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PHASE TRANSITIONS

PACS 71.20.Nr, 72.20.Pa

AT DEHYDRATION OF GLUCOSE

The dielectric constant of the glucose—water system has been studied in the temperature interval
from —180 to 120 °C and the frequency interval from 5 to 50 kHz. On the basis of the data
obtained, the physical mechanism of dehydration of glucose has been proposed. The dehydration
of glucose is shown to be a sequence of phase transitions: monohydrate—anhydride, fixed water—
free water, the appearance of a water film on the surface of the glucose—water system, and the

subsequent water evaporation.
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1. Introduction

Researches of glucose properties have a long, almost
two-century history. At the initial stage, they were a
response to the demands of food industry. For this
stage of researches, typical is work [1], in which
a phase diagram for aqueous glucose solutions was
obtained.

At the next stage, which lasts till now, the main
aim of such researches became the solution of the
problems posed by medicine before physics. Those
problems can be conditionally divided into two
groups. One of them includes problems associated
with the fact that glucose is one of the components of
a living organism. While solving those problems, the
behavior of glucose as a part of a living organism is
simulated by studying the properties of aqueous glu-
cose solutions [2]|. Problems associated with the ma-
nufacture of drugs in the form of pills or powders
that include glucose as a component can be classified
to another group. In this case, the issue of preserving
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the quality of mentioned drugs in time is of impor-
tance, because glucose is known to intensively absorb
moisture from the environment.

Hence, one can see that the indicated problems are
based on the interaction between glucose and wa-
ter, i.e. on the processes of hydration and dehydra-
tion of glucose. Earlier, the dehydration of glucose
was studied by the methods of differential scanning
calorimetry, x-ray diffraction, electron microscopy,
optical spectroscopy, time-domain spectroscopy, and
mass spectrometry [3-6]. In the cited works concern-
ing the separate aspects of the physical mechanism of
dehydration of glucose, the possibility to consider the
“monohydrate-anhydride” transition as pseudopoly-
morphic was analyzed, the assumption was made
about the existence of a vitrification transition, and
so forth. However, the main issue remained unre-
solved: How is that or another examined aspect as-
sociated with water loss by glucose?

We did not manage to find publications, where the
dehydration mechanism would be completely descri-
bed. Therefore, the aim of this work was to estab-
lish the physical mechanism of dehydration of glu-
cose. For this purpose, we use the dielectric method.
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The key argument in favor of this method is the fact
that the dielectric permittivity of water exceeds the
dielectric permittivity of glucose by more than an or-
der of magnitude, so that the dielectric method is
sensitive to the water content in the system.

2. Experimental Results

Glucose specimens with a water content of 6% were
studied. The real, A¢’, and imaginary, €”, parts of
the complex dielectric permittivity were measured,
by following the method described in works [7,8]. The
results of measurements are shown in Figs. 1 and 2. In
these figures, the value of dielectric permittivity at
the temperature 7' = —180 °C and the frequency v =
= w/2m = 5 kHz was selected as a reference point.

In Fig. 1, the temperature dependences of the real
part Ag’ of the complex dielectric permittivity of
the specimen are depicted. As one can see, the tem-
perature dependences reveal two maxima: at T} =
=45.0£0.5 °C and T, = 94.0 & 0.5 °C. Note that
the positions of these maxima are not changed, when
the frequency is varied.

In Fig. 2, the temperature dependences of the imag-
inary part ¢” of the complex dielectric permittivity of
the specimen are shown. As one can see, the depen-
dences for glucose with the 6% water content demon-
strate similar maxima, whose positions coincide with
the positions of maxima in the temperature depen-
dences of the real part Ae’ of the complex dielectric
permittivity.

From the physics of phase transitions [9], it is
known that peaks with the attributes mentioned
above appear only due to phase transitions. Hence,
our measurements of the temperature dependence of
the complex dielectric permittivity testify that phase
transitions take place in the studied system at the
temperatures indicated above. Let us analyze their
nature.

3. Thermodynamic Phases
of the Glucose—~Water System

It is known [3] that glucose (CgH120¢) and water
can form a monohydrate with the chemical formula
H50 - C4H120¢. In the case where the crystals of glu-
cose do not contain water, this substance is called
anhydride.

Besides two mentioned components, the examined
specimens might contain both free water and the
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Fig. 1. Temperature dependences of the real part Ae’ of

the complex dielectric permittivity of glucose with the 6% wa-
ter content at the frequency f = 5 (1), 10 (2), 20 (3), and
50 kHz (4)
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Fig. 2. Temperature dependences of the imaginary part &
of the complex dielectric permittivity of glucose with the 6%
water content at the frequency f =5 (1), 10 (2), 20 (8), and
50 kHz (4)

aqueous glucose solution. All the indicated compo-
nents can form thermodynamic phases of the glucose—
water system. Accordingly, there can be phase tran-
sitions between those phases.

The transitions that take place in the glucose-water
system are presented in the phase diagram shown in
Fig. 3 [10] in the coordinates temperature T vs. the
glucose concentration C'. This phase diagram should
be interpreted as follows. Branch OM corresponds to
the equilibrium between the solution and ice, branch
MN to the equilibrium between the solution and
monohydrate, and branch NP to the equilibrium be-
tween the solution and anhydride.
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4. Monohydrate—Anhydride Transition

According to the phase diagram depicted in Fig. 3,
point N is a point of phase transition monohydrate—
anhydride. This statement is confirmed by our exper-
iment. Really, the temperature dependences of the
real and imaginary parts of the dielectric permittivity
have maxima at the temperature 77 = 45.0 0.5 °C.
The temperature position of those maxima does not
depend on the frequency. This is typical of phase
transitions. On the contrary, for the relaxation phe-
nomena, as a rule, the temperature positions of re-
laxation peaks in similar systems depend on the
frequency.

According to its chemical formula, monohydrate
contains 90% of glucose. At the heating, the chemical
composition of monohydrate is not changed. There-
fore, its temperature behavior is described by line
RS shown in Fig. 3 up to the temperature 7T of the
monohydrate—anhydride phase transition. This tem-
perature corresponds to the temperature coordinate
of points N and S in the phase diagram. In the re-
searched specimen, the glucose content amounted to
94%. Therefore, the behavior of this system at the
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Fig. 3. Phase diagram of the glucose—water system
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Fig. 4. Scenarios of free water formation (a) in the bulk and
(b, ¢) on the surface of the system
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heating will be described by line R'S’. The analyzed
system consists from monohydrate and anhydride at
T < Ty and from anhydride and the solution of water
in glucose at T > T3 .

5. Transition with the Formation
of Free Water

The phase diagram in Fig. 3 is confined by the tem-
perature corresponding to point P. From our experi-
mental data, it follows that a phase transition takes
place at the temperature 7o, = 94.0 £ 0.5 °C. It is
important that this transition is accompanied by an
anomalous (by two orders of magnitude) growth of
A¢’, which reaches the value Ae’(T) ~ 10. Taking
into account that Ae’(T') ~ 80 for water, a conclusion
can be drawn that the transition, which is observed
in the glucose-water system at 175 = 94.0 + 0.5 °C,
is associated with the exit of water molecules from
the solution composition and the formation of free
water. In other words, the bound water — free water
transition takes place. This is a phase transition of
the first kind. According to the standard ideas [11],
this transition has two stages: first, the fluctuation-
driven formation of nuclei of a “new” phase (B) oc-
curs in the “old” phase (A); then the nuclei grow fur-
ther, which is accompanied by the transition of water
molecules from the “old” phase (A) into the “new”
phase (B).

In Fig. 4, a possible scenario of free water forma-
tion from the glucose solution is shown. The bold
straight line corresponds to the plane surface of the
system. Water molecules are exhibited as colored cir-
cles. The areas with free water are also tinted.

In the classical model of the theory of phase transi-
tions, a spherical nucleus of phase (B), which has ra-
dius r, is formed in infinite phase (A) [11]. According
to this model, the behavior of the system at the first
stage is governed by the fact that the dependence of
the thermodynamic potential ® on the nucleus radius
r has a maximum at r = 7*. A nucleus with this ra-
dius is called critical. The number of critical nuclei,
J, that emerge in a unit volume per unit time is de-
termined by the formula [1]

Wl

J = fexp [_ (1)

where f = f(T) is a certain function of the tempe-
rature.
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This scenario of the phase transition of the first
kind can also be implemented in our case. The roles
of phases (A) and (B) will be played by the solu-
tion of water in glucose and free water, respectively
(Fig. 4, a).

The theory of phase transitions [11] also considers
models, in which the nuclei of a new phase are formed
at the surface of the system. Let us verify whether
this variant of the phase transition of the first kind
is realized in our case or not. A nucleus consisting
of free water evidently has the shape of a spherical
segment (Fig. 4, b). Let us introduce the following
notations: a is the radius of the spherical segment
base; h the spherical segment height; s and pp are
the chemical potentials of water molecule in phases
(A) and (B), respectively; oac, oc, and oap are
the specific surface thermodynamic potentials at the
interfaces phase (A)—gas, phase (B)—gas, and phase
(A)-phase (B), respectively; and v is the volume of a
water molecule.

The area S of the spherical segment surface and
the spherical segment volume V' are determined by
the formulas

S = w(h? + a?), (2)
V= éwh(iﬁ + 3a?). (3)

For the increment of the thermodynamic potential ®
due to the formation of a nucleus of phase (B), we

have Lrh
T
P = _67(h2 +3a%) (s — pB) +
+7r(h2 + a2)aBC - 7ra2(crAC — OAB)- (4)

To find the maximum of ®, we should equate the first
derivatives of ® with respect to the variables a and h
to zero:

83 =ma [2(030 —oAc +0aB) — hi('uA ) =0,
da v
(5)
0% _ 1 o (pa — )
ah ”{2"302“ -
L o(ua —p
_ 2h2(AyB)] -0. (6)

From Egs. (5) and (6), the h- and a-values corre-

sponding to the maximum ®* equal
b 2v(oBc —UA0+UAB)7 7)
HA — HUB
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a®=h (UB_C” - h). (8)
HA — UB

The specific surface thermodynamic potential at
the solid—gas interface, oac, is known to substantially
exceeds its counterparts at the liquid—gas, opc, and
solid-liquid, oap, interfaces. Namely,

OAC > 0BC > OAB- (9)

Therefore, according to expressions (7) and (8), the
following inequalities are satisfied:

h <0,
a? < 0.

(10)
(11)

From whence, it follows that, for real values of the
parameters a and h, the dependence ®(a,h) given
by formula (4) has no maximum. This fact means, in
turn, that the phase transition takes place without
the formation of critical nuclei (Fig. 4, b), and free
water continuously spreads over the system surface
to form a film (Fig. 4, c).

From the thermodynamic viewpoint, the absence
of an energy barrier ®* is favorable for the latter sce-
nario. Therefore, we may consider that the majority
of water released from glucose due to the phase tran-
sition forms a film on the glucose surface.

6. Evaporation of Free Water

Our previous speculations may bring about an objec-
tion. Namely, water must begin to boil at a temper-
ature of 100 °C. However, no corresponding peak is
observed in the £”(T") dependences at this tempera-
ture. Instead, the experimental data demonstrate a
shoulder at a temperature of 110 °C. In our opinion,
this shoulder is a consequence of the mutual overlap-
ping of two peaks: the previous one with the max-
imum at 94°C and a peak with the maximum at
110 °C that is caused by the formation of vapor.

Let us apply the theory of phase transitions once
more [11]. Now the matter concerns the liquid-gas
transition. Accordingly, the critical nucleus is nothing
else but a gas bubble. In accordance with the theory
of phase transitions, we may assume that this nucleus
is formed at the liquid—solid boundary. The contact
angle of a bubble, 6, is known to be determined by
the formula

OAB
OAC

OBC
OAC

cosf = (12)
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Fig. 5. Bubble in a water film: bubble (1), solid substrate
(A), water film (B), vapor (C)

According to inequalities (9), the quantities cap/oac
and opc/oac are small. In the zero approximation
with respect to those quantities, we obtain the ap-
proximate equality
cosf =~ 0, (13)
which indicates that the bubble has the cylindrical
shape (Fig. 5) with the generatrix directed perpen-
dicularly to the surface of a solid substrate. Let a
stand for the cylinder radius, and h; the cylinder
height. The change of the thermodynamic potential
®; due to the appearance of a bubble equals

CL%’ﬂ'hl

¢ = (uB — pc) + mai(ope +

v

+0ac — oaB) + 2maihiopc, (14)
where ¢ is the chemical potential of water molecules
in vapor. We should equate the first derivatives of @4
with respect to a; and hy to zero:

0P

T; =7 |:2a1(UAC +0BCc — 0AB) —

—2hya B HC 2hlch} =0, (15)
12

0P -

Thll =T {2(110]30 — G,QIU/BVIMC] =0. (16)

The solution of the system of equations (15) and (16)
looks like

2
a? — LCV7 (17)
B — HC
2 —
By = v(oac + oBC CTAB). (18)
KB — HC

The analysis of formula (14) shows that the values
of the parameters a; and hy determined by Egs. (17)
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and (18) correspond to a saddle-like point. The value
of ®; at this point,

403 .lope + oac — oaB)?V?
(uB — pc)?

@1(@1,}11) = (19)

plays the role of the energy barrier ®* in formula (1).

As is known from thermodynamics [11], the tem-
perature Ty of a phase transition (e.g., the transition
of phase B into phase C) is a temperature, at which
both phases (B and C) are in equilibrium. Therefore,
pB = pC- (20)
Here, we supposed that the mentioned phases are sep-
arated by an infinite plane.

Equality (20) corresponds to a situation where the
phase transition has already terminated. However,
when this transition only begins, the conditions to
initiate a deviation from the equilibrium state must
be created:
pB > pe- (21)
As a result, the phase transition is observed experi-
mentally not at Ty, but at another temperature, Ty,
which corresponds to the so-called border of metasta-
bility. By definition [12], this border is a deviation
up — pe from the equilibrium, at which the number
of critical nuclei J formed in unit volume per unit
time equals 1:
J=1[em3s71. (22)
Since ®* depends on pp — pc, we can determine the
border of metastability by substituting J = 1 into
formula (1). As a result, we can find the phase tran-
sition temperature T7o from the formula

Tio —To

. (23)

BB — pe = A
where A is the latent heat of evaporation per one
molecule.

In our opinion, the speculations given above make
it possible to draw a conclusion that the observed
phase transition temperature (110 °C) is the temper-
ature Tg that corresponds to the border of metasta-
bility for the water—vapor transition under the con-
ditions, when water forms a film. In the temperature
interval Ty < T' < Ty9, we deal with overheated water.
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7. Conclusions

Our research makes it possible to assert that the dehy-
dration of glucose is associated with a series of phase
transitions.

First, the monohydrate—-anhydride transition takes
place in the glucose—water system at the temperature
Ty = 45.0 £ 0.5 °C. As a result, monohydrate loses
water. Instead, the system is divided into two compo-
nents: crystals of glucose anhydride and the solution
of water in glucose.

If the temperature grows further, the amount of
this solution increases, and the next phase transition
takes place at the temperature T, = 94.0+0.5 °C. As
a result, water is released from the solution and forms
a film on the surface of the system.

At the temperature T3 = 110.0 £ 0.5 °C, water
is evaporated. Such an elevated value of the water—
vapor transition temperature is a consequence of the
fact that water in the film becomes overheated ow-
ing to the nucleation at the boundary with the solid
substrate.
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®A30BI [IEPEXO/IU
[IPU JIETIIPATALIL [JIFOKO3U

Peszmowme

B imrepBani temmneparyp —180-120 °C Ta inTepBasi gacToT
Big 5-50 k' mociigzkeHa IieleKTpUYHA TPOHUKHICTH CUCTeE-
MU IUIIOKO3a—Boza. Ha ocHOBI orpumaHux JJaHUX 3aIIpOIIOHOBA-
HO diznunuit MexaHi3M nerigparanil raokosu. [lokazano, 1m0
nerigpaTaliis IVIIOKO3U € IOCJiIOBHICTIO (Da30BUX MEPEXOJiB:
repexony “MOHOTIZpaT—aHTIAPHI’, Iepexony ‘3B’s3aHa BOZA—
BlibHA Bos1a” 3 BUHUKHEHHSM BOJSHOI IJIIBKYA HA ITOBEPXHI CH-
CTEeMU IJVIIOKO32—BO/Ia 3 ITOJAJIBIINM 11 BUIIAPOBYBAHHSIM.
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