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Total glucose solubility as well as equilibrium concentrations of R- and â-glucose anomers in 1-butanol,
tert-butyl alcohol, 2-propanol, 1-propanol, ethanol, methanol, and an ethanol (1) + water (2) mixture
(w1 ) 90 %) at 40 °C and 60 °C were measured. Also, the recently developed mS-UNIFAC model is applied
in the prediction of the total glucose solubility in these solvents and of the anomeric distribution in them
yielding very satisfactory results.

Introduction

Aqueous solutions of sugars play an important role in
biological systems as well as in the food and beverage
industries.1-3 Recent developments in biocatalysis present
particular interest in the use of nonaqueous solvents,
mainly tertiary alcohols,4-6 as the media for the enzymatic
production of fatty acid sugar esters, which is influenced
by sugar solubility and dissolution rate.7

Reducing sugars in their solutions are a mixture of all
their possible conformations in equilibrium: five-membered
(furanose) or six-membered (pyranose) rings, noncircular
chains, and simultaneously existing stereoisomers (ano-
mers) of each conformation. Since enzymes are stereose-
lective catalysts, the conformational equilibrium of sugars
affects the yield of the reaction with respect to the desirable
product, considering that the reactivity of the hydroxyl
groups of sugar molecules is depending on the conformation
of the sugar molecule.

When a reducing sugar (e.g., fructose, glucose) is dis-
solved in a solvent, apart from the solid-liquid-phase
equilibrium, a chemical equilibrium (conformational equi-
librium) between their isomeric forms is established (Figure
1). The presence of several sugar conformations and
hydrogen bonding sites on sugar molecules makes the
thermodynamic modeling of sugars and their derivatives
in aqueous and nonaqueous mixtures a difficult task.
However, there is an increasing need for thermodynamic
models applicable to such systems due to their presence
in many applications related to the food and cosmetic
industry, such as the design and simulation of bioreactors
and the development of separation processes (evaporation,
crystallization, liquid-liquid extraction).

Experimental phase equilibrium data for sugar solutions,
needed for the development of thermodynamic models, are
available in the literature mainly for aqueous sugar solu-
tions, while for nonaqueous solvents they are limited.
Furthermore, experimental data of conformational equi-
librium of sugars in nonaqueous solvents are very scarce.8,9

In this work, total glucose solubility and equilibrium
concentrations of R- and â-glucose anomers in alcohols and

one alcohol + water mixture were measured. Furthermore,
total glucose solubility predictions as well as calculations
of glucose anomer concentrations in solutions were per-
formed with the recently developed mS-UNIFAC10 group-
contribution model.

Experimental Section

Materials. Crystalline R-D-glucose (99 % purity) was
purchased from Aldrich. Crystalline â-D-glucose (99 %
purity) was purchased from Sigma. tert-Butyl alcohol,
2-propanol, ethanol, and heptane were purchased from
Lab-Scan. 1-Propanol and 1-butanol were purchased from
Acros Organics, and tert-pentyl alcohol was purchased from
Fluka. All solvents had over 99 % purity and were dried
over molecular sieves (4 Å) for at least 1 week before use.
Pyridine (99 % purity) and 1-trimethylsilylimidazol (TMSI)
with purity over 98 % were used as purchased from Lab-
Scan.

Experimental Procedure. When the solubility of glu-
cose in organic media is measured, it is important to take
into consideration that the achievement of equilibrium
between the R- and â-glucose anomers is rather slow, so
that the total dissolved concentration of R- and â-glucose
continues to increase slowly for some time after an initial
rapid rise. This effect has been also reported elsewhere.9,11

The experimental configuration used in this study has
been presented elsewhere.12 Excess R-D-glucose is added
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Figure 1. Glucose phase and chemical equilibrium.
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to jacketed vessels of about 250 cm3. The vessels are loaded
with 150 cm3 of the solvent and are sealed. The tempera-
ture is set at the desired level within 0.1 °C accuracy. The
solution is stirred at (600 to 800) rpm at constant temper-
ature for about 48 h with magnetic stirrer until equilibrium
is reached. Then the solution is allowed to stand at constant
temperature for about 48 h to enable any finely dispersed
solids to settle down, and samples are taken out with and
without filtering. Sampling procedure is performed using
pre-warmed pipets at a slightly higher temperature than
the solution temperature in order to avoid any glucose
precipitation during sampling. The samples are filtered
with 0.22 µm nylon filters (polypropylene housing). Then
4-6 filtered samples (0.5 ( 0.005 mL) are introduced in a
vacuum oven at 80 °C under (500 to 700) mbar until all
the solvent is evaporated, which is checked by repeating
gravitational test. The time needed until equilibrium is
reached and excess glucose settles down was measured in
similar previous experiments by measuring the solubility
of several filtered samples withdrawn at specified intervals
with the procedure described below. Equilibrium is con-
sidered to have been reached when the difference in the
value of solubility (g/L) in 24 h intervals is less than the
experimental uncertainty of the analytical method followed.
For the gravimetric method, the experimental uncertainty
in the solubility measurement is 1 %, while for the gas
chromatography method it is up to 5 %.

Analytical Methods. Two analytical methods were
used: gravimetric method and gas chromatography (GC).
The gravimetric method was used in order to measure the
total glucose mass fraction to more than 0.1 %.

The GC analysis method used has the ability to distin-
guish the two glucose anomers (R- and â-) and was used
for measuring both the concentrations of both anomers and,
consequently, the total glucose solubility as the sum of the
concentrations of the two anomers. Finally, the ratio of the
concentration of the R-anomer divided by the concentration
of the â-anomer at equilibrium was defined here as the
anomeric ratio.

(a) Gravimetric Method. Gravimetric solubility mea-
surements were performed by drying the solvent from a
previously weighted sample of a saturated solution (10 to
25) mL in a vacuum oven [80 °C, (500 to 700) mbar] and
by weighting the precipitated glucose until a constant value
was achieved.

(b) GC Analysis. Dry samples are re-suspended in 375
µL of pyridine containing 3.3 mg/mL octyl â-D-glucopy-
ranoside (as internal standard). After stirring the solution

in ultrasonic bath, 375 µL of TMSI is added to the samples.
The samples are incubated for 45 min at 70 °C, and the
addition of 5 mL of heptane followed. Aliquots of 10 µL are
injected into the GC. The temperature profile was as
follows: the temperature is kept at 120 °C for 5 min,
increases from 120 °C to 135 °C at a rate of 2 °C/min,
constant at 135 °C for 1 min, increases from 135 °C to 180
°C at a rate of 10 °C/min, and finally increases from 180
°C to 330 °C at a rate of 40 °C/min. GC grade helium was
used as carrier gas. The temperatures of the injector and
detector were 270 °C and 350 °C, respectively. The mea-
surements were done in a Shimadzu 800 GC series gas
chromatograph equipped with a split/splitless injection port
and FID detector. A 10 m sim-dist (simulated distillation)
capillary column (Chrompack, UK) was used.

Results and Discussion

The experimental results are presented in Table 1. It is
shown that a small temperature increase leads to a
significant increase of both the total glucose solubility and
the concentrations of the two anomers. Also, the total
solubility of glucose decreases with increase in the number
of carbon atoms in the solvent when comparing separately
normal alcohols (1-butanol < 1-propanol < ethanol <
methanol) or branched alcohols (tert-pentyl alcohol < tert-
butyl alcohol < 2-propanol). On the other hand, when
comparing alcohols with the same number of carbon atoms,
it is noticed that glucose presents higher solubilities in
branched alcohols (1-butanol < tert-butyl alcohol and
1-propanol < 2-propanol). Furthermore, the solubility of
glucose in alcohols increases significantly with the addition
of water. There is about a five times increase for a mass
fraction of water w1 ) 10 % for the water (1) + ethanol (2)
mixture.

Concerning the anomeric ratio, it follows the same trend
as the total solubility (i.e., for normal alcohols: 1-butanol
< 1-propanol < ethanol < methanol; for branched alco-
hols: tert-pentyl alcohol < tert-butyl alcohol < 2-propanol).
This increase in the anomeric ratio with polarity would
suggest a still larger value for water. Surprisingly, the
anomeric ratio of glucose in water is 0.61 at 31 °C,13 which
is lower even than the anomeric ratio in tert-pentyl alcohol.

Also, although the effect of temperature on the anomeric
ratio is very small, the experiments indicate that the
temperature increase leads to the anomeric ratio increase
as well. This is in agreement with the equilibrium constant
values reported by Goldberg and Tewari,13 which show that
the reaction of R- to â-glucose is an exothermic one. An

Table 1. Experimental Equilibrium Concentrations of r-Glucose and â-Glucose and Anomeric Ratios in Different
Alcohols at 40 °C and 60 °C

solvent R-glucose/g‚L-1 â-glucose/g‚L-1 anomeric ratio total solubility/g‚L-1

T ) 40 °C
tert-pentyl alcohol 0.50 ( 0.01 0.58 ( 0.01 0.85 1.08 ( 0.02
tert-butyl alcohol 0.58 ( 0.03 0.66 ( 0.03 0.88 1.24 ( 0.06
1-butanol 0.27 ( 0.00 0.32 ( 0.01 0.87 0.59 ( 0.01
ethanol 1.82 ( 0.09 1.99 ( 0.11 0.91 3.81 ( 0.19
methanol 14.52 ( 0.29 14.24 ( 0.34 1.02 28.76 ( 0.58
ethanol (1) + water (2)a 10.72 ( 0.22 10.51 ( 0.17 1.02 21.23 ( 0.38

T ) 60 °C
tert-pentyl alcohol 1.11 ( 0.03 1.29 ( 0.03 0.86 2.40 ( 0.06
tert-butyl alcohol 1.65 ( 0.07 1.86 ( 0.08 0.89 3.51 ( 0.14
1-butanol 0.69 ( 0.03 0.78 ( 0.04 0.88 1.47 ( 0.07
2-propanol 1.82 ( 0.08 1.96 ( 0.09 0.93 3.78 ( 0.17
1-propanol 1.77 ( 0.11 1.95 ( 0.09 0.91 3.72 ( 0.20
ethanol 4.51 ( 0.06 4.51 ( 0.06 1.00 9.02 ( 0.12
ethanol (1) + water (2)a 20.83 ( 0.71 21.26 ( 0.55 0.98 42.09 ( 1.26

a w2 ) 10 %.
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exception seems to be the ethanol/water mixture, although
no clear conclusion can be derived from these only two
measurements.

The mS-UNIFAC10 model is a group-contribution ther-
modynamic model suitable for phase equilibrium predic-
tions, like solubility predictions, in mixtures containing
sugars and/or sugar derivatives with water, alcohols, acids,
and esters. The model was developed considering that only
one conformation is present in sugar solutionsswithout
taking into account the chemical equilibrium between the
anomerssand more specifically the predominant anomer
in aqueous solution. This was done because experimental
data of sugar conformational equilibrium are scarce.

Glucose solubilities are predicted using the following
standard thermodynamic solid-liquid equilibrium (SLE)
expression:

where xgluc is the glucose solubility expressed as mole
fraction, γgluc is the glucose activity coefficient in the
solution predicted by the mS-UNIFAC model, Tm is the
glucose melting temperature, ∆fusH is the glucose heat of
fusion, and ∆Cp is the difference between the heat capaci-
ties of the supercooled pure melt and the pure solid
assuming that it is independent of temperature. Since mS-
UNIFAC was developed treating pure solid glucose as
â-glucose,10 the corresponding Tm, ∆fusH, and ∆Cp values
used in eq 1 was as follows: Tm ) 423 K,14 ∆fusH ) 32.43
kJ‚mol-1,14 and ∆Cp ) 66 J‚mol-1‚K-1.10

A comparison between the experimental and the mS-
UNIFAC predicted glucose solubilities is presented in
Figure 2 and Figure 3.The obtained results are satisfactory
with the exception of 1-butanol. The solubility of glucose
in 1-butanol is significantly overestimated by the mS-
UNIFAC model. This behavior of the model must be
attributed to the well-known problem of UNIFAC type
models to accurately predict the isomeric effect. Thus,
although the model gives good results for tert-butyl alcohol,

which has been included in the database used for the mS-
UNIFAC model development, this is not the case for
1-butanol. To overcome this problem, different parameters
for the different types of hydroxyls (primary, secondary,
and tertiary) must be developed.

It would, of course, be desirable to have a model that
could predict the total solubility in a rigorous way. Predict
first the solubility of the species in excess; in this case
R-glucose since the amount of â-glucose formed in solution
never exceeds its solubility limit because R-glucose is less
soluble than â-glucose.12 Then predict the concentration of
the second speciessin this case â-glucosesthrough the use
of the chemical equilibrium relationship:

where xR and xâ are the equilibrium concentrations of R-
and â-anomers expressed as mole fraction; γR and γâ are
their activity coefficients that would be calculated by the
model; K is the equilibrium constant that is the same for
all solvents and depends only on the temperature (T); and
∆G° is the Gibbs energy of formation at the temperature
(T).

The mS-UNIFAC model, in its present form, cannot be
used in such a rigorous way due to the abovementioned
constraints involved in its development that were caused
by the lack of experimental data like the ones presented
in this work. Actually, the development of a rigorous
thermodynamic model would rely on a database that
involves except from total solubility data, the concentra-
tions of the individual anomer species at equilibrium as
well, such as those presented here, and of course, ∆G°
values for the mutarotation reactions between the various
anomeric forms at equilibrium.

However, since in the database used in the development
of the mS-UNIFAC the groups involved in R-glucose were
present in other sugars (fructose)sand thus the corre-
sponding interaction parameters were evaluatedswe ex-
amined the possibility of using it to predict the distribution
of these two glucose anomer species from the total glucose
solubility known experimentally or predicted. This can be

Figure 2. Experimental and predicted glucose solubility (s) in
alcohols at 40 °C.
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Figure 3. Experimental and predicted glucose solubility (s) in
alcohols at 60 °C.
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done using in eq 2 the values for K equal to 1.57 at 40 °C
and equal to 1.49 at 60 °C, which were calculated through
the experimental ∆G° at 298 K and ∆H° data given by
Goldberg and Tewari,13 combined with the equation:

where xR and xâ are the equilibrium concentrations of R-
and â-anomers and xtot is the total glucose solubility, all
expressed in mole fraction.

The system of eqs 2 and 3 has two unknowns: xR and
xâ. The results obtained following this proceduresand using

the experimentally determined total solubilitysare pre-
sented in Figure 4 and Figure 5 (similar results are
obtained if we use the predicted solubility except of course
1-butanol). The satisfactory quality of the obtained results
indicate that mS-UNIFAC would be an excellent candidate
for the development of a rigorous thermodynamic model
that will be able to simultaneously predict the phase and
chemical equilibrium present in sugar solutions.

Conclusions

New glucose solubility data, as well as equilibrium
concentrations of glucose anomers in tert-butyl alcohol,
1-butanol, 2-propanol, 1-propanol, ethanol, methanol, and
an ethanol-water mixture are presented. Application of
the mS-UNIFAC model gave satisfactory predictions of (a)
the total glucose solubility in the solvents examined and
(b) the concentrations of the glucose anomers, given the
experimentally observed total glucose solubility.

The results indicate that the mS-UNIFAC model can be
appropriately modified so as to be able to predict simulta-
neously the phase and chemical equilibrium present in
sugar solutions. This task requires the re-evaluation of the
model parameters by utilizing, except from total sugar
solubility data, the concentrations of the individual sugar
anomer species when, of course, they are present.
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Figure 4. Experimental and predicted glucose equilibrium
concentrations (c) in alcohols at 40 °C: exp, experimental; pred,
predicted.

Figure 5. Experimental and predicted glucose equilibrium
concentrations (c) in alcohols at 60 °C: exp, experimental; pred,
predicted.

xR + xâ ) xtot (3)
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