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Abstract: This work examines formate salts as potential phase change materials (PCMs) for middle-
high temperature (≤250 ◦C) latent heat thermal energy storage applications. The thermophysical
properties of three formate salts were characterized: pure sodium formate and binary blends of
sodium/potassium formate and sodium/calcium formate. The stability of formate PCM’s was
evaluated by thermal cycling using differential scanning calorimetry where sodium formate and
sodium/potassium formate appeared stable over 600 cycles, while sodium/calcium formate exhibited
a monotonic decrease in heat of fusion over the test period. A longer test with sodium formate led to
gas release and decomposition of the salt. FTIR analysis of the PCM showed degradation of formate
to oxalate. T-history experiments with 50-g PCM quantities demonstrated a bulk supercooling of only
2–3 ◦C for these salts. Thermal conductivity enhancement of over 700% was achieved by embedding
aluminum in the solid PCM. Finally, mild carbon steel was immersed in molten sodium formate
for up to 2000 h. Sodium formate was found to be non-corrosive, as calculated by mass loss and
confirmed by cross-sectional high-resolution microscopy. FTIR analysis of the PCM after 2000 h
shows oxidation at the free surface, while the bulk PCM remained unchanged, further indicating a
need to protect the formate from atmospheric exposure when used as a PCM.

Keywords: phase change materials; formate salts; latent heat thermal energy storage; thermal cycling;
supercooling; thermal conductivity enhancement; corrosion

1. Introduction

Industry is a major source of global carbon emissions and accounts for nearly 30% of
the world’s annual energy consumption. Fossil fuel demand is often driven by the need for
industrial process heat. A recent study found that while 90% of industrial process heat is
currently provided by fossil fuels, over 50% of heat demand is for temperatures of 300 ◦C or
below [1]. Solar thermal technology offers industry a more sustainable alternative thermal
source, which may significantly reduce carbon emissions. Solar thermal energy is often
associated with electricity generation using high temperature concentrating solar power
(CSP). However, solar thermal energy for industrial process heat can be a much simpler and
cheaper process compared to electricity production, as the heat can be efficiently utilized
without heat-to-electricity conversion losses associated with electricity generation [2].

Solar thermal systems frequently seek to include thermal energy storage (TES) in order
to provide greater operating flexibility. Thermal energy can be stored using sensible, latent,
or thermochemical energy means. Latent heat storage stores heat at constant temperature
by changing its phase, in addition to storing heat in the form of sensible heat. Phase
change materials (PCMs) have significantly higher energy density and are typically smaller
size compared to sensible heat storage [3]. Latent-heat TES is particularly relevant for
steam generation systems, where the PCM melting point and steam supply temperature
can ideally be aligned for efficient energy transfer [4]. Furthermore, modest pressure
steam use is common throughout industry, making this application a good target for
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solar thermal energy. Steam supply at less than 260 ◦C, accounts for much of the steam
demand across multiple manufacturing sectors in the United States [5]. However, finding
suitable PCMs in this temperature range remains challenging. Waxes have been a well-
studied PCM system, but these have melting points lower than the temperature demands
for process heat steam [6]. Suitable molten salt PCMs are often limited to expensive
lithium-bearing eutectics or suffer from low latent heat of fusion (e.g., sodium nitrate,
∆Hfusion = 199 J/g·K) [7].

Finding an appropriate PCM requires matching the PCM melting point to the desired
steam-supply range, with the desired melting point being slightly higher than the target
steam supply saturation temperature. In addition to an appropriate melting point, an
ideal PCM should have a large heat of fusion, good thermal conductivity, a sharp phase
transition (minimal supercooling or superheating required), low toxicity, chemical stability,
and low cost.

One of the major challenges of most low-cost PCMs is their relatively low thermal
conductivity (between 0.2 and 0.7 W/m·K), which limits power into and out of the PCM [6].
Methods have been proposed in the literature for enhancing the thermal conductivity of
PCMs, including introducing additive enhancers to the matrix, e.g., steel wool, carbon fiber,
aluminum, copper, or graphite [6,8,9].

Long term stability of PCMs is also a critical point. Although a given PCM candidate
may exhibit a desirable melting point and latent heat, commercial-scale thermal storage
requires reliable thermal behavior after repeated thermal cycling. The PCM must exhibit no
significant changes in the melting temperature or the latent heat, in order to be economically
feasible for use in latent heat storage [10], and have a consistent performance over its
life. The PCM and the storage container must also be chemically compatible. Success of
commercial PCM storage is dependent on whether common, low-cost alloys are corrosion
resistant to the PCM [11].

This work investigates a relatively unexplored class of PCMs based on formate salts. A
previous study identified formate salts as potential candidates to meet the techno-economic
requirements for latent heat TES [4]. Sodium formate is a commodity chemical with low
hazard and health concerns, often used as a deicing agent. It is nonflammable, nonex-
plosive, and reportedly stable to at least 330 ◦C (decomposition reported at 400 ◦C) [12].
This temperature range suggests that sodium formate could be a viable thermal storage
medium for industrial process heat and steam. With a reported low cost of $0.40/kg,
this salt can be a viable economic option for latent heat TES [4]. Despite their apparent
benefits, the thermochemical properties of formate salts as PCMs have not been thoroughly
characterized. In this study, the thermal stability of sodium formate, sodium/potassium
formate eutectic, and sodium/calcium formate eutectic are assessed by thermal cycling the
PCM using differential scanning calorimetry (DSC). Bulk PCM supercooling is quantified
using T-history experiments, and the corrosivity of molten formate salts is characterized
over long duration exposure times up to 2000 h. The thermal conductivity of formate
salt PCM is characterized with and without additive thermal conductivity enhancers (alu-
minum rings). These efforts evaluate the thermochemical properties of formate salts to
assess their viability as low-cost, middle-high temperature PCMs for latent heat thermal
energy storage.

2. Materials and Methods

The thermal and chemical properties of formate salt PCMs were investigated using
multiple analytical characterization techniques, which assessed latent heat, thermal stability,
thermal conductivity, supercooling, and corrosiveness. These properties were documented
for sodium formate and eutectics of sodium/potassium formate and sodium/calcium for-
mate. Sodium formate and potassium formate were sourced from Alpha Aesar (99.0% min.).
Calcium formate was sourced from Sigma Aldrich (≥99.0%). Eutectic blends were pre-
pared by mixing dry powders by hand at the proper ratios (44.2:55.8 wt.%, sodium formate:
potassium formate and 68.4:31.6 wt.%, sodium formate: calcium formate). The powders
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were fully melted and cooled under nitrogen, crushed into powder, and stored under inert
atmosphere due to their hygroscopic nature.

2.1. Latent Heat and Thermal Stability of PCMs

The stability of the PCMs was evaluated by performing thermal cycling and measuring
the degradation of the latent heat of fusion (Hf) over the cycling duration inside a TA Q500
DSC. PCM samples ranging in mass between 10–20 mg were repeatedly cycled to measure
stability over multiple melting and freezing events (up to 1500 cycles). PCMs were dried in
a vacuum oven at 110 ◦C overnight to remove physisorbed water from the sample. The
PCMs were then transferred quickly to an inert glovebox, where 10–20 mg of sample was
hermetically sealed in aluminum pans with solid (no pinhole) lids. Latent heat and thermal
stability experiments were conducted with a 20 ◦C/min ramp rate. The PCMs thermal cycle
ranges were between 160 and 280 ◦C (sodium formate), 160 and 275 ◦C (sodium/calcium
formate), and 100 and 200 ◦C (sodium/potassium formate). Degradation in PCMs was
measured using a Nicolet 5700 Fourier transform infrared spectrometer (FTIR), equipped
with a diamond attenuated total reflection (ATR) accessory.

2.2. Thermal Conductivity/Thermal Enhancement

Aluminum rings (~5 mm diameter and length × 0.01 mm thick) were manufactured
out of Al 6061 sheet and deployed into the PCM to enhance thermal conductivity. Rings
were placed inside a beaker containing approximately 50 g of PCM. The rings were oriented
such that the rings spanned the entire depth of the PCM. Once the PCM was completely
melted, the beaker of PCM was then simultaneously shaken and actively cooled from the
bottom to remove air bubbles from the solidifying PCM. The circular solid wafer of PCM
(nominally 50 mm in diameter and 8 mm thick) was then measured with and without
aluminum rings using a TA DTC 300 steady-state guarded heat flow meter according to
the ASTM E1530 standard. Per sample the effective volume fraction of the aluminum rings
was approximately 5% to the approximately 95% volume of PCM.

2.3. T-History Method

Yinping et al. introduced the concept of T-history for measuring the latent heat,
specific heat, and thermal conductivity of PCMs [13]. The proposed concept can also be
used for measuring degree of supercooling. The T-history setup used glycerol as reference
material. The mass of PCM used was 50 g. PCM and glycerol reference were placed
in separate stainless-steel beakers. Stainless-steel beakers were chosen because of their
chemical compatibility with molten formate salts and to reduce risk of vessel breakage by
multiple freeze thaw events. The furnace temperature was adjusted to correlate with the
PCM melting point. The PCM and the glycerol temperatures were gradually increased.
Once the PCM was melted, the furnace was shut down. The PCM and the glycerol were
gradually allowed to cool, and the cycle was repeated. Eight thermocouples were used in
the PCM to increase accuracy of temperature measurement. The temperature vs. time plot
for the PCM and the glycerol was then plotted to calculate the degree of supercooling.

2.4. Corrosion Studies

The corrosion of mild carbon steel in molten sodium formate was evaluated for up
to 2000 h. Rectangular coupons of dimensions 1.0” × 0.5” × 0.06” were machined using
water jet cutting. A 13/64” (5.16 mm) diameter hole was drilled to support the immersed
coupon. Multiple coupons of each alloy were hung of nickel wire hangers and suspended a
glass beaker with 150 g of molten sodium formate (temperature 280 ◦C). Experiments were
conducted inside a furnace which was constantly purged with nitrogen at 100 mL/min.
However, the furnace was not fully sealed from atmosphere. The corrosion of the coupons
was assessed in 500-h increments by calculating mass loss and confirmed by high resolution
microscopy of cross-sectioned coupons.
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3. Results and Discussion
3.1. Latent Heat and Thermal Stability of PCMs

The absolute latent heat of fusion was measured for each formate PCM (Table 1).
Sodium formate is the overall focus of the study, due its simplicity, low cost, and high
latent heat of fusion. However, its high melting point may make sodium formate storage
unattractive for some lower temperature applications, e.g., district heating [14]. For that
reason, formate eutectics were also examined, which provide PCMs with lower melting
points. As shown in Table 1, the lower melting points are coupled with a lower latent
heat value.

Table 1. Measured melting point and latent heat of fusion of three target formate PCMs.

Sodium Formate Sodium/Calcium
Formate

Sodium/Potassium
Formate

Average Hf (J/g) 252.3 ± 0.7 171.1 ± 0.7 134.0 ± 1.1
Average melting point (◦C) 256.5 ± 2.8 229.4 ± 0.1 155.3 ± 0.3

Each PCM was thermally cycled in a DSC to measure the reduction in latent heat of
fusion over 600 freeze/thaw cycles. Figure 1 shows the latent heat of cycled PCMs vs cycle
number up to 600 cycles. Sodium formate maintains a stable latent heat over the course
of the experiment (Figure 1a). Sodium/potassium (Figure 1b) exhibits similar stability.
Multiple measurements of this PCM showed a loss of latent heat around 60–100 cycles,
followed by stable values to 600 cycles. This step change in latent heat is attributed to
homogenization of the salt mixture. High temperature eutectic salt PCMs have exhibited
similar behavior, as multiple melting and freezing events allow the salt mixture to homoge-
nize into the eutectic formulation [15]. The latent heat of sodium/calcium formate eutectic
(Figure 1c) however decreases steadily over the 600-cycle experiment suggesting that this
PCM is undergoing chemical degradation. For this reason, further studies concentrated on
sodium formate and sodium/potassium formate eutectic PCMs.

Figure 1. (a) Latent heat (Hf) as a function of cycle number up to 600 cycles for sodium formate, (b) sodium/potassium
formate, and (c) sodium/calcium formate.

The sodium formate was subjected to longer duration cycling experiments to fur-
ther characterize material stability over a length-scale that was more industrially relevant
(>1000 cycles). Figure 2a shows the latent heat degradation over 1500 cycles. The Hf re-
mained stable until approximately cycle 800, whereupon the latent heat steadily decreased
to a value of about 85% of the original value as indicated by the black dashed line. This
decrease also corresponded to abnormalities in the observed melting and freezing point in
the cycles. As shown in Figure 2b, while the melting point stayed relatively unchanged, the
freeze point steadily increased from 195 ◦C to 225 ◦C. Although the melting and freezing
point should be very similar and the wide disparity in melting/freeze points is an indica-
tion of supercooling in the PCM, the variation in freeze/thaw behavior is suggestive of
possible chemical change in the PCM.The cycling experiment self-terminated as the pan
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ruptured inside the DSC. Figure 2c is an image showing a ballooned lid, which is partially
detached from the pan. The DSC pan ruptured due to an excess of internal pressure within
the pan. TA zero hermetic aluminum pans are rated to an internal pressure of 3 psi. The
pan was also deformed and slightly crumpled at the base, which may have affected the
accuracy of the measurement as heat flow is measured from the post on which the pan
sits inside the instrument. A portion of the cycled PCM was collected for FTIR analysis
(Figure 2d). The FTIR spectrum peaks at 780.7, 1336.4, and 1631.0 cm−1 all correspond to
reported peak positions for sodium oxalate [16]. This chemical conversion from sodium
formate to sodium oxalate is likely the cause for the pan rupture and may have been due to
impurities in the formate or operation at temperatures that led to thermal decomposition.
The thermal degradation of formate to oxalate evolves hydrogen gas as a byproduct [17].

Figure 2. (a) Latent heat of sodium formate as a function of thermal cycles, (b) plot of melting and freezing points of sodium
formation as a function of thermal cycles, (c) Image of ruptured differential scanning calorimetry (DSC) pan, and (d) FTIR
spectrum of cycled sodium formate phase change material (PCM), showing degradation to sodium oxalate.

3.2. Supercooling Measurement Using T-History Method

The solidification temperatures of all three PCMs reported by the DSC experiments
are lower than their melting temperatures by 20–30 ◦C. The difference in melting and
solidification temperature is called supercooling. It can be the case that the small mass
of PCM used in the DSC (~10 mg) cannot provide enough nucleation site for PCM to
solidify, and this causes a decrease in solidification temperature [18]. Supercooling is a
serious problem for latent heat storage as it effectively lowers the temperature required to
trigger PCM freezing, resulting in possible misalignment of the PCM and the heat transfer
fluid temperatures. The second problem with supercooling is creation of hysteresis in the
freeze/thaw cycle. In the case of sodium/potassium formate, due to supercooling, the
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molten PCM loses its sensible heat up to 120 ◦C, whereupon the PCM starts to solidify and
liberates latent heat (Figure S1). A portion of the stored energy is lost in reheating the PCM
from the temperature at which nucleation occurs to the true phase-change temperature.
Various methods have been proposed in literature for reducing supercooling such as
seeding (providing a stable crystal of same material), nucleating agents (crystal of other
material), and electrical means [18,19]. If needed, these methods result in an increase in
complexity and cost of the thermal energy storage system.

The true nature of the supercooling characteristics was explored using a T-history
experiment. A large amount of PCM (~50 g) was measured against a glycerol reference to
better quantify supercooling in bulk formate PCMs. Figure 3 shows the T-history results for
sodium formate (Figure 3a), sodium/potassium formate (Figure 3b), and sodium/calcium
formate (Figure 3c).

Figure 3. T-history experimental results of PCM vs. glycerol reference: (a) sodium formate, (b) sodium/potassium formate,
and (c) sodium/calcium formate. The temperature difference between the onset of the hump in the cool-down curve and
the maximum rise in the hump represents the degrees of supercooling [13].

In each case the supercooling observed was only 2.3 to 2.7 ◦C, which is 10 to 20 times
less than what was observed in the DSC experiments. The supercooling value was identified
by the hump observed in the PCM curve relative to the glycerol reference. The height of the
hump was recorded as the supercooling value for the given PCM. These results indicate
that formate salts are viable in bulk PCM storage systems, as the difference in melting
and solidification temperatures was not drastically different. The full indication is that
reduction in net temperature and hence lower heat transfer should not be expected in these
systems. It should be noted that T-history experiments were only conducted with 50 g of
PCM. The supercooling of 2–3 ◦C ± 0.1 ◦C may further decrease and may be completely
negligible at PCM masses of kilograms and tons.

3.3. Thermal Conductivity Enhancement

As with most non-metallic PCMs, the formate salts suffer from a low thermal conduc-
tivity that may negatively impact heat flow into and out of the PCM. The implementation
of structures to enhance thermal conductivity is essential to system performance, and
these structures should ideally provide thermal conduction pathways without impeding
convection within the liquid PCM. Thermal enhancement experiments were conducted
using sodium/potassium formate eutectic PCM as the lower phase transition temperature
simplified the experiment. Aluminum cylinders, simulating aluminum rings, were made
from rolled aluminum sheet to act as thermal conductivity enhancers (Figure 4a). First,
eutectic PCM was melting inside of a 100 mL glass beaker containing vertically oriented
aluminum rings to fill the area of the vessel. Once molten, the beaker was quickly extracted,
shaken lightly, and simultaneously cooled from the bottom of the beaker to remove void
spaces forming in the solid PCM. The solidified PCM with aluminum rings was then
removed from the beaker and polished to create smooth and level faces. The final product
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was a thin, circular disc (~50 mm in diameter and ~8 mm thick). Figure 4b,c shows the
difference in PCM samples with and without aluminum rings.

Figure 4. (a) Image of aluminum 6061 rings, (b) image of PCM without aluminum rings, (c) image of eutectic PCM with
aluminum rings PCM discs were nominally 8 mm thick and 50 mm in diameter.

The thermal conductivity of the PCM samples was measured using a TA DTC-300
guarded heat flow meter, in order to quantify the thermal enhancement provided by the
added aluminum rings. Table 2 shows measured thermal conductivity values of the PCM
samples as a function of increasing temperature from room temperature to over 100 ◦C.
Aluminum rings provide a significant thermal conductivity enhancement to the eutectic
PCM. The experiment may be further improved by increasing the measured sample size.
This would decrease the surface to bulk ratio and potentially minimize edge effects, which
may alter the measurement. The experimental data collected may better refine future
efforts to theoretically model and experimentally study larger scale PCM storage.

Table 2. Thermal conductivity enhancement of sodium/potassium formate PCM from Al 6061 rings.

Temperature (◦C) Thermal Conductivity
(W/m·K) without Rings

Thermal Conductivity
(W/m·K) with Rings

32 0.42 3.5
57 0.44 3.7
82 0.46 3.7

107 0.47 3.7

3.4. Density Measurements

For most PCMs, the density of solid and liquid phases was different, with the liquid
state less dense than the solid. The formates followed this same trend. Table 3 lists the
measured density of solid and liquid phases for the formate salts near their melting points.
Containment and heat exchanger systems must be designed to accommodate the volume
of the PCMs liquid phase, as melting the PCM will result in a volumetric increase.

Table 3. Solid and liquid density of formate PCMs.

PCM Liquid Density (g/mL) Solid Density (g/mL)

Sodium/potassium formate 1.67 1.72
Sodium/calcium formate 1.61 1.76

Sodium formate 1.50 1.64

3.5. Corrosion Studies

In order for PCM storage to be economically feasible, storage tanks and heat exchang-
ers must be constructed out of affordable alloys. In this study, mild carbon steel was tested.
In order to gain better statistics, 15 carbon steel coupons were prepared and immersed
completely into molten sodium formate at 280 ◦C (Figure 5). A corrosion rate of 45 µm/year
or less was targeted. This is the allowed corrosion rate for stress-bearing alloys assuming
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a 1/16” thick alloy with a 10-year service lifetime as outlined in the American Society of
Mechanical Engineers (ASME) Code PV §8.

Figure 5. (a) Corrosion of mild carbon steel in molten sodium formate. Corrosion data are expressed as average mass
change of coupons with standard error over 2000 h, measured at 500-h increments. (b) SEM images of cross sectioned
carbon steel coupon after 2000-h immersion in molten sodium formate. Magnification 1500×. (c) FTIR of the bottom portion
of the PCM after corrosion experiment was completed. (d) FTIR of the top portion of the PCM after corrosion experiment
was completed.

The coupons were extracted, cleaned to remove all excess PCM, and weighed at
500-h increments. Figure 5a shows the change in mass after each 500-h interval. With
known density and area of the coupons, the average final corrosion rate for carbon steel
in microns/year of 1.37 µm/year ± 0.45 µm/year (assuming uniform corrosion) was
calculated. These encouraging results indicated that carbon steel would be suitable for
contact with sodium formate under the allowable code limits stated previously. To confirm
the minimal corrosion, one carbon steel coupon from the 2000-h immersion was cross
sectioned, mounted in phenolic resin, and polished for high resolution microscopy. The
scanning electron microscopy (SEM) images in Figure 5b shows the corrosion interface
at the top of the image with the bulk of the coupon extending towards the bottom of the
image. There is little evidence of pitting, discoloration, or deposition of new material at the
corrosion interface. Furthermore, energy dispersive X-ray spectroscopy (EDS) elemental
mapping does not reveal corrosion products at the corrosion interface (Figure S2).

While the coupon did not appear to sustain corrosive damage by contact with the
molten salt, the PCM was discolored at the conclusion of the 2000-h experiment. It had
changed from white to brown, which increased suspicion of salt degradation. Upper and
lower portions of the PCM used in the corrosion studies were sampled and analyzed using
FTIR to characterize salt chemistry. Reference FTIR spectra for sodium formate, sodium
oxalate, and sodium carbonate were acquired from the NIST Chemistry WebBook database
and used to identify chemical species in the samples (Figure S3). Figure 5c is an FTIR
spectrum of the PCM sample from the bottom of the containment vessel (i.e., furthest from
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the atmosphere). The spectrum matches that of sodium formate, indicating that no PCM
degradation occurred in the region isolated from atmosphere. Figure 5d is FTIR data taken
from PCM sampled from the atmosphere-exposed surface of the containment vessel. This
shows clear evidence of PCM degradation to sodium oxalate and carbonate, as indicated
by the growth of peaks at approximately 1354 cm−1 (oxalate) and 1420 cm−1, 876 cm−1 and
700 cm−1 (carbonate) (Figure S3). Figure 2d showed PCM decomposition that was arrested
at oxalate formation. However, Figure 5d demonstrates that continued exposure of molten
formate salt to atmosphere accelerates the irreversible decomposition of formate to oxalate
and carbonate. These results further support the hypothesis that oxygen and moisture
should be avoided to maintain formate stability at PCM operating temperatures [17].

4. Conclusions

This study assesses the thermochemical properties of formate salts as potential latent
heat phase change materials. Characterization of sodium formate, sodium/potassium
formate, and sodium/calcium formate PCMs was conducted, documenting the latent heat
and melting point of each PCM. Thermal cycling to 600 cycles showed stable latent heat
values for sodium formate and sodium/potassium formate, whereas sodium/calcium
formate latent heat steadily degraded. Extended thermal cycling of sodium formate
revealed a decrease in latent heat of fusion above 800 cycles. Post-test analysis revealed
gas evolution from the sample and the formation of sodium oxalate. Further studies
are proposed to explore the long-term stability of the formate salts and the influence of
atmosphere and temperature on PCM stability.

Supercooling of the three formate PCMs was characterized using the T-history method.
Each PCM exhibited 2–3 ◦C supercooling in the 50-g T-history testing, which was signifi-
cantly smaller than the 20–30 ◦C supercooling observed via 10-mg DSC samples. Thermal
conductivity enhancement of 7× was achieved by embedding aluminum rings into the
PCM. The corrosive resistance of mild carbon steel was assessed in molten sodium formate
for up to 2000 h. Little corrosion was noted on the steel; however, the free surface of the
sodium formate showed some degradation to sodium oxalate and carbonate. This result
further enforces the need to prevent exposure of the PCM to ambient air. Similar to sodium
formate, sodium/potassium formate PCM would be of interest for follow-on study, due to
its apparent thermal stability (up to 600 cycles) and applicability for lower temperature
PCM storage systems, which likely aids its stability.

Supplementary Materials: The following are available online at https://www.mdpi.com/1996-1
073/14/3/765/s1. Figure S1: DSC graph showing the consequences of supercooling: reduction in
net temperature, lower total heat transfer. Figure S2: Energy dispersive X-ray spectroscopy (EDS)
maps of spectra of cross-sectioned carbon steel coupon. The corrosion interface is located near the
top of the image with the bulk of the coupon extending toward the bottom of the image. The coupon
is mounted in a phenolic resin, which accounts for the high concentration of carbon and oxygen
at the top of the image. There is no evidence of chromium-, iron-, or nickel-containing corrosion
products at the corrosion interface. Figure S3: FTIR Reference spectra of sodium formate (left),
sodium oxalate (middle), and sodium carbonate (right). References taken from the NIST Chemistry
WebBook spectral database.
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