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Abstract: The solubility of 2,5-furandicarboxylic acid (FDCA) and its synthetic intermediates (e.g.,
5-formylfuran-2-carboxylic acid, FFCA) provides fundamental information for the preparation and
purification of the value-added biocompound FDCA. We measured the solubility of FDCA and FFCA
in binary water + 1,4-dioxane mixtures with different mixing ratios at 303.15 K-342.15 K. The ob-
tained solubility values were correlated with the Jouyban-Acree-van’t Hoff model, and the prefer-
ential solvation theory was used to study the microscopic dissolution mechanism. The solubility of
FDCA/FFCA increases with increasing temperature, and pure 1,4-dioxane dissolves more solutes
than pure water. FFCA shows higher solubility than FDCA. In the binary solvent mixtures, the
phenomenon of co-solvency exists for both FDCA and FFCA, i.e., at a 1,4-dioxane mole fraction
of about 0.60, FDCA and FFCA dissolve the most. Acceptable mean percentage deviations (MPD)
(5.5% and 6.9%) are obtained for FDCA and FFCA (Jouyban-Acree-van’t Hoff model). The calcu-
lated preferential solvation parameters show different dissolution mechanisms at different solvent
compositions. When the 1,4-dioxane mole fraction is 0.17~0.62/0.63, FDCA/FFCA are preferentially
solvated by 1,4-dioxane. Otherwise, they are preferentially solvated by water. A trend similar to
the “co-solvency phenomenon” is observed in the differences in solubility of FFCA and FDCA. This
study gives important guidance for the use of binary water and 1,4-dioxane solvents in practical
FDCA purification.

Keywords: solubility; binary solvent mixtures; water + 1,4-dioxane; 2,5-furandicarboxylic acid;
5-formylfuran-2-carboxylic acid; co-solvency phenomenon

1. Introduction

The compound 2,5-furandicarboxylic acid (FDCA), with two carboxylic acid groups
symmetrically attached to the furan ring, is a normal human urinary and microbial metabo-
lite [1]. Itis included in the top 15 biobased platform compounds by the US Department of
Energy (DOE) as a promising substitute for petrochemical monomers such as terephthalic
acid (TPA) [2,3]. Biomass feedstocks for the production of FDCA include fructose, glucose,
sucrose, high fructose corn syrup, and starch. The oligosaccharides or polysaccharides in
these sugars are generally hydrolyzed first to C6 sugars, then the C6 sugars are cyclodehy-
drated to 5-hydroxymethylfurfural (HMF), and finally, FDCA is synthesized by catalytic
oxidation of 5-HMF [4]. Companies currently producing FDCA include Avantium, Cor-
bion, Toronto Chemicals, Alfa Aesar, Synvina, Novamont, AVA and TCI However, due
to the low synthetic yield and great purification difficulties, FDCA production is still not
reaching its full potential [3].

The pathway products of FDCA often include oxidation intermediates such as
5-formylfuran-2-carboxylic acid (FFCA). Due to the similarity in structure between FDCA
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and FFCA (Figure 1), separating the two presents a significant challenge. Despite the inher-
ent difficulties in removing FFCA from FDCA, purification of FDCA is urgently needed, be-
cause the presence of FFCA seriously affects the application of FDCA. For example, FFCA
containing only a mono-carboxylic acid group would terminate chain growth during the
polymerization of FDCA, thus reducing the quality of the desired polymer [5,6]. In addi-
tion, pale yellow FFCA is a known color body that affects the color of FDCA-based down-
stream polymer products [7]. Most conventional separation processes for FDCA and FFCA
use catalytic hydrogenation to reduce FFCA to structurally dissimilar compounds such
as 5-hydroxymethylfuran-2-carboxylic acid, 5-methylfuran-2-carboxylic acid and furan-2-
carboxylic acid, and then separate these compounds from FDCA. Such a process not only
requires high temperature and pressure, but it is also difficult to avoid the reduction of
FDCA. Moreover, the recovery of the catalyst makes the operation very complicated. Other
separation methods, such as the FDCA salt method, may produce a significant amount of
wastewater, leading to serious environmental problems [8].
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(a) (b)
Figure 1. The chemical structures of FDCA and FFCA. (a) FDCA; (b) FFCA.

Extraction or crystallization are mild separation/purification methods. To evaluate
the possibility of using these methods, solubility data of FDCA and FFCA in appropriate
solvents (pure solvents or solvent mixtures) provide fundamental information. Further-
more, solubility data are also necessary for the selection of suitable reaction solvents for
the preparation of FDCA [9]. However, based on the available documents, there is insuf-
ficient research on the solubility for FDCA. Zhang et al. reported the solubility of FDCA
in eight pure solvents (methanol, acetonitrile, water, acetic acid, methyl isobutyl ketone,
ethyl acetate, 1-butanol, and isobutanol) and two binary solvent mixtures (water + acetic
acid and water + acetonitrile) [9]. The solubility data of FDCA in three binary solvent mix-
tures, namely methanol +water, acetic acid + water, and ethanol + water, were reported by
Ban et al. [10]. Moreover, to our knowledge, the solubility of FFCA in solvents has rarely
been reported. Itis clear that the solubility of FFCA and FDCA in different solvent systems
needs to be further investigated to serve as a basic database for promoting the production
and purification of FDCA.

Since water is formed during the synthesis of FDCA by the oxidation of 5-HMF [11], it
is particularly important to examine the solubility in aqueous solvents for the production
and purification of FDCA. The solvent 1,4-dioxane readily forms hydrogen bonds with
water and is completely miscible with water. Binary mixtures formed by water and 1,4-
dioxane in different mixing ratios cover a wide range of polarities and can react with FDCA
and other intermediates through both hydrophobic and hydrophilic interactions [12-15].
Therefore, in this study, water and 1,4-dioxane with different mixing proportions are se-
lected as solvents, and the solubility values of FDCA and FFCA in these binary mixtures
are measured at 303.15 K-342.15 K. The obtained solubility values are correlated with the
Jouyban-Acree-van’t Hoff model, which is the preferred and recommended co-solvency
model for binary solvents at a variety of different temperatures with acceptable model
accuracy [16-20]. Moreover, we use the preferential solvation theory to understand the
microscopic dissolution of FDCA/FFCA in binary water and 1,4-dioxane mixtures better.
In addition, the differences in solubility of FDCA and FFCA are compared.
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2. Materials and Methods
2.1. Chemicals

FDCA (>98.0%), FFCA (>98.0%) and 1,4-dioxane were obtained from Aladdin Chem-
istry Co., Ltd. (Shanghai, China) and used without further purification. Deionized wa-
ter was used throughout all of the experiments. HPLC-grade methanol and acetic acid
were purchased from Tedia Co. (Shanghai, China) and used as the mobile phase for
HPLC analysis.

2.2. Apparatus and Method

Solubility data were measured using a static equilibrium method [21]. An excess
amount of solute (FDCA/FFCA) and the solvent (water + 1,4-dioxane of specified compo-
sition) were added to a jacketed, single-mouthed glass vessel (20 mL). The magnetically
stirred vessel was sealed with a stopper to prevent the evaporation of solvent. The temper-
ature of the solution in the vessel was controlled by circulating water through the vessel
jacket. The actual temperature of the solution inside the vessel was further checked with a
mercury glass thermometer. Dissolution equilibrium was achieved by continuous stirring
for 6 h followed by being at rest for 5 h (tested in preliminary experiments). The super-
natant of about 1 mL was transferred to a volumetric flask with a syringe, weighed and
diluted to get a solution with the desired concentration. All experiments were repeated
3 times to check the reproducibility, and the average value was determined.

2.3. Analysis Method

The FDCA/FFCA concentration in the samples was determined by HPLC. Measure-
ments were performed using an Agilent chromatograph equipped with an Ultimate LP-
C18 column (250 mm X 4.6 mm, 5 um) and a mobile phase of methanol:water:acetic
acid = 40:60:1 at a flow rate of 1 mL-min~!. The wavelength of the detector was set at
265 nm. Each sample was analyzed 3 times, and the relative error was within £1%.

To confirm the accuracy of this experimental procedure, the solubility data of FDCA
in methanol were measured and compared with published data [9]. It was found that the
deviations of the solubility were 2.1%, 1.9%, 1.8%, 1.7%, 1.9%, 2.9% and 2.2% at (313.15,
318.15, 323.15, 328.15, 333.15, 338.15, and 343.15) K, respectively. The good agreement of
the data proves the reliability of our experimental method.

2.4. Powder X-ray Diffraction and Differential Scanning Calorimetry Identification

The raw FDCA/FFCA and their excess solids after solubility equilibration were char-
acterized by powder X-ray diffraction (PXRD) to check if there are hydrates or 1,4-dioxane
solvates of FDCA/FFCA before and after the solubility measurements. The X-ray diffrac-
tion characterization was performed with a D8 Advance X-ray diffractometer using Cu
K« radiation (A = 1.54184 nm). The XRD scanning speed was 5°-min~" and data were
obtained at an angle (2-Theta) of 5-80°. In addition, excess solids were collected after solu-
bility measurements in each binary solvent and mixed together for both FDCA and FFCA.
DSC analysis for FDCA/FFCA raw and excess solids mixture was performed using a Pyris-
Diamond (PerkinElmer) differential scanning calorimeter calibrated with an indium stan-
dard. Approximately 5 mg of sample was added, and the heating rate was 10° K-min~!
(atmosphere, nitrogen).

3. Results and Discussion
3.1. XRD and DSC Identification Results

The XRD and DSC curves with characteristic peaks for FDCA/FFCA raw and excess
solids after solubility equilibration are shown in Figure 2. For XRD experiments, excess
solids of six different 1,4-dioxane mole fractions (x; = 0, 0.20, 0.40, 0.60, 0.80, 1.00, x1 is
the mole fraction of 1,4-dioxane (1) in the mixture of 1,4-dioxane (1) + water (2) in the
absence of FDCA/FFCA) were analyzed separately. Peak positions and shapes of PXRD
plots for solid phases after equilibration with solvents 1,4-dioxane (1) + water (2), in various
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proportions, are not significantly different from those of the original raw powder for both
FDCA and FFCA. The identical diagrams for FDCA or FFCA obtained before and after
the experiments indicate that the binary solvents with varying mixing ratios do not induce
solute form changes during solubility equilibration. The DSC curves of the samples do not
show endothermic peaks before they reach their melting temperature. Comparing the DSC
curves for raw FDCA and FFCA in Figure 2 with the literature [5], the peak temperatures
agree well. The DSC peak shape and position of the excess FDCA/FFCA mixture for each
binary solvent are not different from that of the raw FDCA/FFCA. Therefore, FDCA and
FFCA do not form hydrates or 1,4-dioxane solvates in the binary solvents studied, and
the changes in solubility are mainly due to different intermolecular interactions between
solute and solvents.
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Figure 2. PXRD and DSC results of FDCA and FFCA raw materials and excess solids after solubility
equilibration. (a) PXRD plots for raw FDCA and excess solids of FDCA after equilibration with
binary water + 1,4-dioxane solvents; (b) PXRD plots for raw FFCA and excess solids of FFCA after
equilibration with binary water +1,4-dioxane solvents; (¢) DSC curves for raw FDCA/FFCA and their
excess solids mixture after solubility measurements in each binary solvent; x; is the mole fraction of
1,4-dioxane (1) In binary water (2) + 1,4-dioxane (1) Mixtures in the absence of FDCA/FFCA.

3.2. Solubility Results

The mole fraction solubility values (x;n) of FDCA and FFCA in water + 1,4-dioxane
with different 1,4-dioxane mole fractions (x; = 0, 0.20, 0.40, 0.60, 0.80, 1.00) at 303.15 K to
343.15 K are listed and plotted in Table 1 and Figure 3.

As shown in Table 1 and Figure 3, the solubility of both FDCA and FFCA increases
with increasing temperature for a given solvent mixture composition. All solubility values
of FFCA in the binary water + 1,4-dioxane mixtures are higher than those of FDCA under
the same conditions, indicating that the aldehyde group in FFCA has a higher affinity for
water and 1,4-dioxane. The solubility of both FDCA and FFCA in pure 1,4-dioxane (x; =1)
is higher than in pure water (x; = 0) but not the maximum solubility. At a given temper-
ature, the solubility reaches a maximum when the mole fraction of 1,4-dioxane is about
0.60 for both FDCA and FFCA. According to the Hildebrand solubility parameter theory,
this phenomenon of co-solvency occurs when the solubility parameter (a measure of po-
larity and defined as the square root of the cohesive energy density) of the solute (FDCA
or FFCA) is in the range of solubility parameters for the solvent components (water and
1,4-dioxane) that make up the binary solvent [22-25]. Indeed, the solubility parameter of
FDCA is 26.9 MPa'/? [26], and that of FFCA is 27.3 MPa'/? (calculated by Fedors’ method,
Table S1), both of which are between the values of 1,4-dioxane (20.47 MPa'/2) and water
(47.86 MPal/?).
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Table 1. Experimental mole fraction solubility x, of FDCA and FFCA in binary 1,4-dioxane + water

mixture solvents.

FDCA
T (K) x Xm X 103 T (K) x Xm X 103 T (K) X1 Xm X 103
303.15 0 0.132 313.15 0 0.191 323.15 0 0.252
0.20 3.525 0.20 5.191 0.20 6.528
0.40 10.934 0.40 12.392 0.40 14.923
0.60 14.244 0.60 15.131 0.60 16.931
0.80 11.552 0.80 12.527 0.80 13.575
1.00 2.386 1.00 3.1860 1.00 3.644
333.15 0 0.383 343.15 0 0.494
0.20 8.335 0.20 10.276
0.40 16.747 0.40 18.840
0.60 17.733 0.60 19.308
0.80 14.857 0.80 16.178
1.00 4373 1.00 6.054
FFCA
T(K) x Xm X 108 T(K) X Xm X 108 T(K) x1 Xm X 10%
303.15 0 1.271 313.15 0 2.168 323.15 0 2531
0.20 29.421 0.20 37.628 0.20 49.005
0.40 69.041 0.40 82.790 0.40 93.303
0.60 83.903 0.60 99.376 0.60 121.330
0.80 72.231 0.80 80.155 0.80 102.283
1.00 43.636 1.00 56.325 1.00 71.574
333.15 0 3.771 343.15 0 5.941
0.20 59.817 0.20 65.567
0.40 103.458 0.40 105.974
0.60 128.289 0.60 138.055
0.80 113.543 0.80 119.001
1.00 82.575 1.00 85.083

25

;
X X10

x, x

(a) (b)

Figure 3. Mole fraction solubility xn of FDCA and FFCA in water + 1,4-dioxane binary sol-
vent mixtures with varying 1,4-dioxane mole fractions at 303.15 — 343.15 K; (a) FDCA solubility:
0, T=303.15K; O, T=313.15K; A, T=323.15K; ¥, T=333.15K; ¢, T=343.15 K; (b) FFCA solubility:
W, T=303.15K;e, T=313.15K; A, T=323.15K; %, T=333.15 K; ¢, T =343.15 K; lines were calculated
with the Jouyban-Acree-van’t Hoff model.
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3.3. Jouyban-Acree-van’t Hoff Model Correlation

The solubility data of FDCA and FFCA in water + 1,4-dioxane mixtures at various
temperatures were correlated using the Jouyban-Acree-van’t Hoff model [12]:

i

2
() —x
Inxy,r = x (“1 + '[;1> +x2 (042 + ,l?rz) + xlng M (1)

where x,, T is the mole fraction solubility of FDCA/FFCA in binary water and 1,4-dioxane
mixtures at temperature T (K), x; and x, are the mole fractions of solvents 1 (1,4-dioxane)
and 2 (water) in the binary mixtures in the absence of solute (FDCA/FFCA), J;, a1, B1, a2,
B2 stand for the model constants.

In order to check the correlation accuracy, the mean percentage deviations (MPD)
were calculated according to Equation (2):

100 < |Calculated value — Observed value| ) 2

MPD = WZ Observed value

where N refers to the number of solubility data points.

The experimental data points of FDCA and FFCA dissolved in binary water + 1,4-
dioxane mixtures (30 data points for each system) were fitted to Equation (1). The model
constants obtained were used to back-calculate the solubility data, and the overall MPD
could be attained. The model constants are listed in Table 2, along with the MPD values.
The MPD values for FDCA and FFCA systems are 5.5% and 6.9%, respectively. The low
MPD values confirm the correlation ability of the Jouyban-Acree-van't Hoff model. In
other words, the Jouyban-Acree-van't Hoff model is sufficiently accurate to correlate the
solubility values of FDCA/FFCA in binary water + 1,4-dioxane solvent mixtures and could
be used as a practical strategy to predict further solubility values at unmeasured solvent
mixing ratios and temperatures in these two systems.

Table 2. The Jouyban-Acree-van’t Hoff model constants and the mean percentage deviations (MPD)
for solubility values of FDCA and FFCA in water + 1,4-dioxane mixtures.

Solute 5] Bl [\ %) ,32 ]0 ]1 ]2 MPD%
FDCA —0.857 —1527.5 2.316 —3408.7 3604.69 —1372.052 2556.36 5.5%
FFCA 1.544 —1378.7 4.226 —3264.0 2645.19 —1852.031 1623.40 6.9%

3.4. Preferential Solvation of FDCA/FFCA in Binary Mixtures of 1,4-Dioxane and Water

Preferential solvation refers to a phenomenon that the local distribution of solvent
molecules around the solute molecules differs from the bulk distribution of solvent
molecules due to size and interaction differences between the solute and solvent
molecules [27-29]. In this study, the preferential solvation theory involving the inverse
Kirkwood bulff integrals (IKBI) method [30,31] is used to characterize the dissolution of
FDCA/FFCA in binary water and 1,4-dioxane mixtures. The preferential solvation param-
eter, which is the difference between the local mole fraction of one solvent component near
to the solute and the bulk mole fraction of the solvent component in the binary solvent mix-
tures, was defined as follows:

13 =113 —x1 = —03 3)

where le,3 is the local mole fraction of 1,4-dioxane (1) in the vicinity of solute FDCA/FFCA
(3), xq is the mole fraction of 1,4-dioxane (1) in binary 1,4-dioxane (1) and water (2) mix-
tures in the absence of solute FDCA/FFCA, and 613 and &, 3 are the preferential solvation
parameters for solute FDCA/FFCA (3) solvated by 1,4-dioxane (1), and solvated by water
(2), respectively.
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If the value of the preferential solvation parameter is 613 > 0, solute FDCA or FFCA
(3) is preferentially solvated by 1,4-dioxane (1). On the other hand, if 5; 3 <0 (i.e., 52,3 > 0),
FDCA or FFCA (3) is preferentially solvated by water (2).

The calculation of the preferential solvation parameters for FDCA/FFCA in binary
mixtures of 1,4-dioxane and water is described in detail in the Supplementary Materials
(pages 3-8) [32-34]. The calculated values of the preferential solvation parameters (81 3) at
303.15 K, plotted as a function of solvent mixing ratio, are shown in Figure 4.

94 —s—FDCA
o

| —e—FFCA

6 o . e,
/.
l/ /.
) | ]

34 /

0.0 0.2 0.4 0.6 0.8 1.0

X1

Figure 4. Preferential solvation parameter (81 3) values of FDCA and FFCA in binary water + 1,4-
dioxane with different solvent mixing ratios at 303.15 K.

In Figure 4, we can see that in the binary water and 1,4-dioxane solvent mixtures with
compositions of 0 <xj <0.17, the 81 3 values for both FDCA and FFCA are negative, suggest-
ing that both FDCA and FFCA are preferentially solvated by water. When the mixing ratio
of 1,4-dioxane increases to 0.17 < x; < 0.63 for FDCA and 0.17 < x; <0.62 for FFCA, the ;3
values become positive, implying that FDCA and FFCA are preferentially solvated by 1,4-
dioxane in this region of the mixture composition where the co-solvency phenomenon also
occurs. A higher local 1,4-dioxane concentration than the bulk 1,4-dioxane concentration
could be related to the breaking of the slightly ordered structure of water molecules (con-
nected by hydrogen bonds of their hydroxyl groups) [32]. At a higher 1,4-dioxane: water
ratio to pure 1,4-dioxane (0.62/0.63 < x; <1 as in 1,4-dioxane-rich mixtures), the §; 3 values
for FDCA and FFCA become negative again, implying that they are again preferentially
solvated by water. It can be found in Figure 4 that both FDCA and FFCA are preferen-
tially solvated by water in water-rich and 1,4-dioxane-rich mixtures. This may be due to
the fact that water can act as both a Lewis acid and a Lewis base, but 1,4-dioxane can only
act as a Lewis base (According to the Kamlet-Taft hydrogen bond donor parameter and
hydrogen bond acceptor parameter, & = 1.17, 3 = 0.18 for water and o = 0.00, 3 = 0.37 for
1,4-dioxane) [35-38].

3.5. Comparison of the Solubility of FDCA and FFCA in Water and 1,4-Dioxane Mixtures

Table 1 and Figure 3 clearly show that the solubility of FFCA in binary mixtures of
water and 1,4-dioxane is higher than FDCA under the same conditions. To get a clearer
picture of the exact difference in solubility of FFCA and FDCA in this binary solvent system,
we constructed a plot of the solubility differences between FFCA and FDCA as a function
of mixing ratio of water and 1,4-dioxane at different temperatures.
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Figure 5 shows that in the binary water and 1,4-dioxane solvent mixture with a certain
composition (e.g., x1 = 0.80), the solubility difference between FFCA and FDCA increases
with increasing temperature. At a certain temperature (e.g., T = 323.15 K, green color),
the solubility difference between FFCA and FDCA first increases with the increase of 1,4-
dioxane mole fraction, reaches a maximum value and then decreases. The trend of the
change is similar to that of the solubility values, i.e., it is a trend similar to the “co-solvency
phenomenon”. In pure 1,4-dioxane (x; = 1), the solubility differences between FFCA and
FDCA are larger than the small differences in pure water (x; = 0). Since the solubility dif-
ferences in pure water (x; = 0) are all close to zero at the measured temperatures, and the
value increases slightly with increasing temperature, it can be concluded that pure water
below 343.15 K is not suitable as a crystallization or extraction reagent for the separation of
FDCA and FFCA. However, the solubility differences between FFCA and FDCA in pure
1,4-dioxane and binary water + 1,4-dioxane mixtures are substantial and greater at higher
temperatures. It is expected that an increase in the solubility difference between FFCA and
FDCA will lead to an increase in the separation of these two biocompounds by crystalliza-
tion or extraction. Therefore, the most efficient crystallization conditions for the separation
of FDCA and FFCA using binary water + 1,4-dioxane solvents are expected to involve a 1,4-
dioxane mole fraction of around 0.60 and high temperatures.

120

100

80

Al0x,

40

20 A

0 0.2 0.4 0.6 0.8 1
X

Figure 5. The mole fraction solubility difference A10%x, between FFCA and FDCA in water +
1,4-dioxane solvent mixtures (FFCA solubility—-FDCA solubility) at different solvent mixing ratios
and different temperatures. Orange = 303.15 K; Red = 313.15 K; Green = 323.15 K; Blue = 333.15 K;
Cyan =343.15 K.

4. Conclusions

In this study, the solubility of two biocompounds, FDCA and FFCA, was determined
in binary water + 1,4-dioxane solvents with different mixing ratios at different tempera-
tures. The solubility increases with increasing temperature at constant solvent composi-
tion. FFCA exhibits higher solubility in these binary solvents. At constant temperature, the
solubility reaches a maximum at a certain 1,4-dioxane mole fraction, and the co-solvency
phenomenon can be attributed to the fact that the solubility parameter of FDCA/FFCA is
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in the range for water and 1,4-dioxane. The Jouyban-Acree-van't Hoff model was applied
to correlate the solubility data, and satisfactory fitting results were obtained. The calcu-
lated preferential solvation parameters clearly show different dissolution mechanisms at
different mixing ratios of water and 1,4-dioxane. The differences in solubility of FDCA and
FFCA were compared at different solvent mixing ratios and temperatures. It is hoped to
separate FDCA and FFCA at a 1,4-dioxane mole fraction of about 0.60 and high tempera-
tures. This study will help in the selection of solvents for the separation of the structurally
similar biocompounds FDCA and FFCA.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr10122480/s1, Table S1: Calculation of solubility parameters ¢ for
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of solute (3) in 1,4-dioxane (1) + water (2) mixtures at 303.15 K.
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