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Abstract

Sensible heat storage in molten nitrate salts is a key technology when it comes to thermal energy storage in combination with
concentrating solar power (CSP) plants. Currently, a mixture of sodium and potassium nitrate called Solar Salt is used at
temperatures between 280 and 560 °C. Our research approaches comprise an improvement of Solar Salt stability at temperatures
above 560 °C, which comes along with a broadening of the operating temperature range. In this way, a higher storage capacity
and efficiency, as well as economic advances can be achieved. Numerous publications about the chemistry of molten nitrate salt
mixtures reveal the formation of chemical species such as nitrite 1ons, nitrous gases and oxide ions and carbonate ions. Among
these, the reversible reaction of nitrate to nitrite with release of oxygen is the predominant reaction at temperatures below 560 °C.
So far, there 1s a lack of literature that pays particular attention on the contributions of reaction kinetics and mass transport effects
on the reaction velocity of the nitrate/nitrite-reaction. However, understanding of these physico-chemical phenomena 1s essential,
because further decomposition reactions build on the nitrate/nitrite-reaction. In this study, experiments at different scales (50 mg
to 100 g) are compared with regard to the reduction reaction velocity at 500 °C. A data treatment procedure for
thermogravimetric analysis experiments successfully eliminates effects of salt evaporation on the measured mass changes. The
chemical equilibrium of the salt samples turned out to be reasonable, when compared to literature values. It was found, that the
surface-to-volume ratio of the salt melt samples significantly affects the evaporation rates and the reaction velocity. The time
period that is needed until chemical equilibrium is reached at 500 °C clearly increases when the surface-to-volume ratio
decreases. The thermogravimetric analysis apparatus enables experiments, which measure reaction kinetics without mass
transport limitations. It is demonstrated that a simulation model adapted from literature displays a reaction velocity that
mcorporates both reaction kinetics and mass transport without differentiation of the two phenomena.
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1. Introduction

The present study concerns the chemistry in molten nitrate salt. It is relevant for the field of energy storage, more
precisely for sensible heat storage with nitrate salt melts as heat storage material and heat transfer fluid (HTF). The
investigated material Solar Salt is a mixture of sodium nitrate (NaNO;, 60 wt.%) and potassium nitrate (KNOs,
40 wt.%). It is already applied as HTF and heat storage material in concentrating solar power (CSP) plants [1]. At
the moment, the operation temperature ranges from about 290 to 560 °C. One of the current research intentions is to
raise the maximum operating temperature [2], which can lead to a higher storage capacity, a higher efficiency of the
heat to power conversion, and faster salt heating, e.g. in smaller sized heat exchangers in the receiver unit of a CSP
plant. Eventually, the temperature raise is expected to result in a better economic performance of the molten salt
storage and CSP systems. To enable higher operating temperatures, it is mandatory to enhance the stability of Solar
Salt at high temperatures. Solar salt heating comes along with different decomposition reaction, e.g. nitrite
formation in the melt with oxygen release, and oxide formation with release of nitrous oxides. This paper focuses on
the velocity of the nitrite ion formation including the relevant physical chemical factors.

A large number of reaction equations was published in the past with the intention to explain the formation of
species, which are observable in molten nitrate salts and in the overlying gas atmosphere. These include nitrite
(NO3) and oxide (02?7) ions, as well as gases such as oxygen (0,) and nitrous gases (c.g. NO and N,0, see

equations (2), (3), (4) [3-6]). However, only reaction (1) is generally accepted, and it describes the conversion of
nitrate ions to nitrite ions and oxygen, and vice versa.

NO; = NO3 + 0.5 0, (1)
2NO; 2 NO; +20* +2NO + N, (2)
2NO; = 0°"+2N0O+050, (3)
2NO5 =2 0%+ N,0+ 0, (4)

The thermodynamics of reaction (1) were studied experimentally with regard to the chemical equilibrium (see
Table 1). The equilibrium constant K,y at a certain temperature can be calculated with the equilibrium
concentrations ¢; o4 r 0f the species i that participate in the reaction and the oxXygen partial pressure pg, o4. according

to equation (5). In the case of the nitrate/nitrite-reaction, the quotient of the equilibrium concentrations of nitrate and
nitrite 25247 i equal to the ratio of the amounts of substance NOgeql

CNO;,eq,T ”NO;,eq,T
study. The equilibrium constants are linked to the enthalpy AH and entropy AS of the regarded reaction (equation
(6)). The enthalpy AH and entropy AS are extracted from the experimentally measured equilibrium constants at
different temperatures via equation (6). The equilibrium constants at 500 °C Ky 50 vary from 35 to 276 atm™. The
values obtained from the two publications that consider similar cation compositions [19,20] amount to 178 and
101 atm™*(Table 1, column 5), respectively. The corresponding molar ratios nitrate-to-nitrite in a melt at 500 °C and

in thermodynamic equilibrium with synthetic air x(;3 50,02 (See Table 1, column 6) differ by a factor of almost 2 (80

, which is abbreviated with x(1) 0, in this
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and 45 mol-mol™’, respectively).
CNOS_,eq,T nNOg_,eq,T —05 —05
Kayr = 05 Poseq = X(1),Tpo,P0s.eq (5)
CNO;,eqTP0,.eq NNo; eq,T
K ( AH-T - AS) (6)
= ex B
T p RT

Table 1. Thermodynamics of reaction (1). The chemical equilibrium was investigated by the authors listed in column 1. Column 2 shows the
composition of the cations. Column 3 and 4 give the enthalpy AH and the entropy AS of reaction (1). The equilibrium constants at 500 °C Ky 500
are calculated according to equation (6). The molar ratios nitrate-to-nifrite at a temperature of 500 °C and an oxygen partial pressure of 0.2 atm
X(1),500,0.2 A€ given in colummn 6.

. . Enthalpy AH Entropy AS K 1)500 X(1),500,0.2
Reference Cation composition ” i oa os N
/kJ:mol /):mol ™K Jatm™ /mol-mol
[17] Na -101.0 -101.1 35 16
[18] K -115+/-5 -102 +/-5 276 124
[19] Nap e:Ko.zs -115.2 -105.9 178 20
[20] NagsKos -94.9 -84.4 101 45

For thermal decomposition processes it is not only important to understand the equilibrium constant of equation
(1) but also the reaction kinetics, if the temperature is increased or decreased. The reaction kinetics of reaction (1)
with sodium and potassium cations were investigated by Freeman [7,17], Bond and Jacobs [11], Paniccia and
Zambonin [12], and Nissen and Meeker [20]. These publications are compared in a condensed form in Table 2.
Freeman [7,17] executed 100 mg-scale thermobalance experiments to measure the kinetics of the nitrite oxidation
reaction (reverse reaction (1)). He observed the oxygen gas volume consumed by a nitrite melt (cations: sodium and
potassium) in an atmosphere of oxygen (1 atm). He assumed that two nitrite ions are transformed into two nitrate
ions per consumed oxygen molecule according to the reverse reaction (1). Bond and Jacobs [11] made use of the
measured weight loss from an automatically recording thermobalance for kinetic calculations. They investigated the
reduction of sodium nitrate to sodium nitrite (see reaction (1)) in air and in argon at 100 mg-scale. The weight loss is
ascribed to the release of oxygen into the gas phase and represents the progress of the reduction reaction. Paniccia
and Zambonin [12] investigated the oxidation of nitrite in about 200 g of an equimolar mixture of NaNO; and KNO;
with 0.2 to 0.5 molar NaNO,. Nitrite is produced in the nitrate melt during vacuum degassing because the steady
removal of oxygen favors reaction (1). Following this, oxygen is introduced, and the apparatus is immediately
flame-sealed. The measured pressure drop over time can be related to the amount of oxidized nitrite over time,
assuming that all oxygen that dissolves in the melt oxidizes nitrite to nitrate. Nissen and Meeker [20] investigated
the oxidation reaction kinetics in a 700 g-scale equimolar mixture of NaNO; and KNO; in an atmosphere with
varying oxygen partial pressure from 0.33 to 1.0 atm. A certain initial nitrite concentration that is higher than its
equilibrium concentration was generated by argon bubbling through the melt before starting the kinetic
measurements. Measurement data was recorded in the form of nitrite concentration versus time. The nitrite
concentration was measured via a titrimetric method. The five mentioned publications are compared in a condensed
form in table 1. With regard to the investigated temperature range (Table 2, column 2), only the experiments Nissen
and Meeker [20] meet the current operating conditions of sensible heat storage in Solar Salt. The experiments of
Freeman [7] and Paniccia and Zambonin [12] touch the upper temperature limit of around 560 °C. The emphasis of
Table 2 is also on the chosen experimental scales (Table 2, column 2), which vary from 100 mg to 700 g-scale, and
on the investigated reaction direction (Table 2, column 3). Amongst all authors, only Bond and Jacobs followed the
reduction reaction.
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Table 2. Literature in the field of reaction kinetics of the nitrate/mitrite-reaction. The experimental conditions (scale, cationic species (sodium
and/or potassium), initial ratio nitrite-to-nitrate, measured variable) are defined in column 2. Column 3 differentiates between experimental setups
that measure the oxidation reaction (0X.), and thoses measuring the reduction reaction (red.). The activation energies are listed in column 4.

Author(s) and year Experiment, Oxidation or Activation
measurement data reduction Energy E,
/kcal-mol™

Freeman 1956 [17] thermobalance, 100 mg-scale, oX. 20.7

NaNO,, 1 atm O,,
600, 650 and 700 °C,

consumed O,-volume

Freeman 1957 [7] thermobalance, 100 mg-scale, OX. 34.3
KNO,, 1 atm O,,
550to 750 °C
consumed O,-volume

Bond and Jacobs 1966 [11]  thermobalance, 100 mg-scale red. 40.3

NaNQ;, air or argon,

628 to around 730°C

weight loss
Paniccia and Zambonin ~200g, oX. 23.2 +0.5
1973 [12] (Na,K)NO, in equimolar (Na,K)NO;, 0.1 to 1.2 atm O,,

545 to 690 K,

pressure drop
Nissen and Meeker 1983 ~700g, oX. 26.4
[20] (Na,K)NO, in equimolar (Na,K)NOs, 0.33 to 1.0 atm O,,

404 and 502 °C,

nitrite concentration

Freeman [7,17], Bond and Jacobs [11], and Paniccia and Zambonin [12] did not mention the possible impact of
mass transport on the reaction velocity. Nissen and Meeker [20] discussed the role of oxygen mass transport as a
limiting factor for the oxidation reaction. They stated that its influence was eliminated by the use of a high-speed
agitator (2500 rpm) in combination with high gas flow rates (600-800 mL-min™") without bubbling of gas through
the melt. Furthermore, they noted that they reproduced the oxidation rate constants of Paniccia and Zambonin,
which are smaller than their own results, by deactivating the agitator and reducing the gas flow rate to
400 mL-min™".

Carling et al. [8] studied NaNO3, KNO;, and NaNO, in the 10 mg-scale with a combined TG/MS apparatus in
vacuum at temperatures between 347 and 507 °C. The authors found out that a part of the salt vaporized and
condensed in cooler areas. They stated that decomposition and vaporization occurred simultaneously in their
experiments. Glazov and colleagues published several studies on the vapor pressures of sodium and potassium
nitrate and nitrite systems. For example, Glazov et al. [9] reported vapor pressures of the system NaNO;- NaNO, at
525, 550 and 575 °C. The vapor pressures for pure NaNO; are 10.01, 20.84 and 43.05 Pa, respectively. They
revealed validity of Raoult’s law if the concentration of one of the components is below 5 mol%.

The presented study in this paper intends to prove the applicability of thermogravimetric analysis (TG) for
investigation of the nitrate/nitrite-reaction velocity. We will demonstrate a data treatment that considers mass
changes due to chemical reactions and gas release, and also due to salt evaporation. TG was used in the literature to
study reaction kinetics, but salt evaporation was not taken into account for data analysis so far. The investigated
reaction direction is the reduction reaction, meaning the formation of nitrite and oxygen from nitrate ions. This
reaction direction is considered to be the crucial one for salt stability. The reason is, that a higher temperature, e.g. in
the solar receiver unit in a CSP system, shifts the chemical equilibrium towards the nitrite side (right side in
equation (1)), and in that way favors the reduction reaction. Subsequently, the impact of reaction kinetics, and also
of mass transport via diffusion on the velocity of the nitrite formation will be illustrated. The objective is to identify
experimental sizes with mass fransport limitations. Finally, the experimentally obtained velocity of the nitrite
formation will be compared with simulation curves that arise from literature rate laws and kinetic parameters.
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2. Experimental

The TG experiments were executed in a Netzsch STA 449 apparatus. The TG sample holder was equipped with a
thermocouple type S Pt10Rh-Pt. For the 50 and 100 mg-scale experiments, the sample quantity (60 wt.% NaNO3,
40 wt.% KNO3, both >99%, Merck) was filled in a small platinum crucible, which itself was put in a larger
aluminum oxide crucible to avoid spreading of the molten salt over the sample holder and other areas of the
thermogravimetric system. The 700 mg sample was directly filled into the aluminum oxide crucible. Table 3 lists the
labelling, masses and surface-to-volume ratios of the experiments. The apparatus was purged with synthetic air at
100 mL-min™ (80 mL-min™ nitrogen and 20 mL-min™' oxygen, both Linde 5.0 grade) to ensure a constant oxygen
partial pressure in the gas phase. The following temperature program was applied for all experiments: 1 h at 500 °C
—12hat450°C - 12 h at 500 °C. A buoyancy correction curve was measured and subtracted from all measurement
curves. The salt samples were subsequently analyzed via ion chromatography with regard to the nitrate and nitrite
content. The analytical procedure and the Metrohm apparatus are described elsewhere [10].

Table 3. Details on the four experiment I IL D and L. The first column gives the labels of the experiments. which are explained in column 2.
Column 3 and 4 give the mass of the sample that was mvestigated in the TG apparatus, and the diameter of the crucible opening. The surface-to-
volume ratio is calculated from the sample mass, the salt density at 500 °C (pyg, &, .v0, (500 °C) = 1736.2 kg - m~3, [13,14]), and the crucible

diameter.
Experiment label Label meaning Sample mass Crucible diameter Ratio Su’lf“fe /mm™
/meg fmm votume
| Basic scale 51.716 6.8 1.22
Il Basic scale 53.492 6.8 1.18
D Double scale 99.417 6.8 0.63
L Larger scale 697.978 15.8 0.49

The 100 g-scale experiment was executed in an autoclave test rig. For a detailed description of the test rig, see
reference [10]. The gas space was purged at a gas flow rate of 200 mL-min™" with synthetic air above the melt
(80 vol.% nitrogen, 20 vol.% oxygen) in order to ensure a constant oxygen partial pressure in the gas phase. When
the melt reached a temperature of 300 °C that is well above the melting temperature, a stirrer was switched on.
Once, the experiments reached 500 °C the experiment started (time zero) and a first salt sample was taken. Further
samples were taken regularly. The total timeframe of the experiment was 6 days.

3. Modeling

The simulation curves were calculated using the COMSOL software package (version 5.2a). The implemented
differential equation was derived from the literature [20]. The simulation is based on the published equation (7) with
the oxidation rate constant (k;) and reduction rate constant (k_;), as well as the nitrite and nitrate concentrations
[NO;] and [NO3] (unit: mol'kg™") and the oxygen partial pressure [0,] (unit: atm). It is not possible to derive a
model equation for the reduction reaction from the Freeman publication[17], because the proposed rate law is only
valid at 1 atm oxygen partial pressure. The rate law of Bond and Jacobs [11] is not valid in the range of mass change
that is investigated in this study. Also, the Paniccia and Zambonin [12] publication cannot be used for modelling,
because the proposed rate law only describes the oxidation reaction.

_d[NOj]

dt =k, [NOZ][0,] — k_;[NO7] (7)
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A 0D-model is chosen for the simulations meaning that concentrations are supposed to be constant in all
directions of space. It is assumed that the melt volume V is not affected by the nitrate/nitrite-reaction, which is
justified because of the high equilibrium molar ratio nitrate-to-nitrite. This assumption is implemented in the model
by equal molar volumes (v; = V;/n; = M;/p;. My, .k, ,vo, = 914 g -mol™". My, .  no, =754 g -mol™",
PNag oKy N0, (500 °C) = 1736.2 kg-m™3 [13,14]) of nitrate and nitrite. The model assumes constant oxygen
concentration over time. The rate law of Nissen [20] includes the oxygen partial pressure (instead of e.g. the oxygen
concentration in the melt; both are linked via Henrys law). Calculations are made with an oxygen partial pressure
Po, of 0.2 atm. The model equations are noted in equation (8) and (9). The concentration change over time is
expressed in equation (8) in terms of the reaction rate R; of the regarded species i. The reaction rates are specified
further in equation (9) in terms of the actual concentrations c¢; of the reacting species, and in terms of the rate
constants k. The rate constants at 500 °C were calculated from Arrhenius fits of the published rate constants [20],

k] —9492L _r._gaq-—7

according to k,, = 6375571 - exp(— %), kireqa = kox/K. K = exp(— mol poe molKy The temperature

was hold at 450 °C for 550 h to allow chemical equilibrium at this temperature, and at 500 °C for 140 h.

de;
=R (8)

RNOS_ = _(CNO; k?'ed — Cnos Po, kox) RNOZ_ = +(CN03_k'red — CnosPo, kax (@)

The simulation results, given as concentration of nitrite ¢y,  x, ,n0, (UNIL: mol-m™) are transformed into a mass
loss Am (unit: wt.%) via equation (10). The calculation refers to the stoichiometry of reaction equation (1). 0.5
oxygen molecules O, (M, = 16.0 g - mol™") are released from the melt per formed nitrite ion and in that way
reduces that sample mass over time.

Am(t) = CNagKoaNO; (t) 'Mo

- 100% (10)

PNaggKgaNOs

4. Results and Discussion

Figure 1a shows the mass change curves of the 50, 100, and 700 mg experiments. A buoyancy correction curve
was subtracted from all curves. The shape of the 500 °C-12 h segment is similar in all measurements. The mass
change rate is fast in the beginning of this segment (Figure la, 500-12-I), and slows down over time. Eventually, it
reaches a steady value meaning that the curve is of linear shape (Figure 1a, 500-12-II). The linear regime is reached
after a notably shorter time period in the 50 mg experiments (green and blue curve, I and II) than in the larger scale
experiments (orange curve, L). Typically, the kinetics of a reversible chemical reaction with gas consumption or
release leads to an exponentially shaped mass change curve [15,16], which conforms the observation in 500-12-I.
However, a mass change rate of zero is expected to establish after some time, when the chemical equilibrium of the
reaction is reached. Instead, we observe a constant mass change rate in the 500-12-II regime for the experiments.

Two physico-chemical phenomena are the most probable explanations for this observation: Additional chemical
reactions and salt evaporation. First, a second chemical reaction could occur in the melt, e.g. the formation of nitrous
gases from nitrite ions (see equation (2), (3) or (4)). Due to steady removal of the formed gases by the purge flow,
such a reaction cannot achieve chemical equilibrium and causes a steady mass loss. However, all reactions that
produce nitrous gases simultancously form oxide ions in the melt. The 700 mg sample (L) was analyzed by a
titrimetric method with regard to oxide ions after the TG experiment, and no oxide ions were found. A second



Veronika Anna Sét= et al. / Energy Procedia 155 (2018) 503—513 509

chemical reaction was therefore considered as irrelevant. Second, the steady mass loss could arise from salt
evaporation. As mentioned in the literature section of this paper, salt evaporation was observed and investigated in
the past. Since the phenomenon depends on the surface-to-volume ratio it may well explain the different slopes in
the 500-12-II regime. The 50 mg-experiments have relatively high surface-to-volume ratios, and the mass change
rate is high compared to the larger scale experiments. Hence, salt evaporation is regarded as the most probable
explanation for the 500-12-II regime.
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Figure 1. Data and data treatment of the TG experiments. The black dotted curves always show the temperature profile. The abbreviations I,
II, D and L refer to the 50 (I and II), 100 (D means double sample mass), and 700 mg-scale (L means larger scale) experiments. Note that the
mass change is given in mg in the upper two diagrams, whereas the unit changes to wt.% in the lower diagrams. a: Experimentally measured
mass change curves. A buoyancy correction curve was subtracted from all curves. The term ‘total mass change’ refers to the assumption, that
the measured mass change can be divided into a part that 1s based on a chemical reaction, and a part that is caused by salt evaporation. The
labels on the temperature curves denote the sequences of the temperature program. For example. 500-12-I denotes the first part of the
sequence where temperature is Kept at 500 °C for 12 h. b: Exemplary illustration of the evaporation correction procedure. The EC mass
change (means evaporation corrected mass change) curve is the result of subtracting the evaporation correction from the total mass change.
The evaporation correction curve images the mass change that is caused by salt evaporation. ¢: Diagram of the evaporation correction curves.
d: Diagram of the EC mass change curves. Note that zero point on the y-axis (inass change-axis) i1s chosen arbitrarily in order to achieve
good comparability. The curves were shifted along the y-axis until they coincided at the very end of the 450-12 segment (see red circle), and
this point was declared to be 0 wt.% mass change. The grey area is restricted by mass changes that are calculated from the literature data
(Tracey 1978, Nissen 1983] in Table 2.
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The following procedure aims for transforming the experimentally measured mass change curves (Figure 1a) into
corrected mass change curves that only depict the mass change that is based on the nitrate/nitrite-reaction, but no
longer the mass change caused by salt evaporation. The procedure is reasonable under the assumption that the
nitrate/nitrite-reaction (1) proceeds over a certain limited time period and reaches equilibrium at some point,
whereas salt evaporation is constant during isotherms. The procedure is illustrated exemplarily for experiment I in
Figure 1b. Salt evaporation rates are calculated from the linear 500-12-II regimes, and also from the linear part of
the 450-12-1I segment (see dotted part of the total mass change curve in Figure 1b), where mass loss is solely based
on salt evaporation. The rates are listed in Table 4 for all four experiments. Evaporation correction curves are
calculated from these values. The total mass was set to zero when the 500 °C-1 h segment (500-1) begins. Figure 1c
shows the evaporation correction curves. Each curve is steeper in the 500-1 and 500-12 segment than in the 450-12
segment because a higher temperature accelerates salt evaporation. Comparison of the evaporation correction I and
II reveals that the evaporation rate of experiment II is 41% smaller and 27% higher than in experiment I at 450 and
500 °C, respectively, even though the sample mass and consequently the ratio surface-to-volume are similar. We
consider this difference to be within the accuracy of the balance in the TG apparatus, which has to resolve mass
changes that are in the range of a few pg (or a few hundredth wt.%). The evaporation rates of experiment D are 32%
(450 °C) and 23% (500 °C) smaller than the corresponding average of experiment I and II. Also, the evaporation
rates of experiment D are smaller than the individual evaporation rates of experiment I and II at the same
temperature. This result can be judged as a slight tendency towards a dependency of evaporation rate and surface-to-
volume ratio (which is approximately twice as high for experiments I and II, compared to experiment D). Despite,
results have to be taken with care, since deviation of the results of experiment I and II (-41% and +27%) are higher
than the difference to experiment D (-32% and -23%). The evaporation rates of experiment L are 89% (450 °C) and
77% (500 °C) smaller than the corresponding average of experiment I and II. These percentages are significantly
higher than the deviation of the experiment I and II results. Apparently, the influence of the smaller surface-to-
volume ratio on the evaporation rate is qualitatively observable in experiment L, compared to the smaller scale
experiments.

Table 4. Evaporation rates at 450 and 500 °C determined by TG analysis. The linear parts of experimentally measured mass change curves are
fitted according to the equation y = i + s - x. where the slope s corresponds to the evaporation rate. R (column 4 and 6) is the coefficient of
determination of each fit.

450 °C 500 °C
Experiment Ratig S4rface Evaporation rate R’ Evaporation rate R’
/mma""i”’"‘? J/wt.%min® Jwt.%min™
1 1.22 3.9-10° 0.9966 7.1-10" 0.9990
I 1.18 2.3-10° 0.9998 9,0-10™ 0.9958
D 0.63 2.1-10* 0.9983 6.2-10" 0.9947
L 0.49 3.410° 0.9988 1.8-10" 0.9973

The evaporation correction curves were subtracted from the total mass change curves, see e.g. Figure 1b, where
the evaporation correction curve of experiment I is subtracted from the total mass change curve resulting in the EC
mass change curve (EC signifies evaporation corrected mass change). All EC curves are shown in Figure 1d.

The mass change in the 500-12 segment varies by 0.2 wt.%, when all four experiments are compared. At the
same time, ion chromatography analysis of the salt samples (each after the TG experiment) reveals that the mass
change due to oxygen release at 500 °C is between 0.36 wt.% (experiment L) and 0.41 wt.% (experiment D), that is
a variation by only 0.05 wt.% (calculation based on the values of Table 5, column 4). Apparently, the deviation
along the mass change-axis (y-axis) is relatively large when the experiments are compared amongst each other,
which was already mentioned in the context of evaporation rates. In contrast, the fluctuations in the individual
curves are relatively small. Evidence for the large deviation amongst the experiments and the small fluctuations in
each curve becomes obvious, when the total mass change I and II in Figure la are regarded. The two curves are
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significantly shifted relative to each other along the y-axis, whereas fluctuations in each curve are comparably small.

Table 5. Ton chromatography post analysis results of the TG samples. Column 3 and 4 gives the ion concentrations as amount of substance nitrate
or nitrite relative to the total salt mass. The molar ratio mn column 6 1s calculated by dividing the molar concentrations. The molar ratios x(1) 500,0.2
can be compared to literature, where values of 80 mol-mol " [19] and 45 mol-mol™ [20] are found.

Experiment Ratio 2 face Jmm™ Nitrate concentration Nitrite concentration K X(1),500,02
volume /mol-kg™ /mol-kg™ /mol-mol™

| 1.22 111 0.234 106 47

] 1.18 11.0 0.231 106 48

D 0.63 11.0 0.256 96 43

L 0.49 11.0 0.225 109 49

The mass change that occurs when temperature changes from 450 to 500 °C can also be calculated from the
thermodynamic parameters listed in Table 1. It amounts to 0.73, 0.09, 0.15, and 0.24 wt.% according to the data of
Freeman [17], Bartolomew [18], Tracey et al. [19], and Nissen and Meeker [20]. The latter two are considered as
appropriate for comparisons because their cation compositions are similar or equal to the one in Solar Salt. The two
values are illustrated in Figure 1d as upper and lower border of the grey area. The mass change of the experiments I
and L meet the mass change predicted from literature, whereas experiment IT and D show higher mass changes that
predicted. However, the orders of magnitude of the mass changes of all curves are consistent with the predicted
values. Furthermore, the deviations of the measured mass changes in this study from the closest literature value are
as small as the difference of the two literature values, both being around 0.1 wt.%. Overall, plausibility of the total
mass changes of all TG-experiments is given, and the curves can be used further for discussion of the reaction
velocity.

The following discussion focuses on the velocity of the nitrate/nitrite-reaction when the melt is heated from 450
to 500 °C using Figure 1d. The Segments 500-1 and 450-12 are applied to achieve chemical equilibrium at 450 °C.
It is assumed that all samples have the same composition, including concentrations of nitrate and nitrite ions, at the
end of the 450-12 segment. When temperature is increased to 500 °C, the chemical equilibrium is shifted towards a
higher nitrite concentration, and the reduction reaction (1) proceeds. The thereby formed oxygen is released from the
melt, and the sample mass decreases. Chemical equilibrium at 500 °C is reached, when the mass is constant again. A
certain period of time Atys0/500 18 required until the system reaches chemical equilibrium again, when temperature
is increased by 50 °C. These periods of time can be compared qualitatively in this study. At,go/500 0f the
experiments I and II are expected to be equal, because the surface-to-volume ratios are similar (1.22 and 1.18 in
experiment I and II, respectively). In Figure 1d it seems that experiment I (green curve) reaches equilibrium slightly
faster than experiment II (blue curve). This deviation may be due to small inhomogeneities in the melt, or due to
inhomogeneous heating. Atys0/500 0f experiment D is equal to At,g0/500 0 the experiments I and II, when the
deviation of experiment I and II is taken into account. Obviously, the smaller surface-to-volume ratio in experiment
D, compared to experiment I and II, does not influence the reaction velocity. Consequently, mass transport of
oxygen through the melt is still fast enough in the 100 mg-scale experiment (D) and is not the limiting factor for
reaction velocity. We conclude that experiment I, II and D all show pure reaction kinetics without mass transport
limitations. In contrast, At,sq/500 Of experiment L is significantly longer. Apparently, the reaction velocity is not
only determined by reaction kinetics, but also by mass transport. Due to the relatively small surface-to-volume ratio,
the formed oxygen has to diffuse for a longer distance through the melt before it is released to the gas phase. In this
work, the melt can be viewed as a ‘sponge’ that stores the oxygen for a certain time. As a consequence, the chemical
equilibrium is temporarily and locally shifted to a lower nitrite concentration, and slows down the reduction
reaction.

Finally, experiments I, II, D and L are compared to a larger scale experiment (100 g) and the simulation curve,
see Figure 2. The 50 and 100 mg-scale experiments (I, IT and D) require between around 2 to 7 hours (see Figure 1d
or Figure 2 lower part) until chemical equilibrium is reached at 500 °C. The 700 mg-scale experiment (L) needs
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about 10 hours, and the 100 g-scale experiment needs around 100 hours (see dotted curve in the upper part of Figure
2). The simulation curve, which is based on the kinetic model of Nissen and Meeker [20] lies in between the 700 mg
and the 100 g-scale experiments. Probably, Nissen and Meeker could not exclude mass transport effects in their
700 g-scale experiments, even though the stirring rate was high. Another point is that they investigated the oxidation
reaction, whereas the simulation in this study describes the reduction reaction. In principle, the published rate law is
valid for both directions of the nitrate/nitrite-reaction, but yet this difference can be considered as a source of errors.
For future simulations, we propose to take into account both reaction kinetics and mass transport phenomena,
especially when simulation of larger scale facilities is intended.
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Figure 2. Comparison of mass changes in numerical simulation. mg-scale experiments (TG). and 100 g-scale experiment. The lower x-axis
(time-axis) 1s valid for the EC mass change curves (TG), and for the simulation curve. The upper x-axis (time-axis) i1s valid for the 100 g
curve. For better comparability, time was set to zero at the beginning of the 500 °C period for all curves.

5. Summary and Conclusion

The present study demonstrates that thermogravimetric analysis is an appropriate method for the investigation of
reaction kinetics of the nitrate/nitrite-reaction at 500 °C in Solar Salt. The data treatment is based on the assumption
that the considered nitrate/nitrite-reaction proceeds for a certain limited time frame and reaches equilibrium at some
point, whereas salt evaporation is constant at a given temperature. In the linear regimes of the curves, the measured
mass loss is found to be solely based on salt evaporation. The influence of the surface-to-volume ratio on the
evaporation rate was qualitatively observable in the presented experiments. Curve correction by subtracting the
evaporation mass loss successfully separates the salt evaporation mass loss, and gives the pure reaction mass loss
curve. The total mass change that occurs when the melt temperature is changed from 450 to 500 °C and nitrate
decomposes to nitrite is reasonable and comparable to equilibrium data calculated from literature. It could be shown,
that the surface-to-volume ratio clearly affects the velocity of the nitrite formation. The time that is needed until
chemical equilibrium is reached decreases with increasing surface-to-volume ratio up to a certain critical ratio that
will be determined with future experiments. It can be concluded, that the existing literature of larger scale
experiments may not describe solely kinetics but rather a reaction velocity of the nitrite formation including also
mass transport limitations. The conclusions about the nitrate/nitrite-reaction in Solar Salt are supported by
equilibrium calculations, ion chromatography measurements, experiments at different scales (thermogravimetric
analysis: 50 to 700 mg, autoclave test rig: 100 g) and kinetic modeling presented in this paper.
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