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Abstract--	The energy storage is an important way to 
improve utilization of the alternative energy sources. 
The thermal stability of D-Mannitol to be applied as a 
phase change material (PCM) to store latent heat has 
been studied. D-Mannitol showed a strong decrease in 
melting enthalpy and melting temperature, when 
heated above its melting point at 170, 180, and 190 °C 
in a long-term heating measurement (5 days) under air 
atmosphere. These unstable conditions are due to the 
thermal oxidative degradation that takes place with the 
existence of oxygen. In order to inhibit the degradation 
reaction, antioxidants have been added to D-Mannitol. 
In addition, D-Mannitol samples were filled with argon 
gas to eliminate oxygen from the atmosphere that 
surrounds D-Mannitol. The tested samples were 
analyzed using differential scanning calorimetry 
(DSC) to measure the melting enthalpy and melting 
temperature. The treatment of antioxidants was not 
effective to inhibit the degradation reaction, but it 
showed a slower rate of degradation compared to pure 
D-Mannitol. Heating D-Mannitol for 115 hours in 
almost closed vials under argon atmosphere showed no 
evidence of an oxidation reaction, where it showed a 
lower tendency for a decrease in melting enthalpy. 
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I. Introduction 
The consumption of electrical energy will be 
doubled in the next 15 – 20 years [1]. Fossil fuels 
provide about 80% of the primary energy 
consumption worldwide [2]. In addition, about 84% 
of CO2 emissions are energy related, which enlarges 
the climate change problem [2]. 
Since the heat energy provided from solar plants is 
time depended, energy storage is an important way 
to improve the utilization of the renewable energy 
sources and to [3]. In addition, heat storage is an 
imperative constituent of waste heat recovery 
systems particularly for applications above 100 °C, 
where water could not be used for this purpose [4]. 
The most common method used to store heat 
energy is the sensible heat storage (SHS) [5]. 
Another approach to store thermal energy is the 
latent heat storage (LHS).  
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LHS has the advantage to store more heat in a narrow 
temperature difference. The general principle of 
LHS is the fact that the used medium absorbs heat at 
a constant temperature in order to change its phase. 
The absorbed heat can be retrieved, when the 
medium changes its phase backward to the original 
phase, e.g., from the liquid phase to the solid phase 
and vice versa. The materials used in LHS system 
are called Phase Change Materials (PCM) [6]. 
Since heat storage using LHS systems occurs 
through phase transaction process; the thermal 
stability of the material used to store heat is an 
essential parameter that should be taken into 
consideration. The phase change enthalpy, and phase 
change temperature of a PCM should be stable over 
a defined period of time, to ensure proper utilization 
of LHS system. 
Sugar alcohols have been found to be promising 
materials to be used as PCM; due to their high ability 
to store latent heat, and their low cost for 
applications in the temperature range between 100 
°C and 250 °C [7]. 
D-Mannitol showed a strong decrease in melting 
enthalpy after 20 heating/cooling cycles at a 
temperature from 50°C to 200 °C when the test took 
place under air [8]. It is believed that D-Mannitol 
goes in thermal-oxidative degradation reaction when 
it is heated with the existence of oxygen [8]. 
Nomura et al. [10] studied the kinetics of the 
degradation of several kinds of sugar alcohols under 
an inert atmosphere, applying the first order reaction 
rate equation for the results of the change in enthalpy 
with holding time. The study proceeded at three 
different holding temperatures, where the change in 
melting enthalpy has been noticed at the three 
holding temperatures. The results have been used to 
find the rate constant (k) for the degradation reaction 
of each temperature. The results of rate constants 
have been plotted against holding temperatures to 
obtain kinetic parameters, through applying 
Arrhenius law equation: 
     

 𝑘 = 𝐴. 𝑒
&'(
)*    (1)

    
Where, (k) is the reaction rate constant, (Ea) is the 
activation energy, (A) is the frequency factor, and 
(R) is the ideal gas constant [11]. 
The aim of this study is to investigate the thermal 
stability of D-Mannitol, which is one of the sugar 
alcohols to be used as PCM in the operating 
temperature range from 100 °C to 200 °C, through 
treating it with antioxidants to inhibit the oxidation 
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reaction that takes place when the material is heated 
under air atmosphere and under an inert atmosphere. 
 

II. Methods and Materials 
D-Mannitol goes in thermal oxidative degradation 
when it is subjected to heat above its melting point 
with the existence of oxygen [8]. As a result, the 
melting enthalpy is decreasing as the holding time 
under high heat is increasing, which makes D-
Mannitol unsuitable to be used as PCM under those 
conditions [8].  
This work focused on the thermal stability of D-
Mannitol through the addition of several kinds of 
antioxidants, to suppress the oxidation reaction when 
being heated above its melting temperature. In 
addition, D-Mannitol was heated under argon 
atmosphere, to eliminate the existence of oxygen. 
The sample treated with antioxidant was also heated 
under argon atmosphere, to scavenge any oxygen 
traces that might be stuck inside the bulk of D-
Mannitol. In order to evaluate the treatment with 
antioxidant and argon, long-term heating 
experiments were performed in four main phases: 

• Phase I: Pure D-Mannitol under air 
atmosphere  

• Phase II: D-Mannitol mixed with 
antioxidants at different mass fractions 
under air atmosphere 

• Phase III: Pure D-Mannitol under argon 
gas atmosphere 

• Phase IV: D-Mannitol mixed with an 
antioxidant under argon gas. 

Each phase proceeded through heating samples at 
three different temperatures (170°C, 180°C, and 
190°C). The holding time of each measurement in 
total is about 7000 minutes, divided into nine 
samples. All nine samples were heated to the same 
temperature, and in regular time intervals, one 
sample was withdrawn. The advantage of this 
method is that the decrease in the melting enthalpy 
can be studied when the holding time is increasing. 
 
2.1 Sample preparation 
The investigated samples were manually prepared. 
Glass vials (1.5 ml, ND11 Headspace) were used as 
the sample holder. Every vial was filled with 
approximately (320 – 380) mg of the investigated 
material. Vials were enclosed using Aluminum lid 
fitted with 1.3 mm septum composed of 
PTFE/Silicon as shown in Fig. 1. As an exception, 
one measurement was done using thinner lids. The 
total weight (material + vial +lid) was measured for 
each sample before and after the experiment. 

 
Fig. 1: Headspace vial and aluminum lid with 
septum. 

Samples heated under inert atmosphere were filled 
with argon. argon was filled through the 
PTFE/Silicon septum of the lid using a needle, while 
air is being extracted through an open-end needle. 
argon has a higher density than air, that allows argon 
to move under the air, and pushes air to go out 
through the open-end needle. The filling process 
took place under fume hood as shown Fig. 2.	

	
Fig.2: Argon filling through the PTFE/Silicon 
septum using needles. 

In order to maintain the inert system, the glass vials 
were kept in an Aluminum block that contains a 
compartment for every glass vial. The block has 
input/output slots connected to Nitrogen gas stream, 
that flowed continuously through the block. The 
advantage of this system is to eliminate the existence 
of oxygen that may stick between the cavity and the 
glass vials as shown Fig. 3 and Fig. 4. 

 
Fig. 3: Aluminum block with input/output slots 
used for Nitrogen flow [12]. 
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Fig. 4: Aluminum block connected with Nitrogen 
stream through silicon hose [12]. 
 
2.2 Differential scanning calorimetry 
DSC 
In order to measure the melting enthalpy of the 
treated PCM samples, the Differential Scanning 
Calorimetry (DSC) technique was used. 
DSC is a wildly used method to carry out a thermal 
analysis in fields such as polymer science, 
pharmacology, biotechnology, and nanoscience.  
The sample holder – Aluminum crucible (T zero) – 
was filled with the material “D-Mannitol’’ (10 – 15) 
mg approximately for every sample, then it was 
enclosed hermetically with lid.  
The measuring program of the DSC was set as 
follows: 

• First heating cycle: a heating ramp from 
80 °C to 200 °C with a heating rate of 
10 K/min. The purpose of this cycle is to 
melt the material inside the crucible and to 
distribute it uniformly. The cycle was 
ended by cooling to 80 °C with a heating 
rate of 10 K/min. this cycle was not used 
to determine the melting enthalpy.  

• Second heating cycle: the same parameter 
of the first cycle. The purpose of this cycle 
was to measure the melting enthalpy with 
a heating rate of 10 K/min. The cycle was 
ended by cooling to 80 °C with the same 
heating rate.  

• Third heating cycle: a heating ramp from 
80 °C to 200 °C with a heating rate of 
1 K/min. The purpose of this cycle was to 
measure the melting enthalpy with a 
heating rate of 1 K/min. The cycle was 
ended by cooling to 80 °C. This cycle was 
used to calculate the melting enthalpy. 

2.3 DSC curve analysis  

Using the software program TA Universal Analysis, 
the data acquired from the DSC measurement can be 
exported to be analyzed using a programmed script, 
where the integration of the melting peak can be 
integrated, by selecting the suitable integration 
borders as shown in the Fig. 5. 

 

 
Fig. 5: Analyzing DSC curve. 
 
2.4 Fourier transform infrared 
spectroscopy FT-IR 
FT-IR was used to determine if there are any 
physical or chemical changes in the structure of the 
treated PCM. In addition, it was used to figure out 
which product may be resulted from the thermal 
oxidative degradation reaction of D-Mannitol when 
it is heated in the long-term heating experiments. 
The FTIR – “Spectrum two” provided from the 
company Perkin Elmer – has been used to analyze 
the samples of D-Mannitol in the wave bond (400 – 
4000) cm-1 with 4 scans. 
 

III. Results and Discussions 

3.1 D-Mannitol under air atmosphere  
The kinetic of the degradation reaction for pure D-
Mannitol must be firstly defined, so the effect of the 
modification with additives can be evaluated. The 
heated samples were tested in the DSC Q200 to 
measure the melting enthalpy for every sample. The 
results of melting enthalpies for pure D-Mannitol 
under air atmosphere are summarized in Fig. 6.  
Decreasing in melting enthalpies is clearly seen 
when the holding time is increasing. In addition to 
that, the holding temperature has a significant effect 

Fig. 6: Melting enthalpy vs. holding time for pure D-mannitol under air
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on the decreasing rate of melting enthalpies. The 
results were simply fitted in a linear relation, even 
though the R2 values for all experiments were in the 
range of (0.94 - 0.96). The slope of the trend line 
indicates how fast the melting enthalpies are 
decreasing with heating time. 
It was noticed that the slopes are higher when the 
temperature increased, which approves that 
increasing the temperature leads to a faster decrease 
in melting enthalpies. The slope of each temperature 
was illustrated in Fig. 6.  
 
3.1.1 Melting point depression 
 The melting point of D-mannitol can be also 
measured by analyzing the DSC-curve. It was 
noticed that the melting point was lowered when the 
heating time was increased as shown in Fig.7. The 
drop in the melting temperature can be mainly 
referred to the thermal-oxidative degradation 
reaction, which diminished the thermal stability of 
D-Mannitol. The data was based on the onset 
temperatures of the DSC-curve.  

Fig. 7: melting point drop for pure D-Mannitol 
samples heated under air at 190 °C 

3.1.2 Mass loss  

The weight of the treated samples was recorded 
before and after the long-term heating experiments. 

Fig. 8: mass loss of D-Mannitol vs. heating time  

The obtained results showed a loss in the mass of D-
Mannitol after the heating process as shown in the 
Fig. 8. 
The results illustrated show an increase in the mass 
loss as the heating time was increased. In addition, 
the amount of mass loss was higher for samples that 
heated at a higher temperature.  
 
3.2 D-Mannitol with antioxidant 
under air atmosphere  
In order to inhibit the oxidation reaction of D-
Mannitol, several kinds of antioxidants were added 
to D-Mannitol. The prepared samples with 
antioxidants were heated in the same manner as the 
previous phase. Different quantities of the 
antioxidant were mixed with D-Mannitol e.g. 1% 
w/w, and 5% w/w. The melting enthalpies of heated 
samples were measured using DSC-Q200. Whereas, 
the results obtained from this phase showed a 
decrease in melting enthalpies as illustrated in Fig. 
9. The melting enthalpy dropped as the heating time 
increased. In comparison with the results of the first 
phase, the rate of decreasing of melting enthalpy was 
lower for samples with antioxidants. The 
degradation reaction was not inhibited using 
antioxidants, where it was slowed down.

Fig. 9: Melting enthalpy vs. holding time for D-mannitol with antioxidant (1%w/w) under air 
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Fig 10: Melting enthalpy vs. holding time for Pure D-Mannitol under argon atmosphere. 

 
3.3 D-Mannitol under argon 
atmosphere  
In this phase, the experiments took place under inert 
atmosphere by filling the samples with argon gas. 
The prepared samples were heated isothermally in 
long-term heating experiment. Nitrogen gas stream 
was continuously flown through an Aluminum block 
used to hold the samples to eliminate any Oxygen 
traces that might exist inside the block. After the 
heating experiments took place, the melting 
enthalpies were measured using DSC Q200. The 
measured enthalpies are summarized in Fig. 10, 
which showed no clear decreased in melting 
enthalpies as the holding time increased at 
temperatures of (170°C, & 190°C), where at 180°C, 
the melting enthalpies decreased with holding time. 
This exception on 180°C results can be referred to 
the argon filling process. The heating experiment at 
180°C started after one week of filling the samples 
with argon, where the other two experiments started 
immediately after filling with argon took place. 
Keeping the filled samples with argon for one week 
led to change part of the inert atmosphere with air 
atmosphere, knowing that the lids were not 100% 
sealed. 
One hint for the occurrence of oxidation reaction in 
the 180°C’s samples which led to a decrease in the 
melting enthalpies was the color change as 
illustrated in Fig. 11 and Fig. 12. 
 
3.4 D-Mannitol mixed with additives 
under argon atmosphere 
D-Mannitol was mixed with an antioxidant and 
heated under argon atmosphere, to ensure that any 
oxygen molecules that might exist inside the 
material will be scavenged by the antioxidant. The 
prepared samples were heated in the same manner of 
the previous phases. The heated samples were 
analyzed using DSC-Q200 to measure the melting 
enthalpies. The results are illustrated in Fig. 13.  

 
Fig 11: Non-degraded pure D-Mannitol heated 
at 190°C under argon atmosphere. 

 
Fig 12: Pure D-Mannitol samples were browned 
after heated at 180°C under argon atmosphere. 
The samples kept one week after filling with 
argon. 

 
As illustrated in Fig. 13, the slope of the curves was 
very low compared to the phases (I and II), which 
emphasized a slower rate of decrease of melting 
enthalpy. 
The results of melting temperature for this phase 
showed similar values for different heating time, 
which indicated more stability of D-Mannitol as 
illustrated in Fig. 14. The last point (6375 min) 
showed a higher drop of its melting point, which 
could be the time at which the degradation started. 
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Fig 13: Melting enthalpy vs. holding time for D-Mannitol mixed with antioxidant.  

 
Fig 14: Melting temperatures for D-Mannitol 
mixed with antioxidant under argon at 170 °C 
based on on-set point.		

	
3.5 FTIR-Spectroscopy 
The heated samples were subjected to FTIR 
spectroscopy measurement to determine any 
potential products that might be build up due to the 
thermal oxidative degradation reaction. 
The obtained spectra, which presented in Fig. 15 
compares the transmittance of unheated D-Mannitol 
sample, with the heated sample. Peaks at different 
wave number have been determined, which can be 
used as a clue to determine the potential products. 
The black colored spectra referred to unheated D-
Mannitol sample, where the red spectra referred to a 
sample that heated isothermally for 6000 minutes at 
180°C under air atmosphere. It was noticed that a 
double peak exists in the heated sample, where it is 
not existing in the unheated sample [yellow cycle in 
Fig. 15]. This double peak lies in the wave number 
range of (1712 – 1650) cm-1. This wave number 
range can be related to the stretching vibrations 
region of carbonyl-containing functional groups, 
which are specifically Aldehydes, Ketones, and 
Carboxylic acids [13,14]. 
The samples that were heated under argon were 
tested in FTIR spectrometer as well. The obtained 
spectra for sample heated for 6000 minutes under 

argon as illustrated in Fig. 16 showed that, the 
double peak in the wave band range of (1712 – 1650) 
cm-1 does not exist, which indicates that the samples 
heated under argon atmosphere were not oxidized to 
Aldehydes, Ketones, or Carboxylic acids. 
 
 

 
Fig 15: FTIR spectra for Pure D-Mannitol 
unheated sample (black), and heated sample at 
180°C under air (red). 

	
	

 
Fig 16: FTIR spectra for Pure D-Mannitol 
unheated sample (black), and heated sample at 
190°C under argon (green).	
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IV. Conclusions 
• Pure D-Mannitol showed strong unstable 

thermal behaviors when heated under air 
e.g. decrease in melting enthalpy, drop in 
melting temperature, and mass loss. Due to 
these conditions, D-Mannitol could not be 
applied as a PCM to store the latent heat. 

• The addition of antioxidants slowed down 
the rate of the oxidation reaction compared 
to samples without antioxidants. 

• The melting enthalpies for samples heated 
under argon were measured in the same 
manner of samples heated under air. The 
results showed a negligible change in 
melting enthalpies as the heating time 
increased, which is a hint that D-Mannitol 
is thermally stable when oxygen is 
eliminated from the surrounding 
atmosphere. 

• The obtained FTIR-spectra of heated 
samples under air showed a double peak at 
the wave number range of (1712 – 1650) 
cm-1. This double peak refers to a region 
of stretching vibrations of Aldehydes, 
Ketones, and Carboxylic acids, which are 
considered as potential products of the 
oxidation of D-Mannitol. The heated 
samples under argon showed no peaks in 
that region. 
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