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Abstract

An effective insulation material that is both thermally and chemically stable in molten salts could transform
the design of molten-salt-based thermal energy storage (TES) tanks. Most current molten salt TES tanks
hold the metallic tank structure in direct contact with hot salt inventory, a design which leads to thermal
expansion of the tank and triggers stresses that can lead to thermomechanical failures. With an internal
insulation to lower the temperature at the tank structure, the extent of thermal expansion can be reduced,
thereby reducing expansion-induced stresses and allowing for consideration of lower-cost tank structure
materials.

Conventional insulation materials are either 1) too porous and allow molten salts to permeate into the matrix,
which significantly increases the thermal conductivity or 2) too dense and have a thermal conductivity that
cannot provide sufficient thermal insulation. This paper presents an alternative thermal insulation concept
using cenospheres which have an alumino-silicate structure. The cost analysis suggests that the low-density
cenospheres can be one of the cheapest materials to provide cost-effective thermal insulation. The chemical
compatibility of cenospheres is investigated in molten 60 wt.% NaNO3/40 wt.% KNOs salt which is close
to industrial-grade Solar Salt. This paper shows that diffusion of the sodium and potassium cations from
the salt into the cenospheres occurs based on weight analysis, energy dispersive spectroscopy (EDS), X-
ray diffraction (XRD) and Fourier-transform infrared (FTIR) spectroscopy. The cation diffusion breaks the
bridging oxygen bonds and causes volume expansion of the microstructure which is responsible for the
failure of the cenosphere particles. The chemical composition of the cenospheres is found to affect their
compatibility with molten nitrate salt. A cenosphere product with low iron content showed the best
compatibility with an average survival rate of 77.9% + 9.8% after 7 days of immersion in the molten nitrate
salt. While even low-iron cenospheres appear to require protection from direct molten salt contact, their
slow degradation rate, closed-cell porosity, and low cost hold potential for effective use as internal tank
insulation.
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1. Introduction

Thermal insulation materials are essential for various industrial applications. Different forms of insulation
are used for different purposes. For example, highly porous ceramic-based firebricks are used as primary
insulation to reduce the temperature of a furnace. Dense firebricks are used to directly interface with a harsh
high-temperature and corrosive environment. Other non-fire-brick materials like aerogels were invented for
more extreme cases such as aerospace applications.

This paper presents a new insulation concept for a different category of thermal insulation application: long-
term storage of high-temperature liquids at above 500°C. This is of particular interest to concentrating solar
power (CSP) industry that uses high-temperature fluids such as molten salts to move and store thermal
energy for electricity generation. Current molten salt storage in CSP systems uses unlined tanks made of
carbon or stainless steel, depending on the salt temperature. Some of these tanks, especially those holding
salt at temperatures greater than 400°C, have experienced failures [1]. Internal insulation could address the
current thermal energy storage (TES) tank design challenges where excessive thermal expansion of the tank
structure due to high operating temperature creates significant mechanical stresses. Reducing the
temperature of the tank structure could fundamentally reduce such risks and allow a more reliable TES and
improve the competitiveness of CSP [2]. In addition, a lower tank temperature allows a cheaper tank
structure material (e.g., switching from stainless steels to carbon steels) which could, in turn, justify the
added cost of the internal insulation. More broadly speaking, TES with hot liquids is attracting increasing
attention as a key step to allow storage of renewable electricity with a Carnot battery [3], [4].

The universal strategy for creating superior thermal insulation materials is to create gas pockets because
stagnant gases usually have a thermal conductivity 1-3 orders of magnitude lower than that of liquids and
solids. This strategy has been applied to almost all insulation materials (e.g., fiberglass batts [5]-[7], porous
refractory bricks [8]-[15], aerogels and foams [16]-[21], etc.). However, most of these materials have open
and inter-connected porosities that are less useful when insulating liquids. When these porosities are wetted
by the liquids, the gas pockets (air pockets in most cases) will be displaced and the material will lose thermal
insulation capability. A nonpermeable, protective layer or membrane can be used to avoid insulation
wetting, but such features increase cost, complexity, and risk of a small leak quickly destroying the
insulation. Therefore, the preferred requirements for insulating liquids are 1) to have enclosed rather than
open porosities and 2) to have independent rather than inter-connected porosities. The former is to retain
insulation capability when in contact with the liquids whereas the latter is to reduce the risk of overall
insulation failure when one pore is wetted allowing the liquid to propagate to other pores through their
interconnectivity.

For high-temperature molten salts, the materials of interest in this paper are oxide-based hollow ceramic
microspheres with diameters around 1-300 um such as alumino-silicate-based cenospheres. These materials
and other oxide-based hollow spheres have been a research interest because of their low bulk density and
low thermal conductivity [22]-[26]. Most of the applications involve placing the hollow spheres as
inclusions inside a matrix to improve its thermal insulation, enhance mechanical strength, and/or reduce
density. For example, the hollow spheres are mixed into aerogels [27]-[29], concrete [30]-[36], coatings
and thin films [37]-[43], fibers/textiles [44]-[48], foams [49]-[58] and polymers [59]-[69], and other
miscellaneous materials [70], [71]. There are also attempts to sinter the free-flowing hollow spheres to form
a self-supporting structure [72]-[75]. While hollow ceramic microspheres have been widely studied as an
insulation material, to our best knowledge the direct use of hollow oxide-spheres as insulation without a
matrix has not been extensively explored. Cenospheres show promise as a high-temperature insulation
material for corrosive environments for the following reasons:
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1. Cenospheres themselves have excellent thermal insulation.

2. Cenospheres can be more chemically resistant and mechanically stronger than some matrix materials
such as aerogels. Motte et al. [76] performed corrosion tests in molten 60 wt.% NaNO3/40 wt.% KNO3
salt of a ceramic block made by re-melting fly ash particles — which have very similar chemistry to
cenospheres — and showed that the fly ash chemistry is stable after 500 hours at 500°C.

3. The TES operating temperature is up to 565°C for current generation CSP! and cenospheres are
thermally stable in air at these temperatures.

4. Most importantly, cenospheres are inexpensive which is crucial in a cost-sensitive large-scale
application such as TES with molten salt.?

By first-order approximation, materials insulate by volume instead of by mass. Therefore, an insulation
material with low density can have a cost advantage over an insulation material with higher density. For
example, a reference conventional porous fire brick material that is considered in Gen2 CSP nitrate salt
TES and Gen3 CSP chloride TES costs around $1.5/kg (with a density of ~500 kg/m?®). An example ceramic
hollow sphere product is seemingly more expensive at $2.2/kg. However, with a low density of ~140 kg/m?,
the volumetric cost is $308/m* compared to $750/m? for the reference porous fire brick. This is the main
motivation of this study — to understand the feasibility of using low-cost oxide-based cenospheres as thermal
insulation for high-temperature liquids.

Now, we define a materials selection metric M to describe the cost-effectiveness of thermal insulation in
Equation 1 where k is thermal conductivity, p is the bulk density and C is cost of the insulation material.
The higher the M value, the better the material is at providing cost-effective insulation.

M=— (1)

Table 1 summarizes the M values for two cenospheres, two hollow glass microspheres (HGMs), one
reference porous insulation brick and one reference dense insulation brick that are both of interest to Gen2
and Gen3 CSP TES tank design. The high M values of cenospheres and HGMs suggest that they can be
competitive to conventional insulation materials (e.g., highly porous firebricks). The M values also
inversely correlate to the density of the materials as shown in Figure 1. It confirms the importance of lower
densities because for a unit mass of an insulation material,® a lower density implies more low-thermal-
conductivity void volume.

Table 1. Calculated metric M for five materials including two cenospheres, two HGMs and one reference porous insulation
brick. Larger M values are better.

Material Product Density M
Category kg/m?® | (W/m K)™(kg/m®)($/kg)?
SphereOne XOL-200 Cenospheres 140 0.0590
CenoStar ES500 350 0.0113
3M iIM30K 600 0.0009
3M K1 HGMs 125 0.0258
Reference Porous Insulation 500 0.0167

! The U.S. Department of Energy’s Gen3 CSP program is targeting a high temperature of 720°C.

2DOE’s target TES cost is $15/kWhy, including total salt inventory, tank structure and foundation, internal and/or
external insulation, internal piping, etc. where internal insulation usually cannot cost more than 30% of the total budget.
3 Quotes are usually provided by the refractory industry on a unit-weight basis.
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Because the cenospheres are fine, free-flowing particles, they can absorb the high-temperature TES medium
and be fully saturated (similar to conventional porous fire bricks). Hence a barrier is needed to prevent this
from happening. In the perfect scenario where the barrier does not fail, cenospheres should outperform
conventional porous fire bricks because of their high M values. In the worst-case scenario where the barrier
fails (which must be considered when designing a reliable TES system), cenospheres could still outperform
conventional porous fire bricks because they can retain a large fraction of the air pockets to provide
insulation assuming the hollow sphere structure is compatible with the TES medium. In contrast,
conventional porous fire bricks with open and connected pore structures will be penetrated quickly by the
TES medium hence losing most of their insulation performance. Therefore, the potential risk of a failed
barrier and the fact that the simplified metric M does not take into account the service life of the materials
in this worst-case scenario, compel one to investigate the chemical compatibility of cenospheres in a real

TES medium.
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Figure 1. Correlation between the insulation metric M and the density of the
materials analyzed.

2. Experimental

Materials: Two cenosphere products were used for chemical compatibility tests in molten nitrate salt at a
composition used in commercial CSP plants (60 wt.% NaNO3/40 wt.% KNQO3). Both the NaNOzand KNO;
were ACS reagent grade (>99% purity) purchased from Alfa Aesar. CenoStar is a cenosphere with a higher
Fe,Os content typically seen in most commercially available products. Tarong is a special cenosphere
sourced from Tarong Power Station in Australia with one of the lowest Fe,Os content available to the
market [77]. Table 2 summarizes the two types of cenosphere products and their chemical compositions,
particle size, bulk density, and thermal conductivity at room temperature listed by the supplier, if available.
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Table 2. Summary of tested cenosphere products.

Thermal
Chemical Particle Size Bulk Conductivity

Supplier Product Composition range (um) Density at Room
(Wt.%) H (g/cm?d) Temperature

(W/mK)

SiO2: 50-60%
CenoStar ES500 Al,O3: 22-30% 5-500 0.32-0.45 0.1-0.2
Fe203: 1.5-5%
SiO2: 60-65%
Tarong Al;0s: 30-35% 25-250 ~0.35 Not Available
Fe,03: < 1%

SiO,-AlLO3 binary phase diagram [78] suggests that the stable phases below 1595°C in both the CenoStar
and Tarong cenospheres are SiO, and mullite. It has been found that cenospheres are made of an amorphous
phase and a crystalline phase because of the general formation process [79]. Therefore, it is reasonable to
assume that the amorphous phase is amorphous SiO; and the crystalline phase is mullite (see Section 3.2.
Chemical Compatibility Tests for Low-Fe Cenospheres).

Tarong Power
Station

Chemical compatibility tests: Around 5-10 g of cenosphere particles were loaded into a dense alumina
crucible (AL-4035, Advalue Technology) with at least 15 g of pre-mixed 60 wt.% NaNO3/40 wt.% KNO;
salt. The setup was then placed inside a muffle furnace (KSL-1200x, MTI) and heated up to 565°C* at
5°C/min in ambient air for compatibility tests. No inert gas was used because commercial nitrate-salt tanks
use air as their cover gas.

Survival rate by weight analysis: Because the bulk densities of the tested hollow spheres are all much less
than 1 g/cm?® and the density of the molten nitrate at 565°C is about 1.7 g/cm?, the intact cenospheres will
float in molten nitrate salt (or in water post chemical compatibility test). However, if they break due to
chemical, thermal, and/or mechanical failures during the compatibility test, the sphere fragments will sink.
A simple method to determine whether the tested products survive molten nitrate salt environment is to
observe the floating vs. sinking behaviors at the test temperature as a function of time. After the immersion
tests were completed, the molten salt and cenosphere mixture was cooled down. The retrieved mixture was
dissolved in DI water to separate the floating particles from the sinking particles. To ensure complete
dissolution of salt and avoid residual salt in the retrieved cenospheres that may affect various chemical
analyses later, multiple DI water washes (each time with 400-500 ml of DI water) with stirring at 200-300
rpm for at least 20—30 minutes were used for a total of 20-30 g of salt/cenosphere mixture. With solubilities
of 90 g/100 ml and 15 g/100 ml of water for NaNO3 and KNOs, respectively, a total of 1000-1500 ml of
DI water wash for 40-60 minutes should remove most residual salt. The floating particles were collected
with a pipette, filtered through 450-nm filter paper with additional fresh DI water, dried in a vacuum oven
at 110°C and weighed to obtain the survival rate. The post-immersion particles were also analyzed with
optical microscopy and scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS).

X-ray diffraction (XRD) and Fourier-transform infrared (FTIR) spectroscopy analyses: XRD and FTIR
were performed on as-received and post-immersion cenospheres.

XRD was performed at 25°C on an PANalytical PW3040 X-ray diffractometer with a Cu—Ko radiation
(wavelength = 1.54 A). The voltage and current of the generator were set to 45 kV and 40 mA, respectively.

4 565°C is the operating temperature of the hot TES storage tank in current CSP power tower systems.
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The XRD patterns were recorded in the 20 range of 15.9944° to 89.9784° with a step size of 0.0170° and a
scan step time of 29.845 s per degree. X'Pert HighScore Plus software was used to analyze the XRD patterns
as well as perform Rietveld Refinement.

The FTIR measurement was performed on a Nicolet 6700 FTIR spectrometer with the OMNIC software
package. The instrument was equipped with a Smart iTR diamond attenuated total reflectance (ATR). The
spectra were collected at room temperature (1) with 50 scans of background data and 50 scans of
experimental data, (2) between 4000-525 cm at a resolution of 4.82 cm™ using an optical velocity of
0.4747 cm/s, an aperture of 100% and a sample gain of 4, and (3) with advanced ATR correction and
atmospheric suppression post-collection.

3. Results
3.1. Chemical Compatibility Tests for High-Fe Cenospheres

Figure 2(a) shows the image for as-received CenoStar ES500 cenospheres. The hollow structures can be
seen from the image and almost no broken or fractured particles are found. We can also see variations in
appearance such as particle shape and color. It qualitatively agrees with the expectations for cenospheres
(i.e., a low-cost but non-optimized industrial by-product without intentional quality control). These features
may serve as defects and have certain roles in the mechanical and chemical stabilities of the materials.
Figure 2(b) shows the optical microscope image of CenoStar ES500 after 24 hours of compatibility test
where cenosphere fragments are clearly seen. Density separation by flotation in DI water followed by
weight analysis suggests that the survival rate is no more than 10%. The authors performed immersion tests
on other commercially available cenospheres with similar Fe,O3 content.®> The results were similar.

&

Figure 2. Optical images of (a) as-received CenoStar ES500 cenospheres and (b) post-immersion CenoStar ES500
cenospheres (24 hours).

Figure 3 shows the processed relative concentrations for the relevant cations of the as-received and post-
immersion CenoStar ES500 cenospheres. The concentrations were average values by multiple EDS point
scans on individual particles. Note that although the precision of the EDS scans was acceptable (with a
standard deviation of 1-5 wt.% for each element), the true accuracy of the EDS scans was unknown,
especially for oxygen because (1) no standards were used prior to quantification, and (2) the exact oxidation
state of the major cations and whether the sample was fully oxidized is unknown. Therefore, the EDS
measurement was intended more for qualitative understanding of the cenosphere chemistry. The results
show a clear increase of Na and a decrease of Fe. The relative changes for other elements are less conclusive

5 Including the Fillite Series from Cary, SLG from Envirospheres, and Extendosphere SG and XOL-200 from
SphereOne.
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because the standard deviations were usually at least 1-2 wt.% based on five to ten point scans.
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Figure 3. Concentrations of relevant elements in the as-received and post-immersion CenoStar cenospheres
measured by EDS.

3.2. Chemical Compatibility Tests for Low-Fe Cenospheres

Figure 4 shows the optical microscope image for as-received and post-immersion (72 hours) Tarong
cenospheres. There is little difference between the as-received and post-immersion states except for only a
handful of small cenosphere fragments.

Figure 4. Optical images of (a) as-received Tarong cenospheres and (b) post-immersion Tarong cenospheres (72 hours).

Figure 5 shows the processed relative concentrations for the relevant cations of the as-received and post-
immersion Tarong cenospheres. The concentrations were average values by multiple EDS point scans on
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individual particles. The results again show a clear increase of Na and a decrease of Fe. A slight increase
of Mg is also observed. The relative changes for other elements are less conclusive given the relative size
of standard deviations.

|:| As-Received
[ ] Post-Immersion (Survived)
60 — . .
[ ] Post-Immersion (Failed)
s
= _
~
g 407 — -
O —
g —
g
=R
Q
Q
=)
S
O 20 -
0 T T T T ,_'T|_| = '_|Tl_' — T
Al Si Na K Fe Mg Ti N
Element

Figure 5. Concentrations of relevant elements in the as-received and post-immersion Tarong cenospheres
measured by EDS.

Figure 6 shows the surviving percentage of the Tarong cenospheres at different particle size ranges as a
function of immersion time up to 168 hours (7 days). The black dashed circles indicate the samples cooled
inside the furnace where it takes at least 60 minutes for the salt temperature to change from 565°C to
solidification at ~240°C. Otherwise, the samples were cooled outside the furnace, where it takes less than
10 minutes for the salt temperature to change from 565°C to solidification at ~240°C. The percentage of
surviving particles of all tested commercially available high-Fe cenosphere products and a borosilicate-
based glass microsphere product (iM30K from 3M) is given as a range for comparison.
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Figure 6. Percentage of surviving Tarong cenospheres after various periods of immersion in molten nitrate. Different
shapes represent different experiments for the same particle size range tested. Black dashed circles represent furnace
cooling condition; un-circled points were cooled outside the furnace at a faster rate. The yellow shaded regions
represent the behaviors of all test high-Fe content cenosphere products and a 3M iM30K glass microsphere product.

Figure 7 shows the percentage of “unaccounted” cenospheres as a function of immersion time up to 120
hours. The mass of unaccounted cenospheres m,, 4.+ is defined by Equation 2 as

Mynacct = M; — Mg — My (2)

where m; is the initial total mass of cenospheres added to the immersion test, mg is the total mass of
surviving cenospheres, and m; is the total mass of failed cenospheres. By definition, a positive value for
Mynacct MeaNs mass loss of the cenosphere particles, while a negative value of my 4.+ Means a mass
gain. However, this definition is not able to distinguish whether mass loss/gain occurs on the surviving or
failed cenospheres. The “corrected zero mass change” line is set based on the mass change for the 0-hr
immersion sample representing the manual collection error, i.e., systematic losses due to imperfect sample
collection. Most of the data were generated by the same researcher to minimize variations of manual
collection errors across different researchers. The trend in Figure 7 indicates increasing mass uptake by the
cenospheres with molten salt exposure time.
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Figure 7. The percentage of unaccounted cenospheres after various periods of immersion in molten
nitrate. Different shapes represent trials for the same particle size range tested.

Figure 8 shows the comparison of XRD patterns for as-received Tarong cenospheres without any salt
immersion, and survived and failed Tarong cenospheres after 72-hr immersion in molten nitrate at 565°C.
Figure 8(a) indicates that the as-received and surviving cenospheres are virtually the same with all major
characteristic XRD reflection peaks and their relative intensities agreed. Almost all XRD crystalline
reflection peaks are attributed to mullite and the amorphous hump around 26 = 18°-27° is attributed to
amorphous silica. There are three observable differences for the failed Tarong cenospheres in Figure 8(b):

1) There are additional reflection peaks (indicated by the letters a-d). After excluding the mullite
reflection peaks,® the XRD database in X’Pert HighScore attributes peaks a and b to a
potassium/sodium alumino-silicate species, (K,Na)AlSiO, or trikalsilite. Peaks ¢ and d are
attributed to a sodium alumino-silicate species, NaAlSi»Os or jadeite. Note that there is an overlap
between one of jadeite’s reflection peaks and one of mullite’s reflection peaks at peak d which may
explain the enhancement around peak d.

2) There is a consistent shift of all major mullite reflection peaks towards lower 26 angle by about 0.3°
compared to those for the as-received and surviving cenospheres. The magnitude of the shift for
the eight most intensive peaks increases slightly with the measured 26 angle, from 0.289° + 0.00843°
for the four major reflection peaks between 16° and 34° to 0.305° + 0.0139° for the other four major
reflection peaks between 35° and 61°.

3) The amorphous SiO; hump seems to fade. However, the absolute intensity for the failed Tarong
cenospheres is ~50% compared to that for the as-received and surviving Tarong cenospheres

8 It is certain that the mullite crystal structure is still the dominant crystal given the close match between the XRD
reflection peaks in the failed Tarong cenospheres and the mullite reference pattern.
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because the immersion experiments did not produce a high quantity of failed cenospheres (i.e.,
Figure 6 shows a 70-90% of survival rate). The decrease in the amorphous silica hump is
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Figure 8. Comparison of XRD patterns for as-received, surviving (after 72-hr immersion) and failed (after
72-hr immersion) Tarong cenospheres. The letters a-d indicate additional peaks that appear in the failec
cenosphere but cannot be attributed to mullite.

noteworthy, but the data must be interpreted cautiously and is not robust enough to make a
guantitative conclusion.

Figure 9(a) shows the FTIR spectra for as-received Tarong cenospheres and Figure 9(b) shows the FTIR
spectra for failed Tarong cenospheres after 72 hours and 288 hours of immersion. The letters indicate the
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locations of different characteristic peaks (to be discussed in Section 4.2. Chemical Compatibility for Low-
Fe Cenospheres).
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Figure 9. FTIR spectra for as-received Tarong cenospheres (top) and failed Tarong cenospheres after 72 hours and 288 hours of
immersion (bottom). The letters indicate the locations of different characteristic peaks discovered.

4. Discussion
4.1. Chemical Compatibility for High-Fe Cenospheres

Although EDS should not be used as a quantitative characterization tool to precisely determine chemical
compositions and composition changes, a significant decrease of Fe content from > 16 wt.% to 0 wt.% was
observed in Figure 3. It suggests that the Fe species are not chemically stable in molten NaNO3-KNOj3 at
565°C. Figure 10 shows the thermodynamic stability calculation of Fe,Os; in NaNO3-KNOs in an
atmosphere of 80% N and 20% O using HSC software. The calculation suggests a reaction of Fe,O3; with
NaNO; to form NaFeO.. The thermodynamic prediction also agrees with literature understanding which
suggests Fe,O3 reacts with a trace amount of Na,O in the molten NaNO3-KNO3to form NaFeO, [80]-[82].
However, the chemical solubility of NaFeO- in molten NaNO3/KNOj3 salt or whether it can form a perfect
passivation layer to stop further reaction is not readily available in the literature. Therefore, if iron-oxide is
indeed chemically unstable in the molten nitrate salts, it may act as local defects which weaken the integrity
of the ceramic-based cenospheres.

Figure 2(b) shows the characteristics of a mechanical failure via fracture (e.g., sharp edges of the broken
pieces) instead of a uniform dissolution. A potential reason for such fracture failure is the expansion of the
gas pockets inside the hollow sphere structure when heated from room temperature to 565°C which leads
to over-pressurization of the cenospheres. A simple spherical pressure vessel calculation suggests that
approximately 30 atm of internal pressure is needed to break a cenosphere particle based on cenospheres’
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Figure 10. HSC prediction of thermodynamic stability of Fe2Os in 60NaNO3/40KNO3
(wt.%).

compressive strength” and wall thickness. 30 atm is ~10x higher than the pressure caused by the expansion
of an ideal gas when heated from 25°C to 565°C. To confirm this, a separate experiment was conducted
where the cenospheres were heated to 565°C without molten salt and held for over 24 hours. No particle
fracture was observed which suggests that the strength of the as-received cenospheres can withstand stresses
caused by internal pressurization up to 565°C. The observation agrees with the specification of the CenoStar
ES500 cenospheres which states that the cenospheres have excellent temperature stability with a softening
point of 1040°+5°C and a melting point of 1200°-1400°C.

Both the optical microscopy and EDS analysis above suggested that a typical cenosphere product with > 2
wt.% of Fe,O3 content does not have acceptable corrosion resistance to molten nitrate salt. The fracture of
hollow particles during immersion is likely due to a combination of internal pressurization and molten salt
immersion. For these reasons, the authors identified a low-Fe cenosphere product to focus on for further
testing.

4.2. Chemical Compatibility for Low-Fe Cenospheres

The relative chemistry change for low-Fe Tarong cenospheres shown in Figure 5 is similar to that for high-
Fe cenospheres. The major difference is the magnitude of the Na increase and Fe decrease which are both
less for Tarong cenospheres. In addition, the chemistry of the survived cenospheres lies in between those
of the as-received and failed suggesting that the survived cenospheres are not completely immune to
chemistry change. Rather, they do sustain chemical attack from the salt but are more chemically resistant.

Two intriguing trends were observed in Figure 6:

(1) The behaviors are very different simply based on the cooling methods. Samples of all sizes with
faster cooling outside the furnace performed noticeably better than the ones with slower cooling
inside the furnace (usually the last sample of an experiment series). The slower furnace cooling

" No tensile strength information is available. Common knowledge suggests that the tensile strength of a ceramic-
based oxide material is much lower than its compressive strength.
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was unintentional because the last sample in an experiment series, usually started early in a week
and finished in 4-5 days, was left inside the furnace for cooling over the weekend.

(2) The low-Fe Tarong cenospheres, excluding all samples with slow furnace cooling, outperformed
all the high-Fe cenospheres and borosilicate glass microspheres. Upon closer inspection of Figure
6, there was no clear advantage of a specific particle size range.

The results in Figure 6 are very encouraging because the data show a relatively flat trend with only some
fluctuations up to 168 hours of immersion time. The average survival rate (excluding all furnace cooled
samples) measured by weight analysis is 77.9% * 9.8%.8 Our visual observation also suggests that most
cenospheres were still floating in the molten salt inside the furnace prior to salt freezing and weight analysis.
Because salt freezing (with ~4.6% of volume change [83]) prior to weight analysis could have damaged
some cenospheres, the actual survival rate could be even higher. In addition, a periodic replenishment of
salt in the crucibles to minimizes salt dry-out due to evaporation is found to be an important empirical
procedure to improve survival rate. It suggests that during real TES operation, the cenospheres that are fully
immersed in molten salt could perform better because the chance for salt dry-out is very low.

The mass gain observed in Figure 7 is possibly due to 1) chemistry-related changes during salt immersion
and/or 2) human error when collecting the particles after floatation and density separation. The consistent
trend in Figure 7 towards mass gain from the “corrected zero mass change” line as a function of immersion
time suggests that the mass gain is a result of chemical changes. Human error during collection should not
be a function of immersion time and it should only produce a mass loss.® The possible chemistry-related
mass changes can also be categorized into two groups:

1) Alkaline and alkaline-earth metal and transition metal ions can diffuse and be inserted into the
alumino-silicate network [84]-[90].

2) Simple salt permeation leads to salt trapped inside the cavities of the cenospheres. If the trapped
salt is not dissolved during the floatation step, there will be mass gain. However, although trapped
residual salt is a possibility, we did use extra precaution to remove any residual salt (see the
procedures of multiple DI water washes/filtrations described in the Experimental section). Given
the relatively high solubilities of the NaNOs; and KNOs in water, we believe our experimental
procedures were appropriate for us to refute such possibility of trapped salt. In addition, EDS on
cross-sectioned cenospheres did not show any significant signals such as N from the nitrate ions
that can be indicative of trapped salt on the inside of the cenospheres.

To further understand which is responsible for the mass gain, analytical characterizations with XRD and
FTIR were performed.

The XRD results in Figure 8 have a few implications:

1) The new reflection peaks a-d in Figure 8(b) that are associated with sodium or potassium alumino-
silicate species confirm that Na and K indeed chemically reacted with or diffused into the
cenosphere structure.

2) The small shift for the mullite reflection peaks towards a lower 20 angle can be a result of an
increase in mullite crystal volume either due to insertion or doping of other ions [91]-[94] where
the magnitude of the shift typically increases with the measurement angle 26 as shown in Figure

8 If considering that samples without any immersion have a non-perfect survival rate of ~92% due to loss of manual
collection, the actual survival rate for the immersed samples could be even higher.

% As shown by the “as-received” data point in Figure 6 where the floatation and density separation were performed
on as-received cenospheres without any molten salt immersion, the mass loss during manual collection error is about
8%.
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11. Rietveld Refinement was also performed to analyze the micro-strain and crystallite size for the
as-received, surviving and failed Tarong cenospheres based on their XRD patterns by comparing
their structures to the standard mullite structure from the America Mineralogist Crystal Structure
Database #0001059. The results show that the micro-strain increased from 0.013% in the as-
received and surviving Tarong cenospheres to 0.023% in the failed Tarong cenospheres. This
corroborates with the point above that the alkaline Na and K cations from the salt were incorporated
into the cenospheres which caused the mullite phase to expand slightly to form “doped” mullite
and the expansion was accompanied by more micro-strain and hence stress. Because K* ions
(effective ionic radius of 1.37 angstrom [95]) are bigger than Na* ions (effective ionic radius of

-0.26

-0.28 - "

-0.30 R

-0.32 4 .

26 Shift in Failed Cenospheres / °

-0.34 - T - T - | - T - T
10 20 30 40 50 60

20 for Major Reflection Peaks in As-received Cenospheres / °

Figure 11. Relationship between the measured 20 angles in the as-received
cenospheres and the 26 angle shift in the failed cenospheres after salt immersion. The
dashed line indicates the best linear fit showing the increasing magnitude of the 20
angle shift with increasing 20 angle.

0.99 angstroms [95]), we hypothesize that it is easier for smaller Na* ions to diffuse into the
cenosphere structure. Literature has shown that an even smaller Li* cation (ionic radius 0.59
angstrom [95]) diffuses more easily in a silicate structure [90]. The EDS analysis of the high-Fe
CenoStar cenospheres after immersion (Figure 3) indirectly corroborates our hypothesis because it
showed ~8-10 wt.% increase for Na and ~1-2 wt.% increase for K in the post-immersion
cenospheres.

FTIR was used to analyze the changes of the alumino-silicate network in the cenospheres when Na and K
cations are incorporated. The qualitative analysis was focused on the relative changes of bridging and non-
bridging oxygens in the structure. The features of the FTIR results in Figure 9 are identified below.

For the as-received Tarong cenospheres:

15

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



1) Peak a at around 1075 cm™ corresponds to asymmetric stretching vibrations of bridging oxygen
bonds in a silica network [96]. It confirms the presence of amorphous SiO, as predicted by the
Al;0s-SiO; phase diagram and XRD measurements.

2) The small shoulder of peak b at ~1200 cm™ and peak ¢ correspond to the wavenumber associated
with bending of Si-O bonds in amorphous SiO; [97].

3) The small shoulder of peak d at ~915 cm™ corresponds to the presence of Al-O bonds in the
octahedral form which is likely from the structure of mullite [98], [99].

4) The peaks in the range of 600-800 cm™ may be ascribed to the stretching vibrations of tetrahedral
Al-O bonds [100], [101].

Below are the features in the failed Tarong cenospheres:

1) Peak a, peak b, peak c indicate that amorphous SiO; is still present but at a lower intensity. It
suggests that the amorphous SiO:; is slightly modified.

2) Peak a’ appears to result from the shifting of peak a from 1075 cm™. This is associated with a
change in the Si-O-Si bond angle. The Si-O-Si bond angle differs as the number of oxygen atoms
bonded to a given silicon atom changes, which could occur when bridging oxygens are broken
[102].

3) Peak e at ~960-970 cm™ corresponds to a silicon atom with one non-bridging oxygen and peak f
at ~835 cm™ corresponds to a silicon atom with two non-bridging oxygens [103], [104]

4) Peak g at ~1360 cm™ corresponds to the bonds in the nitrate anions [105]. Here we believe that the
nitrate signal is not from residual salt.’® Instead, the nitrate anions serve to preserve overall charge
neutrality by adhering to one of the Si atoms connected to the same bridging oxygen. Figure 12
illustrates the schematic of this process and shows how the charge neutrality is preserved by having
the nitrate anions adhere to a Si* at a broken oxygen bond.

MNO, M* NOy
—Si—0—S§—— == S5 — O Sit
/ T \ /
Bridging O Broken Si-O

1 bond

SiO, network

M broken here

—si-—o0 /  si—
Non- NO,
bridging O
Figure 12. Schematic showing how a network modifier cation (M, assuming be +1
valency) breaks a bridging oxygen bond in a SiO2 network and forms a non-bridging

oxygen. The nitrate anion serves to preserve the overall charge neutrality by adhering
to one of the Si atoms involved.

Although not every FTIR peak can be accurately and quantitively accounted for given limited information,
we can still see a qualitative trend where the peaks associated with bridging oxygen bonds (Si-O-Si) are
fading from 1) the reduction of the intensity of peak a and shifting of peak a to peak a’ and 2) the diminishing

10 Excessive water was used to clean the collected cenospheres to dissolve and remove salt residue.
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of peaks b and c. Some bridging oxygens are believed to be converted to non-bridging oxygens due to the
appearance of peak f and peak g. Figure 12 shows how normally each Si is bonded to four bridging oxygen
to form a SiO4 tetrahedral. When a bridging oxygen is converted to a non-bridging oxygen, the average
number of oxygen atoms bonded to silicon atoms will change, leading to the appearance of peaks e and f
in Figure 9. The FTIR data corroborate our hypothesis presented previously that cation attack from network
modifiers such as Na* and K* in the molten salt occurred on the amorphous silica and mullite. The mullite
phase likely experiences the cation attack to a lesser extent because mullite is known to have acceptable
chemical stability in a similar molten salt environment [106], [107].

In summary, we believe that the conversion from bridging oxygens to non-bridging oxygens occurred due
to the diffusion of the alkaline network modifier cations from the molten nitrate salt. These alkaline cations
can diffuse tens of microns into a silicate structure [84]. Assuming cation attack on cenospheres by K and
Na cations is due to diffusion at a similar order of magnitude, the entire cenosphere wall could be easily
penetrated!! leading to a volume expansion throughout the wall thickness. Combined with the observation
of XRD reflection peak shifting which also indicates a volume expansion of the cenosphere microstructure,
it suggests that the cenosphere particle walls can be subject to tension which eventually lead to fracture.

Now, we can speculate why low-Fe Tarong cenospheres behave significantly better than all other tested
high-Fe cenospheres and glass microspheres. First, Fe* is usually a network modifier at lower
concentrations [108]-[110]. Because of its 3+ valency, it means that three bridging oxygens need to be
broken to accommodate one Fe®* cation to preserve charge neutrality. Hence high-Fe cenospheres have a
larger number of non-bridging oxygens, which means the strength of the network is reduced even before
molten salt immersion. Therefore, the low-Fe Tarong cenospheres should have a stronger chemical network
in the as-received state. It implies that the Tarong cenospheres have a higher tolerance of Na and K cation
incorporation during salt immersion before a macroscopic failure/crack happens, which should directly
translate to higher survival rates. Second, when Fe is lost from the cenosphere structure (as shown by both
high-Fe and low-Fe cenospheres), it is unlikely that bridging oxygens will re-form. Hence the vacancies
left by the loss of Fe may further weaken the structure. This is possibly another reason why the low-Fe
Tarong cenospheres with smaller magnitude of Fe loss behaved better. Following the logic, we can
speculate the following for a hypothetical cenosphere chemistry that could possess better chemical
compatibility in molten nitrate salt:

1) A better cenosphere needs lower Fe, Ti, Ca, Mg, Na and K contents? in the as-received state. The
network with fewer network modifier cations in the as-received state could tolerate more Na and
K incorporation before macroscopic failure occurs. The stronger network also makes cation
diffusion more difficult (i.e., a lower cation diffusivity due to a more closed-off structure) because
pre-existing defects and flaws in the cenospheres could contribute to even faster cation diffusion
[90].

2) A better cenosphere could benefit from a higher Al-to-Si ratio because a higher ratio tends to
increase the fraction of mullite (which is less susceptible to network modification by certain cations
[106], [107]) and reduce the fraction of amorphous SiO.. At even higher Al,O3 content of above
~75 wt.%, Al,O3 and mullite will form instead of Al,Os;and SiO; based on the Al,O3-SiO; phase
diagram [78].

4.3. Implications and Future Work

From the safe operation perspective, fail-safe is a top priority for molten salt based TES design. It requires

11 Cenospheres usually have a wall thickness of < 5 pm.
12 All these elements could serve as network modifiers.
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that the insulation remains thermally insulating under different potential failure modes, e.g., wetting by the
molten salt. The cenosphere insulation concept is of particular interest in this respect. The free-flowing
cenosphere particles require a containment structure, which may also serve as a barrier to prevent salt
permeation. With one of the highest M values, cenospheres are the most cost-effective thermal insulation
materials compared to conventional porous fire bricks which also require a barrier or containment to prevent
salt permeation. In the extreme event where the barrier or containment fails, the cenospheres could retain
most of their physical structure and some thermal insulation properties due to the presence of air pockets
in the hollow sphere structure. In the worst-case scenario, the chemical resistance of the cenospheres to
molten nitrate salt degrades gradually over time, allowing the TES operator to respond to detected
containment failure and perform emergency procedures to gradually cease operation. The authors are
currently investigating a cenosphere insulation prototype with a stainless-steel containment which will
provide more insight into the real-world applicability and cost of the concept.

5. Conclusions

The concept of using cenospheres as thermal insulation material in molten nitrate salt is presented. The
chemical compatibility analysis suggests that

1) Low-Fe (< 1 wt.% Fe20s) cenospheres have an average survival rate that is significantly higher
than cenospheres with higher iron content (1.5-5 wt.%), measured as 77.9% =+ 9.8% up to 7 days
of immersion in molten 60 wt.% NaNO3/40 wt.% KNOs salt vs. less than 10% within 1 day of
immersion.

2) Cation diffusion (e.g., due to the alkaline, network-modifier cations such as Na* and K* from the
salt) occurred in the cenosphere structure, which is supported by the weight analysis, EDS, XRD
and FTIR measurements. The incorporation of the network modifiers caused volume expansion of
the microstructure and the formation of non-bridging oxygens. Both factors weaken the
microstructure which eventually leads to macroscopic fracture of the cenosphere particles during
molten nitrate salt immersion.

3) The presence of iron in the as-received cenospheres could contribute to network modification of
the amorphous silica network before salt immersion. As cation diffusion is a function of diffusivity,
a more open and modified cenosphere structure is more susceptible to such chemical attack. This
is postulated as the reason why the low-iron Tarong cenospheres behaved better than other
cenospheres, i.e., because Tarong cenospheres started with a stronger network and could tolerate
more network modification before macroscopic failure via cracking.

The chemical compatibility analysis also points to a future path towards engineering a more resistant
chemistry for hollow microspheres, which may be necessary if the industrial byproduct cenospheres do not
meet all the compatibility requirements as an insulation material for molten salt TES.
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