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salts for thermal energy storage:
implications of salt purity†

J. Matthew Kurley, a Phillip W. Halstenberg, a Abbey McAlister, a

Stephen Raiman, b Sheng Dai ac and Richard T. Mayes *a

Molten salts for use as heat transfer fluids in concentrated solar or nuclear power plants have experienced

a resurgence over the past decade with a special focus on chloride-based salt mixtures, particularly for use

in concentrating solar power and fast-spectrum nuclear reactors. Salt purification, specifically oxide

removal, is required even for high purity commercial salts and can be achieved using many different

methods. Carbochlorination, however, proves most effective according to thermodynamics and

produces a gaseous byproduct easily removed from the salt. A variety of carbochlorinating reagents and

reagent combinations were evaluated for thermodynamic favorability in the removal of common

impurities in MgCl2-based feedstock or coverage gases used in industrial systems. Carbon tetrachloride

exhibited superior purification thermodynamics above the melting point of common MgCl2-based salt

compositions. Salt with composition of 68 : 32 mol% KCl : MgCl2 was purified on the kilogram scale by

sparging with carbon tetrachloride, reducing dissolved oxide to trace levels (42 mmol MgO/kg salt).

Interestingly, the lower purity salts exhibited magnesium and oxygen presence along grain boundaries in

the corrosion layers while the purified salts did not, highlighting the need for decreased oxide content.

The lessened corrosivity of the highly purified salt suggests a proper salt treatment may reduce

dependence on specialized materials for use with molten salts.
Introduction

High temperature molten salts exhibit properties ideally suited
for use as heat transfer uids (HTFs) in solar thermal collectors,
nuclear reactors, and heat recovery systems in factories.1–7

Mixed molten salts have high heat-capacity, are chemically
stable at elevated temperatures, and exhibit a tailorable melting
point through compositional changes. A large body of work has
been performed on uoride, nitrate, and carbonate salt
mixtures, such as lithium beryllium uoride (FLiBe),8–11 sodium
potassium nitrate (NaNO3–KNO3),7,12–14 lithium potassium
carbonate (LiKCO3),15,16 and many others.17–19 Chloride-based
salt mixtures have several advantages over nitrates, carbon-
ates, and uorides. They have higher maximum operation
temperatures than their nitrate or carbonate counterparts,
improving reactor efficiency. Chloride salts are cheaper and
more abundant than uorides, resulting in their favourability
for large scale use. Chloride salts already are used as feedstock
tional Laboratory, Oak Ridge, TN 37831,
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tion (ESI) available. See DOI:

08
for the Kroll process, alloy heat treatments, and recycling of
spent nuclear fuel.20

Molten chlorides are becoming increasingly important as
HTFs with the push toward carbon-free energy sources. As
HTFs, molten chlorides need to freely ow throughout the
vessel without signicantly corroding the containment mate-
rial. Impurity-driven corrosion is the primary mechanism with
H2O as the major source.21 Hydrated MgCl2 decomposes, i.e.
hydrolyzes, when dehydrated beyond the monohydrate,
producing MgOHCl above �300 �C and MgO above �550 �C.22

In addition to the oxide impurities, residual impurities arising
from theMgCl2 hydrolysis can result in degradation of the alloy.
Research to combat corrosion has focused on three major
aspects: alloy improvement, redox control, and cladding layer
development. Ni-based alloys show particularly strong corro-
sion resistance to molten salts. Low-chromium nickel alloys
have been developed for use with molten salts, most famously
alloy-N, developed for use with molten uoride nuclear reactor
fuel salt.23 Redox control utilizes a metal or reducing salt to
preferentially corrode before the containment material.9 A
similar approach to redox control employs a Mg anode to
electrolytically reduce the corrosivity of MgCl2-based salts.24 For
additional stability, cladding layers to protect the underlying
structural material were created to reduce corrosion.25 Little
work has been done to correlate chloride salt purication
techniques to corrosivity. This is problematic as Raiman and
This journal is © The Royal Society of Chemistry 2019
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View Article Online
Lee's extensive review of molten chloride and uoride corrosion
studies relate how purication inuences mass loss.17

Purication of molten chlorides to remove dissolved oxide
typically utilized one of three methods: simple drying, vacuum
distillation, and chemical purication.26–28 Many of the alkali
chlorides can be heated under vacuum to remove surface
moisture and subsequently melted to remove dissolved mois-
ture. However, heating under vacuum produces impure MgCl2
because of hydrolysis.22 Double distillation of MgCl2 under
vacuum produces high purity salt by leaving low vapor pressure
impurities, such as MgO.27,29 While distillation generates high
purity salt, this represents an engineering challenge that
increases cost thereby decreasing economic viability. Chemical
purication reagents, such as hydrogen chloride (HCl) or
ammonium chloride (NH4Cl), are currently used to purify
MgCl2-based feedstock for magnesium production via electrol-
ysis.30,31 In fact, the ammonium carnallite arising from mixing
NH4Cl with MgCl2 has been utilized to generate magnesium
chloride with no hydroxide.32 Magnesium electrolysis can
tolerate MgCl2 saturated with MgO, but corrosion rates are
increased by dissolved oxide.33 Carbochlorination is a well-
known process for removing oxide impurities from metals.34

There are a variety of carbochlorination methods: carbon and
chlorine (C + Cl2),35 carbon monoxide and chlorine (CO + Cl2),35

and phosgene (COCl2).36 Chen et al. demonstrated carbon
tetrachloride (CCl4) removes trace oxide from haloaluminate
melts as efficiently as phosgene with safer handling protocols.37

In this work, we calculated the Gibbs free energy of reaction
from JANAF data38 for a variety of purication reagents to
determine their ability to remove impurities commonly found
in MgCl2-based salt mixtures. Using the information from the
thermodynamic studies and previous reports,27,37,39 we puried
68 : 32 mol% KCl : MgCl2 and compared the resulting purities.
The native oxide content was determined with base neutrali-
zation titrations using standardized acid. Different levels of
KCl : MgCl2 purity were compared to correlate chemical impu-
rities of the fused salt and the subsequent corrosion of stainless
steel 316L (SS316L) and alloy-N.

Experimental
Chemicals

Ammonium chloride (NH4Cl, Fisher Scientic, 99.6% assay,
A661), carbon tetrachloride (CCl4, Acros Organics 99% assay,
14 817), Drierite™ (4 mesh with indicator, Acros Organics),
hydrochloric acid (HCl, Fisher Scientic, 32–35%Optima grade,
A466), potassium chloride (KCl, Fisher Scientic 99.4% assay,
P217), potassium hydroxide (KOH, Fisher Scientic, 85% akes,
P246), phosphorous pentoxide (P2O5, JT Baker 99% assay, 9374),
metallic zinc (Zn, Fisher Scientic, certied ACS mossy, Z11)
sodium hydroxide (NaOH, Millipore-Sigma, 99.99% semi-
conductor grade pellets, 306576), magnesium chloride (MgCl2,
Alfa Aesar, 99% anhydrous, 12315) were used as received. Ultra-
high purity (UHP) argon (Ar) and 4% hydrogen in argon (Ar/4%
H2) was supplied by Airgas. The Orion™ AquaPro™ pH
Combination Electrodes (9104APWP) and Orion™ pH Buffers
(pH 4, 7, and 10, 910199) were purchased from Fisher Scientic.
This journal is © The Royal Society of Chemistry 2019
Salt purication

Low purity salt was prepared by mixing and fusing as-delivered
KCl and MgCl2 at 850 �C. 375 g of KCl and 225 g of anhydrous
MgCl2 were physically mixed and loaded into a quartz crucible
in air. The crucible was loaded into a quartz reactor with three
24/40 tapered joints, placed in a Lindberg Blue M tube furnace
(HTF55322A furnace, CC58114A controller) set vertically, and
purged with dried UHP argon for 15 minutes. On the center
port, an o-ring joint was utilized to insert the sparge tube while
maintaining a gas-tight seal. On the outlet port, due to plugging
by evolved solids, a bump trap oen utilized with rotary evap-
orators was used to provide a collection point for accumulating
carbon or ammonium chloride. The ow was monitored using
a 1 L min�1 PTFE rotameter (Omega, FL-3103SA) set to 500
mL min�1. The UHP Ar was dried with P2O5 layered with
Drierite™ followed by a trap with only Drierite™. The reactor
exhausted into an empty vacuum (“bump”) trap followed by a DI
water (H2O) trap with mossy zinc (magnesium turnings are an
acceptable substitute for mossy zinc) then a 5.0 M KOH bath. To
thoroughly mix the molten salt, the middle port was used for
the sparge tube with the CCl4 bubbler bypassed (see Fig. S1†).
Initial sparge tubes were open-ended graphite; however, the
wear on the graphite resulted in signicant breakage. Aer
several iterations involving an open-ended quartz tube, a quartz
tube (8� 12mm) sealed on one end with six rows of 1 mm holes
drilled into the sealed end to a height of 1 inch to diffuse the gas
into the molten salt. The sparge tube was initially out of the salt
and owing dried Ar. Following the 15 minute Ar purge, the
reactor was heated to 850 �C at 10 �Cmin�1. At temperature, the
sparge tube was lowered into the molten salt and Ar owed for 1
hour. Aer thorough mixing, the sparge tube was removed from
the salt with Ar owing to maintain an inert atmosphere. Note,
the o-ring may fuse to the quartz tube creating a break hazard as
the tube will be hot requiring appropriately-rated thermal
protection with cut-proof gloves. The furnace was naturally
cooled, and the reactor was transferred to an inert Ar glove box
without being exposed to air.

Initial MgCl2 purication was achieved by utilizing the
carnallite method initially reported by Young, et al.27 and
described by Zhang et al.31 500 g of anhydrous MgCl2 and 250 g
of NH4Cl were physically mixed and loaded into a quartz
crucible in air. For the carnallite method, the reactor only used
two ports: the Ar inlet and the exhaust. Following the 15 minute
Ar purge, the furnace was heated to 450 �C at 10 �C min�1 and
held at temperature for 2 hours to remove moisture and some
oxide. The furnace was then heated to 750 �C at 10 �Cmin�1 and
held for 1 hour to remove unreacted NH4Cl. The furnace was
naturally cooled, and the reactor was transferred to an inert Ar
glove box without being exposed to air.

The KCl was puried by sparging with CCl4. Specically,
600 g of KCl was loaded into a quartz crucible. The crucible was
loaded into the quartz reactor, placed in the furnace, and
purged with dried UHP Ar for 15 minutes. For sparging, the
middle port was used for the sparge tube with the CCl4 bubbler
bypassed (see Fig. S1†). The sparge tube was out of the salt and
owing dried Ar. The reactor was heated to 850 �C at
RSC Adv., 2019, 9, 25602–25608 | 25603
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10 �C min�1. At temperature, the sparge tube was lowered into
the molten salt and CCl4 owed for 3 hours. The CCl4 bubbler
was bypassed so only Ar owed into the reactor and held for 30
minutes. The gas was switched to Ar/4% H2, held for 3 hours,
and then switched back to Ar for 30 minutes. Following salt
purication, the sparge tube was removed from the salt and the
furnace was naturally cooled to room temperature. The reactor
was transferred to an inert glove box for further use. For MgCl2,
the same basic procedure was followed. Approximately 600 g of
previously puried (carnallite method) MgCl2 was loaded into
the reactor inside the glove box. The MgCl2 was sparged with
CCl4 at 850 �C for �60 hours followed by 30 minutes Ar, �60
hours Ar/4% H2, and nished with Ar for 30 minutes.

Themoderate purity salt was prepared bymixing pre-cleaned
(CCl4-sparged) KCl and pre-cleaned (CCL4-sparged) MgCl2. For
this, 500 g of sparged KCl and 300 g of sparged MgCl2 were
weighed in a glove box and loaded into a quartz crucible. The
crucible was loaded into the quartz reactor, attached to the
dried Ar line without exposure to air, and placed in the furnace.
The salt was thoroughly mixed following the same procedure as
the low purity salt. The moderate purity was transferred to an
inert Ar glove box without being exposed to air and 200 g were
separated for corrosion experiments. The high purity salt was
made by sparging the remaining moderate purity salt (�600 g)
for 55 hours with CCl4 and 55 hours with Ar/4%H2 to reduce the
amount of oxide to trace amounts.
Oxide quantication

200 mL of deionized water (18.2 MU) was poured into a 500 mL
three-neck round bottom ask and degassed with Ar for 30
minutes. Approximately 2 g of salt was weighed in the glove box
and the value was recorded for accuracy. The salt was added to
the degassed and deionized water and allowed to dissolve for 15
minutes. An Orion™ AquaPro™ pH Combination Electrode
was calibrated with Orion™ pH Buffers (pH 4, 7, and 10) to
assure accuracy and inserted into the salt solution. The initial
pH was recorded, and the salt solution was titrated with 0.01 M
HCl via micropipettes that were pre-calibrated using water and
an analytical balance. An addition was made every 5 minutes to
allow ample time for equilibration. The amount of titrant was
adjusted to change the pH by �0.2 pH units every addition. The
titration was complete at �6 pH and the amount of titrant
needed to reach pH 7 was determined. The oxide content was
calculated using eqn (1) assuming all basicity was from MgO.

½MgO��mmol kg�1
� ¼ 5

VtitrantðmLÞ
msaltðgÞ (1)

where Vtitrant is the volume of titrant to reach pH 7 in mL and
msalt is the mass of salt in grams.
Corrosion testing

Metal coupons of SS316L and alloy-N were polished to a 600-grit
nish, rinsed with acetone, and dried. The weights and
dimensions were recorded and then loaded into 200 mm long,
8/12 mm (ID/OD) quartz ampules with salt inside an inert glo-
vebox. The salt consisted of three grams (3 g) of varying purity
25604 | RSC Adv., 2019, 9, 25602–25608
(low, moderate, and high purity) KCl : MgCl2 (68 : 32 mol%).
Swagelok® Ultra-Torr ttings with Swagelok® needle valves
were attached to each ampule and vacuum was established in
the tube. The quartz ampules were ame-sealed under vacuum.
The sealed ampules were heated in a Barnstead-Thermolyne
box furnace (model FB1415M) at 20 �C min�1 to 700 �C and
held for 100 hours. The furnace was naturally cooled, and the
metal coupons were removed by breaking the ampules. The
coupons were sonicated in deionized water (18.2 MU) for 1 hour
and rinsed. The coupons were sonicated in fresh deionized
water (18.2 MU) for 30 minutes twice more. Following the nal
rinse, the coupons were rinsed with methanol and dried at
120 �C in air for 5 minutes and cooled to room temperature. The
coupons were weighed with a Mettler Toledo model XP205
balance with an accuracy of �0.04 mg (<0.02 mg cm�2). Aer
weighing, samples were cross-sectioned, metallographically
mounted, and imaged. Samples were characterized with scan-
ning electron microscopy (SEM) and energy dispersive spec-
troscopy (EDS) mapping on a Hitachi S-4800 equipped with
EDAX hardware.
Results and discussion

As-received salt does not meet the level of purity necessary to
prevent considerable corrosion.33 Most MgCl2 purchased
directly from vendors contain �0.4% water, both crystallized
(MgCl2$nH2O, where n ¼ 1, 2, 4, or 6) and surface adsorbed.
Each water molecule can directly react with the containment
material according to eqn (2) or indirectly by HCl generated
from hydrolysis of MgCl2 according to reaction (3).

xM + yH2O / MxOy + yH2 (2)

M + xHCl / MClx + x/2H2 (3)

Additionally, anhydrous MgCl2 purchased from a variety of
vendors was found to contain dissolved oxygen in the form of
MgO (�0.2 wt%). Oxygen is dissolved in MgCl2-melts by
complexation of two MgCl2 molecules.40 Oxide and hydroxide
have been linked to an increase in the corrosion rate, making
their removal crucial.33

Carbochlorination is an attractive method for purication
because it yields a gaseous product that does not remain in the
salt while still removing oxide to trace levels. Carbochlorination
utilizes four different reagents (or reagent combinations):
carbon and chlorine (C + Cl2), carbon monoxide and chlorine
(CO + Cl2), phosgene (COCl2), and carbon tetrachloride (CCl4).
The original method, C + Cl2, required solid carbon suspended
in the material (salt in this case). The use of solid precursors is
not desired due to the need to remove residual unreacted solid,
i.e. carbon. Therefore, C + Cl2 was not considered for compar-
ison. The other three reagents (or reagent combination) utilize
similar reactions to perform carbochlorination (eqn (4)–(6)).

CO + Cl2 + MgO / CO2 + MgCl2 (4)

COCl2 + MgO / CO2 + MgCl2 (5)
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Plots of DG versus temperature for the purifying reagents (a)
and their reaction with MgO (b), O2 (c), and H2O (d). The purifying
reagents are HCl (grey), CO + Cl2 (red), COCl2 (blue), and CCl4 (green).
The vertical dashed lines indicate the temperature selected for
sparging.

Fig. 2 (a and b) Images of KCl : MgCl2 (68 : 32 mol%) purified using
heat only (a) and using the carnallite method (b). (c) pH versus log10 of
titrant comparing salt purified with the carnallite method (red), mixing
pre-sparged salts (green), and sparging with CCl4 for 60 hours (blue).
Sparging with CCl4 was performed at 750 �C followed by 30 minutes
sparging with Ar only, equal time sparging with Ar/4%H2 (60 hours),
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1/2CCl4 + MgO / 1/2CO2 + MgCl2 (6)

Thermodynamic favourability of purifying MgCl2-based salts
with HCl, CO + Cl2, COCl2, and CCl4 was determined to assess
the efficacy of each reagent. The low DG for HCl, with a positive
DG above approx. 525 �C, suggest HCl is not favourable to
remove MgO and thus was not included in the corrosion study.
Since MgO is more energetically favourable thanMgOHCl above
�550 �C, it was used to assess impurities caused by hydrolysis.
Evaluation of carbochlorination and HCl was performed to
compare carbochlorination to purication methods already
utilized. The thermodynamic data were calculated using Gibbs
free energy of formation ðDG�

f Þ to determine the favourability of
reaction using JANAF tables from NIST.38 The Gibbs free energy
for the reaction (DG) was calculated using the format in eqn (7).

DG ¼
X

DG
�
fproducts

�
X

DG
�
freactants

(7)

where
P

DGo
fproducts is the sum of the DG

�
f of the products andP

DG
�
freactants is the sum of DG

�
f of the reactants. The DG was

calculated for a mixture of potassium oxide (K2O) and MgCl2
following the format in eqn (7) and the stoichiometry of eqn (8)
to determine the equilibrium constant (eqn (9)).

K2O + MgCl2 / 2KCl + MgO (8)

Keq ¼ exp
�DG
RT (9)

where Keq is the equilibrium constant, R is the ideal gas
constant, and T is the temperature in Kelvin. The resulting
equilibrium constant for the reaction in eqn (8) is �1019 at
750 �C, suggesting the predominant species of oxide in the salt
is MgO. Common impurities in the Ar gas supply, such as O2

and H2O, were also considered.
The change in Gibbs free energy (DG) for the decomposition

of HCl, COCl2, and CCl4 (see ESI† for equations) were calculated
to determine reagent stability (Fig. 1a). The DG for CO + Cl2 was
calculated as the reverse reaction of COCl2 since CO or Cl2 are
not favoured to decompose further. The remaining reaction
equations are in the ESI.† As seen in Fig. 1b–d, CCl4 (green line)
becomes the thermodynamically favoured purifying reagent for
the selected impurities above �525 �C. The decomposition of
CCl4 further enhances the CO and CO2 formation driving the
deoxygenation of the salt (Fig. S2†). Therefore, the sparging
temperature was set to 750 �C to ensure ample decomposition
of CCl4 and increase the favourability of purication.

The low-purity salt, made by simply heating to 850 �C,
stratied upon solidication. Stratication is an indication of
MgO formation (Fig. 2a), because MgO was generated during
fusing. The as-received “anhydrous” magnesium chloride lot
analysis suggests 0.39–0.40% moisture (Alfa Aesar, product
12315, Lot W07D102). The water in the as-received MgCl2
caused it to hydrolyze, forming MgOHCl and, subsequently,
MgO upon heating.41 The strata developed when MgO reached
saturation and settled to the bottom while the salt melt
remained on top.40 The resulting oxide content ranged from
10 000–30 000 mmol kg�1. Using the carnallite method31

reduces the amount of MgO formation to below the solubility
This journal is © The Royal Society of Chemistry 2019
limit in MgCl2 (Fig. 2b). Solid MgO decreases the efficiency of
oxide removal because the reaction is limited to dissolved oxide.
Precipitated MgO would slow the purication due to the
continuous dissolution of solid MgO into the melt, governed by
the dissolution kinetics. Hence, reducing MgO to below the
solubility limit makes subsequent purication easier and more
efficient.

The KCl and MgCl2 were puried separately to prevent
moisture from KCl hydrolysing MgCl2 and forming MgO upon
dehydration. The salt was fused in the same ratio and no
stratication occurred (moderate purity, Fig. 2c, green). This
salt was also sparged with CCl4 and subsequently Ar/4%H2 for
an additional 55 hours to further remove dissolved oxide as well
as residual chlorinated species, e.g. HCl and chlorinated
carbonaceous residue. The additional sparge removed dissolved
and a final 30 minute sparge with Ar only.

RSC Adv., 2019, 9, 25602–25608 | 25605
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Fig. 4 (a–c) Cross-sectional SEM images for SS316L coupons exposed
to salt of low (a), moderate (b), and high (c) purities. (d–f) Cross-
sectional SEM images for Hast-N coupons exposed to salt of low (d),
moderate (e), and high (f) purities.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
0/

25
/2

02
5 

9:
47

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
MgO to trace levels (Fig. 2c, blue). The resulting oxide contents
for the moderate and high purity salts were 915 and 42 mmol
kg�1, respectively.

Coupons of SS316L and alloy-N were exposed to salts of three
different purities (low, moderate, and high with oxide contents
of�20 000, 900, and 50 mmol kg�1, respectively) for 100 hours at
700 �C. The mass change for the SS316L samples showed
signicantly increased corrosion for the low purity salt versus
the moderate/high purity salts (Fig. 3a). The moderate and high
purity salts showed similar mass loss, but the high purity salt
was more consistent. The alloy-N sample showed similar trends,
but with less difference between the low purity (as-received,
fused) and puried salts (Fig. 3b). Interestingly, the mass loss
data indicated little difference between the moderate and high
purity samples. Alloy-N, a nickel-based superalloy, was designed
specically to contain molten uoride salts; therefore, it was
expected to perform better than stainless steel. An especially
interesting result is the large difference between materials in
the untreated salt, and the relatively small difference between
the performance of the materials in the puried salts. This
suggests material selection may be important in aggressive
environments, but properly prepared salts may lessen the
differences between materials, enabling the use of less expen-
sive materials as salt-facing structural components.

The corroded coupons were cross-sectioned and character-
ized via scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS). Cross-sectional SEM showed
a similar trend to the mass loss data (Fig. 4); increasing salt
purity decreased the amount of corrosion. The low purity salt
attacked themetal more than the higher purity salts and SS316L
more than alloy-N (Fig. 4a and d, respectively). EDS revealed
signicant depletion of chromium (Cr) along the grain bound-
aries (Fig. S3 and S4†). Additionally, EDS maps of Mg and O of
coupons exposed to low purity salt showed MgO deposited in
the sample where Cr was depleted (Fig. S5†). In the case of low
purity salt saturated with MgO, mass loss data does not accu-
rately represent the severity of corrosion.
Fig. 3 (a) Mass change data for SS316L coupons exposed to salt of low
(black), moderate (red), and high (blue) purities. (b) Mass change data
for alloy-N coupons exposed to salt of low (black), moderate (red), and
high (blue) purities.

25606 | RSC Adv., 2019, 9, 25602–25608
Cross-sectional SEM and EDS also revealed subtle differ-
ences in corrosion between the moderate and high purity salts.
The salt of moderate purity (Fig. 4b and e) exhibited more
surface roughening than the salt of high purity (Fig. 4c and f). In
particular, the region of attack exhibited increased Cr depletion
(Fig. S3 and S4†) with minimal change to the base metal (Fe for
SS316L and Ni for alloy-N). The level of Cr depletion was deeper
than the base alloy, an observation consistent with previous
reports.23
Conclusions

Chloride-based thermal energy storage salts were puried on
the 0.5–1 kilogram scale via carbochlorination using carbon
tetrachloride as the chlorination reagent. This resulted in
a reduced dissolved oxide content and subsequently, reduced
oxide-based corrosion of 316L stainless steel and alloy-N. This
work demonstrates that oxygen content in chloride salts cannot
be ignored, even when considered insoluble as with MgO,
during alloy or salt selection. The ability to generate salts with
varying purity enables correlation of the oxide content to the
observed corrosion by both granular attack and generalized
corrosion. Data from exposures with low purity salt saturated
with oxide demonstrated that mass change was not necessarily
a good indicator of corrosion due to MgO deposition in the void
space le by Cr depletion. As such, mass change data should be
coupled to cross-sectional imaging techniques like SEM and
EDS. Interestingly, the presence of MgO along the grain
boundary may suggest a role for MgO in Cr depletion mecha-
nisms and is under further investigation. Higher purity salt
exhibited a decrease in corrosivity, especially in SS316L. Since
increased purity, i.e. lowered oxide content, decreases the cor-
rosivity of salt, careful control of salt chemistry may enable the
This journal is © The Royal Society of Chemistry 2019
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use of cheaper materials that are readily available in place of
designer alloys at premium prices. High purity salt also serves
as an effective baseline to study the effects of common impu-
rities, such as oxygen, bromide, boron, and trace metals,
including impurities collected in service, such as corrosion and
ssion products. Additionally, the use of high purity salt
enables the study of how individual impurities affect the
corrosion behaviour and thermophysical properties, both in
static and owing conditions.
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