
Document downloaded from:  

http://hdl.handle.net/10459.1/64664 

The final publication is available at:  

https://doi.org/10.1016/j.solener.2018.08.075 

Copyright  

cc-by-nc-nd, (c) Elsevier, 2018 

  Està subjecte a una llicència de Reconeixement-NoComercial-
SenseObraDerivada 4.0 de Creative Commons 

http://hdl.handle.net/10459.1/64664
https://doi.org/10.1016/j.solener.2018.08.075
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


1 

MgSO4∙7H2O filled macro cellular foams: an innovative composite sorbent for thermo-1 

chemical energy storage applications for solar buildings  2 

Vincenza Brancato1,*, Luigi Calabrese1,2 , Valeria Palomba1, Andrea Frazzica1, Margalida Fullana-Puig3,4, 3 

Aran Solé5, Luisa F. Cabeza3 4 

1CNR – ITAE – Istituto di Tecnologie Avanzate per l’Energia “Nicola Giordano”, Salita S. Lucia sopra 5 

Contesse 5, Messina 98126, Italy 6 

2Department of Engineering, University of Messina, Messina, Italy 7 

3GREiA Research Group, INSPIRES Research Centre, Universitat de Lleida, Pere de Cabrera s/n, 25001-8 

Lleida, Spain 9 

4CIRIAF-Interuniversity Research Centre on Pollution and Environment Mauro Felli, Via G. Duranti 63, 10 

06125, Perugia, Italy 11 

5Department of Mechanical Engineering and Construction, Universitat Jaume I, Campus del Riu Sec s/n, 12 

12071 Castelló de la Plana, Spain 13 

14 

* Corresponding author: Vincenza Brancato. Email: vincenza.brancato@itae.cnr.it. Tel: +39 090 624243 15 

Keywords: MgSO4∙7H2O, composite foams, thermochemical energy storage, sorption storage, salt hydrate, 16 

silicon based.  17 

Abstract 18 

For seasonal energy storage using solar energy in buildings heating and DHW, thermochemical technology 19 

represents the most promising alternative due to the virtually absence of heat losses during storage period. 20 

This work focuses on silicone foams, filled by MgSO4∙7H2O, as innovative composite sorbents for sorption 21 

thermal energy storage applications. The necessity to enclose the salt hydrate in the polymeric foam arises 22 

for overcoming the issue of swelling, agglomeration, and/or deliquescence of the salt during its de/hydration 23 

process. Indeed, the foam with its flexible structure allows the safe volume expansion during the hydration 24 

phase of the salt. The foam samples presented in this paper were obtained by mixing the salt hydrate at 25 

various percentages (from 40 wt.% up to 70 wt.%) with a mixture of two water vapour permeable silicones. 26 

The foams were characterized by a complete physicochemical and morphological examination in order to 27 

evaluate their actual application in sorption energy storage systems. It was demonstrated that a good link 28 

seems to be established between the foam and the salt, and that the de/hydration capacity of the salt is not 29 

hindered by the foaming process, storage ability and storage density of the composites are expected to be in 30 

line with those of the pure material. 31 
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1. Introduction 1 

According to the International Energy Agency (IEA), space heating and cooling together with water heating 2 

account for about 60% of global energy consumption in buildings (International Energy Agency, 2013). This 3 

means that the heating and cooling in buildings represents the main sector in which it is possible to achieve 4 

relevant energy and Greenhouse gas (GHG) emission savings. Solar energy represents the most attractive 5 

solution to reduce the dependency on fossil fuels, especially for space heating and domestic hot water 6 

(DHW) production. In such a context, the roadmap of the Renewable Heating and Cooling platform 7 

identified as one of the priorities the development of Solar-Active-Houses (SAH), able to cover up to 60% of 8 

their energy demand by means of solar source (RHC European Technology Platform, 2014). A crucial 9 

technology to develop in order to achieve this goal is represented by the seasonal thermal energy storage 10 

(TES), able to provide heating energy during winter season by shifting the solar thermal energy harvested 11 

during summer season (Xu et al., 2014).  12 

Different technologies are available for storage of solar energy, namely sensible heat, latent heat and 13 

thermochemical heat storage (Xu et al., 2014). However, for seasonal energy storage, thermochemical 14 

technology represents the most promising alternative, due to the virtually absence of heat losses during 15 

storage period. A growing interest has been recently devoted to thermochemical storage and thermochemical 16 

storage materials (TCMs), with the aim of synthetizing materials with high energy density and cycle stability 17 

for long-term operation (Aydin et al., 2015; Cabeza et al., 2017; Donkers et al., 2017).  18 

Several classes of TCMs were evaluated, such as zeolites (Jänchen et al., 2004) and zeotypes (Yu et al., 19 

2013), but among them, salt hydrates present outstanding properties, in terms of theoretical storage capacity 20 

in the range of temperatures of interest (<100°C), which can reach 3 GJ/m3 (Donkers et al., 2017; 21 

Rammelberg et al., 2016). Nonetheless, their practical application still needs research efforts, in order to 22 

overcome different problems arising in the realisation of a storage system. Among them, the most critical are 23 

represented by the low thermal conductivity of the materials (Kleiner et al., 2017), that affect heat transfer, 24 

and the agglomeration and swelling phenomena, that limit vapour permeation, inducing degradation after 25 

cycling (De Jong et al., 2014; Donkers et al., 2016). In order to prevent such issues, the use of composites 26 

sorbents was proposed and currently represents a topic of great interest (Gordeeva and Aristov, 2012). This 27 

class of materials is based on two components: the host matrix and the inorganic salt placed inside the matrix 28 

pores. Several types of matrices and/or additives were proposed for application with salt hydrates, such as 29 

mesoporous materials, clays and carbonaceous structures (Xu et al., 2018; Zhao et al., 2016). 30 

Whiting et al. (Whiting et al., 2013, 2014) and Hongois et al. (Hongois et al., 2011) used the wet 31 

impregnation method for the realisation of a MgSO4 into different types of zeolites. Outcomes of the 32 

experimental campaigns carried out was that the form-stable composite represent a promising TCM for long-33 

term storage purposes, thanks to their improved thermal properties, and thermal and chemical reliability. 34 

Posern et al. (Posern and Kaps, 2010) used wet impregnation technique on a mixture of MgSO4 and MgCl2 in 35 



3 
 

attapulgite matrices. Several studies on composites CaCl2 are reported: investigated matrix and synthesis 1 

method include impregnation on iron silicate (Ristić and Henninger, 2014) and bentonite (Kerskes et al., 2 

2010), impregnation in mesoporous silica gel (Courbon et al., 2017; Zhu et al., 2006) and synthesis in silica 3 

gel with the sol-gel method (Mrowiec-Białoń et al., 1997). Jabbari-Hichri et al. (Jabbari-Hichri et al., 2017) 4 

studied CaCl2 with three different matrices: silica gel, alumina and bentonite showing that the best 5 

performance in terms of stored/released heat and water sorption capacity was obtained with the silica gel 6 

impregnated composite.  7 

Recently, also different porous materials and structures were proposed. For instance, (Liu et al., 2015) 8 

developed a composite mesoporous honeycomb element based on Wakkanai siliceous shale (WSS) and 9 

lithium chloride (LiCl) for application in an open sorption thermal energy storage system, that showed good 10 

ciclability. Gaeini et al. (Gaeini et al., 2018) reported the comparison among composite sorbents employing 11 

calcium chloride as salt and different matrixes, namely, vermiculite, expanded graphite and a novel micro-12 

encapsulation method based on ethyl cellulose, with high content of salt (>80%wt.). (Grekova et al., 2016) 13 

proposed the synthesis of composites with multi-wall carbon nanotubes embedding CaCl2, LiCl and LiBr. 14 

Interestingly, they investigated not only water but also methanol as working fluid for closed sorption TES 15 

applications.  16 

Generally, composites present enhanced properties with respect to the pure salts, in terms of thermal 17 

conductivity and chemical and physical stability. However, the major limit of the investigated matrixes is 18 

their rigid structure, which may suffer of long-term stability issues, due to the forces induced by the salt 19 

solution expansion during the hydration phase. Furthermore, the salt is usually confined into open pores, 20 

which are not able to keep the solution in case of oversaturation, causing a degradation of the composite 21 

itself. In this regards, polymeric foams can overcome most of the reported issues, since they present a 22 

flexible structure, allowing for the safe volume expansion during the hydration phase. Furthermore, some 23 

polymeric foams are permeable towards water vapour, allowing the vapour reacting also with salt confined 24 

inside closed porosity (Robb, 1968; Shui Wai Lin and Salvador Valera Lamas, 2011). This would inhibit the 25 

loss of salt solution in case of oversaturation. These features can be beneficial for the development of 26 

innovative composites with high energy storage density, thanks to the possibility of varying the pore size and 27 

pore volume, thus hosting relevant amount of salt. A similar approach has been successfully proposed for the 28 

realization of composites based on zeolites and polymeric foams for adsorption heat pump applications 29 

(Luigi Calabrese et al., 2017a, 2017b).   30 

In the present work, a flexible composite for seasonal storage of solar energy is presented for the first time, 31 

consisting of silicone foams filled with MgSO4∙7H2O. Different foam samples were synthetized by mixing 32 

the salt hydrate at various percentages (from 40 wt.% up to 70 wt.%) with a mixture of two water vapour 33 

permeable silicones. The foams were then characterized by means of thermogravimetric measurement and 34 

FTIR analysis Foam morphology was evaluated by optical 3D digital microscope and scanning electron 35 

microscopy. Furthermore, the composition of the different phases was determined by energy dispersive 36 
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electron microscopy (SEM-FIB Zeiss Cross Beam 540). Furthermore, the composition of the different phases 1 

was determined by energy dispersive spectroscopy (EDS) (Aztec Oxford).  2 

In order to assess the ability of the synthetized foam-salt composites to properly react with water vapour 3 

under typical working conditions, thermo-gravimetric dehydration tests were performed by means of a 4 

modified Labsys Evo SETARAM apparatus, whose main features are reported in the literature (Frazzica et 5 

al., 2014). The tests were performed as follows: the sample was weighted in an external microbalance, and 6 

then loaded inside the TG apparatus. Evacuation was performed at room temperature, down to 1 10-3 mbar. 7 

Afterwards, water vapour generated by an evaporator at 20°C was admitted in the testing chamber creating a 8 

pure water vapour atmosphere at 23.4 mbar. Subsequently, a heating ramp from 30°C up to 150°C was 9 

performed to evaluate the amount of water exchanged under these conditions. For each sample, three 10 

different specimens were extracted and tested, in order to take into account also possible inhomogeneity of 11 

the prepared samples. 12 

 13 

3. Results and discussion 14 

 15 

3.1. Salt hydrate and matrix characterization 16 

Figure 3(a-c) shows the typical spectrum of MgSO4∙7H2O salt and siloxane compounds, used in the 17 

composite foams, as filler and matrix, respectively.  18 

 19 
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peak related to stretching vibrations of its reactive Si-H group. Of course, this peak was not observed in 1 

PDMS compound, that showed instead two well defined peaks at 2910 cm-1 and 680 cm-1 that can be related 2 

to stretching and bending of Si-OH groups, respectively (Luigi Calabrese et al., 2017b). 3 

 4 

Thermal analysis was used to obtain information about both the dehydration of the pure salt hydrate and the 5 

stability of the polymeric matrix in a large range of temperatures. The results of the TG measurements are 6 

reported in Figure 4(a-b). TGA curves of the cross-linked PDMS and PMHS compounds show a small 7 

weight loss (-5.45%) in the temperature range 25-300°C (Figure 4a). In order to better evaluate the mass loss 8 

at increasing temperature, also the first derivate of TG-signal (DTG) was reported in Figure 4b. Hosseini et 9 

al. (Hosseini and Ameri, 2017) reported that the TGA curve of the PDMS/PMHS shows a large weight loss 10 

between 250-375°C, indicating that the decomposition of the silicone structure occurs at temperatures higher 11 

than the investigated range. In addition, Hosseini and Tanaka (Hosseini and Ameri, 2017; Tanaka et al., 12 

2010) attribute the slight weight loss up to 200°C to the removal of hexane and hydrogen formed by the 13 

reaction of PDMS and PHMS. The lack of any peaks in the first derivate signal, reported in Figure 4b, is a 14 

demonstration that the degradation process of the polymer is still starting, but it does not become relevant 15 

until 300°C. Indeed, it is worth pointing out that the range of temperatures in which the composite foam will 16 

be employed (25-130°C approximately) is not contained in the degradation range of the TG-measurements 17 

study, thus it is possible to assert that the pure foam is stable in the range of temperature needed for the 18 

application.  19 

The thermal analysis of pure MgSO4∙7H2O shows a significant sensitivity to the dehydration process with the 20 

increasing of temperature. In particular, analysing the curve, the dehydration process of the salt can be 21 

divided in three steps, each one accompanied by a peak showed in the first derivate signal in Figure 4b. Each 22 

dehydration step corresponds to the loss of one or more molecules of water. Going into more details: 23 

 Stage I: The first dehydration step occurs between room temperature and 50°C, consisting of 6.45% 24 

mass loss; this stage can be related to the loss of a water molecule: the transition of MgSO4∙7H2O to 25 

MgSO4∙6H2O occurred. It is worth to note that this process already starts at about 25°C, indicating 26 

that the dehydration in magnesium sulphate hexahydrate is energetically favoured.  27 

 Stage II: The second stage takes place between 50°C and 245°C. This stage is characterized by the 28 

largest mass loss (43.24%) in the studied range of temperatures.  29 

In this case, two dehydration sub-steps can be identified. The first consists of an abrupt reduction of 30 

mass weight and occurs between 50°C and 150°C. Vice versa, between 150°C and 245°C a more 31 

gradual reduction in mass loss takes place. In the first sub-step, a reduction of about 38.71% is 32 

calculated, indicating a loss of approximately 5.35 water molecules. A further weight loss of 4.53% 33 

was estimated in the second sub-step. Consequently, 0.62 water molecules are released in this case. 34 

Globally, this dehydration stage involves the transition from MgSO4∙6H2O to MgSO4∙0.1H2O.  35 



1 

2 

3 

4 

5 

6 

7 
8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

 

 Stag

0.95

Mg

The reporte

F
 

3.2. Foam c

First, the ev

results are r

Bulk densit

calculated u

Where ρfoam

The results 

varying from

the density 

Calabrese e

increasing s

of the foam

behaviour c

ge III: The l

5%, correspo

gSO4 is comp

d results are 

Figure 4. TGA 

characterizat

valuation of 

reported in T

 

FOAM4

FOAM5

FOAM6

FOAM7

ty was calcu

using the equ

m and ρbulk are

highlight th

m 1.25g/cm3

of the pure

et al. (Luigi C

salt content. 

med structur

can be justi

last dehydrat

onding to abo

pleted. 

in close agre

measurement 

tion 

f density and

Table 1.  

ρfoam  
(g/cm3) 

40 0.40 
50 0.45 
60 0.51 
70 0.57 

ulated apply

uation: 

e foam and c

hat the dens
3 (FOAM40)

 silicone foa

Calabrese et 

Furthermore

re (passing 

fied conside

tion stage oc

out 0.1 water

eement with 

of unfilled foa

d foam poros

Table 1. Main

ρsalt hydrate

(g/cm3) 

1.67 

ying the mix

𝐹𝑜𝑎𝑚 𝑝𝑜

composite de

sity of the b

) to 1.46 g/c

am. Indeed, 

al., 2017b). 

e, the addition

from 0.40g

ering that th
9 

ccurs betwee

r molecules.

the data rep

 

am: (a) mass lo

sity was per

n characteristic

ρPDMS 
(g/cm3) h

0.97 

xture rule o

𝑜𝑟𝑜𝑠𝑖𝑡𝑦 1

ensity, respec

bulk grows w

cm3 (FOAM7

this last has

The foam p

n of salt in th

g/cm3 for FO

he foam with

en 245°C and

During the l

orted by van

ss percentage;

formed for a

cs of the foams

% salt 
hydrate

ρ
(g

40% 1

50% 1

60% 1

70% 1

on constituen

1
𝜌
𝜌

 

ctively. 

with the inc

70). The obt

s a density e

porosity of th

he formulati

OAM40 up 

h lower salt

d 300°C and

last stage, the

n Essen (van 

 (b) first deriv

all the synth

s 

ρbulk  
/cm3)

F
poro

1.25 

1.32 

1.39 

1.46 

nt content. T

reasing cont

tained values

equal to 0.28

he composite

on induces a

to 0.57g/cm

t content is 

d involves a m

e transition t

Essen et al., 

vate of TG-sign

hetized foam

Foam  
osity (%) 
68% 

66% 

63% 

61% 

The foam p

tent of the s

s are always

8  g/cm3, as 

e samples de

an increase in

m3 for FOA

characterize

mass loss of

to anhydrous

2009).  

nal 

ms. The main

porosity was

salt hydrate,

 higher than

reported by

creases with

n the density

AM70). This

ed by better

f 

s 

 

n 

s 

, 

n 

y 

h 

y 

s 

r 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

 

foaming ca

chemical re

induced by 

effective, an

foam is hom

Figure 5 sh

related to si

in PMHS c

preventing 

bending vib

The effectiv

OH (~680 

PDMS and 

The broad a

bending mo

The optical

distribution 

section of th

show very 

characterize

homogeneo

water vapou

Even thoug

vapour (Rob

water vapou

permeable s

apacity.  The 

eaction betw

 the couplin

nd, as will b

mogeneous ev

hows the FTI

iloxane bond

compounds. 

a clear ident

bration of SO

ve and  comp

cm-1) and Si

PMHS silox

absorption ba

odes, respecti

l microscope

 as well as t

he samples a

similar mo

ed by sphero

ously distribu

ur can easily 

gh the foams

bb, 1968; Sh

ur also inside

structure cha

salt, not ac

ween PDMS 

ng dehydrog

be shown by 

ven for samp

IR spectrum 

d, due to the 

This broad 

tification of 

O4 groups of m

plete crosslin

i-H groups (

xane compou

and at 3500 c

ively, of hyd

e, equipped 

the homogen

at various sal

orphology re

oidal shaped

uted along th

diffuse insid

s show a mi

hui Wai Lin 

e the closed 

aracterized by

ctively partic

and PMHS

genative reac

optical micr

ples with hig

of a compo

chemical rea

peak overla

f the salt. Ho

magnesium s

nking of the 

(~2100 cm-1

unds chemic

cm-1 and wel

droxyl groups

Figure 5. FT

with a high

neity of the 

lt contents al

egardless of

d cells, prese

he cross sect

de the porous

ixed open/cl

and Salvado

cell, where t

y excellent so

10 

cipating in th

S, resulting i

ction. Howev

roscopy ima

gh contents o

osite foam (F

action betwe

aps the asym

owever, the 

sulphate salt

composite fo

) are very d

cally interact

ll defined pe

s of intracrys

TIR spectrum

h-resolution p

salt disperse

long foaming

f the amoun

ent a mixed 

tion and they

s structure. 

lose cell stru

or Valera La

the grains of 

orption perfo

he foaming 

in a lower e

ver, the ach

ges (Figure 

f salt. 

FOAM50). T

een hydroxyl

mmetric and 

peak at abo

.  

foam is confi

depressed. Th

ed together m

ak at 1640 cm

stalline water

m of FOAM50

photo-camer

ed inside the

g direction. T

nt of hydrat

open/closed

y are well in

ucture, PDM

amas, 2011)

f the salt hydr

ormance.  

phase, acts 

efficacy on 

hieved poros

6), the cellul

The large pea

group in PD

symmetric 

out 620 cm-1

rmed observ

his verifies 

making a we

m-1 can be as

r in magnesi

 

0 

ra, was used

 structure. F

The pictures 

ted salt add

d cell structu

nterconnected

MS has a hig

that assures

rate could be

as an inert 

the increase

sity level is 

ular microstru

ak at about 

DMS and hyd

vibration pe
1 can be asc

ving that the 

that all reac

ell cross-link

ssigned to st

ium sulphate

d to investig

Figure 6 show

 highlight th

ded. All foa

ure. The bub

d each other

gh permeabil

s a good diff

e embedded, 

filler in the

e in volume

in any case

ucture of the

1000 cm-1 is

dride groups

eaks of SO4

cribed to the

peaks of Si-

ctive sites of

ked network.

tretching and

e salt. 

ate the pore

ws the cross

hat the foams

am samples,

bbles appear

r, so that the

lity to water

fusion of the

producing a

e 

e 

e 

e 

s 

s 

4 

e 

-

f 

. 

d 

e 

s 

s 

, 

r 

e 

r 

e 

a 



1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

 

As mention

In other wo

Table 1, i.e

the polymer

The magnif

low (i.e. 40

instead, the

wt.%). This

foaming pro

It has to be 

al., 2017b), 

confined an

performed t

magnificatio

salt hydrate

Figu

ned before, F

ords, it is ob

. FOAM70, 

ric matrix its

fication of th

0 wt.%), sma

e polymeric 

s can be jus

ocess is not a

Figure 7

 pointed out

only physic

nd constraine

to carefully 

on of 800x, 

 found in the

re 6. Optical 

Figure 6 high

served a slig

it influences

self.  

he pore struc

all size granu

foam is tota

stified by th

able to homo

7. Magnificati

t that, differe

cal links take

ed inside the

analyse the 

of sample F

e area, are rep

microscopy p

hlights that in

ghtly lower f

s the flexibili

cture reporte

ules of the h

ally covered

he limited pe

ogenously em

ion of porous

ently from th

e place betwe

e porous stru

distribution 

FOAM40. ED

ported in the

11 

photos of fille

ncreasing the

foam porosit

ity of the com

ed in Figure

hydrated salt

by grains o

ercentage of

mbed all the s

s structure of

he composite

een the salt p

ructure. Scan

of salt insid

DS spectra, 

e same figure

ed foams at v

e salt conten

ty especially

mposite poro

7 evidences 

(i.e. about 5

f salt when 

f polymeric 

salt grains. 

f filled foams 

es employing

powder and t

nning Electro

de the foam.

obtained on 

e. 

various perce

nt causes a re

y for the high

ous structure

that when t

5 μm) are co

high percen

foam, whic

at various pe

g zeolite as f

the polymeri

on Microsco

. Figure 8 sh

the pure ma

entage 

eduction of f

her amount 

e, due to the 

the amount o

onfined insid

ntages are ad

ch, probably

ercentage 

filler (Luigi 

ic foam. Thu

opy (SEM) a

hows the mi

atrix and on 

foam ability.

of salt – see

reduction of

of the salt is

de the pores;

dded (i.e. 70

, during the

Calabrese et

us, the salt is

analysis was

icrograph, at

the grain of

 

. 

e 

f 

s 

; 

0 

e 

 

t 

s 

s 

t 

f 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

 

The microg

the salt hyd

voids or mi

the effective

salt hydrate

of the comp

characterist

confirmed b

graph shows a

drate is well 

cro cracks in

e filmogenei

e, which in th

posite foam. 

ic elements 

by silicon pe

Figure 8. M

a grain of sa

adherent to

ndicating a g

ity of the sil

his way is en

The EDS sp

of the matri

ak due to silo

Micrograph a

lt hydrate co

 the silicone

good intercon

oxane matrix

ncapsulated i

pectra, evalua

ix is still pre

oxane compo

12 

  

and EDS spec

overed by the

e foam. Foam

nnection betw

x allowed so

in the structu

ated in two d

esent on the 

ounds.  

ctra of FOAM

e matrix and 

m walls cros

ween salt hy

ometimes the

ure reducing

different poin

grain of sal

M40 sample 

well embedd

ss sections a

ydrate and po

e formation o

the risk of r

nts of the sam

lt hydrate co

ded in it, con

are homogen

olymer matri

of a coating 

removal duri

amples, highl

overed by th

nfirming that

nous without

ix. However,

layer on the

ing handling

light that the

he matrix, as

 

t 

t 

, 

e 

g 

e 

s 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

 

Fig

TGA invest

temperature

the salt is c

results of th

inside the m

evident that

particular, t

a mass loss 

performanc

previous lig

foams. Nev

salt hydrate

efficiency in

more difficu

Further det

temperature

evidenced tw

30°C, a sm

gure 9. TGA m

tigation was 

e. The experi

characterized

he composite

matrix, the b

t the mass lo

the pure salt 

of 13.86% a

es slightly le

ghtly dehydr

ertheless, an

e filler. Anyw

nside the ma

ult and the lo

tails on deh

e for all sam

wo evident m

all mass red

    

measurement

used to ana

imentation on

d by the mo

e foams, sho

behaviour of 

ss (see Figur

hydrate evid

and 31.10%,

ess effective 

ation of the 

nother experi

way, as evid

atrix; for high

oss is higher.

hydration pr

mples. Exclu

mass drop (F

duction can b

t of the foams

alyse the deh

n the main c

st consistent

owed in Figu

the foams is

re 9a) is not p

denced a mas

, respectively

that the theo

salt hydrate 

mental evide

denced befor

her content o

 

rocess can b

uding the pu

Figure 9a) at 

be identified

13 

s: a) mass los

hydration be

constituents o

t mass loss 

ure 9, reveal

s more comp

proportional

ss loss of 50

y, indicating

oretical one.

occurred du

ence is that h

re, the lower

of salt hydrat

be assessed

ure siloxane 

low and med

. This transi

ss percentage

haviour of th

of the foam (

in the invest

l that, increa

parable with

 to the perce

.65%. Instea

g that the com

One possible

uring the pre

handling the 

r is the salt 

te, an effecti

d analysing 

foam (FOA

dium temper

ition, similar

 

 

b) first deriv

he composit

(showed in F

tigated range

asing the am

h that of the 

ntage of the 

ad, FOAM 40

mposite foam

e reason for 

eparation step

foams produ

content the 

ive linking o

the mass lo

AM0) all co

rature, respec

rly to the int

 

vate of TG-si

te foams wit

Figure 4) high

e of tempera

mount of the 

pure salt. A

salt inside th

0 and FOAM

ms exhibited 

this behavio

p at 60°C fo

uces a slightl

better is the

of the salt to t

oss trend a

omposite foa

ctively. Initia

terpretation p

gnal 

th increasing

hlighted that

atures. TGA

salt hydrate

Anyway, it is

he matrix. In

M 70 showed

dehydration

ur is that a a

or 24h of the

ly loss of the

e embedding

the matrix is

at increasing

ams samples

ally, at about

proposed for

g 

t 

A 

e 

s 

n 

d 

n 

a 

e 

e 

g 

s 

g 

s 

t 

r 



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 
19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

 

the pure hy

temperature

intracrystall

the weight l

in the grap

composite f

hydrate. Th

quantity of 

seems to be

30°C.   

In order to 

under typic

performed t

loss of abou

of the pure 

in the range

Figure 10. T

In order to 

the nominal

expected m

lower than 

calculate the

Table 2 sum

of foam for 

is always le

results can b

- part

ydrate, is as

e range of ab

line water fro

loss phenom

ph. The first

foams). Vice

his phenomen

released wat

e constant reg

assess the a

al working c

tests are repo

ut 45% at 150

polymeric fo

e of investiga

Thermo-grav

calculate the

l salt conten

mass loss quan

expected. St

e actual salt 

mmarizes the

each sample

ess than 10%

be caused by

tial dissoluti

scribed to lo

bout 60-180°

om the salt h

mena related t

t peak rema

e versa, the s

non depends 

ter higher is 

gardless the 

ability of the

conditions, t

orted in Figu

0°C, corresp

oam, also FO

ated temperat

vimetric dehy

e mass loss f

nt of each sa

ntity of the p

tarting from 

content.  

e performed c

e. It is eviden

%, except for 

y the followin

on of the salt

oss of a sing

°C a signific

hydrate. Also

to the increas

ins approxim

second peak 

from the am

the peak tem

amount of th

e synthetized

thermo-gravi

ure 10. In par

ponding to ab

OAM0 sampl

tures.   

ydration meas
an

for the comp

ample. As rep

pure salt, dem

the water m

calculations,

nt that the sp

sample FOA

ng experimen

t inside the s

14 

gle water m

cant loss in w

o the first der

sing tempera

mately const

moves to hi

mount of wat

mperature. In

he filler emb

d composites

imetric dehy

rticular, the p

bout 6 water 

le was tested

surements in
nd filled samp

posite sample

eported in Fi

monstrating 

mass loss, me

 as average o

pread betwee

AM70 where

ntal issues: 

solvent durin

molecule in t

weight can b

rivate of the 

ature. Indeed

tant for all 

igher temper

ter that come

n any case, th

bedded in the

s foam-salt t

ydration tests

pure salt was

molecules re

d as referenc

 presence of w
ples 

es, the refere

igure 10, non

that the actu

asured for ea

of the three e

en the nomin

e the spread r

ng the foam p

the salt hydr

be identified

TG-signal (s

d, two peaks 

samples (fro

ratures incre

es out from t

he on set tem

e matrix and 

to properly r

s were perfor

s tested as re

eleased. To u

e. It showed 

 

water vapour

ence salt mas

ne of the tes

ual salt conte

ach tested sa

experiments 

al salt conten

reaches a hig

preparation p

drate. Afterw

d, due to a la

see Figure 9b

can be clear

om the pure

easing the am

the samples h

mperature of

approximate

react with w

rmed. The r

eference, sho

understand th

d a negligible

r at 23.4 mba

ss was taken

sted samples

ent for each c

ample, it was

on three diff

nt and actual

gher value. T

phase; 

wards, in the

arger loss of

b) highlights

rly identified

e salt to the

mount of salt

higher is the

f these peaks

ely equals to

water vapour,

esults of the

wing a mass

he behaviour

e weight loss

ar of unfilled 

n considering

s reaches the

composite is

s possible to

ferent pieces

l salt content

The obtained

e 

f 

s 

d 

e 

t 

e 

s 

o 

, 

e 

s 

r 

s 

g 

e 

s 

o 

s 

t 

d 



15 
 

- loss of salt during the handling of the samples; and 1 

- incomplete incorporation of the salt inside the foam during the foaming process, due to the 2 

incomplete foaming process induced by the excessive amount of salt employed.  3 

Table 2: Water mass loss measured during the performed tests and actual salt content calculated for each tested 4 
samples. 5 

Sample 
Initial mass 
sample (mg) 

Total weight 
loss (mg) 

Nominal salt  
content 
[wt.%] 

Water mass 
loss  

[wt.%] 

Actual salt  
content 
[wt.%] 

Pure 
MgSO4ꞏ7H2O 

37.39 16.4 100 43.90 100 

FOAM40 52.62 8.7 40 41.29 37.15 
FOAM50 96.86 17.7 50 36.50 41.08 
FOAM60 110.87 28.1 60 42.02 56.74 
FOAM70 90.37 23.6 70 37.05 58.37 

 6 

Summing up the results obtained from the experimental campaign on the silicone foams added with 7 

MgSO4∙7H2O, it is possible to assert that the amount of salt hydrate, that can be added to the matrix, have to 8 

be carefully evaluated because it was observed that high amount of filler does not assure a correct embedding 9 

in the matrix. The hypothesis that a salt hydrate threshold value, approximately 60%, beyond which the 10 

silicone matrix is not able to efficiently incorporate salt hydrate, is highly credible. Furthermore, the foams 11 

with lower amount of salt hydrate (FOAM40 – FOAM50) show a better foam capability that assures also a 12 

high flexibility of the composite porous structure. Nevertheless, they clearly show lower dehydration ability 13 

than the sample with a higher content of filler (FOAM60 – FOAM70). Therefore, once again, the foam 14 

realized with an amount of filler of around 60% seems to be a good compromise between foam ability, 15 

flexibility and de/hydration capacity. 16 

Regarding the thermal energy storage applications, the results indicated a sensibility to the salt content in 17 

terms of de/hydration behavior in a range of over 20 K, with an increasing tendency to release water 18 

molecules at high temperature for a higher salt content. Such an aspect is of great interest for thermal energy 19 

storage applications, foreseeing the possibility of tailoring the material for each specific application (i.e. 20 

charge/discharge temperature requirement) by simply changing the amount of salt within the composite. 21 

Finally, since a good link seems to be established between the foam and the salt, and that the de/hydration 22 

capacity of the salt is not hindered by the foaming process, storage ability and storage density of the 23 

composites are expected to be in line with those of the pure material. 24 

 25 

4. Conclusions 26 

The paper deals with innovative composite sorbents for sorption storage applications, realised by embedding 27 

MgSO4ꞏ7H20 inside a polymeric matrix. The polymeric material, made by a mixture of 28 

poly(methylhydrosiloxane) (CH3(H)SiO)n and a silanol terminated polydimethylsiloxane with proper 29 

catalyst, was employed to form a polymeric foam that represents the hosting matrix for the salt hydrate, 30 
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MgSO4ꞏ7H2O, which was chosen for its excellent sorption capacity. The polymers were selected for their 1 

high permeability to water vapour, in order not to affect the water vapour diffusion during real operating 2 

conditions.  3 

Foams with various salt hydrate percentages (from 40 wt.% to 70 wt.%) were investigated, by means of: 4 

FTIR analysis that has demonstrated that all reactive sites of PDMS and PMHS siloxane compounds 5 

chemically interacted together making a well cross-linked network. Morphological analysis has evidenced 6 

that the morphology of the foam samples does not depend on the amount of filler and is characterized by 7 

spheroidal shaped cells, producing a mixed open/closed cell structure with bubbles homogeneously 8 

distributed along the cross section well interconnected each other, so that, the water vapour can easily diffuse 9 

inside the porous structure. SEM microscopy has revealed that the salt is confined and constrained inside the 10 

porous structure; and, finally, the study of the dehydration process of the salt inside the foam has permitted 11 

to suppose that a salt hydrate threshold value, approximately 60%, exists beyond which the silicone matrix is 12 

not able to efficiently incorporate salt hydrate. Indeed, the foam realized with an amount of filler of around 13 

60% seems to be a good compromise between foam ability, flexibility and de/hydration capacity.  14 

Regarding the thermal energy storage applications, the results indicated a sensibility to the salt content in 15 

terms of de/hydration behavior in a range of over 20 K, with an increasing tendency to release water 16 

molecules at high temperature for a higher salt content. It is then possible to conclude that the investigated 17 

composite foams can represent a promising candidate for thermal energy storage applications.  18 
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