kL *Ucomb (xl) (87)
k= ty(vesr) (S8)

v fr — ugomb (xl)
(f’xl) ut(M;) (S9)

Jj=1 vj

u(M;) ~ =+ 148 (S10)

Table S2. Estimation of the combined expanded uncertainty for the saturated organic acid mole fraction in bio-based
solvents, Ucombasw(X1), based on the contributions of properties and variables measured and calculated.

Property, Variable Type of uncertainty Uncertainty
Coverage factor, k.
(CL/ %)
Water content in the bio-based Standard u(wt,,) = 107 g-g*
solvent

(10* <wty<10?) g-g*

Temperature Standard uw(T)=1K
(283 <T<313)K
Mass Standard u(M;) =1.48-10% g
(0.0000 <M <10.0000) g
Saturated mole fraction of Combined 2
organic acid k=278 Ucomb(xl) | 0% 9x1 0% ~u(M)?
. -1 0 OMyiqr aMsalutlon OM gy
(0 <x1 <1) mol-mol (95%) y
ox1 Mgry—Myiql _ 1
: M. _ 2 MW
OMyial (Mwl)z.[MdTAJ;WA:”lal MSUluIt\;%lz MdW] [Mdry_Mvial_M—W;(Msolution_Mdry)]
0x4 _ M gry—Myiql
; M. - 2
OMsolution MW1‘MW2-[MdTIJV;WIVImal Msolu;?;z Mdry]
9%, 1 (M dry‘Mmal) ( /MW1+1/MW2)
OMary [Mdry Myial= MW2 (Msolutwn Mdry)] [Mdry Myiai— MWZ (Msolutwn Mdry)]




3. Experimental solubility data
Table S3 summarizes the experimental data obtained from the proposed methodology along with
the respective estimated measurement (type B) and statistical (type A) combined expanded
uncertainty, Ucomb gs%(X1) / mol-mol™,

Table S3. Experimental saturated organic acid mole fraction (x; / mol-mol?) in water and bio-based solvents and its
combined expanded uncertainties.

Succinic acid Fumaric acid
T X1 Ucombgszs(X1) /mol-mol? T~ X1 Ucomb g5%(X1) /mol-mol*
K  mol-mol?  TypeB™  TypeA™ K  mol-mol? Type B™ Type A™
Water

283 0.0081 8.878:10°  4.056-10* 283 0.0005 9.040-10° 4.130-10*
293 0.0121 9.673-10°  4.419-10* 293 0.0008 9.129.10° 4.171-10*
303 0.0152 9.849.10°  4.499-10* 303 0.0013 9.253.10° 4.227-10*
313 0.0219 1.022-10*  4.667-10* 313 0.0018 9.121-10°% 4.167-10*

EtOAc
283 0.0033 4.946:10*  2.260-10° 293 0.0010 5.018-10* 2.292-10%
293 0.0038 4.927-10%  2.251-10° 298 0.0015 4.974-10* 2.272.10°%
303 0.0050 4.966-10*  2.269-10° 303 0.0019 5.018-10* 2.292.10°%
308 0.0056 4.969-10*  2.270-10° 308 0.0023 4.956-10 2.264-10°
313 0.0060 4.814.10*  2.199-10° 313 0.0028 5.064-10* 2.314-10%

Cineole
283 0.0054 8.577-10*  3.918-10° 288 0.0077 8.907-10* 4.069-10°°
288 0.0074 8.731-10*  3.989-10° 293 0.0083 9.317-10* 4.256-107°
293 0.0094 8.708:10*  3.978:10° 298 0.0088 8.908-10* 4.069-107°
308 0.0106 9.157-10* 4.183-10%

CPME
293 0.0025 5.988-10% 2.736-10° 293 0.0042 6.105-10* 2.789.10°%
298 0.0042 6.086-10*  2.780-10° 208 0.0047 6.130-10* 2.800-10%
303 0.0058 5.889:10*  2.690-10° 303 0.0054 6.097-10* 2.785-10%
308 0.0060 7.568-10* 3.457-10%
313 0.0067 6.268-10* 2.863:10°%

2-MeTHF

293 0.0169 5.421.10*  2.476-10° 283 0.0208 5.374-10* 2.455.1073
303 0.0265 5.407-10%  2.470-10° 208 0.0248 5.354-10* 2.446-10%°
308 0.0331 5.458-10%  2.494-10° 303 0.0260 5.463-10* 2.496-10°
313 0.0439 5.712-10*  2.610-10° 308 0.0274 5.527-10* 2.525.10°°
313 0.0290 5.443-10* 2.487-10°

“Standard uncertainty for temperature, u(T) = 1 K.

" Combined expanded uncertainty of measurement (type B) estimated with a level of confidence of 95% of saturated
organic acid mole fraction in water and bio-based solvents.

** Statistical combined expanded uncertainty (type A) estimated with a level of confidence of 95% of saturated
organic acid mole fraction in water and bio-based solvents.



4. Correlation relative deviations
Individual relative deviations percentages (Eq. S11) of the empirical correlation used in this work

are presented the Figure S1 below.

— . (+€XP _ ,.cal exp
g =100 (x1,i X1,i )/x1,i (S11)
a)
10 e \Water
= EtOAc
° v Cineole
2 g A 4 CPME
% 2-MeTHF
= - s °
uxx— ) 1} E '
g O . v : .
8 54 o 8 .
o
-10 r - - - - r -
280 285 290 295 300 305 310 315
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b)
10
=% A °
i~ 59
2 .
Sxe ' . N : 3
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Figure S1. Percentage of the individual relative deviation from a) van’t Hoff equation; b) Buchowski—Ksiazaczak Ah
model for experimental organic acid solubility in water and bio-based solvents. Filled symbols: succinic acid; empty
symbols: fumaric acid.



5. Computed organic acid activity coefficients
Table S4 summarizes the organic acid activity coefficients at the saturated solution condition, y; /
mol-mol*, and at infinite dilution, y;° / mol-mol™, obtained from solid-liquid equilibria computed

by the COSMO-RS method within the experimental temperature range.

Table S4. Organic acid activity coefficients at the saturated liquid condition obtained from SLE computed by the
COSMO-RS method within the experimental temperature range.

Succinic acid Fumaric acid
T Y1 1£% T Y1 124
K mol-mol* mol-mol* K mol-mol? mol-mol*
Water
283 1.232 1.351 283 0.5770 0.5827
293 1.419 1.648 293 0.7676 0.7803
303 1.596 1.947 303 0.9814 1.009
313 1.672 2.236 313 1.214 1.263
EtOAc
283 0.1969 0.1925 293 0.0238 0.0236
293 0.2657 0.2598 298 0.0296 0.0292
303 0.3472 0.3387 303 0.0363 0.0358
308 0.3919 0.3821 308 0.0442 0.0434
313 0.4386 0.4277 313 0.0533 0.0522
Cineole
283 0.0114 0.0104 288 0.0005 0.0004
288 0.0272 0.0242 293 0.0009 0.0008
293 0.0413 0.0357 298 0.0015 0.0012
308 0.0039 0.0032
CPME
293 0.2251 0.2180 293 0.0104 0.0096
298 0.3003 0.2857 298 0.0152 0.0140
303 0.3927 0.3685 303 0.0219 0.0201
308 0.0308 0.0282
313 0.0427 0.0388
2-MeTHF
293 0.0152 0.0117 283 0.0003 0.0002
303 0.0332 0.0228 298 0.0012 0.0008
308 0.0486 0.0312 303 0.0018 0.0012
313 0.0732 0.0419 308 0.0028 0.0018
313 0.0041 0.0026




6. Saturated organic acid — bio-based solvent excess mixing energies

Table S5 summarizes the excess mixing energies of saturated organic acid — bio-based solvent
systems computed by the COSMO-RS method at 293.15 K: excess Gibbs free energy (GE / kJ-mol-

1, excess enthalpy (HE / kJ-mol™), and excess entropy (-TSE / kJ-mol™); electrostatic energy excess

enthalpy contribution (HE(MF) / kJ-mol™), hydrogen bonding energy excess enthalpy contribution

(HE(HB) / ki-mol™?), and van der Waals forces energy excess enthalpy contribution (HE(vdW) /

kJ-mol™).

Table S5. Excess mixing energies of saturated organic acid — bio-based solvent systems and excess enthalpy
contributions: electrostatic energy (MF), hydrogen bonding (HB), and van der Waals forces (vdW), computed by the
COSMO-RS method at 293.15 K.

Organic ~ Solvent HE GE -TSE HE(MF) HEHB) HE (vdw)
acid kiJ-molt  kJ-mol?* kJ-mol! kJ-mol* kJ-molt  kJ-mol?
Succinic  Water 01514  0.0125  0.1638  -0.0223  -0.1352  -0.0046
acid EtOAc  -0.0758 -0.0124 0.0634 -0.0111 -0.0586  -0.0057
Cineole  -0.4208 -0.0661 0.3548  -0.0170  -0.3910  -0.0148
CPME  .0.0990 -0.0092  0.0898 0.0005  -0.0953  -0.0051
2-MetHF 08401 -0.1783  0.6619  -0.0809 -0.7333  -0.0324
Fumaric ~ Water ~ -0.0156  -0.0005  0.0151  -0.0016  -0.0145 0.0002
acid EtOAC  -0.0314 -0.0091 0.0222  -0.0054 -0.0244  -0.0013
Cineole  .0.6125 -0.1439  0.4686  -0.0541 -0.5452  -0.0130
CPME  .0.2307 -0.0471 01835 -0.0152 -0.2087  -0.0072
2-MetHF 14982  -04201  1.0781  -0.1866  -1.2772 -0.0365




7. Energies of solution uncertainties estimation
The van’t Hoff equation (Eq. S1) can be expressed as a linear function Y=f(X) as shown in Eq.
S12. In this way, the parameters can be obtained by the least-squared linear regression method of
the N data points (X, Y) [20]. The least-squared line intercept, p1, as well as slope, pz, are
determined by the Eq. S13 and Eq. S14, respectively, where X is average of 1/T data point the and

Y is the average of the In(x1) data points.

Y=p1+p-X (S12)

pr=Y-p-X (S13)
2 =X -1

(R e 5% .

The standard deviations of the intercept, sp1, and the slope, sp2, are obtained from Eg. S15 and
Eq. S16, respectively. Both are based on the random errors in the y-direction, sy, which is
calculated by Eq. S17. Lastly, the expanded combined uncertainty of each parameter is estimated
from the t-distribution with N-2 degree of freedom, as Eqg. S18 and Eq. S19 shows.

Sy/x
N NS Y (S15)
2iX; — X)
2i(X;)?

= - S16
i SY/X\/N - 2i(X; — X)? (516)
St — 7)? (s17)

Sy/x = N_2
Ucomp (1) = Sp, " tv-2) (S18)
Ucomp(02) = Sp, " tn-2) (S19)

Based on the linear regression of the van’t Hoff equation parameters and their respective
confidence bounds, the expanded combined uncertainties of the energies of the solution are
determined from the Eq. S20 to Eq. S22.

Ucomb(DGsoimn) = R Thm * Ucomp (P1) (S22)
Ucomb (AHsoln) =R Ucomp (pz) (821)
U AG +U AH
Ucomb(ASsoln) — comb( soln)T comb( soln) (822)
hm
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