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High Pressure Solvothermal Microencapsulation of D-Mannitol
in Inorganic Shells for Thermal Energy Storage
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D-Mannitol has been demonstrated by different authors as a new phase change material (PCM) for thermal
energy storage with high latent heat, low cost, environmentally friendly chemical nature and suitable melting
temperature for applications in solar collectors, space heating or industrial waste heat. The main drawback
is their low thermal conductivity, affecting heat transfer properties. In this work, the microencapsulation of
D-Mannitol in ZnO shells is evaluated as a procedure to increase the specific area of heat exchange. The
inorganic shell based on ZnO has been selected for the microencapsulation using an in-situ solvothermal
followed by spray drying. Characterization of the microcapsules obtained has been mainly carried out by
XRD, DSC, IR spectroscopy and SEM. Results have shown that experimental parameters such as the pressure
and reaction time for the solvothermal microencapsulation process determine the crystalline phases of the
shell and their thermal energy storage properties (melting temperature and enthalpy).
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Sugar alcohols, in particular D-Mannitol, are proposed
by different authors as new materials for thermal energy
storage applications, as they possess a convenient melting
temperature for applications in solar collectors, space
heating, industrial waste heat, etc. [1, 2]. Moreover, they
are low-cost and environmentally friendly materials and
with latent heat values comparable to those of paraffin
waxes and hydrated salts [3-5].

However, in spite of their advantages as thermal energy
storage materials, sugar alcohols, like most PCMs, impose
an important drawback for the heat transfer due to their
low thermal conductivity (generally <1 W/m K).

Premkumar et al. and Sari [6, 7] demonstrated the
effectiveness of macroencapsulated D-Mannitol as
thermal energy storage system (TES) using fatty acids
compounds as organic solid-liquid PCMs; however  melting
temperatures of the PCMs were in the range of 42-65°C,
far from the melting temperature of D-Mannitol (166oC).

Microencapsulation of PCMs, including D-Mannitol, is
considered as an appropriate and promising option as
microcapsules with high specific surface for heat
exchange are obtained for thermal energy storage [2,3, 8-
11].

There is a wide number of physical, chemical or physical-
chemical processes developed for particles micro-
encapsulation in different industrial sectors and
applications (cosmetic, food, pharmaceutical, etc) [12-
15]. The selection of the most suitable microencapsulation
method depends on the core substance to be encapsulated
and the shell material, as well as on the required
morphology, particle size or surface characteristics [16,
17].

Interfacial polycondensation has been proposed by
different authors for the encapsulation of different core
materials [18], who have demonstrated the great amount
of parameters affecting the properties of the microparticles
synthetized. In particular this technique has been
successfully used for the synthesis of sugar alcohols
microparticles with a polyurea-urethane shell [19, 20], their
molar ratio determining the shell thickness [21-23]. In the

case of D-Mannitol as core material, the main problem is
its high water solubility, which makes more difficult the
encapsulation into a polyurethane shell by interfacial
polycondensation.

Microencapsulation using inorganic shells for
microencapsulation of different compounds using AlOOH,
TiO2, ZnO, Au, Ag and Cu has been reported [24-26]. In
recent years, ZnO is growing attention due to its chemical
and temperature stability, low dielectric constant, high
catalysis activity, antibacterial and bactericide,
semiconductor, piezoelectrics, etc) [27, 28]. Hydrothermal
method [29] and co-precipitation [30] were used for
obtaining Ag/ZnO, TiO2/ZnO or chitosan/ZnO core/shell
particles [31- 34].

The size and concentration of the D-Mannitol as core
material strongly influences the physical, chemical and
biological properties of core/shell particles [35-39]. Under
the best of our knowledge any reference in literature has
been found on the encapsulation of sugar alcohols using
ZnO as inorganic shell. The feasibility of this type of
encapsulation by solvothermal methods has been studied
in this paper, considering the influence of pressure on the
formation of ZnO-D-Mannitol composites (crystallisation,
morphology).

Experimental part
Zinc nitrate hexahydrate, Zn(NO3)2 · 6H2O (Merck) was

used as precursor for the synthesis of ZnO shell by
solvothermal process. D-Mannitol (C6H14O6, >98%,
MP=167-170oC, Merck) was used as PCM core material.
Ethyl alcohol solution 98% and ammonium hydroxide
solution 25% were used as synthesis reagents.

A process based on the in-situ solvothermal synthesis of
ZnO in the presence of the sugar alcohol followed by spray
drying has been propopsed.  The selection of ZnO as
inorganic shell material for the microencapsulation of D-
Mannitol has been done taking into account: (i) ability to
be obtained by in alcohol solutions avoiding dissolution of
D-Mannitol during encapsulation; (ii) chemical
compatibility with sugar alcohol enhancing the stability of
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the microcapsules and (iii) possibility to control shell
morphology. The quantity of ZnO was calculated based on
the following equation, considering both core particles and
inorganic shell with spherical shape:

(1)

where: δshell is the targeted shell thickness, MZnO is the
molecular weight of shell; MS.A  is the molecular weight of
sugar alcohol encapsulated; ρZnO is the density of the shell
(particularly ZnO in this case); ρS.A  is the density of the
encapsulated sugar alcohol; dcore is the diameter of the
encapsulated sugar alcohol particles.

Solvothermal precipitation of the shell is based on the
nucleation of ZnO from the Zn(OH)4

2- nuclei formed
according to the reaction [29].

                  Zn(OH)4
2- = ZnO +H2O + 2OH- (2)

Further on, precipitated white slurry of ZnO inorganic
precursor was mixed in ethanol medium with spray dried
D-Mannitol and solvothermally treated at 100oC for 1-3 h at
pressures in the range 40-100 atm. (Berghof autoclave,
Germany, model BR-4000, with temperature controller and
data acquisition) and high pressure range of 1000-3000
atm. (HP System autoclave France, PID controller). Weight
ratio between ZnO and D-Mannitol was varied with the
aim to optimize synthesis conditions by avoiding the
formation of secondary phases.

Spray drying processing of the wet precipitates removed
from the autoclave was done on a LabPlant system with
0.5 mm nozzle size in hot air, leading to the formation of
relatively rounded morphologies for the ZnO-D-Mannitol
systems.

Evaluation of the crystalline structure has been carried
out by X-Ray Diffraction (XRD, Bruker-AXS D8 Advance
Diffractometer) with monochromatic CuKα  radiation.
Scans were obtained in the range 2θ = 4 ÷74°, with a step
size of 0.02° every 2 s.

The FT-IR spectra of the microcapsules obtained with
the ZnO shell was recorded using an ABB MB3000
spectrometer in transmission mode between 4000 and
550 cm-1 (64 scans with 4 cm-1 resolution).

The surface morphology was obtained using an optical
microscope Axio Imager A1M Carl Zeiss in polarised light
and Tecnai G2 F30 for the S-TEM microscopy.

Thermal properties of the microcapsules obtained were
measured by using the SETARAM Setsys Evolution
equipment for the DSC-TG experiments with heating rate
of 10oC/min under argon atmosphere from 20 to 600oC.

Results and discussions
In a first step, the feasibility of microencapsulation of D-

Mannitol within ZnO inorganic shell obtained by
solvothermal methodology has been studied by analysing
the properties of the microparticles with different ZnO: D-
Mannitol ratios. Table 1 includes sample nomenclature and
ZnO: D-Mannitol ratio as well as the melting temperature
(Tm) and enthalpy (∆Hm) obtained by DSC for the samples
synthetized at the following parameters: pressure P=100
atm, temperature T=120oC, duration t= 2 h.

 For the highest ratio ZnO: D-Mannitol = 10:1, the D-
Mannitol typical peak at 166.0oC was suppressed and the
formation of a new peak at 133.5oC was observed. When
decreasing the ratio (ZnO: D-Mannitol = 4:1), the peaks at
164.1 and 175.5oC indicate the presence of D-Mannitol
(table 1, fig. 1). The shift compared to that of raw D-Mannitol
(166.0oC) may be explained by the formation of the ZnO -
D-Mannitol composites. The peak at 502.5oC corresponds
to the crystal growth of ZnO while the peak at 106.4oC
may is due to the elimination of OH- from the crystalline
lattice.

Figure 2 includes the TGA curves obtained for ZnO, D-
Mannitol and the microparticles obtained with ratio ZnO:
D-Mannitol 10:1 and 4:1 respectively. For the sample ZnO-
M10.1, a mass loss of 5.675% corresponding to the
elimination of OH- groups from the lattice can be observed
in the temperature range 90.37-162.0oC. In the temperature
range 233.72 -500.74oC the mass loss is 35.556% and can
be attributed to the decomposition of the transfer charge
complex of mannitol and ZnO. The ZnO-M4:1 sample does
not show the mass loss of D-Mannitol. This could be
explained by the formation of composite structures
between the D-Mannitol and ZnO.

The morphology of the microparticles with the different
ZnO: D-Mannitol was determined by optical microscopy
(fig. 3) and SEM (fig. 4). SEM pictures of ZnO-M10:1 revealed
the needle like shape morphology attributed to D-Mannitol
and spherical shape morphology of the microcapsule.

Table 1
REPRESENTATIVE SAMPLES PREPARED BY/SOLVOTHERMAL

ROUTE FOLLOWED BY SPRAY DRYING PROCESS

Fig. 1. DSC curve of ZnO-M4.1 synthetized by the solvothermal
process

Fig. 2. TGA curves for D-Mannitol, ZnO and microcapsules with
ZnO:D-Mannitol ratio 10:1 and 4:1.



REV.CHIM.(Bucharest)♦ 69♦ No. 6 ♦ 2018 http://www.revistadechimie.ro 1475

In order to deeply analyse the influence of pressure
during the solvothermal process on the properties of
microparticles, the ratio ZnO: D-Mannitol = 4:1 was
selected, using different pressures (1000-3000 atm) and
reaction times (1-3 h) at 100oC. Table 2 includes the
reference of the samples prepared.

Fig. 3. Optical microscopy of:
a) D-Mannitol; b) ZnO-M10:1

and c) ZnO-M4:1

Fig. 4. SEM image of a) ZnO-M10:1 and b) ZnO-M4:1.

Fig. 6. DSC spectra of M1K, M2K, M3K and M4K

Fig. 5. XRD patterns of a) M1K, b) M2K,
c) M3K and d) M4K.

to PDF References 01-070-8070 for ZnO and 00-022-1797
for β-D-Mannitol (C6H14O6). Average crystallite size of ZnO
nanoparticles was determined as 29 nm. FT-IR analysis
(fig. 8) showed that mainstretching and deformation
vibrations of O-H and C-H groups from D-Mannitol, with
main characteristics peaks at 1210, 1081, 1018, 959 and
929 cm-1 that may be assigned to b-Mannitol [17, 40]. These
results agree with DRX characterization.

Characterization of M2K samples prepared at 3000 atm,
during 1h at 100oC

XRD presented in figure 5b revealed the formation of
zinc hydroxide as major phase. Zinc oxide and D-Mannitol
were also identified, the latter crystallized as  β- and  δ-
Mannitol. According to XRD results, the higher pressure
used for the encapsulation process favours the formation

Table 2
REPRESENTATIVE

SAMPLES PREPARED FOR
MOLAR RATIO ZnO:
D-MANNITOL = 4:1

Figure 5 and 6 present the XRD pattern and DSC spectra
of the 4 samples obtained.

Characterization of M1K samples prepared at 1000 atm,
during 1h at 100 oC.

The SEM images of sample M1K revealed the existence
of round shaped nanoparticles of ZnO/mannitol with size
range between 48-205 nm (fig. 7). β-D-Mannitol and
hexagonal ZnO were identified by XRD (fig. 5a) according

b c

a

ba
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of ZnO and  δ-Mannitol, which are not present for lower
pressure (M1K). FTIR analysis in figure 9 shows the main
molecular vibrations of D-mannitol (stretching and
deformation vibrations of O-H and C-H groups).

These results agree with the thermal characterization
by DSC (fig. 6), obtaining different melting peaks for the
crystalline forms of D-Mannitol (159.6 and 168.5oC and for
δ- and  β- Mannitol, respectively [17, 41]). The endothermic
peak at 149.6

C in the DSC spectra for M2K can be assigned to the OH
lattice elimination. Thus, comparison between M1K and
M2K indicates that the higher pressure during the
encapsulation process favours the presence of zinc
hydroxide and  δ- Mannitol.

Characterization of M3K samples prepared at 1000 atm,
during 3h at 100oC

Figure 5c shows the XRD spectrum of ZnO-mannitol
sample. Both ZnO and  β-D-Mannitol were identified. Zinc
hydroxide is present as a secondary phase.

The longer time for the encapsulation process does not
seem to affect crystalline phase transformation, obtaining
- Mannitol in both M1K and M3K (1000 atm and 1 and 3 h
time, respectively). However, although as a minor
component, zinc hydroxide has been formed, as observed

in XRD analysis and thermal characterization by DSC (peak
at 148.8oC could be ascribed to OH lattice elimination, fig.
6). Second peak (172.4 °C) corresponds to the melting of
β- Mannitol.

Characterization of M4K samples prepared at 3000 atm,
during 3h at 100 oC

XRD presented in Figure 5d revealed the formation of
zinc hydroxide as major phase. Wulfingite,  β- and  δ-
Mannitol and possible peaks of ZnO were also identified.
Both the higher pressure and longer times effects previously
described can be observed: formation of zinc hydroxide
as major phase for higher pressure and the presence of  δ-
Mannitol. It is also observed that the b β/δ ratio changes
when increasing the reaction time (M4K versus M2K).
According to DSC characterization (fig. 6, table 3), for the
shorter time (1h, sample M2K), the presence of  β- Mannitol
predominates over  δ- phase. However, contrary results
can be observed for M4K (3h reaction time) obtaining only
a shoulder at 174.7oC and major δ-phase Mannitol
(159.6oC).

Table 3 includes quantitative results for melting
temperature and enthalpy of the different samples
prepared. The endothermic peak at 168-170oC due to the
melting of D-Mannitol can be found in the sample M1K at
174 °C.

Fig. 7. SEM micrographs of ZnO/D-Mannitol=4:1, 1000 atm, 1h,
100oC.

Fig. 8. FT-IR spectra of M1K and D-mannitol
Table 3

THERMAL PROPERTIES (MELTING TEMPERATURE AND ENTHALPIES
(Tm, ∆Hm)) OBTAINED BY DSC FOR M1K, M2K, M3K AND M4K

Considering melting enthalpies of the different samples,
it is clearly observed that M2K and M4K are those with
higher thermal energy storage capacity. However, melting
enthalpy values are very similar for these samples,
therefore 1 h reaction time seems to be enough for the
encapsulation, as no thermal enhancement is produced
for longer reaction times (M4K).

Conclusions
Microencapsulation of D-Mannitol has been carried out

by a solvothermal process at different ZnO: D-Mannitol
ratios and pressures. In the low pressure range 40-100 atm.
and the highest ratio ZnO: D-Mannitol = 10:1, the D-
Mannitol typical peak from 166.0oC disappeared and the
formation of a new peak at 133.5oC was observed.
Inhomogeneous samples with poor encapsulation degree
were formed.  When decreasing ZnO:D-Mannitol ratio to
4:1 the peaks at 164.1 and 175.5 ºC indicate the presence
of D-Mannitol.

Based on XRD analysis, the higher pressures (3000 atm.)
favours the formation of zinc hydroxide and  δ- Mannitol,
instead of the  β- Mannitol obtained at lower pressure (1000
atm). These results could be correlated with DSC curves,
where an endothermic peak corresponding to OH- groups
elimination from the lattice was observed near 148oC in all
these cases (M2K, M3K, and M4K), as well as the peak at
158oC ascribed to   δ- Mannitol for M2K and M4K. The longer
time during encapsulation process does not seem to affect
the crystalline phase transformation of D-Mannitol (the
most stable  β- Mannitol phase is obtained for both 1 and 3
h reaction time).
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