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Abstract

Thermal energy storage using a reversible che action is a key parameter for increasing

the storage capacity especially for mediu temperature applications. The reversible

hydration/dehydration reaction of calcium hy: ide Ca(OH). to calcium oxide CaO is

among the most investigated system dug,to its reaction cyclability and interesting operating

temperature above 450 °C suitable fo perature applications. However, the indicated
reaction temperature was consi 00 high for some industrial applications which limit a
further development of ther ?@storage technologies using this promising reaction
system. In this regard, the%evelopment is a key point to broaden the application of
sustainable technologie is work, the investigation of Mayenite with general formula
Cai2Al14033 as a th cal energy storage material was conducted. Thereby, it was
confirmed the po ty Jof the pair “Cai2Al14012(0OH)42”/Cai12Al14033 to store and release
the heat thro chemical reaction thanks to a novel activation process of the pristine
Mayenite t nted for the first time in this work. This study might help to identify
new pair§ base@d on materials that have already been classified as inactive for the
hydratien/denydration reaction. In addition, it was found that the hydration reaction
tem r

that of CaO/Ca(OH).

e of “Ca12Al14012(0OH)42/Ca12Al14033 pair of 228°C is much lower compared to
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1. Introduction & Q
The use of renewable energy sources nowadays is vital in order to decrease t mptl n

of fossil resources and to decrease the carbon dioxide emissions partly kesponsible for the
greenhouse effect. Energy storage is a promising solution which allowsgadjusting the time-

discrepancy between supply and demand of energy. It is mainly applie the utilization of
intermittent energy sources, such as solar energy, variable energyaload, excessive energy
uses in industrial process that would be wasted. Energy can b@ different ways, such
as mechanical energy, electric energy, chemical energy rmal energy, where the last
one is potentially capable of improving the efficiency o@entrate solar power (CSP)
plants and upgrade of the recovered low grade heat infindustrial processes, among other
applications[1].

There are three well known methods for nergy storage (TES), sensible, latent and
chemical. The sensible and latent TES are the t developed technologies, where the first

system stores the heat by a temperattte,change of the storage material; while the second

system stores the heat by a phase chang storage material. However, the storage density

depends, in the first case, on the , the specific heat capacity of the storage medium and
the applied temperature c n@ The least developed TES technology is the
thermochemical storage, v&sed on the mass, the temperature range and the enthalpy
of the reversible chemi tion. This technology presents the highest theoretical energy

density compared to tha sible and latent heat storages [3].

In this perspective,‘thermochemical storage is considered as a very promising technology not

only due to it§ higheptheoretical storage energy, but also for the possibility of a long-term
storage applications, as the reaction products can be stored at room temperature without any
significan losses [4,5]. In the literature, different types of reversible reactions have

ed where the solid-gas reactions were extensively investigated due to some

antages such as easy separation of the reactants and, the dependence between the

equilibrium temperature and gas pressure, which allows adjusting the reaction temperature



of the system. For this purpose, many types of solid-gas reactions have been studied such as
reduction/oxidation[6—8], decarbonation/carbonation[9,10] and hydration/dehydrationl':l—

13]. Among these systems, hydration/dehydration systems present the most inte

temperature level that is suitable for high temperature TES applications such as thg
current CSP technologies and some industrial processes[14-17]. In this séfi
material is needed that is able not only to run the endothermic dehydratign reaCtien,
absorbing heat when is available, but also to conduct the reversible ex *hydration
reaction by fully releasing absorbed heat when is needed. The most Widelyfinvestigated

system is the calcium hydroxide/calcium oxide Ca(OH)./CaO pairgfollewing the reversible

hydration/dehydration reaction (eg. 1).
Ca(OH)2 + 104.4 kJ/mol - CaO + Hzoo

This system has been selected as the best candidate for @e equilibrium temperature
(450 °C — 500 °C), the low cost and non-toxicity erials, relatively high energy
density (450 kWh/m®), fast kinetics, reversibi nd g stability [12,18]. Most of the

chanisms and to evaluate the impact

studies have been focused on explaining t

of the physical bulk properties of the materi the operation characteristics of the storage

systems[11]. Those works were fogused on studying the reaction from a thermodynamic

perspective by using small sam ses in thermogravimetric apparatus and the

development of simulation models to and the behavior of the materials [19,20]. Other

research activities aimed to en@ reaction rate by improving the flowability of the
C

material by the addition% les as spacers or by the impregnation of calcium
hydroxide into inert matekia ming robust porous matrices [21]. In addition, some

research groups were

on mechanical cycling stability studies of the materials by

2/

storage material (calcium hydroxide) in a permeable shell.[3]

means of encapsul f
Recently, a step:o rddrad been made in order to investigate the behavior of the system in
edb

large scale in configuration[22] and moving bed concept [20]. Despite those efforts
the technaglogy i | under development and in an early research state.

O j back revealed by the experimental investigations is, that even when the
syst operated at very low vapor pressures (e. g. 10 kPa), a minimum charging

temperature of 450 °C is required in order to achieve technically relevant charging powers.



The high charging temperature limits the efficient application of the storage system into the

process. The main advantage of the new reaction pair proposed here is the possibility to adj
the reaction temperature. This offers the feasibility to apply it to other application

st
power tower CSP technologies that are operated at lower heat transfer fluid a gy
storage medium temperatures such as the parabolic troughs and linear Fresﬁ

even to thermal storage applications in e.g. process industry. Hence, a lo dehy@ration

E

temperature of the reaction would greatly enhance the efficient processgintegration of the
storage system for various applications [22,23]. Therefore, more efforts ake required in order

to develop new materials with equilibrium temperatures adapted toghe fimal applications. In
this regard, the investigation of new materials of magnesium dydro - porous matrix

composites was conducted aiming to overcome the aforementigned limitations [24].

Mayenite has been widely used as a major constitue ium aluminate cements.

Furthermore, this material has attracted the attentiop,of scientific and technological

f that material for thermochemical energy

storage applications. The preparation of the plige Cai2Al14033 material was obtained by

Evaporation-Induced Self-Assembly (BISA) method. The crystallographic structure of the

&)

material and the size and morpholog

particles were investigated by means of X-ray

powder diffraction (XRD) and niNg electron microscopy (SEM), respectively. The
simultaneous thermal analysiS§(S was used to investigate the thermophysical
characteristics, the equilib eaetion temperatures, conversion rate and the re-hydration

of the material.
2. Techniques an@
2.1. Material th

The Evapgration-fhduced Self-Assembly (EISA) method [26] was used for the synthesis of
mixed cal€i uminum oxide with the general formula Cai12Al14033. The aluminum
9H2103Al (98%) and calcium nitrate tetrahydrate Ca (NO3)2.4H20 (98%) are

received from Sigma-Aldrich, as aluminum and calcium precursors, respectively.

iSO

used, &

Typically, for 3 g of Ca12Al14033 material preparation, 6.12 g of CoH»2103Al is dissolved in a



pre-mixed solution of 60 mL of ethanol and 4.5 mL HNOs (67 wt. %) by vigorous stirring

stirred continuously for another 5 hours. Then, the mixture was dried at the oven a

for 1 hour. Then, to this homogenous solution, 6.072 g of Ca (NO3)2.4H>0 were added :nd

during 1 day in air under static condition. To study the effect of the calcination te
on the material crystallinity and particle size, four samples were calcined succ88sive
800, 1000 and 1100 °C, with a heating/cooling rate of 1 °C/min and a dwell fof10 houss.

thermodynamic behavior of the four samples was investigated in orde I tigate the
effect of the crystallinity and particle size on the hydration and dehydral@

,‘

In order to facilitate the understanding of the results the Mayenite samples were identified as
shown in Table 1 and the details about the activation process will be explained later in
section 3.

€SSES.

4
Table 1. Identification of Mayenite samples
Material Tcalcination [OC] Label
M-600-NA
600
M-600-A
Activated M-800-NA
) 800 :
Mayenite ated M-800-A
10 Non-Activated M-1000-NA
Activated M-1000-A
Non-Activated M-1100-NA
2.2. Activation process &
The samples prepa , 800, 1000 and 1100 °C were initially hydrated using a
hydrothermal set- owever, 100 mg of dry powders were introduced in alumina crucibles,

which, then ea€h crucible was introduced in a bottle of Teflon of 250 mL filled with 15 mL
of distilled systems were hermetically closed and introduced in a furnace at 170
°C for 30 @

2.3. I and morphology characterizations



The X-ray powder diffraction (XRD) and scanning electron microscopy (SEM) were
conducted to determine the structural characteristics and the particle size of the samples
prepared at 600, 800, 1000 and 1100 °C.

Bruker D8 Advance diffractometer equipped with a LYNXEYE detectog us al

radiation (\= 1.5418 A) and 0-20 geometry was used for XRD analysis. a e

collected at room temperature between 10° and 80° with a step size of 0.0 d a counting

time of 8 seconds per step. The Rietveld refinement of the crystallogm
performed using the WinPlotr/FullProf package[27]. The peak sh scribed by a

cture was

pseudo-Voigt function, and the background level was modeled usi olynomial function.
The refined parameters were: background coefficients, scale factori¥attiCe constants, atomic

positions, isotropic independent atomic displacement paramete shift, peak profile and

asymmetry parameters. Q
The samples were imaged by means of a SEM Qu@ G operated in high vacuum

mode at 30 kV featured with a secondary el n r (ETD). To perform the SEM
analysis, small amount of the powder was_plac graphite holder using double-sided
carbon tape.

2.4. Thermal analysis

Thermogravimetric analysis studies ried out by using simultaneous thermal analysis
(STA409, Netzsch). The meas were carried out on about 20 mg of the samples
placed in an alumina cruc ith*@volume of 100 pL at a constant heating/cooling rate of

2 K/min. The reversibili ydration/hydration reactions and the thermodynamic

properties, namely ter s of dehydration/hydration and cycle stability, were studied
using a simultane er analyzer (STA-449C Jupiter®, Netzsch). The set-up was
equipped with a @r generator (aDrop, Bronkhort®) and with a water vapor furnace.
A thermogravimetrici(TG) sample carrier with a thermocouple Type S and an accuracy of
+1K Wa@ mple sizes of ~6 mg were measured in Al>Os crucible (3.4 mL). In

addition, ogravimetric-differential scanning calorimetric (TG-DSC) sample carrier

permocouple Type K and an accuracy of £ 1 K was used. With these results the

reference material. Sample sizes of about ~6 mg were measured in open platinum crucibles



(95 pL). The accuracy of the thermo-balance was + 0.1 pg. The absolute pressure inside the

furnace was equal to the atmospheric pressure (96 kPa). Nitrogen was used as protective and
purges gas with a volume flow for both of 50 N-mL/min. The atmosphere surround&

sample was kept inert using 100 N-mL/min of nitrogen flow and water vapor. Ei

nitrogen was used or a mix of nitrogen and water vapor in order to obtain differe

pressures of water vapor. Partial vapor pressures of 68 kPa or 96 kPa + 1 kPﬁ ort
it

samples rehydration. Dynamic experiments were set to study the reversigili
with heating and cooling rates of 5 K/min and -5 K/min, respectively. Therelative enthalpies

reactions,

of dehydration were determined performing also dynamic experimefits, ith heating rates of
1 K/min. The cycle stability was evaluated at isothermal conditi efip€d as a function of

the temperatures of hydration determined in the previou periments. Ten cycles of

umid (pH2o = 68 kPa)

hydration and dehydration were performed alternating 4 an

atmosphere.

3. Results and Discussions @

3.1. Characterization of the samples.

The final synthesis temperature is a key param or obtaining pure samples with different

levels of crystallinity and particle siz8gkigure.1 presents the XRD diffractograms obtained
at room temperature for Cai2Al1403 @ § calcined at 600, 800, 1000 and 1100 °C. The

samples prepared at 600 and 80, how amorphous nature, where almost no peaks were
observed; while, the sampl eddat 1000 °C shows almost pure crystalline phase
corresponds to Mayenite %ith the presence of small peaks at around 28°, 30° and

31° corresponding to unic ied impurities. The sample treated at 1100 °C demonstrates a
good crystallinity witho % esence of any extra peaks related to some impurities. In order
to check the samp@an the crystallographic information of this material, a Rietveld
refinement w. n d using as a starting model the published Mayenite structure [28].

0
The refine BQJS are presented in Figure 2, where a good agreement between the
experimeftal andycalculated XRD patterns was obtained, which demonstrates the purity of

th treated at 1100 °C.
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Figure 1. XRD patterns obtained at room tempe e for Cai2Al14033 samples prepared at 600,
800, 1000 and 1100 °Cg(*) corresponds to unidentified impurities.
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Figure 2. Experimental (symbols) and calculate M patterns obtained for Cai2Al14033
prepared at 1100 °C. The bars in the lower p raphics represent the Bragg peak positions.

The obtained structure of Mayenite, CaaeAl14033, has a cubic crystal system with the space

group 1-43d and a lattice parameter of 11.982(1) A, containing two molecules per
unit (1720.24(2) A3). Figure 3a atesthe Mayenite structure that can be represented as
a tri-dimensional network of 12%6db-nanocages, where, each cage is elongated and contains

two crystallographic positw oxide ion and the two so-called extra-framework oxide

ions are randomly distri those cages[25,29,30]. The effective diameter of nanocages

is ranging between 0.4 0.56 nm depends on the oxide ion contained inside [25,31].

The extra-framew: ide ions can be replaced by monovalent species, such as OH™ group
[32]. There is @mai erence between the Mayenite which possesses an oxide ion inside
the nanoca s@e Zeolite structures is the charge polarity of the lattice framework;
cationic speciespare introduced to compensate for the negative charge caused by the
I¥* ion by Si** ion in the Zeolites, which, in this case, does not allow to the

su ion

oxi s in the cages to react with water molecules. The Zeolite structure counts with two

big cages, a-cage and B-cage with respectively internal diameter of 1.1 nm and 0.8 nm, which,
in this case, allows to Zeolite to adsorb a big quantity of water molecules[33]. This difference

9



leads to an hydration thermodynamics for Mayenite and not to water uptake compared to
conventional Zeolite structure. &
The hydration reaction can be described as follow:

Ca12Al14033 + X H20 = CapAliuOssx(OH)x + AH L 4 K

a cage

Figure 3. (a) Mayenite crystal structuréishowing the nanocages. (b) Zeolite crystal structure

illust @ age and 3 -cage.

The particle size and morpholog e oXide materials obtained at 600, 800, 1000 and 1100
°C were investigated by SEM analysis 4Figure 4 shows the obtained SEM micrographs where
a notable increase of the pa s size (~ 1.5 um) was obtained for the sample treated at 1100
°C, while a similar smal ss than 200 nm) was obtained for the rest of the samples. For
the material prepared Q we observe two types of particles, rods and spherical shape
that can be expla @ pyathe "non-sufficient reaction temperature where the reaction was
carried out indOrder™t@” form the crystalized mixed oxide of Mayenite. The particles

morpholog more homogeneous for the materials treated at 800, 1000 and 1100 °C,
where it Was obsgrved that the mixed phase becomes dominant for both samples.

v
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3.2. Thermal analysis

3.2.1 Activation of the materials

The hydration/dehydration analysis shows that t
prepared at 1000 and1100 °C is very hard
vapor (96 kPa) as shown in Figure 5,1n the case

o~

tion process of the pristine materials
conducted at low partial pressures of water
the pristine material prepared at 1100°C,

the sample showed about 2 wt% o ical reversibility during the first dehydration.

However, in the following cycles, thi¢ ibility is slightly higher; reaching up to 2.2 wt%

during the last hydration. A simj ndency is observed for the pristine material prepared at
1000°C. Nevertheless, th S nce due to the hydration and dehydration of M-1000-
NA was more significant from rst cycle in comparison with the M-1100-NA. In the first

close to 3 wt% was observed. While in the last cycle the

cycle a chemical reve @

chemical reversibilitygis ™ere than 4.5 wt%, even exceeding the initial mass which
corresponds to 10®mple mass. Therefore, and based on the comparison of different
analyses it was demonstrated that the hydration process becomes harder when the
crystallinifyof aterial increases. In addition, in the case of the material calcined at
1100 °C, (@e big size of the particles which refers to the high crystallinity of the sample
S y XRD pattern shown in Figure 5, the incorporation of the water molecule

a
beco more difficult in order to convert the oxide to hydroxide form.

11
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Figure 5. Chemical reversibility over 5 cycles (pr20 a) of Mayenite prepared at 1100 °C and

For that reason, we carried out an ex-situ hydrat nder severe conditions aiming to activate

the materials.

Thereafter, the high pressure of wat r created by a hydrothermal set-up, forces the
hydration process for the san@pared at 600, 800 and 1000 °C and generates a
hydration/dehydration re% avior for these materials as it was confirmed by

thermogravimetric analy;

The activated samples d a reversible behavior of hydration/dehydration under
operating tempera@we 125°C and 300°C (Figure 6). Which are considerably lower
than calcium @Xide ), for which theoretical hydration temperatures close to 250°C
(PH20< 2 kP Q}hydration temperatures close to 380°C (pH20< 1 kPa) have been
previously reported[18]. In addition, the sample prepared at 600°C (M-600-A) showed a
co

S S increase during the isotherm exceeding the initial mass (at t=0 min); this

cou a consequence of the low temperature of preparation that does not allow the

formati@p of the mixed structured (this was previously mentioned in section 3.1). Therefore,
after the first dehydration the anhydrous phase undergoes not only the reaction of

12



(re)hydration but seems to continuously adsorb water on the surface of the powder sample.
In contrast, the other two samples, M-800-A and M-1000-A, reached a constant mass
increase during the isotherm. This demonstrates that the reaction has reached equil&

and hence, that no higher chemical conversion can be reach under these operatin9g S

(125°C and pr20=96 kPa). L4
I\

Mass change [%]
+— M-600-A

—o— M-800-A

—<o— M-1000-A

t [min]

Figure 6. C 'uibility of activated samples
However, this new fint remove huge barriers in order to expand the

systems with water vapor to new mixed materials which

thermochemical energ @ o

cannot be conside at purpose due to their initial inability to react with water

molecules (inacti atgrials). This pre-hydration process is considered as an activation
process for th@ls to facilitate their further hydration/dehydration cycling.

On the otm, unsuccessful activation process was obtained for the material prepared
at °C
in

the material prepared at temperature of 1000 °C exhibits a change of the particle

the big size particles and the high crystallinity as it is shown in Figure 7

13



morphology generating hexagonal shape that confirms the formation of the hydrated form.

Figure 7. SEM micrographs Cai2Al1403; materials calCi °C (a) anhydrous and (b)

hydrated; and at 1100 °C (c) anhydrous d) hydrated.

3.2.2. Thermodynamic study

The relative enthalpies of dehydration were
curves for the active samples, taking,the well-kn
results obtained are showed in Table
enthalpy of dehydration is the sam
agreement with the TG-Results showet
1000-A is the one with the highedAmp (~27 wt%), hence a greater amount of water is

involved in the dehydration rgaction

Table 2. Relative enthalpie n and dehydration of activated samples
ArRH1D, Mayenite x / ARH1D, ca(oH)2
pH2o = 0 kPa

ulated by graphical integration of the DSC
n ArHca(on)2 [J/g] as a reference and the
an be seen that the sample with the highest relative
ared at 1000°C (M-1000-A). This is in good

0.25
0.45
0.67

Based on t

Accordingto theléquation 2 and the Amp (~27 wt%) obtained for M-1000-A, the dehydration
reaCti hiCh'took place under these conditions is:

CaoAl14033+ 21 H,0 = “Ca12Al14012 (OH)42” + 0.67-ArHDp, ca(oH)2 (eq. 3)

It is important to mention that the hydrated product of the Mayenite material is amorphous

14



where its XRD Difractogram shows no peak. However, as no structural refinement of this

material is possible, its general formula “Ca;2Al14012 (OH)42” is introduced betwgen
quotation marks. Figure 8 shows the XRD diffractograms obtained for the M-1ooo&

the 1%t and the 10™ hydration/dehydration cycles. As it can be observed, both mater, W

patterns similar to the pristine one which confirms the cyclability of the mat€rial e
Mayenite structure was maintained at least after 10 hydration/dehydratioq g&n e

other side, the broadening and intensity of the peaks clearly indicate se of the

crystallinity of the material when the number of the cycles increases, The'decrease in
crystallinity also leads to a decrease in chemical conversion over t%s, as can be seen
u

in the TG signals shown in Figure 9. Therefore, the energy rele the hydration of
the solid phase also lowers over the cycles (See Figure 9, DS@Signals).

After 10" cycle

Intensity (a.u)

After 1** cycle

Pristine

T | T | T T
10 20 30 40 50 60 70 80

2 Theta (°)

Figure 8®Mctograms of Mayenite, the pristine (bottom) and after the 1% (middle)

and 10" (top) hydration-dehydration cycles.
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Figure 9 Chemical conversion of re-hydgation of M-1000-A over 10 cycles, performed at 125°C and

However, in this work the reaction
reaction degradation with the cy@going in our laboratories following two approaches

where the first one aims the reactiMation of the material after a certain number of cycles and
the second one is based o ating the stabilization of the crystalline structure with

some dopants.
4. Conclusions
The preparation o 2Al14033 Mayenite structure was successfully performed by using the
Evaporation-l@ elf-Assembly (EISA) method. Four oxide samples, i.e. M-600-NA,

MB800-NA
reactants at600,800, 1000 and 1100 °C. XRD and SEM analyses reveal that the M-600-NA

A and M1100-NA, were obtained by the calcination of the primary

an
the fivst'sample. The samples M-1000-NA and M1100-NA show a good crystallinity with
the for

show an amorphous nature without the formation of the mixed structure for

tion of Mayenite structure. The hydration process of these two materials was very

16



hard to be conducted at low partial pressures of water vapor (96 kPa). However, a novel
activation process of these materials was developed within this work that allows :he

activation of the sample prepared at 1000 °C, which can be expanded for the activa f
other materials that in literature were considered inactive.

L
The Ca Al O, Mayenite exhibits a dehydration process to be tr m 0

“Ca12Al14012(OH)42” hydroxide at 228 °C with which is much lowe mpared to

CaO/Ca(OH). pair reaction temperatures between 300 and 5008 °C. Kurthermore,
I

Ca Al ,0,./"Ca2Al14012(OH)42” pair counts with a relative e dehydration
0.67-ArHp, ca(oH)2.
Finally, the reaction reversibility of Mayenite was irmed at least for 10

hydration/dehydration cycles, but on the other side the mater ystallinity becomes lower

which needs a regeneration step after a certain number of cy@les in order to keep the reaction
performance. @

offers many application possibilities

In particular the low dehydration temperature o
for this storage material. For example cu molten salt based CSP-plants operate at a

temperature difference between 28Q,and 560 °C:

difference of the heat transfer fluid
Additionally the larger enthalpy of

required storage material thus simg the cost per kWh of storage capacity. In order to

further elaborate the appligation al of the material, the reaction should be investigated
ocess relevant boundary conditions.

in lab scale storage reactors.u
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