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13  Abstract

14  Thermochemical materials (TCM) can be used for seasonal heat storage, storing high amounts
15 of thermal energy coming from the sun in summer and releasing it in winter, when heating for
16  houses is needed. One promising TCM for building comfort applications is the Na,S/water pair
17 due to its high energy density and appropriate reaction temperature that can be achieved by a
18  solar collector. Nonetheless, Na,S reacts with oxygen and is corrosive to metals, especially with
19 those used to build up heat exchangers or reactors that contain the TCM. Therefore, corrosion
20 tests in a self-developed experimental setup under vacuum conditions, 13 mbar, between
21 Na,S-9H,0/5H,0 and two reactor metals: copper and stainless steel 316 have been performed.
22 Since copper is corroded and is highly used for thermochemical reactors, two promising
23 coatings, Halar and electroless nickel, have been applied. Furthermore, aluminium has also
24 been tested coated with these coatings. Halar is a potential candidate to protect both copper
25 and aluminium heat exchangers/reactor that may contain Na,S/H,O pair for thermochemical

26  energy storage. Stainless steel 316 is also corrosion resistant to the selected TCM.
27

28 Keywords: Corrosion; Thermal energy storage (TES); Thermochemical material

29  (TCM); Sodium sulphide; Vacuum reactor; Coatings.
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1. Introduction

Thermal energy storage (TES) is extremely necessary to match the energy available
and the demand. This could lead to thermally independent houses, which would have a
positive effect in reducing the global CO, emissions. The research in this field is mainly
focused on the storage medium and how to implement it in the most efficient way.
Several storage materials have been studied, based on different concepts. Sensible,
phase change and thermochemical materials are being used to fulfil energy storage

requirements depending on the application [1, 2].

In this paper the focus is on thermochemical materials (TCM) which undergo a
chemical reversible reaction to store and release energy. TCM is an emerging energy
storage media with the potential for high-density leading to compact thermal energy
storage systems [3] and for high energy efficient systems for energy conversion [4].
Moreover, those materials present a huge advantage which remains in almost zero
thermal losses to the ambient, since the energy is stored in the form of chemical bonds.
Therefore, TCM are suitable for seasonal storage, meaning to provide heat in winter
that has been charged in summer. On the other hand, one of the major drawbacks of
TCM is that they are corrosive to the reactor/heat exchanger material, usually metal

based.

Corrosion causes big investment costs, results of one study show that the total annual
estimated direct cost of corrosion in the U.S. is a staggering $276 billion, approximately
3.1% of the nation’s Gross Domestic Product (GDP) [5]. Hence, corrosion tests should
be performed before to ensure long term performance of the equipment containing
TCM [6, 7].

In a previous study [7] results coming from an experimental corrosion test simulating an
open TCM reactor between several TCM and common vessel metals were published.
TCM reactors can be open or closed, integrated or non-integrated [8]. Open reactors
take the water vapour from the atmospheric air while closed reactors imply that water
circulates in a closed loop and is taken from an evaporator and released to a
condenser. The later ones can operate under lower or vacuum pressures or inert

atmospheres.

Some of the most studied TCM work better under low pressures [9] or in an inert or
vacuum atmosphere when side reactions have to be controlled [10]. No literature has
been found concerning corrosion vacuum tests with TCM. One of the moving forward-

preventive strategies for corrosion costs savings is to promote research [5] and thus
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perform tests seeking for compatible materials and/or preventive solutions like applying

coatings [11, 12].

There are several types of coating that can protect almost all metals available for
engineering use from air, water, acid corrosion, saline ambient, etc. [13]. Those coating
are mainly classified as organic [14] and inorganic coatings [15] and the method used

to coat the substrates is the main issue under study at this moment.

The aim of this study is to develop a device to test corrosion between TCM and metals,
under vacuum and controlled temperature. Moreover, experimental corrosion tests
have been performed in this setup looking for the suitable material to build up vessels

or reactors which contain Na,S/H,O pair as a thermochemical energy storage material.

From the recent literature published in this field [1,3,7,8,12] it can be withdrawn the
need of more research in order to overcome TCM issues like corrosion, compaction,
stability, etc. to promote this technology towards market availability. The contribution of
the present study is essential for the design of a reactor/heat exchanger where a TCM
reaction for building applications takes place. Although it has been focused on a
specific working pair, the designed methodology and setup address a specific step in

the reactor design procedure when selecting metals to work in contact with TCM.

2. Setup and methodology

2.1 Setup

The present setup is designed and built to perform corrosion tests simulating closed
and integrated TCM reactors. Glass has been selected for being an inert material able
to stand high temperatures, low pressures, and allowing direct visual inspection. The
design was thought to obtain a versatile, multifunctional device which can operate
under a wide range of pressures, temperatures, and different atmospheres, therefore
several TCM.

A general view of the setup is shown in Figure 1. It consists of a 5 L glass jacketed
reactor, connected to a heating unit (thermostatic water bath), an evaporator (round-
bottom flask), and a vacuum pump from Vacuubrand PC 600 series. Tubing from the
reactor to the vacuum pump is polyamide based connected with common clamps. The
reactor contains one open 300 ml vessel to place the TCM and the specimens to be
tested (see Figure 2). One temperature sensor is giving the TCM temperature, and

another is placed in the atmosphere. Relative humidity (RH) is also measured on-line
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with a HygroPalm HP22-A. Furthermore, total pressure is measured and controlled by

the vacuum pump.

The vacuum pump runs in continuous mode, to assure vacuum inside the reactor. The
vacuum pump presents an outlet for venting gases, which is directed to the fume hood,
being cooled previously (cooling unit) to collect condensed outlet water vapour and

other condensable gases.

m m W
Gases
outlet 5
) 9 Reactor
Vacuum
Pump Evaporator
I =3
|
Cooling Heating |.
Unit Unit

Figure 1. General view of the setup. Left: scheme, right: picture.
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Figure 2. Reactor and evaporator setup sketch.
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2.2 Methodology

For each metal sample, four specimens are needed. One is the reference and the other
three are tested for a week in contact with the TCM. The three specimens are
replicates in order to ensure the repeatability of the experiments.

To evaluate the results, a methodology accordingly to the setup has been designed.
Two different methodologies, one for the single metal specimen and one for the coated
metals, are detailed here. First, the metal specimen are cleaned (no polished, no
brushed, only acetone). Then, they are weighted in a precision balance (x 0.01 mg)
AG135 from Mettler-Toledo and are visually observed by a Zwek optical microscope.
The coated specimen are weighted in the same precision balance, but observed in an
ESEM Quanta 200 FEI, XTE 325/D8395 scanning electronic microscope (SEM). An
SEM is needed for the coated samples since more precision and resolution is required
to measure the coating thickness. At this point the methodology merges and three
specimens of each sample are placed inside the reactor in a 300 ml vessel fully in
contact with the solid Na,S-9H,0. An immersion corrosion test following ASTM G1 [16],
under the specified operating conditions determined by the TCM selected, is performed
for a week. Before vacuum the reactor, nitrogen gas flows through it to make sure there
is no oxygen inside. Finally, the heating unit is connected and set to the established set

point.

After the corrosion test, the three specimens are visually inspected, weighted in the
same balance and observed in the appropriate microscope. Corrosion processes that
go further than the surface level can be identified by both microscopes. Therefore,
vessel materials that are not appropriate can be identified. Also, TCM characterization
after corrosion tests should be performed (i.e. XRD) to identify the reaction process of

the TCM and other possible chemicals.

On the other hand, previous tests were performed to ensure vacuum tightness in the
reactor and to check the start-up of the reactor as well as to conduct it to established
steady state conditions. Then, tests with only TCM have to be conducted to see the

behaviour of the TCM without possible products from corrosion reaction.

The methodology to evaluate corrosion is based on ASTM G1. Corrosion rates are
obtained using equation 1 for single metals since ASTM G1 is not adapted to coated
metals. Mass loss corresponds to the decrease in mass between before and after (after

chemical cleaning, see ASTM G1) the corrosion test.
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Am
A-(t,—t,) Eq. 1

Corrosion rate CR (mg/cm?-yr) takes into account the mass loss (Am), the contact area
of the metal specimen (A), and the time of exposure (to-t;).

3. Materials

3.1TCM

A promising TCM, mainly seeking high energy density, has been selected to test and
validate the new experimental setup. Sodium sulphide and water pair (Na,S/H,0O) as a
TCM presents a net energy storage value (see Table 1) which is within the best salt
hydrates for building applications [17, 18]. Its main drawbacks according to the hazard
statements of the Regulation (Ec) 1272/2008 are: toxic if swallowed, it may be
corrosive to metals, and in contact with acids liberates toxic gas (H.S) [19]. Swallowing
it can be avoided if the material is kept in a closed vessel as the one designed here.
Corrosion can be prevented by coating the metal in contact as it is done in this work.
Furthermore, an inert atmosphere or vacuum is needed to prevent sulphites formation

and this is why the experimental setup is designed to work under vacuum conditions.

The purchased sodium sulphide nonahydrate (Na,S-9H,0) is manufactured by Alfa
Aesar with 98.0 % purity. Properties associated to the chosen TCM reaction are shown
in Table 1.

The reaction from nonahydate to pentahydrate accomplishes the requirement for
building applications, a reaction temperature below 100-150 °C achievable by solar

collectors and promising net enthalpy values, as shown in Table 1.

Table 1. TCM reaction properties for the corrosion vacuum tests.

Na,S-9H,0(s) 2 Na,S-5H,0(s) + 4H,O(v) | nonahydrate pentahydrate Ref

CAS number 1313-84-4 1313-83-3 [19]
Density (g/cm?) 1.43 1.58 [17]
Melting temperature (°C) 49 83 [17, 20]

Molecular weight (g/mol) 240.184 168.122 [21]
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Extrapolated onset temperature (°C) 325 [20]
AH, (KJmol™) 21520 [20]
AHpetys (KWhm™) 133 [17]

*Includes the volume of the water in the water storage tank

The reactor operating conditions, which are given by the TCM reaction itself [20], are
shown in Table 2. Everything runs in continuous mode. Water vapour pressure is
always as expected since it is taken from the external evaporator, which is also under
vacuum. Water vapour pressure is also checked by measuring RH and calculating

saturated pressure by Clausius-Clapeyron equation.

Table 2. Reactor test operating conditions.

Water vapour pressure (mbar) | 13

Reactor temperature (°C) 32.5 (dehydration)

Evaporator temperature (°C) 10

3.2 Metals and coated metals

The absorption and release of energy coming from the TCM reaction takes place in
reactors. Therefore, heat transfer is needed to be promoted from the TCM to the heat
transfer fluid, usually water for building applications. In that sense prototypes are being
made of high conductivity metals, such as: copper, aluminium, or even stainless steel
316.

It is known that there are several materials to be avoided in contact with Na,S: acids,

oxidizing agents, water/moisture, aluminium/aluminium alloys, copper and air [22].

In this paper single metals under study are stainless steel 316 and copper. Moreover,
coatings are considered to protect copper and aluminium from Na,S corrosion. Two
different coatings were chosen, halar (organic coating) and electroless nickel (inorganic

coating). All the pieces dimensions are 6 x 6 x 0.2 cm.

Halar® is an organic coating which is mainly composed by Ethylene Chloro

Trifluoroethylene (ECTFE). At temperatures up to 120 °C the polymer is
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neither affected by stress cracking nor attacked by the majority of chemical reagents.
ECTFE is resistant to most chemicals except chlorinated solvents and has better
barrier properties to SO,, Cl,, HCI, and water than fluorinated ethylene propylene (FEP)
and polyvinylidene fluoride (PVDF) [23]. These coatings can be applied with
electrostatic powder coating or with spray coating in the slurry formulation which have
been described by Choy [24].

Electroless autocatalytic Nickel-Phosphorus Coatings, from now on electroless nickel,
are alloys of nickel and phosphorus produced by autocatalytic chemical reduction with
hypophosphite and generally deposited from acid solutions operating at high
temperatures. These coatings have multifunctional properties, such as hardness, heat
hardenability, abrasion, wear and corrosion resistance, magnetics, electrical
conductivity provides diffusion barrier, and solderability [25]. A finishing based on an
anticorrosive spray has also been applied onto one copper sample to see if it acts as a

protective film against Na,S.

4. Results and discussion

Obtained results from the corrosion test performed to the abovementioned specimen
are gathered and shown by, first, single metal specimen which are copper and

stainless steel 316, and secondly, by the coated specimen.

4.1 Metal specimen

A) Copper

Corrosion signs were clearly observed in copper specimens, as it can be seen in
Figure 3. Black spots (i.e. CuS or/and Cu,S) on the surface which are products from a
side reaction can be clearly observed. The three last pictures (Figure 3, bottom) are
from the same specimens after chemical cleaning (following ASTM G1). They present
no solid products from corrosion process, but still some surface damage is seen since

the surface colour is deteriorated when compared to the initial copper specimen.
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Specimen before chemical cleaning process (after corrosion test)

Specimen after chemical cleaning process

234

235 Figure 1. Copper specimen after one week corrosion test with Na,S. Top: before and bottom: after cleaning.
236

239  The microscopic section images of the specimen (Figure 4) denote there is no
240  corrosion further than the surface. The lines are due to the cutting process of the

241  specimen.

240

241 Figure 2. Copper section microscopic images before (left) and after (right) corrasion test.

242

246  Corrosion rates (CR) are listed in Table 3. These values of CR belong to the not
247  recommended range (50-99 mg cm™ yr™') for service greater than a year (see Table 4).
248  When comparing these values with the previously obtained [7] in atmospheric pressure

249  and humidity conditions, it can be concluded that in vacuum, CR value is reduced
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around 30 times. Nonetheless, for this application copper is not recommended to

contain Na,S/H,O, neither in open nor in close configurations. For that reason, it is

remarkable that a coating is needed to protect it before its implementation as part of a

system containing this TCM.

Table 3. Initial and final weight of the Cu specimen under study and calculated CR.

Initial weight (g) | Final weight (g) | CR (mg cm yr")
Specimen 1 63.694 63.609 85 54
Specimen 2 63.681 63.601 8014
Specimen 3 63.727 63.646 8111

Table 2. Guide for corrosion weight loss used in the industry [26].

mg/cm?yr Recommendation
>1000 Completely destroyed within days
100999 Not recommended for service greater than a month
50-99 Not recommended for service greater than 1 yr
10-49 Caution recommended, based on the specific application
0.3-9.9 Recommended for long term service
<0.2 Recommended for long term service; no corrosion, other than as a
result of surface cleaning, was evidenced

B) Stainless steel 316

Stainless steel 316 did not show corrosion signs after the test. Specimens have the

same appearance as before testing. There are not corrosion effects on the surface.

Moreover, microscopic images (see Figure 5) show that there are not corrosion points

on the surface of the specimens under study. There is no difference at microscope

scale regarding the section surface of the stainless steel specimens under study,

either.
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Specimens after corrosion test

Figure 5. Stainless steel 316 specimens after one week corrosion test with Na,S. Microscopic images before

(top) and after (bottom) corrosion test.

Corrosion rate values are shown in Table 5, which are inside recommended range for
long term service (see Table 4). CR values in this case are in the same range as the
obtained under atmospheric pressure and humidity conditions [7]. Therefore, stainless
steel 316 corrosion compatibility with Na,S/H,O is not influenced by the working

atmosphere (e.g. air and vacuum).

Table 3. Initial and final weight of the stainless steel 316 specimens under study and calculated CR.

Initial weight (g) | Final weight (g) | CR (mg cm™ yr™")
Specimen 1 80.804 80.800 4.34
Specimen 2 81.046 81.041 505
Specimen 3 80.883 80.878 444

Stainless steel 316 is a potential candidate as it has been experimentally tested under
the real operating conditions and the results recommend it for long term service;
nevertheless there are also other aspects to take into account when selecting a
material vessel to build up a heat exchanger or a reactor. Heat transfer should not be
limiting in a TCM reactor since then thermal power output of the reactor/heat
exchanger would be lower than expected. Since a coating layer represents an

additional thermal resistance in the heat transfer during reaction, experiments are
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suggested to be carried out to reveal to which extent the thermal performance of the

heat exchanger is decreased by the coating.

4.2 Coated specimens: halar® and electroless nickel

A) Copper coated with halar®

Figure 6 shows the SEM images captured for each Cu-specimen tested under vacuum
corrosion test and one reference. The images correspond to the cross section of the
specimens under study where the halar® coating can be seen in the upper side.

SEM images revealed that the coating thickness remains constant and is exactly the
same (around 190-200 pm) as it is observed in Figure 6. The coating thickness
remains almost constant regardless of the specimen. Therefore, copper coated with
halar® is corrosion resistant to Na,S/H,O pair and can be used when copper is needed

as a base metal.
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Figure 6. Copper specimens coated with halar®.

B) Copper coated with electroless nickel

Figure 7 shows the coating of the specimens coated with Ni-electroless technique.
There is one specimen without being tested (the reference), there are two specimens
coated with Ni-electroless coating and there is one specimen that has the same coating
and also a finish anticorrosive and non-sticked spray (M3). The samples morphology is
shown in the SEM using secondary electrons. However, the backscattered electrons
are able to provide composition information of the displayed sample: the darker the
sample the lighter the atoms are. Thus, the morphology of the Aluminium + electroless
Ni samples is very similar and secondary electrons are unable to differentiate the
sample and the coating. In addition, backscattered electrons not clarify much the
difference between sample and coating because Ni and Al have very similar atomic
weight. Thereby, SEM images are not very enlightening, although the thickness of the
coating layer is distinguished. Figure 7 shows that there is no corrosion and the



329  thickness of the coating is the same for all the specimens under study after one week
330 of vacuum corrosion testing. Nonetheless, pictures taken at surface level, after the test,
331  show clear damage (Figure 8), even more when this anticorrosive spray is not applied
332 on the specimen. The spray applied is useful to avoid the oxide formation on the
333  surface of the sample under study.

330

det HV
DualBSD | 20.00 kV

Reference Specimen 1

det HV WD | mag — 1 |11 R det HV WD [ mag |

DualBSD | 20.00 kV| 10.8 mm | 600 x CiTU DualBSD | 20.00 kW) 10.8 mm | 600 x

Specimen 2 Specimen 3 (with anticorrosive spray)

331 Figure 7. Copper specimens coated with Ni electroless coating
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Figure 8. Copper specimens coated with Ni electroless coating. First two top are reference without spray and
reference with anticorrosive spray. Bottom, three tested specimens, first two without spray, and the third with
spray.

C) Aluminium coated with halar®

Figure 9 shows the SEM images captured for each specimen tested under vacuum
corrosion test and one reference. The images show the cross section of the specimens
under study where halar® coating is shown in the upper side.

SEM images revealed that the coating size is exactly the same (around 150 pym) as it is
observed in Figure 9. Since neither paths nor holes produced from corrosive products
from the TCM are observed, this coating is recommended to be used when in contact
with Na,S/H,0 pair.
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Figure 9. Aluminum specimens coated with halar.

D) Aluminium coated with electroless nickel

Results of SEM images of aluminium specimens coated with nickel can be seen in
Figure 10. Nickel coating shows a non-flat surface which is in contact with the metal.
This fact makes difficult the comparison of the coating thickness. Nevertheless, it can
be observed that no corrosion sign is seen since any degradation of the coating,
neither inner paths are formed. When specimens are observed visually, as Figure 11, it
can be seen that surface is damaged. Therefore, this coating is damaged by Na,S
reaction only at surface level.
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358 Figure 10. Aluminium specimens coated with Ni electroless coating, SEM.
359
360
362 Figure 11. Aluminium specimens coated with Ni electroless coating. On the top, the reference, on the bottom,
363 the three tested specimens.
363
364 4.3 Na,S XRD after corrosion vacuum test

368  X-ray diffraction (XRD) analysis was performed to the TCM after the corrosion vacuum
369 test. This technique shows the crystalline phases that composed the samples.
370  Therefore, the XRD spectrum identifies the crystalline sample components. However, it

371 does not discern the main component, neither quantifies each detected substance.
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Here, the aim is to corroborate that the reaction from the nonahydrate to the
penthydrate has taken place when performing the vacuum tests. This would imply the

appearance of the pentahydrate characteristic peaks in the XRD results.

The XRD spectrum shows that there are three main crystalline substances in this
sample: Na,S-5H,0, Na,S-9H,0 and Na,SO;. Na,SO; appears in the composition due
to the atmosphere contact during the sample preparation and extraction in the

corrosion reactors.

4 Conclusions

A setup composed by a 5 L glass jacketed reactor, evaporator, and a vacuum pump
has been developed at lab scale to test corrosion of thermochemical materials under
different atmospheres and a wide range of pressure and temperature. A new
methodology to perform these tests has been designed, explained in detailed, tested

and validated.

One TCM pair, Na,S/H,O, has been selected to perform vacuum corrosion tests at 13
mbar and 32.5 °C when in contact with commonly used metals and coated metals used

to build up thermochemical reactors.

From the screening corrosion vacuum tests performed with the TCM reaction from the
nonahydrate to the pentahydrate sodium sulphide it can be concluded that copper is
not recommended to contain Na,S/H,O, neither in open nor in close configurations,
besides that in closed and vacuum corrosion rate value is reduced by 30 times. In the

case of stainless steel 316 results show that is recommended for long term service.

Two coatings have been tested when applied onto copper and aluminium, two metals
highly used for the manufacturing of TCM heat exchangers. Halar coating results make
it a potential candidate to be selected to protect heat exchangers/reactor that may
contain Na,S/H,0 pair for thermochemical energy storage. Electroless nickel shows no
corrosion when observing SEM images, but it is visually damaged at surface level after
the corrosion test. When a finishing spray is applied it improves the material resistance

against corrosion.

Moreover, further tests are suggested to carry out to ensure that the materials which do
not present corrosion can resist for longer periods. Also, heat transfer coefficient
should be measured with the selected metal or coated metal to ensure that heat

transfer is not the limiting step in the reactor.
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