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The annealing behaviour of a spray-dried maltodextrin was investigated by differential scanning calori-
metry. Special attention was paid to the effect of temperature and humidity on the annealing process.
Comparison was also made with the glassy state of the same compound prepared by various cooling pro-
cesses. The presence of a very pronounced sub-T, peak upon ageing reveals the specificities of the glass
and the complexity of the relaxation spectrum of the spray-dried material. This peak seems actually to
correspond to a partial ergodicity recovery that may be attributed to onset of molecular mobility occur-
ring below T,. The position of the sub-T, peak with regard to the conventional Ty was systematically stud-
ied. It clearly showed the difference between the effect of temperature and water plasticization on the
relaxations occurring in the glassy state of materials prepared by spray-drying.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Many solid compounds used in the pharmaceutical, chemical
and food industries are produced and used in their amorphous
glassy state. The classical way to produce a glass is to rapidly cool
a melted compound. Below its melting temperature the liquid be-
comes metastable and falls out of equilibrium at the glass transi-
tion temperature (Tg). In industry, many formulation methods
include other vitrification techniques. Vitrification may, for exam-
ple, result from evaporation of solvent molecules as applied in
freeze-drying! or spray-drying? processes. In all cases, the aim is
to ‘freeze’ molecules in a liquid-like arrangement and to avoid
crystallization. Direct solid state vitrification is also often observed
upon milling® or micronisation.* During its formation, the glassy
material is trapped in a local minimum of the potential energy
landscape. The topology of this landscape characterizes the amor-
phous system. The physical state may strongly vary with the his-
tory of the material, that is, with the preparation process and the
ageing. For example, in the classical quench cooling method to pre-
pare a glass, the energy level where the end product is trapped de-
pends on the cooling rate itself. Upon further ageing, the enthalpy
of the system relaxes, and physical properties of the material are
prone to change which may have a strong impact on characteristics
such as reactivity,” solubility, hygroscopicity and mechanical
material properties.®

* Corresponding author at present address: Department of Process and Chemical
Engineering, University College, Cork, Ireland. Tel.: +33 684162067.
E-mail address: nicodescamps@hotmail.com (N. Descamps).
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The aim of this work is to demonstrate and clarify the specific
thermodynamic properties of an amorphous compound obtained
by spray-drying. Information on the amorphous state was obtained
by investigating the effect of ageing conditions on the relaxation
behaviour of the glass when heating it over the T,. Glassy malto-
dextrin was chosen for this study as it is a good representative of
an amorphous food or pharmaceutical material. It is also very sen-
sitive to water uptake. Indeed, water plasticizes amorphous carbo-
hydrates.” The importance of water plasticization in food has been
initially recognized by Levine and Slade.®® This property is used
here to compare the effects of temperature and water content on
the annealing behaviour of an amorphous carbohydrate matrix. A
systematic investigation could be performed on the influence of
the glass formation and ageing at different temperatures and rela-
tive humidities.

The differential scanning calorimetry (DSC) investigation of the
spray-dried material points out the complexity of the relaxation
spectrum in the sub-T, temperature range. Systematic study of
the effect of ageing on the configurational enthalpy and entropy
allows to clarify the significance of the sub-T, calorimetric events.
The behaviour of spray-dried glasses is also compared with that of
rapidly cooled glasses. The properties of the spray-dried glass and
its eventual relaxations can be described in the frame of the energy
landscape picture of the compound. Modulated differential scan-
ning calorimetry (MDSC) provides additional information about
slow molecular mobility associated with the sub-T, calorimetric
complexity. Comparison of the effect of the variation of tempera-
ture and relative humidity on the ageing relaxations has also been
investigated. This led to compare the modifications induced by
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water on the relaxations which determine T and those which con-
trol ageing.

2. Materials and methods

Amorphous spray-dried (SD) maltodextrin DE21 (Glucidex® 21)
(or solid dextrose syrup) was purchased from Roquette Fréres (Les-
trem, France) and stored for more than one year at 25 °C in air tight
bags. Water activity a,, was 0.23 at 25 °C. Maltodextrin DE21 is a
mixture of o-(1—-4) linked glucose oligosaccharides with occa-
sional o-(1-6) branches. Glucidex 21 is obtained by enzymatic
hydrolysis of maize starch and its weight-average molecular
weight M,, is 7260 Da. Its polydispersity index M,/M, is 7.41.
The global impurity content is around 0.25%. Major impurities
are proteins (<0.15%) and sulfated ashes (<0.1%).1°

2.1. Experimental technique

The differential scanning calorimetry (DSC) experiments were
performed using a Mettler-Toledo 822e calorimeter. The instru-
ment was calibrated for temperature using the melting tempera-
tures of indium (156.6 °C) and n-octane (—57 °C) and for heat
flow using the heat of fusion of indium. The analyses were carried
out on typically 10 mg of material hermetically sealed in pre-
weighed aluminium pans of 40 pL. After each experiment, the tight
seal of the pan was systematically checked by reweighing. Poor
sealing induced water loss upon heating. The DSC oven was flushed
with nitrogen gas. In order to analyze and compare the influence of
various thermal treatments on the samples, all calorimetric mea-
surements were performed at a standard heating rate of 5 °C/
min. The reference Ty of each sample was defined as the midpoint
of the glass transition heat flow jump of the corresponding nor-
mally cooled glass. The term ‘normally cooled glass’ refers here
to a glass formed with a cooling rate of —5 °C/min.

Modulated DSC (MDSC Q1000 from TA Instruments) was also
used in the ‘heat only’ mode (heating rate: 5 °C/min, oscillation
period: 40 s, amplitude: 0.5 °C). This mode allows to investigate
more accurately the influence of the thermal history of the sample
separately on the reversing and the non-reversing components.
In such an experiment, the maximum of the heat flow phase also
enables to locate the temperature at which the time scale of the
enthalpy relaxation equals that of the modulation.!!

2.2. Experimental procedure

The spray-dried (SD) maltodextrin was annealed using different
temperature and humidity conditions, which allows the amor-
phous state to evolve. A first DSC upscan was then performed up
to temperatures above T, (typically 30°C above Tg) to analyze
the effects of such treatments through changes in the heat flow
behaviour in the vicinity of T, Above Tg, the amorphous state is
expected to recover its internal metastable equilibrium. To com-
pare with the state of a normally cooled glass, the sample was then
cooled down slowly to 45 °C below T (=5 °C/min) and heated up
again in a second upscan at 5 °C/min. Such a thermal treatment
allowed the determination of the value of configurational enthalpy
and entropy of the two types of glasses: the annealed one and the
normally cooled one. Similar comparison was also made for spray-
dried (SD) glass and rapidly cooled (RC) glass. Rapid cooling was
achieved by placing directly the hot sealed pan containing sample
(130°C) in air at room temperature.

For temperature annealing, samples were heated directly in the
DSC pan. For humidity annealing, samples were equilibrated for 6
months at 23 °C and at various relative humidities (RH) in desicca-
tors containing saturated salt solutions of known RH values

(RH =11% (LiCl), 23% (CH3COOK), 33% (MgCl,), 43% (K>CO3) and
53% (Mg(NOs),)). Solutions were prepared by dissolving salts pro-
vided by Fluka Chemie AG in demineralized water. Humidity equil-
ibration of the samples was checked measuring their water
activity. Water activity was measured in duplicate using a humid-
ity sensor (HygroPalm AW1 from Rotronic) at 25 °C, which was cal-
ibrated with standard salt solutions provided by Rotronic AG/CH.

3. Results and discussion
3.1. Spray-dried maltodextrin: calorimetric behaviour

Figure 1A shows the first and second upscans (respectively,
curves (a) and (b)) of a maltodextrin sample prepared by spray-
drying and stored at 23 °C, 23% RH for more than one year. The sec-
ond upscan (normally cooled glass without ageing) reveals a clean
Cp, jump indicating a glass transition situated at T = 86 °C. On the
contrary, the first upscan exhibits an endothermic peak at
T,, = 73 °C. This peak is followed by a C, jump which looks similar
to that of a conventional glass transition (as observed on curve (b)),
but shifted towards higher temperature—compared to the nor-
mally cooled glass. The two curves superimpose well above and
well below T,. First and second upscans of modulated DSC (MDSC)
experiments are presented in Figure 2. Reversing heat flow signals
for both SD and normally cooled glasses show heat flow jumps
classically expected at glass transition. There is no evident temper-
ature shift of the reversing signal for both SD and normally cooled
glasses. In other words, the glass transition temperature is the
same for SD and normally cooled glasses. This means that the onset
of mobility essentially occurs at the same temperature in both
cases. This behaviour contrasts with the apparent T, shift of the
average heat flow (HF) signals seen in Figure 1. Consequently,
the non-reversing HF signal for the SD glass shows a well-
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Figure 1. The heat capacity, G, [A], and the corresponding configurational enthalpy
—AH, [B] of maltodextrin DE21 after various heat treatments. The scanning rate is
5 °C/min. (a) SD maltodextrin. (b) Normally cooled glass after slow cooling from
120 °C (-5 °C/min).
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Figure 2. Reversing and non-reversing heat flow curves obtained by MDSC for the
spray-dried maltodextrin (first upscan—full curves) and normally cooled glass
(second upscan—dashed lines). The star signals the slight break in the reversing
heat flow corresponding to the sub-T, peak. Reversing signals were shifted
vertically for clarity. Heat flow phase peaks for the first upscan are also reported.

pronounced endothermic sub-T, peak, which is followed by a clear
exothermic contribution event. It is to be noticed that the non-
reversing signal of the normally cooled glass displays a peak at
about 87 °C, whereas its average HF does not show any overshoot.
However, such a peak does not indicate any pronounced structural
relaxation event. As noticed by Bustin et al.,'! it is mainly a conse-
quence of the way the non-reversing contribution is built. Indeed,
the latter is simply the difference between the average heat flow
and the reversing component. Both have glass transition tempera-
tures which differ slightly because their corresponding sweeping
rates are different. This T, difference gives rise to a non-significant
maximum in the non-reversing component. A closer look at the
reversing HF signal of the first upscan shows a slight, but reproduc-
ible change in the slope in the temperature zone of the endother-
mic event.

Sub-T, heat capacity peaks were reported for a large variety of
rapidly cooled glasses which have been pre-annealed at very low
temperature such as polymers,'?~1> metals,'®1” oxides'® and sili-
cates.’®2% Occurrence of such features has also been recently dis-
cussed by Johari,?'*? Yue and Angell?* related to T, of water.
Glasses showing these features have been obtained by a variety
of rapid cooling techniques such as those which are used in the
production of glass fibres,'%?%23 but also vapour deposition.'” In
the case of polymers, it has also been mentioned that the freeze-
drying process may produce glasses showing such a sub-T, endo-
therm.! We show here that spray-drying is a vitrification technique
that produces glasses having a sub-T, peak and thus having the
thermodynamic signature of rapidly cooled glasses. Similar obser-
vations have been made for other rapidly quench-cooled amor-
phous food products (polysaccharides,?® sugars®® and starch?®)
which indicates that such behaviour is rather general for industri-
ally prepared glasses.

3.2. Comparison of calorimetric behaviour of spray-dried/
rapidly cooled materials

To investigate further the effective conditions of vitrification by
spray-drying, DSC experiments were performed on glassy malto-
dextrin which were obtained by slow (-5 °C/min) and rapid cool-
ing from temperature above T, Rapid cooling was achieved by
cooling the sample in a sealed pan directly from 130 °C to room
temperature. The corresponding cooling rate was estimated to be
—380 °C/min based on a systematic study of the evolution of the
fictive temperature as a function of the cooling rate as proposed
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Figure 3. The heat capacity, G, [A], and the corresponding configurational enthalpy
—AH, [B] of maltodextrin DE21 after various heat treatments. The scanning rate is
5 °C/min. (a) SD maltodextrin. (b) Normally cooled glass. (¢) RC glass (—380 °C/min)
after a short ageing period (~30 min) at T, = 25 °C. The inset shows a close-up view
of the sub-T, peak region. (d) RC glass (—380 °C/min) after being annealed 20 h at
T,=55°C.

by Velikov et al.?” Incidentally, such investigation allows an esti-
mation of the fragility index (m) of the compound. We found
m=117. The fragility index has been defined as a distinctive prop-
erty that characterizes dynamic relaxations at molecular level in
glass forming liquids. In practice, it is quantified by the depen-
dence of relaxation times on temperature changes in the region
approaching the glass transition. With an m value higher than
100, maltodextrin DE21 fits within the class of a fragile liquid
following the strong/fragile classification.?®

Figure 3A shows upscans at 5 °C/min performed on RC glasses,
after a short (=30 min) annealing period at room temperature
(curve (c)) and 20 h annealing at 55 °C (curve (d)). Upscans of SD
(a) and normally cooled (b) materials are also reported for compar-
ison. On curve (c) a slight, but clear sub-T,; endotherm can be ob-
served between 40 °C and 50 °C (see a close-up view in inset). At
higher temperature, a temperature shift of the C, curve of about
4 °C with regard to that of the normally cooled glass (curve (b))
can be noticed. Such a shift is similar to that observed on the SD
material (curve (a)). On curve (d) a well pronounced sub-T, peak
is observed at 82 °C (9 °C above that of the SD material). At higher
temperature, a superimposition with the C, curve of the SD prod-
uct is also observed. All these features indicate that the effective
cooling rate produced during spray-drying is similar to that of
the RC cooled sample. These results further demonstrate that RC
as well as SD samples is able to produce sub-Tg endothermic peaks
at very low temperatures and that the position of these peaks is
very sensitive to ageing.

3.3. Analysis of the energy landscape of SD and RC dextrose

At a temperature low enough below T, the contributions to G,
are mainly those of the fast vibrational degrees of freedom, as slow
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and large amplitude-configurational motions are frozen.?® Since all
C, curves superimpose well below Tg, the events revealed in the
range 100 °C > T > 40 °C can be attributed to configurational contri-
butions which are dependent on thermal history. Configurational
contributions to C, are in addition to the low-temperature vibra-
tional specific heat capacity Cp‘,;.12 The values of G, ,(T) are obtained
by extrapolation from values of C, below 40 °C as shown in Figures
1A and 3A.

To examine the significance of the sub-T, effect, the configura-
tional enthalpies

T
AHq(T) = — /110(Cp = Cpp)dT (1)

are shown in Figures 1B and 3B. Here, AH,¢(T) is the AH, of the
undercooled equilibrated liquid, and is set to be zero at 110 °C. At
low temperature —AH, of the RC sample decreases upon ageing.
Upon heating, the —AH,; of the annealed RC sample increases
towards the non-aged RC value (curve (c)) and merges with it
below T,. Upon heating, the system thus recovers the enthalpy
level trapped at T, upon cooling, before undergoing the glass tran-
sition. Same behaviour is seen for the annealed SD glass (curve
(a)). The low temperature configurational enthalpy value is
slightly lower than that of the aged RC sample. Upon heating, it
increases towards curve (c) and nearly merges with it well below
T,. This shows that the enthalpy levels trapped upon rapid cooling
or during fast dehydration are most probably of similar values
even if the preparation processes are different. Note that the con-
figurational enthalpy curves always stay on the left of the equilib-
rium line —AH,. before merging with it. This behaviour differs
from what is usually observed for sub-Ty annealing, which results
in a peak of G, and fast recovery of enthalpy just above T, (‘ageing
overshoot’).3°

The low enthalpy levels of the glassy samples with different his-
tories (glass formation and annealing) are directly read on the left-
hand side of the picture. They reflect the corresponding values of
the fictive temperature of the glass. The latter are given by the
temperature of intersection of the equilibrium line —AHg ¢(T) with
the line corresponding to the enthalpy of the glass. The enthalpy of
the glass is extrapolated from values of AH4(T) below T,3! After
long annealing at a temperature below Ty, the fictive temperature
of the SD material is lower than that of the RC glass. It has even
a lower value than that of the normally cooled glass. However, this
does not produce—as usually expected after a sub-T; annealing—a
fast recovery on the right-hand side of the equilibrium line and the
corresponding G, overshoot.> On the contrary, the glass tries to
catch up with a faster cooling rate curve before crossing the equi-
librium line. Incidentally this feature indicates that the fictive tem-
perature value is not capable by itself to determine the ultimate
behaviour of a glass upon heating. This supports the fact that the
structural state of the SD glass has specific features associated with
its manufacturing process.

Amorphous systems can be described in terms of a potential
energy landscape with a multitude of minima, which are separated
by energy barriers of various heights.3>33 Each of these minima
controls the thermodynamics and corresponds to a particular glass
structure. The structural transition rate is determined by the bar-
rier height. When a glass is formed, it is trapped in a region of
the landscape which depends on the vitrification route and has a
specific local topology. The possible behaviours that are observed
upon both ageing and reheating correspond to different paths in
the complex energy landscape which start at a specific trap loca-
tion. Upon ageing the glass relaxes to lower reachable energy
states. The fictive temperature (Tf) displays an energy level of the
glass which equals that of the equilibrium liquid at this tempera-
ture. Properties other than those reflected in the value of T

certainly influence the behaviour of glass upon heating. They con-
cern the energy barriers that are felt by the system at some point of
the trajectory on the landscape as well as its roughness (number of
minima).

It is thus interesting to consider the evolution of entropy
(S) which reflects the number of accessible configurational
states. The change in the slope of the configurational enthalpy
curves implies similar changes in the slope of the configurational
entropy curves AS,(T) as a function of temperature. This is
reflected by
0AH 0AS
o lar @
Integration of Eq. (2) leads to the configurational entropy curves
shown in Figure 4.

The recovery of H observed on the left-hand side of the equilib-
rium —AHg. line is thus accompanied by an increase of S also
occurring on the left-side of the equilibrium line —AS;.. Such an
entropy jump is the result of a rapid increase in phase space by
which new molecular configurations become accessible. The sub-
T, peak accompanies the possibility that the system has to explore
a larger zone of the phase space. The value of H measured above
the sub-T, peak thus corresponds to a statistical averaging on this
accessible part of the phase space. In other words, the sub-T, peak
is the signature of a partial recovery of ergodicity.

The enthalpy recovery, which clearly occurs below T, needs the
onset of molecular mobility activated at this temperature. The
reversing heat flow signal exhibits a slight break (cf. star in Fig.
2) that can be attributed to such an onset of molecular mobility
occurring below T. This is confirmed by the evolution of the heat
flow phase (cf. Fig. 2) which shows two peaks revealing two en-
thalpy relaxation processes occurring on the time scale of the mod-
ulation: the first one occurs in the temperature range of the sub-T,
peak and the other one in the range of the glass transition of the
normally cooled glass. Sub-T; mobility can potentially be attrib-
uted either to secondary B-relaxations or to some specific contribu-
tion from the distributed main a-relaxations. On the time window
of calorimetric investigations, B-relaxations are expected to be
activated at temperatures much lower than T,. They are typically
situated in the temperature range where thermo-stimulated depo-
larization currents (TSDC) experiments display them.3* Further-
more, Figure 5 shows a continuous evolution of the sub-T, peak
location as a function of annealing until reaching T,. The detected
onset of sub-T, mobility is thus more likely to be associated to a
low energy-activated component of the o-relaxations spectrum.
Such a contribution would be enhanced by the SD vitrification pro-
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Figure 4. Configurational entropy —AS, of maltodextrin DE21 after various heat
treatments. The scanning rate is 5 °C/min. (a) SD maltodextrin. (b) Normally cooled
glass.
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Figure 5. The heat capacity, G, [A], and the difference between the first and second
upscans [B] of the spray-dried maltodextrin after annealing time of 1 h at different
temperatures (55 °C < T, < 75 °C). The sub-T, peak temperature increases with the
annealing temperature.

cess, which traps the system in energy landscape regions where
relaxation barriers are relatively low.

3.4. Influence of ageing temperature (T,) and relative humidity
(RH) on the annealing behaviour

Temperature and water content have a great impact on the
behaviour of amorphous carbohydrates during storage. Therefore,
systematic calorimetric experiments were performed on spray-
dried maltodextrin aged at different temperatures and humidities.
The aim of the study was to see the impact of the temperature and
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— Ageing @ 23 °C/43% RH

Ageing @ 23 °C/33% RH
— Ageing @ 23 °C/23% RH

10 20 30 40 50 60 70 80 90 100 110
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Figure 6. The heat capacity, Cp,, of the spray-dried maltodextrin after annealing
time of 6 months at 23°C and different RHs. These curves evidence both
plasticization effect of water (decrease of Ty with increasing RH) and the evolution
of the position of the sub-T, peak relatively to T,. Heat flow signals were shifted
vertically by a constant offset for clarity.

water plasticization on the relaxation of glasses. The results of this
study are presented in Figures 5 and 6.

3.4.1. Influence of the ageing temperature

Figure 5 illustrates the effect of annealing temperature T, (vary-
ing from 55 °C to 75 °C) on the structural relaxation behaviour of
spray-dried maltodextrin equilibrated at 23% RH for a given
annealing time (t,) of 1 h. To better visualize the development of
the endothermic and exothermic events, the second upscan has
been subtracted from the first upscan (Fig. 5B).

As observed in Figure 1A, the first upscans of the annealed
samples shown in Figure 5A present an endothermic sub-T, peak,
whereas a classical G, jump appears on the second upscan.
Increasing the annealing temperature (T,) induces a progressive
shift of the sub-T, peak temperature T, to higher temperatures.
It is to be noted in Figure 5B that this shift of T, corresponds to
a gradual decrease of the width of the exotherm until it totally
disappears. Another observation concerns the regular increase of
T,, when T, increases. Figure 7 demonstrates that this increase
is linear. Such a linear evolution has also been reported by
Hodge.!® Interpreted in terms of energy landscape, this behaviour
is explained by the fact that lower energy levels are reached with
a concomitant increase of barrier heights. That leads to recovery
relaxations which are activated at higher temperatures. Hodge'?
also mentioned that the peak height evolves linearly with T,. Such
a linear evolution of the peak height may only be seen here when
the annealing temperature exceeds 65 °C. Indeed, the peak height
first decreases when T, increases and then linearly increases. This
effect may be due to the fact that enthalpy recovery starts be-
tween 55 °C and 60 °C. The system recovers the high energy level
on the left of the equilibrium line —AH;. without any ageing
compensation (Fig. 1B). Indeed, the annealing process is too slow
at the lowest temperatures (55 °C, 60 °C and 65 °C) to compensate
the enthalpy recovery within one hour. On the other hand, at
higher temperatures (70 °C and 75 °C), relaxation times become
shorter which enables compensation of the energy recovery by
enthalpy relaxation.

3.4.2. Influence of the relative humidity on ageing
Water has a great influence on the position of the glass transi-
tion temperature of maltodextrin.” The annealing of maltodextrin
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Figure 7. Evolution of the difference between the glass transition temperature, Tg,
and the peaking temperature of the endotherm, T}, as a function of the difference
between T, and the annealing temperature, T,. (a) B SD maltodextrin annealed for
1 h at different temperatures: T, = 55 °C, 60 °C, 65 °C, 70 °C and 75 °C. A RC material
annealed for 1 h at T, = 25 °C. Direction coefficient of the regression line = 0.82. (b)
RC material annealed for 20 h at different temperatures: X T,=25°C and x
T, =55 °C. Direction coefficient of the regression line = 0.83. (c) ® SD maltodextrin
annealed for 6 months at 23 °C and different relative humidities: RH = 23%, 33%,
43% and 53%. Direction coefficient of the regression line = 0.59.
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at different RH conditions was investigated. This allows changing
the relative position of the annealing temperature with regard to
T,.Figure 6 presents the thermograms obtained after a long anneal-
ing period of 6 months at 23 °C and different humidity conditions
(23% < RH < 53%).

The tendency observed here in the evolution of the sub-T; peak
temperature is the same as the one observed above while changing
the annealing temperatures (see Fig. 5). Indeed, such as tempera-
ture, water plasticizes the matrix. Thus, the glass transition tem-
perature T, of the initial material decreases and the difference
between T, and T, decreases as well. This causes a decrease of
the difference Ty — T, (from T,—T, =14°C at 23% RH to
Ty — T,, = —9 °C at 53% RH, see Fig. 7). This difference becomes even
negative for the lowest T, value as it is observed in the usual sub-T,
annealing.®® Plotting the evolution of T, — T, as a function of

Ty — T,, a linear evolution is obtained similar to the one observed
for temperature ageing (see Fig. 7).

3.5. Comparison between temperature and water plasticization
effects

Figure 7 compares the influence of two ageing conditions on the
relaxation process of maltodextrin: temperature ageing (lines (a)
and (b)) and water ageing (line (c)). It first appears that, regardless
of the annealing process, T; — T,, evolves linearly with Ty — T,.
However, the slopes and the positions of the lines are quite differ-
ent. Lines (a) and (b) show the effect of increasing the annealing
time from 1 h to 20 h. Their parallel shift corroborates the findings
of Hodge!? that the peaking temperature increases approximately
linearly with log(t,). During annealing at different humidities,
the annealing time was 6 months which leads to even smaller
Ty — T, values. It is to be noted on line (a) that the point corres-
ponding to an annealing temperature T,=25°C (i.e, Tg—T,=
57 °C, right-hand side of the line) results from the ageing of an
RC sample. The alignment of this point with those obtained after
annealing SD samples as well as the parallelism of lines (a) and
(b) further demonstrates the similarity of the sub-T, relaxations
of the two samples SD and RC.

The difference in slope of line (c) demonstrates that annealing
at a temperature closer to Ty by increasing the temperature or
the relative humidity is not equivalent in terms of molecular relax-
ation. Indeed, T, increases more significantly relative to T, using
temperature plasticization compared to water plasticization. This
result could mean that temperature increase makes the glass sink
more rapidly in the energy landscape than the increase in water
content does. In other words, upon ageing, temperature plasticiza-
tion is more efficient to release energy than water plasticization.

This difference may be correlated to what was already observed
by Zheng et al.'* who concluded that: ‘the hypothesis ‘the change
of relative humidity has similar effects to temperature changes on
the physical ageing response of glassy polymers’ is qualitatively
correct. Quantitatively, however, the kinetics of structural recovery
in RH-jump and T-jump histories are anomalously different in that
the RH-jump experiment results in longer structural recovery
times’. Zheng et al.!” also stated that when comparing the visco-
elastic responses between RH-jump and T-jump to the same final
conditions, the responses after the T-jump have a smaller charac-
teristic retardation time and a larger physical ageing rate than after
the RH-jump. In the present case, the qualitative equivalence
between the effect of temperature and relative humidity is
reflected by the difference of position between lines (a) and (c).
The quantitative difference between the kinetics of recovery in
RH jump and T jump histories is clearly reflected by the difference
of slope between lines (a), (b) and (c).

4. Conclusion

The specific heat data on annealed spray-dried maltodextrin
show a sub-T; endotherm, suggesting a glass structure equivalent
to the one observed for rapidly cooled materials. Furthermore, this
sub-T, peak seems to correspond to a partial ergodicity recovery
that may be attributed to some onset of molecular mobility occur-
ring below T,. Enthalpy interpretation of the presence of maxima
and minima in specific heat at temperatures below T, reveals the
complexity of the relaxation spectrum of spray-dried glassy malto-
dextrin. Moreover, it was shown that a fictive temperature value is
not capable by itself to determine the ultimate behaviour of the
present glassy system upon heating. In addition, study of the
evolution of the enthalpy relaxation upon ageing at different
temperatures and relative humidities shows that temperature
plasticization is more efficient than water plasticization to enhance
relaxations below Tg. This means that at the same temperature gap
between T, and Tg, the kinetics of structural recovery is better
enhanced by an increase of temperature than by an increase of
water content.
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