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Abstract

In the present work a macroporous silicone foam, able to contain the magnesium

sulfate, was chosen as matrix for the reversible hydration/dehydration process of

the salt hydrate. The aim of the article was addressed towards the assessment of the

relationship among microstructure, permeability and mass diffusion of the compos-

ite foam. This aspect represents an essential step for the future industrial develop-

ment of this composite material. The results show that the filler content influences

the foam morphology where a transition from closed to mixed and then closed cell

again was observed with increasing filler content. Consequently, depending on the

distribution and interconnection of the structural channels, a different effectiveness

in guaranteeing mass diffusion phenomena was identified. In particular, permeabil-

ity tests show that foams with 50 wt% of salt hydrates have a highly interconnected

microstructure allowing a permeability over three times higher than a closed cell

structure making it suitable for thermochemical energy storage applications.

KEYWORD S

composite foams, foam morphology, permeability, salt hydrate, thermochemical energy
storage

1 | INTRODUCTION

Thermal energy storage (TES) technologies are a valid
counterpart to various renewable energy sources (RES)
and are also able to valorize waste heat in order to reduce
the building energy demand.1 The energy can be stored
by several different technologies such as sensible heat,
latent heat or even as physical or chemical energy
(i.e., thermo-chemical energy storage).2 In this latter,
reversible chemical and physical reactions are exploited
to recovery the heat exchanged during the reaction.

Salt hydrates are a promising class of materials, based
on hydration/dehydration reactions, to apply this technol-
ogy at low-to-medium temperature operating range
(i.e., 70–150�C).3 Salt hydrates are a most attractive solution

to store low-grade heat due to their high-energy storage
density, theoretically indefinitely long -term storage capabil-
ity, separation of reactants using water vapor as a safe and
cheap gaseous sorbate.4 This implied that this class of mate-
rials has been extensively investigated5 allowing to define a
database of materials and their chemical–physical and stor-
age density properties5,6 as well as to evaluate the applica-
tion in laboratory-scale reactors.4

However, several problems arise when these mate-
rials are used in a storage system limiting their field of
applicability. The coupled agglomeration and swelling
phenomena, occurring during de/hydration cycles, imply
a reduction in vapor diffusion and favor the material deg-
radation7 representing a critical point to consider. Fur-
thermore, the high corrosiveness of these materials is a
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thoughtful drawback in the use of salt hydrates in a ther-
mal storage plant. To overcome these issues, a potentially
effective approach, proposed in the literature, is the dis-
persion of salt in a host matrix.

Concerning the active filler in the composite matrix,
magnesium sulfate heptahydrate (MgSO4�7H2O) has been
identified as a suitable candidate for TES due to its stor-
age temperature, high energy density, availability, low
cost, and non-toxicity.8,9 Among the different options as
hosting matrix, adsorbent porous materials (zeolite,
mesoporous silica, porous carbon compounds) have often
been proposed as appropriate choice.10–12

Hongois et al.13 investigated zeolite–MgSO4 compos-
ites relating chemo-physical and de/hydration properties.
The results evidenced that the active material was dis-
persed in the matrix optimizing the gas–solid reaction
kinetics and the thermal power released/absorbed. Fur-
thermore, the composite exhibited an energy density of
150–400 kWh/m3 in a temperature range compatible
with solar-thermal collectors. In Porosen et al.,14 magne-
sium sulfate was embedded in various porous host mate-
rials (pore diameters from 1.7 μm to 7 nm) showing an
effective hydration of the MgSO4 salt was acquired
evidencing furthermore an increase of the heat of adsorp-
tion increasing the pore size.

Analogously, Xu et al.15 evaluated the hydration
behavior of MgSO4 filled in 13X zeolite for long term heat
storage. The results showed that the that the composite
had larger hydration ability than pure zeolite, and the
reactor filled with the 13X zeolite-MgSO4 composites
evidenced a good cyclability and an energy efficiency
equal to 81.34%.

Xu et al.16 developed composite sorbents of MgSO4

filled in zeolite 13X and activated alumina TES applica-
tions. The results evidenced that the impregnated MgSO4

salt hydrate improves the TES performances of both 13X
zeolite and activated alumina, significantly improving
the temperature-rising rate of the zeolite and the temper-
ature lift of activated alumina.

A similar approach was assessed by Wang et al.17

indicating a composite material with MgSO4 a promising
option for long-term thermochemical heat storage.

Similarly interesting results were found by evaluating
expanded graphite as host container of the salt hydrates.12,18

Recently, Ousaleh et al.19 proposed a new thermochemical
material using silica gel as a host material and impregnated
with different salt hydrates (30 wt% of MgSO4, CuSO4, and
Al2[SO4]3) evidencing a storage density in the range of about
600–800 kJ/kg.

In this concern, the use of matrix foams with large
pore size and volume is becoming a promising approach
to encapsulate salt hydrates for thermochemical energy
storage in order to prevent agglomeration and to enhance

the material stability.20,21 Korhammer et al.22 evaluated
the impregnation of CaCl2/KCl into activated carbon
foam and expanded natural graphite leading to an
improvement both of the thermal conductivity and the
dehydration/hydration behavior. Analogously, Wu et al.23

investigated a porous hydroxyapatite foams as carrier of
hydrated salt for thermal energy storage. The results
showed that the composite material had well chemical
stability and thermal stability.

In summary, composites allow a performance improve-
ment of the pure salts, in terms both of thermo-physical
and kinetic properties, also allowing to improve the
material stability and durability for a high-efficient use
for low-grade thermal energy systems.24

However, the usually used matrices have a rigid and
brittle structure. This could lead to long-term stability
issues, due to the triggering of internal stresses in the
host matrix due to the expansion of the saline solution
during the hydration step that limit the material stabil-
ity.25,26 Furthermore, the matrices have usually an open
porosity, which (especially for composites with large
amount of salt) is not able to retain the hydrated solution
in case of supersaturation, causing a release of the salt
with consequent loss of efficiency as well as degradation
and corrosion risks for the reactor.19

Instead, polymeric foams, characterized by a flexible
and ductile structure, are able to suffer the volume
expansion induced by the salt hydration. Furthermore,
some polymeric foams are characterized by a good water
vapor permeability that allows hydration/dehydration
phases also for active fillers confined inside a closed
porosity.27,28

For instance, recently, Brancato et al.29 proposed an
innovative concept of composite for energy storage appli-
cations. In particular, a macroporous silicone foamed
structure was used as host matrix of the salt hydrate. The
silicone foam facilitates of water vapor diffusion and pre-
vents agglomeration of the active filler during hydration.30

Furthermore, in Ref. 31 the good mechanical stability and
the limited salt hydrate loss after 50 de/hydration cycles
was addressed.

The aim of present article is to further develop this con-
cept, by assessing the permeability properties and morpho-
logical microstructure of the MgSO4�7H2O – silicone
composite foams. The analysis of mass transport phenomena
and their correlation with the microstructure of the material
is highly required to evaluate its applicability in a real scale
context. Foamed composites with different amount of
MgSO4˙7H2O (40–70 wt%) were synthetized. Foam micro-
structure was evaluated by 3D optical and electron scanning
microscopy and digital image analysis. Permeability mea-
surements at varying flow rate were performed to assess the
mass flow capability of the composite foams.
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2 | EXPERIMENTAL PART

2.1 | Foam preparation

Macro porous composite materials were obtained applying
a direct foaming approach of a siloxane-based matrix,
according to the procedure reported in Ref. 32. The silox-
ane matrix was chosen for its high water vapor permeabil-
ity that, considering also a porous foamed morphology,
should favor the diffusion of water vapor during real oper-
ating conditions.33

The siloxanematrix is composed by a hydroxyl terminated
polydimethylsiloxane (PDMS, Mw 110,000 CAS: 70131-37)
coupled to a poly(methylhydrosiloxane), PMHS, Mw

1400-1800 CAS: 63148-57-2 that acts as crosslinker and
foaming agent. Both compounds were supplied by Gelest Inc.
(Morrisville). In particular, the composite foam preparation
was carried out in five steps: (a) preliminarily, theMgSO4�7H2

O salt hydrate (Merck, Germany, density 1.68 g/cm3) was dis-
persed under magnetic stirring in polydimethylsiloxane
(PDMS) compound for about 60s; (b) in order to increase
slurry workability two different solvents were added: water
(50 wt%) and ethanol (25 wt%); (c) afterwards, the poly-
methylhydrosiloxane compound (PMHS, 2:1 PMHS:PDMS
mass ratio) was added to the mixture always under magnetic
stirring for about 60 s; (d) as final mixing step, tin(II)
2-ethylhexanoate (Sn(II)) (d:1.12, Mw 405.11, 50%, CAS.
301-10-0) as catalyst was added under vigorous mixing, for
about 15 s; and (e) finally, the so obtained slurry was carefully
poured into a cylindrical closed mold and cured at 60�C for
24 h to complete the foaming process. The foaming process
was obtained by dehydrogenative coupling reaction between

PDMS and PMHS siloxane compounds. Details concerning
the foaming mechanisms of siloxane matrix can be found in
Ref. 34. A scheme of the synthesis steps of the salt hydrate
composite foams is shown in Figure 1.

In this experimental set-up a shape-controlled sample
by using a closed mold was carried out. Despite the open
mold technology, applied in our previous experimental
approaches,29–32 it was required to have a suitable control
of the sample geometry. Although this choice could influ-
ence the foam morphology at varying filler content,
requiring a new microstructural analysis to well define
the pore size and distribution of the samples.

Salt hydrate filler at varying content (40–70 wt% of
PDMS+PMHS compounds) were realized. Detail of all the
synthesis compounds ratio is reported in Table 1. As blank,
an unfilled silicone foam was prepared. All samples were
coded by using a “MgF-” acronym coupled to a number indi-
cating the salt hydrate content (in percentage) as obtained in
the composite foam. For instance, the MgF-40 batch is
referred to composite samples made with 40% of MgSO4�7H2

O salt hydrate. The code MgF-0 indicates the unfilled poly-
meric foam. On the slurry solution viscosity measurements
were carried out by using a digital rotational viscometer
(NDJ-5S Vevor, Italy) performingmeasurements for 1 min at
30 rpm at room temperature and in open to air conditions.

2.2 | Foam morphology and
microstructure

Foam morphology and surface characteristics were evalu-
ated preliminarily by optical 3D digital microscopy

FIGURE 1 Scheme of the synthesis steps of the salt hydrate composite foams [Color figure can be viewed at wileyonlinelibrary.com]
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(Hirox HK-8700) in order to macroscopically evaluate the
foam homogeneity and structural regularity. Further-
more, field emission scanning electron microscopy (SEM)
(JEOL 7001F) was performed to better assess the compos-
ite foam cellular structure and the local hydrate salt poly-
mer matrix interaction.

2.3 | Bubble size distribution

In order to correlate the permeability capacities with the
foam microstructure, a quantitative study of the shape
and distribution of the bubbles in the microporous foams
was carried out by means of digital image analysis per-
formed on SEM images on sample cross sections (optical
3D digital microscope - Hirox HK-8700). For each batch
two contiguous images were chosen to improve the anal-
ysis area and minimize the amount of partially viewed
bubbles.35 The analysis was performed on a total view
spanning of about 8 mm � 6 mm.

Due to an inhomogeneous contrast of the bubble
contour, it was not possible to apply automatic particle dis-
crimination protocols. Instead, the digital image processing
was performed by a semi-automatic procedure: at first, the
outline of each bubble was identified and marked manu-
ally using a photo editing program (Gimp 2.8), finally an
image analysis software (ImageJ 1.48, WS Rasband,
ImageJ, US National Institutes of Health) was used to esti-
mate the numerosity and relative geometric characteristics
of all bubbles. The bubble data distribution was clustered
in classes calculating their number, NC, and interval, wC,
according to the Sturges rule36:

NC ¼ log2 Nbð Þþ1 ð1Þ

wC ¼ dmax�dmin

NC
ð2Þ

where Nb is the number of bubbles, dmax and dmin are the
measured equivalent diameters of the largest and
smallest measured bubbles, respectively.

2.4 | Permeability tests

Permeability tests on the composite foams were carried
out by means of an experimental set-up design to do the
analysis. As shown in Figure 2, the set-up consists of a test
section made of Teflon, PTFE, (2 cm height and 2.5 cm of
diameter) where the sample is introduced. This section is
assembled in between two stainless steel sections with
constant diameter of 2.5 cm to allow the air flow. A pres-
sure sensor is installed in the lower part, before the test
section, while the upper part is open and atmospheric
pressure is established. Different pressure sensors were
used depending on the experimental pressure drop: up to
1.5 kPa (Gems Sensors, Inc.) and up to 0.4 bar (model
cb2021, LABOM Mess- und Regeltechnik GmbH).
The air passes through a drierite desiccant cartridge
to ensure dry conditions and then enters the set-up
through the bottom part. A flow meter with a maximum
flow rate of 10 L/min (Bronkhorst High-Tech B.V) is
used to control the air flow rate. Pressure drop, air tem-
perature and air flow rate were registered by means of
an acquisition system.

Before the tests, the samples were dried 24 h in the
oven at 130�C and then kept in a desiccator to remove
moisture content and to ensure initial constant condi-
tions of humidity and temperature. The tests were carried
out at different flow rates from 1 to 10 L/min.

3 | RESULTS AND DISCUSSION

3.1 | Morphological analysis

Preliminarily, the homogeneity and regularity of the foam
was evaluated in order to assess structural uniformity and
macro-defect free morphology. A compact and uniform
foam structure, coupled with an intrinsic interconnected
porosity, represent a fundamental condition for identify-
ing a potential application efficacy of these materials in
this application context. In this regard, a parametric
morphological evaluation of the foam (e.g., size, shape,

TABLE 1 Siloxane solution

compositions at varying salt hydrate

content (percent by weight)

MgF-0 MgF-40 MgF-50 MgF-60 MgF-70

PDMS Siloxane 24.4% 16.4% 14.1% 11.6% 9.0%

PMHS Siloxane 48.8% 32.8% 28.2% 23.2% 18.0%

Water Solvent 12.2% 8.4% 7.0% 5.8% 4.5%

Ethanol Solvent 6.1% 4.0% 3.5% 3.0% 2.3%

Sn(II) Catalyst 8.5% 5.6% 4.9% 4.1% 3.2%

MgSO4�7H2O Filler 0.0% 32.8% 42.3% 52.3% 63.0%

Salt hydrate/foam (wt%) 0.0% 40.0% 50.0% 60.0% 70.0%
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and distribution of the bubbles) are relevant aspects that
must be taken into consideration.

Figure 3 shows optical images of a reference cross
section of foamed samples at increasing MgSO4�7H2O
filler content. The white arrow indicates the foaming
direction.

Visually evaluating the bubble distribution, an almost
regular morphology can be addressed. The foaming is a
dynamic and in a continuous evolution process with a pro-
gressive formation and growth of hydrogen bubbles (product
of the reaction between the siloxane compounds – PDMS
and PMHS) which progressively evolves upwards in the
composite slurry. The growth of the bubble is due to a dual
contribute: (a) the increase in internal pressure that takes
place following the siloxanes reaction and (b) the coalescence
phenomena that take place as a consequence of the physical
aggregation of the bubble during their motion.30 Although
there are many factors competing in the growth and orienta-
tion of the bubbles, evaluating the sample cross sections
along the foaming direction, from a basic visual point of
view, no preferential location or shape orientation on bub-
bles can be observed. This indicates a homogenous and regu-
lar foaming stage that uniformly occurred on the whole
mold areas.

Composite foams with high filler content (MgF-60;
MgF-70) are quite dense and compact. Indeed, composite
foams with low filler content (MgF-40; MgF-50) appears
with larger bubbles homogenously distributed on the
whole cross-section. Some large cavities were also identi-
fiable (Figure 3b and Figure 3c).

Although, it is worth noting some local heterogene-
ities for MgF-40 sample (Figure 3b). In particular, there
are some relatively large and irregularly shaped bubbles
in the lower area of the specimen. A clear heterogeneity
in the distribution of the filler is also evident. This behav-
ior is attributable to the different foaming process that
occurs for composite slurry at different salt hydrate
content.

In this batch some bubbles on the bottom side are
slightly larger and elliptically depressed than the top side.
At the same time, a salt hydrate sedimentation takes
place. This behavior could be attributable to the lower
salt content in this formulation, which implies a reduced
viscosity of the composite slurry. Consequently, during
the foaming process there is a significant flow of bubbles
that originate, coalesce and evolve towards the surface.
This, associated with the low viscosity of the slurry in the
early stages of solidification, implies a gradual depletion
in salt hydrate content on the top side of the mold and
subsequent salt precipitation towards the bottom of the
mold (favored by the low settling time of the filler in the
low viscosity slurry). The filler precipitation stimulates
the bubbles elongation and depression, as visually
observed in Figure 3b. These considerations are con-
firmed in Table 2 where the viscosity evolution of the
composite siloxane solution at increasing salt content is
reported.

Further consideration can be acquired evaluating,
at higher magnification, the foam microstructure
morphology and interfacial filler matrix interaction.

FIGURE 2 Experimental set-up for

permeability tests and top view of the test

section [Color figure can be viewed at

wileyonlinelibrary.com]
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Figure 4 shows SEM images of siloxane foams at increas-
ing salt hydrate content. Unfilled siloxane foam, MgF-0
(Figure 4a) has a regular structure with well-defined
bubbles. A mainly closed cell structure can be identi-
fied. In fact, only some bubbles are locally inter-
connected each other, as identifiable in circled area
in Figure 4a. The addition of salt hydrates leads to a

progressive modification of the cellular microstructure
of the foam. The MgF-40 foam (Figure 4b), character-
ized by the lowest amount of MgSO4�7H2O, shows a
morphology apparently compatible with that found for
unfilled foam. However, it should be noted that the
bubbles in MgF-40 sample have larger dimensional
heterogeneity than MgF-0 one. A large distribution of

FIGURE 3 Stereo-microscopy image

of cross-section of siloxane foams at

varying salt hydrate content: (a) MgF-0;

(b) MgF-40; (c) MgF-50; (d) MgF-60;

(e) MgF-70 [Color figure can be viewed

at wileyonlinelibrary.com]

TABLE 2 Viscosity of composite

siloxane solution at varying salt hydrate

content

MgF-0 MgF-40 MgF-50 MgF-60 MgF-70

Salt hydrate/foam (wt%) 0.0% 40.0% 50.0% 60.0% 70.0%

Viscosity (mPa s) 189 982 1744 3984 7785
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bubble size is detectable. The observed morphology
evidenced that the addition of the MgSO4�7H2O enhanced
the foaming process, possibly due to the interaction
of the salt hydrates with the reactive hydride and
hydroxyl groups of the siloxane compounds. This
reactivity leads to large bubbles growth. Further-
more, due to low viscosity of the composite slurry,
coalescence phenomena occurred as a consequence
of bubbles aggregation.

However, comparing the morphology with that found
for unfilled foam, a greater quantity of secondary chan-
nels between the bubbles is clearly evident, warranting
a very widespread continuous interconnected bubble
network. These channels trigger preferential tortuous
pathways among the bubbles for the water vapor diffusion
during the salt hydration/dehydration phase. This feature
is potentially effective for use in sorption thermochemical
energy storage technology.

At increasing MgSO4�7H2O filler content, the coales-
cence phenomenon is gradually inhibited. This aspect
is evident in Figure 4e referred to MgF-70 foam. The
structure composite foam with the highest salt hydrate
content is characterized by small-size bubbles apparently
with low interconnections. No regular preferential path-
ways can be identified. The high quantity of salt strongly
hinders the microstructural stability of the foam.
The bubbles growth is very heterogeneous and irregular.
The filler interpenetrates with the intrinsic porous structure
of the foam, increasing the internal tortuosity. Furthermore,
local defects, detachments and cracks have been found in
correspondence to bubble walls or struts, further adversely
affecting the structural regularity of the foam.

Indeed, a more articulate discussion is required to
interpret the morphology of MgF-50 batch (Figure 4c).
The structure is complex and not homogeneous. The salt
content is distributed almost uniform within the material

FIGURE 4 Scanning electron

microscopy images of siloxane foams at

increasing salt hydrate content: (a) MgF-

0; (b) MgF-40; (c) MgF-50; (d) MgF-60;

(e) MgF-70 [Color figure can be viewed

at wileyonlinelibrary.com]

CALABRESE ET AL. 7 of 14

http://wileyonlinelibrary.com


bulk. Only local and limited agglomeration areas of the
filler take place. Figure 5 shows high magnification SEM
images for MgF-50 and MgF-70 in which the differences
in the salt distribution is clearly observed. In the MgF-50
the salt remains at the walls of the cells but does not fill
the inner part of the pores while in the MgF-70 sample
the salt is inside the pores clogging them and thus reduc-
ing the overall porosity.

Evaluating the distribution of walls/struts and bub-
bles the foam assumes a co-continuous-like structure
with the bubbles intercalated in the polymeric matrix.
Many contiguous bubbles appear with a macro-bubble,
characterized by a non-regular geometry with multiple
extensions and shrinks due to the absence of discontinu-
ity points among contiguous bubbles. This morphological
structure is typical of systems that have had the activa-
tion but not the completion of the bubble coalescence.
Therefore, some bubbles have a relevant dimension cause
of the aggregation of multiple bubbles into larger colo-
nies, which potentially facilitate the flow of water vapor.
Furthermore, the presence of some secondary channels
has a beneficial role on the hydration process and dehy-
dration of the salt. At the same time, the suitable content
of salt hydrates allows to hypothesize an effective stored
energy density of the composite material.7

The qualitative morphological analysis of the sam-
ples, obtained in this section with the SEM images,
requires a deeper study of the foam morphologies,
which is then performed via a statistical analysis of
these images.

3.2 | Statistical analysis of bubble size
distributions

In order to better understand the effect of the salt
hydrates content on the macro-porous structure of the sil-
icone foam, a statistical analysis on the morphological
characteristics of the bubbles was carried out. On the
basis of the distribution of the bubbles, obtained by

digital analysis of the images, a study was performed
aimed to quantitatively correlate the morphological
parameters of the foam with its constituents.

In Figure 6, the circularity versus diameter distribu-
tion is reported for all composite foams (MgF-0, MgF-40,
MgF-50, MgF-60, and MgF-70). As reference, an outlines
distribution acquired by digital image analysis was also
added (Figure 6, left).

The amount of salt hydrate clearly influences the bub-
ble size and distribution in the composite foam. In partic-
ular, in the composite foam with intermediate filler
content (MgF-50) a co-continuous morphology can be
observed. The bubbles are not regular and are character-
ized by a tortuous perimeter, due to the partial coales-
cence of peripheral bubble during the foaming stage.

These considerations were summarized in Figure 7
where the evolution of cell size diameter and circularity
(defined as 4π�Area

Perimeterð Þ2 – a value equal to 1.0 indicates a
perfect circle; as much the value approaches 0.0 how
much not regular is its shape) at increasing salt content is
reported. The average bubble diameter increases due to
salt hydrate addition in the PDMS foam. Just adding
40wt% of filler, an increase of about 25% of bubble size
was observed. At very large salt hydrate content, a new
abrupt reduction on the average bubble size can be, fur-
thermore, observed.

This result is apparently not consistent with to the
previous one in Ref. 30. However, it is worth noting that
in this sample preparation set-up a closed mold was used.
This implies that the foaming process the composite
material is confined in a well-defined space. This phe-
nomenon is all the more evident the higher the foaming
ratio (in open to air conditions) of the composite slurry.
The unfilled silicone foam (MgF-0) resulted in previous
experience characterized by very large foaming ratio.30

Therefore, during the reaction, several bubbles triggered
and growth leading to a large foamed structure. This
phenomenon could not be completed for a closed mold
configuration. Therefore, for MgF-0 batch, the bubble
foaming process had to be blocked due to the presence of

FIGURE 5 High magnification

scanning electron microscopy image of

siloxane foams (a) MgF-50; (b) MgF-70
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FIGURE 6 Boundary bubble distribution (left) and circularity evolution (right) at varying diameter for all composite foams filled with

different salt hydrate content (reference area about 25 mm2): (a,a') MgF-0; (b,b') MgF-40; (c,c') MgF-50; (d,d') MgF-60; (e,e') MgF-70 [Color

figure can be viewed at wileyonlinelibrary.com]
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the closed mold walls. The result is an incomplete
foaming that significantly affects the morphology reduc-
ing the average particle.

Concerning the bubble circularity, a clear minimum of
this parameter at intermediate filler content (MgF-50)
takes place. This behavior can be related to a not complete
coalescence process. When the PDMS matrix completed
the condensation process, some interconnected bubbles,
characterized by a complex and tortuous profile (and low
circularity) were stuck in the cross-linked matrix.

Instead, in high filled composite foams, due to the
high viscosity of the formulation, the coalescence phe-
nomenon is hindered and a large amount of bubbles are
characterized by small and circular shape. Consequently,
MgF-50 foam represents a threshold formulation charac-
terized by an interconnected cell morphology between
regular closed cell structural morphologies (batches at
low and high salt content).

Figure 8 compares the evolution of the specific cumu-
lative area at increasing diameter for MgF-0, MgF-50,
and MgF-70 samples. It is evident that increasing the salt
content in the composite foam the bubble fraction pro-
gressively is related to lower size diameter.

Further consideration can be argued evaluating the fre-
quency spectrum of the diameter distribution (Figure 9).
The MgF-50 batch has a cluster of bubbles with large diam-
eter, due to a partial (average diameter about 0.9 mm) and
complete (average diameter about 1.5 mm) coalescence.
Instead, frequency distribution of the other batches is char-
acterized by a single narrow peak at about 0.4–0.5 mm
diameter, due to the hampered coalescence phenomenon
during the foaming stage.

3.3 | Permeability

Permeability tests were carried out at different flow rates
in order to identify the air flow regimes. Existing flow
regimes include Darcy, Forchheimer or weak inertial and
turbulent flow, depending on the air velocity and thus flow
rate.37 For low flow rate conditions, a linear dependence

FIGURE 7 Average cell size diameter and circularity at

increasing salt hydrate content [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 Specific cumulative area evolution at varying

diameter for three reference foams [Color figure can be viewed at

wileyonlinelibrary.com]

FIGURE 9 Frequency plot of diameter distribution for three

reference foams [Color figure can be viewed at

wileyonlinelibrary.com]
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between the pressure drop and the flow rate is observed
according to Darcy equation, which can be expressed as
follows for permeability to ideal gases:

P2
1�P2

2

P2
¼ 2 �L �μa

S �KD
�Q ð3Þ

where KD is known as the Darcian permeability, L is the
sample thickness μa is the air viscosity, S is the air inlet
section, Q is the air flow rate, P2 is established as atmo-
spheric pressure and P1 is defined as P1 = P2 + ΔP,
where ΔP is the pressure drop.

In the Darcy regime, the permeability obtained is
most closely related to the internal morphology of the
porous medium, and it is likely to be constant for the
same porous medium subjected to Darcy flow.

As the flow rate increases, boundary layers begin to
develop near solid boundaries inside the porous medium
and they become pronounced, and an inertial core
appears. The additional drags are captured by another
term that has a second-order dependence on the flow rate
Q, according to the following equation38:

P2
1�P2

2

P2
¼ 2 �L �μa

S �K1
�Qþ2 �L �ρa

S2 �K2
�Q2 ð4Þ

where K1 and K2 are known as the Darcian and non-
Darcian permeabilities, respectively and ρa is the air
density.

In Figure 10, the reduced pressure drop (P
2
1�P2

2
P2

) is plot-
ted versus the flow rate. It can be observed that the exper-
imental values follow a second-order dependence with
the flow rate meaning that non-Darcy flow is achieved
under the experimental conditions. The highest-pressure
drop is obtained for the unfilled sample (MgF-0) due to

the presence of highly closed porosity, as observed in
SEM images. Consequently, compression of the foam is
observed for values of flow rate higher than 6 L/s rather
than free air flow through the sample. Regarding the
filled foams, a threshold value for linear to non-Darcy
regime transition is only observed for the lower salt con-
centrations being always the threshold flow rate lower
than 4 L/s. The transition to inertial and turbulent flow
in porous media is characterized by non-uniformity of
pore size distribution, internal surface roughness, mixing
of intersecting streams, and separation of microscopic
flow field from the internal local geometry. From the
results, it can be concluded that the morphology modifi-
cation due to the presence of the salt promotes the non-
Darcy flow regime.

The Darcian and non-Darcian permeabilities (K1 and
K2) were obtained for the fitting curves as follows:

P2
1�P2

2

P2
¼A �QþB �Q2 ð5Þ

K1 ¼ 2 �L �μa
A �S ð6Þ

K2 ¼ 2 �L �ρa
B �S2 ð7Þ

In Table 3, the values for the fitting parameters (A and B,
all variables in International System) as well the perme-
abilities (K1 and K2) are shown. All other parameters pre-
serve the same meaning as indicated in Equations (3)
and (4). The permeability of porous media mainly
depends on the open porosity but also on the tortuosity
and roughness of channels interconnecting the pores.
The unfilled foam presents the lowest permeabilities due
to the closed porosity as mentioned before. The addition
of the salt hydrate generates a more porous structure
because of the increase of the bubble size distribution in
the foaming process. However, as the salt content
increases, the porous structure becomes more heteroge-
neous and the permeability decreases. The results are in
agreement, especially for non-Darcian K2 permeability
parameter, with the influence of the salt content on the
average cell size in Figure 7 and also with the clogging of
pores by the salt particles observed in SEM images
(Figure 5).

These considerations can be furthermore assessed
evaluating Figure 11 where a correlation between micro-
scopic and macroscopic properties of the composite
foams was better addressed. The magnitude of permeabil-
ity parameters (that can be considered as macroscopic
property of the foam) can be related to the intrinsic
microstructural porosity of the foam. As reported in other

FIGURE 10 Influence of the flow rate on the reduced

pressure drop [Color figure can be viewed at

wileyonlinelibrary.com]
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foamed structures,39 it should be observed a clear depen-
dence of K2 with a geometrical parameter of the foam
bubble shape (identified as circularity to diameter ratio –
x-axis in Figure 11). The effect of the bubble porosity can
be justified, at micro-scale level, by considering the varia-
tion in the foam wall thickness and the bubble inter-
connected channels depending on the porosity shape and
morphology. Batches with closed and circular shaped mor-
phology evidenced a quite low permeability index. Instead,
a progressive increase of K2 parameter takes place in com-
posite foam characterized by an interconnected morphology,
showing a maximum permeability value (6.88 � 10�6 m)
for MgF-50 batch characterized by circularity/diameter
parameter equal to 0.98 1/mm, which is over three times
higher than the one corresponding to the closed cell struc-
ture (state K2 value).

Based on the promising results achieved, the possibil-
ity to identify a correlation between the microstructural
parameters of the composite foam with the macroscopic
parameters (e.g., foam permeability) is a fundamental
precondition, which must be further improved, for the
future material design and tailoring according to the spe-
cific application requirements. In particular, considering

that in real heat storage applications salt hydrates use
water vapor as gaseous sorbate, water vapor permeability
measurements are an important point of investigation for
the characterization of the material. On this concern,
future activities will be focused in order to better address
this topic.

In summary, the experimental results obtained on the
PDMS-MgSO4 7H2O composite foams, state that the
choice of hydrated salt content, to encapsulate in the sili-
cone matrix, must be carefully weighted since an exces-
sive amount of filler could not guarantee an adequate
encapsulation into the matrix not allowing a suitable
foaming process. An intermediate content of hydrated
salt, with a threshold value of about 50 wt%, beyond
which the composite structure loses its effectiveness in
terms of permeability, represents a suitable solution in
terms of performance and storage capacity.

Concerning TES applications, an important aspect is
the ability to customize the material for each specific appli-
cation (e.g., charge/discharge capacity) simply by changing
the amount of salt inside the composite. Considering that
the foamed matrix not hinder the de/hydration capacity of
the salt hydrate,23 storage energy storage density of the cho-
sen optimal composites should be quite in line with those of
the pure material. In particular, for this batch a storage
energy density equal to 650 kJ/kg (about 300 GJ/m3) is
attended (density foam: 0.45 g/cm3 and energy density salt
hydrate heptahydrate equal to 2.2 GJ/m340). These values,
although slight lower than pure salt, could represent a good
industrial compromise in order to preserve a suitable
energy storage density and to minimize the undesirable
issues of agglomeration, coalescence and corrosion that
usually limit the applicability of this salt hydrate.

4 | CONCLUSIONS

A macroporous foamed silicone-based container for
MgSO4�7H2O salt hydrate was developed for sorption
thermal energy storage. In particular, in this article, the
relationship between morphological and permeability
features of the composite foam at varying filler content
(40–70 wt% MgSO4�7H2O content) was studied in
order to address its applicability of energy storage field.

TABLE 3 Fitting parameters and

Darcian and non-Darcian

permeabilities (K1 and K2)

Sample A (kg/[s m4]) B (kg/m7) R2 K1 (m
2) K2 (m)

MgF-0 9.38 � 107 6.46 � 1011 0.9876 1.58 � 10�11 3.09 � 10�7

MgF-40 1.21 � 106 4.25 � 1010 0.9999 1.24 � 10�9 4.65 � 10�6

MgF-50 1.54 � 106 2.87 � 1010 0.9996 9.71 � 10�10 6.88 � 10�6

MgF-60 2.44 � 106 9.35 � 1010 0.9997 6.09 � 10�10 2.13 � 10�6

MgF-70 2.40 � 107 1.39 � 1011 0.9966 6.19 � 10�11 1.43 � 10�6

FIGURE 11 Influence of the foam morphology (circularity/

diameter ratio) in the non-Darcian permeability (K2) [Color figure

can be viewed at wileyonlinelibrary.com]
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The morphological analysis showed that all samples
exhibited a mixed open/closed porous structure. Pre-
liminarily, the addition of low amount of MgSO4�7H2O
(MgF-40) leads an increase in the bubble size. After-
wards, at increasing salt hydrate amount, a progressive
decrease in open porous morphology and pore size was
observed. Furthermore, it has been shown that the perme-
ability of porous composite structures depends signifi-
cantly both on the open porosity and on the tortuosity and
interconnection of the foam cavities. The presence of the
salt hydrates leads to an increase in permeability, com-
pared to the unfilled one (MgF-0), implying a beneficial
action to the water vapor diffusion. The optimal results
were found for the MgF-50 foam batch for which a maxi-
mum in the non-Darcian permeability was observed. In
particular, a K2 equal to 6.88 � 10�6 m was observed.
Based on these results, the circularity/diameter ratio was
identified as a bubble shape parameter suitable to discrim-
inate both close to open tortuous microstructure and
permeable morphologies.

A threshold salt hydrate content equal to 50 wt% was
identified, beyond which the composite structure loses its
effectiveness in terms of permeability. For this threshold
formulation, a storage energy density equal to 650 kJ/kg
(about 300 GJ/m3) is estimated.

These value, could identify a suitable industrial com-
promise between performance and prevention of undesired
issues (such as agglomeration, coalescence, and corrosion)
that limit the wide applicability of this salt hydrate.
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