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in binary solvent mixtures from 278.15 to 333.15 K

Min Li, Minhui Huang, Zhiguo Zhang, Qiwei Yang, Yiwen Yang, Zongbi Bao', and Qilong Ren

Key Laboratory of Biomass Chemical Engineering of Ministry of Education, College of Chemical and Biological Engineering,
Zhejiang University, Hangzhou 310027, China
(Received 21 December 2017  accepted 18 July 2018)

Abstract—L-arabinose and D-galactose could be released during the hydrolysis process of Arabic gum. The develop-
ment of a crystallization process of L-arabinose is highly dependent on the knowledge of the solubility of both saccha-
rides. In this work, the solubility of L-arabinose and D-galactose in binary mixtures of methanol-water or ethanol-
water (mole fraction of water <0.5816) was determined at temperatures between 278.15 and 333.15 K by a static equi-
librium method. The experimental data correlated well with the modified Apelblat equation, the simplified polynomial
empirical equation, NRTL model and UNIQUAC model. Additionally, the thermodynamic properties including the
dissolution enthalpy and entropy were obtained from the experimental data. Within the studied temperature range, the
dissolution is endothermic and the dissolution process is non-spontaneous.
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INTRODUCTION

Crystallization is normally the preferred method for purification
of either final chemical substances or intermediates in the synthe-
sis process of pharmaceutical and agricultural chemical industries
[1]. Solvent selection is a critical task during development of a
crystallization process. It directly determines crystallization yield
and manufacturability [2]. Solubility plays a prominent role in sol-
vent selection because crystallization is always preferable at rela-
tively low temperature and/or with the addition of anti-solvent [3].
To date, some chemicals are still short of solubility data; thus sol-
vent selection is largely dictated by researchers’ preference or labo-
rious trial-and-error experiments.

L-arabinose (CsH,,Os, CAS No. 87-72-9, MW 150.13, Fig. 1) is
a useful starting material for the chemical synthesis of L-pentoses
and derivatives thereof [4,5]. As investigated by researchers, L-arab-
inose might assist with weight loss and control of diabetes by inhib-
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Fig. 1. Chemical structures of L-arabinose and D-galactose.
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iting sugar absorption noncompetitively; so it has received growing
interest [6]. L-arabinose can be readily prepared by the hydrolysis
of Arabic gum [7]. During the hydrolysis process, both L-arabi-
nose and D-galactose were released from the polysaccharides in
the form of a free sugar. Indeed, D-galactose (C;H,O,, CAS No.
59-23-4, MW 180.16, Fig. 1) is a stubborn impurity in the indus-
trial production of L-arabinose owing to their very similar struc-
tures and properties. Crystallization is generally the first choice for
the purification of L-arabinose. Consequently; it is very necessary
to obtain the solubility data in the related solvents for the crystalli-
zation process, and it is desirable to calculate the solubility using
validated thermodynamic models. However, the evaluation of sol-
vation behavior based on modeling is not easy because of neigh-
boring hydroxyl groups in their molecular skeletons, resulting in
complicated intra-molecular interactions [8]. Therefore, to study and
optimize such predictive tool as modeling technology, a consider-
able amount of experimental phase equilibrium data are highly
desired [9].

To the best of our knowledge, the reports on the solubility of
both saccharides are scarce [10-12]. In this work, we attempted to
measure the solubility data of L-arabinose and D-galactose in binary
mixed solvents containing ethanol/methanol and water from 278.18
K and 333.15K. Especially, the results at the low temperatures will
play an important role in the design and operation of a cooling
crystallizer. The experimental data were further correlated with the
modified Apelblat equation, polynomial empirical equation, non-
random two liquid (NTRL) model and universal quasi-chemical
(UNIQUAC) model. The deviation of the different models was cal-
culated to analyze the reliability of prediction of these models. Addi-
tionally; the dissolution thermodynamic properties of L-arabinose
and D-galactose were also calculated based on the experimental
data and vant Hoff equation.
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Table 1. Purities and sources of chemicals

Name Mass fraction purity Supplier Purity analysis method
L-arabinose 0.99 Alfa Aesar. Stated by supplier
D-galactose 0.99 Alfa Aesar. Stated by supplier
Methanol 0.999 Merck Co., Germany Stated by supplier
Ethanol 0.999 Merck Co., Germany Stated by supplier
Acetonitrile 0.999 Merck Co., Germany Stated by supplier
NaCl 0.9999 Alfa Aesar. Stated by supplier
Deionized water Electrical conductivity<10 ps/cm Prepared by Reverse-osmosis None

EXPERIMENTAL

1. Materials

L-arabinose (CsH,¢Os, 99%) and D-galactose (C;H,,O5, 99%) were
purchased from Alfa Aesar and used without further purification.
Methanol, ethanol and acetonitrile used in the experiment were
commercially available and of analytical purity grade without fur-
ther treatment. Distilled deionized water was used for all experi-
ments with its purity verified by pH and electrical conductivity. The
details of the materials used in this work are listed in Table 1.
2. Apparatus and Procedure

All experiments were performed at atmospheric pressure using
a static equilibrium method [13-15]. The measurements were car-
ried out by means of a jacketed glass vessel (50 mL) with magnetic
stirring. A constant temperature was controlled by circulating fluid
through the outer jacket of the glass vessel from a thermostatic bath,
and the actual temperature was measured by a thermometer (+0.1
K). A condenser was connected with the vessel to prevent the sol-
vent from evaporating. An excess amount of solute powder was
added to the aqueous solution of ethanol (or methanol), and was
stirred for at least 12 h, which had been examined to be an ade-
quate length of time for the system to reach solid-liquid equilib-
rium. The resulting mixture was then held still for about 2h at a
constant temperature to enable any finely dispersed solids to settle.
The sample of the clear supernatant part of the mixture was with-
drawn using a preheated glass syringe with a syringe filter (PTFE,
hydrophobic, 0.25 um) at a slightly higher temperature than the
solution temperature in order to avoid any precipitation, and trans-
ferred to a flask and then appropriately diluted to the desired vol-
ume. The diluted sample was finally analyzed by HPLC. Each ex-

periment at a given condition was repeated five times and an aver-
age value was provided. No degradation of both monosaccharides
was found during the entire experiments at the range of tempera-
tures studied. The reported expanded uncertainty has a level of con-
fidence of approximately 95% and is based on the standard un-
certainty multiplied by a coverage factor k=2. The standard solu-
tions for constructing calibration curve were separately prepared
by dissolving an accurate amount of solute weighed with an ana-
lytical balance (Mettler Toledo AB204-N, Switzerland, +0.0001 g)
in deionized water.
3. Sample Analysis

A high-performance liquid chromatography (HPLC) system
(Dionex, US) equipped with a corona charges aerosol detector
(CAD) was used to monitor the concentration of L-arabinose and
D-galactose. All chromatographic analyses were carried out at 30 °C
using a Grace Prevail Carbohydrate ES (250 mmx4.6 mm, 5 pum)
with a mobile phase of acetonitrile: water (75:25, v/v) at a flow
rate of 1 mL-min~" with an injection volume of 5 L. Calibration
curves were constructed by using the standard solutions in the fol-
lowing concentration ranges: L-arabinose, 0.5 to 4.0 mg-mL "; D-
galactose, 0.1 to 1 mg-mL ™",
4. DSC Measurement

The melting point (T,,) and fusion enthalpy (A JH) of L-arabi-
nose and D-galactose were measured using differential scanning
calorimetry (DSC Q200, TA Co., American) under a nitrogen atmo-
sphere with constant flow rate of 50 mL-min”". About 6 to 8 mg of
samples were placed in sealed aluminum pans, and the samples
were scanned from room temperature to 473.15K with a heating
rate of 10 K-min . The melting point (T,,) and the molar enthalpy
change (A H) are important thermodynamic properties that are

Table 2. Solubility of glucose in ethanol/water mixtures containing 20 wt% water at the temperature T* range of (273.15 to 293.15) K at tem-

perature and ambient pressure p=0.1 MPa’

T/K x/gg’ Relative “Expanded
Literature values [12] Experimental values deviation/% uncertainty
273.15 0.01520 0.01516 0.26137 0.02465
283.15 0.03170 0.03184 0.42614 0.00606
293.15 0.04670 0.04680 0.21468 0.00970
“The standard uncertainty u are u(T)=0.1 K, u,(p)=0.1
“The relative deviation is calculated as [Miterature ~ Xexperiment) x 100 %
Xiiterature

“The expanded uncertainty (+) has a level of confidence of approximately 95%
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Table 3. The experimental mole fraction solubility (x,) of L-arabi-
nose and D-galactose in methanol-water mixtures at tem-
perature T and ambient pressure p=0.1 MPa®, and the
methanol mole fraction in solute-free solvent, x,

Table 4. The experimental mole fraction solubility (x,) of L-arabi-
nose and D-galactose in ethanol-water mixtures at tempera-
ture T and ambient pressure p=0.1 MPa“, and the ethanol
mole fraction in solute-free solvent, x,

"%, (Methanol )

%, (Ethanol x,)

Saccharide T/K Saccharide T/K
0.5093 0.6402 0.8001 0.4184 0.5522 0.7351
L-arabinose 278.15 0.00682 0.00317 0.00184 L-arabinose 278.15 0.00670 0.00284 0.00148
288.15 0.01426 0.00589 0.00304 288.15 0.01208 0.00608 0.00251
298.15 0.02246 0.01064 0.00520 298.15 0.01834 0.01088 0.00370
303.15 0.02759 0.01451 0.00689 303.15 0.02231 0.01429 0.00417
313.15 0.04045 0.02159 0.01225 313.15 0.03045 0.02043 0.00661
323.15 0.03135 0.02075 323.15 0.03723 0.02812 0.00968
333.15 0.04980 0.02949 333.15 0.03693 0.01864
D-galactose 278.15 0.00171 0.00084 0.00046 D-galactose 278.15 0.00107 0.00067 0.00027
288.15 0.00285 0.00151 0.00081 288.15 0.00271 0.00119 0.00058
298.15 0.00535 0.00273 0.00145 298.15 0.00528 0.00230 0.00092
303.15 0.00734 0.00374 0.00202 303.15 0.00660 0.00291 0.00120
313.15 0.01201 0.00618 0.00345 313.15 0.01095 0.00487 0.00179
323.15 0.02050 0.01003 0.00545 323.15 0.01559 0.00789 0.00272
333.15 0.01832 0.00987 333.15 0.01172 0.00517

*The standard uncertainty u are u(T)=0.1K, u(p)=0.1, u(x,)=
0.01

"The relative standard uncertainty of the solubility measurement is
u,(x,)=0.03

also necessary information for the local thermodynamic model.
RESULTS AND DISCUSSION

1. Solubility Data of L-arabinose and D-galactose

To validate the method of solubility measurement, the solubility
of glucose in the studied binary systems of ethanol-water mixtures
containing 20 wt% water at the temperature range from 273.15 to
293.15 K was repeated three times to check the reproducibility and
uncertainty, and also was compared to the literature [16]. It was
found that the relative deviation between the experimental and the
previously reported data was less than 0.5% (Table 2), indicating it
was in good agreement with that reported in the literature. This
further confirmed the experimental data obtained by this method
are repeatable and credible.

The solubility of L-arabinose and D-galactose in the studied
binary systems of methanol-water mixtures or ethanol-water mix-
tures (volume percentage of water ranged from 10% to 30%) at
temperatures in the range of 278.15-333.15K are summarized in
Tables 3 and 4 and depicted in Figs. 4 and 5. Overall, L-arabinose
had significantly better solubility than D-galactose, although D-
galactose molecule had one more hydroxyl group. This suggests
hydrogen bond is a key factor, but not the only factor, to deter-
mine the solubility. Other properties such as chain length, melting
properties and viscosity also contribute to the process of dissolu-
tion. A stronger overall solute-solvent interaction gives a higher
solubility of monosaccharide in the selected media.

According to thermal analysis shown in Figs. S1 and S2 of Sup-
porting Information, L-arabinose and D-galactose displayed only

““The standard uncertainties u are u(T)=0.1 K, u,(p)=0.1, u(x,)=
0.01

"The relative standard uncertainty of the solubility measurement is
u,(x,)=0.03

one clear peak. The melting point and the fusion enthalpy change
were 433.05K (A, H=255.1]/g or 38.30kJ/mol) and 443.35K
(A H=259.7 J/g or 46.79 kJ/mol) for L-arabinose and D-galactose,
respectively. For ideal solution, the solubility can be calculated
through the following equation [17,18]:

()

At a certain temperature,

Inx _Inx _38.3><103( 1 _1)
arabinose -galactose — 8314 433.05 T (2)
46.8><103( 1 1) 1022
m e (e 2 =22 206
8.314 \44335 T T
At temperature from 278.15 to 333.15K:
lnxambinose —Inx >0 (3)

galactose

So, connecting to melting properties, the solubility of L-arabinose
is higher than that of D-galactose within the temperature range in
this work.

As seen from Table 3 and Table 4, the solubility of both mono-
saccharides in the binary mixtures of alcohol-water is expected to
increase not only as equilibrium temperature increases, but also
with the increased water volume fraction in saccharide-free solu-
tion. It is easy for us to understand that both saccharides are quite
soluble in the studied aqueous alcohol solutions because of the
strong hydrogen bonding interaction between carbohydrate and
water. Compared to ethanol, methanol is a more favorable solvent
media for enhancing both saccharides’ solvation because of its

Korean J. Chem. Eng.(Vol. 35, No. 10)
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higher polarity. According to the empirical rule “like dissolves like]’
the dissolution is easier if the solute and solvent have similar polar-
ity. Accordingly, the higher polarity of methanol is beneficial to
forming stronger hydrogen bonding interaction between solvent
and saccharides, leading to a higher solubility than that in ethanol.

Furthermore, the measured solubility was compared with litera-
ture values. The solubility data of D-galactose in the mixture of
ethanol-water at 273.2, 288.2 and 303.2 K, have been reported by
Zhang et al. [10], and Jiang et al. [11] reported the solubility of L-
arabinose in ethanol-water ranging from 283.15 to 308.15K. These
values were compared to the experimental results and shown in
Fig. 4 and Fig. 5, from which it can be found that the solubility
data in references show slightly different from those determined in
this work. The deviation between the reported data in the refer-
ences and that in this work may be attributed to the different mea-
surement procedure and analysis method.
2. Correlation of the Experimental Data

Since solid-liquid equilibrium data are not readily available, espe-
cially in mixed solvents, correlation and prediction of solubility are

M. Li et al.

frequently employed. First, we used two empirical fitting equations
including the modified Apelblat model and polynomial equation
to correlate the obtained solubility of L-arabinose and D-galactose.
The Apelblat equation is an empirical fitting equation, which was
extensively used to correlate the solute concentration in saturated
aqueous organic acids by Apelblat and Manzurola [19,20]. Besides,
we adopted another empirical fitting equation: the polynomial em-
pirical equation [21].

The solubility as a function of temperature fit by the modified
Apelblat equation and the simplified polynomial empirical equa-
tion are shown as follows, respectively:

Inx,=A'+ BT +C'InT @
x,=A+BT+CT’*+DT’ (5)

where x, is the mole fraction solubility of monosaccharides, T is
the absolute temperature (K), and A, B, C, A, B, C and D are
dimensionless coefficients determined by least square analysis and

Table 5. Parameters for correlation Eq. (4) in binary solvents of alcohols and water at 278.15K to 333.15K together with the root-mean-
square deviation RMSD, and alcohols mole fraction in solute-free solvent, x,

Saccharide Solvent (x,) A’ B’ (o} “10°RMSD

L-arabinose Methanol (0.5093) 391.1 —21032 -56.93 0.051
Methanol (0.6402) —26.6 —-2670 5.44 0.087
Methanol (0.8001) 332.6 —19847 —47.61 0.044
Ethanol (0.4184) 464 —23823 —68.12 0.091
Ethanol (0.5522) 388.6 —21267 —56.48 0.032
Ethanol (0.7351) —650.75 25972 97.92 0.043

D-galactose Methanol (0.5093) -74.9 —1152 1291 0.025
Methanol (0.6402) —3249 10302 49.92 0.020
Methanol (0.8001) —-270.8 7784 41.81 0.029
Ethanol (0.4184) 487.4 —26318 —70.98 0.018
Ethanol (0.5522) 199.8 —13573 -28.15 0.010
Ethanol (0.7351) -502.3 18818 75.85 0.015

“RMSD is the root-mean-square deviation calculated by Eq. (8)

Table 6. Parameters for correlation Eq. (5) in binary solvents of alcohols and water at 278.15K to 333.15K together with the root-mean-
square deviation RMSD, and alcohols mole fraction in solute-free solvent, x,

Saccharide Solvent (x,) A B C D “10’RMSD

L-arabinose Methanol (0.5093) —-6.979 0.072542 —0.000253 2.98x1077 0.067
Methanol (0.6402) —5.799 0.060163 —0.000209 2.44x1077 0.070
Methanol (0.8001) 0.544 —0.00321 2.20%10°° 8.42x107 0.059
Ethanol (0.4184) 4.611 —0.04641 0.0001538 —-1.67x1077 0.039
Ethanol (0.5522) 0.890 —0.00809 0.0000228 -1.85x107° 0.018
Ethanol (0.7351) -5.510 0.05595 0.00019 2.15x1077 0.039

D-galactose Methanol (0.5093) -2.97 0.031918 0.0001147 1.38x1077 0.017
Methanol (0.6402) -3.79 0.039076 0.000134 1.55x1077 0.028
Methanol (0.8001) ~1.84 0.019072 0.000066 7.61x107° 0.015
Ethanol (0.4184) 0.55 —0.004698 0.000012 —-8.13x107° 0.013
Ethanol (0.5522) —-0.40 0.004705 0.0000185 243%x10°° 0.038
Ethanol (0.7351) —1.45 0.014811 0.0000502 569x107° 0.024

“RMSD is the root-mean-square deviation calculated by Eq. (8)
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Fig. 2. The mole fraction solubility of L-arabinose in the aqueous
solutions of methanol (a) and in mixed solvents of ethanol-
water (b) from 278.15K to 333.15 K: l, water-0.5816 (mole
fraction); @, water-0.4478; A, water-0.2649: Symbols repre-
sent the measured results of this work, and the dash lines
indicate the values calculated from Eq. (4), the continuous

lines indicate the values calculated from Eq. (5).

are presented in Tables 5 and 6 and shown in Fig. 2-3. x, is calcu-
lated based on Eq. (6). And the solvent composition x, could be
calculated by Eq. (7).

B m,/M,
1= m,/M;+m,/M,+m;/M,

©)

m,/M,

= —— 7
m,/M,+m;/M; @)

X5
where m;, M;: quality and relative molecular weight of solute (g, g-
mol ), m,, M, and m;, M;: quality and relative molecular weight
of alcohol and water (g, g-mol ).

The root-mean-square deviation (RMSD) shown in both tables
is defined as:

1/2
RMSD= [%Z(x,-, =X, exp)z} ®)
i=1

where n is the number of experimental points, x; .; and X, rep-
resent the experimental and calculated solubility of monosaccha-
ride in solvent i

A parity plot of experimental versus calculated lines is shown in
Figs. 2 and 3, and parameters of the models are listed in Tables 5
and 6 along with the RMSD. In most cases, the correlated results for
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Fig. 3. The mole fraction solubility of D-galactose in the aqueous
solutions of methanol (a) and in mixed solvents of ethanol-
water (b) from 278.15K to 333.15 K: l, water-0.5816 (mole
fraction); @, water-0.4478; A, water-0.2649: Symbols repre-
sent the measured results of this work, and the dash lines
indicate the values calculated from Eq. (4), the continuous
lines indicate the values calculated from Eq. (5).
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Fig. 4. Comparison of mole fraction solubility (x,) of D-galactose
in the mixed solvents of ethanol-water at 288.2K () and
303.2K (@): red, this work; black, literature [10].

L-arabinose and D-galactose solubility of the modified Apelblat equa-
tion and polynomial empirical equation both show consistent trends.
The calculated solubility data are very close to the measured solubil-
ity, indicating that both models fit the data well (RMSD*<0.1%).
Both models can be used to describe the solubility and to obtain

Korean J. Chem. Eng.(Vol. 35, No. 10)
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Fig. 5. Mole fraction solubility (x,) of L-arabinose in mixed solvents
of ethanol-water at different temperatures (T) in this work
(solid) and literature (hollow) [11].

solubility data by interpolation within the studied temperatures for
the alcohol-water mixtures at a given volume fraction of water.

Apart from empirical model, the local thermodynamic models
such as NRTL and UNIQUAC equation are suitable to correlate
the solubility data changing with both temperature and composi-
tion of mixed solvent. Based on the theory of solid-liquid equilib-
rium, the solubility of solute in the solution can be described by
the following equation [22,23]:

A H1 17y AC T
__&( __)_ P( —_ )
Inx, In +l Iny, 9)

where T,,, Az H and AC, represent the melting point, the enthalpy
of fusion and the difference between the molar heat capacity of
the melting and solid states of the solute, respectively. y; represents
the activity coefficient of the solute. The melting temperature and
the fusion enthalpy are easily available by means of DSC experi-
ment. AC, is assumed negligible and considered to be zero. So the

Eq. (9) can be simplified as follows:

A H1 1

Inx,= —-RL(———j ~Iny (10)
The activity coefficient of solute was expressed by the NRTL and

UNIQUAC equation in this study. The NRTL model for the activ-

ity coefficient in the binary solvent is given by the following equa-

tions [24,25]:

Inv (G + Gex) (7Gx + 1:GrXy)
a (X-+X-G~+Xka,-)2
[r G,]xj + GG x5 — 7)1 an
(x;+x,Gj; +Xka,)
+ [TikGika+GikG'kX'Xk( - 7))
X+ %G+ X G]k)
where Gy, Gy, Gi» Gy Gii» Gy T T T G G» and 75 are parame-
ters of this model. The definition of these terms is:
G;=exp(- ;1) (12)
B8 08 (13)
Y RT RT

where 7 refers to a constant related to the non-randomness of the
solution, g represents the Gibbs energy of intermolecular interac-
tion, and « is an adjustable empirical constant between 0 to 1. In
this study, o was set to 0.3, so the NRTL equation has six adjust-
able parameters.

The UNIQUAC model for the activity coefficient in binary sol-
vent is given by [26]

@ 6,
Iny=InZ +( Z)qin E”_ le xl
: o: (149
+q;—q;n Zgjfg qu_LJ_
=1 =12, 6,7

Table 7. Parameters of the NRTL and UNIQUAC models for L-arabinose and D-galactose in binary solvent

- L-arabinose D-galactose
Jmo Methanol+Water Ethanol+Water Methanol+ Water Ethanol+Water
NRTL Agy, —5671 —3410 —6139 —4791
Agys 20045 20655 28688 16282
Ag, 35383 26891 23960 86765
Ags 12597 11776 14566 11181
Ags, 42693 26091 33339 34435
Ag;, 24539 9737 24626 19318
10'RMSD 1.88 491 0.36 0.20
UNIQUAC Auy, 3467 1160 —2844 —17344
Auy; —7953 35257 —-1127 —788
Au,, -773 769 9521 —1205
Au,; —-8701 —34892 —3208 —1029
Aus, 804 —2486 —1245 -31
Aus, 594 660 —3615 —29416
10°RMSD 0.77 3.74 0.048 1.02
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f=at, =0 (15)

1

3
21 ,;%¥

lizg(ri_qi)_(ri_q) (16)
Tff‘exl{ RT )‘e"p( RT) )

where z represents the coordination number to be set as 10. r; and
q; are defined as the structural parameters of solute or solvent, and
were taken from reference [26-28]. The adjustable parameters Auy;
are related to interaction energy between solvent and solute.

Model parameters can be obtained by least-squares regression.
The parameters along with the RMSD of both models are sum-
marized in Table 7. The RSMD for both models was less than
0.05%. It can be concluded that as a function of both temperature
and the mole fraction of lower alcohols, the NRTL and the UNI-
QUAC model can still give good correlation results with satisfac-
tory accuracy.
3. Thermodynamic Properties of Solution

In this work, the apparent molar enthalpies of solution could be
described as the van't Hoff equation. First, another quantity called

3@

4}t
z
E _5 L »
6}
-0.0004 -0.0002 0.0000 0.0002 0.0004
(V/T-1T,, )K"
3r
-4
¥
£ 5
6

90004 -0.0002 0.0000 0.0002
(/-1 YK

0.0004

Fig. 6. van't Hoff plots of In(x,) versus (1/T-1/T,,,,) of L-arabinose
in the aqueous solutions of methanol (a) and in mixed sol-
vents of ethanol-water (b) from 278.15K to 333.15K: Il
water-0.5816 (mole fraction); @, water-0.4478; A, water-
0.2649.

the standard molar dissolution enthalpy (A,Hy) should be de-
fined and the description of the model and equations can be found
elsewhere [29-31]:

ol
A HS,=— Rx( nxl)) (18)

where x, is mole fraction solubility of L-arabinose or D-galactose,
R is the gas constant, T is the absolute temperature. Over a lim-
ited temperature interval, the standard molar dissolution enthalpy
could also be valid for the mean temperature; thus the equation
can be rewritten as:

Olnx, 19
6(1/T—1/Tmm))

ASUng’I = RX(

where T,,,, represents the mean temperature of the temperature
range.

Because of the lack of activity coefficients, in this work the Gibbs
free energy of solution can be determined as an apparent value.
Thus, the equation of the molar dissolution Gibbs free energy is
given as [21,32]:

AyoGl=—RT,qnxintercept (20)

in which the intercept is determined in plots of Inx, versus (1/T—

(@)

-4
5t
E—.
E s}
-TF

_8 i 1 L
-0.0004 -0.0002 0.0000 0.0002
(/1-vT,, )K*

0.0004

-7

8t

-0.0004 -0.0002 0.0000 0.0002 0.0004
(/1-1T, YK

Fig. 7. van't Hoff plots of In(x,) versus (1/T—1/T,,,,,) of D-galactose
in the aqueous solutions of methanol (a) and in mixed sol-
vents of ethanol-water (b) from 278.15K to 333.15K: H,
water-0.5816 (mole fraction); @, water-0.4478; A, water-
0.2649.
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Table 8. Thermodynamic functions relative to solution process of monosaccharide binary solvents of alcohols and water at the mean tem-
perature, and alcohols mole fraction in solute-free solvent, x,

Solvent (x,)

AsolHr[ix (kI -mol” 1)

Asole(; (kImOI_ 1) Asnlsv(; (]-mol_ L K 1)

L-arabinose Methanol (0.5093) 36.3382
Methanol (0.6402) 38.0575
Methanol (0.8001) 40.1105
Ethanol (0.4184) 28.5040
Ethanol (0.5522) 353576
Ethanol (0.7351) 33.5992
D-galactose Methanol (0.5093) 41.7043
Methanol (0.6402) 42.7040
Methanol (0.8001) 42.7568
Ethanol (0.4184) 44.0593
Ethanol (0.5522) 40.5376
Ethanol (0.7351) 39.0209

9.74977 89.9310
10.8271 89.5021
12.3337 91.2980

9.9760 61.7792
11.0201 79.9935
13.4503 66.2264
12.7523 96.5367
14.0055 94.3273
15.5539 89.4114
13.1698 102.9969
14.6601 85.0551
16.9416 72.5710

1/T, ) and then the molar dissolution entropy of solution (A, Sy)
is determined by:

0 0
AsolI_Im — Asole
T

mean

Ay So= @1

The van't Hoff equation for real solutions relates the natural log-
arithm of the mole fraction solubility as a linear relationship with
the reciprocal of the absolute temperature, as shown in Figs. 6 and
7. The values of A H?, A,G. and A,S. of L-arabinose and D-
galactose are summarized in Table 8. As found there, the standard
enthalpy and entropy of dissolution for mixed solvents are positive,
which demonstrates that the dissolution process of L-arabinose
and D-galactose in the binary system was endothermic. For all cases
in this work, the Gibbs free energy is positive, which demonstrates
that the process is non-spontaneous.

CONCLUSIONS

The solubility of L-arabinose and D-galactose was measured in
mixtures of alcohol (methanol or ethanol) and water at tempera-
tures from 278.15 to 333.15K, and the solubility of individual sac-
charide in aqueous alcohol mixtures decreased with decreasing
temperature as well as water proportion. The calculated solubility
regressed by the modified Apelblat equation, polynomial empiri-
cal equation, NRTL model and UNIQUAC model showed a good
agreement with the experimental data. On the basis of obtained sol-
ubility data, the dissolving enthalpy and entropy in the binary sol-
vent mixtures were calculated by the vant Hoff equation, and it
indicated the process was endothermic and non-spontaneous. Over-
all, the solubility reported in this work might be helpful to develop
a practical crystallization process for removing D-galactose from
L-arabinose.
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MOMENCLATURE

A, B, C' : parameters of the Apelblat equation
A, B, C, D: parameters of the simplified polynomial empirical equa-

tion
m, : mass of solute [g]
m, : mass of alcohol [g]
m; : mass of water [g]
n : number of data points
M, : relative molecular weight of solute [g-mol ']
M, : relative molecular weight of alcohol [g-mol ']
M, : relative molecular weight of water [g-mol ']
R : gas constant [8.314 J-mol 'K ']
RMSD  : The root-mean-square deviation
T : temperature [K]
T, : the melting point [K]
Tean : the mean temperature [K]
X, : the mole fraction solubility of solute
X, : the mole fraction of alcohol in binary solvent
X, cal : regressed solubility value

X; exp : experimental solubility value

Ay H  :the melting enthalpy [J-mol ']

A,H,  :the molar dissolution enthalpy [kJ-mol ']

AGy,  :the molar dissolution entropy [J-mol "-K ']

A.Sy  :the molar dissolution Gibbs free energy [kJ-mol ']

Ag; : adjustable parameters contained in the NRTL model [J-
mol ']
Ay : adjustable parameters contained in the UNIQUAC model
[J-mol ]
% : activity coefficient of the solute
SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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Sample: arabinose DSC File: C:.. \liminapp'Desktop\DSC\arabinose 001
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Method: D-BOC Run Date: 21-Mar-2018 21:13
Comment: Cell constant calibration Instrument: DSC Q200 V24.11 Build 124
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Fig. S1. Differential scanning calorimetry (DSC) curves of L-arabinose.



Sample: galactose DSC File: C:...\liminapp\Desktop\DSC'galactose 001
Size: 7.9000 mg

Method: D-BOC Run Date: 21-Mar-2018 21:33
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Fig. S2. Differential scanning calorimetry (DSC) curves of D-galactose.
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