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Abstract
Two fundamental tools in thermal analysis [differential scanning calorimetry (DSC) and thermal gravimetric analysis 

(TGA)] using five heating rates and one DSC-Fourier Transform Infrared (DSC-FTIR) microspectroscopy using one 
heating rate, were used to determine the thermal characteristics and dehydration kinetics of glucose (Glc) monohydrate, 
maltose (Mal) monohydrate and trehalose (Tre) dihydrate in the solid state. Non-isothermal dehydration kinetics of 
these three sugar excipients was investigated using a model-free isoconversional Flynn–Wall–Ozawa integral method 
by TGA technique at different heating rates. The apparent activation energy of the dehydration kinetics was determined 
as: 215.7 ± 33.1, 364.9 ± 49.8 and 207.7 ± 49.4 kJ/mole for Glc monohydrate, Mal monohydrate and Tre dihydrate, 
respectively. The thermal-responsive changes for several specific FTIR bands in the three-dimensional FTIR spectral 
contour profile were observed within 50~136°C for Glc monohydrate and >95°C for Mal monohydrate in the dehydration 
process by the one-step DSC-FTIR microspectroscopic technique. However, two unique FTIR peaks at 1640 and 1687 
cm-1 due to the bending vibrational mode of solid-like water and liquid water in the molecules of Tre dihydrate were 
gradually changed in the range of temperatures between 69 and 81°C during the thermal-induced dehydration process 
from DSC-FTIR microspectroscopic contour profile.
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Introduction
Many active pharmaceutical ingredients (APIs) or excipients can 

contain solvent or water molecules within its crystal structure, which 
is called as solvate or hydrate [1-3]. Such systems are identified as 
pseudopolymorphic forms. Recently, “pseudopolymorphism” has 
become a general term for crystal forms of a substance where one 
or more solvent molecules are incorporated into crystal lattice [2-
5]. Different polymorphic or pseudopolymorphic forms of APIs or 
excipients often exhibit marked differences in their physicochemical 
properties such as aqueous solubility, melting point, hygroscopicity, 
and finally affect the processibility, stability, and bioavailability of 
drug products, respectively [3-7]. In July 2007, US FDA has issued a 
guidance of pharmaceutical solid polymorphism in ANDA submissions 
stating that polymorphic forms in the context of this guidance refer to 
crystalline and amorphous forms as well as solvate and hydrate forms 
[1]. It has been reported that more than one-third of drugs used in the 
pharmaceutical industry possess various polymorphs. Furthermore, 
approximately one-third of pharmacopoeial monographs have been 
reported to have hydrate forms [8,9]. 

A hydrate is a two-component system and is influenced by 
temperature, pressure and water activity, whereas an anhydrate is 
described as one-component systems and its free energy is specified 
by temperature and pressure [10,11]. Generally, anhydrate form is 
typically preferred over hydrates because they are generally expected to 
have superior thermal stability and higher aqueous solubility. However, 
hydrate form is the most stable phase under ambient conditions and 
therefore this is the selected form for development. The selection process 
between anhydrous and hydrated/solvated forms is complex, since 
various factors must be considered including solubility, dissolution 
profile, processibility, hydration-dehydration behaviour, and solid-state 
stability [12,13]. 

APIs or excipients when exposed to water may form hydrates, 
whereas hydrates may lose their water under high temperature or 
low humidity to produce anhydrate. In the course of storage or 
manufacturing process, hydration or dehydration processes may easily 
occur [8,14-16]. This phase transition on hydration or dehydration 
process is accompanied by a change in the physicochemical properties, 
it is necessary to understand and control the mechanisms of these 
transitions under various conditions [14-19]. The presence of the water 
molecules in the hydrates may affect the intermolecular interactions 
and the crystalline disorder, thereby influencing the free energy, 
thermodynamic activity, solubility, dissolution rate, stability, and 
bioavailability of the pharmaceutical hydrates [2,5-7,20,21]. Therefore, 
studying the kinetics of dehydration or hydration process is exceedingly 
important.

Sugar has been considerably used as an excipient for improving 
palatability of oral medicines, as a filler or diluent in tablets and capsules, 
or as a stabilizer of biopharmaceuticals [22-24]. It has been reported 
that hydration and/or dehydration processes are easily occurred 
for sugar excipients during pharmaceutical manufacturing process 
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[14-18]. Thus, in the present study, glucose monohydrate, maltose 
monohydrate and trehalose dihydrate were selected as model hydrates 
of sugar excipients. The studies herein will determine the thermal 
characteristics and dehydration kinetics of these sugar excipients by 
using differential scanning calorimetry (DSC) and thermal gravimetric 
analysis (TGA), as well as DSC-Fourier Transform Infrared (DSC-
FTIR) microspectroscopy. Particularly, the activation energy of the 
dehydration process of these sugar excipients was also non-isothermally 
estimated by TGA technique, respectively. The thermal-induced FTIR 
spectral changes of these sugar excipients were determined by DSC-
FTIR microspectroscopy. 

Materials and Methods
Materials

Three sugar excipients, glucose (Glc) monohydrate, maltose (Mal) 
monohydrate and trehalose (Tre) dihydrate (Table 1), were purchased 
from Sigma-Aldrich Co. LLC (St. Louis, MO, USA) and were used 
without further purification. KBr crystals for disk preparation were 
obtained from JASCO Spectroscopic Co. Ltd (Tokyo, Japan).

Differential scanning calorimetry (DSC) 

Approximately 5-7 mg of each sample was placed inside the DSC pan 
for thermal analysis. All the DSC thermograms of samples were obtained 
by using differential scanning calorimetry (DSC Q20, TA Instruments, Inc., 
New Castle, DE, USA) from 30 to 250 (300)°C at different heating rates 
with an open pan system under nitrogen purge at 30-40 mL/min. These 
non-isothermal studies were performed at the following heating rates: 1, 
3, 8, 10 and 15°C/min. The instrument was calibrated for temperature and 
heat flow using a high-purity indium as a standard.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA Q50, TA Instruments, Inc., 
New Castle, DE, USA) was also applied to determine the weight loss 
in the open system with a nitrogen purge at 30-40 mL/min. A quantity 
of 5-7 mg of each sample was used for each test. Non-isothermal 
experimental runs were performed at five different heating rates of 1, 3, 
8, 10 and 15°C/min. Prior to the experimental runs, the instrument was 
calibrated for precise temperature and weight readings.

DSC-FTIR microspectroscopic study
A small amount of each sample powder was previously smeared 

on one piece of KBr disk prepared and then carefully pressed by an 
IR spectrophotometric hydraulic press (Riken Seiki Co., Tokyo, Japan) 
under 400 kg cm2 for 15s. This compressed KBr disk was then placed 
directly onto a micro hot stage (DSC microscopy cell, FP 84, Mettler, 
Greifensee, Switzerland) and determined by FTIR microspectroscopy 
(IRT-5000-16/FTIR-6200, Jasco Co., Tokyo, Japan) with a mercury 
cadmium telluride (MCT) detector. The operation was performed in 
the transmission mode. FTIR spectra were generated by co-addition of 
256 interferograms collected at 4 cm-1 resolution. The temperature of the 
DSC microscopy cell was monitored with a central processor (FP 80HT, 
Mettler, Greifensee, Switzerland). The heating rate of the DSC assembly 
was controlled at 3°C/min under ambient conditions. The compressed 
KBr disk was previously equilibrated to the starting temperature (30°C) 
and then heated from 30 to 300°C. At the same time, the thermal-
responsive IR spectra were recorded when the sample disk was heated 
on the DSC micro hot stage.

Results and Discussion
Thermal analysis is a well-known technique for characterization of 

APIs or excipients in terms of thermal-related structural and stability 
investigations [25-27]. Differential scanning calorimetry (DSC) or 
thermal gravimetric analysis (TGA) is respectively used to measure 
the phase transitions associated energy changes or weight change 
of different APIs or excipients as a function of temperature [25-27]. 
Furthermore, a powerful analytical technique by combining a DSC with 
the Fourier Transform Infrared (DSC-FTIR) microspectroscopy can 
give simultaneously thermodynamic and spectroscopic information of 
a sample and may be acted as a fast accelerated stability testing method 
in preformulation study [28-31]. 

Thermal characterization of Glc monohydrate, Mal mono-
hydrate and Tre dihydrate samples determined by DSC and 
TGA techniques

Table 1 lists the properties and structures of Glc monohydrate, Mal 
monohydrate and Tre dihydrate. Glc is a natural monosaccharide with 
single sugar unit, whereas Mal and Tre are disaccharide composed of 
two monosaccharide units with different α-glycosidic linkages. DSC 
thermograms and TGA curves of Glc monohydrate, Mal monohydrate 
and Tre dihydrate determined by five heating rates of 1, 3, 8, 10, and 15°C/
min are displayed in Figure 1A. It clearly reveals that two endothermic 
peaks at 64 and 149°C were observed on the DSC thermogram of Glc 
monohydrate determined by 1°C/min heating rate. The former peak 
was due to the loss of water and the latter peak corresponded to the 
melting of anhydrous Glc via transformation from monohydrate to 
anhydrous form [17,32]. Beyond 149°C, the sample started to degrade. 
The effect of different heating rates on the shifting of peak temperatures 
in the DSC thermograms was distinctly shown. Since peak temperature 
is affected by heating rate, thus all the endothermic peak temperatures 
shifted to the higher temperature range with the increase of heating 
rates [33]. In addition, the shape of both peaks for Glc monohydrate 
was normal but the peak broadened towards higher temperature at 
faster rates of heating [34]. The weight loss from 8, 31% to 5.18% for 
the former peaks of Glc monohydrate was also changed between 50°C 
and 113°C by increasing the heating rate from 1°C/min to 15°C/min. 
The TGA profile observed was significantly dependent on the heating 
rate, in which the low heating rates might enhance the resolution of 
TGA data [35]. 

A single endothermic peak at 114°C was found in the DSC 
thermogram of Mal monohydrate determined by 1°C/min heating rate 
(Figure 1B). If the heating rate was set at 10°C, an endothermic peak was 
shifted to 132°C, which was similar to 131.6°C in DSC curve of β-Mal 

Figure 1: DSC thermograms and TGA curves of Glc monohydrate (A), Mal 
monohydrate (B) and Tre dehydrate (C) determined by five heating rates of 1, 
3, 8, 10, and 15°C/min.
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monohydrate [36]. Another small endothermic peaks at 202~243°C 
were due to the temperature for degradation. The endothermic peak 
was also shifted from 114°C to 134°C by increasing the heating rate 
from 1°C/min to 15°C/min. While the weight loss from 4.03% to 2.14% 
for the former peaks of Mal monohydrate was changed between 100°C 
and 150°C with the increase of the heating rate from 1°C/min to 15°C/
min.

The DSC thermograms and TGA curves of Tre dihydrate are 
displayed in Figure 1C. On the DSC thermogram, a shoulder peak was 
present near 50~80°C, and a domain endothermic peak at 97~104°C was 
observed with the increase of heating rates. Another small endothermic 
peaks at 235~272°C were corresponded to the degradation of samples. 
No weight loss was evident in the TGA curve before 80°C, but a weight 
loss from 9.56% to 8.25% occurred within 80~150°C by increasing the 
heating rates. The TGA weight loss from 80°C might be attributed to the 
dehydration from Tre dihydrate to anhydrous Tre. The total weight loss 
of 9.56% was almost equal to the loss of two moles of water from Tre 
dihydrate (molecular weight: 378.3). No weight loss occurred between 
50 and 80°C on the TGA curve; the subtle change in this temperature 
range on the DSC thermogram might be associated with a polymorphic 
structural transformation of Tre dihydrate [37].

Non-isothermal dehydration study of Glc monohydrate, Mal 
monohydrate and Tre dihydrate samples by TGA technique

The solid state reaction kinetics has gained increasing attention 
using isoconversional calculation procedures to calculate solid-state 
kinetic parameters [38-40]. A multiple scan method at different heating 
rates has been suggested as a fast method for preformulation studies 
in drug development [41,42]. The Flynn–Wall–Ozawa (FWO) method 
is one of the model-free methods to extensively study the kinetic 
parameters in solid state interactions via iso-conversional calculation 
method for non-isothermal studies [38,43,44]. The major advantage of 
this method is that it does not require any assumptions concerning the 
form of the kinetic equation other than the Arrhenius type temperature 
dependence [45].

The FWO method involves measuring the temperatures 
corresponding to fixed values of conversion (α) from experiments at 
different heating rates through an isoconversional approach based on 
the Doyle approximation [40,46]. This is one of the integral approaches 
used to calculate the apparent activation energy (Ea) without prefixing 
the reaction order as gives by:

log β = log [ZEa/f(α)R] – 0.457 (Ea/RT) – 2.315

where, β, heating rate; Z, pre-exponential factor; Ea, activation 
energy (J/mole); R, gas constant; f(α), the integral conversion function; 
T, temperature (K) at constant conversion. 

Hence, for iso-conversional points, the plot of natural logarithm 
of heating rates, log β, versus 1000/𝑇 obtained from experimental data 
recorded at different heating rates, would be a straight line whose slope 
(-0.457 (Ea/RT)) can be used to evaluate the activation energy and the 
corresponding frequency factor. 

In this study, the non-isothermal dehydration studies based on the 
FWO method were performed at the following heating rates: 1, 3, 8, 10, 
and 15°C/min by using TGA determinations. These different profiles 
for mass loss or conversion levels (α) versus temperatures of three above 
sugar excipients at different heating rates are shown in Figure 2. Similar 
mass loss profiles were observed. The temperature ranges were shifted 
to higher temperatures as the heating rate increased. In addition, linear 

plots of log β versus 1000/T corresponding to nine conversion levels 
(α = 10%~90%) for above three sugar excipients by FWO method are 
also shown in Figure 3. The apparent activation energies (Ea) were 
calculated from the slope of a linear regression line for a particular α. 
The variations in apparent Ea values calculated with all the conversion 
degrees and r-values of linear correlation coefficient are listed in Table 
2. As shown in Table 2, the activation energy decreased as the reaction 
progresses at low conversion, which was related to the characteristics of 
reversible thermal decomposition processes like dehydration [47]. The 
results of Ea calculated for the dehydration process of Glc monohydrate, 
Mal monohydrate and Tre dihydrate were 215.7 ± 33.1, 364.9 ± 49.8 and 
207.7 ± 49.4 kJ/mole, respectively.

Non-isothermal DSC-FTIR microspectroscopic study 

Combining thermal analysis with the Fourier transform infrared 
(DSC-FTIR) microspectroscopy has been widely used for quickly 
characterizing the materials in different fields [28-31,48]. This unique 
DSC-FTIR microspectroscopy has been simultaneously determined 
the thermal-induced characterization of intramolecular cyclization 
of diketopiperazine or anhydride formation, lactamization or 
decarboxylation, and polymorphic interconversion and co-crystal 
formation of drugs or polymers in the solid state in real time [28,30,49-
51].

In common, carbohydrates show intense characteristic fingerprint 
bands in the wavenumber range 900-1200 cm-1 assigned to the C-O and 
C-C vibration modes. In addition, the bands from 2900 to 3450 cm-1 are 
assigned to CH and OH stretching vibrations groups.

Thermal-dependent FTIR spectral profile of Glc monohydrate 
is three-dimensionally plotted in Figure 4. Before heating (at 30°C), 
several characteristic FTIR absorption bands of Glc monohydrate 
were observed: 2850~3600 cm-1 (νOH, νsCH and vasCH), 1431 cm-1 
(δCH2+δOCH+δCCH), 1375 cm-1 (δOCH+δCOH+δCCH), 1333 cm-1 
(δCCH+δOCH), 1233 cm-1 (δCH+δOH), 1209 cm-1 (δCH+δOH in 
plane), 1156 cm-1 (δCO+vCC), 1111 cm-1 (vCO), 1015 cm-1 (vCO) and 
915 cm-1 (vCO+vCCH+ vas ring of pyranose) [52,53].

It clearly indicates three-step changes in FTIR spectral contour 
profile for Glc monohydrate were observed in Figure 4. There was less 
change in the FTIR spectral contour profile before 50°C. Once the heating 
temperature was raised beyond 50°C and then continued to 136°C, 
several FTIR spectral peaks were shifted and new FTIR peaks at 1458 
cm-1 (δCH2+δOCH+δCCH), 1338 cm-1 (δCCH+δOCH), 1223 cm-1 
(δCH+δOH in plane), 1144 cm-1 (δCO+vCC), 997 cm-1 (vCO+vCC) 
for anhydrous Glc were gradually observed. The appearance of these 

Figure 2: Different profiles for mass loss or conversion levels (α) versus 
temperatures of Glc monohydrate (A), Mal monohydrate (B) and Tre dihydrate 
(C) at different heating rates of 1, 3, 8, 10, and 15°C/min.
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Figure 3: The FWO diagrams for Glc monohydrate (A), Mal monohydrate (B) 
and Tre dihydrate (C) at different heating rates of 1, 3, 8, 10, and 15°C/min and 
various conversion degrees (α=10%~90%).

  Items 
D-(+)-

Glucose (Glc) 
monohydrate  

D-(+)-Maltose (Mal) 
monohydrate 

D-(+)-Trehalose 
(Tre) dihydrate 

Molecular 
weight (g/mol) 198.1 360.3 378.3

Chemical 
formula C6H14O7 C12H24O12 C12H26O13

CAS registry 
number

14431-43-7

(α-glucose 
monohydrate)

6363-53-7

(β-Maltose 
monohydrate)

6138-23-4

(α,α-Trehalose 
dihydrate)

Classification
monosaccharide

 disaccharide (formed 
from two glucose 

units with an α(1→4)  
glycosidic linkage).

disaccharide 
(formed by a 1, 

1-glucoside bond 
between two 

α-glucose units).

Melting point 
(°C)

83 (monohydrate)

146 (anhydrous)

119-121 
(monohydrate) 97-99 (dihydrate)

203 (anhydrous)

Molecular 
structure 

·H2O ·H2O

Table 1: Properties and structures of Glc monohydrate, Mal monohydrate and Tre 
dihydrate.

(A)	 Glc monohydrate

Conversion degrees, α Ea (kJ/mole) r-value*
0.1 257 0.9952
0.2 261 0.9938
0.3 243 0.9938
0.4 228 0.9938
0.5 213 0.9957
0.6 197 0.9957
0.7 184 0.9971
0.8 173 0.9963
0.9 185 0.9978

Mean 215.7 ± 33.1

(B) Mal monohydrate

0.1 419 0.9969
0.2 373 0.9996
0.3 353 0.9994
0.4 338 0.9998
0.5 324 0.9994
0.6 323 0.9998
0.7 330 0.9994
0.8 459 0.9977

Mean 364.9 ± 49.8

(C) Tre dihydrate

0.1 289 0.9941
0.2 259 0.9883
0.3 238 0.9888
0.4 225 0.9906
0.5 209 0.9891
0.6 185 0.9908
0.7 162 0.9899
0.8 148 0.9862
0.9 154 0.9791

Mean 207.7 ± 49.4

Table 2: Evaluation of Ea values versus conversion degrees obtained by the FWO 
method.

new IR peaks was due to the dehydration of Glc monohydrate. After 
the melting point (153°C) of anhydrous Glc, the thermal degradation 
of anhydrous Glc was occurred and started to turn dark brown. The 
thermal-dependent changes in several specific IR peak intensities of 
Glc monohydrate clearly reveals that these specific IR peak intensities 
were significantly altered from 50°C. The IR spectral changes for Glc 
monohydrate determined by using DSC-FTIR microspectroscopy were 
significantly different from that of the onset temperature at 148°C in the 
DSC curve of Glc monohydrate after DSC determination. 

Three-dimensional plot of FTIR spectra of Mal monohydrate as a 
function of temperature is displayed in Figure 5. Maltose is a disaccharide 
formed from two units of glucose joined with an α (1→4) bond via a 
condensation reaction. Several characteristic FTIR absorption bands 
of Mal monohydrate were observed as follows: 2850~3700 cm-1 (νOH, 
νsCH and vasCH), 1676 cm-1 (δH-O-H), 1460 cm-1 (δCH2+δCCH), 
1434 cm-1 (δOCH+δCCH), 1360 cm-1 (δCCH+δOCH+ρCH), 1273 
cm-1 (δOCH+δCCH), 1077 cm-1 (δCO+vCC), 1038 cm-1 (vCO+ρCH), 
998 and 907 cm-1 (vCO+vCCH+ρCH of glycosidic bridge), respectively 

Figure 4: Thermal-dependent changes in three-dimensional FTIR plots of Glc 
monohydrate and its changes in FTIR peak intensity of several specific peaks.

[54-57]. Once the Mal monohydrate was heated, FTIR spectral contour 
profile was almost maintained a constant but altered after 95°C. Beyond 
95°C, several unique FTIR spectral peak at 2982, 2947, 1817, 1676, 

https://chem.nlm.nih.gov/chemidplus/rn/14431-43-7
http://www.chemicalbook.com/CASEN_6138-23-4.htm
http://www.newworldencyclopedia.org/entry/Disaccharide
http://www.newworldencyclopedia.org/entry/Glucose
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1460, 1434, 1360 and 1273 cm-1 were reduced their intensities with 
the raised temperature but stopped to further decrease around 125°C. 
In particular, the peak at 1676 cm-1 due to water bending vibration 
disappeared after 95°C [58]. The onset temperature at 95°C in each FTIR 
spectra was due to the dehydration process from Mal monohydrate to 
Mal anhydrate. 

Trehalose is a natural alpha-linked disaccharide formed by an α,α-
1,1-glucoside bond between two α-glucose units. Thermal-dependent 
three-dimensional FTIR plots of Tre dihydrate in the heating processes 
is shown in Figure 6. The relatively sharp absorption bands throughout 
FTIR spectra for Tre dihydrate are characterized in the spectral ranges 
at 3600-2800, 1687, and 1800-900 cm-1 at the temperature of 30°C. The 
assignments of several unique FTIR peaks of Tre dihydrate were found 
as follows: 3500 cm-1 (vOH of H2O), 3000-2800 cm-1 (vCH), 1687 cm-1 
(δH-O-H), 1500-1000 cm-1 (δOCH+δCCH+δCOH, vCO+vCC), 998, 
957 and 907 cm-1 (vCO+vCCH+ρCH of α-(1→1) glycosidic bond) 
[56-58]. When the Tre dihydrate was heated by DSC micro hot stage, 
two peak intensities at 3500 (O-H stretching vibration of crystal water 
molecules with hydrogen bonding) and 1687 (bending vibration of 
crystal water) cm-1 [58-60] decreased sharply at 69°C. At the same time, 
another IR peak at 1640 cm-1 quickly appeared at 69°C but disappeared 
from 81°C. A declining peak at 1687 cm-1 and a rising peak at 1640 
cm-1 were clearly and simultaneously observed at 69°C. The thermal-
dependent appearance and disappearance of both IR peaks at 1687 and 
1640 cm-1 might be associated with the thermal changes in the bending 
vibrational mode of solid-like water and liquid water in the molecules 
of Tre dihydrate, respectively [37,60,61].

Both transitional temperatures at 69 and 81°C reflecting the 
thermal dependent transformation from solid-like water to liquid water 
in the trehalose dihydrate structure during dehydration process were 
easier observed from the DSC-FTIR microspectroscopic study than 
DSC method. It clearly demonstrates that the dehydration process of 
trehalose dihydrate might first transform the solid-like water in Tre 
dihydrate to the liquid water and finally dehydrated to Tre anhydrate.

Conclusion
The thermal characteristics and dehydration kinetics of Glc 

monohydrate, Mal monohydrate and Tre dihydrate in the solid state 
were non-isothermally determined by DSC, TGA and DSC-FTIR 
microspectroscopy. The activation energy of the dehydration process 
of these three sugar excipients was also estimated by TGA technique. 
Several thermal-induced changes of the specially designated FTIR 
spectral peaks for these three sugar excipients in the dehydration process 
were observed at specific temperature in the thermal-dependent three-
dimensional FTIR plots determined by DSC-FTIR microspectroscopy.
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