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Abstract: The recovery and storage of process heat in industrial applications are some of the key
factors to improve the sustainability and reliability of high temperature applications. In this sense,
one of the main drawbacks is focused on the selection of proper thermal energy storage (TES) ma-
terials. This paper performs a full characterization of four phase change storage materials (PCM),
KOH, LiOH, NaNOs and KNOs, which are proposed for storage applications between 270 and 500
°C, according to the results obtained through differential scanning calorimeter and thermogravi-
metric analysis. One of the main innovations includes the corrosive evaluation of these materials in
a promising alumina forming alloy (OC4), close to their corresponding phase change temperature
during 500 h. The physicochemical properties obtained confirm the optimal use of NaNOs and
KNO:s and recommend the use, with caution, of KOH, due to its higher corrosive potential. FeCr20s,
NiCr204 and FeAl:Os were the main protective spinels formed in the alloy surface, however, the
cross-section study in the alloy immersed in KOH, revealed a non-uniform behavior, presenting
some cracks and spallation in the surface. On the other hand, the proposal of LiOH was disregarded
since it presents a narrow operation temperature range between melting and solidification point.

Keywords: industrial waste heat; phase change materials; thermal characterization; corrosion

1. Introduction

Nowadays, energy is an essential factor to evaluate the economic growth of any
country and region as an indicator of its level of development, industrialization and tech-
nification, nevertheless, despite the importance of this resource, there are still inefficient
behaviors relating to its use, transformation and management, especially at high opera-
tion temperatures.

The Industrial sector uses about 37% of the world’s total energy and is the largest
generator and consumer of process heat from non-renewable sources of energy [1].
Among the objectives set by the European Union for the year 2030, they highlight an im-
portant reduction in greenhouse gas emissions (40%), as well as promoting an energy ma-
trix in which 27% of energy must come from renewable sources [1].

In this direction, heating processes are responsible for 17% of energy consumption
for industrial purposes and it is wrongly assumed that the heat is incorporated into the
products. In fact, a significant part of the heat used in industrial processes (20-50%), as
well as that generated in the successive transformations, is dissipated in the form of re-
sidual heat, discharged into the environment through the evaporation of water, gases ex-
haust, coolants, chemical waste, among others [2].
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Due to the importance and volumes of these losses, waste heat recovery was recently
identified by the International Energy Agency (IEA) as one of the lines to be developed
for the year 2030 [3]. Its recovery is especially interesting, due to its impact on the decrease
in economic costs and the growing environmental restrictions imposed on industries,
where it is proposed to reduce CO:2 emissions at rates of up to 60% by the year 2040,
through better resource management and the implementation of energy efficiency pro-
grams [4].

The proposal and integration of TES systems are some of the main important topics
of research for industrial process heat recovery. In this direction, the proposal of different
thermal energy storage (TES) systems containing PCMs were studied in the literature [5-
8]. The main important requirements that an optimal PCM must meet [9] are shown in
Table 1:

Table 1. Requirements of phase change materials for thermal energy storage.

Thermophysical Kinetic Chemical Others
-Melting/solidification temperatures in -Supercooling re- -Thermal stability/re- Low cost
the application range duced liability
-High heat capacity -Low toxicity
-High crystallization "Low cor.rosion Witb L
-High thermal conductivity rate the container materi- -Sustainability
als

Enthalpy (kJ/L)

900

800

700

600

300

200

100

As can be seen in Table 1, there are many desirable requirements that phase change
materials must meet, but their main selection is based on thermophysical properties, that
is, the temperature range where their fusion/solidification occurs, which will correspond
to the heat flux to be stored according to the application. H. Mehling and L.F. Cabeza [10]
established a classification of PCMs based on their melting point and melting enthalpy
(Figure 1).
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Figure 1. PCMs according to their melting temperatures and enthalpy. Adapted from [10].

Larrinaga et al. [11] established that a higher heat recovery potential could be ob-
tained between 200 and 500°C, especially in the iron and steel sector and the petrochemi-
cal industry. This temperature range will be the aim of this paper, nevertheless, few ma-
terials’ families can act as TES material in this temperature range, where nitrates and hy-
droxides are the main candidates to be used. Nitrates were widely studied as sensible heat
storage materials [12-14] and the main salt proposed is the so-called solar salt, composed
of 60%NaNOsz+40%KNOs. Moreover, they were widely studied as sensible and latent heat
storage solutions. In this last case, Maldonado et al. [15] proposed this mixture as a PCM
material for high temperature power plants, along with myo-inositol (CsH120s), develop-
ing corrosion tests in different materials at 250 °C during 2000 h and establishing an ac-
ceptable corrosion resistance in aluminum and carbon steel. In this direction, the selection
of materials for the construction of the salt container presents one of the major challenges
to develop feasible TES systems for industrial waste heat recovery applications, and there
is a lack of information evaluating the corrosion potential in TES systems able to work
between 200 and 500 °C.

The LiOH-KOH mixture was proposed by Cabanas et al. [16] as latent storage media,
due to its high energy density and proper melting point for direct steam generation (DSG)
technology. The authors [16] carried out a corrosion test of this storage mixture in A516,
A316L and in 625, concluding that the lowest corrosion rate (6.3 um/year) was obtained
for A316L. Kuravi et al. [17] provided a list of PCM materials to be used in a high temper-
ature range, but the provided corrosion data refer only to PCMs at a low temperature [18-
20], hence more information is required, especially for the corrosive potential, when PCMs
for high temperature application are proposed.

The aim of this paper is to carry out a full characterization of the physicochemical
properties, including the corrosive potential, of four inorganic phase change material
(NaNOs, KNOs, LiOH and KOH) that could be applied in heat recovery systems between
270 and 470 °C.

2. Materials and Methods:

PCMs employed in this research were: KNOs (mp: 334 °C, 99.5% purity), LIOH (mp:
462 °C, 99% purity), KOH (mp: 360 °C, 99% purity) and NaNOs (mp: 308 °C, 99.5% purity),
all purchased from Merck (Merck KGaA, Darmstadt, HD, Germany). These materials pre-
sent an analytical degree; nevertheless, during the experimental work, each salt was han-
dled carefully to avoid water absorption.

Thermal properties as solidification/melting points and fusion enthalpy were ana-
lyzed by differential scanning calorimetry (DSC) and the thermal stability was studied by
thermogravimetry (TGA). This characterization was carried out in a Simultaneous Ther-
mal Analysis (STA) 449 F3 device from Netzsch, which allows the analysis of all the ther-
mal properties at the same time. A pre-dried sample of each salt was tested in inert atmos-
phere (nitrogen) for three consecutive heating and cooling cycles between 100 °C and 400
°C for the nitrates, 550 °C for LiOH and 500 °C for KOH. Masses of approx. 70 mg were
employed for the measurements and heating/cooling rates of 10 °C/min.

On the other hand, the corrosion studies were carried out using the alumina-forming
austenitic (AFA) alloy OC4, an experimental alloy provided by Oak Ridge National La-
boratory. The chemical composition of this material is shown in Table 2.

Table 2. Chemical composition of the AFA alloy.

Weight %

All
oy Fe C

Mn

Si P S Cr Ni Cu Ti Al Mo Co A% Nb N

0OC4 4743 0.89

1.80 022 006 0.01 1388 2616 057 0.01 428 224 0.08 0.06 227 0.04
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Different authors [21-23] have studied the use of alumina-forming alloys, since they
can generate alumina scales (generated on the surface of steel) that are more protective
than chromia scales, usually formed on conventional stainless steel. OC4 alloy was pro-
posed as a material container in different TES systems using molten salts as nitrates [24]
at 550 °C, carbonates [25] at 650 °C and chlorides [26] at 720 °C. The alloy generated a
protective alumina scale with high corrosion resistance, especially for nitrate salts, for this
reason it was selected to contain the PCM tested in this paper.

The corrosion tests were carried out through an isothermal, static and open to air set-
up at 320 °C (NaNOs), 350 °C (KNOs), 380 °C (KOH) and 470 °C (LiOH), during 500 h. A
scheme of the experimental set up is shown in Figure 2, including the data used for the
weight change gravimetric curve.

»
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Air atmosphere 'é‘ -
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Figure 2. Experimental set up for corrosion tests (left) including the data used for the weight change
gravimetric curve (right).

The coupons used for the isothermal experiment present dimensions of 12 mm x 12
mm x 2 mm, and before the corrosion test they were grounded with #600 SiC abrasive
paper, washed with distilled water, degreased with ethanol and dried under a warm air
stream, according to the standard procedure of ASTM G1-03 [27]. A digital caliper was
used to dimension each coupon before the corrosion test and an analytical balance (with
a 0.1 mg responsiveness) was used to weight the coupons introduced in the furnace. The
coupons were maintained inside a laboratory desiccator while the molten salt mixture for
the corrosion test was prepared. The experimental set up (Figure 2) involved the use of
alumina crucibles with the amount of salt mixture recommended by the standard proce-
dure ISO 17245 [28]. The crucibles were introduced inside a resistance furnace and heated
through a stepwise heating procedure (maintaining 1 h each heating temperature every
100 °C until the corrosion test temperature). Once the corresponding test temperature was
reached, it was maintained for 24 h to homogenize and stabilized the molten salt. Then,
one coupon per crucible was introduced to the furnace to start the corrosion test, main-
tained during 500 h, retrieving the samples after 100, 170, 250, 415 and 500 h. At the end
of the exposure time, each coupon was cooled slowly in warm air and cleaned with dis-
tilled water to remove the remaining salt. The gravimetric weight change was determined
through the Equation (1):

Am my —m;

S T s )
where mi is the original mass of coupons, myis the mass of coupons after exposure, and So
is the initial area of coupons.

The morphology and elemental composition of the corrosion products were analyzed
by Scanning Electron Microscopy (SEM, Quanta 200 FEG model, FEI Company, Hillsboro,
OR, USA) coupled to an energy dispersive X-ray spectrometer (EDX). Superficial and
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cross-section views were examined. For the cross-section, the coupon was imbedded in a
resin composed of Aka-Resin and Aka-Cure catalyst (100 g to 12.5 g, respectively). After
the complete solidification of the resin, the samples were cut using a precision cutting
machine (Struers Miniton) equipped with a diamond blade. Then, the samples were
ground by successive SiC sandpapers of increasing grit size up 2500 by means of ATM
Saphir stationary polishing machine.

Coupons were also examined by X-ray diffraction (XRD) with a Bruker D8 Discover
diffractometer equipped with a LYNXEYE detector using CuKal radiation in Bragg-
Brentano 0:20 geometry, to determine the crystallographic phases.

3. Results and Discussion

The study of the thermal properties of the PCM materials selected (NaNOs, KNOs,
LiOH and KOH) were carried out by STA in order to obtain the melting and solidification
points, as well as the fusion enthalpy (AHzus). The results obtained are shown in Table 3.

Table 3. Thermal properties obtained by STA in NaNOs, KNOs, KOH and LiOH.

Phase Change Melting Point Solidification = Fusion Enthalpy Heat Capacity

Material (°C) Point (°C) (kJ/kg) (J/g K) [29]

NaNO:s 299.0 283.5 201.6 1.83
KNO:s 3175 292.3 92.2 1.48
LiOH 413.1 391.5 Not applicable 3.90
KOH 345.6 336.4 81.6 2.09

The materials proposed as PCMs were also selected based on their heat capacity, in
this case, hydroxides presented higher heat capacities compared to nitrate salts [29].

The thermal stability of the molten salts proposed was also tested in Figures 3-5. In
this case, a similar behavior was obtained for NaNOs and KNOs (Figure 3), showing a
slight initial weight loss due to water content release (0.35%). For the rest of the thermal
cycles, the salt weight remained constant during the time between 100 and 400 °C.

— 5 NaNO;
= — Step1
s [ ] = -
100,04 | |
—— Step3 N —— Slepd
...... o veeees Slopd
—— Step5 ~ — Steps
o é -==+== Slaph
68,8 - _ % B |
=
pa T T _1-_ g 'T-__:.__-_-_---._._-:_
il 1 0 -
’ 260 o 00 100 200 300 400
o Temp (°C)

Figure 3. TGA curves for KNOs and NaNOs between 100 and 400 °C.
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Figure 4. TGA curve for KOH between 100 and 500 °C.
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Figure 5. TGA curve for LiOH between 100 and 550 °C.

In the case of KOH, the TGA curve (Figure 4) showed a higher first step compared
with the sodium and potassium nitrate. The weight lost due to the water content was 23%
in the first cycle of the thermal test, after that, the salt weight remained constant between
100 and 500 °C.

Finally, the TGA curve for LiOH (Figure 5) was carried out from 100 to 550 °C, due
to the higher temperature range proposed for the industrial application. In this case, the
thermal decomposition has started and it presents a higher increase beyond 500 °C. This
is confirmed in the following thermal cycles, where a constant weight loss, around 2% at
each thermal segment analyzed, was obtained.

Regarding the corrosion tests performed, four independent studies were carried out
for NaNO:s (T = 320 °C), KNOs (T = 350 °C), KOH (T = 380 °C) and LiOH (T = 470 °C),
during 500 h. The gravimetric curves obtained are shown in Figure 6.



Energies 2022, 15, 3640

7 of 13

Am/Sy (mg/cm?)
O = MNOW B U~ 00 WD

0C4 Alloy
=== NaNO:
w=@= KNO3
=== LiOH
=®= KOH
100 170 250 415 500
Time (h)

Figure 6. Gravimetric corrosion curves for molten salts tested during 500 h of immersion.

The highest corrosive potential was observed for KOH salt with a mass gain of 8.38
mg/cm? which corresponds to a corrosion rate of 0.186 mmy/year, follow by LiOH, NaNOs
and KNO:. It is noteworthy that the lowest corrosive rate was obtained in KNOs, despite
having carried out the test at 350 °C, 30 °C higher than the NaNO: test.

Scanning electron microscopy studies were carried out for the alloys immersed in
lithium and potassium hydroxides, since they presented a higher gravimetric weight
change. The superficial image and EDX analysis (at red mark) for OC4 alloy, immersed in
LiOH at 470 °C during 500 h, is shown in Figure 7.

Element (0] Al Si Cr Mn Fe Ni Cu
Weight (%) 7.06 0.44 0.27 7.51 1.86 51.67 23.69 3.08

Figure 7. Superficial image of OC4 alloy after 500 h in LiOH at 470 °C.

The study reveals the present of Fe-Cr-O-Ni as main components in the corrosion
scale. Some black spots were observed in the alloy and a detailed characterization of this
section was analyzed in Figure 8, obtaining a higher content in Al.
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Element (0} Al Si Ca Cr Mn Fe Ni Cu

Weight (%) 2749 3464 041 219 192 1.65 19.43 7.99 2.29

Figure 8. Superficial image magnification of OC4 alloy after 500 h in LiOH at 470 °C and mapping
analysis (Al).

This high aluminum content in the surface layer was demonstrated to be a more
effective barrier to the attack and penetration of corrosive ions [24-26]. In this case the
aluminum content was only detected in these specific black spots, and the protection layer
is not uniform. During the corrosion tests, some drawbacks were detected in the proposal
of LiOH as PCM, especially related to their high viscosity and the limited operational
temperature range, since LiOH starts to decompose as soon as it melts, rendering it nec-
essary to refill the crucible two times during the experimental test. Indeed, some mass loss
can be observed at a temperature as low as 420 °C under nitrogen atmosphere (Figure 4),
less than 10 °C above the melting point.

On the other hand, the highest corrosion rate was obtained for the OC4 alloy in con-
tact with KOH (Figure 5), despite of the corrosion experiment was carried out at a lower
temperature (380 °C) compared the lithium hydroxide salt.

The superficial SEM image (Figure 9) shows several corrosion particles in the alloy
surface. A magnification of the corrosion products obtained in the alloy surface is shown
in Figure 10.
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Element (0] Al Si K Cr Mn Fe Ni
Weight (%) 5.02 1.36 0.48 3.67 8.40 1.60 50.30 28.63

0x 10.4 mm D 20.00kV 4.0 m Cl une

Figure 9. Superficial image of OC4 alloy after 500 h in KOH at 380 °C.

Element o Al Si K Cr Mn Fe Ni
Weight (%)  4.35 0.24 0.26 5.68 1.11 0.68 57.49 29.98

Figure 10. Superficial image magnification of OC4 alloy after 500 h in KOH at 380 °C, including
EDX analysis (red square).

The main content of this corrosion product was identified as Fe-Ni-O, including also
some potassium content as an impurity from the molten salt. It is worth mentioning that
the Cr content is significantly lower in these particles than the average of the corrosion
layer (Figure 9).

The formation of this corrosion scale was responsible for the higher weight gain in
this salt, showing a non-uniform scale growing. The cross-section study (Figure 11) con-
firmed this behavior, showing some cracks and spallation in the scale formed.
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Element O Al Si Cr Mn Fe Ni
Weight (%) A 8.78 1.18 0.76 1.15 0.56 55.9 31.28
Weight (%) B - 2.35 0.52 14.82 1.8 52.41 27.27

40 ym

mag WD

3000 x 11.4 mm BSED 20.00kV 3.1 pm CIC Energigune

Figure 11. Cross-section image of OC4 alloy after 500 h in KOH at 380 °C, including EDX analysis
at A-B point.

The corrosion products formed were identified through XRD, obtained as the main
corrosion products LiFeOz, Fe20s (for LIOH) and NiO and FesOs (for KOH). Additionally,
some protective spinels with content in aluminum and chromium were detected.

The diffractograms obtained for KOH and LiOH are shown in Figure 12.

LiOH
iy . + LiFe02
12000 . * NiO 8000 - : + FeCr204
. : ?lrg& - NiCr204
10600 4 L 7000 . Fe203
26000
2 8000 - B
2 S 5000 4
£ 6000 - r
5 @ 4000 -
= 2
— o
S 000 R 3000 -
o 1 o
¥ 2000 -
2000 -
1000 4 .
0 T T T T T T 1 0 T‘“ = T A ¥ T f P 1
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80 90
20 20

Figure 12. XRD obtained for OC4 alloy immersed in KOH (left) and LiOH (right) molten salts after
500 h.

The alloy immersed in the LiOH salt presented the formation of FeCr204 and NiCr204
as the main protective components and were responsible for the higher corrosive re-
sistance of this alloy, in comparison with the KOH salt. For KOH, no protective spinels
were detected and the OC4 alloy generates NiO and FesOs as main oxidation components.
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As observed in Figure 11, the corrosion layer formed in OC4 surface showed some
cracks and spallation due to the low adherence of the corrosion layer to the alloy. One of
these detached layers was analyzed by XRD (Figure 13). It was observed that one of the
main protective products formed (FeAl:0s4) was detected in the upper part of the layer
formed, presenting a low adherence with the substrate and being easily removed from the
alloy surface. In Table 4, a recommendation guide [30] for the levels of corrosion rates in
industry is shown. According to this, the OC4 alloy would be recommended for use in
contact with LiOH, NaNOs and KNOs. In the case of KOH, depending on the application,
this recommendation should be managed with caution since the weight gain obtained was
8.38 mg/cm?.

KOH Layer|
FeAl204
+— NiO
2000
21500 -
w
=
[}
I~
2 1000
T
(]
x
500 - ' ?
\"‘"W’J I e .\*m«..-.-«»v-f-"*""" j .\‘.W
0 T T T T g T b T
10 20 30 40 50 60 70
20

Figure 13. XRD obtained for the layer formed in OC4 alloy immersed in KOH.

Table 4. Recommendation guide for corrosion rates CR in industry. Adapted from Ghali et al. [30].

mg/cm? yr. mm/yr. Recommendation
>1000 2 Completely destroyed with
100 to 999 0.2-1.99 Not recommended for service (>a month)
50 to 99 0.1-0.19 Not recommended for service (>one year)
10 to 49 0.02-0.09 Caution recommended, based on the specific application
0.3t09.9 <0.02 Recommended for long-term service

4. Conclusions

In the last few years, the scientific community working on energy transitions have
studied the need for long lasting solutions for improving the performance of industrial
processes, especially those that focus on waste heat recovery to increase efficiency in the
production and generation of energy. In this direction, the proposal of different storage
solutions for high temperature applications were analyzed in the present paper, from 270
to 470 °C. The thermal properties obtained for NaNOs, KNOs, made them suitable for use
between 270 and 500 °C, and obtained an optimal thermal stability after an initial weight
loss due to their water content.

KOH also showed a better thermal stability and its use could be extended until 500
°C for use as a PCM for industrial waste heat IWH) recovery application. On the other
hand, LiOH was disregarded since it showed a low operation temperature range between
the melting and decomposition point.
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Regarding the isothermal corrosion study, the alloy tested (OC4) showed high corro-
sion resistance, especially in relation to nitrate salts, and it was also proposed as a con-
tainer material for KOH salts, obtaining a corrosion rate of 0.186 mm/year, due to the for-
mation of protective spinels such as FeCr204 and NiCr20s. Longer exposure times, as well
as more high-temperature resistant alloys, will be analyzed in future research, due to the
promising energy recovery potential involved in the temperature range proposed in this
study.
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