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Abstract 

The decomposition of NaN03 and KN03 has been studied in air, 

argon, and vacuum with these experimental techniques: differential scan­

ning calorimetry (DSC), chemical analysis, thermogravimetry (TG) and mass 

spectrometry (MS). Above 840 (.!., 10) and 820 (.!., 20) K, for NaN03 and KN03 

respectively, endothermic decomposition reactions were evident in DSC 

experiments. These decomposition reactions caused the alkalinity to in­

crease and the amount of nitrite to increase in the nitrates. A statisti­

cal screening technique, in conjunction with chemical analysis, determined 

that of ten selected variables that cause decomposition, temperature was 

the most important variab~e. The presence of carbon dioxide or water 

vapor, high gas flow rates, and low purity of the salts also enhanced de­

composition. Salt samples were decomposed in argon where it was observed 

that the nitrates decomposed almost entirely to nitrite as low as 624 K, 

a process which was enhanced by corrosion of the stainless steel contain­

ers that were used. 

Vaporization and decomposition of the nitrates occurred concurrently 

at 630 Kin addition to vaporization of the decomposition products, super­

oxide and peroxide. The intrinsic (noncondensible) decomposition products 

of NaN03 and KN03 are N2, NO and 02. Nitrogen and nitric oxide are the 

initial decomposition produGts and oxygen is a product that appears in 
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increasing proportions as decomposition proceeds and at higher tempera­

tures. The rates of weight loss in TG experiments were proportional to 

the surface area of the salt. In vacuum, the rates of weight loss were 

0.12 and 0.17 mg-cm-2-mfn-l for NaN03 and KN03, respectively, at 740 K • 

The activation enthalpies for NaN03 and KN03 are, respectively, 36.6 and 

34.9 kcal-mole-1 (+ 4.9 kcal-mole-1 for a 90% confidence limit) from 

630 K to 750 Kin vacuum. The rates of weight loss in static air were 

approximately 1% of the rates of weight loss of the nitrates in vacuum. 
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I. INTRODUCTION 

In the late 1800's sodium and potassium nitrate were shipped by 

"solar-powered" vessels. The largest and swiftest of these sailing 

ships was the Preussenl, which is shown in Figure 1. Now molten sodium 

and potassium nitrate have become candidates for heat transfer and 

energy storage fluids in solar thennal electric power plants. 2 Thus 

these salts have shifted from being transported by solar energy to 

transporting and transforming solar energy. 

Solar electric power plants use thermal energy from the sun to 

generate steam for turbines that generate electrical power. In one type 

of power plant, shown in Figure 2, the sun's rays are focused by a field 

of heliostats (sun-tracking mirrors) onto an elevated tower, throµgh 

which a heat transfer fluid is pumped to absorb the focused energy.· The 

heat transfer fluid can be contained in pipes that are heated by the sun 

or can directly absorb the focused energy. 3,4 The heated fluid is conveyed 

to heat exchangers that generate steam. 

Effective use of solar insolation for electrical power generation 

necessitates energy storage so that continuous power can be supplied 

from a diurnal energy source.5 Ideally, the heat transfer fluid 

that generates steam would also be the sensible-heat thermal storage 

medium. 

Several studies2,6 have suggested criteria for the heat transfer and 

thermal energy storage fluids: melting point less than 523 K, thermal 

stability to 850 K, high heat capacity per gram, low vapor pressure, 

compatibility with structural metals, and low cost. Satisfying these 

criteria are certain molten salts and molten metals,6-10 outstanding 

among which are the nitrate mixtures of sodium and potassium.11-13 
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Figure 2. A Schematic of a Solar Central Receiver 
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These nitrates are among the lowest-melting-point anhydrous salts 

known.14 These salts are also very inexpensive and relatively 

noncorrosive,8 particularly when compared with other molten salts,6 

such as LiN03, or liquid metals, such as sodium. Another important 

characteristic of sodium and potassium nitrate is their relative chemi­

cal stability in air,15 which can greatly simplify the design and 

reduce the cost of the solar power plant.9,16 

Of course the nitrates of sodium and potassium have many other 

applications. Among these are: fertilizer,l electrochemical solvents,17 

electrolytes for thermal batteries,18 ion exchange media for strength­

ening glass,19,20 and oxidants in pyrotechnics.21" The desirable heat 

transfer characteristics of the nitrates have been utilized in salt 

baths for heat treatment of aluminum22,23 and steell4 alloys and for 

controlling the temperature of chemical production processes.7,8 These 

salts have also been considered for nuclear reactor coolants.24,25 

Several commercial mixtures of NaN03 and KN03 have been marketed: 

Houdry salt (45 w/o NaN02 - 55 w/o KN03),15,7 draw salt (46 w/o NaN03 -

54 w/o KN03),26 and HTS* (40 w/o NaN02 - 7 w/o NaNOJ - 53 w/o 

KN03).ll,12,17-29 The latter has become the most popular mixture 

because of its low melting point, 415 K. The lowest melting point of 

any NaN03 - KN03 mixture is 498 K. The melting point of Houdry salt 

is as low as that of HTS; however, the greater percentage of nitrite 

makes it more expensive than HTS. For solar thermal electric appli­

cations, draw salt has been the prime candidate because it is less 

expensive than HTS or Houdry salt and has an acceptable melting point.2 

In these various applications the molten nitrate salts have been 

heated to as high as 870 K, the exact temperature depending on the 

*HTS= heat transfer salt. 
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durati en of use and economic faet-ors.7 ,15 At these elevated- tempera­

tures a number of deleterious phenomena have been observed: increasing 

v.iscosity, increasing melting point or density, and formation of insolu-

________ ble or _c:;orroslve products. The causes can be traced to decomposition or 

some other chemical reaction- of the salts. 

The most co11111on of the reactions may be classified as follows: 

nitrite formation, decomposition to oxide, reaction with CO2 or H20, or 

vaporization. The chemical reactions that describe these phenomena for 

NaN03 (or KN03) are 

NaN03 + NaN02 + ½ o2 (nitrite formation) (1) 

2NaN03 + Na2o + f o2 + N2 (decomposition to oxide) (2) 

2NaN03 + co2 + Na2co3 + N2 + j o2 (carbonate formation) (3) 

2NaN03 + H20 + 2Na0H + N2 + j 02 (hydrolysis) (4) 

NaN03(I) + NaN03(g) (vaporization) (5) 

However, even if degradation does occur by Reactions (1)-(4),, the salt 

quality can be ameliorated by a number of processes15,24,30 which 

regenerate the nitrate or nitrite salts. 

The chemical behavior of NaN03 and KN03 is complex because of the 

multiple conjugate, consecutive, and reversible reactioris that occur.31 

In particular, Reaction (2) is an overall reaction that may proceed by 

various steps involving NxOy gas species. Also, the nitrite (NaN02) 

produced in Reaction (1) may also undergo decomposition reactions that 

obscure the behavior of nitrate salts alone. 

The objective of this study was to remove the ambiguity from the 

reaction mechanisms and rates of decomposition of molten sodium and 



potassium nitrate. To this end, I studied the decomposition of sodium 

and potassium nitrate in air, vacuum, and argon. The types of experi­

ments and the parameters of interest depended on the details of chemical 

reactions (1) - (5), a discussion of which we turn to next. This is 

followed by a description of the experimental techniques and the experi­

mental results. 

5 
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I I. SILT CHEMISTRY 

When one contemplates practical uses of nitrates, it is, important 

to know the maximum temperature at which the salts may be used without 

deeomposft-ton dtte to ~actions such asjlJ throug_ti {4). SeveraLinvestl.;. 

gators have assigned decomposition temperatures to the nitrates and 

nitrites as described in Table 1. These temperatures vary over several 

hundred kelvins because of the variety of experimental techniques used 

and their sensitivity. Furthermore, the decomposition reactions that 

were observed in these experiments were not the same. For instance, 

some authors observed nitrate to be decomposing when nitrite started to 

form while others observed decomposition when oxide started to form. 

All agree, however, that nitrates and nitrites of Na and K may be used as 

heat-transfer fluids at least to temperatures 50-100 K greater than their 

melting points without noticeable decomposition. 

Unfortunately, for solar power plants, the heat-transfer fluids must 

be relatively stable, for some time, at temperatures above 800 K, over 

250 K above the melting points of these salts. For this application it 

is necessary to have more information on the onset and rate of each de­

composition reaction that sodium and potassium nitrate can undergo. In 

the remainder of this chapter I describe what is known in, and what can 

be derived from, the existing literature. 

II A. Gaseous Equilibria 

A description of the many possible reactions in which NaN03 and 

KN03 may participate is complicated by the gaseous equilibria of 

nitrogen, oxygen, and their compounds.31 Stern31 concluded that N2 and 
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Table 1 

Nitrate and Nitrite Salt Decomposition Temperatures 

Decomposition Experimental Decomposition 
Salt· Temeerature {Kl Technigue Observations Reference 

NaN03 1073 Observation of Rapid Decomposition 27 
Gas Evolution to Oxide 

NaN03 802 Measure P02 Po2 = 1 atm 33 

NaN03 570 Knudsen Cell 
Effusion 

NO(g) observed 21 

NaN03 873 Thermogravimetry Onset of 34 
Weight Loss 

NaN03 861 Thermogravimetry Onset of weight 35 
loss 

NaN03 653 None C 6 

NaN03 1006a Differential Large Endotherm 36 
Thermal Analysis Occurred 

NaN03 102gb Differential Large Endotherm 36 
Thermal Analysis Occurred 

NaN03 783 Chemical Analyses 0.05% Nitrate Formed 37 
in 10 Minutes 

KN03 1273 Observation of Rapid Decompo- 27 
Gas Evolution sition to Oxide 

KN03 806 Measure Po2 Po2 = 1 atm 33 

KN03 673 Literature Survey 6 

KN03 958a Differential Large Endotherm 36 
Thermal Analysis Occurred 

KN03 1027b Differential Large Endotherm 36 
Thermal Analysis Occurred 

KN03 803 Chemical Analysis 0.05% Nitrite Formed 37 
in 10 Minutes 

593 None C 6 
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- llaH02 

NaN02 

KN02 

Oecompos1tfon 
Temeerature (K) 

610 .. 

893 

1013 

763 

Table 1 (continued) 

Experimental 
Technique 

· Chemical Aria lyses 

Thermogravimetry 

Thermogravimetry 

Chemical Analyses 

asalt mixed with Al203 powder 
bsa 1 t mi xed wi t.h MgO powder 
CBased on rev·iewers analysis of literature 

Decomposftfon 
Observations 

Oxidefonned­

Onset of Weight 
Gain 

Onset of Weight 
loss 

Oxide Formed 

Reference 

38 

34 

3 

38 



02 are thermodynamically the most stable components compared with any 

of the NxOy species but pointed out that NxOy species are frequently 

products of nitrate and nitrite decomposition. In this section I dis­

cuss the thermodynamic stability and the kinetics of the interactions 

of the NxOy species in the temperature range 300-1000 K. 

To demonstrate the thermodynamic stability of N2 and 02 I compared the 

free energies32 of the gases NO, N02, N20, N203, N204, and N205 with 

the free energies of equivalent amounts of N2 and 02- The chemical 

equilibria I used to make the comparisons are given below; the compari­

sons are shown in Figures 3-8. 

1 
2 N2 

1 
+ 2 °2 + NO (7) 

1 
2 N2 + o2 + N02 (8} 

N2 
1 

+ 2 02 + N20 (9) 

N2 + 202 + N2D4 {10) 

N2 
3 

+ 2 °2 + N203 (11) 

N2 
5 

+ 2 °2 + N205 (12) 

In most cases the free energies of formation of the NxOy species 

are negative (relative to N and O atoms); however, in agreement with 

Stern regarding the stability of N2 and 02, these energies are always 

greater than those for equivalent amounts of N2 and 02. The gas NzO was 

not discussed by Stern, perhaps because it is the least stable species 

with respect to dissociation. 

Based on thermodynamic considerations, all NxOy species will decom­

pose to N2 and 02 above 300 K. Although the NxDy species are unstable 

9 
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with respect to dissociation to N2 and 02, the kinetics below 1000 K 

are in some instances prohibitively slow to establish equilibrium.31 

Therefore, if NxOy species are fanned from a reaction such as nitrate 

decomposition, the NxOy species may be observed before they decompose 

to N2 and 02. One must consider these gaseous kinetics of NxOy species 

to correctly identify what species are nitrate decomposition products. 

The gases N203, N204, and N20s decompose rapidly to NO and N02 in 
the temperature range 300 - 1000 Kand therefore may be neglected.31 

Nitric oxide and nitrogen dioxide are the most likely NxOy species to 

to be observed. I perfonned a calculation of the degree of decomposition 

of NO at 1000 K using a gaseous chemical kinetics computer mode139,40 

and found that in 3 hours at 1000 K, 3% of the NO had decomposed. 

However, reaction of NO, 02, N02 is rapid enough below 1000 K that 

one must consider the reaction 

NO+ 1/2 02 ~ N02 (13) 

The rate at which NO, 02, and N02 approach equilibrium and the 

proportions of each at equilibrium are very temperature dependent. The 

free energy for Reaction (13) is shown in Figure 9. Note that from 300 

to 1000 K the free energy changes from -9 to +5 kcals. Therefore 

significant amounts of reactants and products will be present at 

equilibrium over much of this temperature range. Reaction (13), the 

only interaction of the NxOy species that Stern considered significant, 

adds to the confusion regarding the identities and amounts of the 

gaseous nitrate decomposition products, particularly in air or oxygen. 

13 
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II Bl. Nitrate and Nitrite Equilibria 

Reaction (1) expresses the equilibrium of nitrite, nitrate, and 

oxygen. The equilibrium constant for this reaction, Keq is related 

to the activities ai of the reaction species as 

(14) 

where the activity of oxygen is assumed to be equal to the partial pressure 

(Po2) and Mis either metal (Na or K). The complexity of this reaction 

can be grasped by comparing it to a similar oxyanionic decomposition such as 

CaC03 ~Cao+ CO2 , 

where the equilibrium constant is 

acaoPco 
K = 2 p 

eq acaco = CO2 • 
3 

(15) 

(16) 

The activities of Cao and CaC03 are assumed to be equal to unity because 

they are pure solid phases. Therefore, at a given temperature, the 

equilibrium pressure of carbon dioxide is fixed. 

This situation contrasts to the oxygen, nitrate, and nitrite 

equilibrium where the nitrate and nitrite are totally miscible liquids. 

However, because they are believed to behave ideally,41,42 one can 

substitute mole fractions X; for the a; in Eq. (14). Still, the equi­

librium partial pressure of oxygen is not fixed solely by choosing a 

temperature, as is the equilibrium pressure of CO2 for the carbonates; 

rather, it is determined by temperature, the free energy of Reaction 

(14) (which determines Keq>, and the ratio of the mole fractions of 

the nitrate and nitrite. The situation considerably simplifies if one 

chooses a temperature and a partial pressure of oxygen such that the 

equilibrium ratio of nitrate and nitrite in a molten salt mixture is 

15 
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detennined in this way. 

Table 2 also lists values for the enthalpies and entropies of 

r-eactf-cm • .W- and AS-0 , r.espect1¥.ely. __ fbes.e. are related to the equ1- _ 

librium constant via 

and 

-RT ln(K ) •AG• AH - TAS eq 
(17) 

(18) 

In these equations AG is the free energy of the reaction, Tis.the 

absolute temperature, and R 1s the universal gas constant. The values 

of AH0 and AS0 that I calculated came from a least-squares fit of 

ln(Keql versus 1/T with experimental values for Keq and temperatures 

from the literature. The temperature dependencies of AH° and AS0 were 

neglected. The average values of AH0 and AS0 are given for the tempera­

ture range. In Figures 10, 11, and 12 I have plotted the Keq values 

given in the literature for sodium, potassium, and 50/50 sodium/potas­

sium nitrate/ nitrite mixtures. Superimposed on the data are the least 

squares fits of ln(Keql versus 1/T. 

Th~ slopes of the ln(Keq> versus 1/T in Figures 10-12 are,very 

similar, appr~ximately 25 kcal/mole, independent of the cation. The 

only exception to this was the data from Reference 44 which I believe to 

be anomalous (as did Paniccia and Zambon1n45) because it is so much lower 

than the other values. The value of AS is somewhat higher for NaN03/N02 

mixtures than for KN03/N02 mixtures, indicating that more sodium nitrite 

1s present in NaN03 compared with potassium nitrite in KN03 at a given 

temperature. 



Table 2 

Deteraination of Equilibrium of Nitrate and Nitrite 

Salt 
Teq>erature 

Range (kelvin) AH (kcal 110le-l) H( kJ )d A 110le AS (cal IIOle-1 K-1) AS(J 110le-l K-l)d 'Oz 
KN03/N02 823-1073 29.ltl.7 {28.4al 118. 24.4tl.2 l25.JaJ 105. 1. at• 26.4tl.l 21.1a 113. 21.1a 99.2 

27.6tl.2 3o.oa) 125. (21.1a 113. 

KN03/N02 973-1073 31.3 (33.6a) 140. 31.Jb (33.6a) 140. 1. at• 
KN03/N02 873-973 26.0 (28.7a) 22.9b (25.71) 108. 0.2 at• 
NaN03/N02 873-973 24.5 (25.6a) 107. (25.61) 107. 1. at• 
NaN03/N02 823-973 27.0 (28.4a) 119. (26.81) 112. 

(Na/K)N03/N02 568-613 (2.2)1 9.2 13.31 55.6 0.85 at• 
{Na/K)N03/N02 500-700 27.2 (25.61) 107. 14.8 (23.81) 61.9 naC 

1Calculated by the author using a least squares analysis method with the data given in the cited reference. 
Values of AH and AS without a superscript are those given in the cited reference. 

l>Reported 1n Reference 28. 
Cffot applicable to technique. 
donly values calculated by author are given in SI units. 

Experiaental _Technique 

Gas Voliae Changes 
NO: Tttrition · 
c•ination of Above 
Techniques 

Gas Volu• Changes 

~ Titration 

Gas Volua Changes 

NOz Tttr1tton 
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Pressurei ~ P.V 
Measuredi 
Tttratton 2 

Reference 

41 

42 
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34 
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45 
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To understand the significance of Reaction (1) in the temperatures 

of interest, 620-870 K, I calculated the amount of nitrite that would be 

present at equilibrium as follows. I chose values of Keq from the 

nitrate chemistry review, Reference 31, to evaluate the extent of 

Reaction (1) as a function of temperature and Po2• For KN03/N02, the 

equilibrium constant I used was 

ln(Keq) = (-27.5/RT) (kcal mole-1) + 24.4/R (cal mole-lK-1). (19) 

For NaN03/N02, Stern31 gives several values for Keq in the range 800-

1000 K, which I fitted for convenience with the polynomial expression 

) ( -5 2 ln(Keq = -32.3 + .0493T - 1.80 10 )T • (20) 

The activities of ai of the salts are related to the 02 partial 

pressure and equilibrium constant Keq by Eq. (14). I separately 

investigated three partial pressures of oxygen: namely, 1. atm, 0.2 atm 

(as in air), and 0.0001 atm (similar to vacuum conditions). For each 

oxygen pressure I calculated the ratio XMNo2IXMNOJ as a function of tempera­

ture from 500-1000 K. The results are illustrated in Figures 13 and 14 

and tabulated in Appendix A. As the temperature is increased, the 

amount of nitrite rises. It is easily seen that at any temperature, 

increasing the partial pressure of oxygen suppresses nitrite formation 

in the melt, in accordance with the principle of le Chatlier. These 

figures also show that sodium salts have more N02 when compared to potassium 

salts at a given temperature and pressure; however, the ratio of nitrite 

to nitrate in sodium differs from that calculated for potassium nitrate/ 

nitrite mixtures by less than a factor of 2. One should also note that 

in air the molar ratio of nitrite to nitrate is less than 5% at 823 K 

21 
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for either Na or K, the upper temperature limit for solar power plants. 

However, at 0.0001 atm oxygen pressure, the ratio is 1-1.5, meani~g that 

the amount of nitrite equals or exceeds the amount of nitrate. Because 

oxygen prevents nitrite formation, inert-gas blanketing to exclude oxy­

gen is impractical although it has been suggested for conmercial uses.15 

Since very little thermodynamic information is available regarding 

the nitrates and the nitrites,31 I used the equilibrium constant data 

(equations 19 and 20) to calculate the free energy of formation of the 

nitrite salts. In particular I used 

{21) 

where I could insert known values of 6Grxn (calculated from the Keq values 

and equation 17), Go2 (from Reference 32), and extrapolated values of 

GMN03 (extrapolated from values given in Reference 32). The 6Grxn for 

NaN03 and KN03 is plotted in Figure 15. The equations I used for the 

free energies of formation of the nitrates, GMN03, from 600-1000 Kare 

G = -97.39 - (.0568)T kcal NaN03 mole (22) 

( ) kcal GKNO = -104.6 - .0596 T mole 
3 

{23) 

From this information I calculated GMN02 for both NaN02 and KN02 

from 600-1000 K. The values for GMN03 and GMN02 in 100 K intervals 

are listed in Table 3. These values of the free energy of formation of 

the nitrites and nitrates are used in the ensuing discussions of the 

decomposition reactions and reactions with water and carbon dioxide. 

The temperature above which the products are favored in Reaction 

(1) or rather, where 6G of Reaction (1) is equal to or less than zero, 

23 



24 

20 

15 

- 10 ... 
I 
Cl) 

0 
E 
ii 5 CJ 
~ 

C: 
)( .. 

C, 
<I 0 

-5 

-10 

-15 

-20-. __ ...._ __ __.. ___ ..._ __ _._ __ ......,1, ___ ..i.... __ _, 

500 600 700 800 900 1000 

TEMPERATURE (kelvin) 

Figure 15. Free Energy for Nitrate/Nitrite Equilibria 

1100 1200 



TABLE 3 

CALCULATED FREE ENERGIES OF FORMATION OF THE NITRATES AND NITRITES 

116NaN03 11GNaN02 !1Gi(N03 

Temperature kcal kJ kcal kJ kcal kJ (kelvin) mole mole mole mole mole mole -- -- -- -- -- --
600 -131.49 -550.15 -104.47 -437.10 -140.42 -587.52 

700 -137.22 -574.13 -109.97 -460.11 -146.36 -612.37 

800 -142.83 -597.60 -115.31 -482.46 -152.28 -637 .14 

900 -148. 51 -621.36 -120.18 -502.50 -158.24 -662.08 

1000 -154.19 -645.13 -125.96 -527.02 -164.20 -687 .01 

116i<N02 

kcal kJ 
mole mole - --

-112.21 -469.49 

-117.83 -493.00 

-123.38 -516.22 

-128.92 -539.40 

-134.40 -562.33 

N 
u, 
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can be calculated for Na and K nitrate/nitrite mixtures from (19) and 

(2-0) l>y se-tting 1-R{Keq} equal to o. - Thi-s temperature 'h 1086 K for 

-sod-ha mbtur-es aA4 1127 X f&t" JM)tas-tfw. 

II B2. Nitrate and Nitrite Kinetics 
. 

The rate of fonnation of nitrite is important for characterizing 

the rate of decomposition of nitrates because the rate of fonnation 

may determine the rate at which other subsequent reactions occur. The 

kinetics of Reaction (1) _for both sodium and potassium have been inves­

tigated by Freeman,34,42 who determined forward and reverse reaction 

rates as well as activation energies. His experiments were performed 

under isothermal conditions in a constant pressure apparatus. Freeman 

assumed that first order kinetics were applicable to the reduction of 

nitrate. In other words, he assumed that the velocity 

Vl = kl x..NO "'M 3 (24) 

was proportional to the amount of nitrate present in the sample. For 

the oxidation of nitrite he used the following expression for the 

velocity: 

(25) 

The .terms k1 and k-1 are cal led the rate constants for the reduction and 

oxidation reactions, respectively. Freeman34 found that k_1 was propor­

tional to the surface area of the salt exposed to the gas but that k1 

was not. 

It is of greater practical interest ~ know the time needed for 

the nitrate and nitrite melts to equilibrate rather than_ the rate· 

constants which are specific to the kinetic expression used. Molten 



KN03 reached equilibrium with KN02 at 873 Kin 300 minutes.42 However, 

the reaction of KN02 with 02 did not equilibrate in 300 minutes.42 

Freeman34 observed that NaN03 reached equilibrium with NaN02 after 40 

·minutes at 973 K. At lower temperatures, the time required to reach 

equilibrium was much longer. Kust and Burke44 kept their (Na,K)N03 

samples at 568 K for 9-27 days to achieve equilibrium, although they 

stated that these durations were longer than necessary. 

In summary, the equilibrium of nitrate and nitrite is a function 

both of the temperature and the oxygen pressure (fixed by the experi­

mental configuration). The extent of formation of nitrite can be quite 

significant at high temperatures and low partial pressures of oxygen. 

The next section discusses Reaction (2) and an analogous expression 

for decomposition of nitrite salts. 

II C. Decomposition to Oxide 

Sodium nitrate and potassium nitrate may decompose via several 

paths. As the temperature is elevated the nitrates of sodium and 

potassium may decompose to their corresponding nitrites.31,34,42 The 

nitrites may decompose to oxide46 according to 

(26) 
or 

(27) 

Reaction (26) occurs above 603 K for NaN02 and above 683 K for KN02.31 

The N02 and NO produced in Reaction {26) can react with MN02 so that 

nitrate is formed as in the reactions47,48 

(28) 

{29) 

27 
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The oxide produced in Reaction (26) may also react47,49 w1th N02 to 

f_onn n1 trate and nitrite: 

... "'20 + ZR02 + Mfl02 + MN03 [30} . 

At higher temperatures (above 873 for NaN02 and 1073 for KN02) the· 

nitrites decompose completely to oxide according to Reaction (27). 

Bearing in mind that nitrate and nitrite can interconvert according to 

Reaction (1), it becomes very difficult to discriminate between. oxide 

fonnation from nitrates or from nitrites. 

At st111 higher temperatures, the nitrites being more unstab 1 e 

than the nitrates will appear only as an unstable intennediate product 

as the nitrates decompose according to reactions such as (2) or 

(31) 

Bond and Jacobs50 studied NaN03 decomposition from 743 K to 1033 Kand 

observed that the decomposition proceeds in two overlapping and consecu­

tive steps which are: decomposition to NaN02 and decomposition of the 

nitrite to sodium oxide. They observed· an inflection in their weight 

loss curves from their isothennal thennogravimetric experiments. The 

inflection corresponded to the weight loss at which complete transfor­

mation of nitrate to nitrite would have occurred. Their weight loss 

curves were empirically fit to 

-ln(l-a) 113 = kt 

where a is the fraction of the sample decomposed. Freeman perfo,:ined 

dynamic (changing temperature) thennogravimetric experiments with 

(32) 

NaN0334 and KN0342. In his experiments, Freeman did not observe decompo­

sition of NaN03 to oxide below 973 Kand his weight losses arrested at 

a weight corresponding to complete oxide fonnatton. 



Freeman34 analyzed the gaseous products of NaN02 which was 

decomposed in argon. Nitrogen was the first gas evolved and it appeared 

at 733 K. As decomposition proceeded and at higher temperature, 02 was 

evolved in increasing proportions. Freeman did not observe NxOy gas 

species from NaN02 from 723 - 1053 K which contrasts with the observa­

tions of P~neloux and Joliot51 and Buchler and Stauffer52 who identi­

fied N2 and NO as the decomposition products of NaN02 from 578 - 827 K. 

The gaseous products of decomposition of NaN0334,53 and KN0342 in 

argon have been studied. From 673 to 873 K, 02 and Nz were the products 

of decomposition.53 In another study34, oxygen was the principle 

decomposition product and N2 was a minor species from NaN03 at 923 

K. At 973 Kand higher temperatures, 02 and a larger proportion of 

N2 were evolved.34 Nitrogen dioxide was evolved from NaN03 above 

973 K. Freeman34 noted that NO may actually have been evolved from 

NaN03 and subsequently reacted with evolved 02 to form N02, per Eq. (13). 

Bartos and Margrave53 did observe NO above 973 Kand minor amounts of 

N02 and N20 above 1073 K. 

Few studies have been made of the gaseous products of sodium 

or potassium nitrate decomposing in vacuum.21,54 In one Knudsen 

cell-mass spectrometer experiment, decomposition of NaN03 in vacuum 

commenced at 570 K when NO and N20 gas species were observed.21 Above 

670 K, Nz and Oz were also observed from NaN03.21 Nitric oxide 

was also evolved from KN03 above 823 Kin vacuum.54 

The thermodynamic tendency for Reaction (2) and (27) to occur 

was evaluated by performing some thermodynamic calculations of the 

free energies of these reactions. I used the values for the nitrate 

and nitrite free energies of formation listed in Table 3 and the 
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thermodynamic data for N2 and 02 in Reference 32 to calculate the .. 
free energ1u of Reactions ( 2) and ( 27) (see ft gures 16 and 17}. 

Tile free energy for Reaction (2} ts pos1ttve over ffie temp~rature 

range 600-1000 K for both NaN03 and KN03_. The free energy of 

decomposition ~or KN03 fs about 25 kcal greater than for Nat-403 from 
600 - 1000 K because of free-energy differences between the nitrates. 

The free energies of decomposition for the nitrites are about 30 kcal 

less than for the nitrate salts. The free energy of decompQs1t1on for 

NaN02 is negative above 930 K. Thus, KN03 is thennodynamically most 

stable with respect to decomposition, and NaN02 is the least stable. 

The activities of the condensed phases (8M20 , 8MNo
3

, and 'MNo
2

> 

and the partial pressures of the gases are related to the equilibrium 

constants. The equilibrium constants for Reactions (2) and (27) are 

5/2 

__ Keq = 
'l120 PN2 Po2 . 

2 
'MN03 

(33) 

and p p3/2 

Keq = 
'M20 N2 02 

2 t 
'MNo2 

(34) 

. respectively. The gaseous atmosphere over the salt samples can have a 
considerable effect on· the activities ·of the condensed phases and their 

ratios at a given temperature. As a hypothetical situation, I con­

sidered NaN03 at 600 K where 6G = 46 kcal. The value of Keq calculated 
from Eq (33) is 1.8 x 10~11. 'If decomposition is occurring in air, 

Po2 = 0.2 atm and PN2 = 0.8 atm. The ratio aNa2o/a~aNOJ is 
therefore 1.2 x 10-15, indicating that an insignificant amount of Na20 

2 is fonned. At 900 K for NaN03 the ratio aNa20/aNaNOJ is 0.08. If 

NaN03 is satura.ted with dissolved Na20, aNa2o is 1. Thus, the activity 
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of -NaNOJ is 0.28. indicating that Hai{) is -a significant constituent 

of the molten mixture of NaN03 and Na20. Estimates such as these, indi­

cate the tendency of decomposition to occur. 

If decomposition occurs in vacuum~ the ratio of the ac:tivttfes of_ 

the condensed phases are changed by many orders of magnitude •. A con­

servative estimate of the partial pressure of N2 or 02 in vacuum is 

10-6 atm. The product PN2 x.P8~2 is 0.014 in air whereas it is 10-21 

in vacuum. Therefore aNa2o/a~aNo3 (in eq. 33) wi-11 be Keq/0.014 in air 

and Keq/10-21 in vacuum. Thus at lower temperatures,· decomposition (~he 

amount of oxide formed) will be more significant in vacuum than in air. 

Decomposition reactions·to oxide are complicated by NxOy species. 

As was calculated in Section IIA, the free energy difference between 

N2 compared to 02 and N02 is 15 kcal at 500 K. If one considers Reaction 

(31) (which is the sum of Reaction (2) and twice Reaction (8)), the free 

energy will be approximately 30 kcal greater than that of Reaction (2). 

The tendency to form K20 by Reaction (31) can be evaluated from the 

equilibrium.constant, 

aK2o PRo2 P0~2 

Keq = 2 
aKN03 

(35) 

Stern31 calculated this equilibrium constant to be 2 x 10-40 at 600 Kand 

2 x 10-18 at 1000 K. However, if PNo2 is very low the ratio aM2o/a2MN0
3 

may be much higher than it is in Equation (33) for MN03 at the same 

temperature. The NxOy gas species provide additional decomposition 

paths that may contribute to decomposition of the nitrates. These 

paths are less favorable thermodynamically but may be important in 

the kinetics of decomposition. 



II D. Reactions of the Melt Species 

The decomposition of the nitrates and nitrites to oxide is clouded 

with the controversy concerning the basic species that exist in the 

melt.55,56 In particular the chemistry of oxygen and oxygen ions 

in nitrates is obscure and conflicting.57-60 Originally it was believed 

that oxide ions {M20 or o-2) were stable in the nitrate and nitrite 

melts. More recently electrochemical research has shown that only 

peroxide ions {M202 or 02-2) and superoxide ions {M02 or o-2) are 

soluble and stable in the melt.61-64 

Oxide ions that are introduced into nitrate melts undergo the 

following reaction in the absence of oxygen56,61,64,65: 

Yurinskii56 reported that amount of peroxide present at equilibrium 

{36) 

in NaN03, KN03 or (Na/K)N03 (from 653 - 673 K) was 10 times greater than 

the amount of oxide. The peroxide is also reactive in nitrate melts 

and forms superoxide61,64,65 via the reaction 

In these reactions nitrite, peroxide, and superoxide are formed from 

oxide ions in nitrates and nitrites. 

If oxygen is present, oxygen and oxide ion may react61 as 

(37) 

(38) 

to form peroxide. The peroxide product may also react with oxygen to 

form superoxide by65,66 

(39) 

33 
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Thus, because of Reactions (36) - (40), oxide ions resulting from 

nitrate or nitrite decomposition wi 11 not remain tn the molten salt 

tffldff -any eoodi t-i-ons. 

In contrast to these electrochemical observations, the literature 

on nitrate decomposition considers nitrate to decompose primarily to 
oxides.31,34,42,50 Freeman•s34 evidence for decomposition to oxide was 

this: his weight loss experiment with NaN03 and NaN02 arrested at the 

weight corresponding to Na20. Peroxi deS0·,67 and superoxi de34 have been 

considered only as intermediate ions formed as the nitrates and nitrites 

decompose. 

To enhance our understanding of the equilibrium of various species 

in molten nitrates. I calculated the free energies of Reactions (36) -

(40). Thermodynamic data were taken from Reference 32. _ At high tempera­

tures (to 1000 K) where values of the free energy of formation of 

several oxygen ion species were not available, I extrapolated the low 

temperature data. The free energies for Reactions (36) - (39) are shown 

in Figures 18 - 21. The values that used the extrapolated oxygen ion 

data are shown with dashed lines. 

The free energy of Reaction {36) is negative for potassium species as 

seen in Figure 18. From 600 - 1000 K, the free energy decreases from -6 

to -9 kcal/mole. Thus, the thermodynamic tendency is for K20 to react 

to form K202 in KN03. The free energy for sodium species in Reaction (36) 

is less negative. The stability of sodium oxide in sodium nitrate is 

greater than potassium oxide in potassium nitrate62 as has been experi­

mentally observed.56,62 

The calculated free energy of Reaction (37) is graphed in Figure 

19. Over the entire temperature range, the free energies for both 
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sodium and potassium versions of Reaction (37) are positive. Because 

the free energies are positive, only a small fraction of peroxide will 

react with the nitrates to form nitrite and superoxide. However, more 

superoxide and nitrite will be formed in KN03 than in NaN03 via Reaction 

(37). The exact amounts are dependent on the activities of each species 

in nitrates. 

If sodium or potassium oxide is allowed to react with oxygen 

(Reaction (38)), peroxides will be formed because the free energies are 

negative. See Figure 20. The driving force for peroxide formation is 

smaller (by approximately 10 kcal) for Na20 than for K20 to react with 

oxygen. As the temperature is increased, however, the driving force 

decreases (greater oxide stability in oxygen) but is never zero for 

either Na or K species. 

The last reaction of the melt species to consider is (39), where 

peroxide reacts with oxygen to form superoxide. The free energy, 

shown in Figure 21, is negative for K202 and positive for Na202; therefore 

the stability of Na02 in NaN03 less than the stability of K02 in KN03. 

The driving force to form Na02 or K02 is diminished as the temperature 

is increased. 

In summary, the oxygen ion equilibria are numerous and complex. 

Oxide, peroxide, and superoxide species may coexist in sodium and 

potassium nitrate. Superoxide ions are more stable in KN03 than in 

NaN03. Oxide ions are more stable in NaN03 than in KN03 although they 

are a minor species in either nitrate. 

II E. Reaction with CO2 

Reactions of the nitrates and nitrites with CO2 in air has been 

observed in commerical uses of these salts.11,15 The formation of 
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carbonates has three deleterious effects for nitrates as a heat transfer 

flui-a. One- effect is that car-boflates fli-ssolve,d- in nitrates elevate the 

melting ~int over pur~ nttr¾tes.15.24 Sec~ly, carbonates have very 

low solubility fn sodium and pofass1um-nlfrates6S-andmay-precipitate out 

of the mo 1 ten sa 1 t in coo 1 er portions of a system. The so 1 ubil ity is 

reported to be less than 0.3% at 673 Kin HTs.15 Precipitation 

occurring in crHical areas such as small diameter pipes in a heat 

exchanger may cause clogging and system failure. Thirdly,. carbonate 

formation in the nitrates will increase the fluid's viscosity_, which 

requires more energy to pump the fluid •. _ 

Carbonates may form by two processes: direct reaction with the 

salt as shown in Eq. (3), or by reaction with the basic (oxygen ion 

species) products of decomposition from a reaction such as (2). It is 

known, for example, that CO2 is readily absorbed by alkali oxides to 

form carbonate.15 To examine the thermodynamic tendency for direct 

reaction of CO2 and nitrates to occur (and analogous reactions for 

the nitrites) I calculated the free energies of carbonate formation. 

I used the free energies of formation from Reference 27 and those 

calculated for the nitrates and nitrites in Section IIB. The free 

energies are plotted in Figures 22 and 23 respectively. 

The free energy of formation of Na2C03 according to Reaction (2) 

or the reaction 

(40) 

is always negative. In other words if CO2 is present, there is a 

thermodynamic driving force to form Na2C03 from NaN03 or NaN02. With 

regard to K2C03 formation, the driving forces are not as large as for 
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-----------------------------------------------

Na2C03 formation. The free energy for potassium nitrite in a reaction 

H«e (40} is negative from 600-1-000 K. The free energy of -reactt-on to 

ferm K~OJ from a direct re-aetton of COz -wtth Kffi}J ts negattve above-
-- -- _.,____ --- -- --- --- -- - -- - - -- -- -- ----- --- -- ----- ~- -- -- - - ---- -

· ·· · 630 I<. Therefore, at temperatures greater than 630 K, carbonate for-

mat 1 on is thermodynamically favored. Sodium or potassium carbonate may 

form by direct reaction of CO2 with either nitrates or nitrites or by 

_. reaction with Na20 or K20. 

II'F. Hydrolysis 

The reaction of the nitrates and nitrites with water to fonn 

hydroxide-salt mixtures has (as for the carbonates) been observed 

iri practical applicatio~s.11,15 Water alters the reactions observed 

in electrochemical experiments with nitrates.65,69-71 Water vapor 

influences the decomposition and the corrosive nature of HTS _in stain­

less steel.72 _Like the carbonates, hydroxides dissolyed in molten 

nitrates may elevate the melting point24 and may form amorphous 

precipitates.15 Furthermore, hydroxides are particularly corrosive to 

conventional containment materials such as plain carbon and low-alloy . 

steels. 

Using the free energies calculated in 118 and the data in Reference 

32, l calculated the free energies for the reactions (4) and 

{41) 

as a function of temperature. The results are shown in Figures 24 and 

25 for the nitrates and nitrites, respectively. The free energies of 

hydroxide formation from nitrates are negative above 790 K for NaN03 

and above 910 K for KN03. The nitrites are thermodynamically more 

susceptible to hydrolysis than the nitrates. The free energy of 
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Reaction (42} is negative above 500 K for NaNOt and above 750 K for KN02. 

A-ltheugh the- driving forces for nitra-t-e-s or nitrites to react with H~ 

are-- ftOt as -la-r-ge -as -t-he-s-e f-er the c-o-rr-es-ponding- rea-cti--ons wit-h -CO2-. 

- hydroxide formation 1s-thennodyriamically favored~ Depending on the 

experimental conditions and the activi_ties of the species, hydroxide 

formation may occur above 500 K. 

II G. Vaporization of Nitrates and Nitrites 

The congruent vaporization of the nitrates and nitrites of sodium 

and potassium was first recognized by Hardy and Field,54 who distilled 

NaN02, NaN03, and KN03 at 623 Kand KN02 at 743 K. They54 and others73,74 

observed that the nitrates and nitrites may vaporize without substantial 

decomposition as low as 50 K above the melting point of the salt.73,74 

For example, only a minor amount of nitrite (0.1%) was observed by Hardy 

and Field54 in their potassium nitrate condensate. 

The work of Hardy and Field was followed by that of Buchler and 

Stauffer52, who performed mass spectrometric studies of NaN03 (750 K) 

and NaN02 {690 K) vapors (whose spectra are listed in Table 4). During 

Buchler and Stauffer's experiments, Oz, N2, and NO evolved in addition 

to monomers and dimers of sodium nitrate and nitrite. 

The thermodynamics of the vaporization of NaN03 and KN03 were 

investigated more recently.75,76 The mass spectra observed in these 

vaporization studies are listed in Table 4. Over the temperature ranges 

studied (647-709 K for NaN03, 649-688 K for KN03) monomers and dimers 

were observed for both salts.52,75,76 Researchers using matrix isolation 

techniques73 established that just above the salts' melting points, 

nitrate monomers are more abundant. An expression for the vapor pressure 

... 



Ion 
Speciesd 

w 
MO+ 

MNO+ 

MN02+ 

MN03+ 

M20+ 

M2N02+ 

M2N03+ 

02+ 

NO+ 

N2+ 

N02+ 

M2+ 

a Ref 76 

b Ref 52 

c Ref 75 

Table 4 

Mas.s Spectra and Relative Intensities of 
Na and K Nitrates and Nitrites 

(NaNOr NaN03b KN03C NaNOzb 
K (750 K) (680 K) (690 K) 

100 4.6 100 5.2 

4.07 3.48 

0.07 

1.84 0.06 0.45 0.1 

8.24 0.18 0.40 

0.17 0.57 

o. 10 0.06 0.10 0.3 

3.65 o. 11 4.24 

300 

15 ~50 

~50 

0.6 0.03 

d M = Na or K 

43 



44 

- ---- -

of each species was detennined as listed in Table 5. The form of the 

equations for the vapor pressure. P. of the monomer or dimer is 

ln(K} • ln(-P} • -AH0 /RT + AS 0 /R . . . .. ... .. y . . .. v ... .. _ {42) . . 

where R is the universal gas constant and AHv and ASv are the standard 

enthalpy and entropy of vaporization, respectively, of the species whose 

vapor pressa re was measured. 

Table 5 

Vapor Pressure Expressions for KN03 and NaN03 Species 

Vapor aHv ASv 
Species (kcal/mole-1) (kJ mole-1) (cal/mole) (J-mole-1) Reference 

NaN03 41.03 ± o. 75 172. 49.19 206. 76 

(NaN03)2 49.40 ± 1.2 207. 56.97 238. 76 

KN03 41.77 ± 0.32 175. 50.34 211. 75 

(KN03)2 48.03 ± 0.92 201. 52.81 221. 75 

To calculate the vapor pressures of the nitrates for temperatures 

of 600-1000 K, I used Equation (42) and the values in Table 5. The 

results are tabulated in Table 6 and illustrated in Figures 26 and 27. 

The vapor consists mostly of nitrate monomers below 800 K. The vapor 

pressures of NaN03 and KN03 monomers are similar over the temperature 

range 600-1000 K. The vapor pressures of the dimers, particularly 

(KN03)2, are lower than those of the monomers. Above 700 K the total 

vapor pressures are greater than 10-3 Torr. 

To estimate the maximum- rate of vaporization of the nitrates, I 

used the Hertz-Langmuir equation77 



Table 6 

Vapor Pressures of the Nitrates {Torr) 3 

NaN03 

TemQerature {K} Monomer Dimer Total Monomer 

600 6.41 { 10-5) 2.90(10-:-6) 6.70(10-5) 6.12( 10-5) 

700 8. 74(10-3) 1.08(10-3) 9.82(10-3) 9.12(10-3) 

800 0.349 0.091 0.44 0.389 

900 6.13 2.87 9.0 7.21 

1000 60.81 45.39 106.2 74.47 

avalues calculated using thermodynamic data from Ref. 75 and 76. 

KN03 

Dimer 

1.11(10-10) 

3.51 (lo-4) 

0.0263 

o. 755 

11.06 

Total 

6.23( 10-5) 

9.47(10-3) 

0.4153 

7.965 

85.53 

~ 
U'I 
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(43) J = P/(2'n'MRTl112 • · Max · ······ - ·- -· ··· - - -- ------ --

where. Jt+ax is the maximum flux (in moles per unit a.rea per unit time). P 

is the equU ibrium .v.apor pr.essure •. ffld M is the. molecular weight of the 

vapor molecule. Combi rilng this express1 orf wftti (43) 1 eads to a rela..; 

tionship between the thermodynamic quantities for vaporization and 

the maximum flux: 

AS AH 1/2 
JMax = [exp(-,i! - ~)]/(21rMRT) 

I calculated the maximum fluxes for NaN03 and KN03, and the,results 

are shown in Table 7 and Figures 28 and 29. At 800 K the fluxes are 

greater than 1 g cm-2 min-1. Of course, these are the unimpeded 

(44) 

rates (i.e., vacuum), which will be considerably decreased by gaseous 

collisions if the vaporization takes place in 1 atm pressure. Never­

theless, these rates may be useful for comparison with fluxes measured 

in therm9gravimetric experiments, particularly those conducted in vacuum 

(described in subsequent sections). 

Knudsen recognized that some substances vaporize at less than the 

equilibrium rate and introduced a vaporization coefficient a into the 

flux equation:77,78 

J = a JMax • ( 45) 

The vaporization coefficients for NaNo/6 and KN0375 are approximately 

1. and 0.7, respectively. 



Table 7 

Maximum Vaporization Rates for NaN03 and KN03a 
(g cm-2 min-1) 

NaN03 

TemE!erature {K} Monomer Dimer Total Monomer 

600 7.78(10-4) 6.52(10-5) 8.33(10-4) 8.84(10-4) 

700 9.83(10-2) 2.43(10-2) 0.123 0.122 

800 3.67 1.91 5.58 4.87 

900 60.79 56.92 117.71 85.02 

1000 572. 854. 1426. 833. 

avalues calculated using thermodynamic data from Ref. 75 and 76. 

KN03 

Dimer 

3.21(10-5) 

9.39(10-3) 

0.658 

17.81 

247.51 

Total 

8. 72(10-4) 

0.131 

5.53 

102.85 

1080. 

~ 
U) 
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· 1n. EXPERlMENiAL iECHN!QUES AND ANALYSIS 

There are many techniques that can be used to study the decompo­

sition reactions that molten sodium and potassium nitrate undergo__. 

Electrochem1stry&l, evolved gas analysis,53 spectroscopic analysis. 

of the gases53,62,73,74 or salts,79-81 electrical conductivity, x-ray 

analysis,8O and differential thermal analysis36 are just some of the 

methods that have been applied to chemical kinetic studies of molten 

nitrates. 

For the study of the chemical behavior of NaNO3 and KN03 I performed 

5 kinds of experiments: 

1. Differential scanning calorimetry (DSC) 

2. Plackett-Burman screening tests at 1 atmosphere pressure 

3. Decomposition tests in argon 

4. Thermogravimetry (TG) at 1 atm 

5. Thermogravimetry and mass spectrometry (TG/MS) under 

vacuum conditions 

Of common concern throughout the experiments was the choice of an 

appropriate container material for the salts. The problem of choosing a 

nonreacthe container for nitrate and nitrite experiments has plagued 

many experimenters. Although many of the earliest studies were per­

formed in silicate glass containers, it was soon recognized that SiO2 

could react and contribute oxide ions to the molten salts.79,82 

Silica can also react with oxide ions to form superoxide by79 

(46) 

Other wor\ers claim to have successfully worked with stainless steel 

containers. However, stainless steel is oxidized by the nitrates and 



nitrites.11 Researchers have found that Cr203, which protects stainless 

steel from oxidation, catalyzes the decomposition of KN0383 or HTS14 by 

fonning chromates and dichromates. 

I perfonned several experiments to find a nonreactive container. 

Gold, zirconia, and alumina did not react with the salts as detennined 

by visual examination and an atomic absorption test which showed that 

neither Al, Zr, nor Au had been dissolved into the salt. Gold has been 

used without reaction by Bagarat'yan et a1.75 These materials are not 

the only suitable materials for nitrate decomposition studies. For 

instance, silver has been used without reaction.37,72. 

Although other researchers have used Pt vessels for their experi­

ments without reaction61, I found that Pt was darkened and dissolved into 

salts that had been decomposed in air. Corrosive attack and fonnation of 

black particles on Pt was also observed by Miles and Fletcher.62 Plati­

num is attacked by hydroxides, which I believe to have fanned in the salt 

during decomposition in air. 

Another perplexing issue regarding these salts is their unbridled 

propensity to spread and wet any ceramic or metal surface. Therefore, 

it was difficult both to contain the salts and to characterize their gas­

liquid surface areas. No material could be found that was not wetted by 

the salt. Several other researchers have observed the phenomenon of 

spreading.14,36,84 The tendency of the nitrates to spread and wet sur­

faces may be understood if one considers the surface energies acting at a 

liquid-solid-vapor interface. Such an idealized interface situation is 

that of a sessile drop of liquid on a rigid solid substrate shown in 

Figure 30. The equilibrium of the surface energies (yLV' YSV' r5L} between 

the solid, liquid and vapor phases is given by 
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Ysv ~ Yst (47) ----=cos 8 
YLv 

The contact angle, e, is determined by (47). If (ysv - YsL)/yLV is greater 

than 1, e is forced to 0°, which is the condition called wetting. 

Wetting occurs when the surface energies of the solid or vapor in 

contact with the liquid are less than the difference between the solid­

vapor and the solid liquid surface energies85, as they appear to be 

for the nitrates and nitrites. 

III A. Differential Scanning Calorimetry Experiments 

When materials are heated, they may undergo physical or chemical 

changes that are endothermic or exothermic. Differential thermal analysis 

(OTA) and differential scanning calorimetry (DSC) are thermal analysis 

techniques that measure these endothermic and exothermic reactions. 

Both OTA and DSC are reviewed in Reference 86 and the DSC technique is 

discussed in detail in References 87 and 88. 

Both DSC and OTA are simple and rapid methods of elucidating the 

temperature range over which reactions occur. OTA is a technique in 

which the temperature of the material undergoing a change is compared 

with that of an inert sample. For the DSC technique, a differential heat 

flow is measured. When endothermic or exothermic thermal transitions 

occur, a difference is recorded in the power needed to maintain the 

heating rate or temperature of two identical furnaces, one of which has 

the sample material and the other the inert reference material. The 

temperatures of transitions found by OTA should be the same as those 

found by DSC. 

Several authors have used OTA to study the alkali nitrates36,89 

and rare earth nitrites.90 Differential scanning calorimetry has been 
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successfu 1 ly applied to the study of the NaN03-KN03 phase diagram,91 the 

altfng and soHdfffcatfon of salt hydrates,92 and solid-solid trans1-

tf1>M f n Ha-NOz93 and N-aMOJ. 94 

A Perkin-Elmer differential scanning calorimeter (DSC-2) was 

employed to obtain thennal spectra of NaN03, KN03, (Na,K)N03, NaN02, and 

KN02 from 300 to 990 K the upper temperature li~it of the DSC-2. The 

DSC was calibrated with In and K2Cr04, whose temperatures of fusion · 

and solid-solid transition are well known. The samples were made from 

reagent-grade powders that were dried at 380 K under vacuum for at least 

12 hours. Small (<30 mg) samples were encapsulated in high-pressure 

stainless steel and gold plated stainless steel DSC pans and heated at a 

constant rate of 10 K/min from 300 to 900 K. The reference pan was 

always an empty pan. 

III B. Plackett Burman Screening Tests 

The object of this series of experiments was to identify which 

independent variables were most important to nitrate and nitrite decom­

position in air. This i.nformation was intended to be useful in planning 

and controlling other experiments by knowing what variables caused what 

reactions. 

Ten variables were selected for study: temperature, N2, 02, H20, 

CO2, K/Na, purity, gas flow rate, salt sample size, and salt surface 

area. It was expected that N2, 02, H20, and CO2 would affect the salts 

because these are the gases involved in Reactions (1)-(4). Both the 

rate and the extent of reaction depend on temperature. Purity was 

included as a variable because one would like to know if the commercial 

grade of the nitrates will behave differently than reagent grade. I 

included the alkali metal ratio (K/Na) in order to determine if the 



mixtures of NaN03 and KN03 were much more stable than NaN03. Lee and 

Johnson95 found that the gas flow rate influenced which reaction 

dominated the decomposition of LiN02- The gas flow rate was included 

as a variable. Furthermore, in Lee and Johnson's studies95 and in 

Freeman•s34,42 the surface area of the salt exposed to the ambient gas 

affected the reactions observed with the nitrates and nitrites; there­

fore the surface area was also chosen to be a variable. As for sample 

size, I wanted to see if changing it markedly altered the chemical 

reactions we observed in our experiments. 

A classical approach to the problem of identifying the important 

variables affecting nitrates would have led to a series of experi­

ments which examined only one factor (independent variable) at a time. 

Because of the number of independent variables, the number of experi­

ments would be large. Thus I took advantage of a statistical screening 

design, which maximizes the information about the effects of many 

variables with a minimum number of experiments.96-98 

A 20-experiment Plackett-Burman96-98 design was chosen for the 

screening. A Plackett-Burman test matrix allows identification of the 

primary factors affecting the experimental responses. A 20-run matrix 

with 10 independent variables can estimate main effects {which variables 

cause a certain experimental response), but its chief limitation is that 

the matrix cannot provide information on the statistical interactions of 

variables. 

A Plackett-Burman test matrix is run with each variable or factor 

set at one of two possible levels, either high or low.96,98 As an 

example, the purity is set as either reagent or corrmercial grade. The 

levels for each continuous variable are chosen to be extremes so that a 
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TABLE 8 

THEaMAL DECOMPOSITION VARIABLES 

Facter 

Temperature (K) 869 - 923 

0xygena 19.5 - 21.0 

N1trogena 68.3 - 70.l 

Carbon D1ox1dea 9.7 • 10.6 

Flow Rate (t-sec-1) 0.017 - 0.023 

Surface Areab (cm2) o. 77 - 0.84 

KN03/NaN03C 0.56 - 1.0 

Sample Size (g) 2.3 - 4.6 

Relative Humidity ~100% at Room Temperature 

Purity Reagent Grade 

aWeight Percentages of premixed gases. 

bof crucible; does not include salt spreading. 

CMolar ratio; for nitrate matrix only. 

dpark Chemical Co. 

i 

576 - 640 

< 0.01 

< 0.01 

< 0.001 

0.0008 - 0.0017 

0.079 - 0.28 

0 - 0.3 -

0.64 - 0.97 

Gas Dried with CaS04 

Partherm 430d or 
Reagent Grade+ 3% • 
Cl+ 1% NaN02 



factor's influence can be easily identified in the statistical analysis. 

The two levels for each of the variables are listed in Table 8. Note 

the spread in the high and low levels of some factors, in particular 

temperature, K/Na, sample size, and surface area. This spread con­

tributes to the experimental noise. However, because extremes were 

chosen, the two levels do not overlap. The high levels of N2, 02, K/Na, 

.and temperature are the expected operating conditions of a thermal 

storage system4, as are the low levels of CO2, H20, purity, and tempera-

ture. The high CO2 level was a dramatic overtest of the effect of CO2 

because this level is about 300 times greater than CO2 found in air. 

The surface areas, the sizes of the samples, and their ratios (surface 

area to volume ratio) did not approach actual operating conditions of a 

thermal storage system, but those convenient for bench top experiments. 

Two Plackett-Burman series of experiments were performed concur­

rently, one series with NaN03 and KN03 and the other with NaN02. The 

nitrite experiments were identical to the nitrate experiments with the 

exception that the variables K/Na and purity were excluded; very pure 

NaN02 was used in every experiment. 

Salt samples in high-purity alumina crucibles were placed in a 

horizontal 6.3 cm diameter tube furnace. The furnace was evacuated and 

backfilled twice with the premixed gases (Matheson Gas Products) for each 

experiment, and the gas flow rate was adjusted with a calibrated flow­

meter. For some of the Plackett-Burman experiments the sum of the weight 

percentages of CO2, N2, and 02 was less than 100%; the balance was made 

up with Ar, which was mixed with the other gases. The salts were rapidly 

heated (10 K/min) to the temperature required, held for 10 ~ours, and 

then rapidly cooled by turning the furnace off. To subject samples to 

59 



60 

hlgh hmf dfty ttie premixed gases were 1>ubbled througn a container filled 

with water and glass bead$. By a $epJr11te te$t the g41es we_re found to 

be Hturt~4 with wattr _It ro0111 t._perat1.1r-e ysin_g thh technique. To 

remove water vapor front the 1neom1 ng gas, the ~ases were passed through -· · 

CaS04. The gases exited through a bubb 1 er conta1 ni ng vacuum pump 011 • 

During the course of the experiments three physical responses 

occurred: mass transport, degree of spreading, and color of the salt. 

The degree of mass transport was judged by·the amount of salt that 

was deposited downstream at the cool end of the furnace. Spreading was 

measured by the salt's propensity to crawl out of its container. Color 

(white to chartreuse) was noted visually. These three responses were 

assigned quantitative values based on v_isual observations. Table 9 

describes the values qualitatively. 

Samples of tne salts were submitted for chemical analyses. The 

analyses included testing for NOj, N02, Na+, K+, co3, Cl"", and pH, 

according to the tests described in "Standard Methods for the Examina­

tion of Water and Waste Water," publish~d by the American Public Health 

Association. Our confidence level in the chemical analysis depended on 

the type of analysis. For example, the minimum carbonate level detemined 

by chemical analysis for any experiment was O.lS, which simply was the 

minimum level of detection for the chemical analysis for COj. Spreading 

of the salt caused some difficulty in this regard because in some 

instances less than_lOO mg samples were available. Measurements 

of the pH (performed by dissolving the salt samples in water) include 

the contributions of hydroxide, carbonate, and oxide ions from Reactions 

(4), (3), and (2), respectively. Oxide ions are completely converted to 

hydroxide in the presence of water.63,99,100 



Response 

Color 

Mass* 
Transfer 

Spreading 

TABLE 9 

DESCRIPTION OF PHYSICAL RESPONSES 

Assigned Value 
0 

Wiite 

No Deposit 

No Spreading 

1 2 

Yellowish 

Very Slight 
Deposit 

Some salt 
crept on 
outside of 
crucible 

Very Pale 
Chartreuse 

Slight 
Deposit 

Almost all 
of the salt 
crept outside 
of crucible 

3 

Pale 
Chartreuse 

Filmy 
Deposit 

Not assigned 

*Deposit refers to salt deposit observed on the flange at the end of the 
furnace. 
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The statistical analysis described in References 96 and 98 was 

applied to the following responses: N03, N02, Na/K, pH, COj, color, 

degree of spreadlng, and the extent of mass transport. Fr011t the results 
the primary variables affecting all the responses were identified. A 

description of the statistical analysis technique is given in Appendix B. 

III c. Decomposition 1n Argon 

Two experiments were performed with nitrates and nitrites 1n argon. 

The objective of these experiments was to determine the gaseous products' 

and chemical changes of the nitrates and nitrites in argon. To this 

end, 10 gram samples of NaN03, KN03, (Na,K)N03, NaN02 and KN02 were decom­

posed at 624 Kand 736 K for 100 hours. The salts were reagent grade. 

The sample containers were long, closed-end tubes of stainless steel 

which had a valve welded onto the cap of the tube (to facilitate mass 

spectrometer analysis of the ullage gases). Stainless steel was used 

becuse oxidation and reaction with the salts fn stainless was antici­

pated to be slow, and gas-tight containers could be easily and inex­

pensively made. The salts were placed in the tubes and the tops were 

loosely screwed onto the tubes and placed in a fluidized bath at 390 K. 

The fluidized bath had a 20 cm long zone of uniform heating. The tops 

of the tubes extended out of the bath to protect the seals from heat. 

The salts were hygroscopic therefore they were heated at 390 K for 72 

hours to remove water. The KN02 was particularly hygroscopic. After the 

bakeout, the tubes were sealed with Cu or Al gaskets, evacuated and back­

filled 3 times with argon at 1 atmosphere pressure. The argon was passed 

through magnesium perchlorate to remove any CO2 or H20. The argon-filled 

containers were reinnnersed in the fluidized bath and heated at 624 .!. (3) 

or 736 (.!_ 16) K for 100 hours. 

... 



After the experiments were over, the ullage gas was analyzed by a 

magnetic sector mass spectrometer capable of quantitative gas analysis. 

Next the containers were opened and the salts were dissolved in hot 

water and submitted for chemical analysis. The analysis included 

testing for NO3, N02, Na+, K+, co;, OH- according to the tests described 

in "Standard Methods for the Examination of Water and Waste Water," 

published by the American Public Health Association. Trace metals were 

analyzed spectrographically. 

III D. Thermogravimetry 

Thermogravimetry is a record of a sample's weight during the course 

of an experiment. Thermogravimetry (TG) is a widely used technique to 

study decomposition reactionslOl and chemical kinetics.1O2,1O3 Many 

articles have been written on the applicability of TG and the factors 

affecting TG,experiments.1O2,1O3,1O4-1O9 

Many of the reactions discussed in Section II are associated with 

the evolution of gaseous products; therefore the degradation of nitrate 

can be studied with the thermogravimetric (TG) technique of thermal 

analysis. Specific advantages led me to choose thermogravimetry as the 

primary experimental technique for the study of the high-temperature 

studies of NaNO3 and KNO3. Among these advantages are: the availa­

bility of sensitive microbalances for TG that provided continuous 

measurements of the sample's weightllO, the ability to add an evolved 

gas analysis system to the microbalancelll-113, the existing theoreti­

cal back ground on TG kineticsl14,115, and the variety of experimental 

conditions possible with the microbalance.116 The experimental condi­

tions for the available TG apparatus may range from operation at 1 atm 
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or 10-8 Torr; 25 K to 1273 K; isothermal or dynamic heating (changing 

tempenture); sample sites from 1 mg to to grams; sens1ttv1ttes as 

111-gt, n .-ot ·mg;. ability to ne s111ples that are l1qo1a or ~Ha.116 

Kinetic expressions have been used to .describe decomposition 

reactions and specifically TG kinetics.103,114,115,117-127 The 

preponderence of these expressions rely on solid state diffusion 

equations and crystal growth.117,128-131 Diffusion may be important 

in the decomposition of these salts but because they are liquid, con­

vection may also influence the kinetics.103 

First order kinetics to describe the decomposition of the 

nitrates34,42 and nitrites.38 Bond and Jacobs50 used an empirically 

determined expression (equation (32)) to describe the kinetics of 

decomposition. In photochemica1132 and ganma radiolysis133 decompo­

sition of nitrate to nitrite, constant (zero order kinetic) rates of 

decomposition were observed. In preliminary experiments I observed that 

the rates of salt decomposition slowly and smoothly decreased with time. 

Many reactions (described in the Introduction) may occur in TG experi­

ments with nitrates, therefore the dominant kinetic rate law may vary 

during the experiment. 

To analyze the TG data I wrote a computer program to perform a 

least-squares analysis for the weight (wt), the weight per unit surface 

area (wt/sa), the fractional weight loss (wt/wt0 ), and the natural 

logarithm of the weight loss (ln (wt/wt0 )), all as a function of time. 

The equations which were fitted to the data are: 

wt= a+ bt + ct2 
sa 

wt= a'+ b't + c 1 t2 

(48) 

(49) 



ln{wt ) = a" + b"t 
wt

0 

wt = a 111 + b111 t + c 111 t 2 
wt

0 

{50) 

{51) 

The computer program calculated the best values of the constants a, b, 

c, a', b', c', a11
, b11

, c 11
, a 111

, b111 and c111 for each experiment. 

The values of band b' are the initial fluxes for the experiments in 

terms of mg-cm-2-min-l and mg-min-1, respectively. The rate 

constant b11 is the first order rate constant and b'" is the initial rate 

of the fractional weight loss. 

I assumed that these rate constants had an Arrhenius dependence 

on temperaturel20,121, in other words 

bi = exp(6S*/R) exp(-6H*/RT) • 

where 6S* and &H* are the entropy and enthalpy of activation for a 

(52) 

reaction. To investigate the temperature dependences, the computer was 

also programmed to plot ln(b), ln(b'), ln(b"), and ln (b 111
) versus 1/T 

for a series of experiments. The best linear least squares fit of 

ln(bi) versus 1/T was determined. The slope and intercept of the bi 

versus 1/T were used to calculate &S* and &H* for each experiment series. 

The computer program also plotted the data for each experiment. 

One of the computer plots is shown in Figure 31. The data sets for each 

experiment are shown in Appendix C. For each experiment there are 4 

graphs which show 1) the weight and the weight per unit surface area 

versus time on one graph (in the upper left-hand corner), 2) the natural 

logarithm of the fraction of the sample remaining versus time (in the 

upper right-hand corner), 3) the temperature profile during the experi­

ment (in the lower left-hand corner), and 4) the percent weight loss 

versus time (in the lower right-hand corner). Graphs 1, 2, and 4 also 
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have the best linear least-squares fit to the data plotted with the ex­

perimental data in accordance with Eqs. (48), (50), and (51), respectively. 

The experimental data points are simply connected by straight lines with 

periodic markers (not for each data point). The least-squares fits have 

no markers. The plots do not show the low temperature data (before the 

isothermal temperature was reached). 

For the experiments performed in air, the temperature and weight of 

the samples were recorded on a strip chart recorder. The data from strip 

chart records was manually digitized. The temperature profiles for the 

experiments performed at 1 atmosphere pressure are not accurate because 

they simply show the nominal temperature at which the experiment was per­

formed and do not illustrate the drift or the temperature instability. 

This detail was changed when a data acquisition system became available 

as is described in Section III 02. All the temperature profiles of the 

experiments run in vacuum show the actual sample temperature. 

III 01. Thermogravimetry Under Atmospheric Pressure 

A series of TG decomposition experiments were done with nitrates 

at one atmosphere gas pressure. Three series of experiments were per­

formed: NaN03 decomposition in air, mixtures of NaN03 and KN03 in air, 

and mixtures of NaN03- and KN03 in argon. The conditions of these series 

of experiments are described in Tables 10, 11, and 12. These experiments 

represent a wide range of experimental configurations which trace my 

evolving technique of working with nitrates. All the experiments were 

isothermal; the temperatures are noted in Tables 10-12. 

As a result of the learning process involved in these experiments 

the sample size ranged from 10 to 200 mg. Both Cahn RG and R-100 micro­

balances were used and the minimum detectable weight change ranged from 
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Table 10 

Thennogravimetry Experiments with NaN03 in AirC 

Surface Starting Percent Total 
Trial a Temperature (K) Container Area Weight . Weight Lost Duration 

cm2 --1!!9 min 

25G 799. Pt 0.28 39.30 3.25 1000. 

SR 848. Alz03 0.238 158.00 2.67 1000. 

6R 875. Al203 0.238 170.38 1.54 1000. 

8R 873. Al203 0.24 143.80 4.44 345. 

lOR 833. Al203 0.24 152.00 3.00 280. 

UR 941. Al203 0.24 167.47 0.85 11.7 

12R 833. Al203 0.24 162.35 0.75 120. 

arhe suffix R refers to the Cahn R-100 balance in which the experiments were performed. 
refers to the RG balance. 

I 

<:;oaaents 

Static Air 

Static Dry A1 r 

Statiic Dry Al r 

b 

b 

b 

b 

Likewise G 
i 

bsample cha{llber was evacuated and backfilled with dry air; dry air flowed continuously dur;1ng 
experiments. 

CAll experiments were perfonned with reagent grade NaN03. 

; 

~ ;, . ( 

en 
(X) 
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Table 11 

Thennogravimetry Experiments with NaN03 and KN03 Mixtures in Aira or N2 

Surface Starting Percent Total 
Trialb Temperature (K) Container Area Purityc Weight Weight Lost Duration 

cm2 mg min 

15 793. Pt 0.28 C 48.06 2.83 550. 

16 805. Pt 0.28 C 42.44 5.51 1008. 

18 840. Pt 0.28 R 46.06 3.26 462. 

20 805. Pt 0.28 R 41.50 3.40 1120. 

21d 833. Pt 0.28 R 46.90 7.99 423. 

aAll the experiments in air were run with a static air environment with the exception of 21G. 

bThe suffix G on the trial number refers to experiments perfonned with the Cahn RG balance. Likewise, 
the suffix R refers to those experiments performed with the Cahn R-100 balance. 

CR= reagent grade mixtures of 50/50 (Na/K)N03; C = commercial grade purity (Partherm 430 from 
Park Chemical Co.). 

dThis experiment was run with a <.001 1/min flow of N2 during the experiment. No prior evacuation or 
purging of the air was performed. 

0\ 
1.0 



Table 12 

Thennogravimetry Experiments with (Na/K)N03 in Argona 

Surface Starting Percent Total 
Trialb Temperature (Kl Container Area · Weight Weight lost 

cm2 
, 

!!!9 

15R 897. Sapphire 0.84 2902.0 0.94 

16R 1073. II 0.84 2392.0 7.26 

PR 869. II -0.84 2157.7 7.23 

aAll samples were reagent grade mixtures of 50/50 (Na/K)N03. 

bThe suffix R refers to the Cahn R-100 balance in which the experiments were performed. 

, /( . \ 

Duration 
min 

li90. 

60. 

540. 

...,, 
0 



0.01 mg to 0.1 mg depending on the experiment. Some of the eperiments 

were performed in ambient air, while others _were performed in carefully 

dried air or argon. The first experiments were performed in static air 

and later the flow of gas was carefully controlled. At first Pt cruci­

bles were used, and later sapphire crucibles were substituted because 

the Pt was darkened and dissolved by reaction with the salts. The 

surface area of the crucible was also varied. Commercial grade draw 

salt, pure draw salt, and pure NaN03 were used for the experiments. 

Some experiments lasted a few minutes and others were continued for 2-3 

days; not all samples were completely decomposed. 

Various furnace and thermocouple configurations were used during 

the course of these experiments. The furnaces were either Pyrex or 

quartz glass tubes which I wound externally with a kanthal heater. The 

furnace heater was loosely wrapped with a fibrous ceramic blanket 

insulation. The diameters of the glass tubes were approximately 12 mm 

to reduce convective currents in the furnace.134,135 The overall ·lengths 

of the furnaces varied from 10 - 30 cm. The isothermal heating zones in 

the furnaces were determined to be 25 mm or more, which was signifi­

cantly larger than the 5 mm long sample containers. A proportional 

controller was used to regulate the furnace temperature. The tip of the 

chromel-alumel thermocouple (for the temperature controller) was placed 

next to one of the central kanthal coils on the glass tube. All tempera­

ture changes were made manually. During the course of the experiments 

the sample temperature frequently drifted 10 K above the starting 

temperature. A chromel-alumel thermocouple placed within 3 mm of the 

bottom of the sample crucible was assumed to measure the sample tempera­

ture. This thermocouple was inserted into the furnace through the 
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bottom of the furnace tube. In some cases the thermocouple was sealed 

into the furnace with a wax seal. In other cases ft was unsealed or 

placed in a thennocouple well. 

III D2. Thennogravimetry and Mass Spectrometry in Vacuum 

To gain more insight into the intrinsic decomposition of the nitrates, 

we constructed a combined system of a mass spectrometer and a micro­

balance to detect gases as they were evolving from the salts and weight 

losses as they were occurring. These techniques have been combined 

successfully to study decomposition. reactions107,113,136-138 and 

pyrolysis.112,140-144 The system itself is described in a later 

section and the experiments are described here. 

Five salts were studied with the TG/MS system described in Section 

III D2.1. These salts are: 1) NaN03, 2) NaN03 and KN03 mixtures, and 

3) NaN02 4) KN03, and 5) LiN03. Primarily isothermal experiments 

were performed in vacuum. However, in addition to the isothermal 

experiments, three dynamic he_ating experiments were performed with 

NaN03, KN03 and LiN03 in vacuum and are described after the isothermal 

experiments. All the experiments are described in Tables 13-19. 

Preliminary experiments were performed with NaN03 and KN03 mixtures 

in crucibles which had a variety of diameters and.depths. (See Table 

14.) Decomposition studies of solids are conmonly performed with simi­

lar crucibles for substances such as carbonate136,145 and sulfatel46,148 

decompositions or vapor pressure determinations.147 It was during 

these experiments that we found that the wetting and spreading problem· 

could not be alleviated therefore, we decided to take advantage of 

wetting. The crucibles to contain the salt were abandoned. Instead, the 

salt was applied to small gold "flags" or t~in rectangular substrates 



Table 13 

Thermogravimetry Experiments with NaN03 in Vacuum 

Percent 
Triala Temperature (K) Surface Areab PurityC Starting Weight Total Weight lost Duration 

cm2 m.9. 

26 677. 2.89 R 27.84 12.5 

29 716. 1.489 R 9.80 98.6 

30 737. 1.489 R 8.46 100.0 

33 723. 1.489 R 7.70 99.4 

38 726. 1.489 R 13.3 99.8 

40 774. 1.489 u 8.72 99.4 · 

41 726. 1.489 u 10.43 99.9 

44 784. 1.489 u 5.15 97.7 

47 655. 1.489 u 7.68 27.9 

aAll experiments performed with the Cahn R-H balance. 

bA11 samples were placed on a Au flag substrate with the given surface area. For Trials 27-47, the 
same Au flag was used. 

CR= reagent grade NaN03; U =ultrahigh purity NaN03 from SPEX Co. 

min. 

65. 

80. 

55. 

75. 

177. 

59. 

169. 

25.5 

208.5 

...... 
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Table 14 

Thennogravimetry Experiments with NaN03 and KN03 Mixtures in Vacuum 

Surface 
Triala Temperature (K) Container Area Purityb 

cm2 

5 817. Sapphire 0.79 

6 810. " 0.79 

7 795. II 0.79 

13 898. Au 0.20 

aThese experiments were performed with Cahn R-H balance. 

bR = reagent grade 50/50 (Na/K)N03 mixtures. 

f , . ' 

R 

R 

R 

R 

Starting Percent Total 
Weight . Weight Lost 

!!!9 __ 

67.43 87.5 

68.62 22.0 

73.55 70.8 

64.28 80.9 

!0ultation 
min. 

90. 

27. 

110. 

195. 

" ,,. 



Table 15 

Thennogravimetry and Mass Spectrometry Experiments with NaN03 in Vacuuma 

Weight (mg) 
Tri al Temperature (K} Initial Final NO/N2 02/N2 02/N0 --

50d 752. 7.03 0.00 <0.85 <0.23 <0.28 
55d 745. 6.43 0.00 <0.52 <0.08 0.15 
55d 744. 7.50 0.00 0.31 0.15 0.49 

49d 636. 4.88 4.57 0.52 0.0 o.o 
54d 627. 6.88 6.28 0.086 o.o o.o 
55d 631. 6.61 5.90 0.066 o.o o.o 
74 676. 6.98 C 0.91 0.057 0.063 
75 650. 9.16 C 0.51 0.042 0.12 
76 715. 5.03 C 0.77 0.27 0.35 

aAll samples were crystallized on a Au flag with 1.489 cm2 surface area. 

bwhen the ratio is indicated to be less than the value shown, the mass spectrometer was saturated 
during peak production of the gases. 

CNot available. 

dExperiments in 3x2 statistical design. 

...... 
u, 



Table 16 

Thennogravimetry and Mass Spectrometry Experiments with NaN02 in Vacuuina 

Weight (mg) 
~/NO Trial Temperature (K) Initial Final NO/N2 02/N2 - -51d 745. 2.18 0.00 0.82 <0.016 <D.020 53d 743. 7.93 0.80 0.86 <0.052 <0.060 54d 753. 7.45 o.oo 0.70 <0.018 <0.026 

48d 627. 4.33 1.14 0.48 0.0042 0.0089 
52d 623. 6.35 3.62 0~62 o.o o.o 
57d 627. 3.29 0.71 0.42 0.0 o .. o 
65 671. 9.68 C 0.49 o.o o.o 
77 717. 7.48 C 0.24 o.o o.o 
78 663. 5.12 C 0.52 0.0 o.o 

aAll samples were crystallized on a Au flag with 1.489 cm2 surface area. 

bwhen the ratio is indicated to be less than the value shown, the mass spectrometer was saturated 
during peak production of the gases. 

CNot available. 

d[xperiments in 3x2 statistical design. 

f 

"' • • 
I 

I j 

...... 
°' 



. 

Table 17 

Thermogravimetry and Mass Spectrometry Experiments with KN03 in Vacuuma 

Trial Temperature ( K) Initial Weight, mg NO/N2 -
66 747. 7.37 b 

72c 743. 6.62 0.56 

8QC 737. 8.03 0.27 

81 . 717. 7.64 b 

82 671. 7.70 0.21 

83C 741. 8.05 0.42 

84 650. 7 .81 0.087 

a5c 624. 8.07 0.047 

86C 623. 8.29 0.035 

87C 621. 7.24 0.025 

aAll samples were crystallized on a Au flag with 1.489 cm2 surface area. 

bNot available. 

C[xperiments in 3x2 statistical design. 

02/N2 

b 

0.062 

0.16 

b 

0.086 

0.189 

0.0 

o.o 
0.0 

0.090 

02/NO -
b 

0.11 

0.58 

b 

0.041 

0.45 

o.o 
0.0 

o.o 
0.11 

...... ...... 



Trial 

73 

88 

89 

Table 18 

Thennogravimetry and Mass Spectrometry Experiments with LiN03 in Vacuuma 

Temperature {K) 

745. 

723. 

730. 

Initial Weight, mg 

82.56 

2.26 

2.74 

N0/N2 

0.88 

0.81 

1.14 

02/N2 

0.37 

0.091 

0.17 

aAll samples were crystallized on a Au flag with 1.489 Gm2 surface area. 

t ~ . ~ . . 

02/H0 -
0.42 

0.11 

0.15 
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Table 19 

Dynamic Thermogravimetry and Mass Spectrometry Experiments in Vacuuma 

Trial 

69 

70 

71 

Salt 

NaN03 

KN03 

LiN03 

Initial Weight, mg 

7.38 

7.82 

4.53 

10% Weight Lossb 

747 K 

731 K 

674 K 

aAll samples were crystallized on a Au flag with 1.489 cm2 surface area. 

bTemperature at which 10% welight loss had occurred. 

....., 
\0 



80 

--·---~ -----------------"C"----------------------------;---1 

whose area was easy to measure. The flags were suspended in the 

furntct by thin Au wires that were welded to the flags.. '1tlen melted. 

the salt samples wnded to cover the entire substrate.. The sam~les 

· of salt were small {< 16 mg) and diet not fonn pendant drops on the 

substrate, so that the salt thickness was approximately unifonn over the 

surface of the flag. The fonn of sample preparation is the Langmuir 

method.77 

The salts were applied to the substrates by dipping the flag into 

a hot saturated solution of salt and distilled water. As the solution 

cooled, the salt precipitated onto the substrate. The sample was then· 

dried with a hot air gun but the salt was not melted. To ensure that 

salts were unchanged by this procedure, precipitated salt samples were 

subm;tted to infrared absorption analys;s. Indeed, the NaN03, KN03, NaN02 

and L;No3 samples were unchanged by prec;pitation from the salt water 

solutions. The success of this precipitat;on technique is not surprising 

because anhydrous alkali metal n;trates and nitrites have been prepared 

in this manner by several researchers.33,79,149-151 

Using this sample configuration with Au flags having 1.49 cm2 

surface area had its limitations, however. Experiments could not be 

perfonned above 750 K because the flux from the sa 1 ts was too high. 

Above 750 K the pressure rose above 5 x 10-s torr, the upper pressure 

limit for safe operation of the mass spectrometer, and the ion pump 

became saturated, overheated, and lost s;gnificant pumping speed. 

The experimental details are these. The sample size varied from 

3 - 8 mg and the same gold substrate was used in every case. The 

NaN03 and KN03 were ultra high purity and the NaN02 and the Li N03 

.. 
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were reagent grade purity. Infrared absorption showed that the NaNo2 

traces of NaN03. The nitrates had no detectable nitrite. 

The heating schedule for the isothennal experiments in vacuum was 

as follows: 1) heat the sample from room temperature to 330 Kin 3 

minutes, 2) hold the sample at 330 K for 180 minutes, 3) heat the sample 

at approximately 27 K per minute to the chosen temperature, 4) hold the 

furnace at the chosen temperature for 360 minutes, 5) cool to room 

temperature by cutting the power to the furnace. Because there was no 

convection in the vacuum to aid heating, and the temperatures were too 

low for efficient radiant heat conduction, the sample temperature lagged 

behind the furnace temperature. Therefore, the rate of sample temperature 

rise was not exactly linear. Minimal weight loss(< 21) occurred before 

the test temperature was reached. 

The data acquisition system was programmed to collect data for the 

duration of each experiment. These data are plotted in Appendix C. 

The kinetic data were edited in this fashion: Th~ data were ignored at 

temperatures below the isothennal temperature and the weights were 

corrected for the buoyancy difference between air and vacuum. To make 

this correction, 0.21 mg was added to each weight reading, which had 

been determined to be the difference between the balance's null point in 

air (where it was calibrated) and the balance's zero in vacuum (the 

condition in which the data was taken). 

In the experiments denoted T-48 and higher, a unique method of 

comparing the evolved gases was employed that was not used before T-48. 

From preliminary experiments it was observed that masses 28, 30 and 32 

(N2, NO, and 02) were the only gases evolved from NaN02, KN03, and NaN03. 

To compare the amounts of each gas that was evolved in each experiment, 

81 



82 

the mass range 27-33 was quickly and repeatedly scanned with the mass 

spectrorteter. The- mass spectra WIS recorded on a strip c11art recorder 

tha-t WIS- advancing very slowly (10 an/hr). ihe resulting record gfves 

discrete peaks that fonu an envelope for each mass. A photograph of 

such a record is shown in Figure 32. After the experiment was finishe~, 

I used a planimeter to measure the area under each envelope for each 

mass which is simply converted into volt-minutes knowing the vertical 

scale and speed of the chart recorder. This technique gives relative 

amounts of the gases, not absolute ones. The planimetry results are given 

in Tables 15-18 for each salt. 

The intensity of each peak is proportional to the partial pressure 

of that gasl52,153, that is 

(53) 

where S; is the sensitivity of the instrument to that gas. Therefore 

the areas measured with a planimeter are proportional to the amount of 

that gas that was evolved.154 The sensitivities of the quadrupole mass 

spectrometer to N2, NO, and 02 may be very similar because the molecules 

are all diatomic and close to one another in mass.154 Attempts to 

calibrate the mass spectrometer with a mixture of N2 and NO produced 

erratic results. The height of the N2 peak compared to the NO peak 

changed with time and the volume of the sample chamber. I believe that 

NO has peculiar surface adsorption properties which contributed to the 

erratic behavior. Therefore in comparing the relative amounts of each 

gas, trends were sought in the ratios of the amounts of the gases 

(recorded under constant conditions) and not their absolute amounts. 

A statistical 3x2 series of experiments with NaN02, KN03 and NaN03 was 

perfonned to achieve the following objectives: 1) to compare the rates 
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of decomposition, 2) to compare the gaseous products of decomposition, 

3) to eompare the behavior of the salts at 620 K and 740 K, 4) to 'see 

Jww .. reproduci-ble the ttperiments would be, and 5) to use these compari­

sons to gai n-fos 1ght 1 nto the mec::hinism of decompos 1 t ion of NaN03 ,. 

KN03, and NaN02 in vacuum. The series consisted of eighteen experiments 

indicated in Tables 15-17. Six experiments were performed with each 

salt; three experiments were performed at 740 Kand three at 630 K. 

The NaN03 and NaN02 statistical experiments were randomized to 

reduce any systematic error. The KN03 statistical experiments were 

performed after the NaN03 and NaN02 experiments. In addition, three 

isothermal LiN03 experiments were performed to compare to the other 

high temperature isothermal experiments. Several graphs are given in 

the Results and Discussion section that compare and contrast the salts 

at two temperatures. 

In addition to the 3x2 matrix of experiments, other TG/MS experi­

ments with NaN03, KN03, and NaN02 were performed at intermediate 

temperatures (between 630 and 740 K). These experiments are also 

summarized in Tables 15-17. The same experimental techniques and 

procedure were used for the experiments performed at intermediate 

temperatures. Also several experiments were performed with NaN03 prior 

to the statistical series. (See Table 13.) In these NaN03 experiments, 

the proportional temperature controller was used and no planimetry was 

performed (because the mass spectrometer scanning technique designed 

above was not used). 

The three dynamic heating experiments with NaN03, KN03, and LiN03 

were performed as follows. The samples were prepared and baked out at 

330 K for 180 minutes (in vacuum) as for the isothermal experiments. 

A 

-



The furnace was programed to heat at 25 K per minute to 1000 Kand the 
weight and the sample temperature was recorded every 30 seconds. As in 

the isothennal experiments, the sample temperature lagged the furnace 

temperature, therefore the sample temperature rise was not precisely 

linear; however, the temperature profiles from each of the three dynamic 

heating experiments were identical. The evolved gases were also recorded 
in the same manner as for the isothermal experiments. The· dynamic 

heating experiments are also plotted in Appendix C. 

The rates of decomposition of the three nitrates were calculated 

from the dynamic heating experiments data. The average rate of weight 

change over each 30 second interval was calculated. This rate was 

assigned to the average sample temperature of that same time interval. 

Because of electronic fluctuations in the balance output, the minimum 

detectable rate was .006 mg-min-1. 

III 03. TG/MS System 

The TG/MS system is shown in Figure 33. The essential elements of 

the TG/MS system are: the microbalance, the furnace, the gas inlet 

system, the mass spectrometer, the vacuum system, the data acquisition 
system, and the control console. These elements are described separately 

below. 

Microbalance 

A Cahn R-H microbalance was installed in a stainless steel vacuum­
tight housing (Figure 34). As with the Cahn R-G and R-100 balances, its 

principle of operation is null-balance and electromagnetic compensation 

for changes in weight. A schematic representation of the microbalance 

elements is shown in Figure 35. The sample is suspended from one end of 
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Figure 34. TG/MS Microbalance 
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the balance beam and tare weights from the other. A weight change is 

sensed by the balance when the balance beam pivots which allows light 

from a lamp to impinge upon a phototube. The phototube is normally 

shielded by a flag that is mounted at one end of the balance beam. The 

intensity of the light falling on the phototube causes a proportional 

restoring force which is amplified and applied to the coil in Figure 35 

(which is a magnetic field). The current in the coil (in the magnetic 

field) exerts a force on the balance beam to restore it to the null 

position. Additional features of the balance are a potentiometer to 

change the null output point of the balance (weight suppression) and an 

electronic filter than smoothes the noise in the voltage ouptut. The 

voltage output is proportional to the weight. The minimum detectable 

weight change is 10 µg and the maximum detectable weight change is 10 g. 

The maximum sample size is 100 g. 

The tare weight and the sample hang in tubes that extend from the 

bottom of the balance chamber. The sample is suspended by a thin wire 

that extends into the furnace. 

Furnace 

The furnace is a 19 mm diameter stainless steel tube that is 

heated externally by a kanthal heater. The furnace design is shown in 

Figures 36. To protect the balance mechanism from heat, copper 

cooling coils (in which water was circulated) were silver soldered onto 

the stainless steel tube above the furnace and below the balance chamber. 

The furnace can be operated- as high as 1273 Kand is limited by the 

oxidation of the stainless steel tube. 

For the earlier experiments with the TG/MS system, the furnace 

temperature was regulated with a non-programmable proportional band 
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controller. For the experiments designated T-45 and higher, a pro­

grammable temperature controller was used. This new controller had 

seven variable length time intervals. Eight temperatures could be 

specified which were the temperatures the controller would achieve at 

the beginning (and end) of each time interval. For instance, when the 

interval for time segment 1 was 2 hours and temperatures 1 and 2 were 298 

and 373 K, the temperature is linearly ramped from 298 K to 373 Kin 2 

hours. Isothermal experiments were achieved by setting two successive 

temperatures to the same value. In addition to the programming features, 

the controller had a variable reset rate, variable proportional-band, 

adjustable maximum power output level, and an integrating rate of 

approach to temperature control. These features vastly improved the 

performance and contollability compared to the proportional controller 

of the furnace. Temperature drift greater than 3 Kand overshooting the 

desired temperature were eliminated. 

Some experiments were performed to characterize the furnace's 

behavior. In one test the furnace temperature was determined to be 

uniform within 5 Kover approximately 5 cm in the central heating zone 

where the sample was suspended. Another experiment was performed to 

measure the temperature of the salt more precisely. For this test a ther­

mocouple was inserted through the bottom of the furnace and positioned 

in a NaN03 sample (which prevented the balance from operating properly). The 

temperature of the salt was recorded along with the temperatures of the two 

other thermocouples in the furnace shown in Figure 36 and 37. The system 

was equilibrated at many different furnace temperatures and the three 

thermocuple readings were recorded. The thermocouple readings from the 

side of the furnace were compared to the temperature of the salt sample. 
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Other researchers have been concerned that the endothermic reac­

tions their samples undergo may cause erroneous temperature readings 

during their experiments.155 To address this problem I compared the 

thermocouple readings from the salt temperature calibration experiment 

that was described above. A linear least squares fit of the temperature 

of lower side thermocouple (Tside) versus the actual salt temperature 

{Tsalt) for temperatures greater than 400 K was made. The equation 

that describes the relationship between the two thermocouple measurements 

is: 

Tsalt = 1.025 Tside + 39.91 (54) 

Because the slope (1.025) is nearly 1, the two thermocouples dtffer in 

temperature by a constant. If the salt decomposition reactions caused a 

change in the sample 1 s temperature, the thermocouple temperatures would 

not be displaced by a constant for all temperatures. Also, I carefully 

examined the salt temperature trace as the temperature was elevated 

through the melting point of the salt. No inflection was observed in 

the salt temperature versus time curve at the melting point. This lack 

of an inflection and the constant temperature difference between the two 

thermocouples led me to conclude that the enthalpic changes that occur 

as the salt decomposes did not influence the salt temperature. 

The salt temperature experiment provided me with insight into the 

heat transfer characteristics of the furnace. The observed salt tempera­

ture was always much higher than the temperatures of the thermocouples 

that were inserted through the side wall. See Equation (54). It 

appeared to me that the vacuum feedthroughs in the side of the furnace 

caused sufficient heat conduction to alter the furnace temperature 

locally. As a result, the location of the thermocouples was changed. 
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The lower thermocouple was moved from the side position, where it extended 

underneath the sample, to the bottom of the furnace. In this bottom 

position the thermocouple extended to within 3 mm of the bottom of the 

sample. All temperatures recorded prior to this thermocouple modifica­

tion were corrected by using Equation (54) for the kinetic data analysis. 

Gas Inlet System 

A unique feature of this TG/MS system is that the sample may be 

decomposed in vacuum or at any pressure up to 1 atm and mass spectrome­

try of the evolved gases may be studied in either case. A gas sampling 

system had to be devised to couple the vacuum chamber for the mass 

spectrometer (which must be kept at less than 10-4 torr) to the sample 

chamber, which may be at 760 torr.156 To achieve this pressure drop, a 

small (6 mm) tube was welded in the furnace wall at the upper edge of the 

sample crucible. This tube was connected to a shutoff valve bolted to a 

sapphire (sapphire-copper seal) leak valve. The leak valve provides a 

variable but reproducible control of the gas flow into the mass spec­

trometer.101 This system allows time-resolved detection of decompo­

sition processes, which apparently has not been applied to the nitrates 

before. Figures 37 and 38 are photos of the two valves of the inlet 

system. 

In the later experiments the 6-mm tube from the furnace to the leak 

valve was replaced by flexible stainless steel tubing approximately 8 cm 

longer than the other design. The connections were much more convenient 

and the gas inlet and mass spectrometer behaved the same as with the 

shorter inlet. 

Tests were made to see how rapidly evolved sample gases could be 

detected by the mass spectrometer. The results of these tests indicated 
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Figure 38. TG/MS Gas Inlet System 
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that the mass spectrometer detected gases from the sample chamber in 
less than 30 seconds at 1 atmosphere and in less than 1 second for 
samples in vacuum. 

A disadvantage of this gas sampling arrangement is that vapor 
species that are condensible at room temperature could not be detected. 
These vapors condense on the circuitous and relatively cold route to the 
mass spectrometer. Although systems have been built that can sample and 
detect condensible species from 1 atmosphere21,113,156-158, the cost and 
design difficulties were prohibitive for this work. 

Mass Spectrometer 

The mass spectrometer (see Figures 38 and 39) is an Extranuclear 
Laboratories quadrupole mass spectrometer. A quadrupole mass spec­
trometer is a relatively compact unit which does not use magnetic fields 
(that may interfere with other instruments), and can be used at rela­
tively high pressures(~ 5 x (10-5) Torr) because ion velocity and 
collisions are unimportant to its operation~ The incoming gases are 

. partially ionized by electron impact from a hot filament. The chemical 
species of positive ions are unique in kind and in amount for the gas and 
are discriminated by the quadrupole mass filter. The reader is referred 
to References 152 and 159 for discussions of the principles of mass spec­
trometer operation. A brief description of the quadrupole mass filtering 
principles as first described by Pau1160-162 are given below. 

The mass filter has four cylindrical ro·ds arranged in a rectangular 
array, between which ions are injected longitudinally {the ions are 
accelerated by an extractor lens into this region). The four rods are 
subjected to superimposed direct current and radio frequency voltages {U 



and V cos wt, respectively). One pair of rods (at opposite corners of 

the rectangle) is at a positive potential while the other pair is at a 

negative potential. The voltages create a combination alternating and 

direct current potential to form fields of hyperbolic geometry in the 

region between the rods where the ions are injected. The potential q> 

in the analyzing region is 

<I>= (U + V cos x2-y__2 wt) 2 {55) 
ro 

where the centers of the rods are separated by 2r0 • The distances x 

and y are measured in the plane perpendicular to the axes of the rods. 

Pau1160-162 conceived the idea for the mass separation by this form 

of the potential by recognizing that the equations of motion of the ions 

in between the rods will conform to Mathieu 1s differential equations, 

mx + 2q {U + V cos wt) _x_ = 0 
r 2 

0 

my + 2q{U + V cos wt) ~ = 0 
ro 

.. 
mz = 0 

where q is the ion 1 s charge and mis the ion's mass. 

(56) 

(57) 

{58) 

Stable solutions 

to these equations, where the ions resonate between the rods (where x,y 

remain finite) are possible for given values of U, V, w, q, and r
0 

for 

a range of masses. Stable solutions mean that the ions proceed down the 

axis of the mass filter and are detected by the multiplier at the end of 

the rods. Commercial instruments vary both U and V (but not U/V or w) to 

scan a spectrum of masses. 
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The mass spectra obtained from a quadrupole mass spectrometer may 

be qualitatively and quantitatively analyzed by standard techniques.152,159 

In analyzing the spectra one makes these assumptions: 1) Each gas 

molecule gives a constant and characteristic spectrum, 2) the spectrum of 

a gas mixture is a superposition of the individual species, 3) the ion 

current is proportional to the partial pressure of the gas. 

The Extranuclear mass spectrometer I used had an axial ionizer and 

a 14-stage Cu-Be multiplier-detector. The quadrupole rods were 9.52 mm 

in diameter and could detect masses in the range 1-208 amu. To facilitate 

comparisons of experiments, the electron optics were adjusted so that the 

ion intensities were insensitive to small changes in the lenses. The 

ionizing energy was 100 ev and the multiplier voltage was 2400 V. 

Vacuum System 

A vacuum system was built to house the mass spectrometer and create 

the vacuum conditions for certain TG/MS experiments. The components 

were made entirely of stainless steel and are shown schematically in 

Figure 39. A rough vacuum (approximately 10 µm) was created by an air 

aspirator and cryogenic pumps (Varian Vacsorb pumps). High vacuum 

conditions were possible by using the ion pump (220 1/sec) and a titanium 

sublimation pump. Several valves were strategically placed in the system 

to allow various chambers to be isolated. The balance chamber could not 

be heated with heating tape to bake out water (because the balance 

mechanism was sensitive to heat); however, the sample chamber could be 

pumped down to 10-7 torr. The rest of the vacuum system could be 

isolated and baked out so the pressure in the mass spectrometer was as 

low as 1 x 10-9 Torr. 
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The residual gases in the system were predominantly water vapor, 

nitrogen, and carbon monoxide. Carbon dioxide, hydrogen, and argon 

{argon is poorly pumped by ion pumps) were minor species in the back­

ground. No oxygen or any other species were present in the background. 

Because CO, H20, and CO2 peaks were -always elevated as the mass spec­

trometer was warming up, the mass spectrometer was allowed to operate 

for one hour before an experiment and create a stable background spectrum. 

Gases emanating from the hot furnace walls entered the ma.ss spectrometer 

because the gas inlet system was not a line of sight system over the 

sample. The kind and the amounts of the gases were determined by 

operating the furnace without a sample in it. Masses 28, 18 and 44 (N2 

and CO, H20 and CO2) intensities temporarily increased when the furnace 

was heated. These peaks quickly (in less than five minutes) fell to 

equilibrium values. Several empty runs at high and low temperatures 

{750 Kand 630 K) were performed to establ1sh background levels for these 

gases. 

Data Acquisition System 

A data acquisition system was incorporated into the TG/MS system to 

make it easier to analyze the thermogravimetric data. Data analysis 

systems have been attached to thermogravimetric units163 and TG/MS 

systems.138 Some systems have computers programmed to gather and plot 

the thermogravimetric data.163,164 In the present system, {described 

in Reference 165) the balance output voltage was fed into a 5-digit 

digital voltmeter. A microprocesser unit was assembled to read the 

digital voltmeter and two digital chromel-alumel thermocouples at 

intervals determined for each experiment. At the start of each experi­

ment the test duration at the interval between data points was chosen, 
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which was 30 - 120 sec. The thermocouple readings {in degrees Celsius) 

and the voltmeter output were printed on a teletype. These data were 

digitized and read into the CDC 6600 computer for the kinetic analysis 

that was described at the beginning of Section III D. 

Control Console 

The electronics for the vacuum system, the mass spectrometer, the 

furnace, and the data analysis system were all mounted in the control 

console shown in Figure 40. In this arrangement the experiments were 

easily monitored and controlled • 
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Figure 40. TG/MS Control Console 
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IV. RESULTS ANO DISCUSSION 

IV A. Differential Scanning Calorimetry Results and Discussion 

Thermal spectra were made of NaN03, KN03, {Na,K)N03, NaN02 _and KN02 

using the DSC technique. Large endothermic peaks were observed for each 

salt at the temperatures corresponding to the reported melting point of 

each salt. Above the melting point of each salt, the DSC traces became 

noisey, a behavior that is uncharacteristic of the DSC. Furthermore, 

above the melting point of each salt endothermic reactions occurred. 

Sometimes the DSC trace very abruptly went off-scale(> 10 meal-sec 

displacement) indicating an endothermic reaction. However the tempera­

tures at which these abrupt endotherms occurred was not reproducible. 

Usually, the salts were observed to be leaking out of their pans when 

these abrupt endotherms occurred. If abrupt endothermic reactions did 

not occur, gradual endothermic reactions occurred. In other words, the 

differential energy required to heat the sample relative to the empty 

pan slowly increased, indicative of an endothermic reaction at elevated 

temperatures. The melting points and the temperature at which either 

abrupt or gradual endothermic reactions began are given in Table 20. 

These are the results of 2-10 experiments with each salt. Also included 

in Table 20 are the OTA endothermic decomposition peaks reported in 

the literature.36,89 

The DSC thermal spectra obtained from the gold plated stainless 

steel and the stainless steel pans differed slightly. Some of the DSC 

traces where stainless steel pans were used had small exotherms. This 

indicated that the Cr203 on the surface of the stainless steel was 

reacting with the salt since chromium oxide has been observed to react 

with KN03.14,83 Also decomposition of the nitrates is endothermic 
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Table 20 

DSC and OTA Studies of Nitrates and Nitrites 

Onset of Melting 
Sample Decomposition Endotherm Point 

NaN03-Al203a 1006 K 589 K 

NaN03-Mgoa 1029 K 610 K 

NaN03 793 K 579 K 

NaN03 840 + 10 K 579 K 

KN03-Al203a 958 K 610 K 

KN03-Mgoa 1027 K 642 K 

KN03 901 K 610 K 

KN03 820 + 20 K 609 K 

(Na,K)N03 900 + 10 K 498 K 

NaN02 800 + 10 K 558 K 

KN02 800 + 10 K 704 K 

asalt was mixed with oxide powder. 

Reference 
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according to the calculations presented in Section IC. The exothennic 

peaks were not present in the spectra of samples in Au-plated stainless 

steel pans. 

From these results I drew several conclusions. The onset of decompo­

sition endotherms reported by OTA and DSC techniques depended on the 

technique, its sensitivity and the container material. The decomposition 

reactions gradually accelerated above the melting point of the salts. 

The DSC results showed that sodium nitrite and potassium nitrite begin 

to decompose at 800 K (_:!",_ 10 K). Sodium nitrate, potassium nitrate, and a 

50/50 molar mixture of the two nitrates had endothennic reactions in the 

DSC beginning at approximately 840, 820 and 900 K, respectively. The 

nitrates were slightly more stable than the nitrites and a mixture of 

NaN03 and KN03 was more stable with respect to decomposition than the 

salts were separately. 

IV.B. Plackett-Burman Screening Tests' Results 

The significant variables are the ones whose statistical effect 

exceeds the value of the minimum significant effect (~min") calculated 

for that experimental response. The experimental responses are tabulated 

in Tables 21 and 22. The effect of each variable is tabulated in Table 

23 for the nitrate matrix and Table 24 for the NaN02 experimental 

matrix along with the "min" for each response. 

The important variables causing a specific response can be ranked by 

the absolute values of their effects. The sign of the effect indicates 

their coding. For instance, the positive effect of temperature on 

carbonate response means that as temperature increases (from its low 
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Table 21 

Placket Bunnan Responses for Nitrate Experimentsa 

Mass 
Trial NO- NO- co= pH Na/K Spreading Color Transport 3 2 3 --

1 51.5 10.1 5.23 11.7 0.444 0 2 3 
2 0.85 0.21 62.6 11.5 88.4 2 2 3 
3 63.3 0.42 0.1 6.2 0.337 0 0 0 
4 64.1 1.37 0.1 8.0 86.8 0 0 0 
5 6.60 1.86 60.2 11.2 164. 2 0 3 
6 38.2 17.2 20.1 12.0 58.8 1 3 3 
7 4.41 0.79 63.4 11.5 289. 2 0 3 
8 31. 7 20.5 23.5 12.2 488. 1 3 0 
9 68.8 0.26 0.1 6.4 2430. 0 0 0 

10 35.8 11.7 22.7 11.2 1.58 1 2 3 
11 66.9 2.08 0.1 6.0 0.432 0 1 0 
12 34.3 30.3 1.75 10. 7 253. 0 2 2 
13 56.5 0.24 0.1 8.0 0.777 0 0 1 
14 69.4 5.19 0.1 6.8 0.977 0 0 0 
15 67.0 0.18 0.1 6.6 1200. 0 0 0 
16 70.8 0.37 0.1 6.0 12400. 0 0 0 
17 51.1 12.9 2.94 10.1 0.240 0 0 3 
18 39.0 8.20 1.74 9.7 0.551 1 0 0 
19 64.6 0.69 0.1 7.8 0.841 0 0 0 
20 60.4 0.47 0.1 6.9 111.6 0 0 0 

aNo3, N02, co; are weight percentages and Na/K is a ratio of weight percentages. 
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Table 22 

Placket Burman Responses for NaN02 Experimentsa 

Trial NO-
3 NO-

2 co3 pH Na/K Spreading Color 
- - -

1 52.7 12.1 14.7 12.1 97. 9 0 2 
2 0.05 1.76 64.5 11.4 393. 2 2 
3 25.5 60.5 2.46 10.1 60.6 0 0 
4 1.20 70.0 0.10 9.2 1010. 1 0 
5 12.10 3.38 50.5 10.5 1.72 2 0 
6 40.6 18.3 16.5 12.3 281. 1 3 
7 0.95 0.06 62.5 11.3 377. 2 0 
8 20.4 21.1 50. 7 12.3 4910. 1 3 
9 10.1 53 .1 0.26 10.0 65.6 0 0 

10 35.4 12.1 29.7 11.9 70.6 1 2 
11 16.7 58.4 0.10 8.2 105. 0 1 
12 15.3 20.5 29.3 12.2 141. 0 2 
13 3.00 60.3 0.23 9.2 102. 0 0 
14 15.7 51.1 3.96 10.3 215. 0 0 
15 17.7 51.2 2.14 10.2 497. 0 0 
16 22.6 52 .1 0.13 10. 7 6520. 0 0 
17 52.5 15.1 4.42 10.6 125. 0 0 
18 22.4 1.20 26.8 10.8 370. 1 0 
19 34.1 38.0 0.10 8.7 80.3 0 0 
20 3.76 57.1 0.10 8.6 2270. 0 0 

aNo3, N02, co3 are weight percentages and Na/K is a ratio of weight percentages. 
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Table 23 

Effects of Experimental Variable sin the Nitrate Screening Experimentsa 

Effects of Experimental Variablesa Minimum 
Level of Carbon Relative Flow Surface Reseonse Si9nificance Tetne. Oxygen Nitrogen Dioxide_ Humidity Rate Area K/Na Size Purity 

co= 
3 11.4 26.3 (3.96) (-.77) 11.8 (-3.5) 12.2 (-8.13) (-7.85) (-8.07) -19.4 

NO-2 .5.30 10.2 (-2.98) (-.005) (-6.23) (1.20) (3.47) (2.6) (-1.83) (0.75) ?4.56 
NO-

3 8.32 -35.8 (2.88) (1.69) -7.61 (5.0) -10.6 (0.36) (6.4) (2.6) 14.4 
pH 0.55 4.31 (0.09) (0.13) -0.45 0.45 (0.19) (0.11) (-0.31) (-0.17) -0.93 
Na/K 2100. (-1480) (1320.) ( 1120.) (-900.) ( 860 • ) ( -1120 • ) ( -1400 • ) -1700. (1290.) ( 1590.) 
Spreading 0.40 1.0 (0.0) (0.04) (0.16) (0.04) (0.04) (0.04) (0.04) (0.04) (0.36) 
Color 0.55 1.3 (-0.3) (0.01) - 1.1 0.5 (-0.3) 0.5 -0.5 (-0.3) (0.1) 
Mass 0.66 2.2 0.6 -0.6 (0.0) 0.6 0.6 (-0.2) (0.2) (0.0) -0.8 Transport 

aThose effects in parentheses were not considered to be significant. A question mark indicates a questionable influence of the variable. These effects are dimensionless numbers determined by the statistical analysis described in Appendix B. 
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Table 24 

Effects of Experimental Variables in the NaN02 Screening Experimentsa 

Effects of Experimental Variablesa 
Minimum 
Level of Carbon Relative Flow Surface 

Response Significance Temp. Oxygen Nitrogen Dioxide Humidity Rate Area 
co= 

3 12.6 34.0 (-6.06) (-0.094) (7.61) (-4.38) 9.34 (-4.28) 

NO-
2 6.61 -44.6 (-1.63) (-0.16) (-4.26) 6.73 -5.76 (-1.23) 

NO-
3 13.6 10.3 (8.4) (6.1) (-8.6) (6.5) (-3.5) (3.1) 

pH 0.684 2.0 (-0.34) (0.28) (-0.18) ?0.58 (0.22) (-0.2) 

Spreading 0.54 0.9 (0.1) (0.3) 0.5 (-0.1) (0.1) (-0.1) 
... 

Color 0.56 1.3 (-0.3) (0.1) -1.1 0.5 (-0.3) 0.5 

Mass Transport 0.73 2.2 0.6 -0.6 (0.0) 0.6 0.6 (-0.2) 

aThose effects in parentheses were not considered to be significant. A question mark indicates a 
questionable influence of the variable. These effects are dimensionless numbers determined by the 
statistical analysis described in Appendix B. 

Size 

(-4.81) 
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level to its high level), carbonate ion content increases. The negative 

effect of temperature on the nitrate response in Table 23 means that as 

temperature increases, the nitrate ion content decreases. 

The Plackett-Burman test matrix can also be separated into high-

and low-temperature experiments without destroying the balance of the 

matrix. Although balanced, the separate experiments are not orthogonal 

and do not have the good mathematical properties of the Plackett-Burman­

experiment. The same type of statistical analysis was separately applied 

to the high- and low-temperature experiments. Because the high- and 

low-temperature matrices are not orthogonal, the apparent importance of 

variables in the separate analysis may be spurious where the overall 

analysis does not indicate importance. Nevertheless, the separate 

temperature analyses are useful to point out which responses occur only 

at high or low temperature or which variables influence a response only 

at high or low temperature. The results of the high- and low-temperature 

analyses are given in Tables 25 - 28. 

The remainder of the results section is divided into specific 

discussions of each of the responses. 

Mass Transport 

The mass transport response is an.estimate of the amount of material 

carried downstream in vapor to the end of the furnace where the gases 

exit. It is a combined effect from the nitrate and nitrite matrices 

because the nitrate and nitrite experiments were run concurrently. The 

estimated amount of transported material in an experiment was less than 

1%. The dominant variable enhancing mass transport is temperature, which 

has a positive effect. No mass transport occurred in the low temperature 

experiments. The purity also affected mass transport, but with a 



', 

TABLE 25 

HIGH TEMPERATURE EFFECTS ON NITRATES 

Independent Variablesa 
Minimum 
Level of Relative Flow Surface 

Response Significance 02 N2 CO2 Hurni di ty Rate Area K/Na Size Purity 

Mass 1.4 1.4(1) -LO 0.2 0.2 1.0 -0.2 0.2 -0.2 -1.4(1) 
Transport 

Na/K 206. -64. 16. -52. -15. 49. -108. -202. (1) -131. 28 

Spreading 0.8 o.o 0.4 0.8(2) -0.4 0.4 -0.4 -0.4 -0.4 -1.2(-1) 

Color 1.0 -0.8 -0.4 -2 .0(-1) 1.2(2) -0.4 0.8 -1.2(-2) -0.4 o. 
co= 

3 22.3 7.9 -1.5 23.5(3) -7.1 24.4(2) -16.3 -15.7 -16.1 -38.8(-1) 

pH 0.69 0.24 0.16 -0.76(-3) 0.63(?4) 0.28 -0.12 -0.8(-2) -1.08(-1) 0.6(?-5) 

NO-
3 17.31 2.0 1.8 -17.9(-3) 10.6 -19.6(-2) 6.8 14.9' 5.7 24.4(1) 

N02 (0.0) -5.6 1.0 -13.2(-1) 1.6 -5.4) 3.6 -4.8 2.6 10.0(2) 

aThe significant variables are rank ordered by importance and this rank order is given in parentheses. The + 
or - indicates if the effect was positive or negative. A question mark indicates the variable was marginally 
significant. These effects are dimensionless numbers determined by the statistical analysis described in 
Appendix B. 
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TABLE 26 

LOW TEMPERATURE EFFECTS ON NITRATES 

Minimum -- -- -

Level of Relative Flow Surface Response Significance 02 N2 CO2 Humidity Rate Area K/Na Size Purity 

Mass 0.4 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 0.2 -0.2 -0.2 Transport 

Na/K 4260. 2700. 2200. -1700. 1700. 2200. -2700. 3230. (-1) 2700. 3140. ( 2) 
Spreading - o. o. o. o. o. o. o. o. 0. 
Color 0.4 0.2 -0.2 -0.2 -0.2 -0.2 0.2 0.2 -0.2 0.2 
co= 

3 - o. o. o. o. o. o. o. o. o. 
pH 0.9 -0.06 0.1 -0.1 0.3 0.1 0.3 0.2 0.7(?2) -1.3(-1) 
NO-

3 5.5 3.7 1.6 2.7 0.7 1.5 2.4 2.0 0.4 4.4(1) 
NO-

2 1.6 -0.4 -1.0 0.7 0.8 -1.5(?-2) 1.6(1) 1.2 -1.1 -0.9 

aThe significant variables are rank ordered by importance and this rank order is given in parentheses. The + or - indicates if the effect was positive or negative. A question mark indicates the variable was marginally significant. These effects are dimensionless numbers determined by the statistical analysis described in Appendix B. 
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TABLE 27 

HIGH-TEMPERATURE EFFECTS ON NaN02 

M1n1mum 
Level of Relative Flow Surface 

Response Significance 02 N2 CO2 Hurni dity Rate Area Size 

Mass 1.4 1.4(1) -1.0 0.2 0.2 1.0 -0.2 -0.2 
Transport 

Spreading 1.0 o.o 0.4 0.8(1?) -0.4 0.4 -0.4 -0.4 

Color 1.0 -0.8 0.4 -2.0(-1) 1.2(2) -0.4 0.8 -0.4 

co= 
3 23.2 -10.5 -0.2 13.6(2) -9.6 18.7(1) -9.2 -8.0 

pH 0.6 -0.4 0.04 -1.2(-1) 0.4 -0.08 0.4 -0.3 

NO-
3 19.8 13.1 1.2 -15.3 -16.0 -18.0(?-1) 1.9 -0.2 

NO-
2 8.4 -1.5 1.3 -12.5(-1) 6.2 -6.0 0.4 -0.9 

aThe significant variables are rank ordered by importance and this rank order is given in parentheses. The + 
or - indicates if the effect was positive or negative. A question mark indicates the variable was marginally 
significant. T~ese effects are dimensionless numbers determined by the statistical analysis described in 
Appendix B. 
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TABLE 28 

LOW-TEMPERATURE EFFECTS ON NaN02 

,n,mum 
Level of Relathe Flow Surface 

Response Significance 02 N2 CO2 Humidity Rate Area Size 

Mass 0.4 -0.2 -0.2 -0.2 0.2 0.2 -0.2 0.2 
Transport 

Spreading 0.2 0.1 0.1 0.1 0.1 -0.1 -0.1 -0.1 

Color 0.4 0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 

co= 
3 1.2 -1.64(-2) 0.86 1.65(1) 0.8 0.1 0.6 -1.59(-3) 

pH 0.9 -0.3 0.5 0.9(1) o. 7( 2?) 0.5 -0.4 -0.08 

NO-
3 12.4 3.7 10.3 -1.9 -3.0 11.0(?l) 4.2 -1.8 

NO-
2 11.7 -1.7 -1.6 4.0 7.2 -5.5 -2.9 -1.0 

aThe significant variables are rank ordere~ by importance and this rank order is given in parentheses. The + 
or - indicates if the effect was positive or negative. A question mark indicates the variable was marginally 
significant. These effects are dimensionless numbers determined by the statistical analysis described in 
Appendix B. 
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negative effect. Oxygen, nitrogen, the relative humidity, and the flow 

rate had only borderline importance. The nitrogen content, too, had a 

negative effect, meaning that a greater N2 partial pressure reduces 

mass transport. No explanation was found for either of the negative 

effects. 

At high temperatures the 02 content and purity were above the 

minimum significant effect level. The relative humidity was far below 

the significance level in contrast to the overall analysis. The flow 

rate and the nitrogen content were close to the minimum level of sig­

nificance but slightly below the 11 min 11 in the high temperature analysis, 

as was observed in the overall analysis. 

Samples of the white deposit that resulted from mass transport were 

analyzed by X-ray diffraction and identified as NaN03. The gas flow 

during the experiments probably caused transpiration of the nitrate 

vapors. That the gas flow rate appears to enhance mass transport sup­

ports this conclusion. Congruent vaporization (see Reaction (5)) of 

monomers and dimers of NaN03 and KN03 has been observed as low as 623 K 

for NaN03 and KN03. The equilibrium vapor pressures for NaN03 and KN03 

at 600 Kare approximately 6 x 10-S Torr.75,76 However, since the rates 

of vaporization are unknown, the significance of these vapor pressures 

cannot be assessed. Other investigators have observed losses in excess 

of those calculated for redox or thermal decomposition reactions.36 The 

losses were observed to be greater for NaN03 than for KN03 and may be 

due to the same mass transport processes observed in these experiments. 

The spread in the high level of the K/Na variable was very large 

(0.56 - 1.0) because reagent grade mixtures and commercial grade salts 
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were used. As a result, the Na/K response had such a high minimum 

level of significance that not even the K/Na variable emerged as sig­

nificant (see Table 8), although it did have the greatest statistical 

effect. The Na/K results show the limitations of the experimental 

matrix. 

Since only NaN03 was identified by X-ray diffraction of the material 

deposited downstream in the furnace, it was thought that the Na/K ratio 

in the salts remaining in the crucibles could be correlated with this 

selective deposit. However, preferential loss of Na from the samples was 

di ffi cult to detect because the amount of mass transport was small. 

Spreading 

Excessive spreading of the salts was observed at high temperatures. 

The salts tended to cover the entire crucible, leaving little salt in the 

bottom. The spreading phenomena distorts the surface area, particularly 

of small samples, and surface area may be important to many of the 

phenomena occurring in nitrate salts, such as Reactions (1) or (5). 

Spreading is a problem that has interfered with other investigations of 

the nitrates and nitrites.36,84 

As in the mass transport phenomena, the primary factor that enhances 

spreading of the nitrates or nitrites is high temperature. It was observed 

that creep did not occur in the low-temperature experiments. At high 

temperatures, CO2 and the salt purity influence spreading. Purer salts 

tended to spread less, suggesting that impurities influence the surface 

energies. Higher CO2 percentages also enhanced spreading. That the CO2 

content affected several chemical phenomena may be reflected by greater 

spreading of the salts as CO2 content increased. 

. . 



Color 

Some of the salt samples developed a pale chartreuse color. Tempera­

ture was the dominant variable causing coloration of the melt. No change 
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in color of the samples from the low-temperature experiments was observed. 

Carbon dioxide was the second most significant factor. At high temperatures 

the relative humidity, surface area, and the K/Na ratio also influenced 

the salt color. No correlation of the color with trace metals was 

found. 

Carbonate Formation 

Carbonate present in the salt samples indicates, among other things, 

reaction of the salts with CO2. Carbonates could also be formed by 

reaction of oxide or hydroxide from a reaction such as (2) or (4) and 

subsequent reaction with carbon dioxide in the air after the experiment. 

Therefore the amount of co3 in the samples was a combined response due to 

Reactions (2), (3) and (4). 

The levels of carbonate observed in nitrates were in some instances 

very large (up to 64%). The variables that affect the amount of co3 found 

in the nitrate salts samples are, in order of decreasing magnitude; 

temperature, purity, gas flow rate, and CO2. Purity has a negative 

effect on carbonate formation. It is interesting that, of these vari­

ables, CO2 has the smallest effect. This suggests that rates of 

carbonate formation are not determined by reaction steps involving CO2 

interaction, such as (3). It is possible that carbonates are formed by a 

sequence of reactions, including 

but that Reaction (2) is the slow step. For the nitrate salts at high 

(59) 
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temperature the dominant variables are (in decreasing order) purity, 

flow rate, and CO2, as determined in the overall analyses. At low 

temperatures the carbonate levels were very low (0.1%). 

Hydroxides also rapidly react with CO2 in air to form Na2C03. Since 

the relative humidity is not a significant variable, sodium hydroxide 

formation may not be a necessary step to forming the carbonates. These 

conclusions are supported by Alexander and Hinden,5 who comment on the 

independence of hydroxide and carbonate formation in the nitrate salts 

studies. 

The overall analysis of factors affecting carbonate formation in 

nitrites showed that high temperature and possibly high flow rates 

encouraged carbonate formation. This suggests that thermal decompo­

sition of the nitrites to oxides (and subsequent reaction with CO2) is 

the primary source of carbonate formation in the nitrites. The nitrite 

experiments at high temperature had no significant variables causing 

carbonate formation although the carbonate levels were rather high 

(4-64%). At low temperature the carbonate contents were 0.1-4%. The 

low-temperature analysis of the nitrite experiments showed that CO2, 

02 (negative effect), and sample size (also negative) affected the 

carbonate formation. These results indicate that at high temperatures, 

nitrite decomposition to oxides is prevalent (since CO2 was not a 

significant variable) and at low temperatures, reaction of the nitrites 

with CO2 dominates the accumulation of carbonate in the salts. 

Comparing the levels of carbonate in the nitrate and nitrite samples 

shows that the nitrites are most susceptible to reaction with carbon 

dioxide and thermal decomposition, as found in the literature. 8,11 



Furthennore, these results indicate that in the nitrite salts, 

reactions forming carbonate {positive effect of CO2) are competing with 

reactions fanning nitrate {attested to by the negative effect of 02 due 

to occurrence of Reaction 1 in reverse). The ranges in the amounts of 

N03 and co3 in the nitrites samples were large (0.05-53% and 0.1-64% 

respectively), perhaps because several reactions are occurring to a 

significant extent simultaneously. That size has a negative effect on 

co3 formation leads us to believe that diffusion of CO2 into the nitrite 

salt was controlling carbonate formation. 

The pure nitrate and nitrite salts have neutral pH (7) when dis­

solved in water. The overall analysis of the experiments showed that 

the pH usually went up, or the salts became more basic, as the tempera­

ture went up. The lower-purity nitrate samples also had higher pH 

values. The high-temperature experiments had pH values from 9.7 to 12.3 

while the low-temperature samples had pH values from 6.0 - 10.7. The 

effect of the relative humidity is marginal for both the nitrates and 

nitrites. The carbon dioxide content has a marginal and negative effect 

on the pH of the nitrate samples (in other words, CO2 tended to keep 

the pH closer to 7) and no effect on the nitrites. 

At high temperatures the basicity of the nitrates is minimized by 

large samples, high potassium nitrate contents, and high CO2 percentages. 

High relative humidity or low purity had marginal statistical effects 

and may enhance basicity in the nitrates at high temperatures. Because 

size and the potassium content are influential variables, a diffusion­

controlled process--such as gas diffusion into the melt to react with 
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the sodium species--is suggested. At low temperatures the pH of the 

nitrates is only influenced by purity. The low-temperature nitrate 

sample had pH values that were the closest on the average to 7. 

(It is interesting that these samples also have the lowest carbonate 

contents.) Therefore the effect of salt purity on pH may be due to 

basic impurities present in the starting commercial grade salts such as 

hydroxide ion. 

The pH of the nitrite salts at low temperature were not signifi­

cantly influenced by any variable, although carbon dioxide and the 

relative humidity were marginal in their effects. Thus, in contrast to 

the nitrates, size is not an influential variable. {Purity and the K/Na 

ratio were not variables in the nitrite experimental matrix.) At high 

temperature, the nitrites were influenced by CO2 only, which tended to 

reduce the pH. The negative influence of CO2 on the pH may be under­

stood if one considers the products of Reactions (2) and (3), oxide and 

carbonate, respectively. The oxide becomes hydroxide when dissolved in 

water for the pH titration. Hydroxide is a very strong base compared 

with carbonates. Therefore, increasing the CO2 content of the gas, 

which causes increased carbonate formation during, or after the experi­

ment, will tend to detract from the available salt for oxide or hydroxide 

formation during or after the experiments, and thereby lower the pH. 

The negative effect of CO2 on the pH, which appears beneficial, is in 

fact due to another deleterious effect that CO2 causes, namely, 

carbonate formation. Relative humidity does not seem to be an important 

factor for the pH of the nitrites. 



It appeared there was a positive correlation of the color and the 

pH. We plotted the pH and the color responses are plotted in Fig. 41. 

Such a simple way to evaluate the salts' pH may prove useful. 

Nitrate Content 

The factors affecting nitrate content are the same as those that 

affect the carbonate content of the nitrate samples. However, the signs 

of the effects are opposite. The ranking of the important variables (in 

order of increasing effect: CO2, flow rate, purity, and temperature) 

is also the same for the nitrate and carbonate responses in the nitrate 

samples. Thus it appears that carbonate is developed at the expense of 

nitrate. Because nitrites are less stable than the nitrates, it was 

expected that the correlation of co3 content would be related to the 

N02 content or be influenced by the same variables as the N02 content. 

The correlation of N03 and co3 indicates that N03 decomposes or reacts 

directly without first decomposing to N02. To demonstrate this inverse 

relationship Figure 42 was constructed, which plots the nitrate content 

versus the carbonate content for each nitrate salt sample. 

The high-temperature nitrate experiments were influenced by the 

variables identified in the overall analysis. However, at low 

temperatures the nitrate content was unchanged and unaffected by any 

variable, indicating nitrate salt stability at 600-650 K with respect to 

decomposition to oxide or reaction with CO2. These are the same 

results found for the carbonate formation response in nitrates. 

The nitrite experimen~s contrast with the nitrate results because 

temperature was the variable that had the largest effect on nitrate 

formation in nitrites; however, it was still less than the minimum level 

of significance. No additional variables were revealed by the separate 
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temperature analyses. The fl ow rate had the 1 argest effect ;n the 

separate high- and low-temperature analyses, although it was also below 

the minimum level of significance. The range of the nitrate contents in 

the nitrite samples was large (.05-53%), and it is curious that there was 

no variable identified as causing the spread in values. 

It had been anticipated that oxygen, the surface area, and the gas 

flow rate would influence the nitrate content in nitrite salts (as others 

have observed34) because of their effect on the.reverse of Reaction 

(1). Oxygen had the second highest effect in the overall analysis of the 

nitrite response to fonn nitrate but was still below the minimum level of 

significance for N03• The effect of surface area was observed by the salts' 

spreading. The gas flow rate was clearly not influential in the statistical 

analysis. 

Nitrite Content 

The nitrite content found in the nitrate experiments was enhanced by 

high temperatures, low carbon dioxide contents, and perhaps high purity. 

The temperature effects correlate with the shift to higher equilibrium 

nitrite contents that are present at higher temperatures. The amount of 

nitrite in the nitrites, however, was greater at low temperatures, high 

relative humidities, and perhaps high flow rates (the flow rate had a 

marginally significant effect). In this case the negative temperature 

effect reflects the slower reaction rates at lower temperatures. 

Freeman34 noted that the oxidation rate of NaN02 increased with 

increasing temperature while the extent of oxidation decreased. 

At high temperatures carbon dioxide influenced the nitrite contents 

in the nitrates and nitrites, tending to decrease the nitrite contents as 

the carbon dioxide level was raised, which correlates with the co3 results 

. . 



for NaN02. At low temperatures no factors were observed to influence 

the nitrite content. Oxygen was not found to influence the nitrite 

content. Thus, because 02 did not significantly affect the N02 or N03 
content of the salts, it appears that the redox reaction (1) cannot be 

viewed as an isolated reaction. The nitrate and nitrite contents seem to 

be intertwined with other reactions occurring in air. 

For each experiment I calculated the ratio of nitrite to nitrate. 

Dividing the experiments into high and low temperature groups, we 

averaged the nitrite-to-nitrate ratios and compare them in Table 29 with 

the values calculated for equilibrium conditions. Taking the N02 to N03 
ratios and averaging the values neglects that other reactions were 

observed besides Reaction (1) but is a useful screening test. From 

Table 29 it is clear that the equilibrium values of the nitrite-to­

nitrate ratio were not reached by the nitrites after 10 hours. The 

ratio of XNo2/XNo3 in the nitrite samples was greater than the calculated 

equilibrium value at low and high temperatures. However, the average 

ratio was ·much less at high temperature, indicating more complete 

conversion to nitrate. At low temperatures, the nitrate samples had an 

average nitrite/ nitrate ratio that was close to the equilibrium values. 

At high temperature, however, the average ratio exceeded the equilibrium 

values. KN03 decomposing to KN02 has been observed to reach equilibrium 

in 5 hours at 873 K.42 However, the reaction of KN02 with 02 did not 

equilibrate in 5 hours, consistent with our results. The excess nitrite 

in nitrates at high temperatures seems to indicate that (a) other 

reactions are occurring which consume nitrate and (b) nitrate-consuming 

reactions are more rapid than Reaction (1). To test this supposition 

the gases emanating from the furnaces were sampled with a device (used to 
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TABLE 29 

NITRATE-TO-NITRITE RATIOS 

Nitrates 

Nitrites 

a/ E ·1·b· b Low-Temperature qu1 1 r1um 
Experiments NaN02/NaNo3 KN02/KN03 

0.0168 

11.5 

5.2(10-4) 

5.2(10-4) 

1.4(10-4) 

1.4(10-4) 

aAverage N02 based on weight percent. 

bRatios calculated at 623 and 923 K, weight percent. 

> 

' 

High-Temperaturea / Equilibrium N02/N03
6 

Experiments NaNO /NaNO KNO /KNO 
2 3 2 3 

0.367 0.32 0.17 

3.97 0.32 0.17 
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assess air pollution)_ that was sensitive to NO and N02 gas. Both gases 

were present downstream of the samples at high and low temperatures. The 

presence of traces of nitrogen oxide indicates that other thermal decompo­

sition reactions are occurring. 

Summary of Plackett-Burman Results 

Of all the variables studied, temperature had the largest effect on 

nitrate decomposition. Increasing the temperature caused increased 

nitrite formation, increased carbonate fonnation, higher pH values and 

decreased nitrite levels. When the experiments were separated into high 

and low temperature experiments we observed that these phenomena occurred 

only in the high temperature experiments: pH> 7.0, co3 > 0.1%, 

N02/N03 > 1%. 

Oxygen and nitrogen had no measurable effects on salt stability over 

the range of concentrations studied (0-20% and 0-80%, respectively). 

Varying the 02 and N2 levels from zero to values found in air caused 

no significant decomposition. Since a correlation was not observed, 

between 02 and N2 and decomposition, controlling the 02 or N2 content of 

the ullage gas in a thermal storage system is not important. The lack of 

correlation of 02 and N2 with salt stability appears to conflict with the 

literature.34,42 However, it may simply reflect that the reactions 

which occur with nitrates in air are complex and several occur concur­

rently. Furthermore, Bond and Jacobs50 found that the kinetics of 

NaN03 decomposition were not dependent on the 02 and N2 partial 

pressures. 

Carbon dioxide increased carbonate formation, decreased nitrate and 

nitrite levels decreased the pH of the salts. These interactions are 

deleterious and indicate that CO2 in the ullage gas of a thermal 

127 



128 

storage will cause salt decomposition and may have to be controlled to 

insure a 30 year lifetime of the salt. Water vapor increased the pH of 

the salts. The relative humidity of the ullage gas is much less influ­

ential than CO2, and, in our opinion, need not be controlled in a 

thermal storage system. Neither the CO2 nor the water vapor have 

statistical effects as large as temperature does on decomposition of 

nitrates. 

The gas flow rate salt surface area and sample size are factors that 

we expected to influence the kinetics of decomposition. High gas flow 

rates increased carbonate formation and decreased to nitrate content, 

which correlates with the effects of CO2. Surface area did not affect 

decomposition, however, in these experiments it was uncontrolled due to 

creep. Neither did our range of sample sizes affect the responses. 

The spread in the high level of the K/Na variable was very large 

(0.56 - 1.0), but the two levels did not overlap. None of the responses 

were influenced by the ratio of KN03 to NaN03. Therefore decomposition 

is insensitive to the ratio of KN03 to NaN03. 

Next to temperature, purity was the most significant variable. As 

the salt purity increased, carbonate formation decreased, nitrate contents 

increased and the pH level decreased. The salt purity was varied from 

reagent grade to commercial purity. Unfortunately we cannot correlate 

any aspect of the purity with the phenomena we observed. The purity of 

the salt may be important to control to prevent decomposition. We feel 

that further tests are necessary to identify what aspect of the purity 

affects decomposition. 



IV C. Decomposition in Argon - Results and Discussion 

Table 30 summarizes the results of the decomposition tests performed 

in argon. These results are blemished because two of the containers 

leaked to the air {NaN03 at 624 K and NaN02 at 736 K). Unfortunately 

these experiments could not be repeated because the heating elements of 

the fluidized bath failed and replacement parts were not available. 

Another problem was that interaction between the salt and the 

container occurred, especially at 736 K. Specifically, NaN02 and 

KN02 corroded the stainless steel containers in the 736 K experiment 

and Fe304 was precipitated in the bottom of the tubes. At 736 Kall 

the salts contained Fe, Cr and Ni (see Table 30), indicative of reaction 

with the container. Despite these two problems (leaking and corrosion), 

some interesting observations may be made. 

The amount of N02 was much greater than the amount of NOj present 

at the end of the two experiments for every salt. This indicates that 

the nitrite samples were oxidized to a small extent and that the nitrate 

samples decomposed to a large extent to N02. The ratios of N02 to NOj 

were unexpectedly high for the nitrate samples. The high N02/NOj may 

indicate that when Reaction (1) occurs and oxygen is released, the oxygen 

was consumed by another reaction, such as corrosion of the stainless steel 

container or the Cu gaskets. As expected from the discussion in the 

Introduction, higher N02/N03 were measured at 736 K than at 624 K. 

At 736 K the N02/N03 ratio for the nitrate samples decreased from 

NaN03 to KN03 to (Na/K)N03. At 624 K the opposite rank ordering was 

observed for the N02/NOj ratios ((Na/K)N03 > KN03 > NaN03). 
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TABLE 30 

DECOMPOSITION RESULTS IN ARGON AT 736 K 

Total 

NO-/NO-a 
Alkal 1nityb 

2 3 (mg-1-1) N2d o2d N2od NQd 

NaN03 45. 11 7.7 17 .1 o.o 0.0 

KN03 29. 8 12.4 9.5 1.6 0.1 

(Na/K)N03 20. 11 2.7 10.3 2.2 o.o 

NaN02 180. 4400 c. c. c. c. 

KN02 260. 2200 46.1 o.o 0.0 o.o 

DECOMPOSITION RESULTS IN ARGON AT 624 K 

NaN03 7.4 15 c. c. c. c. 

KN03 9.3 8 15.3 o.o 4.4 1.3 

(Na/K)N03 26. 11 3.7 0.9 1.0 0.2 

NaN02 415. 2200 30.6 0.0 0.0 o.o 

KN02 160. 94 6.9 0.0 o.o 0.0 

a Molar Ratio 
b Sum of weight i of OH-. co3• and HC03 
c Container Leaked 

d Mole or Volume percent; Argon= balance. Accuracy=:!:. O.li 

Fe(mg-1-1) Cr(mg-1-1) 

2.3 3.1 

1.2 3.5 

2.7 7.3 

640. 290. 

46. 35. 

0.9 0.9 

o.o 0.0 

0.0 1.0 

1.0 9.8 

1.5 0.0 

Ni(111g-1-l) 

o.o 

o.o 

0.0 

30. 

9.3 

0.0 

o.o 

0.0 

0.0 

o.o 

~ 

w 
0 



As in the Plackett-Burman tests, the total alkalinity is a measure 

of all the oxygen anions, carbonate and hydroxide in the salts. The 

total alkalinity of the nitrites was much higher than the nitrates. Of 

course, the nitrites are less stable than the nitrates with regard to any 

decomposition reaction or interaction with either CO2 or H20. Sodium 

nitrite had the highest alkalinity and KN02 had the second highest. 

The alkalinity of the nitrates was much lower (2000 mg-1-l versus 10 

mg-1-l). No substantial differences between the three nitrates with 

respect to alkalinity were observed. 

Nitrogen 1'1as the primary gaseous decomposition product we observed 

at 604 K. The percentage of N2 was largest for NaN02 at 624 K, which 

also had the highest alkalinity. The other salts had substantially the 

same N2 in the ullage gas. 

Because of the high N02/N03, we expected to observe 02 in the 

ullage gas at 624 K, however, .s._ 0.5% was observed. The lack of 02 also 

indicates (as does the high N02/N03 ) that, if Reaction (1) occurs, the 

02 is being consumed in other reactions. 

The amounts of N2 and 02 were higher at 736 K. Oxygen was found 

in the gases above the nitrates but not the nitrites. Minor amounts of 

N20 and NO were observed; ho\'1ever, no N02 was observed in any samp 1 e. 

These gas analyses may be indicative of a series of reactions that 

occurred in the experiment including (1), and (26)-(30). 
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IV 01. Thennogravimetry Results and Discussion Under Atmospheric Pressure 

The rates of weight loss at one atmosphere varied widely; however, 

the rates of weight loss per unit surface area had several interesting 

trends. These rates are given in Tables 31-33 and are plotted in Figure 

43 versus inverse temperature. One important observation is that a 

flowing dynamic atmosphere enhances the weight losses compared to static 

atmospheres. The rates of weight loss from (Na,K)N03 are higher in 

either flowing argon or N2 compared to static air. For comparison, 

four experiments perfonned with (Na,K)N03 in vacuum are also included 

in Figure 43. The rates in vacuum, the most dynamic kind of atmosphere, 

are approximately 100 times greater than those observed in static air. 

The same trend was observed for NaN03 in static air (lower rates) 

compared to NaN03 in dry, flowing air (higher rates). The influence of 

gas flow rate is probably due to the removal of gaseous decomposition 

products which enhances the rate of reaction.84 The gas flow rate was 

an influential variable identified in the Plackett Bunnan tests causing 

increased co3 formation, lesser nitrate percentages, and enhanced mass 

transport. 

Secondly, the rates of NaN03 decomposition in Table 31 are not 

significantly different from the rates of (Na,K)N03 decomposition 

(Table 32) at the same temperatures. The lack of influence of the Na to 

K ratio on decomposition was observed in the Plackett-Burman screening 

tests. However, the commercial mixture of NaN03 and KN03 denoted as 

Partherm (Park Chemical Co.), decomposed more rapidly than the reagent 

grade salts.at the same temperature. The lower purity samples decomposed 

more in the Plackett-Burman tests also. 



Table 31 

Kinetic Thenoogravimetric Data for NaN03 1n Air 

Weight 
b(mg cm-2 mtn-l}a c(mg cm-2 m1n-2}a Trial Te~erature (Kl Lost! S 

25G 799. 3.25 -5.036(10-3) 9.056(10-7) 

5R 848. 2.67 -2.112(10-2) 4.614(10-6) 

6R 875. 1. 54 -1.431(10-2) 3.674(10-6) 

8R 873. 4.44 -9.322(10-2) 5. 966 ( 10-5) 

lOR 833. 3.00 -9.065(10-2) 7.951(10-5) 

llR 941. 0.85 -8.548(10-1) 3.634(10-2) 

12R 833. 0.75 -6.384(10-2) 1.835(10-4) 

aRates of sample weight change per unit area: rate= b + ct. 

bRate of sample weight change= b' + c't. 

Cfirst order kinetic rate of weight change= b". 

dRate of weight change in percent of starting weight= b"' + c"'t. 

b'(mg min-l)b c'(mg min-2}b 

-I. 420( 10-3) 2.554(10-7) 

-5.028(10-3) 1.098(10-6) 

-3.405(10-3) 8.744(10-7) 

-2.219(10-2) 1.420(10-5) 

-2. 158( 10-2) 1.892(10-5) 

-2. 032( 10-l) 8.648(10-3) 

-1.519(10-2) 4.367(10-5) 

b"(min-l)C b"'(S min-l)d 

-3.012(10-5) 3.613(10-3) 

-2. 514( 10-5-) 3.182(10-3) 

-1.491(10-5) 1.998(10-3) 

-1.252(10-4) 1. 543(10-2) 

-1.112(10-4) 1.419(10-2) 

-5.262(10-4) 1.214(10-l) 

-6.351(10-5) 9.358(10-3) 

c•' (S mi n-2)d 

-6.498(10-7) 

-6. 951 (Io-7) 

-5.132(10-7) 

-9.875(10-6) 

-1.245(10-5) 

-5.164(10-3) 

-2.690(10-5) 

.... 
w 
w 



Table 32 

Kinetic Thennogravimetric Data for NaN03 and KN03 Mixtures in Air or N2 

Weight 
b(mg cm-2 min-l}a c(mg cm-2 min-2}a b'(mg min-l}b c'(mg min-2}b b" (mi n-l}c Trial Te!!Eerature (K} Lost 1 i 

15G 793. 2.83 -1.144(10-2) 4.196(10-6) -3.226(10-3) 1.183(10-6) -5.419(10-5) 

16G 805. 5.51 -1.185( 10-2) 4.418(10-6) -3.341(10-3) 1.246(10-6) -5.366(10-5) 

18G 840. 3.26 -1.589(10-2) 1.175(10-5) -4.480(10-3) 3.314(10-6) -6.621(10-5) 

20G 805. 3.40 -5.149( 10-3) 9.056(10-7) -1.452(10-3) 2.554(10-7) -2.856(10-5) 

21G 833. 7.99 -3.289(10-2) 7 .363(10-6) -9.274(10-3) 2.076(10-6) -1.871(10-4) 

22G 800. 15.43 -1.478(10-2) 3.143(10-7) -4.167(10-3) 8.863(10-7) -1.663(10-4) 

aRates of sample weight change per unit area: rate = b + ct. 

bRate of sample weight change= b' + c't. 

Cfirst order kinetic rate of weight change= b•. 

dRate of weight change in percent of starting weight= b• 1 + c"'t. 

·, . ' 

b"'('.i min-l}d 

6.714(10-3) 

7.872( 10-3) 

7. 727(10-3) 

3.499(10-3) 

1.977(10-2) 

1. 911 ( 10-2) 

c" '('.i mi n-2}d 

-2.462(10-6) 

-2.936(10-6) 

-7.196(10-6) 

-6.154(10-7) 

-4.427(10-6) 

-4.064(10-6) 

_. 
w 
.i:,. 



Table 33 

Kinetic Thennogravimetrfc Data for NaN03 and KN03 Mixtures in Argon 

Trial Temperature {Kl 
Weight 
Lost, i b{mg cm-2 m1n-l)a c{mg cm-2 min-2)a 

l 5R 897. 0.94 -0.1763 3.404(10-4) 

16R 1073. 7.26 -4.704 3.187(10-2) 

17R 869. 7.23 -0.4059 1.261(10-4) 

aRates of sample weight change per unit area: rate= b + ct. 

bRate of sample weight change= b' + c't. 

CFirst order kinetic rate of weight change= b". 

dRate of weight change in percent of starting weight= b"' + c"'t. 

b'{mg min-l)b c' {mg mi n-2)b b"{min-l)C b"'{% min-l)d 

-0.1481 2.859(10-4) -3.211(10-5) 5,102(10-3) 

-3.9510 2.677(10-2) -1.021(10-3) 1.697(10-1) 

-0. 3410 1.059(10-4) -1.361(10-4) 1.580(10-2) 

c"'{% min-2)d 

-9.852(10-6) 

-1.149(10-3) 

-4.910(10-6) 

_, 
w 
<J'1 
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Another interesting observation that is not reflected in Figure 

43 is this. In contrast to Freeman•s34,42, and Bond and Jacobs•50 TG 

experiments, no arrests and no inflections were observed in the weight 

loss curves. The rates slowly and smoothly decreased with time. Freeman 

observed that his TG weight losses arrested at weights corresponding to 

oxide whereas I observed weight losses in excess of complete decompo­

sition to oxide. Chun35 also observed weight losses from NaN03 in 

excess of decomposition to oxide who suggested that vaporization of 

nitrates and nitrites occurs. In fact, the nitrates could be completely 

decomposed so that no sample remained. Vaporization occurred in the 

Plackett-Burman tests and the TG tests. I concluded that several pro­

cesses are occurring which are: vaporization of the salts, decomposition 

to some oxygen ion species (not necessarily oxide}, and vaporization of 

that oxide ion species. 

IV D2. Thermogravimetry and Mass Spectrometry in Vacuum Results and 
Discussion 

Isothermal Experiments 

In the TG experiments with nitrates in air I observed that the 

entire sample weight could be lost. I also observed this phenomena in 

vacuum. The 5-10 mg samples of nitrates and nitrites were completely 

decomposed and vaporized in vacuum in less than 100 minutes at 750 K. 

At 630 K the nitrates lost less than i1% of their initial weight in 360 

minutes whereas NaN02 samples lost 25-75% of their initial weight in 

this time. As discussed in the Introduction, decomposition of the 

nitrates and nitrites has been believed to proceed to oxide formation 

with a weight loss arrest corresponding to 100% oxide formation.34,42,50 

The present TG results in air and in vacuum indicate that other processes 
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occur simultaneously. The mass transport observed in the Plackett-Burman 

tests and the continuous weight loss profiles in the TG experiments 

suggest that vaporization of the nitrates and nitrites occur concurrently 

with decomposition and that the products of decomposition also vaporize. 

In this section I will discuss what I learned about these three phenomena 

(salt vaporization, salt decomposition and decomposition product vapori­

zation) from the TG/MS experiments. Specifically, I'll discuss the time 

resolved profile of the evolved gases and the weight loss kinetics. 

In discussing these results it's important to be aware of what 

distinguishes these experiments from other decomposition studies of the 

nitrates. Most nitrate decomposition experiments have been performed at 

1 atmosphere pressure whereas these were performed in vacuum. In a 

vacuum the products of decomposition are continuously removed and pre­

vented from reacting with the remaining salt. Secondly, the evolved 

gases were analyzed as the experiment proceeds and were unlikely to 

interact because they were at such a low density in the vacuum. As a 

result, the essential nature or the intrinsic decomposition of the salts 

was studied. 

As mentioned in the Experimental Techniques section, o_nly N2, NO 

and 02 were evolved from the salts we studied. These gases have very 

low solubilities (10-4 mole-mole-1) in nitrates, therefore they are 

not dissolved gases that were rejected on heating the salts.166 Of 

course condensible vapor species could not be monitored in the present 

experimental set-up. The amounts of each gas depended on time, the 

temperature of the experiment, and the salt. No salt evolved N02 

although this has been reported in the literature.34,42 These results 

are not inconsistent with the earlier data because the reported N02 was 

• 



probably oxidized NO released from the nitrates or nitrites in the 

presence of 02.34,53 

Two characteristic gas spectra were obtained from the salts and are 

shown in Figures 32 and 44. The spectrum in Figure 32 shows N2, 

NO, and 02 being released. This spectrum was characteristic of the 

nitrates. Figure 44 has the gas spectrum of NaN02 from which no 02 

gas was evolved. This spectrum is also characteristic of the nitrates at 

630 K. Between 630 Kand 750 K, the gas spectrum from nitrates gradually 

changed from one like Fig. 44 to the one shown in Fig. 32. 

The amount of 02 evolved from the salts varied with temperature. 

To assess this change I calculated the ratios of 02 to N2 and 02 to NO. 

These ratios are the ratios of the total areas under each intensity-time 

curve measured with a planimeter. Figures 45 and 46 show the ratios have 

02/N2 and 02/NO, respectively, plotted for NaN02, KN03 and NaN03 at 740 K 

and 630 Kand LiN03 at 730 K. Figures 47 and 48 show the 02/N2 and 02/NO 

versus inverse temperature for the same four salts. From these figures it 

is obvious that at higher temperatures more 02 (relative to N2 and NO) is 

evolved. Very little 02 is released from NaN02 at any temperature 

Although there is some scatter in the results, the trend is the amount of 

oxygen relative to NO increases from NaN02 to LiN03 to NaN03 to KN03. 

Another important phenomena to consider is that oxygen evolution was 

always delayed relative to N2 and NO evolution (see Figure 32). This 

contrasts with Freeman's gas analysis34,42 who observed that 02 was 

the first decomposition product; however, his analyses were periodic and 

not continuous. But delayed oxygen evolution agrees with the decomposi­

tion study of NaN03 perfonned in vacuum where only NO and N2 were evolved 
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at 570 K. 21 In a study in which LiN03 was decomposed, it was observed 

that the maximum rates of evolution N2 and NO occurred at lower tempera­

tures than for 02.167 

Several experiments were performed to assess the background of gases 

when no sample was in the furnace. No nitric oxide and no oxygen were 

observed in these empty runs; however, mass 28 (N2 and CO) was observed. 

The amount of mass 28 observed in the empty experiments was significantly 

less than the amounts observed with salt samples and I neglected the 

background of mass 28. 

From these gaseous profiles I deduced a sequence of reactions that 

explain the observed phenomena. First, consider the profile of gases 

evolved from NaN02 where N2 and NO are almost exclusively released 

(Fig. 44). I believe that nitrogen is released from NaN02 due to the 

decomposition of the anions according tol68 

{60) 

and 

N + N + N2 {61) 

where superoxide {02) is a product. Nitric oxide may be released by 

a parallel path such as 

(62) 

and 

20- + 02 2 (63) 

where peroxide (•2
2) is also a product. There is potentiometric evidence 

for o- formation in nitrates. 169 Reaction (63) is very fast, according 

to Zambonin66 who described mechanisms of oxygen ion interactions in 

nitrates. As discussed in the Introduction, peroxide (•2
2) and superoxide 

(• 22) are considered to be stable species in the nitrates. 
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Next, let us consider the more complex profile where 02 is evolved 

from the nitrates as in Figure 32. The nitrates in vacuum will have 

significant fractions of nitrite present at equilibrium. To illustrate 

this point I calculated the equilibrium molar ratios of NaN02 to 

NaN03 from 500 - 1000 Kat three partial pressures of oxygen; 10-4, 10-7, 

and 10-9 atm. The results depicted in Figure 49 show that at 10-7 atm 

of oxygen, approximately the Po2 under which the experiments were run, 

the amount of nitrite will exceed the amount of nitrate present at 

equilibrium above 650 K. Therefore, the nitrate samples decomposed in 

vacuum had a large driving force to form nitrite. 

Nitrate decomposition to nitrite has been previously explained by 

this two step sequence34,42,168 

N03 + N02 + 0 

0 + NOj + N02 + o2 

(64} 

(65) 

Oxygen evolution did not occur at the beginning of the nitrate decomposi­

tion experiments. Initially N2 and NO were evolved as in 

the decomposition of the nitrites. Reaction (64) may occur so that 

nitrite is formed and decomposes, but Reaction (65) may not occur. 

Instead of Reaction (65} the oxygen atoms released by Reaction (64), being 

highly reactive, may combine with peroxide (022), a product of nitrite 

ion decomposition, to form superoxide (02} as below. 

0 + 022 
+ 032 (66} 

o + 032 
+ 202 (67) 

Peroxide ion would be available for Reactions (66) and (67} as the 

nitrate ions decompose because the inevitably present residual nitrite 

would be decomposing.44,70 As the superoxide builds up in the nitrate 

sample it may decompose to peroxide and oxygen according to this reaction 
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(68) 

The decomposition of superoxide to peroxide and oxygen in a vacuum 

(Reaction (68)) was observed by Zambonin.66 This sequence of reactions, 

predicated on the high reactivity of oxygen atoms released from nitrate 

decomposing to nitrite, explains the delayed oxygen evolution from 

nitrates in vacuum. 

One may wonder why very little 02 is released from NaN02 decompo­

sition. It is the equilibrium expressed in Reaction (37) that prevents 

02 formation from NaN02. In Reaction (37), (o22 + 2NOj ~ 202 + 2N02) 
peroxide and nitrate react to form superoxide and nitrite, or vice versa. 

The free energy for this reaction to form sodium superoxide and nitrite, 

plotted in Figure 19, is only 13 - 15 kcal from 630 - 750 K; therefore 

only a small amount of superoxide and nitrite may be present at equi­

librium. Conversely, if nitrite and superoxide are present, there is a 

large driving force for them to react and form nitrate and peroxide. 

Superoxide ion in nitrite samples is consumed by reaction with nitrites, 

so no superoxide is available for Reaction (68) and oxygen is not evolved. 

At higher temperatures, the driving force to consume the superoxide in 

nitrites is decreased, therefore the amount of 02 evolved from NaN02 

should be greater at elevated temperatures. The amount of 02 evolved 

from NaN02 was slightly greater at 750 K compared to 630 K. 

According to this reaction scheme involving Reaction (37), NaN02 · 

should contain increasing amounts of NaN03 as it decomposes, even in 

the absence of oxygen. To test this hypothesis NaN02 was decomposed at 

673 Kin vacuum in the TG/MS apparatus until 50% of the initial weight 

was lost. The sample chamber was opened to air and submitted the residual 

salt was submitted for infrared absorption (IRA) analysis. The IRA 



results showed that Na2C03, NaN02 and NaN03 were present. The Na2C03 is 

indicative of a Na-oxygen ion species which had reacted with CO2 in the 

air before the analysis was performed. Therefore Na20, Na202 and/or Na02 

was present in the residual salt. Traces of NaN03 were present in the 

NaN02 starting material; ~owever, the amount of NaN03 present in the 

half decomposed NaN02 sample was greater (by approximately a factor of 

2) than the amount present in the starting salt. Therefore, NaN02 

did self-oxidize in vacuum which is evidence that Reaction (37) occurs. 

Infrared absorption analysis was also performed on two partially 

decomposed NaN03 samples. One sample came from NaN03 that had been 

decomposed a few percent in vacuum and no 02 had been observed in the 

gases evolved from this sample. Another NaN03 sample was analyzed from 

an experiment in which a large portion of 02 had been evolved. In both 

NaN03 samples NaN03, NaN02 and Na2C03 were found in the IRA spectra. The 

amounts of NaN02 and Na2C03 were much smaller in the sample which had 

undergone less decomposition. 

The reaction scheme described above does not include oxide ion (02). 
A balanced reaction cannot be written to include oxide ion, N2 and NO 

formation that does not also include oxygen. Superoxide and peroxide ion 

are considered to be stable in the nitrates whereas oxide is not, as 

discussed in the Introduction. These two observations indicate that 

nitrites and nitrates do not intrinsically decompose to oxide ion. 

According to the described reaction scheme, N2 is indicative of 

superoxide formation and NO is indicative of peroxide formation. I 

calculated the ratios of NO to N2 for each experiment and they are. 

plotted in Figure 50 versus inverse temperature for NaN02, LiN03, 

NaN03 and KN03. In Figure 51 NO/N2 is plotted for NaN02, KN03 and NaN03 
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at 740 Kand 630 Kand LiN03 at 730 K. The ratio, NO/N2 decreases 

from LiN03 to NaN02 to NaN03 to KN03. A decrease in NO/N2 indicates, 

according to the present reaction scheme, that more superoxide is formed 

in KN03 than in NaN03 than in NaN02 than in LiN03. This trend is the 

same at either high (740 K) or low (630 K) temperatures. This trend in 

superoxide formation agrees with the thermodynamic calculations of super­

oxide stability discussed in the Introduction and the literature.94,171 

The free energy of Reaction (39), the reaction of peroxide with oxygen to 

form superoxide is graphed in Figure 21 and shows that potassium super­

oxide is more stable (relative to its peroxide) than is sodium superoxide. 

Lithium superoxide in nitrates has been observed to be even less stable 

than Na02. As di_scussed earlier, peroxide formation is favored over 

superoxide in NaN02 due to the driving force of Reaction (37). There­

fore the observed trend in NO/N2 and its implication on the present 

reaction scheme are consistent with the thermodynamics of peroxide and 

superoxide formation in these salts. 

The weight loss kinetics of isothermal decomposition of NaN03, KN03, 

NaN02 and LiN03 were also analyzed. As described in the experimental 

section, the weight measurements were plotted and fitted to four kinetic 

expressions which are illustrated for each experiment in Appendix C. The 

rate constants for Equations (48)-(51) are tabulated in Tables 34-38. 

The first order fit to the data was the poorest. The graphs of the ln 

(fraction remaining) are linear in the first stage of decomposition but 

are inadequate to describe the entire decompositi~n process, indicating 

that as decomposition proceeds, the dominant reaction changes. The first 

order kinetic expression is satisfactory for experiments where less than 

50% of the initial weight was lost. 

,. 
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Table 34 

Kinetic Thermogravimetry Data for NaN03 and KN03 Mixtures in Vacuum 

Total 
Weight 

b(m9 cm-2 min-l)a c(m9 cm-2 min-2)a Trial Salte Te!!Eerature (Kl Lost,% 

5 R 817. 87.5 -8. 780( 10-l) -8.605(10-4) 

6 R 810. 22.0 -6.752(10-4) -7.990(10-4) 

7 R 795. 70.8 -6.393(10-l) -5.014(10-4) 

13 R 897. 80.9 -1.329(100) -4.108(10-4) 

aRate of sample weight change per unit surface area: rate= b + ct. 

bffate of sample weight change= b' + c't. 

Cfirst order kinetic rate of weight change= b". 

dRate of weight change in percent of starting weight= b"' + c"'t. 

b'(m9 min-l)b 

-6.936(10-l) 

-5.334(10-1) 

-5.050(10-1) 

-2.606(10-1) 

eR = reagent grade, equimolar NaN03 and KN03; C = Parthenn 430, Park Chemical Co. 

c' (mg mi n-2)b 

-6.798(10-4) 

-6.312(10-4) 

-3.961(10-4) 

-8.052(10-5) 

b" (mi n-1 )C b"'('I min-l)d 

-2.434(10-2) 1.029{lo0) 

-9.132(10-3) 7.773(10-1) 

-1.208(10-2) 6.866(10-1) 

-8.248(10-3) 4.054(10-l) 

c"'('I min-2}d 

1.008(10-3) 

9.199(10-4) 

5.385(10-4) 

1.253(10-4) 

.... 
U'I 
w 



Trace 

26 
29 
30 
33 
38 
40 
41 
44 
47 

50 
55 
56 

49 
54 
58 

74 
75 
76 

Temperature (K) 

677. 
716. 
737. 
723. 
726. 
774. 
726. 
784. 
655. 

752. 
745. 
744. 

636. 
627. 
631. 

676. 
650. 
715. 

Table 35 

Kinetic Thennogravimetry Data for NaN03 in Vacuum 

b(mg cm-2 min-l)a c(mg cm-2 min-2)a b'(mg min-l)b c'(mg min-2)b b"(min-l)C 

-5.437(10-2) 6.733(10-5 -1.922(10-3 -1.883(10-2 
-1.082(10-1 
-1. 798(10-l 
-7.957 10-2 
-9.342 10-2 
-4.010 10-l 
-6.620 10-2) 
-3.116 10-l) 
-7.203 10-3) 

-1.628(10-l) 
-1.171(10-l) 
-1.198(10-1) 

-1.105(10-3) 
-1. 765(10-3) 
-1.721(10-3) 

-5.572(10-3) 
-2.884(10-3) 
-3.045(10-2) 

2.332(10-5) 
1.787(10-4) 
1.181(10-3) 
2.548(10-5) 
1. 710(lo-4) 
3.019(10-31 
6.503{10-5 
4.078 10-3 
1.426 10-6 

-6.263(10-4) 
3.608(10-4) 
3.692(10-4) 

-3.282(10-8) 
4.182(10-7) 
4.350(10-7) 

6.79(10-8) 
5.823(10-7) 
4. 104( 10-5) 

-1.612 10-l) 2.661 10-4 -4.844(10-2 
-2.676 10-l) 1.759 10-4 -1.212(10-l 
-1.1-85 10-l) 3.794 10-5 -4.565(10-2 
-1.391 10-l) 2.546 10-4 -3.008 10-2 

-~.857 10-2) 9.684 10-5 -2.401 10-2) 
-5.971 10-l) 4.496110-3 -1.039 10-l 

-4.640 10-l) 6.072 10-3 -1.874 10-l) 
-1.012{10-2) 2.124 10-6) -1.568 10-3) 

-2.424(10-l) 
-1. 744(10-l) 
-1. 784(10-1) 

-1.645(10-3) 
-2.628(10-3) 
-2.563(10-3) 

-8.297(10-3) 
-4.294(10-3) 
-4.533(10-2) 

9.326(10-4) 
5.372(10-4) 
5.497(10-4) 

-1.030(10-1) 
-8.425(10-2) 
-8.141(10-2) 

-4.887(10-8) -3.437(10-4) 
6.227(10-7) -3.600(10-4) 
6.477(10-7) -3.636(10-4) 

l.Oll(l0-7) -1.068(10-3) 
8.670(10-7) -4.294(10-3) 
6.111(10-5) -3.060(10-2) 

asample weight/surface area= a+ bt + ct2; surface area= 1.489 cm2 for every experiment. 

hsample weight= a'+ b't c•t2. 

Cfirst order kinetics: ln(sample weight/initial weight)= a•+ b"t. 

dPercent weight loss: (sample weight/initial weight) • 100 = a"' + b"'t + c••t2. 

. ' 
" 

b"'(S min-l)d 

1.953(10-1) 
1.644(100) 
3.165(100) 
1.539(100) 
1.046 100) 
6.849 1001 
9.451 10- ) 
9.010 1001 
1.396 10- ) 

3.446(100) 
2.626(100) 
2.312(lo0) 

3.235(10-2) 
3.705(10-2) 
3.758(10-2) 

9.058(10-2) 
6.149(10-2) 
9.013(10-1) 

c"' (S min-2)d 

-2.419(10-4) 
-2. 714(10-3) 
-2.080(10-2) 
-4.927(10-4) 
-1.915 10-3) 
-5.157 10-2) 
-9.284 10-4) 
-1.179 10-l) 
-2. 766 10-5) 

-1.326(10-2) 
-8.090(10-3) 
-7.127(10-3) 

9.609(10-7) 
-8,778{10-6) 
-9.497(10-6) 

-1.104(10-6) 
-1.241(10-5) 
-1.215(10-3) 

..... 
C.J'1 
.i:::,, 
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Table 36 

Kinetic Thennogravimetry Data for.NaN02 in Vacuum 

Trace Temeerature {Kl b{mg cm-2 min-l)a c{mg cm-2 min-2)a b'{mg min-l)b c'{mg min-2)b b"{min-l)C 

51 745. -7.ll8(10-l) 1.279(10-2) 1 .060( 10ol 1.904(10-2) 
53 743. -4.307(10-1) 2.998(10-3) -6.413(10-) 4.464(10-3) 
64 753. -4.868(10-1) 5.397(10-3) 7.249(10-l) 8.036(10-3) 

48e 627. -9. 646 ( 10-3) 1.303(10-5) -1. 436( 10-2) 1.941(10-5) 
52 623. -6.818(10-3~ 3.103(10-6) -1.015(10-2) 4.621(10-6) 
57 627. -7 .329(10-3 5.662(10-6) -1.091 ( 10-2) 8.431(10-6) 

65 671. -2.994(10-2) 3. 331 oo-5) -4. 385(10-2) 4.960(10-5) 
77 717. -1.024(10-1) 3.513(10-4) -1.524(10-l) 5.230(10-4) 
78 663. -1.321(10-2) 1.050( 10-5) -1.975(10-2) 1. 564 ( 10-5) 

asample weight/surface area= a+ bt + ct2; surface area= 1.489 cm2 for every experiment. 

bsample weight= a' + b't c•t2. 

Cfirst order kinetics: ln(sample weight/initial weight)= a"+ b"t. 

dpercent weight loss: (sample weight/initial weight) • 100 = a"' + b"'t + c••t2. 

-5.417(10-l) 
1. 905( 10-l) 

-1.445(10-l) 

3.014( 10-3) 
-1.736(10-3) 
-4.084(10-3) 

-5. 054 ( 10-3) 
-5.614(10-2) 
-6.602(10-3) 

eouring this experiment the teletype failed and the kinetic data for the last 135 minutes was lost. 

b"'{S min-l)d 

4.857(101) 
8.091(1o0) 
9.730(100) 

3. 39100-1) 
1.599~10-l ~ 
2. 777 10-1 

4. 530( 10-l) 
2.038oo0l 
3.861(10- ) 

c"'{S min-2)d 

-8. 727(10-l) 
-5.632(10-2) 
-1.079(10-1) 

-4.582(10-4) 
-7.277(10-5) 
-2.145(10-4) 

-5.124t10-3) 
-6. 993 10-3) 
-3.058(10-4) 

..... 
u, 
u, 



Table 37 

Kinetic Thennogravimetry Data for KN03 in Vacuum 

Trace Te~erature {K} b{mg cm-2 min-l}a c{mg cm-2 min-2}a b'{mg min-l}b c'{mg m1n-2)b b"{min-l}C 

66 747. -1. 938( 10-l) 9.845(10-4) -2.885(10-l) 

72 743. -1. 924( 10-l) 9.438(10-4) -2.865(10-l) 

80 737. -1.908(10-l) 1.006(10-3) -2.842(10-l) 

81 717. -3.994(10-2) 7.699(10-5) -5.947(10-2) 

82 671. -9.742(10-3) 2.236(10-6) -1.451(10-2) 

83 741. -2.3817(10-1) 1.349(10-3) -3.546(10-l) 

84 650. -4.981(10-3) 2.074(10-6) -7.416(10-3) 

85 624. -_1.950(10-3) 8.724(10-7) -2. 903(10-l) 

86 623. -1.863(10-3) 9.152( 10-7) 2.773(10-3) 

87 621. -2.455(10-3) 2.231(10-6) 3.655(10-3) 

aRate of sample weight change per unit surface area: rate= b + ct. 

bffate of sample weight change= b' + c't • 

CFirst order kinetic rate of weight change= b". 

dRate of weight change in percent of starting weight= b"' + c"'t. 

• • • . 

1.466(10-3) -8.364(10-2) 

1.405(10-3) -1.081(10-1) 

1.497(10-3) -7 .102( 10-2) 

1.146( 10-4) -1.801(10-2) 

3.329(10-6) -2.569(10-3) 

2.009(10-3) -1.103(10-1) 

3.088{10-6) -9.396(10-4) 

1.299(10-6) -3.147(10-4) 

1.363(10-6) -2.851(10-4) 

3.322(10-6) -3.489(10-4) 

b'"(S min-l}d 

3.914(100) 

4.328(100) 

3.539(10°) 

7.784(10-l) 

1.884(10-1) 

4.405(10°) 

9.496(10-2) 

3.600(10-2) 

3.345(10-2) 

5.049(10-2) 

c"'{S min-2)d 

-1.989(10-2) 

-2.123(10-2) 

-l.865(10-2) 

-1.500(10-3) 

-4.323(10-5) 

-2.495410-2) 

-3.954(10-5) 

-1.610(10-5) 

-1.644(10-5) 

-4. 589( 10-5) 

..... 
<.n 
C"I 



Table 38 

Kinetic Thennogravfmetry Data for LiN03 in Vacuum 

Trace Temeerature (1:) b(mg cm-2 mi n-1 )a c(mg cm-2 min-2)a b'(mg min-l)b c'(mg min-2)b 

73 745. -1.680(10-1) 2.535(10-4) -2.502(10-l) 

88 723. -1.273(10-1) -2.943(10-4) -1.896(10-1) 

89 730. -3.252(10-l) 2.974(10-3) -4.843(10-l) 

aRate of sample weight change per unit surface area: rate= b + ct. 

bRate of sample weight change= b' + c't. 

Cffrst order kinetic rate of weight change= b". 

dRate of weight change in percent of starting weight= b"' + c"'t. 

3.774(10-4) 

-4.382(10-4) 

4.429(10-3) 

b" (mi n-1 )C b"'{S min-l}d 

-2.502(10-1) 3.030(10-l) 

-2.896(10-l) 8.389(lo0) 

-3. 713( 10-l) 1.769(101) 

c"'{S 111in-2ld 

-4.572(10-4) 

1.939(10-2) 

-1.617(10-1) 

_, 
U1 
--.J 
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The kinetic expressions for the weight, weight per unit area and the 

percent weight remaining all satisfactorily describe the decomposition 

experiments. In the decomposition experiments in air, I observed 

that the weight loss per unit area was the most useful way to compare 

experiments performed with vastly different sample crucibles and sample 

sizes. The same is true in vacuum. Three LiN03 experiments were 

performed which were identical except that one sample was much larger 

(75 mg versus 8 mg starting weight). When these three experiments were 

compared, the rates of weight loss and weight loss per unit area were 

comparable although the percent weight loss rates differed significantly. 

Based on the kinetic results in air and vacuum, I concluded that the most 

significant rates to consider were the weight losses per unit area per 

unit time (mg-cm-2-min-1). 

The rates of weight loss per unit area are 

r(T) = b(T) + 2•c(T)•t 

where r is the rate, band care the rate constants from Eq. (48), t 

is time. Here r, c, and bare functions of temperature. 

(69) 

The initial rates, b, from the high (730 - 750 K) and low (620 -

630 K) temperature experiments are plotted for each salt in Figure 52. 

This figure illustrates that the rates depend on temperature and the 

salt. The rates of decomposition of NaN03 and NaN02 at 630 K 

are 0.002 and 0~01 mg cm-2 min-1, respectively. At 740 K the rates 

are 0.15 and 0.07 mg cm-2 min-1 for NaN03 and NaN02. 

The values of b also illustrated in Figure 53 for the individual 

salts and Figure 54 for all the salts together. The data are plotted 

with the best linear least squares fit of ln (b) versus 1/T. The rate 

data conform to this (Arrhenius) analysis, therefore the temperature 
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dependence of the initial rate of decomposition of NaN03, NaN02 and KN03 

may be described by Equation (52). The enthalpies and entropies of 

activation are given in Table 39. 

Several observations may be made about the relative magnitudes of 

the rates and the temperature dependencies of the rates of each salt. 

The rates of weight loss per unit area decrease in this order: NaN02, 

LiN03, KN03 and NaN03. The temperature dependencies of the initial 

rates of weight loss per unit area for NaN02, KN03 and NaN03 are similar 

as judged by the values of 6H* and 6S* (see Table 39), ranging from 32 -

36 kcal mole-1 (134 - 151 KJ-mole-1). These values of 6H* are much lower 

than the previously reported activation energies or enthalpies for 

either decomposition or vaporization processes (see Table 40). The 6H* 

values determined in this work were determined under much different 

conditions than the previous decomposition studies, notably high vacuum 

and lower temperatures; therefore the lower values 6H* in this work are 

not surprising. 77 The temperature dependencies determined in this 

work are lower than vaporization studies. The vaporization studies do 

not include decomposition whereas the 6H* values reported here reflect 

the combined temperature dependencies of the initial rates of decompo­

sition and salt vaporization. 

As decompositon proceeds, increasing contributions to the rate arise 

from the term 2•c(T)•t; of Eq. (69) therefore the values of c(T) are 

of interest to compare as in Figures 55 and 56. The values of c from all 

the isothermal experiments were negative (with 2 exceptions). Negative 

values of c mean that the rate decreases with time. Decomposition rates 

that decreased with time were also observed by Voskrenskaya and Beru114 

with HTS. The values of c were much smaller (10-7 to 10-5 mg-cm-2-m;n-2) at 
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Table 39 

Temperature Dependence of Salt Decompositiona 

Experimental 
Series 

NaN03 and 
KN03 in Vacuum 

NaN03 in Vacuum 

NaN02 in Vacuum 

KN03 in Vacuum 

Experimental 
Series 

NaN03 and • 
KN03 in Vacuum 

NaN03 in Vacuum 

NaN02 in Vacuum 

KN03 in Vacuum 

Weight Loss per Unit Area 

t.li* 
kcal-mole-1 kJ-mole-1 

30.29 120.7 

36.55 152.9 

32 .11 134.3 

34.93 146.1 

AS* 
cal-mole-1 J-mole-1 

37 .23 155.8 

44.93 188.0 

41.72 174.6 

43.55 182.2 

Percent Weight Lost 

t.li* 
kcal-mole-1 kJ-mole-1 

22.03 92 .17 

35.58 148. 7 

31.58 132.1 

35.30 147.7 

AS* 
cal-mole-1 J-mole-1 

24. 70 103.3 

49.68 207.9 

47. 73 199.7 

49.98 209.1 

at.Ii*: enthalpy of activation; AS*: entropy of activation. 

Weight Loss 

AH* 
kcal-mole-1 kJ-mole-1 

28.32 118.5 

36.55 152.9 

32.11 134.3 

34.93 146.1 

AS* 
cal-mole-1 J-mole-1 

31.23 130.7 

45.72 191.3 

42.51 177 .9 

44.34 185.5 

First Order Kinetics 

l\H* 

kcal-mole-1 kJ-mole-1 

21.15 88.49 

45.17 189.0 

34.09 142.6 

43.61 182.5 

AS* 

cal-mole-1 J-mole-1 

15.88 66.44 

55.70 233.0 

42.84 179.2 

53.74 224.8 

t.li are± 4.9 kcal/mole and AS are± 2 cal/mole for a 90i confidence limit. 

.... 
°' w 
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Table 40 

Temperature Dependence of Salt Evaporation 

H* 
Reaction kcal-mole-1 kJ-mole-1 Reference 

KN03 4 KN02 + 1/2 02 65.6 274. 42 

KN03 evaporationa 34.9 146. This Work 

KN03(1) 4 KN03 (g) 41.8 175. 75 

2KN03(1) • (KN03)2 ( g) 48.0 201. 75 

NaN03 • NaN02 + 1/2 02 44. 7 187. 34 

NaN03 • NaN02 + 1/2 02 40.3 169. 50 

NaN03 evaporationa 36.6 153. This Work ,. 

NaN03(1) 4 NaN03 (g) 41.0 172. 76 

2NaN03(1) • (NaN03)2 (g) 49.4 207. 76 

2NaN02 • Na20 + N2 + 3/2 02 42.8 179. 50 

NaN02 evaporationa 32 .1 134. This Work 

(Na/K)N03 evaporationa 30.3 127. This Work 

aEvaporation =vaporization+ decomposition. 
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630 K than at 740 K (10-4 - 10-2 mg-cm-2-min-2) and were also a function 

of the salt. The change in the rate of weight loss that is represented by 

c is due to several overlapping simultaneous processes. The rate constant 

of a secondary reaction such as vaporization of the decomposition product, 

or superoxide decomposition contributes to c. The activation enthalpies 

of c for NaN02, KN03 and NaN03 are 52.6, 53.0, and 63.1 Kcal-mole-1, 

respectively. These activation enthalpies are much higher than those 

observed for the initial rates. 

In the Introduction the maximum vaporization rates were calculated 

based on vapor pressure data. The fluxes measured from the TG experi­

ments are approximately 0.1% of the fluxes predicted from vaporization 

which is surprisingly low. There are several explanations for this. 

The value of a (see Equation (45)) may be 0.001 for these salts. Values 

of a equal to 0.009 or 0.001 have been reported172,173, however low 

values of a are expected for solids185 and a is reported to be 0.7 and 

1.0 for liquid NaN0376 and KN0375 respectively. Possibly, the kinetics 

of vaporization and decomposition are controlled by different activation 

complexes in the thin layers used here compared to the bulk samples or 

equilibrium conditions used in other studies.77 Or, most likely, the 

vapor pressures may be wrong because there was unobserved decomposition 

that interfered with the accuracy of the vapor pressure measurements. 

As mentioned earlier, the rates of weight loss per unit area in vacuum 

are higher for KN03 than for NaN03 from 630 - 750 K. Potassium nitrate 

is more stable than NaN03 with respect to decomposition.34,37,42,54,169 

Contributions from nitrate vaporization may account for this. Although 

the vapor pressure of KN03 is less than that of NaN03, the maximum 
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flux from KN03 is slightly higher than that of NaN03 because of its 

larger molecular weight. Therefore, the rates of decomposition of KN03 

may be less than those of NaN03 but the total flux from KN03 may exceed 

that of NaN03 due to vaporization of the heavier KN03 or (KN03)2 molecules. 

Lastly, since the sample is entirely vaporized and decomposed in an 

experiment, the decomposition products must be vaporizing. A study has 

been made of the vaporization of potassium oxides and in the temperature 

range of interest (630 K - 750 K), both KO and K202 vaporize.174 No 

determinations of the vapor species are possible with the TG/MS apparatus. 

The products of decomposition according to the proposed reaction scheme 

are superoxide and peroxide. The peroxide may vaporize to peroxide or 

monoxide. The superoxide may be consumed by Reaction (37) or decompose 

to peroxide and oxygen or vaporize. 

Dynamic Heating Experiments 

The dynamic heating experiments confirm many of the results obtained 

in the isothermal experiments. One of these results is that the gases 

that are evolved and the sequence in which they are e~olved is N2, NO, 

and 02. All three gases are evolved at lower temperatures from LiN03 

than from NaN03 or KN03. The temperatures at which gases evolve from 

NaN03 are the same as from KN03. 

To compare the 3 salts I determined the temperatures at which a 10% 

weight loss has occurred. The temperatures at which 10% weight loss had 

occurred are 673, 746 and 736 K respectively for LiN03, NaN03 and 

KN03. This comparison is illustrated in Figure 57 where the sample 

weight versus sample temperature is plotted for the three salts. Figure 

58 shows the rates calculated from the dynamic heating experiments. 

The rates of weight loss from KN03 exceed the rates for NaN03 as in 
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the isothennal experiment. The LiN03 rates of weight loss are always 

greater than the KN03 or NaN03 rates in either isothermal or dynamic 

heating experiments. Lithium nitrate has been observed to be less stable 

than NaN03 or KN03.33,37,167 Furthennore, the dynamic rates of weight 

loss for LiN03 increase more slowly than the NaN03 or KN03 rates as the 

temperature is raised. 

The values of the isothennal rates of weight loss are comapred with 

the dynamic rates of weight loss for LiN03, KN03 and NaN03 in Figure 59. 

The agreement between the isothermal rates and the dynamic rates is good. 

The isothermal rates below 700 Kare lower than the dynamic rates. The 

isothermal rates were determined by a least squares fit to several 

hundred weight readings whereas the dynamic rates were determined from 

two successive weight readings; therefore the isothermal rates at low 

weight loss rates (temperatures below 700 K) are more accurate than the 

dynamic rates. Dynamic TG techniques are generally considered to be less 

accurate than the isothermal TG techniques.122,175 

In the isothennal experiments I observed that as the temperature 

increases and the reaction proceeds, the magnitude and the contribution 

of the constant c to the rates of weight loss (rate= b+2ct) increases. 

Because the dynamic heating experiments increase in temperature as the 

samples decompose, the dynamic rates have contributions from b(T) and 

c(T). Therefore, the dynamic rates (b+2ct) and the isothermal rates 

only) cannot be strictly compared. 

Furthermore one can.see in Figure 58 that the dynamic rates 

are not amenable to a linear least squares Arrhenius analysis as the 

initial rates are. The graph of ln(dynamic rates) versus 1/T has a 

distinct curvature for all 3 nitrates. The curvature or deviation from 



Arrhenius behavior arises both from the increasing contribution of 2•c•t 

to the rate as the temperature rises. 
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V. SUMMARY AND CONCLUSIONS 

Five series of experiments have been performed to elucidate the 

decomposition of sodium and potassium nitrate. Decomposition was studied 

in air, argon and vacuum. The experimental techniques were differential 

scanning calorimetry (DSC}, thermogravimetry (TG}, mass spectrometry (MS} 

and chemical analysis. 

Decomposition of sodium and potassium nitrate and nitrite in air 

was studied using DSC where itwas observed that endothermic decomposi­

tion reactions began at 840 .!_ 10 Kand 820 .!_ 20 K for NaN03 and KN03 

respectively and above 800 .!_ 10 K for both NaN02 and KN02. Decomposi­

tion reactions of nitrates and nitrites in air were also studied using a 

statistical screening technique in conjunction with chemical analysis. 

Ten variables were evaluated which were: temperature, N2, 02, CO2, H20, 

gas flow rate, salt surface area, salt purity, K to Na ratio, and 

sample size. In this series of screening experiments the salts underwent 

many reactions including carbonate formation, increased alkalinity, 

vaporization, nitrite formation in nitrates, and nitrate formation in 

NaN02. The salts also spread and wetted their containers and discolored 

(turned green}. High temperatures had the most significant influence in 

enhancing these processes. Higher CO2 contents, higher gas flows, 

higher humidity, and lesser salt purity also significantly enhanced the 

complex decomposition processes. The 02 and N2 over the salts, the 

Na to K ratio and the sample size did not have significant influences on 

the multiple reactions that occurred. 

Experiments were also conducted in argon using sealed stainless 

steel containers in which salt samples were kept for 100 hours at either 

624 Kor 736 K. Sodium and potassium nitrate were decomposed almost 



completely to nitrite and a small fraction of oxygen ion (oxide, peroxide 

or superoxide). The nitrite samples decomposed more extensively to 

oxygen ions. The nitrates and especially the nitrites reacted with the 

stainless steel containers. 

The kinetics of decomposition were studied using TG in air and in 

vacuum. The rates of weight loss in the TG experiments were proportional 

to the surface area of the salt in air and in vacuum. The rates slowly 

decreased with time. High gas flow rates, the presence of inert gas or 

dry air, low salt purity, and high temperatures increased the rates of 

weight loss in air. The kinetics were the same for either NaN03 or 

(Na/K)N03 in air. In vacuum, the weight loss rate per unit area was 

greatest for NaN02, lesser for KN03 and least for NaN03. The activation 

energies for these three salts in vacuum were not statistically different 

over the temperature range studied (630 K - 750 K) although they ranged 

from 32 to 37 kcal-mole-1. Over this temperature range the rates of 

weight loss in vacuum varied from 0.001 to 1.0 mg-cm-2-min-1. These 

rates include contributions from vaporization of the nitrates, decomposi­

tion of the nitrates and vaporization of the oxygen ion decomposition 

products. The rates of weight loss in vacuum were approximately 100 times 

greater than those observed in static air. 

In the TG/MS experiments perfonned in vacuum, the intrinsic (non­

condensible) gaseous decomposition products of NaN02 were nitrogen and 

nitric oxide. Sodium and potassium nitrate decompose and initially give 

off N2 and NO at 630 K; however oxygen is released from the nitrates at 

higher temperatures and later in the decomposition process. Evidence was 

173 



174 

presented for a sequence of reactions occurring in the nitrates and 

nitrites which includes superoxide, peroxide, N2, NO and 02. 
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APPENDIX A 

The values of the ratios of the activities (~N02/aMN0
3

) of nitrate 

and nitrite mixtures are tabulated for temperatures from 500-1000 K. 

Three oxygen pressures have been considered: 1., .2, and .0001 atm. 

The columns are labeled according to the cation whose ratio is represented. 
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OXYGEN PRESSURE = .2 atm TJi.) sodium potassium 
.atX-M .11•-es 

111. .?ttC-M .1551£-tl ... .7211E-+I .113?£-t& 
111. .7434£ .... .13311-tl 

pota~um 
.... .'7153£ .... .l?SIE-tl 

T~~) ?1q~lic sa . • 71'79E .... .1111£ .... • 411C .... .,u .... .JNSt-+t Sil. • 1111£-... • 4111£-N -· • 1341£ .... .1u21 .... 511. • 1 ....... .5151£-- -· • 1113£ .... .u,1£ .... 513. • 1191£-14 .54--- 111. .1144[ .... .t212E-+t .... .1339£-... .5?•1£-11 -· .ltl3£-e4 .12&-+t SIS. -1311£-t• .&Na:-11 sa. ....... .1321£-+t ... • 142•£-t• .&4eSE-II m . ...... 0 1311£-M 517. • 1•19[-t• .17M-tl 111. • 1113£ .... .1• ...... .... .1511£--• .71331:-11 m . .S.t[-t3 .1SME-+4 511. .1513[• 4 .?AK-ti m. .t.1£• 3 .tS&-M &11. .1112£ .... .7937£-tl 174. • tN1E-t3 .1 ...... su. .1183£• 4 .13111-tl ffl. .tU3E-t3 .nteE-+t 111. .1?1SE•• .11141-11 m. .U-• 3 .t??SE-t4 IU3. .1?AE .... .131tE-tl m. • U?IE• 3 ........ 114. .1124£-+4 . ....... 171. • 111•-a ., ...... sss. .ta1E-M .tl33E-t5 m. .114"1!• 3 .2111£-+4 11,. • 1139£•• ··---- 111 • .tll3E• 3 ........ 517. ........ . u«-11 Sit • .t311t-t3 .11m_.,. s11. 
___ .... 

• 11111-11 111 • .1311£• 3 .1173£-+4 Sll. • 21•-.. • 11711:-t& 113 • .13111• 3 .1311( ..... 121. .11 ..... • 1331(-t& 114 • • 1•-• 3 ........... 521. 
___ .... 

• 14e7£-ts -· .14711• 3 ........ saa. • 2331£ .... .14•-• 111 • .tAIE• 3 .1173[ .... &a3. .8•11£-14 • 1&&1£-1& A?. • t&IX• 3 .2713E-.. • 51•• .2•7&E-t• .11•-• 111 • .11NE• 3 .llffl-+t &25. .25Sa£-t4 • 1718E-II 111 • .1113E-t3 .3'1SE-+4 sa&. .2&31E•I• • 1111£-11 SN • .1?11£-t3 .3131£--• 527. .1712[-t• • lNC-t& u1 • • 1749£-tl .3114£-.. &al. .2?9SE-t• • 8111£-t& -· • l?IIE-t3 .3311£-.. 529. .2881£• 4 .11a-11 m. .tl49£-t3 .3S32E-+4 Slt. .2969[-14 ·---- st• • .1NlE-t3 .3874£-t• 131. ----•• . 231t£-II -· .tlSSE-t3 .3121£--• . 532. .31&3E-t• .a•31E-ts -· • attl£-t3 .3972£-.. 533. • 32Set-t• .asSll-t& m . .211?E-t3 .4131£-.. 53•• .33•9E-.. • 28111-tl -· .ltlSE• 3 .ex-e• 535. .3•S1E-t• .2111t-ts SIi • • ltlSE• 3 ........... $31. .3SS(iE-t• . 21AE-• ... . ·--• 3 
.41371-e• m. ........ • 31131-• • •• .2311E-t3 .... ,._ .. 

531. .3?7SE-t• • 31SK-tl ... . • 13?3E• 3 ........ S39. .3111[ .... • 34141-tl 113 • • 14411-13 .SaMI-.. S•t. ..... ?£ .... • 3SIIE-es ... . .... -13 .54tiE--• s-.1. ......... . mc-t1 .. . • IS?IE• 3 .., ..... s•2. •• as3[-t4 • 31311-tl ... . ..... -a .SIIIE-t• 5-13. •• 311E-.. • •11R-tl ..,_ • 1?131-t3 ......... 54•• .4513£-t• ••3111-tl ... . • 1?111• 3 .12111 .... S•S. ........ • 4111(-11 ... . ... -a .'519£--• S4C. ... .,.. ..... • 47441-tl 111 • .1111£-t3 .'7N[--• 547. .4933t-t• • •---- 111 • .3131E-t3 .?N2E--• 541. .s...--• • SIM(-tl 111 • .3111£-eJ .711?£-e• 149. .5133£• 4 
• S••--- 113 • .3le?l-13 .?SIi(--• SM~ .53111• 4 • S?e4£-tl 114 • .3111(-13 .7143£-+t ••• .SSS1£-.. • A?tE-es 11s. .33111-13 .1131E• 4 Sia. .S7tlt-+t ··--- 111. .34?1E-e3 ..... _.. 

513. .Sl8&£• 4 ·---- 111. .3171E-t3 .17S1£• 4 SS4. .... ,, ..... ----- 111 • .3173£• 3 .91'7•£-+I sss. .8141£--• • 71&C-tl 111 • .37731-a .1•-1• 4 S56. .......... • 7•- • I .. . .31?1t• 3 .97SX ... 557. •• t"IE• 4 • 7124£-tl 111. .31111• 3 .1111£-a 
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T ( k) sodium potassium 
T ( k) soc iL:m potassium .... .2111£-te .?IG[-el 

11$. .2111(-te .1199[-el -· .... -a .1 .... -a ... .2u1t-t2 .IJ.11E-t3 113. .4111E-t3 .11111-a II?. .217tE-t2 .ISIIE-t3 ..... .43111-U .U2SE-t3 .... ·----- .a+11:-tl as. .+em-a .u•-a -· ----- .ltlK-t3 -· .41SlE-t3 .latlr-t3 .... .1331(-te .13'7K-t3 117. .---a .12Sl[-e3 ••• .131C-ea .9'$1E-t3 .... .41112£-tl .11111-a ... .iMSlE- .1134£-tl ... .4931£-t3 .t341£-t3 113 • .15141-el .1122£-te ... .SNSE-a .t3NE-t3 .... .2S?SE-N .1152E-t2 as. • ue11-a .1••-a ... .2131(-el .1113E-t2 131. .5341£-tl .l•llt-t3 ... .1?13(-el .1114£-te 133. .S41C-t3 .1S•--t3 m. .2111(-el .U•ff-te a •• • A31E-t3 .1Sllt-t3 ... .1137£- .11•-t2 135. .m1r-a .1'51E-t3 .... .2911(• 1 .1114£-t2 131. .S131(-t3 .1?1K-t3 ... .29TI£-t2 .t241E-t2 m. ..... -a .t?a[-t3 ?tl. . ... -. .121c-t2 131. .Ul?E-t3 .11311-t3 711!. .3113E-t2 .t32tt-t2 138. .14231• 3 .1113E-t3 713. .3tllt-t2 .13SIE:-t2 ..... .ISIC-t3 .llllt-t3 '?t• • .ll'Nl(-t2 .t397t-t2 '41. .l?IIE-t3 .ltlK-t3 *· .3358(• 1 .1•3&E-t2 '42. .a•K-tl .11111:-13 711. .3•31£-N .147?£-ta 143. .7132£-tl .ltll(-t3 ?t7. .3119£-te .1511E-t2 144. .73HE-t3 .21•--13 7'1. .3AC-t2 .t&a1E-t2 14S. • 7S1JE:-t3 .1311l-t3 719. .3'91E-N .1&14:-te ..... .7711£-tl .139•(-t3 711 • .37?9(-t2 .1&•9E-te M?. • 7914E-t3 • 1•7•(-13 ?11. .317t(-te .1&95£-11 ..... .81i1E-t3 .2557£-el 712 • .39&1£-12 .1?42£-ta "''· .133SE-t3 .1&43(-t3 713. .415?£-t2 .1?Ml-t2 ... .1554'€-tl .2731£-t3 71• • •• 1SlE-t2 • 1139E-ta Gt. .87'n[-t3 .aaatE-13 71S. •• 2Sc£-t2 • 1189E-t2 &52. .9N7E-t3 .asll&E-13 711. •• 3SlE-t2 .1941[-12 153. .91421:-tl .JIUE--tl 717. .4'4S?E-t2 .1"41£-ta .... .SMIJE:-t3 .3UK-t3 711 • •• S62£-t2 .2t•9E-ta m. .9719E-t3 .3112£-13 719 • .4'?1[-t2 .2114£-12 151. • 9112£-13 .3317£-13 72t • •• ?NE-ta .2161[-12 1$1. .1t24£-t2 • 3421E-t3 721. .4193£-ta .2219E-t2 ... .11S1E-tl .3537£-.3 722 • .Stel£-t2 .2279£-12 159. .1t?IE-l2 .3151£-13 723. .s12&E-t2 .2341£-12 .... .11N£-t2 .37?tl-t3 72•. .S24'£-t2 .24'3E-12 111. .UM-12 .3191(-13 725. .53UE-t2 .24'7£-t2 ... .UIJE-t2 ••tllt-13 728. .S•95£-t2 .2533E-ta 113. .U93E-N .414H-t3 m. .S62l[-t2 ----• .... • 1224£-t2 .4177£-13 721. • S'?S-4£-ta ·-----· .1255£-12 .-MllE-13 729. .5118'-'2 .2739[-ta ... .1217£-12 ...SSX-13 ?31. .INSE-ta .2112£-ta 111. .1l2tE-l2 .4'17t-t3 731. .,1&-12 .2115(-te .... .1354€-12 .414K-t3 731. .'317[-t2 .aNtE-ta .... .1319£-tl .4911£--tl m. .'4Sl[-t2 .31--tl m. .1424€-ta • 515«-«J ?J•• .ueer-12 .3117£• 2 111. .14M£-t2 .53151-tl 735. .S?SSE-12 .Jlllt-12 m. .1497£-tl .S4N(-eJ 73&. .n1•-t2 .3211[--173. .1535[-tl .55st(-.J 731. 
_.,.. __ .33"[--874. .1S74E-t2 .AaR-tl 731. .7231[-- .3453[-12 115. -1114[-tl .INK-el 739. .7391[-N .JS•lE-12 l'N. .11SSE-t1 .'191€-13 74' • • 756K-N .3'32£-N 17"1~ .1191£-tl .13NE-e3 741. .7739E-t1 .J?iS[-12 178. .1739(-M .'57SE-t3 742. • 7915E-tl .312t[-12 m. .111X-te .i776(-t3 7•3 • • "96[-tl .3117£--&le. .111?1-ta .6112(-13 7-M • .828t[-e2 .... 11£-.a at. • 1173'-12 .7193E-t3 745. .8467£-U .4117£-tl &12. .1181E-ee .7411E-e3 74'. .16$1[-U .4'121£-el 613. .11111-tl .?13-1(-13 747. .BISS(-- .4317£-tl 
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T ( k) soc:ium potassium 
T ( k) sodium potassium 11,. .33&9E-tl .112&E-t1 au. .34-• 1 .11G£-t1 741. • N&SE-tl .44311-tl 111 • .35'?£-tl .lNSE-tl 749. ·---- .......... 113. .35'7E-tl .tl4SE-tl ?St. .1411£-ta ......... 114. .31RE-tl .lN&E-tl 751. . ....... .4.,.,.-N 11S. .3?83(-tl .2e21t-•1 752. .lll?E-ee -4114£-N 11&. .3191(-tl .2t71E-11 153. • ttUIE-tl .stlSE-12 117 • .31'741-tl .2114£-tl 754. .1'3R-tl .s1•-• 818. .3952E-tl .21S1E-t1 ?SS. • tlSIE-tl .52&K-ta 119 • .... l1E-t1 .22t3E-t1 7$1. .1111E-t1 .5394£-tl ... .4U1E-t1 .2249E-tl ?I?. .11&-tl .SS21£-tl a1. .4193E-tl .22M£-11 ?SI. • llllE-tl .&UlE-te 121. .4176(-11 .2J•3E-t1 719. .11S&E-t1 .S?IIE-ti! 823. .43&1E-tt .2392£-11 *· • UNE-tl .5131E-t2 82• • •• +47£-tt .2•• 1E-ll 711. • 1at1t-t1 .ltll[-ta 125 • .4S3St-t1 .2•91[-11 7&2. .1233£-tl .11--11 ... .4124£-tt .as«-•1 713. .12HE-tt .S3N[-ta 117. •• ?lSE-tl .2SM-lt 714. • 1211£-tl .6533[-te ... .41NE-11 .26•7£-tl 71&. • 1311E-11 .&611£-tl 119 • .49N£-tl .27t1E-tl ?II. .13•SE-tl 

--•--- 131. ••IIIE-tl .2?S&t-tt 71?. .13?5£-tt .?t12E-tl 131. .MISE-tt .21121-tt ?SI. .1•1SE-tl .71?1t-tl 132. .St95E-tt .21nt-t1 761. • 1•3SE-tt .?349E-N 133 • .snlE-tl .2921£-tl ??I. • 14HE-11 .'1Sl3E-tl 134 • .5398E-t1 .2985£-tl ??1. -14-• 1 .??tlE-11 131. .SM3E-tl .Je•SE-91 ??2. .1S31E-t1 .7111(-11 131. .Slltt-tt .3H6E-91 m. • 1564£-tl ------ 137 • .n1•-t1 .Jt&BE-91 ??•• .lSnt-tl .IISR-tl 131. .sa•-11 .Jc31E-81 775. .1&32£-tl .1•• 7£-ta 139. .S941£-tl .Jc9SE-81 776. .1687£-tl .N+tE-tl ..... ."54£-11 .3361£-91 777. .17t3E-tl .88•4E-t2 841. .&t?tE-81 .3•27£-91 778. .t7•1E-t1 .N•9E-t2 142. .&aalE-tl .J•9SE-81 779. .1777£-tl .NSIE-12 1•3. .&•tlE-tl .JS&JE-81 ?It. .18151-ll .!M71E-t2 ...... .GltE-tl .3633£-91 781. .1854£-tl ·•--• ... ,. .18S•E-t1 .J?ISE-81 782. .189•£-tl .991tE-tl ..... .&?ltE-tl .3777£-11 783. .193•£-tl .tet•E-tl I•?. .anE-tl .J8S1E-tl 78•• .1sa?SE-•1 • 113?E-tl ..... • 7t39E-t1 .mSE-11 ?85. .2t17E-11 .1NeE-e1 1•9. .7172£-tl .4ff2£-81 *· .2MIE-tl .118•£-tl ... • 7317£-tl .4t79E-11 787. .2113E-t1 . UtK-tl ••• .?+tSE-tl •• tSIE-11 788. .2148£-11 .113•€-tl 152. .7514£-tl .4238E-11 ffl. .2193£-11 .US9E-t1 153. • '772SE-tl •• 319£-tl ?N. .2239E-tl .um-11 IS•• .?l?lt-t1 ••• 12£-11 ?91. .228&£-tl .1212£-11 -· .1117£-11 .4•86E-tl 791. .2334£-11 • l239E-t1 ... .11•-•1 •• S7a£-tl 793. .2383E-ll • 121"1£-tl n1. .1311E-t1 .• 6S9£-11 794. .2•32£-tl .t29SE-t1 ... .1•71£-tl •• 7•7£-tl ?95. .2413E-ll -13231-tt -· .NIE-ti •• 137£-tl ?N. • 2535£-tt .1353'-tl ... . .1'1111-tl .4928£-tl ?9?. .2517£-tl • 1311!-tl • •• .19St(-t1 .SNlE-tl ?18. .2641E-ll .14131:-tl 112. .9USE-t1 .S116£-tl ?91. • 1196£-11 .14+t£-tl 113 • .8112£-tl .5212£-tl .... .2151£-tl .1•?SE-tl .... .9452£-tl .Sle9E-t1 Nt. .2Nl[-tl • 1SIIE-t1 -· ."2SE-tl .S4t9E-tl ... • ... -tl .15-ttE-tl ... .91Nt-tl .sse9E-tl .. 3. • 2125£-tl .1574£-tl N? . .N?lr-tl .5612£-tl ..... .298SE-t1 • t&tlE-tt .... .1116£ ... .5716£-tt -· .lt41E-tt .11-13E-t1 -· .1134£+M .S822[-t1 ... .31-• 1 • 11?1E-t1 171 • .1153E ... .5929£-tl .. ?. .31?2E-tl • t71•£-t1 111 • .H?IE ... ·•--11 .... .3131[-tl • 1751£-tl 171 • .1191[ ... .&l•IE-tt .... .33Nl-t1 • t?IIE-tt m . .UUE ... .6262£-tt 
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T ( k) sodium potassium 
T ( k) sodium potassium 131. .317SE .... .11t1E+t1 

13?. .3225( ... .1141E+tl 174. • U31E+tl .'37?£-tl 931. .31?K .... .llffl .... m. .11s1, ... .1413£-tt 131 • .3321E ... .1911£+tl 871. .U?aE+tl •• UE-tl ""· • 33?11'. ... .1931£ .... 17?. .UIX+tl .mtE-tt 941. .3431(+M .19&7E+M l?I. • 1a1c .... .asx-e, 941. .3483[ .... .1998E+N 179. .12JIE+M .Dffl-tl 943 • .3Sl?E+M .2tJIE+N .... • t25?£+M .'71'3£-tl 944. .3511£ ... .2t62E+N a1. .12a£+tl • '7231£-tt 94S. .364?£ .... .2t94£+N 112. • t312E+tl • '7311[-tt .... .3?12[ ... .212'£+N 113. .t32S£+M .7413£-tt 947. .3'?SSl[+M .21S9E+N .... .tJ•IE+M • ?12'PE-t1 941. .311&E+N -2193[+ .. -· .t372£+tl -?'?IX-tt 941 • .317-tE+N .22ffl+N ... • t39&£+M .?M11-•1 ... .3933[ ... .221lE+N II?. • 1421E+M .114tE-tt •1. ...... .22&+N -· .l •• st+M .110-•1 151. .... 3( .... .2332£+N -· .1•?tE+M .1321(-•t .3. .41t4f:+M .23&7E+N ... .t•NE+M .l•?SE-tt 154. .417S[+N .2•- •E:+tl 191. .lsaat+M .aac-11 155. .4231( .... .2•--:+t1 ... .t541E+M -l??R-11 ... .4311[ ... .2•?1E+N 193. .tS?SE+M .nnr-11 157. .431S(+M .251SE+N 194. .t612E+N .NISl-11 ... ......... .2554E+N ns. .1631E+M • 9244£-11 111. ......... .2592£+tl ... .t&S?E+M .94e•£-t1 ... .4512[ ... .2'32£ ... 197. .1686£•- • 9581(-11 Nl. ........ .2171E+N 198. .t715£+N .9?33£-11 •• ••191( .... .2712E+N 199. .17•4E+N .9911£-11 963. •• ?l?E+N .27S2£+N 91t. .1773E+tt .1N?£+N -•. .483?E+M .2794E+N 911. .1813E+N .lllSE+N -· .4917E+N .21J&£+N •• .18l•E+N .1142£+N ... ••9?9[+N .2878E+N 913. • 116SE+N .116e£+N 911. .SISU+N .2921E+N 91•• .1896E+N .ll?l[+N ... .S12SE+N .296-•E+N 915. .1928E+tt .ttNE+N 818. .S19saE+N .JNSE+N N&. .1961E+M .111SC+N 971. .S27•E+N .lffJE+N 917. .1993£ ... .UJ•E+N 971. 6' .SJHE+N .J198E+N NI. .2t27E+N .USJE+N 972. .S4'i&E+N .Jl •• E+N •• .2t6e[ ... .U73£+N m. .Sst4'£+N .Jt91E+N 111. .2t9SE+N .1113E+tl 97•• .SSl3E+N .J237E+N 911. .2129E+N • 1813E+N ffl. .5'12[ ... .328SE+N IU!. .216SE+M .1233E+N ffl. .S?•JE+tl .3333E+N SUJ. .22ME+tt .llS•E+N rr,. .Sll•E+tl .3311£+ .. 11 •• .2237E+M • 12?SE+N m. .59NE .... .3431£+ .. 115. .2273£•- .1!16f+N 979. ., ..... .J•81E ... 11&. .2J11E+N .1317E+N -· .U?C+N .JSJlE+N 117. .23•9E+N .1339£+N Nl. .&1S9E+N .lSl2£+N 918. .2387E+M .13&1E+N -· .U4S£+N .J&M+N 111. .2•26E+N .13141:+tl 113. .1331£ ... .Ja?E+N Rt. .2'46SE+N .t ... ?[+N .... .MtE+N .31•-:+N Nl. • astSE+N • t•31t+tl -· •• 1 .... .379JE ... NI. .25•6E+N .l•SlE+N -· ....... .Jl41(+M 923. .2S87E+M • t4ffl+N II?. -Mll[+N .J91JE+N .... 
-~•- • t&e1£+N -· .l?ll[+M .39Sg[ ... NS. .2671E+N .1521[+M 111. .A?S( ... •• -lSE+N -· -2714£ ... .1SS1£+N 991 • • '97t( ... .... 72£ ... 921. .27S'?E ... .15'7'[•- 911. .?ti&[ ... .4tJIE+N 928. .21t1E+M .l&elE+N -- .71'2C+N .• tl9E+N •• -21-"'E+N .1U7£+tl 993. .72S9E+N .,t2•- • N 931. -2891E+N .1""'£•- 994. .73SIE ... .4JNE+N 931. .29J?E+M .1UK+N 995 • .7457E+N • .. 3'1[ ... 932. • 2983[ ... .1?t7£+N 991. .7558[ ... .44JeE+N 933. . JeJIE+N .1734( ... 997 • .?&S9E+N .•• 92£ ... 93•• .Jl?IE+M • t?SK+N 991. .7762£ ... .4S5S[ ... 935. .3121t+M .1.,. ... -· .711&£ ... .4'11[•-
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T ( k) sodium potassium 
551. .31-11£-ta .l&SIE-t3 OXYGE~L PR!:SS''RE = .0001 atm ss,. .3131£-ta • ...... 3 
SM. .32JIE-t2 .3991£-t3 
sat. .J32SE-t2 .4177£-tl 

T ( k) sodtium potassium 512. .J•2X-t2 .431C-t3 Sil. .3S23E-U .4SSIE-tl see. .S21C-t3 .atl4(-+t 514. .3621£-ta .4'PS2E-t3 s11. .5-452£-tl .1111£-e-t sas. .3733E-tl .49?X-t3 sea. .SQSE-t3 .2314£-+t su. .J843E-t2 .S193E-e3 513. .S8'3E-t3 .2434£-14 567. .J9SSE-t2 .S421E-t3 A •• .SINE-tl .25111-+t sa. .41?lE-t2 .SIS9E-t3 516. • 81?SE-t3 .l?lC-+t SIi . ... , .... .5911£-13 511. • 83?1E-t3 .ma-+1 5'71 • .431 .... .&11C-t3 M?. .8S71E-t3 .3123E .. 171. 
.4•--- .&4--t3 SIi. .&111£-t3 .JtNE-e4 511. .4517E-el .17tlE-t3 set. .mt£-t3 .331R .. m. .41111-ea .1991E-e3 Ste. • ?211E-t3 ..... _.. 5'14. .41311:-ta .73NE-t3 su. • ?43&E-t3 .3743'-t• m . .41?1E-N .?lt2£-t3 s12. .71&1E-t3 -----• S"II. .512t1-t2 .?13"11-tl 513. .?9ME-t3 •• tSIE-t4 m. .5211[-ta .12?4£-t3 St•• .11S6E-t3 .4313t-t4 m. .54111:-ta .1124£-tl s1s. .1•11£-tl •• -tlE-14 m. .SS11E-tl .... -t3 S16. .88?3E-t3 . ....... SN. .&131£-tl .93&1E-13 St?. .1943E-t3 .S114£_... 111. .SINE-ta .l?SIE-13 Stl. .1221£-•3 .S315£-14 512. .H?lE-tl .1111£-12 519. .Kt?E-t3 .5611£-14 513. .&a•SE-tl .11SIE-t2 sat. .98t2£-t3 .51'?9£-1• SI• • .1-424€-ta .ua-12 521. .ltUE-12 • 1292£-14 SIS. ........ .U•IE-ta 522. .1M2E-ta .IUlE-14 •• .&?9'?£-t2 .UNE-t2 523. .ll7•E-t2 .&NS£-... II?. .UltE-t2 .1245£-12 52•• .Ul?E-12 .7325£-... 511. .71NE-t2 • 1296£-12 sas. .1141£-12 • ??t3E-t4 SIi. .?39•€-ta .t3•1E-t2 526. • U?6£-t2 .... -... SN • .?MSE-tl .1•13E-12 527. .1213E-12 • IS13E-t• Sit. .?IN(-ta .t4HE-t2 saa. .1251£-12 .a..?E-14 SN. ..... -ta .1511£-12 • 529. .1281£-ta .9411E-t4 Sil. .R?tE-N .lSNE-12 S31. .1328E-t2 .N?&E-M 514. .ase•1-12 .16•3£-12 531. .1361£-12 .ll37E-t3 SIS • .l?•• E-12 .1,--12 532. .141t£-12 • 1NK-t3 SN. •• ---12 .17'71£-12 533. .l•S3£-t2 • 114•E-t3 m. .91•3E-tl .1147£-12 53•• .1498E-12 .12t1E-t3 511. .ax-ea .112K-t2 535. .154:JE-ta .12At-t3 SIi. .mtl:-ta .lllSE-12 S36. .tSM-12 • 1323E-t3 .... .1-•E-tl .2'7•E-t2 537. .1639£-ti .1311E-t3 Ml • .tt33E-t1 .21SSE-12 S31. .1688E-t2 • t•Sl£-13 .. . .tN1E-tl ··---S31. .1'739£-t2 • 1S2?E-13 &el . .1111£-tl .2318£-12 541. .1?92E-t2 • 1&11E-t3 ... . .11181-tl .1•11£-ta 5•1. .18•6£-12 • 1879€-13 ... .usx-tt .IM9£-t2 5•2. .1NaE••e .1161[-tl .... .UISE-tl .IIIR-12 5•3. .19S9E•ti .114SE-t3 U? . .111•-tt .171St-t2 s.t•• .2118[-ti • 1933E-e3 .... .1111£-tl ·----s.es. .at79[-ta • NIS[-tl .. . .1na-e1 .211st-te s•a. -21•--ti! • 2121£-tl 111 . .t312t-tt .312&£-12 s.t?. .22Mt-ti! • 2122£-tl ,u • .13511-tl .31•--ta 541. .a27a£-t2 • 2327£-13 112 • .13NE-t1 .32SIE-tl S..9. .13•1[-t2 • 1•37£-13 113 • .l•K-tl .3311E-t2 SM. .24Ht-t2 • assSE-13 114 • .t4'7•r-tt .3511[-ta ss1. .......... • 21711:-tl us . .15141:-tt .3131(-te ssa. .a&&et-tl • 171•[-t3 116 • .1SSll-tl .71?•t-t2 553. ·---- • 1914'.-tl 117 • .1Sll[-tt .31t•t-t2 554. .1711£-tl • 31591:-tl 818 • .1-•--tt ..... -ea sss. .1"'91£-ta • 31--tl 119 . .tl8'1£-t1 •• ae7£-t2 SS6. .2174(-te • 33•at-t3 12t • .t?33E-tt .4311£-ta SS?. ·---- • 3•--e3 121. .1711£-tt .4521£-ta 
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T ( k) sodium potassium 
T ( k) sodium potass irJm ..... .NleE-tl .351'7£-tl -· .114SE-tl .3622£-tl 121. .llllt-tl ·---- -· .141SE-tl .3731(-tl '23. .ll?IE-tl ..... -- II?. .1?11€-tl .3141[-tt &24. .193"-tl .se•-ea -· .9811£-tl .395St-11 625. .1912E-tl .sa1•E-ta ... .llltE+ .. • ... '12E-II 628. .2138[-tl .5'4a-'2 .... .t"5E+M .4193E-tl &a?. .2t11t-e1 .S11R-ee at. .11?tt+M .43l&E-tl 121. .21•8E-et .S71SE-tl -· .1'81£•- .44•3E•tl &29. .aatlE-tl ........ 113. .UIC+M .4573E-tl 63'. .2265£-tl .&alSE ... ... . .usa+M .4?tlt-tl 631. • 1321E-tt • '43SE-tl -· .u ..... .4143E-tl 132. .23111-11 . ....... -· .1 ..... .4913£-tl 633. .2452£-et .111'71:-tl m. .12311:+tt .s111E-t1 13•• .2511E-tl .11•-- -· .1 ..... .S2?S£-e1 &JS. • 251&-tl .?311t-t2 ... .1 ..... .5-4ffl-tl 13&. • 2SSSE-tl .11-tK-ee -· .1331£ ... .ssax-e1 m. .2?2SE-tl .?tut-ea 111 • .llME+M .5'742£-tl 638. .2?11E-e1 • 11&-tl "NI • .tll?E+M .SMIE-tl 639. .al73E-et • 1411£-tl ?13. .1•31£•- .&e74€-tt 5'M. .2SM1E-e1 .l?SIE-ta *· .t4GE+M .a•-e1 641. .3127£-tl .MSIE-N 715. .1&e1E+M .'422£-11 64. .3117£-11 .93UE-tl 711 • .tSffl+M .alE-tl 643. .Jll9E-tl . 9117[-II ?17 • .15741:+M .6?19E-tl 144. .3274£-tl • t ... ·11 ?II. .1112£•- .1919£-tl i •S. .33'1[-tl .113"-tl 711. .11HE•- .7174£-11 ~- .34•9E-tl . lt?tE-11 711 • ., ...... .7374£-tl 647. .3S39E-ll • 1117[-tl 711 • -1731[•- .?S?9E-11 648. .3132£-tl • 1144[-tl 111 • .1772£+ .. .T'119E-11 649. • 3728E-t1 • 1112£-tl 713 • .111•£+ .. .... 4£-11 sse. .382SE-t1 • 1221£-tl 71•• . 11S7£+tt .1224£-11 &St. .J92SE• 1 .1262£-tt 715 • .1M2£+ .. .l•SIE-11 652. ... t28E-t1 • 13t•£-t1 71& • .t9<47E+M .8'8tE-t1 &SJ. .4133E-t1 • 13•7[-tl 717 • . t993E+M .ntlE-11 65•• .-ta•1E-t1 • 1391[-11 711 . ........ .91&1E-t1 65S. .• 351£-tl • 1437£-11 719 • .aeaa: • - .9<411E-11 65'. ••• i •E-11 • 1•14£-tl 72t. .2131E+M .9665£-tl 657. •• SltE• t .1S32£-tl 721 • .2111€•- .992&£-tl ,sa. .-4698£-11 • 1S12E-ll 722 • .22•1[•- .tt19E•-6S9. • .f82tE-11 • 1633E-11 723 • .URE+M .tt•'?E+M 668. • -49-45£-tl • 1&11£-11 72•• .1341(•- .tt?SE+N '"· .5'72£-11 .1741£-tl ?IS • .a ... 1£•- .ua•-662. • satJE-11 • 179&£-11 •• .24$1£ ... .u33E•-'63. .S33SE-tl .11SX-tl m. .2$15[ ... .u&JE•-6'•• .5•74£-tl .111x-•1 '721 • .IS73E•- .UM+M 6'5. .5'1•E-t1 • t973E-ll 719. .1133[ ... .tllSE+M 666. • S?SIE-tl ·••-et 731. .KSM( ... .11S1£+M "'· • SNSE-11 .21N£-t1 731. .l?S1( ... .llNE+M "'· .&IHE-t1 .21111-e1 731. .1111[•- .t31•E+M "'· • &211€-tl .12351:-tl 733. ....... .1358£+M m. .63'1€• 1 . 231&£-tl 734. .1153( ... .1 ...... 671. .&531€• 1 • 2377[-tl 735. •• t[+tt ., ...... &72. .61ME-tl .2451[-tl ns. ...... .1C1£+M 17.3. .686Sl• l .asa?t-tl 737. .3tll[+M .15eSE+M 67•• • 7t3SIE-t1 .INK-ti 731. .3234£ ... .1544[•-87S. • ?21?E-e1 .......... 731. .33M[• - .1S1•€+M &?S. .7399[• 1 .l?A[• t 7 .... .33141:+tt .111•€•-677. .7518( ... 1 • asx .... 1 7•1. .3481[•- • lM&l+tt &78. • TtnE-11 .asMet-t1 74a. ........ .1?NE+ .. 6~. • 79?i£-tl .31311-et 7•3. .3111(• - .1?S2£+M 6N. .1171£-tl .3111E-t1 74•• .3'7t3[+tt .1?NE+tt 681. • 137?£-tl .311?£-tl 745. .3717£ ... -1141[ ... 682. . 151&(-tl .33tC-tl 741 • .31?3E ... ........ 683. .-1[• 1 • 341C-tt 7•7 • ...... .1935£•-. 
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I1,~ k) sodium potassium 
T ( k) sodium potassium .15'1E+tt .1111E+t1 au. .1S31£+et .012E+tl 741. ........ .t ..... 112. .1sat+tt .ISHE+tl ?•I. • 4141£ ... .1133[ ... 113. .tlNE+tt . ...... ?St. • 41341 ... ....... 114 • .1131£+e1 ........ 751. • •311( ... . a1• ... 11s . .HUE+et . .. .,. ... 752. .......... . 11• ... 111 • .1 ..... 1 ....... ?SJ. • 4&1K ... .aa•X+tl 111. .1'133E+t1 .14SS( ... ?S•• • 411?1 .... • 221111 ... 111. .1?11£+tt 

___ ... 
?SS. ... .,. .... .llSK ... 111. .1113E+tt .1154( ... ?S6. .4135( .... .a•t .... ... .1131E+tt .t ... +tt ?S?. • 49431:+tl .a-1111 ... •1 • .tl?R+et .11111• 11 ?SI. • A&lE .... . ..... 111 • .tlt2£+et .tt41l+et ?SI. .St& .... .ISIX+tl 113. .1 .... 1 .tt?el+tt ?61. .51'11t ... ....... . ... .1111E+tt .tllll+et 711. .S311E ... . ..,.. ... ... . .... , .Ut•l+lt 'Na. .SStSE+tl .l?llt ... ... .alllE+tt .Uffl+tt "183. • 5131( ... .mx ... II? • .2111E+tl .Ultt+tl 71•• .5111( ... .2112£ ... -· .115't+tl .ttM+tl ffl. .Sll?t+tl .2111t+tl .... .llllE+el • t211E+tt 716. ... t .... .31131 ... ... .113SE+et • tl33E+tl ?87. .&1•1( ... .3131[ ... 131, .2211[+tt .12S1£+tt ?88. • lallE+tl .32UE ... 131 • .132X+tt .t213E+lt ?89. ,i•llE ... .3217£ ... m. .2311t+tl • 13"E+tt ??I • • SSSI[ ... .331•t+tl 134 • .1414€+et .t33&[+11 771. .&?ti[ ... • 3444£ ... as. .1411E+tl .1312£+11 772 • ........ .3AK ... ... .2Sttt+tt .ll&+tt 773. .&-•£+ti .lU?E+tl m. .2SS?E+tl • 14l?E+tl 77•• .71'41£+tl .3&RE+tl 131 • ...... , .t•• SE+tl ??S. .?3M[•- • 3T71[+M 131. .2ISIE+tl .1•?4[+11 77&. .746?£+el .38&8[•- ..... .l?t?£+tl .tStlE+ll 777. .?&1?£•- .395SE+M 1•1. ,27SIE+tl .1S33E+l1 778. • 7711E+M •• 1•7£•- 142 • .2112E+tt ,lS63E+l1 779. .7948£ ... •• l•tE ... 143. .aNaE+tt ,lSM+ll 711. .,u .... ,423SE+M ...... .2911E+tt .1&25£+11 781. .129l[+tl •• 333E+M l•S. .2976£+11 ,11S7E+tl 712. ., ....... ••• 31£•- 141. .3'32£+11 .l&nE+ll 783. .8641£•- .4S33E+M 14'1. .31Nt+t1 .1722£+11 71•• .1132£+M •• a3?E+M 141 • .Jt•K+tt • S?SSE+ll 785. .N2tt+M • •'1•2E+M ... ,. .3211[+11 • l?NE+tl 78&. .9211[•- .41•K+M ... .32Sl[+tl .1814£• -l 787 • • 9•-E+M ........ 151 • .33291:+tl • tlS9E+tl 788. • Nt4[•- .Sl71£+M ... .3392E+tt .11&+11 789 • ....... .51151:+M m . .34SS[+tl ,1132E+ll ?98. ,lNlE+tl • S3tlE+M .... .3521E+tl .19GE+tl ?91. • lli!2E+el .S•2tt+N ass. .351SE+tt .NM(+tl 792. • 1144E+el .SS•U+M ... 

---•-1 .et-4R+tt 793. ,ll&lt+el .§U4£ ... 111. .3711(+11 .llllt+tl ?9•• .1111E+e1 .5791£+N ... .3111(+11 .2123£+11 ?IS. ,UHE+tt .SltlE ... ... • .... 1 ,ltlX+tt '116. ,UM+el ........ -· .3131£+11 .22Ml+tt 797. .11S?£+11 ,11121+M Mt. •• -X+tt ..... , 791. .UllE+el ,13111•- .a. .4t?IE+et .aalll+tt 719. .taelE+tt .145?£+M 113 • •• tStE+tt .233lE+tl .... .l-a:JIE+tt ....... .... .4'2?£+11 .2374£+11 Nl. .1esa+e1 . .., ...... -· ••314E+tt .1-11•• -1 na. .1 .... , ........ -· .4313E+el . ....... NJ. .l3NE+tt .7e3K+tl 187 • ••..X+tl .• , ... , .... • l33SE+et .7t91E+M ... .4544€+el .assa+11 aes. • l31K+et .?3« ... 111 . .4521£+11 .--• t+tt ... • t3Nl+e1 .?H4£ ... m . .4'111£+11 .aasat+tl at7. .1•1a+e1 • 11111 ... 1"11. .4?9SE+ll ,l'?NE+tl 
4 

.... .1+n1+11 .7831E+ee m . .4111£+11 .l'PStl+tt aesa. . 1...m+e1 .?11?£ ... m. • ...... 1 . ..... , 
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°U.k) .l~~ Pi~sium T ( k) sodium potassium • 1 +11 m. .1+t1E+e2 .12'4€+11 174. .ASIE+el .21SK+t1 131. .141SE+el .139S[+t1 ffl. • S1411+e1 .29ME+tl 131. .1 ...... .IAIE'.+11 m. .sa..1t+t1 .295'1£+t1 ..... .t&UE+e2 .lliaE:+11 17?. .S3341+t1 .311.+tl 141. .1SM+e2 .1119E+11 111. • 5421£+t1 .316$E+t1 142. .tSSII: .. .llffl+t1 119. .SS2S[+tl .3tatt+t1 143. .15121..a .llffl+t1 .. .... • S&23E+el .3177£+11 144 • ., ...... .NtK+et a1. .S?23[+et .3234l+tl IMS. .t131E+el .9313(+11 112. .5124£+11 .3291£+t1 ..... .11S1t+t2 .ISll[+tl D3. .SNIE+tl .l3S1E+t1 14?. .1a1£+t2 .NS?£+tt ••• .113tt+t1 .l•Ut+tl ... .17'?£•- .lll?E+tl -· .11•+11 .3•711+tl ..... .t?33E+el .IISK+t1 -· .11-HE:+tl .l533t+t1 ... .t?Sll+tl .ltUt•-111. .'353E+t1 . lSNt+tt •1. .t?IR+tl .1111£+11 .... .M•E+tl ·--••t 111 . .111&+tl .1143(+tl ... .IS?SE+tl • nM+tl 153. .t141€+t2 .1159[•-... ..... , .3791(+11 154 . .1N?E+t2 .1115(•-at. ....... • JIS?t+ll -· ., .... . '"1E+t2 192. .U24E+t1 .JH•E+ll ... .111•€+11 .u•+ea 193. • ?143t+t1 • 3193[+11 157 • ., ..... .UIK+II .... .718<tE+tl • 4N3[+11 ... .1N1E+t2 .U4a£+ta 115. .?211E+t1 .413•£+tl ISi • .2111[+12 .US9E+t2 ... • 7•12£+11 • <42t&[+t1 ... . ...... .um•-197. • 7SJ9t+t1 • 4a?9E+l1 111. .N?lE..a .119SE+II 198. • 1661£+11 .43531:+11 Na. .2111[+12 .1213£+12 199. .7798E+l1 .4'421E:+11 983 • .2132£+12 .1231£+12 ... • ?931[+11 • 4Sk£+11 N,4 • .21&3E+t2 .12•9E+ta Mt. .N6SE+t1 • 4512£+11 NS . .219SE+t2 .1261[+12 Na. .82NE+t1 • 4661[+11 ... .2227£+12 .1U7E+t2 NJ. .134tE+t1 .4?41E+t1 N? . . .... .1JeU+t2 .... .8411[+11 • •121[+11 NI . .2292£+12 .132SE+t2 NS. .WJE+tl • 4M•£+11 NI . .232SE+t2 .1345£+'2 •• • ffl8E+t1 .4917£+11 m . .2351[+12 .1J6SE+t2 N?. • 8SUSE+t1 .st72£+11 171. .2392£+12 .1386£+12 ... .N63E+t1 .S157£+11 m . .2417£+12 .14t6£+ti 919. .9215£+11. • 52•5£+11 m . .2""2£+t2 .1427[+12 911. .9368£+11 • 5333£+11 914 • .2497[+12 .14•8E+t2 111. .9523[+11 • S423£+'1 m . .2532£+12 .1469£+'2 812. .Slil1[+11 • 5514£+11 ffl. .2Kl(+el .1491£+12 913. .98•1E+l1 .SMIE+ll m . .2'1SE+ti .1&12£•-914. • 1HtE+t2 .S?ttE+ll m. .2'•1[+ta .1534£...a 815. .1117£+12 .5795£+11 m . .2'?9[+ti .155?£+12 81&. .lt33E+l2 • S891£+11 .. . .2?1&£+12 .15?9E+t2 81'?. • 1tstE+ea .S919E+t1 Nl . .ffl•(+t2 .l&ei![• -911. .1167E+t2 . &Nl[+ll 111. .2793(+12 .1121(+11 919. .118SE+ta .&189t+t1 913 • .alll( ... .1'4fll€+ea ... .11tlE+N . '291[+11 .... .ll?tE..a .1171£• -••• .1121[• -2 .Sl9Sl:+t1 -· .2911(•- .119&•-922. .1139E+N .'5M(+t1 -· .2152£+ti .1?21E+t2 123. .115?£+-N .'616£+11 117 • .2992[+11 • 1745[+12 .... .117&£+.a .1714£+11 ... • 313C+t2 . ,.,.,. ... -· .UM+ei! .1124£+11 119 • .31?5(+12 .11'N[..-e -· • 121•E+ti .GJSE+tl .... .3U7£+t2 .1121£•-12?. • 123JE• -2 -~7£+11 n1 . .3111€+12 .11•7£+N 921. .12SJE+t2 • 11,1£+11 911 • .JnlE:+12 .1173E+el •• .12'73E+N • 7271£+11 913. .324&•- .19N(+li 931. • 1293E+ei .7391(+11 .... .32ME+tl .1921[•-931. .131lE•- • 7S1•€+11 -· .3335[•- .195«+el 932. .133•[~ .?UC+tt -· .33N[+.a .1911[...a 933. .1355[•- .??51£+11 ffl . -~+t2 . ..... 134. • 1311£•- .7111[+tl -· .:M71E..a .al3'1£•-ms. .. 13111• - .Ne'7[+t1 191. .3511t+t2 .INS[•-
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T ( k) sodium potassium 
ssa. .21?4[-+t .)34&£-ts OXYGEN PRESSURE = 1 • atm m. ...... .3491£-es 
551. .3147[-+t .llSIE-ts 
SIi. .31311: ... .312-1£-tS 
511. .31311 ... .399?[-tS 
5'1. .331SE ... .4171[-tS T ( k) sodium potassium 582. .3413t-+t .4364[-tS .. Sil. .3513E ... • 4SS9E-ts 5". .5a84[-t5 .2N4€-t& 5'4. .3&2?t-+t •• 7&2£-tS '";; Sil. • s-t$2[-tl -2111£-t& 5'$. .3733E ... .49?3E-IS sea. .SR5E-t5 .23e4£-tl SIi. .3143E-e• .S193E-IS St3. • 5N3E-t5 .1434€-tl 567. ...... .S•21E-tS se... .Sll&E-15 .IS?I(-- 561. .4t''1E-+t .5659E-t5 SIS. .&l?R-tS .1?14£-M 569. .41111-+t .SN?E-tS 516. • 63?1E• S oillR-N 57e. .431 .... .&164£-tS st?. • &S71E-tS .3'131:-N 571. ......... .S..32£-tS sea. .&7?8E-e5 .JlNl:-tl m. .4517[-e-t .&?HE-tS . 519. • 6991[• 5 .3315£-N 573. ......... .&911E-t5 s11. .7211£-tS .3541E-N S74. ........ .73N(-IS SU. .7•3&£-tS .J?43E-I& m. .4111£-e-t • 7112E-IS s12. ···-- .J146E-N 571. .11 .... .?937£-IS 513. .791tt-ts .41SIE-1& m. .AaE-e-t .1274£• 5 51•• .1156£-tS .4313E-N 571. .s...-e• .1124£-ts 515. .l•llE-ts .4619£-t& S79.- .SS?&E-e• ·----51&. .8673E-ts .4815[-N sn. .5731£-t• .13&1E-t5 517. .19•3[-ts .S12•£-t& Sil. .59NE-t4 .l?SIE-15 S18. .92a1E-1S .5396£-N saa. .&171[-14 .lt17E-t• s11. .9Se?E-IS .S&llE-M S83. .6245£-14 .1t59E-14 521. .98NE-tS .5179£-M 58•• .&424€-M .UllE-1• 521. .llllE-1• .6291£-M SIS. .&111[-t• .U•IE-M 522. -1142£-t• .&&21E-M SU. .179?£-... .uNE-1• 523. -1174£-e• .&HSE-M 517. .1991E-1• .12•SE-I• 52•• .1111£-1• . 7325[-M 518. .7111[-t• .1298£-t• 525. .U•lE-14 .7713£-M SIi. .731C-t4 .t3•1E-t• sas. • 1176£-t4 .8"8[-M SN. .7US[-t• .t4t3E-t• • 517. .1213E-I• ,IS13E-M Sil. .712t£-t• .1461£-14 528. .1251£-14 .19•?£-N 592. ......... .1s11£-t• sa1. .1288[-t• .9•t1E-t6 513. .8271E-t• .1s&eE-t• SJe. .1328[-t• .187&£-t& SI•• .8514£-t• .16•3E-t• 531. .1368[-14 .113?£-ts SIS. .1144£-14 .1719E-t• 532. • 14ltE-t• .ttllE-tS SN. ...... .177&£-t• S33. .14S3E-t• .1144[-tS 597. .9243E-t4 • ll•?E-14 53•• .1498[-t• .12t1E-ts 518. .1513E-t• .1121[-t• 535. • 15•3E-t• • 1211E-ts 599. .l?'NE-t• .119SE-.. 53&. .tSNE-14 .t323E-IS •• .1NC-t3 .2t?C-t• S37. .1639€-14 .1318[-ts Ml. .1133E-t3 .2t5SE-t• 538. .1688[-t• .t•SiE-ts •• .1M1E-t3 .2231£-t• 539. .1739£-t• .1527£-ts Ml. • 1•1E-t3 .2326[-.. S•t. .l?NE-1• .111u-• ..... .U22£-t3 .2•16E-t• S•l. .ll•&E-1• .t&?IE-IS -· .US3E-t3 .2St9[-M 5•2. • 1N2£-t• .1'7M€-IS .... .UISl-el .21tS( ... 5•3. • 1959£-t• • ll•SE-IS .. ?. .111•-u .l?e&( ... 5•4. • 2t11t-t• .193X-ts "'· .llSIE-t3 . ...... 5-4S. .2t79E-t• .2125E-15 .... .1211[-tl .29t&E-e4 ""· -2142£-t• .2122£-• 111. .l32a-13 .3121(-t• S•?. .22t&E-t• .2222'-15 ,u . .13SIE-t3 .3141€-14 5•8. .2212[-t• • 1311[-ts &12. .l3Nf-13 .3259E-t4 549. .234t( .... .2•37£-IS 113 • .1•341-t3 .3311[-.. ss.. .2•HE-.. • 2551[-IS 61•• .1474€-13 .3Se&E-t4 551. .2 ........ 

_..,. __ 
115 • .ISIC-t3 .3638£-t• ssa. • IS58E-t4 • 279•[-ts 111. .1551(• 3 .3774£-... 553. ....... • 292C-t5 117. .1518(-tl .3914£-t• 554'. .21111-.. ·---- 111. .11411-tl •• -SIE-t• sss. • 1191£-14 .31•-ts Ill. .lll?E• 3 •• at?[-... 
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T ( k) sodium potassium 
T ( k) sodium potassium &12. .ISl&E-t3 .33t«-t3 

613. .-1E-t3 .3414€-tl ... .t?33E-e3 .4311£-M &14. .9121E-t3 .3St7E-t3 
121. .t?l1E-t3 .4S2tE-t4 -· .114K-t3 .3'22E-t3 -· -1=-tl .4611(-M -· .147SE-t3 .3731€-tl 
123. .1 -t3 .415&[-... m. .9?tK-t3 .3841E-t3 
624. .1131E-t3 .5'38£-+t -· .1151[-tl .31&SE-t3 
625. .1912£-tl .5214£-14 -· .1121E-ea .-M?a£-t3 -· .2131E-t3 .54'12£ ... "'· .1145£-tl .4193€• 3 
121. .N91E-t3 .5595£-... a1. .tt?tE-ta .43Uit-t3 ... .2141E-t3 .5795£-M -· .1111£-ta .4443E-t3 
m. .12NE-t3 .&Ma£-... 193. .1124£-tl .4S73E-t3 
131. .118SE-t3 .AlK-M .... .usa:-ea .4?t«-t3 
131. .2318£-t3 .,• 35£-M as. .u•-ea •• 143E-t3 
131. .2311£-tl .6"2£-M .... .12"E-t2 .4113E-t3 
133. .24Sc!E-t3 .Uffl-M m. .1131€• 2 .s1•-t3 
'34. .IS1K-t3 .11•-t-t ... .t119E-tl .52"1K-t3 
135. .2Sla-t3 .7311E-t4 ... .t3M[-ta .S4ffl-t3 
63&. .2'SS[-t3 .?145(-14 .,.._ .1331E-t2 .SSl3E-t3 
m. .2?2R-t3 .?9Ut-t4 ?tt. .1314£-tl .S'141£-tl 
638. .2191(-13 .8115[• 4 ?ti. .1391£-tl .SNIE:-tl 
639. .2173E-t3 .14'?£-t4 ?t3. .t431E-tl .6e'14£-t3 
64t. .29-4sat-t3 .1158(• 4 ,..._ .14iK-t2 .&24'£-t3 
6-41. .3e2?£-t3 .MAE-M ?tS. .1stlE-t2 .l-'22£-t3 
642. .31t?E-t3 .9361[• 4 *· .tS37E-t2 .66t3£-tl 
6-43. .318sat-t3 .9611£-M ?t?. .1574€-12 .&719E-t3 , ..... .3214£-13 .1M2£-t3 711. .1112£-e2 .69'71[-13 
6-4S. .336tE-13 .lt38E-t3 *· .l&HE-12 .7174£-t3 
646. .J4-49E-t3 .1171[-13 711. .lneE-12 .7374£-13 
647. .JS39E-13 .1117£-13 711. .1731E-t2 .'1S?9E-tl ..... .3632£-tl • 1144£-13 112. .1772£-12 .7719£-13 
649. .3728E-tl .1112£-13 713. • 1114£• 2 .8"4£-13 
&St. .382SE-tl .1221£-13 714. .1157£• 2 .1224£-tl 
651. .392SE-t3 .1al2£-t3 ?15. .1N2£-t2 .l•StE-13 
65a. .4121£-13 .llME-13 716- .19-47£-12 .1681E-ll 
6S3. •• 133£-13 .l3•7E-13 717. .199lE-t2 .89tlC-t3 
65•. .42•1E-13 .1391£-13 111. .2t4t(-t2 .916lE-t3 
655. .• 3S1E-tl .1•3?£-13 719. .2t81E-t2 .9411£-13 
656. .• 4'4£-tl .1414£-tl 72t. .2131E-t2 .966SE-tl 
657. .• SUE-13 .1S32£-13 721. .2111E-t2 .9926(-13 
ssa. .4'98E-fl3 ,1512£-13 722. .2241£-12 . l'19E-t2 
8S9. •• 821E-t3 .1633£-13 723. .2292£-12 .lt47E-t2 

"'· .49-45£-13 .168&E-t3 ?2•• .2l•Q:-t2 .tt?SE-12 
661. .Sl72E-t3 .1741[-IJ ns. .24tlE-t2 .UllE-t2 
662. .5213£-13 .l?NE-13 ns. .245?£-tl .u3lE-t2 
613. .S336£-tl .l8SJE-t3 m. .as1S£-t2 .1163E-t2 ~- .5•74£-tl .1913£-13 m. .2S73E-t2 .11SME-t2 
665. .Si14£-tl .1973E-t3 711. .2'33[-12 .122St-t2 

'"· .S?SIE-13 .2t3'£-t3 731. .aac-.a .12S?£-t2 
8'7. .SNSE-tJ .21NE-ll 731. .17S7E-t2 .12ME-t2 
sa. .6.s6E-t3 .2157£-13 731. .2121E-t2 .1324£-ta 
169. .6211£-tJ .22JSE-13 m. .2111£-ta .13Sl€-t2 
&?t. .6368E-tl -~-13 ™· .29Sl[-t2 .llSME-12 
&?l. .6SJIE-t3 .2377£-13 735. .3111£-ta .t431E-ei! 
672. ·=--3 .2•51[-13 ~- . .--ea .14"7£-12 
673 .. • -13 .2Sa7£-t3 m. .31&1£-12 • lSIR-12 
&?4. .~-tl .2'ts£• 3 731. .323-4[-t2 .1544£-12 
675. • ?217£-13 .2Sl&[-t3 739. .33N[-t2 .1sa«-ta 
&76. • ?JME-13 .27&1(-tl ?4t. .331«-12 .1624£-te 
677. .?Sl&[-tJ .21SJE-t3 ?41. .34'1E-t2 .1&6&E-t2 
'78. .7777[-tl .29-ME• l 742. .35-4t[-t2 .17NE-t2 
679. .7972£-tl .3131€-tl ?43. .312'€-ea .1751£-tl 
a.. .11711-tl .J122£-t3 74•• .ffl3E-t2 .11NE-t1 
111. .um-tl .3211£-fl ?45. .371'1E-t2 .1141£-el 
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T ( k) sodium potassium 
T ( k) sodium potassium -· .1441£-tl .n.-ea -· .t477E-t1 .'1991£-ee '741. .3113E-ta .1111E-ta 111 • .tse1£• 1 .11&1£-ta ?4'7. ·---- • 11351-tl 111. .1531£• 1 .1342£-12 '741. . ....... .111C-t1 111. .lAIE• l .1$11E-t2 '749. .41411• 1 .N33E-tl 113. .1--• 1 -----?Se. -42341-tl .atME-N 114. .1131£• 1 .1113[-ta ?Sl. .43111• 1 .213&E-tl 111. .111R• 1 .M?ll-tl ?SI. ....... __ .11•-- 111 • .11111-tl ·----113. .4SISI-II 

--•--- 11?. .1?331-tl .94SR-t2 15'4. • 4Q?£• 1 ----• 111 • .1111£-tl .1112£-tl ?SS. • 4'131(• 1 .231SE-U Ill • .11131-tl .1154(-U ?SI. ........ .2•11£• 1 ... .1131£• 1 .1 ...... 1 111. • 4SM3E• I .1•?1£-11 •1 . •lffll-tl .1121£• 1 ?Sa. ···-- .1S32E-• ... .111 -tt .1141€-tl '1S9. .s11K• 1 ··--- 113. .tlAl• t .lt?tE-tl ?A. .5271E-tl .21$1E-12 114. .11111-tt .11&-t1 111. .S3NE-N .n•-• ... .IIIIE-tt .Ut4E-tt ?&2. .SSlSE-N .l?NE-N -· .IIIIE• t .Uffl-tl ?13. .sa•-ee .21S3E-tl 117. .ltllE-tt .1111€-tl '76•• .S?&el-12 ----• 111. .IIIIE• l .Ul4E-tl •• .Sll?E-U ----• ... .1191£-tl .12t1t-•1 78&. .8111£-U .3113€-N ... .83St-tl .1233E• t 167. .&1•?E-ta .31-•- 131. .ll?IE-tl .llS?E• l 788. .&211£-ta .32U£-N 131. .1313E-t1 .1nx-•1 169. .8•11E-t2 .321?£-12 m . .2311E-t1 .1311£-11 m. .&SSIE-12 • 3364£-te 134 • .24tC• l -1335£-11 7?1. .&?tlE-12 • 3•44£-te· 135 • .24111-tl .1362£-11 m. .sa•&E-ta • 352SE-t2 131. .aseK-tt .13111-tl 7?3. .&n.£-te .31t?E-t2 m. .1511£-tt .1•17E-lt · '77•• .?t•U-ta ·•--• 131. .IINE-11 .1•4SE• 1 7'7S. .73"[-ta • 3'7'78E-t2 131 • .IISIE-11 .1•'7•£-11 776. • ?•S?E-12 • 3116£-N 141 • .n.?£• 1 .1583[-tt 777. .'7&1'7£-ta • 39SSE-N l•t. .l?SK-11 .1533£•11 778. .7'711E-U ••-• 7E-tl ..... .1112E-lt .1sax-•1 m. • 79-tlE-ta ••141£•12 1•3. .IIUE-11 .1S94E-t1 78t. .11111-ee .4135£-12 ...... .292tE• l .1&25£-11 111. .8291£-12 • 4333£-te M . .2118(-tl .1&m-•1 112. ....... • •• 32£-te 141. .3132£-11 .t&aE-tl '713. .aMlt-12 ••S33E·t2 M?. .31NE-t1 .nm-•1 78•• .8132£-ta •• -37£-tl 141 • .314-• 1 .ns&E-11 715. ·----- • 4'742£-N ..... .31t1E-t1 .1?NE-tt 78&. .Rt1E-U . 41491-N ... ---• 1 
.112c-•1 717. .t•tSE-ta . 41591-tl at. .3311[-tt .1159E-t1 781. .16141-12 .Sl'71E-t2 ISi. .3311£-tl .taR-tt 781. .9n&[-t2 .StlSt-N .3. .34551-11 .1131£-tl '791. .tNlE-11 .53e1E·t2 IS•• .31111-tl .tNIE• t 791. .1122£-tl .5•21£-N ISi. .31111• 1 ----•t ?N. .1144'-11 .SS41E-t2 ... .3111£-tl • ..... 1 ?93. .ll&IE• l .SM.et-ta II?. .3'71111• 1 .11131-tl ?SM. . llllf:-tl .S?N€-tl -· .31111-tt .1123£-tl '71&. .111•-11 .SltK• I ... .31111• 1 .ltllE• l 711. • 11341-tl . ......... .... .31311-tl .aa.c-tt m. .11S1£• 1 .1112£-tl •1. .-3E• l .12«-•1 ?91. .1111£• 1 .&318[-U 111. • ....,. ... 1 .ealll-tl '791. .12NE• 1 .l•S7E·tl 113 • .4111£• 1 .mtE-t1 .... .1131E-t1 ··--- ..... .4181£• 1 .me-et •1. .t2At• l • 1741£-N -· .4314(• 1 .2•11E-t1 aea. .12111-et ·---- -· .4313(• 1 .24141-tl N3. .1311£• 1, . .,. ..... II? • ••• -31:• 1 .as11E-t1 ..... .1=• 1 • ?111E-ta -· .45+1€• 1 .assa-e1 ... .1 -11 .'7341[-ea -· .4111£-tl .a.M-11 IN. .1311£-tl .?Se•£-t2 m . .4?11E-tl .aaa:-e1 N?. .14tE• t • ?la-ti 111. •• ?IIE-tt .2?1t(-t1 
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T ( k) sodium potassium 
T ( k) sodium potassium 134. .13?'7£+tl .?111E-et 

135. .1391E ... .IN7£• 1 m. •• 1,-et .1?111• 1 931 • .142tt ... .1134£-tt m. ••IIIE-tl ..... -tl 137. .1442£ ... .12SC-tt 
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APPENDIX B 

COMPUTATION OF THE FACTOR EFFECT FOR A TWENTY-RUN 
PLACKETT-BURMAN EXPERIMENT ON THERMAL 
DECOMPOSITION OF MOLTEN NITRATE SALTS 

1. Refer to Table Bl. Run 20 experiments (trials) for each experiment, 

set each variable at its high(+) or low(-) value. Measure the 

responses of interest for each experiment. 

2. Write the average response (measured dependent variable, such as% 

carbonate) for each trial in a column on Table Bl. 

3. For each column, sum the values of the responses on the lines with 

plus signs. 

4. For each column, sum the values of the responses on the lines with 

minus signs. 

5. Calculate the difference between the totals in (3) and (4) for each 

column. Call these numbers the Differences. 

6. Divide the Difference computed for each of the 19 columns by 10 

(because there are ten "plus" experiments and ten "minus" experi­

ments). These numbers are the factor effects of the variables in 

columns 1-10 and the unassigned factor effects for columns 11-19. 

7. Find the experimental noise level by taking the sum of the squares of 

the unassigned factor effects dividing by 9, and taking the square 

root. This is called SFE• 



8. The minimum significant factor effect (min) is calculated by SFE" t 

(tis 1.833 for this experimental design with a 95% confidence 

level for 9 degrees of freedom). All factor effects greater than the 

min influence the response being evaluated. 
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TABLE Bl 

PLACKETT BURMAN TEST MATRIX 

Flow Surf. KN0 3/ 
Expt. Trial Temp. 02 & ~ RH Rate Area NaN0 3 Size Puritl 
Order #1 1 -Z 3 5 -6- --7- 8 9 10 11 ----- - - - -

14 1 + + - - + + + + - + -
19 2 + - - + + + + - + - + 
11 3 - - + + + + - + - + -
10 4 - + + + + - + - + - -
17 5 + + + + - + - + - - -
8 6 + + + - + - + - - - -

13 7 + + - + - + - - - - + 
7 8 + - + - + - - - - + +-

15 9 - + - + - - - - + + -
18 10 + - + - - - - + + - +· 
6 11 - + - - - - + + - + + 
5 12 + - - - - + + - + + -
3 13 - - - - + + - + + - -
9 14 - - - + + - + + - - + 

12 15 - - + + - + + - - + + 
20 16 - + + - + + - - + + + 
2 17 + + - + + - - + + + + 

18 + - + + - - + + + + -
16 19 - + + - - + + + + - + 
4 20 

INDEPENDENT VARIABLES OR FACTORS 

' . 

12 13 14 15 16 

+ - - - -
- - - - + 

- - - + + 

- - + + -
- + + - + 

+ + - + + 
+ - + + -
- + + - -
+ + - - + 
+ - - + + 

- - + + + 

- + + + + 
+ + + + -
+ + + - + 
+ + - + -
+ - + - + 

- + - + 
+ - + - -
- + - - -

UNASSIGNED FACTORS 

17 

+ 

+ 

-
+ 

+ 

-
-
+ 
+ 

+ 

+ 

-
+ 

-
+ 

-
-

18 

+ 

-
+ 

+ 

-
+ 
+ 
+ 

+ 

-
+ 

-
+ 

-
+ 

19 

+ 

+ 

+ 

+ 
+ 
+ 

+ 

+ 

+ 
+ 

N 
0 
~ 



APPENDIX C 

THERMOGRAVIMETRY EXPERIMENTS 

On the following pages are graphs of the thermogravimetric data 

collected from TG experiments in 1 atm and in vacuum. Each of the 

following pages has the data from one experiment. Each page has 4 graphs 

which show 1) the weight and the weight per unit surface area versus time 

on 1 graph (in the upper lefthand corner), 2) the natural logarithm of 

the fraction of the sample remaining versus time (in the upper righthand 

corner), 3) the temperature profile during the experiment (in the lower 

lefthand corner), and 4) the percent weight loss versus time (in the 

lower righthand corner). Graphs 1, 2, and 4 also have the best linear 

least squares fit to the data plotted with the experimental data in 

accordance with Equations (51), (53), and (54) respectively. The experi­

mental data points are simply connected by straight lines. A marker is 

shown on the graph periodically (not for each data point) to identify the 

experimental data. There is no marker on the lines representing the best 

least squares fit to the data. 

The following is a list of the experiments shown in this index. 

Experiment 

NaN03 in Air 

T-25G Static Air 

T-SR Static Air 

T-6R Static Air 

T-8R Flowing Dry 

T-lOR Flowing Dry 

Air 

Air 

209 

210 

211 

212 

213 

205 
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Page 

T-llR Flowing Dry Air 214 . 
T-12R Fl owi ng Dry Air 215 

(Na/K)N03 in Air 

T-18 216 

T-20 217 

Partherm 430 in Air 

T-15 218 

T-16 219 

(Na/K)N03 in Nitrogen 

T-21 220 

(Na/K)N03 in Argon 

T-15R 221 

T-16R 222 

T-17R 223 

(Na/K)N03 in Vacuum 

T-5 224 

T-6 225 

T-7 226 

T-13 227 

NaN03 in Vacuum 

T-26 228 

T-29 229 

T-30 230 

T-33 231 

T-38 232 

T-40 233 

T-41 234 
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Page 

r ... 44 235 

r ... 47 236 

T-49 238 

T-50 238 

T-54 239 

T-55 240 

T-56 241 

T;..58 242 

T-74 243 

T-75 244 

T-76 245 

NaN02 in Vacuum 

T-48 246 

T-51 247 

T-52 248 

T-53 249 

T-57 250 

T-64 251 

T-65 252 

T-77 F53 

T-78 254 

KN03 in Vacuum 

T-66 255 

T-72 256 

T-80 257 

T-81 258 

T-82 259 
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Page 

T-83 260 

T-84 261 

T-85 262 

T-86 263 

T-87 264 

Li N03 in Vacuum 

T-73 265 

T-88 266 

T-89 267 

Dynamic Heating Experiments 

T-69 NaN03 268 

T-70 KN03 269 

T-71 LiN03 270 
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