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ARTICLE INFO ABSTRACT

Keywords: Thermochemical energy storage (TCES) is an emerging technology harnessing chemical reactions for storage of
Thermochemical energy storage thermal energy. Among the primary challenges for TCES based on crystal-to-crystal chemical transformations is
Salt hyd}'ates the design and manufacturing of macroscopic reactive particles that are resistant to mechanical changes over
g;?ﬁ;i::ﬂ multiple cycles of operation. Such changes often lead to an increase in the pressure drop over a packed bed,

thereby adversely affecting the performance of TCES. This work explores the effect of polymeric fibers on
reactive TCES particles as a potential route for mechanical stabilization of both the particles and the bed. The salt
hydrate K2CO3-1.5H20 was used as a model thermochemical material and polyacrylonitrile fibers (PAN) were
selected as a reinforcing additive. The stabilization effect of fibers for composite tablets of (KCO3-1.5H20)#PAN
with respect to crushing behavior, salt deliquescence and deformation after 50 cycles was demonstrated and
attributed to the shape-stable structures formed by the internal fiber networks. The increase of a pressure drop at
a reactive bed of fiber-reinforced particles was found to be smaller by a factor of 1.5-3 as compared to a bed of
pure K,COs tablets, while the reaction rate was unaffected. Thus, the proposed approach may be an inexpensive
and efficient route to stable macroscopic reactive particles for TCES reactors.

Packed bed reactor
Polymer fiber reinforcement

1. Introduction water molecules in crystalline solids to form crystalline salt hydrates is

considered a promising way towards compact and inexpensive TCES

The modern challenges of decarbonization and sustainable devel-
opment call for affordable and clean energy [1]. As thermal energy ac-
counts for >50% of the final energy consumption [2,3], the means of
efficient storage, upgrade and reallocation of thermal energy are of
paramount importance to reach this goal. Thermal energy storage is
especially beneficial in regions with good availability of renewable en-
ergy sources, e.g. solar energy [4].

Harnessing reversible chemical reactions for heat storage - or Ther-
moChemical Energy Storage (TCES) - is gaining momentum due to the
unique features of this technology such as high energy storage density
and long duration [5], along with the possibility of thermal upgrade and
general versatility of thermal management toolbox offered by TCES [6].
These advantages make the technology promising for thermal energy
storage in a built environment, including space heating [7]. The most
investigated TCES is based on the sorption/desorption of water. Along
with adsorption on a surface [8] or absorption in solutions [9], capturing

units for residential heating [10,11]. A TCES system based on the
transformations of salt hydrates is charged by dehydrating a hydrate
with release of water vapor:

Salt-nH,0 ¢ SSalt-(n — m)Hz0 cr) + MH30 gq5) (€8]

and discharged by carrying out the backward reaction when and where
the stored heat is needed. For many salt hydrates reaction (1) possesses
thermodynamic properties suitable for domestic applications (AH® =
50-75 kJ/mol, A,S® = 140-160 J/mol/K, maximal storage density > 1
GJ/m?3 [12]) which allows charging at T = 100-150°C and discharging at
target temperatures T = 40-70°C. Therefore, the class of salt hydrates is
potentially useful for space heating or hot water generation. Currently,
several salt hydrates have been proposed for domestic TCES [10,12-17],
the selection in each case depends on the quality of source/sink, the T-p
operational windows of the desired processes and non-technical con-
siderations such as material price, toxicity, etc.
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Fig. 1. Hierarchical structure of a material in thermochemical system along with the typical length scales.
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Fig. 2. Schematic preparation of the composites KoCO3#PAN.

A reactive bed of particles is the core of a TCES system. One of the
variants considered technically sound for domestic-scale TCES units is a
bed consisting of ~0.5-2 cm particles (tablets or granules) to avoid large
pressure drop [18] or provide good mass flowability and particle dura-
bility for moving beds [19]. These tablets must be manufactured from
primary crystallites of the salt that are usually much smaller (1-500 pm),
and stability on the tablet level must be ensured, which is usually ach-
ieved by using binders [20] or porous matrices [21]. Finally, the crys-
tallites consist of periodic arrangements of atoms (usually <10 nm in
size) intermitted by one-, two- and three-dimensional defects. The hi-
erarchy of the TCES system on material level is depicted in Fig. 1.

One of the major challenges on the way to practical application of
salt hydrates is stabilization on the levels of reactive tablets and bed.
Repetitive dehydration/hydration may cause degradation of the bed due
to cracking of primary crystallites in the course of dehydration
(charging) and agglomeration due to surface mobility in the course of

hydration. Such repetitive cycling usually leads to either pulverization
or agglomeration of the crystallites which also affects mechanical
properties of the reactive tablets and the bed. Overall, the irreversibility
of dehydration and rehydration manifests itself in morphology changes
akin to the ones that cause salt weathering [22] and often adversely
affects mass transfer and performance of TCES systems [23]. Addition-
ally, many salt hydrates are prone to deliquescence if relative humidity
exceeds a threshold, which may cause destruction of the bed and clog-
ging of a reactor.

The major route to stabilizing crystallites is putting them in a porous
matrix with hydrophilic submicrometer-sized pores. These pores help to
hold salt solution, which allows for recrystallization of salt crystallites
during each thermochemical cycle given that the deliquescence
threshold is exceeded during hydration. The pore volume must be large
enough to accommodate crystals and/or solution, and to allow for high
salt loading for storage applications. The typical examples of matrices
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Fig. 4. Schematic representation of the PT-mass setup used for cycling.

include natural perlite [24], vermiculite [25], sepiolite [26], silica [27],
zeolites [28], polymeric foams [29,30]. The recrystallization of a salt
hydrate during each cycle stabilizes the sorptive and mechanical
behavior of macroscopic centimeter-sized particles. Moreover, the salt
deliquescence and absorption release extra heat at a lower temperature
[31]. However, the use of porous matrices introduces a trade-off be-
tween efficient energy storage density and the temperature lift during
discharging [32,33].

A potential alternative to traditional composites such as “salt/min-
eral matrix” or core-shell structures “salt@capsules” is tablets of salt
crystallites reinforced by fibers creating a stabilizing skeleton in a new
“salt#fibers” composite. Such a reinforcement technique is used in the
building industry to boost the mechanical stability of concrete [34,35],
however, it has never been investigated for application in TCES. The
attractiveness of using fibers for TCES composites may be justified by
typically low volumetric content of the fibers which could conserve the
storage density and allow for potential scalability of manufacturing.

In this work, we investigate salt#fibers composites at the scales of a
single tablet and a bed of tablets to elucidate the effect of fiber networks
with respect to (a) deliquescence, (b) shrinkage/swelling and porosity,
(c) reaction kinetics, and (d) evolution of bed pressure drop during
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cycling. Dehydration of potassium carbonate sesquihydrate was selected
as a model TCES process as it was shown to be promising for domestic
applications [10,36] due to low cost, low toxicity and favourable ther-
modynamic parameters of reaction

K,CO5-1 ~5H20(cr) sK,C0O3-1 .5H20(”) +1 -5H2O(gas) 2

On the other hand, the salt experiences shrinkage/swelling during
cycles [23,25] and can be readily put into deliquescence at RH > 43%.
The polymeric fibers made of polyacrylonitrile were selected for the
reinforcement due to their hydrophilic surface, elasticity, low cost and
availability as a concrete reinforcement material.

2. Experimental part
2.1. Material and tablets preparation

For preparing the "salt#fibers" composite we selected KoCO3 and
polymeric fibers based on polyacrylonitrile (PAN) due to non-toxicity,
mechanical properties suitable for reinforcement [37] and good ther-
mal stability (Fig. S1 provided in Supplementary Material).

The K5CO3#PAN composite particles were prepared from dry KoCO3
(Evonik) and PAN fibers (Buddy Rhodes AC50, length 6 mm, thickness
12-15 pm) that were used as supplied. For preparation, the fiber bundles
(1 g) were mechanically treated in absolute ethanol (~250 ml) in a
stainless steel beaker by means of high-power homogenizer Kinematica
POLYTRON 1200E equipped with a 12 mm dispersing aggregate (PT-DA
12/2EC-E157) rotating at 26 000 rpm for ca. 5 min to produce a viscous
wool-like substance (Fig. 2). After the treatment of the fiber bundles, the
crystalline particles of preliminarily dried K3COs3 (20.0 g in total, dried
at 160°C overnight) were slowly added to the slurry of fibers in ethanol,
which was followed by further homogenization for 5 min at 26,000 rpm.
After the homogenization, the viscous slurry was quickly filtered with a
paper filter on a vacuum filtration setup and dried at 50°C overnight,
which resulted in raw material for tablets preparation (Fig. 2).

The tablets of KoCO3#PAN were prepared from the raw composite
material (500 mg) by means of pressing with a stainless steel mold (12.3
mm in diameter and 2.4 mm in thickness) at P = 20 MPa for 30 s (column
press PO-Weber PW-40 2). For comparison, the tablets of pure KoCO3
were pressed from the dried K;CO3 (Evonik). The pressed tablets were
then dried for 48 h in an oven at 160°C. The fiber content in the final
KoCO3#PAN tablets was determined independently by burning out the
fibers at 700°C in air for ~5 h and dissolution of salt (see below), 4
tablets K;CO3#PAN were used in each experiment. By both methods it
was shown that the fiber weight content wy in every experiment was 5.4
+ 0.5%.

To obtain the fiber residues of tablets, several dissolution tests were
carried out by dissolving K2,CO3 from the activated tablets KoCO3#PAN
in large volume of water (250 ml per tablet) for 15 h. The residues were
dried at room temperature in air. Thermal stability of the fibers was
examined by FTIR spectroscopy (Fig. S3 provided in Supplementary
Material).

2.2. Characterization methods

2.2.1. Individual tablet properties

Scanning electron microscopy images were captured using an electron
microscope FEI Quanta 600 at 2-10 kV with a secondary electron de-
tector. Samples were immobilized on a carbon-taped aluminum stage,
quickly placed in the microscope chamber to minimize air exposure, and
the chamber was then vacuumed to 3 x 10~°> mbar.

Porosity of the tableted particles in dehydrated (¢4) and hydrated (ep)
states was determined from weight m, weight content of the salt w, and
®q in hydrated and dehydrated tablets, respectively and geometric pa-
rameters (diameter d and thickness t) measured by means of a digital
caliper (Mitutoyo). The calculation was carried out as follows:
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Fig. 5. The SEM images illustrating the macroscopic structure of the base material (a), pressed tablet (b) and entangled fiber residue after washing out of the salt (c).
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taking into account bulk densities of the salt (pn = 2.18 g/cm® for
K,CO3-1.5H,0 and pg = 2.43 g/cm? for K,CO3 [24,25]) and bulk density
of PAN (1.18 g/cm®) and

a)dzl—wle—m
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de + wf deK2C03-1.5H20 + waKZCO;;
Mg, coq

where Mg is a molar mass of salt S (S = KoCO3 or KoCO3-1.5H50).

The porosity was measured for two series of KoCO3 and KoCO3#PAN
composed of four tablets each. The tablets were subjected to repetitive
hydration/dehydration cycles. The dehydration was carried out in a
drying oven at 130°C while hydration was carried out in a desiccator
over the saturated solution of MgCl; at room temperature (RH = 33%, P
~ 10 mbar). Both dehydration and hydration took 8-10 h to complete,
and the full conversion was ensured by weight loss or gain. In total, 5
cycles were carried out for each tablet.

Reaction kinetics of hydration was measured ex situ by putting the dry
single tablets of both K3CO3 and K;CO3#PAN into a desiccator over a
saturated MgCl, solution which maintained partial water vapor pressure
P(H30) at 10 mbar and 25°C (relative humidity 33% [38]) by forced
convection. The weight w(t) at a certain moment t was recorded by
briefly taking a tablet out from the desiccator and putting it back
immediately after weighing. The kinetic curves were derived from pe-
riodic weighing of each tablet, then calculating conversion a of reaction
(2) as follows:

w(oo) —w(0)

where w(t) is weight of a tablet at moment t, w(0) is the weight of a dry
tablet and w(co) was calculated from the reaction stoichiometry and
content of the salt o:

w(0)

w(o0) = wg -Mx,co,-1.5H,0 (8)

Mk, co,

for hydration and dehydration, respectively. For measuring dehydration
kinetics, fully hydrated tablets were put in an oven at 130°C. In total,
four tablets of KyCO3 and K;COs#PANwere -characterized
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simultaneously, the kinetic curves were averaged.

Mechanical stability of tablets was investigated by using a Shimadzu
AGS-X autograph equipped with spherically seated compression plates
for testing compression strength. The cylindric tablets were put
perpendicularly to the compression plane (Fig. 3). The stroke increasing
at a rate of 0.25 mm/min was applied, and the force between the plates
was registered by a force sensor with the limit of 200 N. Once the
compression force sharply reduced by >10%, or when the stroke/force
limit (0.5 mm/200 N) was achieved, the measurement was stopped. The
two main characteristics were recorded, namely, the maximum crushing
strength (even in the case of several cracking peaks) and the Young
modulus, i.e. the initial slope of elastic deformation in Fig. 3. Two series
of samples with and without fibers (10 tablets each) were measured.

Deliquescence tests were carried out for KoCOs#PAN by putting the
tablets in the desiccators with saturated solutions of salts (MgCly, K2COs3,
Mg(NOs3)2, NaNO;, NaCl) overnight at room temperature. All the des-
iccators in all the experiments were equipped with fans to force air
convection inside.

2.2.2. Bed properties
Bed cycling was performed in a closed setup described in detail
elsewhere [25,39], that consisted of a tube reactor of ca. 200 ml put on a

balance and connected via flexible tubing to a thermostated evaporator/
condenser (Fig. 4).

The dehydration was carried out at 140°C while hydration at 46°C,
the condenser/evaporator was submerged in a thermal bath thermo-
stated at 20°C which corresponds to the saturated water vapor pressure
of ca. 23 mbar. The complete dehydration/hydration for all the material
in the reactor was ensured by measuring the lost/gained weight during
the experiment. Two beds of 20 tablets each were loaded into two
separated compartments of the reactor which were stacked one upon
another as shown in Fig. 4. In total, 50 hydration/dehydration cycles
were carried out. After the cycling, the tablets from both compartments
were carefully unloaded and photographed by means of digital camera
Canon DS126431 (lens Tamron 60 mm R/2.0 Macro SP Di II) which was
mounted on a calibrated measuring table Kaiser RS 2 CP. The photo-
graphs of the beds were processed by MATLAB. An ellipse with was
drawn around each tablet and two measures were selected to judge
about the tablet deformation after the cycling: the length of the longer
axis of ellipse a and the aspect ratio of an ellipse, i.e. ratio of lengths of
the longer and shorter axes (a/b).

Pressure drop measurements were performed for two beds of tablets
(0.5 g, d =12 mm) placed in two similar lab-scale tube reactors made of
brass (di, = 30 mm, height of the bed ~25-30 mm) with porous glass
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filters at the bottom. For each of the two reactors, a bed of 20 tablets
(K2CO3 or KoCO3#PAN) was prepared. Both reactors were equipped
with mass flow controllers and differential pressure drop sensors (Sen-
sirion SDP810-500 Pa) allowing to measure the pressure drops at
various flows of dry air (0.5-8.5 1/min). After the initial loading, the
measured pressure drops of the beds were corrected by subtracting the
pressure drops of empty reactors:

APpeq = APrpeasured — AP, empty ©

After the initial pressure drop measurements, the reactors were put
in the desiccator over MgCl, (25°C, RH = 33%, P ~ 10 mbar) for 8-10 h
to ensure complete hydration. For dehydration, the reactors were put in
an oven at 130°C overnight. Six such cycles were carried out, and after

each hydration or dehydration the bed pressure drop was measured.
3. Results and discussion
3.1. Characterization of the tablets

The initial raw material before pressing consists of fibers of 12-15
pm in diameter (red arrows on Fig. 5a) loosely interspersed with irreg-
ularly shaped salt crystallites of 100-400 pm (blue arrows on Fig. 5a).
Pressing of the raw material makes it denser, which can be observed on
SEM images of the tablet surface consisting of closely packed salt crys-
tallites with fibers in between (Fig. 5b). The fibers entangle the salt
particles creating the bound structure visible on micro-CT scans (Fig. S4
provided in Supplementary Material).

The fibers are colored after pressing and the thermal treatment at
160°C (Fig. 5b and Fig. S2 provided in Supplementary Material), which
is likely attributed to some cyclization of PAN yielding conjugated ar-
omatic compounds causing the dark coloring [40]. Nonetheless, the PAN
fibers are mechanically stable up to T > 200°C [41] and chemically up to
300°C with no traceable degradation under the conditions of a ther-
mochemical cycle (Fig. S1 provided in Supplementary Material). The
salt can be removed by gentle washing, leaving the residue consisting of
intertwined fibers (Fig. 5¢).

The reinforcing effect of fibers was tested by crushing the tablets.
According to the results of the crushing tests (Fig. S5 provided in Sup-
plementary Material), the mean initial slope of the elastic deformation
region is higher for KoCO3#PAN than for KoCO3 tablets by a factor of
1.7, and the mean maximal force that a fiber-reinforced tablet can
withstand is increased by a factor of ~2.5 (Fig. 6). This effect is likely to
be attributed to a higher mechanical connectivity of the particles
causing the reinforcement for other fiber composites [35].

The initial porosity of KoCO3#PAN is higher than the porosity of the
fiber-free KoCOj3 tablets suggesting that fiber network creates an extra
empty space likely due to elastic relaxation of the fibers after pressing
the tablets (Fig. 7). The porosity monotonously increases during cycling,
reaching 38-39% for hydrated and ~ 52-54% for dehydrated tablets.
Interestingly, the porosities of K2CO3 and KoCO3#PAN tablets become
equal within the error range after one hydration/dehydration cycle and
remain equal for the next four cycles both for hydrated and dehydrated
tablets. The disappearance of the initial difference suggests that cycling
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determines the porous microstructure of the cycled tablets stronger than
the fibers additive or the preparation procedure.

The kinetic curves of dehydration suggest that fibers do not affect
dehydration rate of the tablets at 130°C and ambient humidity (Fig. 8).
At the same time, hydration conversion for tableted KoCOj3 is somewhat
lower than for KoCO3#PAN, reaching nearly 1 for all the tablets after 10
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h of hydration (not shown). The hydration kinetics of tableted K5COs5 is
governed by its porosity and the hydration rate is very sensitive to this
parameter [42]. Speculatively, the difference may be explained by
somewhat higher porosity for KoCO3#PAN tablets during the first two
cycles.

Deliquescence may be a major problem for applications if the deli-
quescence relative humidity is inadvertently reached during a thermo-
chemical cycle. The deliquescence relative humidity (RH) for K3COs is
43%, and after exposing a tablet of K2COs to this humidity for 24 h one
can observe traces of salt solution on the tablets surface (Fig. 9a). As the
relative humidity increases, the volume of the solution increases and its
leakage is visible at RH = 53%. A further increase in RH leads to the
complete dissolution of the tablets. The introduction of the fiber network
mitigates the consequence of the deliquescence as the structure is
capable of holding extra KoCO3 solution at least up to relative humidity
of 53% (Fig. 9b). The leakage becomes apparent only at RH > 65%, and
does not disintegrate the tablets.

In summary, the K,CO3#PAN tablets are composed of fibers (5.4 wt
%) entangling salt particles of several hundred micrometers. The fibers
dramatically improve mechanical properties of the tablets, slightly in-
crease hydration rate while practically not affecting the tablet porosity
and its evolution during cycling. The leakage tests suggest that
KoCO3#PAN are stable with respect to leakage up to a relative humidity
of 53%.

3.2. Bed tests

Two beds of 20 tablets each were cycled to highlight the effect of
cycling on tablet deformation. After performing 50 cycles, the K3CO3
tablets were found to have more irregular shapes, whereas Ko,CO3#PAN
tablets appeared to be less deformed. The visual comparison was



A. Shkatulov et al.

corroborated by image analysis approximating every tablet shape as an
ellipse (Fig. 10). The average length of the longer axis a is higher for the
tablets without fibers. Another measure of irregularity, that is the ratio
of longer axis to the shorter one a/b, is also higher for the fiber-free
tablets. Thus, both quantifiers suggest that fibers prevent irregular
deformation of the tablets packed in a reactor bed and make the tablets
more uniform after cycling.

The pressure drop measurements show that it increased nearly lin-
early with flow rate in the range of 0.5-4.5 1/min (Fig. 11), suggesting
that the system was in the regime obeying the Darcy law. The perme-
ability of the bed of KoCO3#PAN was found to be systematically higher
than the one for KyCOs tablets (Fig. S6 provided in Supplementary
Material). The mechanical changes in the bed in the course of cycling
cause the increase of the apparent pressure drop. This increase in pres-
sure drop is however found to slow down when reaching cycle 5. It is
also noteworthy, that for dehydrated Ky;CO3#PAN the pressure drop
decreased after first cycle.

The relative increase in pressure drop is lower for the bed of fiber-
reinforced tablets than for the bed without fibers at all flow rates
(Fig. 12), likely due to the abovementioned mitigation of the irregular
deformation of the tablets in the bed. The effect is less pronounced at
high flow rates, however, in a real TCES device the desired flow rate is a
subject of trade-off between power output and outlet temperature.

Thus, the fiber reinforcement technique retards the increase in
pressure drop in a bed of centimeter-sized reactive tablets likely due to
the more regular macroscopic deformation of the tablets in the bed.
Therefore, the technique has the potential to be applied in thermo-
chemical reactors filled with solid centimeter-sized particles of salt hy-
drates. We believe that the amelioration of tablets properties with fibers
may be complementary with the modern reactor design approaches to
improve the performance and cyclic behavior for thermochemical en-
ergy storage systems [43]. The preparation method involving mechan-
ical treatment can potentially be further optimized to become scalable
for domestic TCES systems. However, such optimization is beyond the
scope of the present work.

4. Conclusions

In this work the stabilization of centimeter-sized salt hydrate reactive
tablets by means of reinforcement with polymeric fibers is demonstrated
and thoroughly investigated. The technique involving intense homoge-
nization was shown suitable for preparation of the composite tablets
consisting of polyacrylonitrile (PAN) fibers that entangle the KyCO3
particles, with low weight content of fibers (5.4%) only slightly affecting
storage density. For tablets with fibers the increase of crushing strength
by a factor of 2.3 and Young modulus by a factor of 1.7 was shown. The
evolution of tablets porosity in the course of cycling was not affected by
the presence fibers, and the dehydration/hydration kinetics is affected
only slightly, the difference does not exceed 10%. The improved me-
chanical properties lead to less tablet deformation after 50 cycles
dehydration/hydration cycles which is deemed to cause the lower build-
up of the pressure drop in the lab-scale reactor beds tested in this work.
Moreover, stability of the tablets with respect to deliquescent conditions
was shown to be improved, with the fiber-reinforced composites being
stable up to 53% of relative humidity after 24 hours of exposure. Thus,
fiber reinforcement may be a promising and inexpensive way to stable
composite particles for future thermochemical energy storage reactors.
The scalability of the proposed approach should be improved in the
future by optimizing the preparation methodology, for example, by
including industry-relevant methods such as electrospinning or
impregnation.
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