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Abstract: Water vapor sorption in salt hydrates is a promising method to realize seasonal solar heat
storage. Several of these materials have already shown promising performance for this application.
However, a significant bottle neck for applications is the low thermal conductivity. In this study,
several fabrication methods of the fixation of salts and their hydrates on metals to overcome the
problem are presented. The products are analyzed concerning the hydration states, the corrosion
behavior, the chemical compatibility, and the mechanical stability.
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1. Introduction

Recent research on heat pumps, refrigeration systems, and heat storage materials has mainly
focused on developing environmentally friendly new systems that perform with high efficiency and
are able to employ various kinds of primary energy [1]. Among these, adsorption-based devices are
of special interest because of the great variety of adsorbents, which allow the optimal selection of
application according to the desired temperature levels, including low temperature heat sources such
as solar thermal energy or waste heat.

Adsorption refrigeration systems are based upon a batch working principle where adsorption and
desorption are combined alternatively [2,3]. The working fluid (usually water, ammonia, or methanol)
is evaporated at the lowest temperature using the heat of evaporation Qeva. Because adsorption
(of vapor) is an exothermic process, the enthalpy of adsorption is released at a medium temperature.
The principle of the thermodynamic cycle is shown in Figure 1.2 of [2]. During the regeneration process,
the vapor is desorbed by applying the regeneration heat Qh from the external heat source (the driving
heat). The working fluid is then condensed, releasing the heat Qcond. In refrigeration systems, the useful
effect is produced in the evaporator by taking Qeva from the user device, while Qcond and Qad are
dissipated to the environment. In heating pumps, the heat values Qcond and Qad are the useful outputs
and Qeva is taken from the environment. For adsorption heat storage applications, the energy Qh is
stored during the endothermal desorption and released during the exothermal adsorption Qad.

Among the commonly used working pairs, water is always the preferred choice of sorbate
because of its safety and low cost, while ammonia and ethanol are the most feasible candidates
for ice making and very low temperatures [4]. However, the variety of commonly used adsorbent
classes for adsorptive energy storage systems is limited. Activated carbon, zeolite, and silica gel are
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mostly used [5,6]. New potential adsorbent materials include silico-alumino-phosphates (SAPO) and
alumino-phosphates (ALPO) [7–9], in addition to MOFs (metal organic frameworks), such as 101-MIL,
which have high net water uptakes [10,11]. Among the new adsorbates, extensive research on salt
hydrates has been carried out for possible use in thermal storage processes. The main reasons to
use salt hydrates are a high theoretical energy density of the materials and desorption temperatures
achievable with waste heat sources and solar thermal collectors [12,13]. One shared drawback of the
mentioned materials is their low thermal conductivity.

Different approaches have been investigated to improve this, while satisfying a sufficient mass
transport. Thermal conductivity was increased by combining expanded graphite powders with silica
gel powders and consolidating the mixture by compressive molding [14]. It was also proposed to
use strontium chloride impregnated in expanded graphite [15]. Graphite foam has been also used in
combination with SAPO-34 [16]. Metallic foams [17–19] and metallic fibers [20] have been previously
used as substrates in adsorbers. Another approach was to reduce the heat transfer resistance by coating
the zeolite powder directly on metallic heat exchanger surfaces [21–25]. The combination of adsorbents
with the thermal conductivity of metals is one of the most promising alternatives to improve the overall
performance of the adsorber.

In this study, for the first time, a systematic analysis of coated metallic heat exchangers with
metallic salt hydrates was performed, including salt hydrates, which have not been described
for the above-mentioned applications to date. The new materials were characterized by several
physicochemical methods, such as thermogravimetric analysis (TGA), differential thermogravimetry
(DTG), X-ray diffraction (XRD), and temperature programmed desorption (TPD). Coated heat
exchangers allow an optimal contact between the hydrate and the metal, which increases the global heat
conductivity and satisfies an optimal heat transport. The increase of high average heat conductivity is
required in order to create adsorbers with a sufficient power with a reduced volume. The analysis was
divided into two steps: verification of adsorbent–substrate chemical compatibility and analysis of two
novel coating methods. The objective was to find the process and materials that allow the production
of a stable coated heat exchanger with significantly improved thermal conductivity.

The direct impregnation of salt hydrates on the metal from aqueous solutions leads to unstable
composites due to a suboptimal adherence of the coating on the surface of the substrate. Slight bending
or thermal expansion causes the separation and rupture of the coating from the metal. Two new
coating methods were studied to overcome these drawbacks. In one, the hydrates were synthesized
directly on the surface of the metal by the reaction of an acid or mixture of acids with the substrate.
Alternatively, a polymer was used to improve the stability of the coating. Polyvinyl alcohol (PVOH)
was chosen as the binding material because it has been previously successfully applied in similar
situations [26]. A systematic study of novel composites of this binder in combination with hydrates
was performed. The results from the combination of PVOH and the salts were tested mechanically and
compared to the corresponding coatings with pure salts.

2. Materials and Methods

The selection of materials was made according to their suitability for refrigeration systems or
heat pumps. The selection of metallic salts was made according to their capacity of desorbing a
meaningful amount of water at temperatures around 100 ◦C. Aluminum sulfate (Al2(SO4)3) has
interesting properties for implementation in adsorption refrigeration, heating, and storage [27–29],
but its application in these fields has been scarcely investigated [30]. Under vacuum conditions, the salt
is reported to lose two molecules of water at around 80 ◦C, with a reaction enthalpy of 74.64 kJ/mol of
desorbed water. The TGA results show that the dehydration occurs in three steps, as shown in Figure 1.
It reveals that the material is almost dehydrated at around 450 ◦C. However, at 125.3 ◦C, a mass loss of
34.3% can be expected, which corresponds to a release of 13 water molecules. The remaining water
evaporated at 359 ◦C, which corresponds to one molecule water. Aluminum sulfate octadecahydrate
CAS-Nr. 7784-31-8 100–110% was used (Sigma Aldrich, Saint Louis, MO, USA).
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Figure 1. Thermogravimetric analysis/differential thermogravimetry (TGA/DTG) experimental result
of Al2(SO4)3·xH2O heating showing its capacity for dehydration at low temperatures: 34.3% of its mass
was lost below 125.3 ◦C.

Anhydrous magnesium sulfate (MgSO4) exists in three modifications, the α, β, and γ magnesium
sulfate; however, in its dehydrated form, the β-form is the preferred modification [31]. Magnesium
sulfate can be found in different hydration stages in naturally occurring minerals. The best known
is the heptahydrate, called epsonite. A theoretical heat storage density of 2.80 kJ·cm−3 for heat
storage applications can be reached for the reaction from the anhydrous salt to the heptahydrate [32].
However, the full dehydration to the anhydrous material occurs above 200 ◦C; therefore, this reaction
cannot be used for low temperature applications [30]. For temperatures below 150 ◦C, the reversible
reaction from the monohydrate to heptahydrate with a calculated storage density of about 2.28 kJ·cm−3

is suitable for heat storage applications. Magnesium sulfate is one of the most studied materials in the
field of adsorption refrigeration/heating or energy storage [12,33,34]. Magnesium sulfate dry CAS-Nr.
7487-88-9 99% was used (Grüssing GmbH, Filsum, Niedersachsen, Germany).

Copper chloride (CuCl2) hydrates have also been studied in the field of energy storage [35].
The equilibrium curves provided by the van’t Hoff equation combined with data from Donkers et al. [27]
show that CuCl2 possesses the thermodynamic properties that make it suitable for applications
in the range of medium temperature levels. It loses 20% of the weight below 100 ◦C under
vacuum, which corresponds to the loss of two molecules of water, with a reaction enthalpy of
106.54 kJ/kg. Copper(II) chloride dehydrate CAS-Nr. 7447-39-4 99% was used (Grüssing GmbH, Filsum,
Niedersachsen, Germany).

Copper sulfate (CuSO4) has been previously analyzed because of its adsorption properties and
its suitability for energy storage applications [27,34,35], however, it has not yet been considered for
implementation in refrigeration or heat pumps. Concerning the material stability over the cycles,
CuSO4 showed a remarkable decrease in the kinetics after 13 cycles, and a final rehydration level
of 35%. The salt undergoes two dehydration steps under 100 ◦C, which makes it suitable for low
temperature heat sources. In each dehydration step, the hydrate losses two molecules of water at
52 and 86 ◦C, respectively, with a reaction enthalpy of around 90 kJ/mol each. Copper(II) sulfate
pentahydrate CAS-Nr. 7758-99-8 > 99.0% was used(Sigma Aldrich, Saint Louis, MO, USA).

Ferrous chloride (FeCl2) has also not been previously considered for the construction of adsorbers,
but it can be found in the literature with other candidates, in combination with water [27] and
ammonia [2]. It is claimed to be able to release two molecules of water at a temperature of around 36 ◦C
with an enthalpy of reaction of 56.1 kJ/mol, and other two molecules of water at a temperature of around
59 ◦C with an enthalpy of 65.8 kJ/mol. Iron(II) chloride tetrahydrate CAS-Nr. 13478-10-9 > 99.0% was
used(Honeywell Fluka, Charlotte, NC, USA).

Iron sulfate (FeSO4) has interesting properties as an adsorbent [27,36,37], but no reference could be
found in the literature regarding its application in refrigeration, heating, or energy storage. It releases
three molecules of water at temperatures between 60 and 70 ◦C. Furthermore, three molecules can
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be released, but higher temperatures are required (150 ◦C). Iron(II) sulfate heptahydrate CAS-Nr.
7782-63-0 99.5% was used (Grüssing GmbH, Filsum, Niedersachsen, Germany).

The adsorption properties of zinc chloride (ZnCl2) have been already investigated, in combination
with both water and ammonia [2,38]. It is capable of adsorbing two molecules of ammonia at a
temperature of 35 ◦C, with vapor pressures as low as 0.04 bar. Zinc(II) chloride CAS-Nr. 7646-85-7 dry
> 98% was used (Honeywell Fluka, Charlotte, NC, USA).

Strontium chloride (SrCl2) has been investigated not only in absorption processes, but also in
adsorption processes with water [27,39] and ammonia [2,4,40] as refrigerants. The release of ammonia
(one to seven ammonia molecules) happens at a temperature of 95.3 ◦C, with an enthalpy of 40 kJ/mol
of ammonia. Strontium chloride hexahydrate CAS-Nr. 10025-70-4 (purity 99–102%) was used (Sigma
Aldrich, Saint Louis, MO, USA). This salt is labelled as dangerous (Category 1) because it causes serious
eye damage/irritation.

Potassium carbonate (K2CO3) is a highly promising and deeply investigated adsorbent in the
field of thermal energy storage [41,42]. It loses 1.5 molecules of water at 104 ◦C with a vapor pressure
of 20 mbar and an enthalpy around 65.8 kJ/mol of water.

Polyvinyl alcohol (PVOH) has been previously used as a binder of zeolites [26], but its application
has not been extended to other adsorbents. Polyvinyl alcohol Mowiol 56–98 CAS-Nr. 9002-89-5 was
used (Sigma Aldrich, Saint Louis, MO, USA).

The hydration levels of pure salts were confirmed by TGA measurements. Thermogravimetric
analysis and differential thermogravimetry were performed using a simultaneous TGA/DTG
vacuum-tight device (Netzsch TG 209 F1 Libra) to investigate the water sorption properties.
The measurements were carried out in a flowing nitrogen atmosphere with a flow rate of 10 ml/min
and a temperature ranging from 25 to 200 ◦C in an alumina crucible. The heating rate was 1 ◦C/min,
where the sample mass varied between 8 and 10 mg with a resolution of 0.1 µg.

The phase stability after the synthesis of the composites was checked by XRD measurements.
Powder X-ray diffraction was performed using a Bruker D8 Advance Powder Diffractometer in Bragg
Brentano Geometry equipped with a one-dimensional silicon strip Lynikeye detector and Cu-kα1
radiation (λ = 1.540619 Å) under ambient conditions. The raw data were analyzed with the Diffrac-EVA
Program from Bruker.

Ammonia desorption analysis was performed employing a homemade TPD device using 50–70 mg
of material. The samples were activated inside the TPD reactor at 450 ◦C for 1 h, ammonia was added
at a pressure of 0.8 Torr, and then desorption of ammonia was performed heating the sample from 20
to 550 ◦C at a rate of 1 ◦C/min.

3. Results

Different combinations of metal–metal salts were investigated. In the first section, the chemical
compatibility of combinations is described. In the second part, the synthesis of hydrates by direct
reaction with acids on the surface of the substrate is investigated. Finally, the third part comprises the
results of the analysis of the composites resulting from the combination of PVOH and salt hydrates
and compared with common solutions.

3.1. Material Compatibility

Several salts appear to be incompatible in combination with some metals. Corrosion and
unexpected reactions have been previously observed in adsorbers [43]. The hydrated salts were
prepared in a water solution and impregnated on a plate of the metal subjected to testing. The solution
was left to dry under ambient conditions and analyzed by X-ray diffraction.

The pictures in Figure 2 show the reactions of several salt hydrates with aluminum. Ferrous
chloride (FeCl2) corroded the metallic plate, converting the substrate into powder after a few days. Zinc
chloride (ZnCl2) reacted with the aluminum, releasing a gas that could be observed by the formation
of bubbles in the sample. The color of the hydrate of iron sulfate (FeSO4) changed from green to brown
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after recrystallization, probably as a result of its oxidation in contact with air. Potassium carbonate
(K2CO3) suffered a strong reaction with the substrate, releasing substantial amounts of gas in a short
time. The reactions in the case of zinc can be explained by the galvanic series [44], which predict higher
reactivity of aluminum than zinc. Other authors have encountered the problem of incompatibility
between zinc salts and aluminum [45]. Reactions can also arise from impurities in the samples or from
the interaction with the air.
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Figure 2. Effects of the incompatibility between (a) FeCl2, (b) ZnCl2, (c) FeSO4, and (d) K2CO3 with
aluminum substrates.

The chemical compatibility of other salt–metal pairs could not be visually verified and
they were subjected to XRD analysis. The results for the selected salts are discussed in detail
next. Figure 3 illustrates the results of copper sulfate (CuSO4) in combination with aluminum.
Copper sulfate hydrate was not among the species found in the sample: K5H3(SO4)4 (potassium
hydrogen sulfate), K8(SO4)(SO3OH)6 (misenite), Al2(SO4)3·14H2O (aluminum sulfate hydrate),
and Cu3(SO4)0.5(OH)·5(H2O) (montetrisaite). Several phases were formed as a result of the
electrochemical difference between Cu and Al. The aimed phase CuSO4·5(H2O) was not found among
the products. Phases were found whose presence cannot be justified in this context, however, this does
not affect the conclusion that copper sulfate and aluminum are incompatible.
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Figure 3. X-ray diffraction pattern of the composite CuSO4/Al, verifying the absence of CuSO4 hydrate
and the incompatibility of the salt with Al.

In contrast, magnesium sulfate (MgSO4) was found to be chemically stable in combination with
aluminum. Figure 4 represents the diffraction pattern of the coating, which shows that only the desired
hydrate was found.

Copper chloride (CuCl2) was tested in combination with copper. XRD analysis of the product
revealed that there was a change of the chemical composition of the coating (see Figure 5). This X-ray
diffraction pattern obtained at room temperature illustrates the presence of the following phases:
clinoatacamite Cu2Cl(OH)3 and acatamite Cu2 + 2Cl(OH)3. It can be concluded that the salt reacted
during the coating process, which means that it cannot be added by wet impregnation.



Energies 2020, 13, 4962 6 of 16

Energies 2020, 13, x FOR PEER REVIEW 6 of 17 

 

 

Figure 4. X-ray diffraction pattern of the composite MgSO4/Al, verifying the presence of a single-

phase hexahydrate MgSO4·6H2O and its compatibility with Al. 

Copper chloride (CuCl2) was tested in combination with copper. XRD analysis of the product 

revealed that there was a change of the chemical composition of the coating (see Figure 5). This X-ray 

diffraction pattern obtained at room temperature illustrates the presence of the following phases: 

clinoatacamite Cu2Cl(OH)3 and acatamite Cu2 + 2Cl(OH)3. It can be concluded that the salt reacted 

during the coating process, which means that it cannot be added by wet impregnation. 

 

Figure 5. X-ray diffraction pattern of the composite CuCl2/Cu, with the phases clinoatacamite and 

atacamite, proving the absence of the target hydrate CuCl2·2H2O. 

To avoid the reaction between salt and substrate, stainless steel was used in combination with 

the salts of iron. Figure 6 shows the resulting phases of the combination of ferrous chloride (FeCl2) 

and stainless steel (316L). At room temperature, the presence of the following phases could be found: 

FeCl2·4H2O, Fe + 3O(OH) (akaganeite-Q), and Fe3O4 (magnetite). No further phases were observed, 

indicating that the hydrate is compatible with steel. 

Figure 4. X-ray diffraction pattern of the composite MgSO4/Al, verifying the presence of a single-phase
hexahydrate MgSO4·6H2O and its compatibility with Al.

Energies 2020, 13, x FOR PEER REVIEW 6 of 17 

 

 

Figure 4. X-ray diffraction pattern of the composite MgSO4/Al, verifying the presence of a single-

phase hexahydrate MgSO4·6H2O and its compatibility with Al. 

Copper chloride (CuCl2) was tested in combination with copper. XRD analysis of the product 

revealed that there was a change of the chemical composition of the coating (see Figure 5). This X-ray 

diffraction pattern obtained at room temperature illustrates the presence of the following phases: 

clinoatacamite Cu2Cl(OH)3 and acatamite Cu2 + 2Cl(OH)3. It can be concluded that the salt reacted 

during the coating process, which means that it cannot be added by wet impregnation. 

 

Figure 5. X-ray diffraction pattern of the composite CuCl2/Cu, with the phases clinoatacamite and 

atacamite, proving the absence of the target hydrate CuCl2·2H2O. 

To avoid the reaction between salt and substrate, stainless steel was used in combination with 

the salts of iron. Figure 6 shows the resulting phases of the combination of ferrous chloride (FeCl2) 

and stainless steel (316L). At room temperature, the presence of the following phases could be found: 

FeCl2·4H2O, Fe + 3O(OH) (akaganeite-Q), and Fe3O4 (magnetite). No further phases were observed, 

indicating that the hydrate is compatible with steel. 

Figure 5. X-ray diffraction pattern of the composite CuCl2/Cu, with the phases clinoatacamite and
atacamite, proving the absence of the target hydrate CuCl2·2H2O.

To avoid the reaction between salt and substrate, stainless steel was used in combination with
the salts of iron. Figure 6 shows the resulting phases of the combination of ferrous chloride (FeCl2)
and stainless steel (316L). At room temperature, the presence of the following phases could be found:
FeCl2·4H2O, Fe + 3O(OH) (akaganeite-Q), and Fe3O4 (magnetite). No further phases were observed,
indicating that the hydrate is compatible with steel.
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Figure 6. X-ray diffraction pattern of the composite FeCl2/SS-316L, verifying the presence of the targeted
FeCl2·4H2O, which verifies the compatibility of the hydrate with 316L, and minor secondary species
akaganeite and magnetite.

The combination of iron sulfate (FeSO4) with stainless steel created a coat without further chemical
reactions, according to the X-ray diffraction represented in Figure 7. Only Fe(SO4)·7(H2O) (melanterite)
was detected, which proves the compatibility between the hydrate and the substrate 316L.
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Figure 7. X-ray diffraction pattern of the composite FeSO4/SS-316L, which verifies the presence of the
targeted hydrate Fe(SO4)·7H2O and its compatibility with SS-316L.

In addition, potassium carbonate was tested in combination with stainless steel 316L. Two phases
were detected in the XRD analysis (Figure 8): K2CO3·1.5(H2O) was the main phase, with a minor
secondary hydrate K4H2(CO3)·1.5H2O (potassium hydrogen carbonate hydrate). It can be concluded
that stainless steel 316-L can be used as substrate for potassium carbonate.
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Figure 8. X-ray diffraction pattern of the composite K2CO3/SS-316L, which verifies the presence of
the targeted hydrate K2CO3·1.5H2O and its compatibility with 316L, with a minor secondary species
potassium hydrogen carbonate hydrate.

3.2. Coating by Reaction

The adherence and general integrity of coatings obtained by impregnation appeared to be far
from optimal. Minor mechanical impacts, such as slight bending of the metallic substrate, led in most
cases to the loss of salt from the surface. Some examples of successful coating experiments with the
new way of direct reaction with acid on the metal are given below.

The reaction of sulfuric acid with aluminum produced a stable and well-adhered layer of
aluminum sulfate. Moreover, it was also possible to obtain very thin and uniform coats just by making
a pretreatment of the surface with diluted sulfuric acid. Figure 9 illustrates the resulting sample with a
coating of 15 mg/cm2.
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The XRD analysis was performed after the synthesis of sulfuric acid 20% with aluminum
and the following drying process (Figure 10). The main phases were Al2(SO4)3·17H2O (alunogen)
and Al2(SO4)3·12H2O (meta-alunogen). As a minor phase, Al2(SO4)3·18 H2O (alumogenite) could
be identified.
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Figure 10. X-ray pattern of H2SO4 + Al, which verifies the presence of the targeted hydrate
Al2(SO4)3·H2O plus lower hydrates and the suitability of the reaction for the coating process.

Aluminum chloride is not of special interest for application in heat pumps and refrigeration
systems because of its high temperature of dehydration and the production of hydrochloric acid [46].
Its implementation as a composite by direct reaction on the surface of a metallic support can be
successfully achieved with diluted hydrochloric acid, as confirmed by the X-ray diffraction analysis
represented in Figure 11.

Energies 2020, 13, x FOR PEER REVIEW 9 of 17 

 

 

Figure 10. X-ray pattern of H2SO4 + Al, which verifies the presence of the targeted hydrate 

Al2(SO4)3·H2O plus lower hydrates and the suitability of the reaction for the coating process. 

Aluminum chloride is not of special interest for application in heat pumps and refrigeration 

systems because of its high temperature of dehydration and the production of hydrochloric acid [46]. 

Its implementation as a composite by direct reaction on the surface of a metallic support can be 

successfully achieved with diluted hydrochloric acid, as confirmed by the X-ray diffraction analysis 

represented in Figure 11. 

. 

Figure 11. X-ray diffraction pattern of Al + HCl, which verifies the presence of the targeted hydrate 

AlCl3·6H2O and the suitability of the reaction for the coating. 

Aluminum is frequently used in the construction of heat exchangers because of its price and 

malleability. However, copper is usually preferred when high thermal conductivity and low heat 

capacity are required. Several salt hydrates of this metal possess interesting adsorption properties, as 

described in the introduction. Copper sulfate has very low temperatures of dehydration, which 

would be of great interest in the production of adsorbers driven by low temperature [27,47]. 

However, sulfuric acid does not easily react with copper because of passivation. It is necessary to 

make an initial reaction with nitric acid and the subsequent substitution of the nitric ions by sulfate 

ions. However, the replacement is not complete and secondary species can be found in the product. 

The XRD results can be seen in Figure 12, showing the phases after this special treatment. The poor 

reactivity and the difficulties found during the coating by reaction are caused by the formation of a 

passivation layer, which prevented the formation of sufficient amounts of the targeted hydrate. 

Figure 11. X-ray diffraction pattern of Al + HCl, which verifies the presence of the targeted hydrate
AlCl3·6H2O and the suitability of the reaction for the coating.

Aluminum is frequently used in the construction of heat exchangers because of its price and
malleability. However, copper is usually preferred when high thermal conductivity and low heat
capacity are required. Several salt hydrates of this metal possess interesting adsorption properties,
as described in the introduction. Copper sulfate has very low temperatures of dehydration,
which would be of great interest in the production of adsorbers driven by low temperature [27,47].
However, sulfuric acid does not easily react with copper because of passivation. It is necessary to
make an initial reaction with nitric acid and the subsequent substitution of the nitric ions by sulfate
ions. However, the replacement is not complete and secondary species can be found in the product.
The XRD results can be seen in Figure 12, showing the phases after this special treatment. The poor
reactivity and the difficulties found during the coating by reaction are caused by the formation of a
passivation layer, which prevented the formation of sufficient amounts of the targeted hydrate.
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sulfate and polymer yielded a more homogenous coating (see Figure 15). With a content of polymer 

Figure 12. X-ray diffraction pattern of Cu + HNO3 + H2SO4, which proves the presence of secondary
species rouaite among the targeted hydrates chalcanthite and bonattite.

Alternatively, coatings of copper chloride can be easily achieved by the reaction of diluted
hydrochloric acid on the surface of copper. The effectiveness of the reaction was verified by XRD
analysis. The direct synthesis of 10% hydrochloric acid on Cu-metal leads to the formation of the
oxidized hydrate phase CuCl2·2H2O (eriochacite), as shown in Figure 13. The phases detected in the
products of the reaction were CuCl (nantokite) and hydrate phase CuCl2·2H2O (eriochacite). It can be
concluded that the reaction can be used to coat metals with the targeted hydrate.
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Figure 13. X-ray diffraction pattern of Cu + HCl, which verifies the presence of the targeted
hydrate CuCl2·2H2O and the suitability of the reaction for the coating process, with minor secondary
species nantokite.

3.3. Composites with Binding Material

Some of the composites were chemically stable but had poor mechanical stability due to weak
adherence of the hydrate on the surface of the metal. To overcome this drawback, a polymer was
added to increase both the adherence of the coat and the flexibility of the coating. Polyvinyl alcohol
(PVOH) was the selected polymer for this new procedure.

Magnesium sulfate (MgSO4) is one of the most interesting salts owing to its thermodynamic
properties. Because of the great potential of the hydrate, it was one of the salts selected to be combined
with PVOH. A preparation from a single impregnation with a water solution of magnesium sulfate
and polymer led to a heterogeneous coat with a sandwich-like structure consisting of a salt-rich layer
trapped between two polymer-rich layers (see Figure 14). Alternative impregnations of magnesium
sulfate and polymer yielded a more homogenous coating (see Figure 15). With a content of polymer of
20%, the integrity of the salt was strongly improved, but the adherence was still not sufficient to resist
the installation of the coated fin in a heat exchanger; the process made the layer fall from the surface.
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Figure 15. Composite MgSO4-hydrate/PVOH with improved stability.

It was examined whether the addition of PVOH had an influence on the chemical composition of
the final coating. The X-ray diffraction pattern obtained at room temperature showed the presence of
the following phases: MgSO4·4H2O (starkeyite), hexahydrate MgSO4·6H2O, and Mg(OH)2 brucite
(Figure 16), and thus a phase mixture of different hydrates.
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Figure 16. X-ray diffraction pattern of the composite MgSO4/PVOH, which proves the presence of the
targeted hydrate MgSO4·H2O and its compatibility with PVOH.

The sorption behavior of water on MgSO4 was investigated using TGA and DTG. The shape of
the TGA curve shows that the mass loss occurs in three steps, each accompanied by a DTG signal
(Figure 17). The first step occurs at a low temperature (33.3 ◦C), involving a mass loss of 15%. All of
the DTG peaks are negative, which shows that the steps are endothermic. The second dehydration
step occurs between 25 and 55 ◦C, and the third one between 60 and 90 ◦C. The first peak corresponds
to the loss of one water molecule, which occurs normally at about 25 ◦C [27]. This corresponds
to the XRD pattern, which shows MgSO4·6H2O as the main phase and MgSO4·2H2O as the minor
phase. From the asymmetric shape of the TG curve, it is concluded that the second dehydration step
consists of at least two hydration steps: at first, a signal can be observed indicating an initial loss
of weight, followed by a more gradual decrease. The sharp drop in mass corresponds to a loss of
approximately four water molecules; this suggests that the dehydration of MgSO4·6H2O occurs in
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two steps. It is suggested that the dehydration of MgSO4·6H2O proceeds through the intermediate
phase MgSO4·2H2O. However, the XRD pattern showed that the dihydrate is already formed at room
temperature, indicating a more complex mechanism of dehydration. Regardless, the comparison of
the thermogravimetric analysis with the literature [48] proved that the dehydration of the composite
is similar to that expected from the pure salt. This means that the thermodynamic properties of the
hydrate are not influenced by the combination of the salt with the polymer.
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Figure 17. TGA/DTG of MgSO4/PVOH; lilac: DTG, green: TGA, which proves the lack of influence of
the polymer in the desorption properties of the hydrate.

The combination of aluminum sulfate with polyvinyl alcohol (10%) was considered to provide
additional stability of the coating (Figure 14). The observed films were flexible and had an improved
adherence to the metal compared with the pure salts. The film presented good resistance to bending,
in addition to good adherence to the metal. The presence of aluminum sulfate hydrates after synthesis
with the polymer was verified by XRD. Figure 18 illustrates the XRD pattern of the composite.
Al2(SO4)3·17H2O (alunogen) and Al2(SO4)3·14H2O (meta-alunogen) were observed in the sample,
proving the presence of the hydrates of interest for the construction of an adsorber.
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Figure 18. X-ray diffraction pattern of composite Al2(SO4)3/PVOH, which proves the presence of the
targeted hydrate Al2(SO4)3 with lower hydrates and their compatibility with PVOH.

Potassium carbonate (K2CO3) also created a robust composite in combination with PVOH.
The product also presents some heterogeneity, but with proportions as low as 15% PVOH, it presents a
remarkable integrity (see Figure 14).

Strontium chloride (SrCl2) was also mixed with just 10% PVOH, creating weak films (see Figure 19).
The product was analyzed by XRD to detect any possible reaction between the salt and the polymer.
Only the species strontium chloride hydrate was detected, proving that both compounds are compatible.
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3.4. TPD

The desorption of ammonia was investigated for one sample. Ammonia was adsorbed in CuCl
and then desorbed under controlled temperature conditions.

Desorption of ammonia was followed by infrared spectroscopy (IR). Figure 20 shows a band
at 3239 cm−1, which is characteristic of the existence of a bonding of NH3–CuCl (Figure 20).
Additionally, a band at 1230 cm−1 was observed, which is also characteristic of a vibration of this bond.
The absence of bands at 2830 and 3050 cm−1 means that no NH4Cl was formed. The desorption of
NH3 at 152 ◦C failed, although it is far from a theoretically expected desorption.
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4. Discussion

In this paper, inorganic salts were deposited on metals to form stable composites with the aim
of creating working pairs for potential applications in adsorption cooling machines and heat pumps.
Initially, it was shown that solutions of different chlorides, sulfates of aluminum, copper, and K2CO3

on aluminum substrates lead to corrosive effects and the creation of foreign phases.
Therefore, the coating of pure salt hydrates was performed by different methods on the

corresponding metals. The exception was MgSO4 on aluminum, which, by impregnation of an
aqueous solution of MgSO4 on aluminum, showed the formation of the six-fold Mg-hydrated phase.
A solution of FeSO4 on stainless steel showed the formation of the highest hydrated forms, suitable for
direct use in adsorption–desorption processes.

The direct reaction of acids with the surface of metals led to an improved fixation of the salt
hydrate on the metal. The best results were found for the reactions of sulfuric and hydrochloric acid on
aluminum, leading to high hydrated phases. The reaction of a mixture of nitric and hydrochloric acid
with copper led to the formation of a mixture of the pentahydrate and trihydrate sulfate phases and
minor foreign phases. Before using these working pairs in the application of adsorption–desorption
processes, further hydration must be performed to remove the tri-hydrated phase.
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The application of PVOH as a polymeric binder was successfully applied to form a stable sheet of
salt hydrates incorporated into the polymer phase on the metal. The main advantage of this method
is to form metal–salt pairs, where corrosive effects or the formation of foreign phases make these
metal–salt working pairs normally unsuitable for their application in adsorption–desorption processes.
The method can be successfully applied to the combination of Al2(SO4)3, MgSO4, and SrCl2 with
PVOH. The size extension of the composite of Al2(SO4)3/PVOH/Al to technological scale showed a
strong binding of the composite on the metal showing a high mechanical stability towards bending
and vibrations. Table 1 summarizes the conclusions of the analysis presented in this work.

Table 1. Material analysis. PVOH, polyvinyl alcohol.

Impregnation
Salt +Metal Compatibility

FeCl2 + Al Not compatible
ZnCl2 + Al Not compatible
FeSO4 + Al Not compatible
K2CO3 + Al Not compatible
CuSO4 + Al Not compatible
MgSO4 + Al Compatible
CuCl2 + Cu Not compatible

FeCl2 + SS-316L Compatible
Fe(SO4) + SS-316L Compatible
K2CO3 + SS-316L Compatible

Direct reactions
Reactants Products

H2SO4 + Al Al2(SO4)3 · 16H2O
HCl + Al AlCl3 · 6H2O

HNO3 + H2SO3 + Cu Not valid
HCl + Cu CuCl2 · 2H2O

Composites
Salt + Composite Compatibility

MgSO4 + PVOH Compatible
Al2(SO4)3 + PVOH Compatible

SrCl2 + PVOH Compatible

The selection of the most suitable salt for each application should then be made according to
the thermodynamic properties of the corresponding salts and the boundary conditions of the specific
process. The results presented in this work represent an extensive analysis of the material compatibility,
from the chemical point of view, of some of the most interesting salt hydrates. In addition, two novel
coating methods were explored, which can improve the stability of coated adsorbers. The selection
of the most suitable method in each case will be then based on the chemical compatibility of the
corresponding hydrate and/or the specific metallic substrate, and the purpose of the heat exchanger,
that is, high power or high capacity.
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