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1.0 INTRODUCTION

From the literature search to find information for a
theoretical description of sorption processes, it was found
that much had been published concerning experimental studies
of the rate and mechanism of aqueous sorption of nitrogen
oxides. A review of the results that had been previously
reported was considered an essential first step in developing
a theoretical description. This technical note gives a summary
of part of what has been reported in the literature.

There were four sources for acquisition of pertinent
literature.

1. The report "Systems Study of Nitrogen
Oxide Control Methods for Stationary
Sources'.

2. NAPCA publication AP-12, Nitrogen Oxides:
An Annotated Bibliography and a computer

compilation of abstracts from the Air
Pollution Technical Information Center
(APTIC).

3. Chemical Abstracts from January 1947 to
October 1970.

4. Radian technical files.

Around 120 abstracts and/or articles including four
doctoral dissertations were collected on the rate and mechanism
of absorption. After preliminary evaluation, 50 of these

Radian Corporatlon 8409 RESEARCH BLVD. « P.O. BOX 9948 + AUSTIN, TEXAS 78758 » TELEPHONE (2 . 454.9535

references were selected as the most valuable for a theoretical
description. The 70 remaining references contained practical
information such as equipment descriptions and operating con-
ditions or empirical relationships between operating variables
and absorption coefficients. Many of these references were in

Russian.

Some of the 50 references of most interest were
evaluated solely on the basis of the abstract. In some cases,
the original articles were in Russian, Japanese, or Hungarian.
A translation could not be obtained in time to include the
information in this note. In other instances, the article was
not available at the University of Texas Library, through the
Inter-Library Loan System, or from independent libraries which
usually supply photocopies. In such instances, the biblio-
graphical reference includes the volume and number of the
abstract from which information was taken.
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2.0 SUMMARY OF EXPERIMENTAL STUDIES ON THE ABSORPTION
RATE AND MECHANISM

The industrial production of nitric acid involves the
absorption of nitrogen dioxide into water or nitric acid.
Efforts to design absorption processes of high efficiency have
prompted some research on factors controlling the rate of
absorption. Some research on nitrogen oxides sorption has also
been carried out with gas cleaning processes in mind. The
published results generally involve an assumption that a certain
step or process is rate controlling. Derivation of the result-
ing rate equations, construction of absorption equipment,
collection of rate data, and demonstration that the data fit
the proposed rate equation are usually described in the results.
The fact remains that an adequate theoretical description of
the process has not yet been given. It is not known under
what conditions gas or liquid film diffusion or chemical reac-
tion limits the rate of aqueous absorption. Further, the
mechanism and kinetics of the reaction between water and nitrogen
oxides have not been established.

Table I is a summary of experimental studies on the
rate of aqueous NO, absorption. Since experimental studies
have been carried out under a widely varying range of condi-
tions, an attempt has been made to present information in as
uniform a manner as possible. Table I was compiled in an
effort to simplify and summarize the extensive amount of data
and to facilitate comparison of results obtained under different
conditions.



GAS COMPOSITION

ABSORBING MEDIUM

1. NO, and NO
in nitrogen.
Initial concen-
tration:

(gmoles/s)
NO, 4-12x1Q79
NO 3-8x1073
NO, & .1-.3mole%
NO o .07-.2moleX

2, NO, - NO
mixtures in N;.
Varying concen=
trations. Ini-
tial concen-
tration:

(gmoles/cm3)
NO = 1x107¢
N,O, = 0.1-0.4

x107¢

NO w .025mole?
N, O, =« ,003-.012
moleX

10-60% Aqueous
Nitric Acid

1, 0

2, SZOH 10%
3. CaCl, soln.
with vapor
pressure = 75%
of that over
pure water.

TABLE I

EXPERIMENTAL STUDIES ON THE AQUEOUS ABSORPTION OF NITROGEN OXIDES

APPARATUS AND
OPERATING CONDITIONS

Falling film tower, 5"
long, 1.25" i.d. Gas
flow rate 10-13¢/min.
Acid rate ~ 300cc/min.
Turbulent conditions
liquid agitated effi-
ciently. Maximum Rey-
nolds number = 530.

Wetted wall column,
2,3 em = 1.d., height
= 18.1 cm. Inter-
facial area = 128,2
+1 co®, Gas Reynold's
No. « 100-600.

reached.

QUANTITIES MEASURED RESULTS AND DISCUSSION EFERENC
Light absorption by NO, The rate of NO, removal was exPressed DE-006
was measured every 30 per unit area of "acid surface'. The
seconds using a photocell rate was greater at 25°C than at 40°C.
until the system came to The rate decreased with increasing acid
equilibrium. HNO, and -concentration. The rate of NO evolu-

HNO, were measured after tion was less than 1/3 the rate of NO,
equilibrium had been absorption. The rate was assumed to
[HNO,) was the be limited by chemical reaction since
value obtained by titra- the diffusion limiting rate equation
tion with permanganate. showed the rate proportional to
. PN0,+ Py 0, and this was not applicable.
The results were expressed by Rate
= K[N,0,] = K[NO; ]2 for acids more
dilute than 30%. With 3?-60% acids,
Rate = K[N,0,] ~ C[N,0, JX[N0J%.
NO, concentration was Rate of absorption into H,0 or dilute CA-014

determined photometri-
cally. N, was added
from a constant pres-
sure burette to re-
place the volume of
gas absorbed. Photo-~
cell and gas burette
readings were taken

at 15-gsecond intervals.
Calculated Cpo 0y = Cp

=- PN0,+ 2PN=0.+ PNnoa'
Expressed rate of NO,
removal as

Ruo, (46 EatsyBpetar)
area

acid proportional to P& ’or Py
2 Ve
Pyo was low. Rate = b(N;0,]. The rate

constant b was dependent on temperature
and gas and liquid flow rates, I NO
was higher, Rate = b{N,0,)+CIN,0,1".

For absorption into ulﬁaline solutions,
Rate = b[N;0,] when PNO was low., When

PNO was higher, the rate of removal was

much higher with alkali than with water
at the same flow conditions and tempera-
ture. The rate was then described by
Rate = b[N;0, J+ d{N,0,]. For absorption
into calcium chloriée, the absorption
rate was lower than that into pure water.
The volume of the gas space had no effect
on absorption rate.

3. NO;~ N, Mix- 1. 2.7-34.1% 1. Wetted wall column The paper stated, "The NO, The absorption coefficient d/x with d  CH-027
tures. Concen- NaOH 1.d, = 1.46 cm, Rey- disappearing from the gas the tube diameter and x the effective
tration NO, 2. 5.7-69.8% nolds No. = 1000-4900, stream was calculated film thickness was plotted vs. the
« 3.5-4.5 moleR. HNO, 2, Batch absorption from the gas flow and gas Reynold's number for some of the runs
vesgel, stirred gas analyses. Liquor analy- ag gshown in Figure 5 (CH-027).
asgsed through stirred ses showed the amount of . T
iquid. Liquid sur- NO, absorbed when NaOH 1 } t
face 71,5 cm?, T=25°C. was the absorbent", It AT
Gas rate = 66 t/hr. was assumed ‘that since p.
the liquid volume was 7
large relative to the sur- 4+ ¢
face, the change in liquid — rdil
concentration was small 4 111
during a run. One inlet =
and one outlet determina-
tion were made for the 7
gases. Y
w-p‘n.lﬁ‘
Ery YuroctTy oX
T s o oy e Wenea s cONE.
TABLE I (cont.)
APPARATUS AND
GAS COMPOSITION  ABSORBING MEDIUM OPERATING APPARATUS QUANTITIES MEASURED RESULTS AND DISCUSSION REFERENCE
3. (continued) From this plot it was concluded that CR-027

4. 0.45-11.6
Vol.% eNO,

Water and 15 wt.

0,

eNO, = NO,+ 2K,0,

5. Mixture of
N, and NO, con-

3 solutions:

distilled water

taining 4.8 mole% NaOH-ZOZEwc.;

NO, .

NaCl-242%(wt.

Bubble-cap-plate column
containing one plate,
Liquid flow rates 300
and 600 cc/min., gas
slot velocities = 1,18
and 2.36 ft./sec.

The equipment was
run until steady state
flow was reached.

Wetted wall column

100 cm long, i.d, =
2,15 cm. Liquid flow

= 210 ml/min, Tempera-
tures from 83 to 132°F.
N, flow rate = .0775
1b./min. The same
liquid and gas flow
rates were used for
all experiments.

Liquid from the column
was collected for 10-
20 minutes at constant
flow rates. Exit

gas samples were con-
taminated with a mist
and could not be ana-
lyzed. Liquid samples
were analyzed for HNO,
by titrating wich
standard NaOH.

Liquid flow rates were
determined by timed,

volumetric measurements.

Entering gases were
sampled once and exit

gases were sampled twice

to determine NO. Exit
liquids for distilled

water and NaCl runs were

titrated with standard
NaOH. The removal
efficiency was defined

as the percent eNO, re-
moved from the entering
Removal efficien=~

gas.
cy was calculated from
gas and liquid flow
rates and entering gas
analyses and exit gas
and liquid analyses.

the absorption coefficient was propor-
tional to the Reynold's number ta the
0.8 power. The variation of absorp-
tion rate with concentration of NO;,
N,0,, or the absorbing medium was not
discussed, although data were available
to describe these variations. The
ratio of film thicknesses for evapora-
tion was plotted vs. % acid or base

in absorbing medium. A maximum at
pure water as the absorbing medium

was interpreted to mean that the rate
was greater than in acid or alkali.

NO was found in the exit gas.

The rate was assumed to be controlled
by chemical reaction. The reaction
N, 0.+ H 0 @ HNO,+ HNO, was assumed to
describe the mechanism, The overall
reaction was taken as 3/2 N,O,+ H,0
# 2HNO,+ NO and was assumed to be
irreversible under the conditions of
the experiment. The resulting rate
equation was

~dCN=0‘/dc = AC

FE-006

N, 0,

The rate equation was integrated and
the data were plotted in the form of
the resulting equation with good
agreement for the predicted slope.
Results are shown in the graph below, PE-007
NO was found in the exit gas when

NaOH was the sorbent,
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TABLE I (cont,)

GAS COMPOSITION

6. NO,-N, mix-
ture, 0.2-4.4
mole% Concentra-
tion for most
;;na less than

7. NO-NO, mix-
ture with N,
eNo, = 0.6,1,2,
and 4 molei.

NO varied for
each concen-
tration of eNO,
from 0 to 8.2
moleX.

8. NOg-N; mix-
tures.

5-25 mole%
NO,+ 2N. 0,

ABSORBING MEDIUM

Demineralized
water.

Demineralized
water,

Deionized water,

Toral Yoles ~ +06-.2

TABLE I (cont.)

GAS COMPOSITION
9. 3-15% NO, in
K,

10. Pure NO,-
N,0, mixture

(no carrier gas)
Pressures from
0.06 to 0.3 atm.

11, NOy~N; 0,
mixture in Ny

ABSORBING MEDIUM

Degassed water

Distilled,
degassed water

Degassad de-
ionized water

APPARATUS AND
OPERATING CONDITIONS

30 liter %lass jar,
agitated liquid, gas
introduced through per-
forated disk disperser.,
Bubbles released through
disk were broken up by
agitator. Liquid rate
was 1090-1100 cc/min,
Gas rate was .035-0p7 1b/
min. Average tempera-
ture - 25°C,

Wetted wall column, 73
em long, 1.d. = 2,15 em,
Water flow rate = 270
ml/min. - N, flow rate

= ,032 1b./min. Experi~
ments carried out at
room temperature.

Wetted wall column,
The range of gas
rates covered Reynolds
numbers from 170 to
350.

Water rates gave
contact times from
0.03 to 0.3 sec.

Temperatures were
25 and 40°C. Columns
of different dimen-
sions were used.

APPARATUS AND
OPERATING CONDITIONS

A wetted wall column was
used with special care
taken to insure laminar
gas and liquid flow.
Height = 13.6 cm, i.d.

= 3.6 cm. Contact times
of 0,2 to 0.4 seconds
were used. Temperature
was 25-35°C.

Lamingr liquid jets of
1/mm diameter and con-
tact times of .005 and
.025 seconds were formed
at the tip of a thin
glass tube, The water
rate was 3 m/sec,

Stirred pot - cluged
system surrounded by
constant temperature
bath. Temperatures
from 0 to 70°C.

QUANTITIES MEASURED

Exit liquid samples were
analyzed with NaOH for
HNO, content, Gas sam-
ples were analyzed for
NO and NO,. Results
were expressed as re-
moval efficiency of NO,
or the percent NO;, re-
moved from the entering
gas.

NO and NO, were measured
in the iniet-and exit
gases. Exit liquid sam-
ples were analyzed for
nitrous and nitric acids,
Material balances were
made comparing NO and
eNO, entering with NO,
eNO, , HNOy & HNO, leaving,
N.O; was gound to be neg-
liglble for the materia
balance.

Exit liquid samples were
analyzed by collection
under NaOH and H,0, and
titrating with HCl, Ab=-
sorbed nitrogen oxides
in whatever form were
reported as NO;.

The columns were oper=-
ated with CO, and with
NH, to establish a gas
film coefficient corre-
lation.

The effects of gas rate,
gas composition,contact
time, and temperature on
the rate were studied.

RESULTS AND DISCUSSION REFERENCE

The rate equation developed previousl PE-008
(PE-006) was modified to include the
effects of NO, The integrated form of
the rate.equation predicted that a plot
of results would give a series of
straight lines with negative slopes and
a constant intercept. The data fit the
predicted form. e rate constant was
predicted and found to depend on the
gas~liquid contact area. Removal
efficiency (%NO, removed from entering
%as) was found to increase with gas-
iquid contact area. The applicable
rate equation was of the form

- 1
~dCqyo, /dt Koy o, + K'CyoCro,

The average rate of disappearance of
eNO, is greater when NO is increased.
When NO was high, the data did not fit
the rate equation

~dCoyp, /4t = KOy o

K0-024
K0-026

A new mechanism was proposed involv-
ing the following reactions as the
rate determining steps,

N,O;+ H,0 3 2HNO,
N,O,+ H;0 @ HNOs+ HNO,
The resulting rate equation was developed.
-d(euo& /dt = K(No,); +K' (NO)B(NO,)B )

- K'(uNO,)}

The equation previously accepted (PE-

006) for the overall stoichiometry was

revised to include HNO, and was check«

ed by usirg it to calculate outlet gas
composition. Calculated values com=

pared with experimental within + 5% for

most cases.

The rate of absorgcion was linearly WE-009
proportional to the bulk gas N,0,
concentration and was independent of
gas velocity. The rate was also
independent of contact time.and
slightly dependent on temperature,
The data were analyzed in terms of
the penetration theory and used to
calculate a rate constant for the
reaction between N,0, and H,0 and

an equilibrium constant for the phy-
sical solution of N0, in water.

Absorption rate was expressed as Bzgleseggi

QUANTITIES MEASURED RESULTS AND DISCUSSION REFERENCE
CO, and NH, absorptions The absorption rate was proportional DE-007

were conducted to verify
flow conditions.NO, was
determined photometrically
and HNO, and HNO, were
determined from liquid
samples. A mass balance
was set up around the
absorber. The absorp-
tion rate was expressed
in gmoles equivalent NOa/
min. It was found that
the difference between
NO, entering and NO,
leaving was 30-607% great-
er than the absorption
rate calculated from
liﬁuid analyses. This
effect was ascribed to a
reaction between NO; and
water in the gas phase.

Leaving liquid was
sampled and its conduc-
tivity measured to deter-
mine when steady state
conditions had geen
reached. Liquid samples
were analyzed for HNO,

by acidimetric analysia
and HNO; by oxidimetric
analysis.

NOg -N;0, was added and
the pressure chanie
with respect to time in
a closed system with
constant temperature
bath was measured. When
pressure reached a con-
stant value, gas samples
were taken under H;0,
and titrated with NaOH.
The absorbing solution
was analyzed for HNO

by titrating with Naa .

to the average partial pressure of
N;0, in the bulﬁ gas. The rate was
considered lower than would be the
case if diffusion were controlling.

In developing rate expressions the

gas phase reaction between N,0, and
water, as well as the liberation of
NO were neglected. Differential
equations wére developed to describe
NO; -N, 0, diffusion and N;0, dissolu=-
tion and its reaction with water.

The nonlinesr equations were solved
numerically and values for H were
computed where H is the solubility

of N;O, in water and K is the rate

of reaction of N0, and water. It

was concluded that gas phase resistance
would be important at higher eNO; con-
centrations but that at lower concentrg-
tions the resistance to mass transfer
shifts to the liquid phase,

Using a previously derived equation
for the rate of absorption of a
dissolving gas which reacts with

the solvent according to a first
order reaction, the quantity H

was determined for the reaction

N,O, + H,0. Diffusion resistance in
tﬁe gas phase was eliminated by using
pure NO;-N.0,. The rate of N;0O, re-
moval was iinearly proportional to
its concentration at the gas-liquid
interface. The decomposiction of HNO,
resulting from N,0, + HzO # HNO, + HNO,to form
NO and N0 end the subsequent reac-

tion of N;0, were taken Into account.

The fact that some HNO; was formed by

the reaction of N30, and water was

discussed but was not applied to the
calculations.

KR-006

A rate equation based on the reaction
NyO, + & HNO, + HNO, as the rate
controlling step was developed. The
measured rate was greater than the

predicted one when NO was present so
the rate equation was modified to the

form °
Rate = K(Pyg, ) + K(Pyg) (Pyq, ).

CH-028
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TABLE I (cont.)

GAS_COMPOSITION  ABSORBING MEDIUM

12, Not appli-
cable

13. NO; in
dilute mixtures.
Concentration
from 0.1 to 12%

14. Mixtures
of NO and NO,.
Concentration
not described
except [NO}/
NO, g >1
15, 1. NyO,-
NO, mixtures.
2. NOCl

TABLE I (cont.)

GAS COMPOSITION

16. NO-NO; mix-
tures of unspeci-
fied concentra-
tion

17. Mixtures
of NO,, N,0,
and N;0s in
oitrogen.

NO, concentra-
tion was 0.4
to 13 volume %.

18. Industrial
ases contain-
ng NO, NO,,

and N,O, in con-

centrations of

0.25% and

higher.

19. NO-NO,
mixtures

20. NO, -NO
mixtures

Water

Water

Solutions of
NaOH, Na,COs,
and Naﬂgﬁ

1. NaNO, solu-
tions.

2, Water,dis-
3

tilled and de-
areated

ABSORBING MEDIUM

a,C05, Ca(OH)g,
P €al0, solu-
tiong.

Water and HNO,

Alkaline solu-
tions

WaOR solutions

Water and

HNOs golutions

APPARATUS AND

Liquid N,0, was 'injected
by needle into a stream
of water flowing at high
velocity in a closed
system, Temperatures of
2 to 20°C were used,

Apparatus not degcribed.
Gas velocity up to 0.5
t/min. Temperature 17
to 20°C.

Not described in the
abstract.

Laminar jet apparatus
it atmospheric pressure.

OPERATING CONDITIONS

QUANTITIES MEASURED RESULTS AND DISCUSSION REFERENCE
The temperature differ- The rate of the reaction N;0,+ H,0 M0-008

entials at various
points downstream from
the point of injection
were determined using
thermocouples.

The optical density of
a solution formed gy

NO, absorbed by 6%
methanol containing 3g
benzidine/t was mea~
sured and found propor=
tional to the concentra-
tion of NO,.

Not described in the
abstract.

In the experiments with
NOCL the concentrations
. of H; C17 and NO; were
determined by analysis
of the outlet liquid.
[H¥0,], [HY], [NO.] and
[(C17] were studied as
a function of NOCl pres-

was calculated and compared to values
obtained from 2&3 absorption data.
(WE-009, KR-00 A mechanism for

the N0, water reaction was proposed

as follows wich (3) the rate determining

stap. O,NNO, 3 2NO, ¢}
2NU; @ ONONO, )

ONONO, 2 NOt + NOj  (3)
NOt 4+ HOH @ HONOHWY )
HONOH+ @ H* + HONO  (5)

The resulting rate equation was

i[!ag‘l = KK £,[N0,)

K, and K, are the equilibrium constants
for (1) and (2) and £5; is the forward
rate of step (3).

K = K,K, £, was measured. No check
was made on the validity of the rate
equation.

An empirical relationship was develop- BO-006
ed relating log{NO,]} and log a(a=degree

of absorption of NO,). There was a

minimum in the’ ploc log [NO;] vs. log @

at 2.5x1074% NO, .

The rate of NO;, absorption changes EL~004
with the equilibrium concentration of
N;O, in the gas. The rate for N, 0y
depends on its equilibrium concentta-
tion in the gas. When [NO)/[NO,] > 1,
the absorption i3 accelerated.

The hydrolysis mechanism was con- MA-032
sidered

¥,0, 2 NO' 4+ no; (68}
* + B0 2 Y+ HNO, 2)

The rate determining ste was found
to be (1) rather than (z§
reasons are not clearly described in

APPARATUS AND

OPERATING CONDITIONS

Apparatus not described
in the abstract.

Cocurrent fglling film
tower 17-50"C. Gas
Reynolds numbers were
600-4000. Liquid load-
ing was 0.3-1.0 t/min.

Packed columna.Gases
moving at high linear
velocities.

Apparatus not described
in the abstract.

Apparatus not described
in the abstract. Gas
velocity was 0.3 to 5.0
wn/sac, Temperatures of
20 and 50°C were used,

sure.

QUANTITIES MEASURED

the abstract, The article is un-
available at present.

RESULTS AND DISCUSSION

Experiments not described The rates of absorption were found to

in the abstract.

The experimental proce=-
dure was not described
in the abstract.

The experiments were
not described in the
abstract.

Experimental conditions
were not described in
the abstract.

Experimental procedure
not described in the
abstract.

PE-010
increase for sorbing solutions in the
order CaC0;, NaaCOs, Ca(OH);. When
Na; €0y solutions were used N;05 was
absorbed faster than NO,. The sorbing
solution must contain at least. 4 g
Na,CO; /L. The absorption rate was
lowered when the density of the sorb-
ing solution was increased by large
amounts of NOj and NOj.

The rate of absorption was found to MU-004
be independent of the liquid velocity.
The resistance was caused by the

liquid phase.chemical reactions. The
driving force was determined by [N,04]
and was independent of [HNO,) in the
absorbing medium, the degree of oxida~
tion of the gas phase, and the counter-
diffusion of NO,

The rate of absorption of N,0, was ZH-001
directly proportional to its concen-
tration in the gas. When the gas
contained equimolar quantities of NO
and NO,, the rate was proportional

to their combined concentrations up
to 0.25%2. If both NO, and N0, are
present, the relative proportion of
NO increases. The absorption rate
was found to vary as the Reynolds
number to the ,36 power, Tge absorp-
tion rate decreased as the tempera-
ture increased.

The completeness of the absorption MI-005
reaction reaches a maximum at a 1:1
mole ratio of NO to NO,. At this
ratio the NO + NO, concentration has
no effect on the completeness of
reaction,

The rate of absorption decreased ZH-002
with risinf temperature. At low
concentrations the rate is indepen~

dent of gas velocity but at some

concentration it begins to depend

on the velocity, When {NO;]) > {NO],

wostly NOy is dissolved. When

[NO] > [NO,), mostly N O3 goes into

solution, The rate of absorption

of N;O; is 1.4 times as fast as the

rate of NO;.

REFERENCE
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TABLE I (cont,)

APPARATUS AND
GAS COMPOSITION  ABSORBING MEDIUM OPERATING CONDITIONS QUANTITIES MEASURED RESULTS AND DISCUSSION REFERENCE
21, Equimolar Na,CO;, NaNO, &d The apparatus was not The procedure was not The rate was proportional to [N;0;)°:%, KR-007
mixture of NO Naglo solution, described in the described in the The absorption efficiency is sharply
and NOg Total concentra~ abstract. abatract, reduced wﬁen {Na;C0,) < 37.. Nitrite
tion of all 3 = causes a greater reduction in efficiency
34-6%. than nitrate. The author suggests it
is due to the effect on the decomposi-
tion of HNO,.
22. NO mixtures Solutions of Static gas phase, wildly The experimental proce- Sulfite Absorption: For (NO) < .1 bar, P0O-014
in nitrogen Naioso., FeCl,, agitated liquid phase. dure was not described the absorption rate was = K‘PNO(g)
l(?ﬁﬂ‘ ‘s‘ad in the abstract. m® hr. K, was the mass transfer coef-
a s ficient.For (NO} > .1 bar, Rate =
K; (P'Pi)NO with Py the equilibrium
pressure at the interface.
Absorption with Fe*t Salts: The driving
orce expression must take into account
the equilibrium:
K = (FeNo™+]/[Fett](N0]
23. Undiluted NO Water, HNO, 1. Gas bubbled through The experimental proce- For the bubbling method: Pure NO, and AT-002
+ NO, and solutiong, NaOH 1liquid. dure was not described N0 ¥ N0, were agsorﬁea at about the
pure RO; solutions, NaNOy 2 Surface absorption in the abstract. same rate, For the mixture, when NO >
solutions { P NO,, the absorbate is in the form of

with rapid movement of N.D.
gas and liquid, ata

For the method of rapid gas and liquid
3iths§:f:€ea:zg:rg?::s movement: NO + NO, ts aEsorBea Taster
than NO, .

and liquid.
For_the method of quiet gas and liquida:
20, (pure NO;) was absorbed much more
rapidly than N0, at 25°C. The rate of
absorption of N,0, decreased with in-
creasing concentration of NgOH or HNO,.
The rate for N O, decreased with increas-
ing concentracion of HNO;. The rate for
N;0; increases with increasing NaOH
concentration over 125g/4.

24. 80% NO, Water und HNOs A 45 mm diameter column The experimental proce- For mixture 1, the rate of absorption TS-001
Tixt\ixres H solutions filled with glasslrings gurehwasbnot described was = K,Py, and 80-90% of the :gsorb-
. 1n N, was used. Gas velo- n the gbstract.
2. in ;r cities of 0.2 mm/sec ed oxides formed HNO,.
3. . a: ang/liquid ra:eg of 7.2 For mixture 2, the rate at PNO > 0.5
. ia N, 0O m3/m? were used. - Kp? s
with 272°%0 ° atm vas = KPyq, .
For mixture 3, only 60-~75% of the oxides
absorbed formed HNO,.
25. NO-NO, - The apparatus was not The experimental proce- An increase in the concentration of N GA-008
mixtures, gﬁggf' solu descrzged in the dure was not described oxides gave an increase in the absorp-
Concentra- abstract. in the abstract. tion rate, The rate decreased at
tion not given increasini temperatures. An increase
in the abstract. in the volume rate of the gas decreased
the absorption rate. Increasing concen-
tration of nitrite and nitrate in solution
decreased the absorption rate.
TABLE I (cont.) APPARATUS AND
GAS COMPOSITION  ABSORBING MEDIUM OPERATING CONDITIONS QUANTITIES MEASURED RESULTS AND DISCUSSION REFERENCE
26. N oxides. Na,CO, solutions Packed towers - 18 m high, The experimental proce- The concentration of NagCO, had no KR-008
No further des- containing NaNO, diameter = 7 m, tempera- dure was not described in effect on the degree of absorption at
cription given and NaNoO, . ture = 25-35°C, pres- the abstract. values higher than 30-35 g/4. The
in abstract sure 1.30-5 atm, gas flow degree of absorption decreased with
rate .2-.3 m/sec, liquid increasing NaNO; and NaNO, concen-
flow rate 9.5 w®/m?® hr. tration.
Packing was ceramic rings.
27. NO, NO, Na,COy solutions The apparatus is called The coefficient of The products from sorption with Na;COy PO-015
mixture. concaining NaNO;, the Penn apparatus. It absorption efficiency were NaNO, and NaNO,. It was found
Total concen- and NaNO, . is not described further is defined as equivalent that the coéfficient of efficiency
tration from in the gbstract. Gas N oxides absorbed/ equi- a) increases with increasing liquid
0.05 to 1.4%. flow rates of .5-3, m/ valent Na;CO, used, An flow rate and increasing initial con-
gec were used, absorption coefficient centration of N oxides, and b) de-
18 also discussed but not creases with increasing gas flow rate
defined in the abstract. and increasing Na,CO, concentration,
28. NO; and 3% HNO, solution A rapidly revolving The experimental proce- It was postulated that HNO, forma- GA-009
N;0,. No con- mechanical absorber dure was not described tion takes place via HNO; formation.
centrationg was used, The gas in the abstract. In testing the hypothesis, the rates
given in the velocity corresponded of NO; and N,0, absorption by 5%
abgtract. to a contact time of HNO; were found to be equal.
2.4 gec. Temperature
was 20-22°C, The con-
ditions were highly
turbulent,
29. NO + NO; 30-199 g/# A venturi scrubber A volumetric absorption The following was found concerning VA-006
Totai coscen- Na,CO, solutions wigh throat digmeter cge{ﬂcient Kgadin kg Kga.:
tration 0.5 « 6 mm was used, w? hr. atm was deter-
«. It was a maximum at 50% conver-
to 3.5% wined, 2ion of NO to NO,.
2. It decreased with decreasing
concentration of N oxides in the
entering gas.
3. It decreased with an increase
in Na,CO, concentration.
30. NO mixtures. HNO; solutions The apparatus was The concentrations of The absorption rate was said to be 0I-001
Concentra- normality = 0.1, not described in the HNO, and HNO, were controlled by the diffusion rate of
tion not given 0.01, and 0,001, abstract. Tempera- correlated with the ANO; from the gas-liquid interface
in abstract. HCl present to ture was 30°C. onductivity of their .o the solution. It was found that
Some NO; must determine influ- solutions. The absorp- Cl1° acce}iraces the ebsorg_tion and
also have been ence of Cl1°, tion rate was expressed Mgtt, PbTT, Za*tt, and Ce*+ have
present. normality = 0.01 as the rate of forma- negligible effect. Cd™" appeared to
to 0.04 . Jnfle tion of HNO, ., accelerate abgsorption. The equili-
ence of N brium concentration of HNO, was much
Cet*, P znt, greater in the system NO~HO0-HNO,-
and Ga++ also HCL than in the system NO-H,0-HNO,.
axamined. The original article is in Japanese,
31. Pure Water A laminar iet apparatus The exit liquid was An empirical equation for the HO-009
mixtures of NO was used slmilar to that analyzed for total acid dependence of the total agld concen-
and NO,, NO,varied of Krgmers (KR-006, (HNO; + HNO,) by quench- tration on [eNO;], [eNO,])®, jet
from 0 to 100% example 10). The jet ing with a known amount length, jet diameter, and water and
The rest was NO. diameter was 0.87 mm and of 0.1 N NaOH and back gas flow rates was developed using
Some measures the length was varied titrating with HCl, The regression analysis. All f““i"
ments made with between 2 and 6 cm. The HNO, content was were then extrapolated to a value

pure NO,.
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TABLE I (cont.)

GAS COMPOSITION
31.

{cont,)

TABLE I (cont.)

GAS _COMPOSITION

32, NO-NO, mix-
tures in air.
Concentration of
N oxides ,98-
4.1%. 82% of
the NO was oxi-
dized to NOp.

33. Mixtures
of N0, and
HNO, in Op.

34, Mixtures
containing NO
and NO,. The
NO was oxidized
from 30 to 60%
The concentra-
tion of NO + NO,
varied up to

35. Mixture of
0.5-3.5% NO +
NO, .

ABSORBING MEDIUM

APPARATUS AND

OPERATING CONDITIONS

QUANTITIES MEASURED

RESULTS AND DISCUSSION REFERENCE

14
-130 ml/min and the gas
rate was 10-40 t/hr.

uid flow rate was 100 determined segaﬁgﬁgly by

Experiments were ther-
mostated at 25°C.

ABSORBING MEDIUM

APPARATUS AND
OPERATING CONDITIONS

oxidation wit,
with spectrophotometry.

. and

QUANTITIES MEASURED

of %as flow of 40 t/hr and water rate HO-009
of 100 ml/min. Since the gas contained

no diluent gas, diffusion resistance

was considered negligible and the rate was

was considered determined by the two reactions:
N,O, + H,0 @ HNO, + HNO, (1)
N0, + H,0 @ 2HNO, (2)

Based on the stoichiometry of these

reactions, the time rate of change

of N0, and N,0, were expressed in

terms of the concentrations of HNO,

and HNO,. The results are given in the

following figure.

o428 -0 e

Sewian (1)

ot |

Abb.4
Nach Realtion (1) und Reaktion (2) gebildite Salpetentue
und salputrige Siure in Abhingigkeit von der Gaveusammes:
sctzung. Verweilzcit des Steahls 10 1,436 10 ¥sec

It can be seen that the rate of change
of N,05 according to reaction 2 is
greatest at 50% NO; and 507 NO.

An equation derived previously and
used by Kramers (KR-006) was used to
obtain a rate constant for reaction
2. The equation is based on the pene-
tration theory. According to the equa-
tion, the rate should be proportional
to the concentrgtion of NyO; in the bulk
gas, There was a deviation from linearity.
The authors stated also that another
possible mechanism 15 the ias phase forma-
tion and subsequent diffusion of HNOg.

RESULTS AND DISCUSSION

Ca(OH), solutions A horizontal absorber

concentration
range 30-130g/4.

Water

Na,CO, solu-
tions of ?
8/s.

Na,; CO; solu-
tions of 30~
198.8 g/s.

containing an axial shaft
to which discs were
attached was used. The
discs were perforated
and formed blades and
were rotated at high
speeds to produce high
3as and liquid turbulence
~ountercurrent flow was
used, The gas had to be
separated from entrained
mist after it left the
absorber. Gas velocity
was 400 m® gas/m® gb-
gorber/hr. The tempera-
ture was 30°C.

A bubble-cap column in
an autoclave was used,
The temperature and
pressure were varied
up to 90°C and 50 atm,

A column sith a centri-
‘ugal sprayer was used.
.he liquid rate was 2.2
-6.m3/m? hr and the gas
rate was 167 m®/m3hr.
The temperature was 10-
40°C and the spray velo-
city was 23 m/sec,

r
venturl) was used. e
gaa feed rate was 32-

32 i/min, the gas velo-
city was {8-78 w/sec and
the liquid rate relative
to the gas rate was .68
=4,13 s/o®,

turbulent gas scrubbe
§Tat T

Entering and exit gases

were analyzed for NO and

NO, and the absorbing
1liquid was analyzed for
nitrite and nitrate.
The absorption coef-
ficient Kg depended on
the concentration of NO
and NO, in the gas, the

volume rate of gas flow,

the speed of rotation o
the discs, the tempera-
ture, and the Ca(OR),
concentration. Kg was
expressed in kg /m3/hr/
atm,

The measurements were
not described in the
abstract.

The measurements were
not described in the
abstract. The degree
of absorption, a, and
the coefficient of
gbsorption Kg were
calculated from the
data.

Inlet and outlet NO and
NO; were determined in
the gas and the volu-

metric absorption coef-

ficient K,a was express~

ed in Kg moles of N,/
m¥/hr/atm., The degree
of absorption was also
calculated.

The rate of absorption was dependent GA-010
on the concentration of nitrogen oxides
at low peripheral disc speeds. At
higher speeds, the absorption rates
became equal for high and low initial
concentrations. The rates of absorp-
tion for gases of equal concentra-
tions containing (1) NO, and (2) NO,
+ NO in equimolar proportions were
only slightly different in the mechan-
f 1cal absorber. The percent of nitrogen
oxides removed from the gas stream by
the mechanical absorber was reported
to be higher than in commercial packed
towers,

Empirical relationships between the AT-003
rate constant for disappesrance of

NO, and temperature or pressure were
developed. It was found that the

rate of disappearance of NO, was

K{NO,13[H;0]. The proposed mechanism
tnvolved the following steps.
N0, oy # NiOug,y (1)
Ny (yy # 2N0g( (2)
2N0; (,y+ K0 @ HNO; + HNO, 3)

Step 3 was proposed as rate controlling.

When 38-40% of the NO was oxidized
to NO;, the degree of absorption and
the absorption coefficlent increased
as the concentration NO + NO, in the
gas.With increasing temperature @
and Kg decreased.

GA-011

An emgirical relationship was found VA-009
for the dependence of K, a on gas

velocity, liquid rate, nitrogen oxide
concentration, sodium carbonate con-
centration and degree of oxidation of

NO. The highest value of the absorp-

tion coefficient was at 50% oxidation.

REFERENCE
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TABLE 1 (cont.)

APPARATUS AND
GAS COMPOSITION  ABSORBING MEDIUM OPERATING CONDITIONS QUANTITIES MEASURED RESULTS AND DISCUSSION REFERENCE
36, Pure NO FeSO4 and FeCl, The apparatus was not The procedure was not Absorption is reported to take place SI-007
golutions, .25~ described in the abstract. described in the gbstract. by formation of the complex [FeNO)<=.
.62 M in FeSO,. The pressure of NO was aq
varied up to 1 atm and The results were expressed {n terms
ghesssiénpetature from 0 of an equilibrium constant
o .

- \')
K = 277y Pyo
where V is s_'_e liters of NO absorbed

per mole Fe™', The results were
independent of the concentration of

FeCl,.

37. NO in FeSO, solutions A stirred pot reactor The concentration of The abgorption rate was linearly GA-012
nitrogen in the from 5.6 to was used. Gas was NO in the inlet and proportional to the concentration of
range 0,.7-38% 20.5%. passed over the surface exit gas was measured, NO in the gas up to 8%. At concen-

of a stirred liquid at An absorption rate trations higher, the chemical capacity

0.2 t/min, Liquid sur- and an absorption coef- of the sorbent must be taken into

face was 50.05 cm?, ficient were calculated account. The high solubility of NO in

Temperature was 20°C. in the units kg/m3hr the range .7 to 8.% was proposed as the

and kg/m?hr atm, reason for the negligible liquid film

resistance in that range. It was con-
cluded that the rate of the absorption
reaetion process is limited by diffusion
kinetics and that liquid f£ilm diffusion
was negligible up to concentrations of

-12%.
38. Nitr.e 20% FesO, solu- A packed column 510 mm The entering and exit Gas film limited diffusfon was assumed GA-012
oxide; 1% tions. high and 27.8 mm i.d. concentrations of NO to be the controlling step based on the
in nitrogen, #as used, The tempera- in the gas were meas- work in example 37. Therefore the
ture was 20°C, Gas ured. The absorption influence of gas velocity on the absorp-
relocity was 0.09-1. coefficient K, was tion coefficient was investigated. It
a/sec., calculated from was found that' increase of linear gas

Rate = KgAP velocity resulted in an increase in the
absorption coefficient and in the

The units of rate were absorption rate. The absorption coef-

kg/m’hr and AP was ficient was equal to the 0.B8th power of

1°3(Pgas' Puq). where the gas velocity.

Puq was the partial

pressure of NO over
the liquid.

39. Three The agbsorbing A mechanical absorber The inlet and outlet An increase in the calcium nitrite GA-014
gseries of medium was a similar to that des- concentrations of NO + nitrate concentration in the absorb-
experiments golution of cal- cribed in exemple 32 + NOg in the gas were ing medium was found to lead to a
were conducted cium oxide of was used. The gas measured and the per- decrease in the percent of NO + NO,
in which-the 3-5 and 30-35 g/t rate was 400 m® gas/ cent of NO + NOp re- absorbed. The relationship was not
concentrations The original n%- m3hr., The peripheral woved was calculated. linear.
of NO + NO, trite nitrate digc speed was 23 m/
were: content was var- 6&ec and the tempera-
1. 0.25-0,5% ied from 50-450 ture was 65-75°C.
2. 0.9-1,0% 8/h.
3. 2.0-2.5%
65% of the N
oxides were
oxidized to NO,
TABLE I (cont.,)
APPARATUS AND
GAS_COMPOSITION  ABSORBING MEDIUM OPERATING CONDITIONS QUANTITIES MEASURED RESULTS AND DISCUSSION REFERENCE
40. Two series The absorbing The apparatus described The inlet and outlet con- The percent of the nitrogen oxides GA-014
of experiments medium was a in example 39 was used. centrations of NO+NO, absorbed increased as the degree of
were conducted solution of Ca0 The gas rate was 300-320 were measured and the oxidation increased to 50%. The rate
with a mixture contalning 4-6 o /m3hr, the peripheral percent of NO+NOjremoved of increase diminished after the
of NO+NO, in ni- g/4 and 200-250 disc speed was 23 mw/sec was calculated. degree of oxidation reached 50%. The
trogen in the g/4 calcium ni- and the temperature was results are shown below.

following cone trate + nitrite. 30-35°C.
centrations:
1. 0.5-0.7%
2, 1.0-1.3%
The degree of
oxidation of
NO to NO, was

varied from 30 b ey TR

to 70%. w”fﬁ;‘ of absorpilon (%),(0) degrea of oxidatton
of {%). Concenuatlon of NO + N
1) 1.3; 9o, o1 MO+ NOw (ta
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3.0 DISCUSSION OF RESULTS

3.1 Absorption with Gases Containing NO,- N,.O,

The work in Table I, numbers 3-6, 8-13, 15, 24, 26 and
33 is based on the absorption of gases initially containing
only NO, in a range of concentrations from 0.1 to 25%. Some
work was also done (numbers 10 and 23) with gases consisting of
undiluted NO,-N;0,. Absorbents used were water and solutions of
NaOH, HNO,, NaCl, and NaNO,. Chambers and Sherwood (CH-027,
Table I, number 3) concluded the rate of absorption was diffusion
controlled based on a plot of tube diameter/effective film
thickness vs. Reynold's number.

It has been pointed out (CA-0l4 and DE-006) that the
rate equation for diffusion controlling shows the rate propor-
tional to the sum of the concentrations of NO;, and N,O,.

Peters and coworkers (PE-006, 7, 8, and CH-028, Table I, numbers
4, 5, 6, and 11) on the other hand used a variety of equipment
types and showed the absorption rate linearly proportional to
the concentration of N,0, or the square of the concentration of
NO,. They also demonstrated that even when no NO is added in
the inlet gas, its presence must be taken into account in the
rate equation due to the decomposition of HNO, in acid sorbents.
Wendel and Pigford (WE-009) and Dekker and coworkers (DE-007)
also found the rate proportional to the concentration of

N;O0, in the gas.

Except for the work of Chambers and Sherwood (CH-027)
there is general agreement that chemical reaction between NO,-
N,0, and water is rate controlling. Several mechanisms for the
reaction have been proposed and the rate of the reaction has
been measured. Moll (MO-008) gives a good summary and discussion

=16~
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of the rate measurements (DE-007, WE-009) and reports a value
obtained from his own research.

Carberry (CA-015) reviewed most of the NO;-N;0, work.
The equilibrium reaction

3NO,+ H,0 @ 2HNOsz+ NO @9
where 3
P a
K P§O . aHNO:
NO, H, 0

had been considered a valid description of the NO,-N,0,
absorption process. Data were usually plotted in the form

PNo
log,p pz— V8. %(wt.) HNO4
NO,

Tarberry plotted the data in the form log,, PNO/Pﬁ'%4 and
a
found the rate constant to be independent of temperature.

3.2 Absorption with Gases Containing NO

Table I numbers 22, 36, 37, and 38 are concerned with the
absorption of pure nitric oxide or nitric oxide diluted with
inert carrier gas. Absorbents used were Na,SO,;, (NH,),SO;,
FeCl,, and FeSO,. Pozin (PO-014, number 22) found that absorp-
tion rate for sulfites as the absorbent depended on the con-
centration of NO in bulk gas and at the gas-liquid interface.
For Fe'' salts as the absorbent, the complex [FeNOT™ was formed.

Sirotkin and coworkers (SI-007, number 36) also used FeSO,.
The abstract of the original article reported that the complex

[FeNO];' was formed. Since the article was a translation, it is
quite possible that an error was made. Ganz (Ga-012, numbers 37

-17-
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and 38) also investigated absorption using FeSO,. He used a
stirred pot reactor and found the absorption rate was limited
by gas film diffusion.

3.2 Absorption with Gases Containing NO and NO,

Numbers 1, 2, 7, 14, 16-21, 23-25, 27-29, 31, 32, 34,
and 35 discuss absorption of gases initially containing both
NO and NO, with the total concentration varying from .5 to
100%. Absorbents used were water and solutions of HNO,, NaOH,
CaCl,, NaOH + Na,CO,+ NaHCO,, Na,CO,, NaNO,, Ca(OH;), CaCO,,
and Na,CO; + NaNO, + NaNO,. There was wide agreement (PE-010,
number 16; KR-007, number 21; MU-004, number 17; GA-008, number
25; KR-008, number 26) that the presence of nitrate and nitrites
in the absorbent reduces the rate of absorption. Perelman (PE-
010) reported the rate to increase for sorbents in the order
CaCO,, NayCO;, Ca(OH),. Atroshchenko (AT-002, number 23) and
Caudle and Denbigh (CA-014, number 2) reported the rate of
absorption was faster in water than in HNO, or CaCl, solutions,
respectively. The effect of the presence or concentration of
NazCO; in the sorbing solution was investigated by several
workers (VA-006, number 29; P0O-015, number 27; and KR-008,
number 26). Krustev (KR-008) reported that the presence of Na,CO,
had no effect above a lower limiting concentration. Varlamov
(VA-006) stated that the absorption coefficient decreased with
increasing Na,CO; concentration. Pozin (PO—OlS) defined an
efficiency coefficient as

equivalent oxides absorbed
equivalent NayCO, used

and  stated that the coefficient decreased with increasing
Na, CO, concentration.

-18-
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There was general agreement (VA-009, number 35; VA-006,
number 29; MI-005, number 19) that the absorption rate was a
maximum at a 1:1 mole ratio of NO, to NO or at 50% oxidation of

NO. These results are well expressed graphically by Hofmeister
and Kohlhaas (HO-009, number 31).

Most workers agreed that the absorption. rate was
proportional to the concentration of N,0, or the product of
NO and NO, concentrations (KR-007, number 21; ZH-001l, number
18; EL-004, number 14; KO0-026, number 26). Perelman (PE-010,
number 16) and Zhavoronkov (ZH-002, number 20) and several
other workers have stated that the rate of N;0; absorption is
greater than the rate of N,0, absorption. Atroshchenko (AT-002,
number 23) found that the relative rates depended on the
experimental apparatus. His results are discussed in more
detail in Table I, number 23. Ganz (GA-009, GA-010) found the
rates to be about equal in his apparatus (see numbers 28 and 32
and the following discussion).

Koval (KO0-024, KO-026, number 7) performéd an extensive
investigation on the effect of adding nitric oxide on the absorp-
tion of NO,+ N O, by water. His work seems to have been performed
with great care and the mechanism he proposed explained some
results found by previous workers. Although he did not measure
the rates predicted by the rate equations resulting from his
mechanism, he made a material balance and demonstrated that the
stoichiometry resulting from his mechanism agreed with the
actual stoichiometry. Some of the most significant observations
in Koval's work are as follows:

-19-
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1. That the absorption rate is a function of the gas-
liquid contact area was demonstrated by conducting experiments
in a variety of equipment types with other factors held constant.

2. 1In absorption experiments, the concentration of
components NO, NO;, N,0;, N,0,, HNO,, and HNO, must be monitored.
Early investigators assumed that the concentration of HNO, was
negligible but Koval demonstrated its importance even when nitric
oxide was not added in the inlet gas.

3. Analytical techniques are important in the NO, -H,0
system. For instance, many investigators titrated the liquid
absorption products directly with NaOH. Koval showed that
decomposition of HNO, between the time of sampling and the
analysis time could result in values for total acid from &4 to
20% too low. In addition, the titration curve for titration
of nitrous acid with sodium hydroxide is not sharp since HNO,
is always decomposing and the pH changes with time,

4. When NO and NO, are both present in the inlet gas,
the reactions suggested by Koval to be of importance are as
follows.

Na04(z)+ Hao(z) 2 HNO=(£)+ HNOG(L) (2) .

N=03(£)+ Hio(z) 2 2HNO=(Z) (3)
Reaction 3 is faster than reaction 2 but whether it is in
equilibrium is not known. The equilibrium for the second
reaction in the gas phase is well described but in the

aqueous phase it has not been studied extensively. An
explanation (KO0-026) for the fact that the second reaction

-20-
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is faster than the first is that both proceed by ionization
mechanisms :

N,0, 2 No' + noj (4)
+ -
N,O, 2 NO' + NO, (5)

Koval speculated that the ionization of N0, is faster than that
of N,0, since N,0, ionization to form NO' and NO; involves
isomerization from O,NNO, to ONONO; .

Varlamov and Drobysheva (VA-009, number 35) tried to
determine the relative effects of mass transfer and chemical
reaction on the absorption of NO-NO, mixtures in a venturi
scrubber, They used equation 6

1 1 1
K5 - Ka ks ()

to calculate gH where K;a is the overall absorption coefficient,
ksa is the gas phase mass transfer coefficient and k, a is the
liquid-phase mass transfer coefficient. The factor g is the
coefficient representing the effect of chemical reaction and

H is the Henry's Law coefficient. The mass transfer coefficients
for NO + NO, were calculated by determining the coefficients for
CO, in water (sparingly soluble gas, liquid phase resistance

rate limiting) and SO, in water (highly soluble gas, resistance
of gas and liquid phases comparable) and correcting for the
differences in diffusion rates, viscosities, and densities of
CO,, SO,, and NO + NO,. It was concluded that 'the boundary

of chemical interaction between reacting components moves toward
the liquid surface" with increasing liquid flow rate, and that
"the rate is influenced by both diffusion of the active component
in the gas and diffusion of the active component and the reaction
product in the liquid".

-21-
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Ganz and coworkers (GA-013, GA-014) investigated the
absorption of mixtures of NO and NO, by solutions of CaO
containing calcium nitrate and calcium nitrite. The equipment
used was a horizontal mechanical absorber containing a revolving
axial shaft to which were connected blades or discs causing highly
turbulent flow conditions., Most of the work of Ganz is generally
concerned with developing empirical relationships between the
absorption coefficient and hydrodynamic or physical factors with
little regard for theory and mechanism. However, in the case
of the mechanical absorber, discussion of a possible reaction
pathway was presented. The influence of the NO, :NO ratio in
the gas and the concentration of nitrate, nitrite and Ca0O in
the absorbing medium were investigated (see Table I, numbers 39
and 40). Some of the qualitative results are summarized in
points 1 through 4.

1. Depending on the concentrations of calcium oxide,
calcium nitrite and calcium nitrate, formation and precipitation
of the basic salt Ca(OH,),- Ca(NO,),- 2H,O0 occurs. Gorfunkel
(GO-007) also reports the possibility of formation of
Ca0 + Ca(NOz),* 2H;0.

2, When the nitrite-nitrate concentration in the
absorbing liquor is small the presence or concentration of
calcium oxide has no effect on the percent of nitrogen oxides
absorbed. When the concentration of nitrite + nitrate is
higher, an increase in its concentration causes a decrease in
the percent of NO + NO;, removed from the gas. An increase in
the Ca0 concentration then retards the decrease in absorption.
Ganz explained this effect by stating that in the mechanical
absorber, calcium oxide is dissolved faster than Ca(OH), can
react to form nitrites and nitrates so there is an excess of

-22-
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Ca0 rather than an excess of Ca(NO,),. When there is an excess
of the nitrite, reaction 7 takes place and NO is given off or
oxidized to NO, thus limiting the percent absorption.

Ca(NO),+ 2NO, @ Ca(NO,)g+ 2NO )

It is proposed that in the presence of excess Ca0, reaction 7
is restricted and the decrease in percent absorption is retarded.

3. It was proposed that in the mechanical absorber,
reaction takes place simultaneously via NO, and N 0, and that
the rates of the two reactions are equal. The proposition is
based on several observed facts.

a. The content of NO in the exit gas was always
greater than NOp, even when the entering gas
ratio NO, :NO was > 1.

b. 1If only Ny,O; absorption were taking place,
the products would be totally nitrite.
However, more nitrate than nitrite is
formed.

4, It was proposed that in the mechanical absorber,
nitrogen oxides are almost completely oxidized to NO; and the
rate of NO, absorption becomes equal to the rate of N, 0,
absorption resulting in the formation of equimolar amounts of
nitrite and nitrate. The nitrite undergoes inversion accord-
ing to reaction 7 and NO is liberated and oxidized in the
liquid.
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Andrew and Hanson (AN-001) also discussed absorption for
the case of both NO and NO; present in the inlet gas. The authors
stated that the mechanism of absorption is dependent on the
relative concentrations of NO and NO,. They described four
possible absorption mechanisms and developed rate equations for
a laboratory sieve plate for each mechanism. The rate equations
were expressed in terms of the plate efficiency n defined as

chemical NO, absorbed
chemical NO, entering

Chemical NO, meant NOg+ 2N,0,+ N,O,+ %3HNO,. Figure 1, taken
directly from Andrew and Hanson (AN-001) shows the plate
efficiencies predicted from the rate equations for each mechanism.
Some physical constants had to be estimated to obtain Figure 1.

100%, 100
T - 10 SEC.
G~ 10 CM/SEC. V’_—‘
P 2s°c %/
Q'dk’///////’ L~ =
AT ™
¥ 7
Q'q./:;;7i;// ~\\\\\\\\\I%

1 )
[No,]s' CHEMICAL NO, CONCENTRATION (GMMOL/CMX10%)

o
Qo
e

Fi0. 6. Predicted component and total plate efficiencics.

FIGURE 1

“24-

Radian Corporatlon 8409 RESEARCH BLVD. « P.O. BOX 7148 + AUSTIN, TEXAS 76758  TELEPHONE 512 - 454-9535

In Figure 1, Neh > for example, refers to the plate efficiency
due to mechanism fh. The mechanisms corresponding to the
alphabetic designations in Figure 1 are as follows.

Alphabetic
Designation
in Figure 1 Mechanism
fh Diffusion across the gas and liquid films as NO, and
N,0,. Subsequent hydrolysis of N;0, to HNO,, which
decomposes to N,0,. Naoa(g) or HNOa(g) given off.
e Diffusion as NO,, dimerization in solution, and
hydrolysis of N,O,. HNOa(g) given off.
cd Diffusion as HNOa(g)- Naos(g) equilibrium mixture.
HNO, decomposition in aqueous phase. NO given off.
ik Gas phase formation of HNO,; and HNO,. HNO, both

dissolves in mist and diffuses into aqueous phase.
HNOa(g) decomposes.

Figure 2, also from Andrew and Hanson (AN-00l), shows
measured total plate efficiencies and shows the numerical
agreement between predicted and measured values of total m.
The values obtained experimentally are indicated by 0 and X,
while the predicted values are indicated by the lines.
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100% o 100% TABLE II
@ [vo)00s e
. g MECHANISM OF ABSORPTION AT VARYING
] .. - GAS CONCENTRATIONS
PR e 16%
) : o)
§ o Bl GAS CONCENTRATION MECHANI SM
o > .01 mole% N,0, diffusion and hydrolysis
‘ool . ol ' S
[roz], 0£Mcn.N%cmmunmna‘@wmxkgimﬁ) < .01 mole?% mechanism depends on NO/NO, ratio
Fia. 7. A comparison of measured with predicted plate efficicncies, < .01 mole% (NO/NO, < .5) liquid film limited solution of NO,
< .01 mole% (NO/NO, > 5) absorption and liquid phase decom-
FIGURE 2 position of HNO,

< ,01 mole% (5.0 > NO/NO, > 0.5 more than one mechanism is of
importance

From Figure 1, one can determine the controlling mechanism
for this model at different gas concentrations with the relative
proportions of NO and NO, constant. Figure 1 shows that at low
gas strengths, mechanisms e and cd (diffusion as NO, and HNO,-N,0,)
are important while at higher strengths, mechanism fh (diffusion
as N,O,- NO,) is most important. The point was also made that
as the proportion of NO increases, mechanism cd involving N,O,-HNO,
becomes more important than mechanism e involving NO,. The con-~
tribution of mechanism ik is never important. The mechanisms
operable at different gas concentrations are shown in Table II,
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This note is a modification of Technical Note
200-007-03. It includes changes made when an equation involv-
ing N,O, was added to the system of equations used to describe
gaseous nitrogen oxides equilibria. Note 03a is identical to
Note 03 except for additions on pages 2, 3, 6, 7, 9, 10, 11,
15, 16, and 17, and corrections on pages 10 and 13.
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1.0 INTRODUCTION

This note describes the chemical basis and the
formulation of equations for a computer program to calculate
composition in the gas phase at equilibrium. The system of
interest contains nitrogen oxides, water, and their reaction
products. The ability to quantitatively describe the chemical
composition at equilibrium is important. With this informa-
tion it is possible to predict which species are significant
in the mass transfer mechanism. This note, however, describes
only the chemical basis and problem formulation. The appli-
cations of the computer program and the results will be
discussed in a later note.

The gas phase program was written to be compatible
with the aqueous equilibrium formulation developed to describe
equilibria in scrubber solutions. Ultimately, both gas and
aqueous phase formulations will be used to describe equilibria
in the system NO,-CO,-H,0-MeO, where MeO is a metal oxide.

2.0 CHEMISTRY

In order to calculate the amount of each of the
species present in the gas phase at equilibrium, the species,
their possible reactions, and the resulting products must be
identified. For the purposes of these calculations, the only
components present in the gas phase were assumed to be the
various nitrogen oxides and water, their reaction products,
and inerts (see section 3). The interaction between sulfur
dioxide and nitrogen oxides is a kinetics problem and was not
considered.
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The following species were taken into consideration

N,0 H,0
NO HNO,
NO, HNO,
N,0, 0,
N,0, N,
N,0,

The oxides N,O0 and N,0; are not formed in amounts
great enough to be of significance for the mass balance.
Even though N O; is thermodynamically unstable with respect to
formation of N O, or N,O, above 298°K (ST-026, p. 16), its con-
centration will be of significance for thermodynamic screening
considerations. Both NO and NO, are stable with respect to
decomposition into their elements.

Reaction 2-1 is slow enough to be considered the rate
limiting step in nitric acid manufacture.

NO + %0, =~ NO, (2-1)

Only 5-10% of the NO formed during combustion is oxidized to
NO_,, since the residence time for most stationary combustion
processes is too short (BA-003, p.1-8). Chilton (CH-032,
pp.29-30) calculated 6 minutes for the time required at 43°C
for reaction 2-1 to go to 95% completion at atmospheric
pressure, 107% NO and 7% O,. Therefore, the reaction was con-
sidered kinetically limited and was not included in the gas
phase equilibrium formulation. Reactions 2-2 through 2-6 were
included in the formulation:
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NO( + NO

g) a(g) * MNaOs(g (2-3)

with subsequent diffusion and dissolution in water droplets.
Others reported no mist formation or were able to eliminate it

N;0 + H,0 2 HNO + HNO
274 (8) 37(g) ¢ 2(g) 2(g) (2-4) by filtering the carrier gas repeatedly.

Naos(g) + Hao(g) 2 2HN03(g) (2-5) (2) Nitric oxide has been found in the exit gas
when sodium hydroxide was the sorbent for gases initially
NO(g)+ NnOS(g) ] NO,(g)+ N'O4(g) (2-6) containing only NO,. The sorption products of an NO,, N,0,
mixture in NaOH are nitrites and nitrates; there is no unionized
aqueous HNO, or HNO, present. Therefore, any NO formed could

The equilibria in 2-2, 2-3, and 2-5 have been investigated and not be a result of decomposition of aqueous HNO,. The nitric

found to be attained quite rapidly (CH-032, p.55, WA-014, WA-
015, pp.11-12). Wayne and Yost (WA-0l4, WA-016) measured the
rate of formation of HNO,, but expressed the rate constant and

oxide must then have resulted from decomposition of gaseous
HNO,. Since no nitric oxide was present in the inlet gas,
reaction 2-5 could not be the path for HNO, formation and

the equilibrium constant for the reaction as writtem in 2-7, reaction 2-4 must have taken place

NO + NO, + H,0 = 2HNO, (2-7) (3) Several investigators have attempted to observe

a homogeneous reaction between water vapor and nitrogen dioxide
making no distinction between reactions 2-5 and 2-6 and no in the absence of a condensed phase. In many cases, it was
concluded that no reaction took place. The conclusions were

based on the fact that either no pressure change occurred, or

assumptions about the mechanism. They reported half times as
short as 0.014 seconds.
no mist was visible.
Whether or not nitric acid is formed by reaction in

the gas phase such as that given in 2-4 has long been a matter Wendel and Pigford (WE-009) discussed a possible

explanation for mist formation and for the presence of NO in the
exit gas. According to their theory, the heat of solution of
highly soluble gases causes vaporization of some water. The
vapor diffuses outward into the relatively cooler gas stream

of some controversy. The question has been discussed by nearly
every author that has written about nitrogen oxides absorption.
Carberry (CA-015) summarized some of the data published up to
1959 and Wendel and Pigford (WE-009) also gave a summary and
discussion of the findings of many investigators. The pertinent and condenses forming a mist or fog. N,0,-NO, mixtures can
facts are: then be absorbed in the condensed water vapor forming nitric
and nitrous acids. The NO is given off when nitrous acid
decomposes. These workers passed N,0, gas through an absorber
with the gas at 25°C and the water 40°C. A dense mist was

formed, but the amount of condensation decreased markedly as the

(1) Many investigators have observed mist or fog
formation when gaseous nitrogen oxides are absorbed into
aqueous solutions. They have interpreted the mist formation

as proof of a homogeneous gas phase reaction to produce HNOa(g) gas temperature increased from 25 to 40°C.

-3- -4
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Goyer (GO-012) reported, however, that the absorption
of NO, in mist droplets is negligible. As suggested to him in
a private communication from S. P. S. Andrew, Goyer proposed a
mechanism by which gaseous HNO, molecules form nuclei on which
water-vapor condenses. The homogeneous gas phase reaction to
form HNO, is proposed to take place between NO, and H,0 rather
than between N,0, and H,0 as in the liquid phase. A nitrogen
stream saturated with NO, was mixed with an air stream saturated
with water vapor in a mixing chamber. NO, was determined
photometrically in the inlet and outlet gases. Apparently no
condensed phase was present in the mixing chamber other than a
mist which formed on mixing. Even below 20% relative humidity
of the air-water vapor stream, a mist formed, but it evaporated
as the temperature was slowly increased and before it could be
detected on a filter. At higher relative humidities the mist
was collected on a filter and analyzed for HNO,.

Two types of experiments were run in the mixing
chamber with 88% relative humidity and 4-7% NO,-N,0,. The
concentration of NO, was continuously measured photometrically.
In some experiments, the gases were heated upon mixing. In
these cases, the amount of mist formed was slight and remained
constant. The amount of NO, removed increased, which was
attributed to an increase in the rate of reaction between Noz(g)
and Hzo(g)i

In other experiments the gases were cooled on
mixing. In these experiments, mist formation was quite exten-
sive due to the condensation of water vapor. At lower
temperatures the NO, removal decreased due to the decrease in
reaction rate between NOa(g) and Hzo(g). At temperatures below
the dew point, mist formation also decreased since there were
few HNO, nuclei due to decreased reaction rate. A heavy mist
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formed when NaCl nuclei were added to the gas mixture, but NO,
removal did not increase. It was therefore concluded that NO,
removal occurred through a gas phase reaction mechanism rather
than through absorption into mist droplets.

3.0 PROBLEM FORMULATION

3.1 Description of the Method

There are i components for which we wish to calculate
the mole fraction, Y;, present at equilibrium. The components
are listed below.

Component

|,-..

Inerts
NO
NO,
N, O,
N,O,
H,0
HNO,
HNO,

W o0 N O B W N

N, Og

"Inerts" is used to describe flue gas components which are not

considered chemically reactive in the equilibrium formulation.

The other eight components are involved in the j
reactions which are also listed.

-6
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g Reaction
1 280, 2 N0,
2 NO + NO, @ N,O,
3 N O,+ H,0 & HNO,+ HNO,
4 N,O,+ H,0 # 2HNO,
5 NO + N,Og @ NO,+ N0,

The relation between the mole fraction ¥i and the number of
moles, 0, for each component is defined by 3-1 where N, is
the total number of moles including inerts.

9 9
2 Yi = z ni/NT = 1 (37].)
i=1 i=1

In addition, we wish to define three other variables:
Cyo » chemical NO,, C,,, chemical NO, and Cuzo’ chemical H_,O.
Thege input variables are defined by the mass balance equations
described in section 3.3.

Finally, we can write an equation for the equilibrium
constant for each of the j reactions listed above. The form
of the equilibrium constant expressions is given in section 3,2.

By combining the three mass balance equations and the
five equilibrium constant expressions we obtain a system of eight
nonlinear equations which can be solved for the eight unknowns..
The system of non-linear equations is solved using an iterative
procedure originally developed for solving aqueous solution
equilibria. '
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3.2 Fquilibrium Constant Expressions

The th reaction is represented by 3-2 where g and B
are the stoichiometric coefficients.

E aij Reactants @ Z Bij Products (3-2)
i i

The equilibrium constant for the th reaction is shown in 3-3,

B

N ay H
i
K, = ——— 3-3
’ N aiaij o
i

The activity, ay, is defined as the quotient of the fugacity,
fi’ of the iEE component and the fugacity at standard state.
For a standard state of unit fugacity at one atmosphere, the
activity is given by 3-4,

a; = /€5 = £/1 = £ (3-4)

Fugacities may be calculated from partial pressures using 3-5
where vi is the mole fraction, P is the total pressure, and
Vi is the fugacity coefficient.

£, = vip; = v;¥5P (3-5)

Substituting 3-4 and 3-5 into 3-3, taking the log
of both sides, and rearranging gives 3-6.
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In K, = 7§ 8 1n(vy;P) - § oy 1n(v,y;P) (3~6a)

i

s
[~

[;(Bij'aij)] Inp + Z (Bij - °'ij> Iny; + ;(Bij'aij Jin Vi

(3-6b)

The variables are Kj’ P, vy and Yi- The total pressure is one
of the program inputs. The fugacity coefficients are very
close to one for the conditions of this problem. The equili-
brium constants for each of the reactions are known as a
function of temperature, so they can be calculated from the
input temperature (see Section 4.0). The remaining variables

are the yi's, the mole fractions which we wish to calculate.

3.3 Mass Balance Equations

Considering the stoichiometry of the reactions of
interest, we can account for the chemical NO, NO, and H;0
by writing the mass balance equations shown in 3-7, 3-8, and
3-9.

C = n + 2n +n

NO, NO, N0, T ONj0, t 0

3
mo, * “2"mo,t 37N, 0,

/
3
N, \yNO, + 2yNao4 + yNaoa + %YHNOB + éyHN03+ 3yN305>

(3-7)

. .
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Cxo = "wo * ™0, T *™mno, - *"HNO," "N, 0,
= Ne(yyo + YN, 0, * B0, = Hno,” yNaos) (3-8)
CHQO = nHao + %nHNOQ + %nHNoa

N,; (yHﬁo + %ymoa + %yHNOG) (3-9)

The next step in the formulation is to express the total
number of moles, N;, in terms of the mole fractions and chemical
NO, NO, and H,O.

Ne o= ;i + Gy g+ Cyg - (nNa 0, ™y, 0,* N0, ¥mnoty 0, )
_ n, + CNO, + CNo + CH,O (3-10)
L+ (yNa 0s * YN0, * o, ¥mno,* In, os)

Substitution of Equation 3-10 into Equations 3-7, 3-8, and 3-9
and taking the sums of Equations 3-7 + 3-8 and of Equations

3-7 + 3-9 gives the following three mass balance equations in
terms of only the inputs (n, and chemical NO, NO, and H,0) and

the yi's.
+3 +37, o
Cyo, _ (yNO,+ 29N 0,% n,0, Fmno,t %2 YN0, yNzo)
+ C B {
o+ CNO+ CNO; H 0 \1 + yNa 03+ YN2 04'*' 25yHN09+ %Y}mo:'y[\]zoa)

(3-11)

-10-
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CnotCro, _ (yN0+yNO,+2yN=03+ZYNa04+yHN09+yHNOa+2yN905>

"1 +Cy0%CNo0, *on, 0 (1 + YN, 0,F YN,0,F Ym0, ¥Vuno,T yN205>
(3-12)

_ +€N012CH,2C _ (YN0,+2yN,04+YN,oa+yHNo,+2yHNoa+YH20+3YN,05>
1TUNOTUNO, TUH, 0 L+ yy,0,7 YN,0,* o, t Fmnos + yN'd;jf
(3-13)

The mass balance equations are solved in the log domain as are

the equilibrium expressions described in 3.2. When the three mass
balance equations are combined with the five equilibrium constant
expressions the number of equations (8) is equal to the number

of unknowns and the y;'s can be calculated.

4.0 CALCULATION OF FQUILIBRIUM CONSTANTS

As discussed in 3.2 the dependence of the equilibrium
constants K. on temperature is known. The following is a
description of how K.j may be calculated. Consider the
general gas phase reaction indicated by Equation 4-1, with
i reactants and products where L and Bij are the stoichio-

J
metric coefficients.

z oy Reactants @ z Bij Products (4-1)
i i

Note that when i is a reactant, B;

a; = 0. At equilibrium and at temperature T, Equation 4-2
holds.

= 0 and when i is a product,

~11-
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AGS = AHY - TAS? (4-2a)
AGY = ~RT 4nk; (4-2b)

o]
m, = - HAHD L ase) (4-2¢)

Thus, the equilibrium constant for a reaction at temperature T
may be calculated by evaluating the right hand side of Equa-
tion 4-2¢c. The enthalpy term is evaluated from Equation 4-3
and likewise, the entropy term from Equation 4-4,

T T
Mg, = g {Bij[A“%298i+ 2£SCP<T>ide - aij[AH%298i+ 2 if"midﬂ}
T
= Z (Bij' °ij)[AH%298 + I CP(T)idT] (4-3)
i i 298
T T
b8y, = Z {Bi'[S§98.+ I LA dT] - Gi-[s§9g + ey
e Y SR PYY

T cp(m,
= Z (Bij' “ij)[s§981+ f ‘EE"i'dT]
i 298

(4-4)

The form of Cp(T) for both products and reactants is given in
Equation 4-5,

-12-
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Cp(T) = A + BT + CT2- D/T? (4-5)
Integrating the heat capacity terms, substituting the
temperature limits, substituting AH{ and AS? in Equation 4-2c,

and collecting like terms results in an equation of the
following form:

0K, = 1/R(k1+ ky #nT + kaT 2 + kT ! + kT + k.,Ta) (4-6)

The form of the constants K; through K, is given below.

kb = [ Z (B'ij' “ij)sigg,] + MA(-4n 298.16-1)
N 1
1
+ AB(-298.16) + (-%)(298.16)% AC + (‘%)m@‘?mr
k, = M
ky = ('%)AD
ky = (-1)[ ; (s-lj- aij)AH%z%i] + 298.16 AA
+ (298.16)3 AB + §298516)3 AC + ( 91. ) AD
ks = (%)AB
kg = (1/6)AC

-13-
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where

ac = Z(Bij' %;5/C;
1

ab = Z(Bij' "ij)Di
1

Standard state thermodynamic properties and high temperature
heat capacity data are needed to evaluate the constants k,
through kg. The values in Table 4-1 were used. The resulting
constants for each reaction are given in Table 4-2.

-14-
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TABLE 4-1
THERMODYNAMIC PROPERTIES

AH
COMPOUND _ £298 (keal) 5298 (cal) A (cal) B (cal x 10°) C (cal x 10°) D (cal x 107°)

HNO, (g) -18.84 59.54 13.25 3.26 2.86
HNO, (g) -32.1 63.62 10.72 8.48 0.344
H,0(g) -57.77 45,07 6.78 3.57 -0.46

NO(g) 21.56 50.35 7.03 0.92 0.140
NO, (g) 7.91 57.34 10.26 2,04 1.61
N,0,(g) 19.80 73.91 20.50 2.05 5.14
N,0, (g) 2.17 72.72 26.09 2.72 7.95
.0 (o) 2,70 82.80 34.24 0.79 13.40

Radian
TABLE 4-2

CONSTANTS FOR BQUATION 4-6

REACTION K, K, K.x10~° K,x107° K x10% K x10°

2NO, @ N,O, -81.664 5.57 -2.365  16.837 - 6.80

NO + NO, 2 N,0, -56.998 3.21 -1.695 11,760 - 4.55
N,0,+ H,0 @ HNO,+ HNO, 66.231 -8.90 2.373 - 8.661 27.25 -7.667
N, 0.+ H,0 2 2HNO, 4,728 -0.78 -0.290 - 0.284  4.50 -7.667

NO + N,0; # NO,+ N,0, 31.199 -4.92 1.99 11,514  15.25

-9'[-
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5.0 COMPARISON OF CALCULATED RESULTS WITH VALUES REPORTED
IN THE LITERATURE

The object of the program is to calculate the number
of moles of NO, NO,, H,0, N,0,, N,0,, HNO,, HNO, and N,0, at
equilibrium in the gas phase from the input temperature, total
pressure, and number of moles of NO, NO,, and H,0. To check
the accuracy of the computational method, we must compare our
calculated values with measured ones reported in the literature.
The comparison should be made with values measured at more
than one temperature. If possible, data from investigations of
some of the individual reactions should be used.

Table 5-1 gives some of the references consulted for
the reactions of interest. Most of the references are concerned
with the measurement of equilibrium constants for reactions
in the gas phase. Their abstracts were collected during the
literature search for the entire program. As can be seen from
Table 5-1, none of the experimental procedures involved
measuring the concentration of gaseous species other than NO
or NO,. This is true of several other references consulted but
not mentioned in Table 5-1. When it became apparent that measured
equilibrium concentrations of HNOa(g), HNOa(g), Naoa(g), N204(g),
N,Os(g), and H,O(g) had not been reported, an additional literature
search was carried out. The two questions to be answered were:
1) Do analytical methods for measuring the concentrations of HNCE(g),
HNOs(g), N,Os(g), N,O4(g), and N,Os(g) exist? and 2) Have the
methods been applied to measuring equilibrium concentrations
of the species of interest? Chemical Abstracts Keyword Indices
from 1962 to 1970 were checked and some methods for measuring
low concentrations of HNO, were found. These methods
included that of Goyer (GO-012), who collected HNO, mist on
a filter and analyzed for nitrates. However, no applications

-17-



TABLE 5-1

Experimental Measurements on Gas

Mixtures at Equilibrium

Equilibrium Gas

Composition Experimental Measured Quantities Calculated Quantities References
' NO,, N,O, 243-273°K. A bulb P,,., the partial The total pressure P in V0-007
containing solid or predsure of NO, was the bulb was calculated
liquid N,0, was im- determined spectro- from the vapor pressure
mersed in a thermo- photometrically. of N,0, at the tempera-
stat whose tempera- ture of interest using
ture could be set the equations of Giaque
| between room tem-~ and Kemp (GI-006). he
perature and =-50°C. equilibrium constant
‘ was calculated from
‘ K, = (Pyo,)2/(B-By, ).
| The data fit the ex-
| pression
; 1ogloKp = 9,0179-2947.4/T
S (SRR UP VR OIPOIPREPION AU
NO,, N,0,, NO, Solid N,0, was added The pressure (at a The equilibrium con- BE-023
to NO gas and the measured volume and scant for the reaction
N, 0, reactants allowed to temperature) of NO N0, 2 NO + NO, was
reach equilibrium in added was reported. calculated using (1)
a system of known The amount of N_0, mass balance equations,
volume and tempera- added in grams was (2) Giaque and Kemp's
ture. The pressure reported. The total (GI-006) values for
was measured at pressure at equili- the equilibrium con-
temperatures from brium in the system stant K=(P, )a/PNa°4,
| 5 to 45°C. (at a measured and (3) the equation
[~ volume and tempera- for total pressure equal
1 ture) was measured. to the sum of partial
pressures of NO, NO,,
N,0, and N,O,.
TABLE 5-1 (Continued)
Equilibrium Gas
Composition Experimental Measured Quantities Calculated Quantities References
NO, NO,, N,O,, NO, was measured in- NO, added, mole frac- The equilibrium constant AS-004
N.O.. H.O. HNO to a thermostatted tion of H,0 in NO for the reaction NO +
274 2 22 reaction vessel. A added, pressure at NO, + H,O 2 2HNO, was
HNO, mixture of NO-HEO( ) equilibrium, and caiculatéd from ?1) the
of known composi- g equilibrium concen- measured quantities,
tion was added. Ten tration of NO, by (2) the equilibrium
minutes was allowed spectrophotometry constants for N,0, and
for equilibrium to were measured. N,0, dissociation, (3)
be reached. mass balance equations
and the equilibrium
constant for the reac-
tion
3NO,+H,0 g 2HNO,+NO
The added amounts The equilibrium con- WA-019,
NO, NOg, N0, 10, Mo, jand H,0 were o centrgtions of HNO,, WA-013

isolated and allowed
to reach equilibrium
at ambient tempera-
ture.

of NO, NO, and H,0
were measured. %he
amount of NO, at
equilibrium was
measured from its
absorbance at 420
my. HNO, was
not included in

the mass balance
or the calculations.

NO, N,0,, N_,O, and
H_,O were caiculated.
The equilibrium con-
stant for NO + NO, +
H,0 2 2HNO, was cal~-
culated.
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to equilibrium mixtures were found. Mellor's Comprehensive
Treatise on Inorganic and Theoretical Chemistry was also
consulted, including a supplement on nitrogen published in

1967 (ME-009). The supplement contains a twenty-page review

on the analytical chemistry of nitrogen compounds. Nothing was
reported there on the determination of gaseous HNO, or HNO,.
Koval, who studied the absorption of NO-NO, mixtures in a
wetted-wall column, stated (K0-026, p. 55) that analytical
techniques were not sufficiently developed to allow determina-
tion of gaseous HNO,.

Klemenc (KL~008) critically discussed four methods of
analysis of gas mixtures containing NO, NO;, N,0,, N,0,, H,O,
HNO, and HNO, in a lengthy article. None of the methods allowed

the direct measurement of HNO, and HNO,.

Wayne and Yost (WA-014, WA-016) measured the rate of
the reaction forming HNOE( ) from light absorption of NO,
measured using an electron-multiplier photo-tube and photo-
graphing the screen of a cathode-ray oscilloscope. Calculated
equilibrium concentrations of HNO, ) were reported as well
as input H,0 and (NO, + N,0,). However, the apparatus
was a flow system and the total pressure at equilibrium was not
obtainable. The input NO pressure was not reported either, so
calculations or comparisons could not be made with their data.

Ashmore and Tyler (AS-004, see Table 5-2) investigated the
equilibrium system and reported the equilibrium concentrations
of each of the species of interest. The onhly one of the re-
ported values that was a measured value was the NO, concentration.
The other values were calculated using reported equilibrium
constants and mass balance equations. It was possible to cal-
culate C,, CNoa and C”a° from the reported equilibrium

-20-
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concentrations, and these inputs were used to recalculate
equilibrium concentrations with the gas phase equilibrium
program., A comparison of these calculated values with the
reported values is shown in Table 5-2. It is obvious that the
concentrations are all of the same order of magnitude.

The data of Vosper (V0-007) and Beattie and Bell (BE-023)
as discussed in Table 5-1 were also used to calculate equili-
brium concentrations using the equilibrium program. Vosper's:
data are compared with calculated values in Table 5-3 and
Beattie's in Table 5-4. Note that Beattie measured only the
total pressure at equilibrium. Using his reported volumes and
temperatures, the number of moles present at equilibrium was
derived. That number is compared with the sum of the number
of moles calculated for each component by the equilibrium pro-
gram.

Waldorf and Babb (WA-019) made essentially the same
investigations as Ashmore and Tyler (AS-004). Again, the only
equilibrium concentration measured was NO,, and all the other
reported equilibrium concentrations were calculated from
equilibrium constants and mass balance equations. Waldorf
and Babb ignored the formation of HNO, and also apparently
neglected to account for the reaction of N,0, to form HNO,.
They reported (WA-013) corrected values for the equilibrium
constant, but they did not report the corrected equilibrium
concentrations, so no calculations or comparisons could be made
with their data. The data were not reported in Waldorf's
dissertation (WA-015).

In summary, an attempt was made to compare measured
and calculated values of equilibrium composition in the gas

phase system NO,-H 0. The only measured equilibrium concentrations

-21-
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reported in the literature were for the component NO,. The
comparison of measured and calculated NO, partial pressures in
Tables 5-2 and 5-3 showed good agreement. Measured and calcu-

lated total number of moles also agreed satisfactorily as demon-

strated in Table 5-4.

-22-
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TABLE 5-2

Comparison of Ashmore and Tyler's Values with

Calculated Equilibrium Concentrations

P(atm)
T=80.7°C T=19.95°C

Reported Calculated Reported Calculated
Compound (AS-004) (AS-004)
NO .5800 .5808 6717 .6724
NO, .0233 .0263 .0204 .0227
N_O, .00058 .00059 .0105 .0104
N,O, .00007 .00012 .0045 .0049
H,0 .13013 .13280 .0170 .0201
HNO_, .01401 .00740 .0180 .0116
HNO, .000050 .000045 .000054 .000047

-23~
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Comparison of Vosper's Measured

TABLE 5-3

Values with Calculated

Concentration at 273.2°K

P

Measured

NO

in atm

Calculated

.067
.050
.031
.017

=24~

.073
.053
.032
.018
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TABLE 5-4

Comparison of Beattie's Values

for N, with Calculated Values

N; Calculated N; Calculatec
by Equilibrium from Measured Total]
ToC Program Pressure (BE-023)
25.04 .0358 0353
25.04 .0345 .0341
25.04 .0395 .0391
45.12 .0144 .0152
45.04 .0452 .0463

-25-
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6.0  SUMMARY

This note discussed the chemical basis for describing
the equilibria established between NO, NO, and H,0 in the gas
phase. The method of formulating the problem mathematically
and solving the resulting equations for compositions was also
given. Calculated values were compared when possible with
measured values reported in the literature.

=26~
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7.0

AS-004

BA-003

BE-023

CA~015

CH-032

GI-006

G0-012

HI-006

KL-008
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This technical note contains corrections to
Technical Note 200-007-04. Corrections appear on page 14 of
the text and page 18 of the Bibliography. In addition Tables V
and VI of the Appendix have been replaced by tables in which
estimated values of nitrate and nitrite heat capacities and
the heat of formation of CuO have been corrected.
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1.0 INTRODUCTION

The thermodynamic properties of metal nitrates,
nitrites and oxides as well as the oxides of nitrogen are
necessary for calculating equilibrium constants for nitrate
or nitrite decomposition reactions. These reactions are of
interest in describing the thermal decomposition of nitrates
and nitrites for regeneration of metal oxide sorbents for NO,.

Thermodynamic data were collected for the nitrates,
nitrites, nitrides, and hydroxides of 35 metals and for
several nitrogen oxides. The data were compiled in a data base
using a previously written program (PA-916) which also retrieves
the stored data. Properties for compounds for which no experi-
mentally determined values have been reported were estimated.

The thermodynamic properties tabulated were: the
standard heat of formation and absolute entropy at 25°C; the
heat capacity from 273°K to 2000°K or the data limit, whichever
is lower; and the temperature, type, and heat of phase transi-
tions.

This technical note describes the methods of data
collection, the extent to which data were available, the method

of storing and retrieving the data, and the methods of estimating

data that were unavailable from the literature.

2.0 DATA SOURCES

The sources of the reported data were existing
compilations and the open literature.
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The compilations searched included:

1. JANAF Thermochemical Tables and Addendums
(ST-906, ST-917, ST-918, ST-919).

2, National Bureau of Standards, Selected Values

of Chemical Thermodynamic Properties
(RO-907, WA-901, WA-918).

3. Landolt-Boernstein, Chemische-Physikalische
Tabellen, Vol.2, Part 4: '"Kalorische
Zustandsgr&ssen" (LA-908).

4. K. K. Kelley, et al., U. S. Bureau of Mines,
Contributions to the Data on Theoretical
Metallurgy, Parts 3, 5, 8, 10, 12, 13, and 14,
(KE-909-KE-914, C0-913),

5. 0. Kubaschewski, et al., Metallurgical
Thermochemistry (KU-903).

A survey of the open literature from 1945 through
January 1970 was carried out by searching Chemical Abstracts
from 1947 to January 1971. It was felt that all earlier
reliable values would have been reported in the compilations.

The topics searched included:

alkaline earth hydroxides, nitrates, nitrides, nitrites

alkali metal hydroxides, nitrates, nitrides, nitrites
enthalpy

entropy

heat capacity
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heat of formation
hydroxides
nitrates

nitric acid
nitrides

nitrites

nitrous acid
specific heat
thermodynamics

Abstracts of all promising articles from the open
literature were obtained. Approximately 30 of the original
articles were collected for further study. In some cases,
it was necessary to extract the data directly from the
abstract when the original publication was not available.

If so, care was taken to insure that the bibliographic entry
includes the volume and number of the abstract.

3.0 DATA STORAGE AND RETRIEVAL

A previously written computer program was used to
store, tabulate, and retrieve the thermodynamic data and
references. The program is also capable of calculating and
plotting equilibrium constants, enthalpies, entropies, and
heat capacities of specified reactions as a function of
temperature.

The data for each compound of interest as well as
for sulfates, sulfites, carbonates and mixed metal oxides
are tabulated and printed in the Appendix in Tables V and VI.

Table V contains standard heats of formation, absolute entropies,

and transition data. Table VI contains heat capacity data.

. .
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4.0 CONFLICTING VALUES

Occasionally, the compilations reported widely
differing values for a property of some substance. Two
values were considered to be conflicting if there was greater
than one kilocalorie per mole difference for the heats of
formation or greater than one calorie per mole per degree K
difference for the absolute entropies. In such cases, the
original articles were obtained, if possible, in an attempt
to resolve the conflict. One of the values was selected to be
added to the data base. The selected value was accompanied by
the bibliographic entry RA-001l, which references this technical
note and indicates that values differing from the one selected

have been reported.

The following criteria have been used in selecting
the values used in the data base for the heat of formation.

1. Calorimetric measurements have generally
been preferred. These methods are usually the most straight-
forward and the experiments are normally carried out at or
near room temperature. Vapor pressure or EMF measurements
are usually recorded at elevated temperatures. The accuracy
of conversion to standard conditions depends on availability
of heat capacity data, for which the authors sometimes rely

on estimeted varues.

2. Data for which the author has described his
estimation of error have been preferred.

3. Values which fit best into our estimation
correlation were chosen.
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Criteria used in the selection of entropy values
are as follows:

1. Entropy values calculated from low temperature
heat capacities have been preferred over those obtained from

~ high temperature data.

2. Values for which an error estimation was made
were favored.

The selected heats of formation are discussed in
Table I and the selected entropy values in Table II. Where
one reference follows another in parentheses, the second
reference was cited by the first author as the basis for his
data. Tables I and II are included in the Appendix.

5.0 ESTIMATED THERMODYNAMIC PROPERTIES

Table 111 shows what data were reported in the literature
for the compounds of interest. Data were tabulated for approxi-
mately 220 compounds, including hydrates. Measured heats of
formation were reported for 55% of the pure compounds; measured
entropies for 25%; and measured heat capacities for 20%. It
was found that the nitrites as a group lacked the most data,
especially for heat capacity and entropy. Since thermodynamic
properties were not reported for all the compounds of interest,
some of the data were estimated. Methods for estimating heats of
formation, absolute entropies, and heat capacities were previously
developed and had been applied to metal sulfates, sulfites,
carbonates, and mixed metal oxides under Contract PH-86-68-68
to the National Air Pollution Control Administration. A
detailed discussion of the methods and results has been
published (PA-916).

-5
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5.1 ESTIMATION OF HEAT OF FORMATION

Standard heats of formation were estimated for
35 metal nitrates and nitrites. Reported values for heat of
formation for the corresponding metal oxides, nitrites,
nitrates and carbonate or sulfate were used to estimate the
unknown nitrite and nitrate heats. A computer program retrieved
the 71 known heats of formation indicated by K in Table III
for sulfates, carbonates, nitrates, and nitrites which had
previously been stored in the data base. The program employs
a method based on that of Erdds (ER-00l) to perform the estima-
tion. This method is based on the theory that the heat of
reaction may be determined by summing the energies of all bonds
formed during the course of the reaction. When a metal oxide
(cation) i and an acid (anion) j react to form a salt, ij,
the following equation may be written for estimating the heat
of reaction.

_ R _ n.
AHij = Bij (K; - Aj) J (L)

Bij is the number of ion pair bonds formed, Ki is
the cation combining power, Aj is the anion combining power,

and nj is the anion exponent.

The heat of formation of a salt from a;. moles of
cation and bij moles of anion is shown in Equation (2).

£f _ f
M. = ai.AH

£ R
. + b, . . + . .
ij ji7i le AHJ AHIJ (2)

The values for AHf and AHF are known; some of the Aﬂfj and thus

R

are known; a,., b.., and B,
] 1& ij i
stoichiometry of the reactior..

j? are determined from the

-8-
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Values for Ki’ A., and n., are obtained by correlation
of existing data for AHi. with a least squares technique. The
solution for K, A, and n involved solving a set of 30 simultaneous
nonlinear equations. Once Ki’ A, and n, were known, AH?j could
be calculated and the heats of formation were estimated for
desired combinations of cations and anions. Table IV gives the
estimated values and the reported values on which the correla-
tion was based. The RMS error is 2.28 cal/two ionic bonds

formed.

5.2 ESTIMATION OF ABSOLUTE ENTROPIES

Absolute entropies were estimated for nitrates and
nitrites for which no reported values were found. The results
were based on known values for six nitrates: AgNO,, KNO;,
NaNO,, Ba(NO,)., Ca(NO,),, and Mg(NO,), and one nitrite, AgNO,. The
known and estimated values are compiled in Table V in the
Appendix.

In order to estimate the nitrate and nitrite entropies,
a computer program retrieved known compound entropies from the
data base. 1t then calculated anion entropy contributions for
+1 and 4+2-metal nitrates and +l-metal nitrites employing a
modification of Latimer's method (LA-923). This method is based
on subtraction of the metal or cation contribution from the
compound entropy and making a correction for ionic forces.
Latimer's anion entropy values for +3 and +4-metal nitrates and
+2-metal nitrites (LA-923) were adopted since no data were
available with which to calculate values. The anion contribu-
tions were then added to Latimer's cation values (LA-923) to
obtain the estimated compound entropies.

-9-
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The RMS errors for the estimated +l-metal nitrate
and the +2-metal nitrates were respectively 0.925 and 2.62
entropy units.

5.3 ESTIMATION OF HEAT CAPACITIES

Heat capacity coefficients for metal nitrates and nitrites
whose corresponding oxide heat capacities were known have been
estimated. The results were based on reported heat capacity
data for the nitrates, nitrites, and oxides of seven metals as
shown in Table III.

. The estimation method used for the nitrates involved
adding an increment, ACp, to known oxide heat capacities. The
increment was calculated by a computer program by subtracting
oxide heat capacity coefficients from known nitrate heat capacity
coefficients. Using a least squares method, an average nitrate
increment was obtained. The increment AC_ was then added to each
set of oxide coefficients yielding an estimated nitrate heat capacity.
The temperature range of validity for the estimated coefficients
was taken to be that of the coefficients for the corresponding
oxide. The same method was applied to the estimation of nitrite
heat capacities.

The accuracy of this estimation technique was indicated
by the fractional error, which is defined as the RMS error divided
by the average known heat capacity for the group of compounds of
interest. For the nitrate correlation, the fractional error was
0.208. The fractional error for the nitrite correlation could
not be estimated on the basis of one compound. The estimated
values were added to the data base. Table VI is a compila-
tion of known and estimated heat capacity coefficients. It is
included in the Appendix.

-14-
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6.0 SUMMARY

Thermodynamic data were compiled for 220 compounds
including the pure and hydrated nitrates, nitrites, nitrides,
and hydroxides of 35 metals plus several nitrogen oxides. Data
were collected and evaluated from the compilations and the open
literature. When widely differing values were reported, one
value was selected after consulting the original references.
Standard heats of formation and absolute entropies were estimated
for nitrates and nitrites for which no data were reported. Co-
efficients for heat capacity equations were estimated for 39
nitrates and 45 nitrites for which no data were reported. The
accuracy of each correlation was determined by comparing
accepted values with those calculated by each method and
computing a root mean square (RMS) error. The estimated values
were also compiled in the data base. A copy of the data base
arranged in alphabetical order is contained in the Appendix
in Tables V and VI. Table V contains the standard heats of
formation, absolute entropies, and transition data; Table VI
is a tabulation of the heat capacity data. Tables I and II
are also included in the Appendix. They contain a description
of values selected for heat of formation and entropy when widely
differing reported values were found.
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TABLE I

CONFLICTING VALUES FOR THE STANDARD HEAT
OF FORMATION OF INORGANIC COMPOUNDS

COMPOUND VALUE(KCAL/MOLE) REFERENCE REMARKS

Mn(NO,) , -137.73 WA-901, WA-912 (EW-901) Both reported values were
-137.73 ST-926 (WA-901) based on the same data, but
-166.32 RO-907 (EW-901,GU-911) they differ by approximately
-142.6 RA-002 30 kcal.

TABLE I (cont'd.)

COMPOUND

VALUE (KCAL /MOLE)

Ewing (EW-901) calori-
metrically measured the heat
solution and the heats of
dilution up to 24m for
Mn(NO,),. Guntz (GU-911) also
measured the heat of solution.
In a private communication
(WA-912) Wagman stated the
reference used in his compila-
tion (WA-901), but did not cite
the values used to calculate
the heat of formation from
Ewing's solution data. Rossini
(RO-907) gave no further infor-
mation concerning the calculation
of his value,

The value which agreed
closest with the Radian esti-
mate (RA-002) was accepted.

REFERENCE REMARKS

Fe(NOa) s
+9H_.0

CsNO,

CO(NOs) 2

-785.2
-784.4
-783.7

-121.8
-118.1
-118.11

-100.5
-102.9
-102.9

WA-901, WA-912 (BE-928) All three reported values

RO-907

(BE-928) were based on Berthelot's

LA-908 (RO-907) measurements. Landolt-

Boernstein (LA-908) cites
Rossini's; but Rossini's
compilation (NBS Circular
500) was revised by
Wagman (WA-901).

The most recently calcu-
lated value was adopted.

ST-926 (WA-901, WA-918) Stern (ST-926) cites an

LA-908
RO-907

RO-907
PL-903

unpublished value of
Wagman's NBS compilation
series (WA-901, WA-918).
This series is an ongoing
revision of NBS Circular
500 (RO-907) which reports
a value in agreement with
that given by Landolt-
Boernstein. The revised
value was accepted.

WA-901, WA-912 (GU-911) Plekhotkin (PL-903) stated

(GU-911) that the value he gives has
been reported in reference
books, but he does not give
the reference. Guntz (GU-911)
measured the heat of dissolu-
tion of Co(NO3), by calorimetry;
his data served as the basis for
determinations of the heat of
formation by Rossini (R0-907) and
Wagman (WA-901, WA-912), Both
are National Bureau of Standards

ACCEPTED
VALUE (KCAL /MOLE)

-137.73

Page 2

ACCEPTED
VALUE (KCAL /MOLE)

-785.2

-121.8

-100.5



TABLE I (cont'd.) Page 3

ACCEPTED
COMPOUND VALUE(KCAL/MOLE) REFERENCE REMARKS VALUE (KCAL /MOLE)
publications, but Wagman's
technical notes are an
ongoing revision of Rossini's
compilation.
Wagman's value was adopted.
Ni(NO;) -99.2 WA-901, WA-912 (GU-911) See remarks for Co(NO,) .. -99.2
-102.2 RO-907 (GU-911)
-101.5 PL-903
Ca(NOy,) 5 -177.2 ST-926 gWA-918; Stern (ST-926) cites a -177.2
‘ -178.3 RO-907 (DO-910 value reported by Wagman
-178.3 PL-903 (WA-918) who is in the
‘ process of revising NBS
Circular 500 (RO-907).
However, Ca(NO,), was not
included in Wagman's com-
pilation. In Stern's
bibliography there was a
statement that sometimes
TABLE I (cont'd.) Page 4
ACCEPTED
ﬁ COMPOUND VALUE(KCAL/MOLE) REFERENCE REMARKS VALUE (KCAL/MOLE)
| he reported values of
Wagman not yet published.
Assuming that this was the
case for Ca(NO_), Stern's
value was accepted.
Plekhotkin's reference
is not clear (see remarks
for Co(NO,),.).
See remarks for -183.6
Ba(NO,) -183.6 ST-926 (WA-918) '
s -174:0 R0-907 (BE-928, BE-930,  03{N0a),. Stern's value
BU-918, D0-910, pted.
D0-911)
-187.6 PL-903
Ba,N, -86.9+8 KU~903 (RO-907) Guntz (GU-904) in his -86.9
-86.9 RO-907 (GU-904) 1923 article describes his
-89.104+21 LA-908 (WE-919 [GU-9047) determination of the heat of
-89.900 KE-911 (LA-916 [GU-9041) formation. The heat of solu-

tion of Ba,N, in hydrochloric
acid was measured by calorimetry.
The data were then employed in

a Hess cycle to obtain the heat
of formation.

Landolt-Boernstein
(LA-916, LA-908), Kubaschewski
(KU-903), Rossini (R0O-907), and
Kelley (KE-911) all base their
values on Guntz's data, using
redetermined values in the cycle.



TABLE I (cont'd.) Page 5

' ACCEPTED
COMPOUND VALUE(KCAL/MOLE) REFERENCE REMARKS VALUE (KCAL /MOLE)

Kubaschewski's value was
adopted here because 1) the
author states an error estimate,
and 2) Landolt-Boernstein
references an early Kubaschewski
work (WE-919) which was later
revised.

AlN -76.0 ST-906 (NE-907, MA-946) The JANAF Thermochemical -76.0
-76.0 WA-918 Tables (ST-906) adopted an
-76.511.0 KU-903 éNE-907 average of the values reported
-76.48 LA-908 (NE-907 by Neubauer and Margrave (NE-907)
-57.7 RO-907 (NE-908 in 1957 and by A.D. Mah (MA-946)
-57.4 KE-911 (NE-908) in 1961, both of which were ob-
-71.8+2 LI-908 tained by calorimetric measure-

ments. Kubaschewski (KU-903)

and Landolt-Boernstein (LA-908),
having accepted Neubauer's data,
agree closely with the JANAF value;

In 1932, Neumann, Kroger, and
Haebler (NE-908) reported a much
lower value, which was adopted by
Kelley (KE-911) and Rossini (R0-907).
The latter, a National Bureau of
Standards publication, has recently
been revised by Wagman (WA-918),
who agrees with the JANAF tables.
In a 1962 article, Dreger and co-
workers (DR-901) reviewed the heat
of formation data published for
AIN, and they stated that Neumann's
data are in error, but do not give
any reason for this decision.

Linevsky (LI-908) recently
reported a value determined by

TABLE I (cont'd.) Page 6

ACCEPTED
COMPOUND VALUE(KCAL/MOLE) REFERENCE REMARKS VALUE (KCAL /MOLE)

vapor pressure measure-
ments; only the abstract
of this article was obtained

The JANAF value was
adopted.

TiN -80.7+1 ST-919 éHU-908, NE-909) The most recent JANAF value -80.7
-80.5z1.5 ST-906 (NA-935) (ST-919) was selected because Stull
-80.4+0.8 KU-903 (HU-908, HU-909, averages Humphrey's latest data

HU-903, WE-919) (HU-908) , Humphrey's data corrected

-79.4 LA-908 (HO-919) for anatase, and Neumann's data

-73.0 RO-907 (NE-909) (NE-909) . This includes nearly

-80.2x0.2 MA-943 (HU-908) all the reported values. The
earlier JANAF value (ST-906) was
revised by Stull. Hoch's data
(HO-919) were rejected by Stull
because of large uncertainties in
comparison to Humphrey's calori-
metric data (HU-903, -908,
HU-909) .

VN -51.912.5 KU-903 éMA-947, MA-948) Slade and Higson (SL-905, SL-906) None
=41.42 LA-908 (KE-911) studied the thermal dissociation of
=41, RO-907 (KE-911) VN. Kelley (KE-911) applied an
-41.430 KE-911 (SL-905, SL-906) estimated entropy value to Slade's
data to obtain the heat of forma-
tion. Kelley's data are rejected
because they are based on an esti-
mated value.

Mah's reports (MA-947, MA-948)
did not contain any data on the
compound in question. Therefore
ge could not accept Kubaschewski's

ata.



TABLE I (con'td.)

COMPOUND VALUE (KCAL/MOLE) REFERENCE

| CrsN -30.5 WA-901 (MA-943;

-23.4 RO-907 (SA-916
-27.3%0.8 KU-903
-25.30£14 LA-908 (KU-906)
-26.72 MI-906
-30.8+1.1 MA-943
-23.500 SE-910

TABLE I (cont'd.)

COMPOUND VALUE(KCAL/MOLE) REFERENCE

MngN, -61.5 WA-901, WA-912 (MA-933)
-60.6 LA-908 (MA-933)
-8l1. RO-907 (SA-917)
MngN, -48.240.6 MA-933
-48.2 LA-908 (MA-925)
-48.8 WA-901
-57.8 RO-907 (NE-908, NE-910,
SA-917)
-57.77 KE-911 (NE-909)

Page 7

ACCEPTED
VALUE (KCAL /M~ ™)

-30.5

—REMARKS

A.D, Mah (MA-943) measured
the heat of formation of Cr. N
by combustion calorimetry.
She reviewed the data previously
reported by Sano (SA-916) and
Seybolt and Oriani (SE-910),
stating that their results could
not be compared with her own since
no heat capacity data are available
for the temperatures at which they
worked. Sano's article has not
been translated from Japanese,
and so was not read. Seybolt
and Oriani measured the solu-
bility and activity of nitrogen
in the Cr-N solid solution.
Rossini (RO-907) adopted the
data of Sano, but Wagman recently
revised that compilation, and
based his value on Mah's work.

Landolt-Boernstein referenced
a 1959 work of Kubaschewski, who
later revised this value upward
and reduced the error estimate.

T. Mills (MI-906) carried out
a thermogravimetric study of the
compound in question. However,
we were not able to investigate
this source further because the
report was not available.

The accepted value was
Wagman's, based on Mah's research.

Page 8

ACCEPTED
VALUE (KCAL /MOLE)

-61.5

REMARKS

Wagman (WA-901) and Landolt-
Boernstein (LA-908) base their
values on experimental work
carried out by A. D. Mah. Her
report (MA-933) was read; she
determined the heat of formation
of Mn,N by combustion calorimetry
to be -30.320.4 kcal, which
Landolt-Boernstein apparently
doubled to get AHS for MngN,. In
a private communiZation (WA-912),
Wagman states the source of his
data, but does not describe
calculations employed. It seems
possible that, after doubling
M for Mn,N, an additional
increment was added to account
for a heat of reaction for

2 Mn,N 2@ MngN,

Rossini's value was rejected
because 1) Mah's data had not yet
been published, and 2) Wagman's
compilation updates the 1952 value.

Wagman's value was adopted.

A. D. Mah (MA-933) determined -48.2
the heat of formation of MngN, by

bomb calorimetry. Her results were
published in 1958, six years after

Rossini's compilation (R0-907).

Although Wagman's (WA-901) source was

not reported, it appears that it

probably was Mah's data.

Mah's original results were
accepted.



TABLE I (cont'd.) Page 9

) ACCEPTED
~OMPOUND  VALUE (KCAL/MOLE) REFERENCE REMARKS VALUE (KCAL /MOLE)

ZngN, =5.4 WA-918 RO-907 was eliminated -5.4
-6.9 R0O-907 (JU-902) since Juza's value (JU-902),
-5.312.0 KU-903(WE-919) obtained bg solution calori-
-5.31 LA-908 (WE-919) metry was high compared to other

reported values. Landolt-
Boernstein (LA-908) and
Kubaschewski (KU-903) adopt

a value reported earlier by
Weibke and Kubaschewski
(WE-919) which was unavailable.
Wagman's revision (WA-918) of
Circular 500 (RO-907) is the
accepted value because it is
the most recently redetermined
value.

Mo N -19.510.3 MA-943 The values reported in -19.5
-19.50 WA-901, WA-912 fMA—943§ the compilations are based
-16.6+2.1 LA-908 (KU-906 [NE-909 g on two similarly conducted
-16.6 0.5 KU-903 (KU-907 INE-909] experiments done by Mah
-16.6+0.6 NE-909 (MA-943) and Neumann and co-

workers (NE-909). The heat

of combustion of Mo,N was
measuredsgsing bomb calor;metry;
Mo N, y+30,(0)~ 2M005(c)+aN 5 (o) |
Mok ShbinadBlhis vales with B
her previously determined standard
heat of formation of MoO, to
obtain the heat of formation

for the nitride.

Neumann also measured the
heat of reaction for the com-
bustion of molybdenum metal.

TABLE 1 (cont'd.) Page 10

ACCEPTED
COMPOUND VALUE(KCAL/MOLE) REFERENCE REMARKS VALUE (KCAL /MOLE)

2Mo + 30, @ 2MoO,
By combining the two
equations, he obtained the
heat of formation for MoN.

Mah's value was accepted
because of the higher purity
of the Mo,N used and avail-
ability of the standard heat
of formation of MoQO,.

BejsN, -140.6x0.3 $T-918 (GR-911) The AH®,. in the JANAF -140.6
-140.610.6  ST-906 (GR-911) Thermochemfcal Tables (ST-918,

-136. 6 HO-910 ST-906) is a weighted mean

-134.70 LA-908 (KU-906 value of data from Gross,

-134.715.0 KU-903 (WE-919 et al. (GR-911) and the same

-135.7 RO-907 (NE-908, NE-909) data with JANAF's corrected

-133.5 KE-911 (NE-908) value for ammonia. Gross and
coworkers measured the heat of
chlorination of a-Be,N, to
a-BeCl,, and the heat of reac-
tion of Be with ammonia.

Hoenig and Searcy (HO-910)
have investigated the decomposi-
tion reaction.

BesNg(c) = 3Be(g) + Na(g)

using the Knudsen technique.
Stull, using 2nd and 3rd law
methods, analyzed the data

obtained and rejected the
results (ST-918§



TABLE I (cont'd.)

COMPOUND _VALUE (KCAL /MOLE)

REFERENCE

SrgN,

-91.3#4.
-93.415.0
-93.4

TABLE I (cont'd.)

LA-908 (WE-919)
KU-903 (RO-907)
RO-907 (GU-904)

COMPOUND VALUE(KCAL/MOLE) REFERENCE
TaN -60.0+.6 LA-908 (MA-949)
-59.041.2 KU-903 (MA-949, KU-907,
NE-909])
-58.2 RO-907 (NE-909)
Mg(OH) , -221.040.5  ST-918
-221.040.7  ST-906
-221.0 RO-907
-220.9 LA-908
-8.8520.2 KU-903 (RO-907)

Page 11

ACCEPTED
REMARKS VALUE (KCAL /MOLE)

Landolt-Boernstein
(LA-908) adopted a
value reported by
Kubaschewski and Evansg
(KU-906) in 1959. However,
in Kubaschewski's 1967
compilation, a 1943 value
reported by Weibke and
Kubaschewski (WE-919)
was adopted and a large
error estimate was given.
The original literature was
not obtained.

_Kelley's 1937 compila-
tion (KE-911) cited an
out-of-date 1936 Landolt-
Boernstein publication
based on data reported by
Neumann, Kroeger and Haebler
(NE-908) .

Rossini (RO-907) accepted
a combination of data reported
by Neumann et al. (NE-908,
NE-909).

The accepted value was
JANAF's.,

The value reported in -93.4
Kubaschewski's later compila-
tion (KU-903) and in NBS
Circular 500, (RO-907) based
on solution calorimetry data
of Guntz and Benoit (GU-904)
was accepted. Landolt-
Boernstein (LA-908) adopted

Page 12

ACCEPTED
REMARKS VALUE (KCAL /MNT.F)

a value reported in 1943

by Weibke and Kubaschewski
(WE-919). The latter was
unavailable. Thus, no check
on the original source could
be made.

Mah and Gellert (MA-949) -59.0
determined the heat of forma-
tion of TaN by combustion
calorimetry. Landolt-Boernstein
(LA-908) accepted this value with-
out any corrections. Kubaschewski
(KU-903) however adopted a value
obtained by averaging Mah's data
with that reported by Neumann,
Kroger and Kunz in 1934. Rossini's
value (RO-907) based on Neumann's
data was not accepted because at
the time of publication of his
work, Mah's data were not
available.

Kubaschewski's average was
accepted.

Since Kubaschewski's value
seemed questionable, we checked
his source, NBS Circular 500
(RO-907) . But the reported value
did not agree with the value
reported by Kubaschewski.
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ACCEPTED
roMDOUND  VALUE (KCAL/MOLE) REFERENCE REMARKS VALUE (KCAL /MOLE)

After eliminating
Kubaschewski's value,
we selected the value
agreed upon by Stull
(ST-906, ST-918) and
Rossini (RO-907).

5.7 LA-908 (RO-907 (KU-903) was acce?ted here
-235.8 RO-907 (TA-911, SC-Y19, because 1) Hatton's (HA-936)
SC-920, MO-913) is the most recently

determined value (1959) and 2)
he is the only author to give
limits of accuracy. Note
that Hatton's data were not
available to Rossini at the
time of publication of his
compilation (R0-907) in 1952,

Ca(OH), -%37.5&1.5 KU-903 %HA-936 Kubaschewski's value -237.5

Fe(OH), -137.210.7 ST-918 (FR-913) Fricke and Rihl (FR-913)
-136.0 WA-901, WA-912 (FR-913, investigated the heat of
TH-908) 08) combustion for the reaction
-135.8 RO-907 (FR-913, TH-9 _
-135.8 LA-908 §R0-9075 Fe(0H) 5 (c)+40, (g)=4Fe 05 (c)tH20( )
and found it to be -29.810.65 kcal/mole.
From these data Stull (ST-918)
determined the heat of formation,
including an estimate of error.

J. Thomsen (TH-908) measured
the enthalpy changes of the
tollowing reactions:

TABLE 1 (cont'd.) Page 14

ACCEPTED
COMPOUND VALUE (KCAL/MOLE) REFERENCE REMARKS VALUE (KCAL /MOLE)

Reaction pH°R, 291°
FeCl,(c)=FeCl,(400 H,0) -17.9 kcal/mole

FeCl,(200 H,0)+H,50, (200 H,0)=
Fes0, (200 A,0)+32HCI(200 H0)-3.6 kcal/mole

FeS0,(aq)+2KOH(aq) =
Fe(OH) ,(c)+K,S0,(aq) -6.34 kcal/mole

Stull, in his dis-
cussion of Fe(OH),,
refers to Thomsen's data.
He points out that
Thomsen's results depend
on the assumption that in
his second reaction, 200
moles of water are present.
Stull rejects the data on
this basis.

Using the data of Fricke
and Rihl and Thomsen,
Rossini (RO-907) calculated
tH° .. This value has been
redetermined by Wagman
(WA-901).

We agree with Stull's
comments, and accept the
value he reports based on
Fricke and Rihl's data.
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ACCEPTED
COMPOUND VALUE(KCAL/MOLE) REFERENCE REMARKS VALUE (KCAL /MOLE)

Co(OH) , -129.4 GE-903 Gedansky, Bertrand, and ' -129.4
-129.0 WA-901, WA-912 (TH~-908) Hepler (GE-903) recently
-131.2 RO-907 (TH-908) determined the heat of forma
tion of Co(OH), from calori-
metric measurements of the
heats of precipitation and
solution of the compound.

Wagman (WA-901) and
Rossini (R0-907) both base
their values on J. Thomsen's.
data (TH-908) published in
1882-86. Wagman's value
revises Rossini's, and agrees
well with Gedansky's data.

Gedansky's value was
accepted.

Cu(OH) , -105.9 GE-902 Gedansky et al. (GE-902) -105.9
-107.6412,0 ST-918 (MY-901) recently measured by calorimetry
-107.5 WA-901 the heat of solution of Cu(OH) ;(c)
-107.2 RO-907 (FR-914, TH-908, in perchloric acid, and the heat
SA-918, DE-914, of precipitation for the reaction
BO-914) CuSo, (dil.) + 2NaOH (dil.) =
Cu(OH) 2(c) + Na,580, (dil.)
The author seemed to have accounted
fully for all possible errors.

L. V. My (MY-901) determined the
heat of reaction for the decomposi-
tion

Cu(OH) 5(c)=Cu0 )+ Hz0 (8).
TABLE I (cont'd.) Page 16

. ACCEPTED
COMPOUND VALUE (KCAL/MOLE) REFERENCE REMARKS VALUE (KCAL /MOLE)

Using reported heats of
formation for CuO(¢) and
H,0(g), MH°. for Cu(OH),
was calculated.

Wagman's sources are not
known (WA-901). In an earlier
NBS compilation, Rossini (RO-907)
cites several references, but
his value was not accepted
because it was revised by
Wagman's publication.

Gedansky's value was
accepted.

N,0,(g) +20.0 RO-907 Coughlin's value (C0-913) was " +19.8
+17.5%4.5 C0-913 (AB-902) derived from measured free energy
+20.0 LA-908 data and estimated heat capacity
+19.8 ST-906 (BE-923, AB-902, and entropy data. This value was
. VE-9055 the only one not in good agree-
+20.0 HI-906 ment with the other four.

Hisatune's (HI-906) is calcu-

lated from spectroscopic and
structural data.

Stull (ST-906) recalculated
MHp to be 9.7 kcal/mole for the

reaction.
N,O, @ NO + NO,

from all the cited equilibrium
measurements.

| Stull's value was accepted.



TABLE II

CONFLICTING VALUES FOR THE ABSOLUTE
ENTROPY OF INORGANIC COMPOUNDS

COMPOUND VALUE (E.U.) REFERENCE
Be,N, 8.157 ST-918 (JU-901)
8.17 JU-901
12 ST-906
12 KE-911
LiOH . H,0 17.07 LA-908 23A-928)
17.07+0.05  KE-912 (BA-928¢
22. RO-907
TABLE IX (cont'd.)
COMPOUND VALUE (E.U.) REFERENCE
Ca(OH) , 19.920.0 KU-903 (HA-936)
19.93 LA-908
19.93:0.1 KE-912
18.2 RO-907
Mn(OH) , 23.7 WA-901, WA-912
(F0-903, NA-936)
21.1 RO-907
21.1 LA-908 (RO-907)
Co(OH) , 22.3 GE-903
19. WA-901 (SI-901)

REMARKS

ACCEPTED VALUE (E.U.)

The early JANAF
value (ST-906) and
Kelley's value (KE-911)
are not acceptable because
they are estimated.

B. H. Justice (JU-901)
measured the heat capacity
of g-Be,N, from 25-310°K
by adiabatic calorimetry.
Stull (ST-918) calculated
the absolute entropy by
integrating the data based
on S,5 = 0.002 e.u.

The more recent JANAF
value was adopted.

Rossini (RO-907) did not
cite a reference for his
reported entropy value.
Therefore the original source
could not be checked.

Landolt-Boernstein (LA-908)
and K. K. Kelley (KE-912) cited
Bauer, Johnston, and Kerr's heat
capacity data (BA-928), which
yielded

$398.15 = S36.00 = 17.04

and Si6 0o = 0.03 (by extrapolation).
The sum is 17.0710.05 (KE-912).

REMARKS

8.157

17.07

Page 2

ACCEPTED VALUE (E.U.)

The value agreed
upon by three of the four
compilations was selected.
This value was calculated
from heat capacity data
measured by Hatton and
coworkers (HA-936),

Landolt-Boernstein
(LA-908) references NBS
Circular 500 (RO-907).

An attempt was made to
check the source,but no
reference was given in
the latter publication.
Therefore Wagman's value
(WA-901) was chosen. It
was calculated from free
energy data obtained from
the solubility measure-
ments of Fox et al. (F0-903)
and R. Nasanen (NA-936).

Wagman (WA-901) used the
free energy data of Sillén
(SI-901) to calculate the
absolute entropy of Co(OH)a(c).

Gedansky et al. (GE-903)
derived their value from
reported heats of formation
of Co(OH),, Co*3 and free

19.9

23.7

22.3



TABLE II (cont'd.)

COMPOUND VALUE (E.U.)
Cd(OH) , 23.
22.8
22.8
21.510.5

REFERENCE

WA-918
LA-908 (RO-907)
RO-907
KE-912

Page 3

REMARKS ACCEPTED VALUE (E.U.)

energy data. Since
Gedansky's value for
AH% for Co(OH) , was
adopted, his entropy
value was selected in
order to keep the data
base as internally
consistent as possible.

Landolt-Boernstein (LA-908) 23.
cites Rossini's value (R0O-907)
but Rossini does not give a
reference.

Kelley's value was elimi-
nated because it was estimated.

It is not known what source
Wagman (WA-918) used, because
the bibliography for his compila-
tion has not yet been published.

Wagman's value was selected.
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RBNOS
RBOH
RBOH.H20

6 0CT., 1971

SRWO4
SR(NO2)2
SR(NO3)2
SR(NO3)2,4H20
SR(OH)2
SR(OH)2,H20
SR(0OH)2,8H20
SR2TI04
SR3N2
S(GAS)

TA

TAN

TA2N

TA205
TA2SS
TA2(C03)5
TA2(8S03)5
TA2(S0%)5
TH

THO2

THS

THS2
TH(AL204)2
TH(CO03)2
TH{CRO%)2
TH(CR204)2
TH(FE204)2
TH(MOO4)2
TH(S03)2
TH(S04)2
TH(TI03)2
TH(V206)2
TH(WO04)2
TH2S3

SEGVEEAVIEC VRV IR ) LIV VI ) N

n

[a* AV INN

LIV VIV

NIV VIS )

LN SOV IV IS IV NN

n NN

TABLE OF CONTENTS
CHEMICAL COMPOUND DATA FILE

RBOH.2H20
RB2C03
RB20

RB2S
RB2S03
RB2SO4

RE

REO2

REO3

RES2

RES3
RE207
RE208
RE2ST

RH

RHCO3

RHO

RHS

RHS03
RHSOu4
RH20
R1203
RHZS
RH2S04
RH2S3
RH2(S04)3
RuU

RuO2
RUD3(GAS)
RUOH (GAS)
RUS2

S

sB

SB203

[ASIN AN

[\VI MRS ]

n

2
2

1 INDICATES ADDITION
2 INDICATES INCOMPLETE DATA

sB204
SB205
SR2S83
SB2(AL204)3
$82(C03)3
SB2{(CRO%4)3
SB2(CR204)3
SB2(FE204)3
SB2(M004)3
5B2(803)3
Sp2(s04)3
SB2(TI03)3
SB2(Vv206)3
SB2(Wo4)3
SC

Sca203
SC2(C03)3
$C2(803)3
SC2(804)3
SI
SI10(GAS)
s102
SIS(GAS)
sis2
SI(C03)2
51(S03)2
SI(Sou)2
SN

SNCO3

SNO

SNO2

SNS

SNSO03
SNSO4

OR REVISION

TABLE OF CONTENTS
CHEMICAL COMPOUND DATA FILE

T1

TICO03

TIN

TIO

T102
Tiso03
TISO4
TIs2
TI(nO2)2
TI(NO2)3
TI(NO2)&
TI(NO3)2
TI(NO3)3
TI(NO3)G
TI(soW)2
TI1203
T12(C03)3
TI12(sS03)3
TI2(SO04)3
TI305

u

uo2
uo2s04
uo3

us

us2
U(AL204)2
U(co3)e
U{CRO%)2
U(CRrR204)2
U(FE204)2
U(MO04)2
u(so3)2
u({sou%)2

NN

AV VIV VI AV V]

MYV

1 INDICATES ADDITION
2 INDICATES INCOMPLETE DATA

U(TI03)2
U(v206)2
Utwos)2
u2s3
u3os

V2S5
v2(C03)3
vV2(s03)3
V2(S04)3
W

w02
W03
wWS2
w{Cc03)2
W(C03)3
W(S03)2
W{S03)3
w(sS04)2
w(S04)3

Y
Y203

OR REVISION

LSS 0 )

NN

n MO N

PAGE

SNS2
SN(AL204)2
SN(C03)2
SN(CRO%)2
SN(CR204%4)2
SN(FE204)2
SN(MOQ4) 2
SN(NOD2)2
SN(NO2) &
SN(NO3}2
SN(NQ3)4
SN(OH) 2
SN(OH) 4
SN{S03)2
SN(S04)2
SN(TIO3)2
SN(Vv206)2
SN(WOL)2
S02

S03

SR
SRAL204
SRCO3
SRCRO4
SRCR204
SRFE204
SRMO003
SRMQOY
SRO

SRS

SRS03
SRSO04
SRTIO3
SRV206

PAGE !

Y2(C03)3
Y2(803)3
Y2(S04)3

ZN

ZNAL204
ZNCO3

ZNCROY4
ZNCR204
ZNFE204%
ZNMOOY

ZNO
ZNO*22NS04
ZNS

ZNSO3

ZNSO4

ZNTIO3
ZNV206

ZNWO4
ZN(ND2)2
ZN(NO3)2
ZM(NO3)2eH20
ZN(NO3)2.2H20
ZN(NO3)2.4H20
ZN(NO3)2+6H20
ZN(OH) 2
ZN2T104
ZN3N2

ZR

ZRN

ZR0D2

ZRS2
ZR(AL204)2
ZR(C03)2
ZR(CROY4)2



DATE 6 0OCT, 1971

rvYYN

nNoN

ZR(CR204)2
ZR(FE204%)2
ZR(M004)2
ZR(NO2)2
ZR(NO2) 4
ZR(NO3)2
ZR(NO3)2,6H20
ZRINO3) &
ZR(OH) &
ZR(OH)4,H20
ZR{OH) 4 ,2H20
ZR(S03)2
ZR{SCH)2
ZR{TIO3)2
ZR(V206)2
ZR{WO4)2
ZR3N2

TABLE OF CONTENTS
CHEMICAL COMPOUND DATA FILEL

1 INOICATES ADDITION OR REVISION
2 INDICATES INCOMPLETE DATA

PAGE:
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TABLE V
DATE & OCT, 1971 THERMODYNAMIC PROPERTIES OF INORGANIC COMPOUNDS PAGE: 1

HEAT OF FORMATION, ENTROPY+ AND TRANSITION OATA

COMPCUND HEAT OF REFERENCES ABSOLUTE REFERENCES TRANSITIUN DATA
FORMATION ENTROPY TEMP, HEAT TYPE REFERLNCES
25 DEG.C CAL/GMOLEY DEG.C KCAL/
KCAL/GMOLE DEG. K GMOLE
AG .00 10,20 LA-001 961.28 2,69 S-L LA-001
AGNO2 -10,77 WA=901,8T-926 30.64 WA=-901,ST-926
AGNOZ -29,75 whA=901 33,68 #A=901,R0-907 160,00 66 S-S RO-907
210.00 2,76 S-L
AGVO3 -199,53 TR+002 32,60 KE=001
AG2AL 204 -413,64 TR=002 44,20 TR-003
AG2CO3 -120,88 LA=-001 39,97 ta-001
AG2CROY -172,37 CA-058 52,00 CA-058
AG2CR204 «308.20 TR=-002 49,60 KE-0U1
AG2FE204 ~205,53 TR-002 51,26 TR-003
AG2MOOY -216,.60 CA-058 61,86 CA-058
AG20 =7430 LA-001 29,07 LA-001
AG2S =7.75 LA-001,NB«0O3 34,00 tA=001.KU=-001 179.00 1.05 S-S LA-001
582,00 S5-8
842,00 3.36 S-L
AG2S03 ~114.40 CA-006 44,60 TR-003
AG2S04 «170,36 LA=UO1 47,76 LA=001 441,00 4,46 S«S LA=001.CA-002
657.00 4,28 S-L
AG2T103 .239,37 TK=002 40,10 TR=003
AG2WOU «230,70 HE~001 27.16 CA-058
AL .00 6.76 LA=-001 658,60 2,56 S-L LA-001
ALN =76,00 ST=9064RA-001 4,82 ST-906 2227.,00 S=L LA=-908
AL(NO2)3 -«190,82 RA-002
AL(NQ3)3 -239,38 RA-UC2 53,00 RA-0OOL
AL(NO3)3,6H20 +681,30 WA=918 111,80 LA~908KE=912
AL(NO3)3,9H20 -897,96 WA-918 136,00 LLA=9084R0=907
AL(OH) 3 -304,20 RC-907
AL203 «400,16 LA-001+NB-002 12,17 LA-001+NB~002 975.00 20,59 S-S (A~001
2045,00 26,04 S-L
3530,00 L-G
AL2S -29,38 LA=001 73.10 LA-001
AL2S3 -172,8% LA-0014TR=010 23,00 LA-001,NB-003 1100,00 S-L LA=001
DATE 6 OCT. 1971 HEAT OF FORMATION, ENTROPYs AND TRANSITION DATA (CONTINUED) PAGE: 2
COMPOUND HECAT  QF REFERENCES ABSOLUTE REFERENCES TRANSITIUN DATA
FORMATION ENTROPY TEMP, HEAT TYPE REFERENCES
25 DEG.C CAL/GHOLF/ DEG,.C KCAL/
KCAL/GMOLE DEG, K GMOLE
AL2TIOS ~622,96 CA~043 26,20 Ku=-001 1890,00 S=L  Ku=001
AL2(C03)3 ~707,03 TR=-002 40,00 TR=003
AL2(CRO%)3 ~849,81 TR=-002 78,60 KE=001
AL2(CR204)3 ~1238,00 TR~002 68,40 KE=0U1
AL2(FE204)3 »975,13 TR=002 78.50 KE=-001
AL2(MO0H) 3 «979,92 TR=-002 64,60 TR=007
AL2(S03)3 -661,91 TR=002 49,00 TR~-003
AL2(S04)3 -820,38 LA~001NB~003 57,14 LA~001,NB~003
AL2(TIO3)3 -1074,60 TR-002 42,60 KE=001
AL2(V206)3 -1532,.00 TR-002 115,20 KE~001
AL2(WO4)3 -1023,70 TR«002 62,20 TR-007
AS 00 8439 LLA-001
AS203 156,91 LA=001+KU=001 25,59 LA=001+KU=001 274400 11,90 S-S
315,00 4,47 S-S
—~205 »219,31 LA=001 25,18  LA~-001
AS2S3 -30,00 KU=001+.TR=010 27.71 TR=003 170.00 $-8
300.00 S-L
AS2S5 -35,00 KU»001 44,20 KE~001 170.00 S-S KU-001
300.00 S-L
AS2(C03)3 46,90 TR-003
AS2(S03)3 55,90 TR-003
AS2(804)3 64,00 TR-003
8 «00 1,40 LA=001 2030,00 5.30 Se-L LA=001
BA <00 15,49 LA=0C1 370,00 «14% S-S LA-001
710,00 1.83 S~L
BAAL20Y4 ~566,67 TR=002 28,58 TR=003
BACO3 ~287.16 LA-001 26,78 LA-001 8U6.00 3,87 S-S LA=001
968,00 .69 S-8
BACROY «536,37 TR=002 38,15 TR=003
BACR2QY4 -516,32 TR=002 33,22 TR-003
BAFE204 ~350,49 ca-061 35,37 TR-003
BAMOO3 -308,70 CA-024

BAMOOU -377,0u4 TR-002 33,97 TR~003



DATE 6

COMPOUND

RAQ

BAS
RASO3
BASO4

BATIOD3
RAV206

BawDy
BA(MO2)2
BA(LCZ)ZWHEO
BA(NMO3)2
BA(OH)2

RA(CH)2,H20
BA(OH)2.8H20
RA2TIOH
BA3H2

RE

SCAL204
RECO3
AECRONM
BECR204
BEFE204
8EMOQU

BEOD

BES
BESO3
BESCY
RETIQ3
BEVZ206
BEWOY
RE(NO2)2

DATE 6

comPOLIND

BE(MD312
BE(OM)2
2 3N2

BI
8I(MO2)3
RI(NO3) 3
BI(OH)3
RI203

BI2S83
3ra(aL2c4)3
B12(CN3)3
RI2{CREYIS
RI2(CR2CH)3
BI2(FE204)3
2r2(m004)3
R12(S03)3
nI248H4)3
BI2(TI03)3
B12(v206)3
RI2(W0H) 3
an(Gas)
BS(GAS)
5203

n2s3

C

CA

CAAL20H
cApLuGT
CACO3
CACHOY
CACR20H
CAFF20H

OCT.

ocT,

1971 HEAT OF FORMATINN. ENTROPY,
HEAT  OF REFERENCES ABSOLUTE
FORMATION ENTROPY
2% DEG.C CAL/GMOLE/
KCAL/GMOLEL NEG. K
-132,07 LA~001+CA=00C7 16,79
-106.,00 CA-U19+TR~010 20,90
=2R2,60 NE-003 28.60
=349,99 LA-CO) 31449
-394,60 CA=-063+TR-002 25,78
~567.54 TR=QU2 45,78
~406.00 CL-025 32.00
-183.6C ST-9264fA=-001 43,70
~254 .50 RO=907
=237.11 S1-926 51,10
-226,10 LA~908
-299,00 RU~-907
799,90 RO~=907
47,00
-86.90 KU-903+RA=-001 36430
.00 2,27
-542,99 TR-002+CA=065 19.18
-246,89 TrR-002 15,69
-294.44 TR=0U02 28,75
424 .43 TR=002 23,82
-335,85 TR=002 25,97
~537,.,9¢6 TR=-002 4,57
~143.,03 LA=001 3,37
-55.90 Ku=-001.NB=003 8,40
-232.20 TR=002 19,20
-285,65 NB=-0U3 18,62
~368.42 TR=-002 17.21
-521,71 TR=002 36438
=352.,45 TR=-UC0g 23.56
-1%8,65 RA-CO 54430
1971 HEAT OF FORMATION. ENTROPY,
HEAT OF REFERENCES ABSOLUTF
FORMATION ENTROUPY
25 DEG.C CAL/GMOLEY/
KCAL/GMOLE DEG, K
-171.71 RA-002 39.60
-215,75 $1=-918 11,80
=140.60 ST-9154RA=001. B,16
.00 15,56
~78,17 RA-002
-135,21 RA=-002 60,6u
-170,00 WA=9138
-138,9¢& LA=-001+NB~0O2 36,12
-43,80 NB~003.wI-001 55,30
-1549,350 TR=-0U2 78,24
-476.,57 TR=002 55,20°
-618,.,62 TR-002 106 .4C
-1024,00 Tr=«002 96,20
-727,92 TR=-002 106,40
-749,96 TR-002 72,80
437,28 TR=-002 64,20
-608,1U N3-001ywI=001 72,30
-826,0F8 TrR«~002 70440
-1300.,00 TR-002 143,00
-794,59 TR=-002 77,40
-5.30 LA-001 48,459
-80,0C JA-0C1 51,65
-306,10 KU=U01+.TR=-010 12,86
-57.,00 LA=-001.NB=0D3 14.61
-00 dl‘--OOl 1;36
«UU 9,94
-555,50 KU=-001 27430
42,50
-288,11 LA-001 22.19
-329.44% La=-001 32,01
-492,40 CA-038 28,82
-36T7.25 CA=042,TR=010 34.70

AND TRANSITION DATA (COMTINUED) PNGE § 3
REFERENCES TRANSITIUM DATA
TEMP, HEAT TYPL REFELREMCFS
DEG.C KCAL./
GMOLE
LA-001 1923,00 15,78 S-L LA=-UUL
27006450 L~-G
LA-001+TR-D10
TR~CU3
LA=-CGY 1150.00 S5=-8 LA-001.CA-002
1350.,00 9,70 S~L
LA=-001
TR=-003
CA-02%
RA=-00Y 273.00 S-L ST-926
ST=-9264KE-912 595.00 6.00 S-L LA-908,R0-907
246,00 5-8 MI-907
4U8.00 3.72 S-L
KU=~001
LLA-308
LA-001 1283.00 2.99 S=L - LA-001
TR=003
TR-003
TR=-0032
TR=-003
TR-003
TR=0D3
LA-J01 2550.00 16499 S~-L LA=-001
4120.00 L=G
KU=-001.LA-001
TR«003 \
CA=0US B8U.00 3430 \ 58 CA=-005
TR-0U2
TR~-003
TR=-CU3
RA-0CY
AND TRANMSITIOM DATA (CONTINUED) PAGE? 4
REFERENCES TRANSITION DATA
TEMP HEAT TYPE REFERENCES
DEG.C KCAL/
GMOLE
RA=OU3
Si=918
ST-918,4RA=-001 2200.00 30,90 S~ ST=918
LA-0U1 271,30 2.60 S-L LA-001
RA=0UY
LA=001.N3=-001 704,00 S5=-8  LAa=-0U1
817,00 6481  S-L
NB~0OU3
KE-001
TR=003
KE=-(01
KE=001
KE~001
TR=-007
TR=003
TR-003
KE=001
KE-001
TR=007
LA=GO1
JA=001
LA=001 450,00 5,49 &=L LA-001
TR=-003 310,00 S-~L LA-001+KU=-001
JA-001
LA-GO01 440,00 24 S~S8 LA-001
850,00 2.07 S-L
Ku=-001
KU=001
LLA-001
LA-3C1
1R-003
KU=00140LA-0N1 1240400 25,85 S-L KU-001



DATE & o0CT. 1971
COMPOUND HEAT OF
FORMATION
25 DEG.C
KCAL/GMOLE
CAMD03 -277,80
CAMNDOY -369,21
[of Yo} -151.,73
cas ~114,20
CASOX -275.88
cASOy ~340.,19
CATIO3 ~370,00
CAV?206 -558,70
CAWOY -402,50
caqupele ~177.,20
CA(ND3)2 -224,28
CA(MNO3)2,2H20 -367.80
CA{ND3)2,3H20 -436,90
CA(NO3I244H20 -509,10
CAIOH)2 -237.50
CA2FE205 -507,28
Chr3IN2 -104,30
ch «00
COAL 204 466,54
cneo3 -178,46
COCRO4 -224,.,10
CDCR204 ~-361,66
COFE2CH -258,73
comoou ~267.85
cho -61,18
ccs -34,47
CNS03 -163.90
cDSNY -221,20
DATE & 0CT. 1971
COMPOUND HEAT  OF
FORMATION
25 DEG.C
KCAL/GMOLE
COTIO3 -292.,23
cova2oe6 -451,32
cDhw0Oy -283.095
CD(ND2)2 -70,77
CO(NO3)2 -109,06
cCD(MNO2)2,2H20 -252.30
CD(NN3) 2. 4H20 394,11
CO(OHY2 -134,900
CD3N2 38.60
CE 00
CEN -77.90
CEQ2 -233.,00
CES ~118,00
CES2 -153,90
CE(CO03)2 -468,01
CE(ND2)3 ~245,73
CE(NNZ)Y -255,88
CE(NO3)3 -306,68
CE(NO3) 4 -332,66
CE(Sp3)2 =4483,14%
CE(SOW)2 -560,00
CE203 -434%,90
CE2S3 -298,70
CE2(C03)3
CE2(S03)3
CE2(S04)3 =953,00
CE3SH ~421,50
¢0 .00
COAL20Y4 466,50
coco3 -173,30

HEAT OF FORMATION,

REFERENCES

CA-020
CA=0774TR=010
LA-001.NB=-003

LA-0014TR=~CG10
MA=001
LA=-001

CA=-053
CA-05¢
CA-0774TR=010
S1~926+RA=001

ST-926
LA=908
LA-308
LA=908
KU=~305,RA-001
Ku~001
LA=908

TR=-002
LA-001
TrR=-002
TR=-002
TR-0U2
TR«-002
LA=-001
LA-001.NB=003
CA+-001
LA-001

HEAT OF FORMATION,.

REFERENCES

TR-002
TR-002
TR~-062+WI-001
RA-002
S1-9264WA=918
WA='918
WA-918
wA-918
KU-903+R0=-907

LA-908
LA-001+NB=003
KU«001
NB-UU3
TR-002
RA-002
RA~U02
RA=002
RA~002
TR=002
NB=-003.wI-001
KU~001+CA=-018
N8-003,KU-001

MA-001
KU=001

Ca-0585
KE=002

ENTROPY s

ABSOLUTE
ENTROPY
CAL/GMOLE/

DEG. K

24,70
29,30
9.“8

13,50
24,20
25,49

22,40
42,8V
30,20
39,30

46,20
64,30
74,10
81,00
19.93
45,10
25,10
12,37
27,78
25,18
37,35
32,42
34,57
33,17
13,09
16,96
27.80
29.41

ENTROPY s

ABSOLUTE
ENTROPY
CAL/GMOLE/

DEG. K

25,80
44,98
32.16
42,90
48,20

23,00

16463

14,89
18.80
18,82

58,80
69.80

37.80
36,00
32.41
51,60
60.60
68,70

7.18

25.48
21,99

AND TRANSITION DATA (CONTINUED) PAGE: 5
REFERENCES TRANSITIUN DATA
TEMP. HEAT TYPE REFERENCES
DEG.C KCAL/
GMOLE
Ca-021
KU-001+CA=017
NB=003+LA-001 2603.00 12,23 S-L LA-001
3570,00 L-G
KU-001.NB-003
LA=-001
LA-001 1193.00 5«8 LA-0014CA=~002
1397.00 6,69 S~L
KU~001+TR-010 1260,00 «55 5-§ KU-00141A-001
CA-052
KU=0014+TR=-010
RA=004 266,00 S«8 S8T-926
360,00 S-S
392.00 Sel
LA-90845T~-926 561,00 5,09 S-L LA-908
LA=-908
LA~908 51410 S-L LA~-908,R0-907
LA=-3084R0-907 39.70 S=l. LA-9084R0-907
LA~908+RA-001
Ku-001
LA-908 1195.00 S=L LA-908+KU=903,
LA=-001 321.00 1.53 S-L LA-001
TR-003
LA-00G1
TR=-003
TR=003
TR-003
TR-003
LA=-001
LA=001.NB-003
TR-003
LA-001 792.00 1.49 S-S LA~001,CA-002
859|00 2.59 S‘S
1000, 0U SelL
AND TRANSITIOM DATA (CONTINUED) PAGE: 6
REFERENCES TRANSITION DATA
TEMP HEAT TYPE REFERENCES
DEG.C KCAL/
GMOLE
TR-003
TR-003
TR-GO3
RA-004%
RA=003 360,00 4,35 S-L ST-926
59.50 7.80 S-L RO0O-907
WA-9184RA-001
LA-001 393.00 S-S LA-001
440.00 S-8
777.00 3.08 S-L
CA-066
TR=003
TR=-003
RA=-004
RA-004
TR=-003
CA=01l4,4TR=-010
TR-003 1890.00 S-L  KU=-001
TR=-003
TR=-0G3
TR=-003
2050,00 S-L  KU-001
LA=001 445,00 «00 8-S (A=-001
1127.0G0 e13 S=8
1490.00 3.66 S-L
TR-003
TR~-003



DATE & 0CT,

CovMPOLNMD

COCROY
COCR20H
COFE204
cCoOMDOY
COMPNAUND

cno

cas

cosnz

CCS0u

coT103

cov206

COWOY
co(np2)2
ca(ng3)2
COLMN3)2,2H20
Cotrndl)2.3H20
CCUrn3r2.4H20
CO(NN3)2,6H20

COtom) 2
cotoH) 3
roa2
C02S3
co3n
C0304
CO3S4
CH

CRN

CRO3
CR{NG2)3
CR{nN2)€
CR(MD3)3

DATE & OCT,

compPounD

CR(NO3)6
CR(OH)3
CR2N
cRr203

CR207
CR2S2
CrR2(C03)3
CR2(S03)3
CR2(S04) 3
csS

CSNOD2
CSNOC3

CSNN3,4H20
CSOH

CSOH,H20
CS2AL20Y
€S2C03
CS2CRO4
CS2CRO4
CS2FE204
cSamouy
€S20
CSes
CS2803
€S2504

€s2T1a3
CSevash
CS2Wou
Ce2(6)

1971 HEAT OF FORMATION. ENTROPY,
HEAT OF REFERENCLS ABSOLUTE
FORMATION ENTROPY
2% DEG.C CAL/GMTLEY/
KCAL/GMOLE DEG, K
-221.49 TR=00G2 35.09
-350,.60 CA-Q sS4 27.00
-255,26 TR=-002 52,20
-265,21 TR=0U2 50.87
«00
»57,07 LA-0U1 12,695
~21,07 R0-U04.TR=010 15,82
-161,75 TR=002 25,50
-211,90 AU-091+TR=~p10 27.07°
-289.50 CA=-033+4CA=D55 23,80
-448,77 TR-002 42,68
-280,01 TR-0UZ 29486
-63,40 RA-002 40,60
~100,50 WA=-901RA-001 45,490
=244 ,20 WA=901
-316,90 WA=-901
-389.70 WA-901
-528.49 WA-301
~129,40 GE=-905.RA-001 22,30
=171,30 WA-901
94,01 LA-0O01 51,03
-51.00 NB=-003 26.40
2.00 KU=-903
~216,20 La=-0u1 24,61
-75.,00 KU=CC1
«00 5,68
-29,80 WA=901KE~911 7.85
-142,03 LA-001 17.20
55.20
1971 HEAT OF FORMATION. ENTROPY.
HEAT OF RCFERENCES ABSOLUITFE
FORMAT [ON ENTROPY
25 DEG.C CAL/GWOLEY
KCAL/GMOLE DEG. K
-254,30 WA-901
-30,50 WA=901+RA-001
-272,58 Le=-001 19,37
-344,97 LA-G01 70.48
25,21
44,40
53.440
61.50
00 20,14
~-88,69 RA=002 51.44
~121.80 ST=926 35,08
=97.15 La=-908
-186.930 R0O-907
~-539,18 TrR=-002 45.80
=272,57 TH=-002 43,25
-318,00 *TR-002 98,40
-551.92 TR~002 55,00
-327.16 TR~002 52,86
-354,07 TR=002
-76.00 LA=001.CO~001 29,90
-81,10 NB=003KU-001 35,14
=265,60 CA-080 46,20
-339,00 LA=CU] 50,89
=368,44 TR=-002 31,70
=554,30 TR=COP? 70,20
-391,00 TR=-UU2
27455 LA=-u01 56,81

AND TRANSITION NATA (CONTINUED) PAGE? 7
REFERENCES TRANSITION DATA
TEMP, HEAT TYee REFERENCES
DEG.C KCALY/
GMOLE
TR=-003
CA-034
KU~0014+TR=-0035 500,00 S-S CA-056
TR=003
LA=001 1800,00 9.60 S=L LA~0D01
TR-0L3 11U0,0U S-L [.A~GU1L
TR=-003
LA=-001 691400 «H1 S-S CA-0U2
CA-033
TR-003
TR=0CG3
RA-00Y
KA=0U3
91400 S=L RO=-907
«33.00 1.70 S-S RO=907+pP0-912
2000 « 73 §=-S
57.00 SeL
GE-9U034RA-001
LA-001
TR-003
LA~001
LA-001 1840.00 v 35 S-S  LA-0U1
1903.00 3.49 S-_
KU=903
LA=-001 187.00 SeL
RA=-004
AND TRANSTTIORN DATA (CONTINUED) PAGE? 8
REFERENCES TRANSITIUN DATA
TEMP o HEAT 1YPE RLFERENCES
NEG.C KCAL/
GMOLE
LA=001 32.80 S-S LA-001
2440.00 Se-L
LA-0U1
TR=003
TR-043
TR-003
TR-003
LA=-001 28.64 «32 S-L  LA-0U1
RA=-0G3 4U6.00 S-L ST-926
RA-003 151.50 +89 S~8 MU-912
405450 3,37 SeL
42,70 S=L RO-907
223400 1,76 S=S LA=~908,R0-907
27230 leb61 S~-L
TR-003
TH~003 792.00 S-L  RE-001
KE=001
KE~0O01
TR=-003
TR=-0G3.CO~001 HY90.00 4,58 S-L CO-0U1
TR-003
T1-003
TR~003 660.00 >=-8 LA-001.CA=-002
722400 «50  Se8
10U4, G0 9.58 S-L
TR-003
KE=GU1
LA=-001



DATE & OCT,
COMPOUND

cu
cuAL204
cuco3
CUCROY
CUCR20%
CUFEO02
CUFE204%
cuMoOY
CUNO2
CUNO3

cuo
CUO*CUSOY
cus

cUsSo3
cUSOu
cUTIO3
cuvos
cuva2one
CUWOY
Cu(ND2)2
Cu(Ng3)2
CU(NB3)2,3H20
CU(NO3)2,6H20
CU(OH)2
CU2AL204
cu2co3
CU2CROY
CU2CR204
cuU2Mo04
cu20

cu2s

CU2S03

DATE 6 OCT,

COMPOUND

cu2soy
cu2T103
cu2wWoy
CU3N
cto)

FE

FEAL20Y
FECO3
FECROY
FECR204%
FEMOOY
FEO

FES

FESO3

FESO4

FES2

FETIO3

FEV206

FEWOU
FE(ND2)2
FE(ND2)3
FE(NO3)2
FE(NO3)2.6H20
FE(NO3)3
FE(NOZ)3,9H20
FE(OH)2
FE(OH)3

FE2N

1971 HEAT OF FORMATIONs ENTROPY,
HEAT OF REFERENCES ABSOLUTE
FORMATION ENTROPY
2% DEG,C CAL/GMOLE/
KCAL/GMOLE DEG, K
.00 7.96
-439,y43 TR-002 25.68
-142,10 LA-001 21.02
-189.80 TR=002 35,25
-321,74 TR=-002 30,32
-115,90 TR=U02 21.20
-237,91 CA=-042 32,47
-233,21 TR-002 31,07
-16,.84% RA-002 28.64
-32.84 RA&=-002 32,28
-37.25 §7-918 10,19
-222.3% IN-001 38,03
=11.50 LA-001,KU~001 15.90
-127,28 TR=002 25,70
-184,22 LA-001 27.07
-264,49 TR=002 23,71
~208,68 TR=002 29,60
417,15 TR=002 42,88
~247.76 TR-0024WI~001 30,06
~36,70 RA-002 40,80
=72.40 WA=9014ST-926 46,10
~290,90 WA=901
504,50 WA-901
-105,90 GE~*902+RA=001 20,70
-439,71 TK=-002 40,20
*142,29 TR=002 37,63
~189,90 TR=002 47,00
-319,04 TR-002 43,60
~233,18 TR~002 46,75
-40,78 LA=-001 22,52
-19,93 LA-001,NB-C03 28,88
=127,06 TR=002 40,60
1971 HEAT OF FORMATIONs ENTROPY,
HEAT OF REFERENCES ABSOLUIE
FORMATION ENTROPY
25 DEG.C CAL/GMOLE/
KCAL /GMOLE DEGe K
-179,51 LA=-UO1 38,46
-265,.20 TRe002 36,10
-247,85 TR=002 45.70
17.80 WA-901,LA-908
26440 LA-001 47,16
«00 6,49
~474,40 CA~032,CA=054 25,40
=178,55 LA-001 22.19
«225,69 TR~002 34,85
-349,50 CA-UB8+TR~010 34,90
-269,.45 TR=-002 30,90
~63,76 LA-001 14.19
-22.80 KU=001+LA-001 15,20
-165,54 TR=002 25,30
«220,.41 LA-001 25,68
~42,45 LA=001.KU»001 12,70
~295,10 LA=001+TR-010 25,30
-452,87 TR=002 42,48
-284,52 TR~002 31,50
-70,36 RA-U02 40,40
-88,59 RA-002
-107,23 RA-002 45,70
-137,01 RA-002 55,40
-78%.20 WA=901,RA-001
-137,20 ST»918.RA=001
=196,70 WA=901 25,50
=.90 LA-908,KU-903 24,420

AND TRANSITION DATA (CONTINUED)

REFERENCES

LA-001
TR-003
LA-001
TR=-003
TR=-003
Ca~062
TR-003
TR-003
RA=003
RA=0U3
LA-001
IN=001
LA=001,KU-001
TR=003
LA-001
TR=003
KE=001
TR=003
TR«003
RA~004
RA=003

GE=~902
TR-003
TR=003
KE«001
KE=001
TR=007
LA=001
LA-001,NB-003

TR=003

TEMP
DEG,C

1084,00

1197.00

255,00

24,40

1230,00
103.00
350,00

1127.00

TRANSITION DATA

HEAT
KCAL/
GMOLE

3.11

15,38

13,38
1.34

5.49

AND TRANSITION DATA (CONTINUED)

REFERENCES

LA=001
TR=003
TR=007

LA-001
LA-CO0}

Ku-001
LA-001
TR-003
LA=0U1.KU~001
CA-0eu
LA~001

KU=001,LA-001

TR-003
LA-001
LA=001¢hoe: wua
LA=001,KU~001
TR-003
CA=D64
RA=004

RA-~003

RA=-004

WA-901
LA-9084KU=303

TEMP .
DEG,C

760.00
9U6,00
1401,00
1535.00

2180,00
-84,70
1377.00
138.00

325.00
1195.00

1370,00

6050

50410

TRANSITIUN DATA

HEAT
KCAL/
GMOLE

.00
21
011
3,70

Te48
«37

T«73

21,70

PAGE: 9

TYPE REFERENCES
S=L LA=-001

S«L CA-062

S-L ST-926

Set. LA=908

S-L  LA-001

S-S LA-001+KU-001
S=8

Sel

PAGE? 10

TYPE REFERENCES
S$=-8 LA~001

§-S

5-8

SeL

SelL. LA=001+KU=001
S5«S LA=001

Set

S»§ KU=001+LA~001
SeS

Set

S=L LA=0U14KU~D01
S=-L RO=907

Sel. LA*9084R0~907



DATE &

comPOLIND

FE203

FE2TTOW
FE2TIO0S
FE2(AL204)3
FE2(C035)3
FE2(CRQU)3
FE2(CRE0U) 2
FE2{MQOL)3Z
FE2(S03)3
FE2(SO4) 3
TE2{TTI03)3
FE2(V20A)3
FE2(WO4)3
FE30y

FLUM
5A

GAN

GAS
GA(MO2)3
GA(ND3) 3
GA(CH)3
GA203
6A2S3
GA2(CC3)3
GA2(S03)3
GA2(SNN)3
GE
GEO(GAS)
GEO2

GES

DATE 6

COMPOLIND

GES2
GE(COD3)2
GE(S03)&
GE(Soud2
GE3My

HF

HF M

HF Q2
HFS2
HF(Cp312
HFINO2) 4
HF (MND3)U
HF(Sn3)2
HF (S04)2
"2
H2Q(GAS)
IR

IR0O2
1RS2
IRS3
IR(SOu)2
IR283

K

KALO2

KFED?Z
KNO2

KNO3

ocT, 1971 HEAT OF FORMATIONs ENTROPY,
HEAT OF REFERENCES ASSQLUTE
FORMATION ENTROPY
29 DOLG.C CAL/GSMOLEY/
KCAL/GMOLE JEG. K
-196,42 L.A=001 20,88
39,00
37,40
~-1349,50 TR=002 61,60
-502.66 TR=-002 44,80
645,46 TR-GO02 89,80
~1035.40 Tu=00¢2 2.6U0
-775.50 TR=-002 69,40
“457.,40 TR=-UD2 53.80
«615.80 CAr-0C9 £1.90
~870.56 TR=002 53,86
-1327,70 TR~UL2 126,40
-819,52 TR-002 67,00
-266.61 LA-001 54,97
-2.50 WA~901 37,00
00 9.82
»26,40 WA=918 11.00
~46,40 LA=001+KU=001 164,22
56.20
~230,50 WA=-918 4,00
-261,095 MA=-0034TR«010 20,22
~136,580 KU-301 27,21
46,40
55.40
£3,50
«00 T3
-22,79 LA~001 52,51
-129,15 LA-(001 13,20
-21,40 KU=Q0014+TR-G10 15,77
0CT. 1971 HEAT OF FORMATIONy ENTROPY,
HEAT OF REFERENCES ABSOLUTF
FORMATIUN ENTROPY
25 DEG.C CAL/GMOLE/
KCAL/GMOLE NEG, K
19,00
34,20
43,20
35,30
-15,60 LA-908+KU=-903 40,00
+0C 10,91
-88,24 LA=908+HU-203
-273,60 HU=006+TR-010 14,17
19,80
34,90
70.80
43,90
38,80
+«00 JA=001 31,21
-57.77 LA=001 45,07
1Y 8,5Uu
«535,00 KU=G014TR»010 17,20
-34,00 HE=002+TR-010N 15,00
~26,30 KU=-001+LA-001 20,30
. 59,20
~58.00 HE=002+TR=010 23,00
« 00 1£.37
271,46 TR=002 18,50
-165,50 TR-002 22.038
-88,48 ST=926+1L.A=908 27 .04
-117.70 LA=-908 31.76

AND TRANSITION DATA

REFERENCES

LA-001

KU~-001
KU~-0U1
KE=001
1R-0C3
KE=CG1
nE~-UC1
TR~007
TR-00G3
TR=-003
KL=001
KE-0U1
1R-007
LA-001

WA=-201
LA=001
LA=9084KU=903
TR-003

RA-004
wA-918
LA=0014NB=002
TR=-003
TR=003
TR=-003
TR=-003
LA=-001
LA=0U1
LA-G01

CA-0844KU=-0D01

AND TRANSITION DATA

REFERENCES

CA=-072
KE=-001
KE=0O1
TR~-003
KU=-903,4LA-908
LA=-001

LA=-001
TR-0U3
KE-(OU1

RA=-004
KE=001
TR=-003
JA=-001
LA-0UL
(LA-001
LA=UC]
HE=-002
a-001
TR=003
HE-002+TR=010
LA=-D01

TR=-003

TR=-003
RA-003

LA-908

(CONTINUED) PAGE : 11
TRANSITION DATA
TEMP, HEAT  TYPE  ReFERENCES
DEGC KCaL/
GMOLE
677.00 ¢16 S-S LA-001
767.00 53-8
627.00 S=§ LA-001
1594 .50 32,97  S-L
29-78 1055 b"L LA"UUI
965,00 S-L LA=-001.NB-003
1725,00 SeL LA=001
937,20 7.12 SeL LA=~001
707.00 42,05 S-S LA~001
1115.,00 10.49 S-L
625.00 5497 S-l. LA-001.CA-072,
760.00 L-G KU-001
(CONTINUED) PAGE: 12
TRANSITIUN DATA
TEMP o HEAT TYPE REFERLNCES
DEG.C KCAL/
SMOLE
825,00 10,00 S-L CA=-072
1550.00 S=S  LA-001
2222.00 5,21 SeL
2790,00 S-L  LA-001
2443,00 S~ LA-001
635,20 56 S=-L LA=-001
753.80 18,51 L=G
-13,00 1.20 S-S LA-Y08,RA~926,
847,60 «20) S-S5 PR-903,AD-202
440,00 S-L
60400 S=S  LA=908FE=Y03,
127.90 1.22 8-S YA=-Y04
334,35 2.50  S-L



DATE 6 OCT,

COMPOUND

KOH

KOH,H20
KOH.0,75H20
KOHe2H20
KV03

K2C03

K2CROY
K2CR204%
K2MO0u4
K20

K2S

K2S03
K2S04

K2TI03
K2wWoy
LA

LAN

LAS

LAS2

LA(NO2)3
LA(NO3)3
LA(ND3)3,6H20

LA203

DATE & OCT,

CoMPOUND

LA2S3
LA2(c03)3
LA2(s03)3
LA2(S04)3
LI

LIALO2
LIFEO2
LINO2

LINO3

LINO3,3H20
LIOH

LIOH,H20
L1VO3
Liaco3

LI2CROY
LI2CR204
LI2Moo4
LI20

LI12S
LI2S03
LI2S04%

LI2T303
LI2WOo4
LI3N

1971

HEAT OF
FORMATION
25 DEG.C

KCAL/GMOLE

~101.50

-179,50
=-161.70
-251,20
-277,53
~271.87

-319,72
'541019
-356,90
'86.36
-87.86

~266,90
342,54

-384,60
‘390.84
.00

=71.50
-108,00
~-145,00
-239,95
-299,.,83

=430,50

1971

HEAT OF

FORMATION

25 DEG.C

KCAL/GMOLE

-282,00

-939,80
.00
-284,29
-173,70
~96.60

«115,20

=328,60
-115-8“

-188,90
~281.48
-290,26

-333,53
-501,89
-375.52
-142,50

-107,40
=279.40
-342,58

-394,03
-396,56
-47,20

HEAT OF FORMATION,

REFERENCES

ST=-917

LA=-908
R0O=-907
R0O-907
TRe=00Z
LA=001

TR=002
TR-002
TR=-002
LA=-001
LA-001+,TR=010

NB=~003
LA-001

CA-063
TR=~002

KU=903
S1-002
KU=-001+TR«010
RA=Q02
RA=0O02

HU-0014TR~010

HEAT OF FORMATION.

REFERENCES

KU«001+TR~010

Wil-001

KU~001+LA~001
KU=-001
ST=-926¢R0=907

LA=908

RO=-907
S1-917

LA~908
TR=-002
LA=001

TR-002
TR=-002
TR=002
LA=001

Ku-001
CA=0Q01
LA=-001

TR-002
TR=002
ST-9184R0~-907

ENTROPY,

ABSOLUTE
ENTROPY
CAL/GMOLE/

DEG. K

16,85

29,90
36,07

47,60
44,10
43,55
23,48
26,34

37,40
41,97

32,90

42,50
13,69

11,60
18,80
18,82

58.80

30,59

ENTROPY,

ABSOLUTE
ENTROPY
CAL/GMOLE/

DEG, K

32,41
51,60
60,60
68470

6.70
12,69
18,00
21,34

24,98

10,22

17,07
23,10
21,58

34,00
30,60
32,158

9,05

14,94
26,00
35,36

21,90
31.10
9,00

AND TRANSITION DATA

REFERENCES

ST=920

KE=001
LA=001

KE-001
KE=001
TR=-007
LA~001
TR=-003

TR=-003
LA=001

TR=003

TR=007
LA=001

KE-911
TR=003
TR-003

RA~004

LA=001

AND TRANSITION D

REFERENCES

TR-003
TR=-003
TR-003
TR=-003
LA~001
LA-001+KU=001
KU-001
RA«003

RA=003

ST»917

LA-3084RA=-001
KE-0Ul
LA-001

KE«001
KE=-001
TR~0G7
LA-001

TR=-003
TR-003
LA=-001

LA~001,KU=001
TR=007
ST=9184ST-906

(CONTINUED)

PAGE? 13

TRANSITIUN DATA

TEMP. HEAT  TYPE REFERENCES
DEG.C KCAL/
GMOLE
249,00 1,51 8-S S8T-917.KU~903
QUOQOO 2.24 S-L
1327,00 32,00 L-G
143.00 S=L LA-9084R0O=907
250,00 S=S LA-DO2
428,00 S«S
622.00 S-S
901,00 779 SeL
146.40 «09 S5-8 LA-001,+KU=-001
835.00 SeL
595,00 2,25 5-S LA-001.CA=-002
1069.00 8.75 S-L
548,00 S«S  LA-001
709,00 5-8
920,00 2,70 S-L
43,00 S=S RO~907
66.50 S=t
2315,00 S-L La=~001
4200.00 L-G
ATA (CONTINUED) PAGE: 14
TRANSITIUN DATA
TEMP, HEAT TYPE REFERENCES
DEG.C KCAL/
GMOLE
180.50 «72 S~L LA~001
96.00 S=§ ST=926,4PR~303
220.00 S=L
-10.00 SeS SC=912+FE=903,
120.00 S-8 S8T-926
170.00 S-8
250,00 S5-8
253.00 6,04 SaL
29,90 8,55 S-L NE~904
413,00 S=8 ST=9174+LA~-908,
471430 5,01 Se<L KE=909
1530.00 40.10 L~-6
410.00 S=8 LA-0U1
720,00 S~L
1727.00 17.99 S=L LA~001
2327,00 LeG
575,00 6.78 S-S LA-001
857.00 1,85 S~L



DATE 6

ComPOUND

MG

MGAL2GY
MGCO3
MGCROY
¥GCR204
MGFE204

MGMOO4

MGO

MGS

MGS03

MGSOY

MGTTI0D3
MGTI205
MGV206

MGWOY

MG (NO2)2
MG(ND3)2
MG(NO3)2,42H20
MG (NO3)2,6HR20
MG (0H) 2
MG2TIOH

"G3N2

MN

MNAL20Y%
1Nen3
MICROY
MNCR20%
MNFE204

DATE 6

COMPQUND

MNMOOY
MNO

MNO2
MMS
MNSO3
MNSO4

MNS2

MNT103

MNV206

MHWOY
MN(MO2) 2
MNINC2)2
MN(NO2) U

MM INO3)2
MN(NO3)?.43H20
MN(NG3) 2. 4H20
vN(MO3)2.6H20
MN(NO3) 3
MN(MO3) Y
MN(OH) 2
HENADH) 3
MN(SQY4)2
MN203

MN2 (AL2CUH) 3
MN2(CC3)3
MN2(CROM) 3
Mn2(CH204)3
MN2(FE204)3
MA2 (MOO4 )3
MN2(SN3) 3
MN2(SO4) 3
¥i)2(7703)3

QCT,

OCT.

1971 HEAT OF FORMATIOMy ENTROPY.
HEAT OF REFERENCES ABSOLUTE
FORMATION ENTROPY
2% DEG,C CAL/GMOLE/
KCAL/GMOLE DEG. K
L 00 7.78
-551,00 CA-048,CA-D49 19,25
-263,98 JA<001+LA-001 15,70
-307.08 TR=002 32,00
-453,10 CA-038,TR=-010 25.30
-349,20 CA=-042,CA~047 28,28
-334,80 CA-077+TR-010 28,40
-143,63 LA-001+nNB-003 6,40
-83,00 CA-019,NB-003 10,60
-241,00 NB-003 22,50
-305,50 JA-001 21,90
-371,50 CA-043 17.890
-600,10 CA=043 30.40
-527,90 CA-US0 38,27
~373.40 CA-044 26,86
~-153,63 RA=-0U02 37,60
-188.97 S1-926 39,20
334,70 MA-928
-624,006 LA-908
-221.00 ST-918,RA-001 15,10
24 ,H0
-110,20 ST-906.LA-908 21,00
.00 7,59
-501,10 CA-027 25,18
-213,74 LA=-001 20,47
-256,88 TR=002 34,75
-396,72 TR=002 29,82
~293,00 CA-028 31,97
1971 HEAT OF FORMATIONes EMTROPY.
HEAT OF REFERENCES ABRSOLUTE
FORMATION ENTROPY
25 DEG.C CAL/GMOLE/
KCAL/GMOLE NEG, K
-284%,40 CA-029 31.27
-91,93 LA-001 14,26
-124,16 LA-001 12,69
-49,45 LA-001 18,68
«197.37 TR-002 24,40
-253,95 LA=001 26,78
~-49,50 KU=001 15.32
~-324,40 TR=002 23,20
-484,18 TR-002 42,38
-312.60 CA-D30 29.56
-104,01 RA-002 40,30
-111.56 RA=002
-137,73 WA=901.RA-001 45,60
~354,90 LA~908
-566,90 WA-901
-162.47 RA=-0D2 55430
66,30
-166,20 WA-901 23,70
-212,00 RU-907
34,30
-229,11 LA=-001 26.4¢C
-1430,00 TR=-002 68,40
-545,46 TR=-002 44,60
-6£88.01 TR-002 96,60
-1080,20 TH=002 86,40
-810,67 TR-002 96,60
-818,86 TR=002 69,20
-502,39 TR=-002 53,60
-666,90 WI=-001 61,70
906,26 TR=002 &0,60

AND TRANSITION DATA (CONTINUED)

REFERENCES

" LA-0UL

KU-001
JA-001.LA-001
TR=003
KU«001.LA=-001
LA=001

CA=017
LA-001,NB~003
L A-001
TR-003
JA-001
KU-001e¢LA=001
KU=0C14LA-001
CA=-051
TR-003
RA=0Q0Y4
LA-908,KE=-912

ST-918
KU-001
ST-906,KU~903

4 LA~001

TR-003
LA-001
TR-003
TR=-003
TR=-003

AND TRANSITION DATA

REFERENCES

TR-003
LA-001

LA=-0G1
LA-CO1
ER-002
LA-001

TR-003
TR~-003
TR=-003
TR=-003
RA-004%

RA=003

RA«004
RA=-00Y
WA=901+RA-001

TR=003
L.A-001
KE=001
TR=-003
KE~001
KE-001
KE-001
TR=-007
TR-003
TR-003
KE-001

PAGE 15

TRANSITIUN DATA

TEMP . HEAT TYPE REFEKENCES
DEG.C KCAL/
GMOLE
649,450 2,14 SeL LA-001
1120.00 31.49 L-G
2135,.0°1 S-L KU~001
2200,00 S-L KU-001
332.00 S-8 LA-00]1
957.00 «35 S=8
28U2.00 18,49 S-L LA=-001
1127.00 3.50 S~L JA-001
130,00 S+«  RD=907
90,00 9,80 S-L LA-908
550400 «11 S-S KU-903,KE=~909
7886.00 22 5e8
727.00 .54 S-S LA-001
1101.00 «S4  5-8
1137.00 43 S-S
1244,00 3,49 SeL
1577,00 S~L CA=-027
(CONTINUED) PAGE: 16
TRANSITIUN DATA
TEMP., HEAT TYPE REFERENCES
DEG.C KCAL/
GMOLE
=-155.40 5-5 LA-001
1780.G0 13,00 S-L
250,060 S8 LA-001
153000 6431 S-L LA-001
460,00 «57 S-S LA=0014CA-002
700,00 S~L
35.50 6,50 S-L LA-908,R0-907
37410 S=L. RO=-907
25.80 9.61 S-L LA-908+R0-907,
6U0,00 S-S LA-001



DATE & 0CY. 1971 HEAT OF FORMATION. ENTROPY, AND TRANSITION DATA {(CONTINUED) PAGE S 17

COMPOUND HEAT OF REFERENCES ABSOLUTE REFERENCES TRANSITIUN DATA
FORMATION ENTROPY TEMP, HEAT TYPE REFERENCES
25 DEG.C CAL/GMOLE/ DEG.C KCAL/
KCAL/GMOLE DEG, K GMOLE
MN2{v206)3 -1369,60 TR=002 133,20 KE=001
MN2(WOH) 3 -862,24 TR«002 66,80 TR=007
MN3N2
MN304 -331.12 LA=001 35,72 LA-001 1172.00 4,49 S-S LA-001
: 1590.00 S-L
MNUN ~30.30 MA=9254MA=-233 31,00 MA=-925
MNSN2 -48,20 MA-9254.RA-001
MNBN2 ~61.50 WA=9014+RA=-001
MO .00 6.83 LA=001 2622.00 6.59 Se-L LA=-001
M002 -140,85 LA-001 11,06 LA=001
Mo03 ~177.88 LA=-001 18,57 LA-0C1 795.00 12.5% S=-L LA-UULL
1155,00 32497 L-G
MoS2 ~60,40 KU=001+TR=010 16,00 KU=-001+LA-001
MOS3 61,47 LA=-001 15,89 LA-~0U1
M0(C03)3 50,10 KE-001
MO(S03)3 63,60 TR=-003
MO (SOu)3 67,80 KE-001
Mo2N -19,50 MA-943,RA~001 21,00 LA-908.KU-903
M0O283 -92,50 KU=~001+TR~010 28,00 KU=001.LA~=001
NA .00 12,28 LA=001 97.82 62 S~L LA-001
890'00 21 027 L~G
NAALO2 «270,67 LA~001,KU~001 16,89  LA=001,KU=001
NACL -98,26 JA~001 17.24  yA-001
NAFEQ2 ~166,40 TR=002 21,10 LA=001¢KU-001
NANO2 ~85,72 ST-=926 25,34 RA=-003 162.00 «30 8-S LA=9084R0=507+
281.00 2.48 SeL AD=902.ST-926
NANO3 -111.85 ST-926 27.80 LA=908,R0-907 -30.00 S-S SC-912+FE~903
160.00 SeS
275,00 1,12 S-S
306,00 3,69 S-L
NAOH -101,90 ST-917 15,40 ST=917.KE=912 292,95 1,52 S-S ST=917+KU=903
319,25 1.52 S5-L LA-908
1390.00 34,50 L=-6
NAOH,H20 -175,.,10 LA=908 20,20 LA=908,R0=907 64,20 S=-L. LA-908,R0-907
DATE 6 OCT. 1971 HEAT OF FORMATIONs ENTROPY, AND TRANSITION NATA (CONTINUED) PAGE? 18
CoMPOUND HEAT OF REFERENCES ABSOLUTE REFERENCES TRANSITION DATA
FORMATION ENTROPY TEMP, HEAT 1YPE REFERENCES
25 DEG.C CAL/GMOLEY/ DEG.C KCAL/
KCAL/GMOLE DEG, K GMOLE
NADMH, 2H20 46,86 S1-906 13.50 3.,86 S-L S51-906
NAQH, 3H20 60,99 SI-906
NAOH,3.5H20 684,44 SI1-906 15,50 5.38 S~L RO0-907+4S1-906
NAOH ,4H20 764117 81-906
NAOH {5H20 92,27 SI-906
NAOH,7H20 125.80 SI-9ue
NAVO3 -276,47 CA~-041 27,40 KE=001
nNA2CO3 -269.72 LA-0014JA=001 32,449 LA-001,4JA=001 356.00 S-S LA-001,JA-(001
486400 S-S
618.00 S-§
854.30 7.88 S-L
NA2CROY ~318,60 CA=069 42,60 KE=-001
NA2CR204 ~508,14 TR-002 39,20 KE=001
NA2MOOY -354,00 CA-J45 38,10 CA-017
NA2MQ207 -539,40 CA~045 59,90 CA-046
NA2O -102,87 LA-001 16,99 LA~001 920,00 11,20 S~ LA-001
NA2S -92.40 KU=001,TR-010 22.48 LA-001 950,00 1.19 SeL
HA2S03 -260,40 CA=-003+.LA-001 34,88 LA-001
NA2SOY -330.64 LA-001 35,69 LA~001 259.00 2,64 S=S LA=001+CA=002
884,00 6.86 S-L
NA2T103 =379,50 CA-063 29,10 KU-001,LA-001 287,00 «40 S~S KU=-0014LA=-001
1030.00 16.80 S=~L
NA2T120S H1,.47 KU=~0014LA~001 985,00 26.20 S~-L  KU~-001+LA~001
Na2T1307 55,90 KU~0014LA~001 1128400 37,10 S-L  Ku-001
NA2WOU ~382.60 CA=-045 39,10 TR=-007
NA2W207 -597.30 CA=-045 60,80 CA=046
NE .00 8,72 LA-001 2487.00 6.40 S-L. LA-001
NBO -116,11 LA-001 11,99 LA=-001
NEQ2 -189,93 LA=001 13.02 LA=001
NB20S =455,10 LA=-QU] 32,78 LA-0UL 800,00 S$-8 LA~Q01
1100.,00 S-8
1512.00 24.58 S~L
NH2S5 51.80 KE-001

NB2(C03)S 25,30 KE=001



DATE & OCT.

COMPOUND

NB2(SD3)S8
N2 (SuH)S
NI

NIAL20OY
MICO3
MICROU
WMICR204
MIFE204
NIMOQOY
110

MIS

N1SO3

NISOY4

NITINn3

NIV206

tTWOY
NI(NO2)2
HIINE3)2
NI(NDO3)2,3H20
MI(MO3)2.6H20
NI{OH)2
NICOH)3

MIZM

NT3S2

NO(G)
NB2(6)
1203¢6)

N204(G)
1209
N205(6)

DATE & OCT,

coNMPOUND

N2{GAS)
o2
PH

PBAL20OY
P3CO3
PBCO3xPRBO
PRCOZ*2PBO
PBCRNY
P3CR204
P3FE2DY
FRMOOY

P30

PRBOxPBSOU
pPae?

PBS

pPBS03
PRSOU

PBTIOZ

PBV206
PRwOY
PR(Np2)2
P3(NC2)Y
PB{NO3) 2
PRINO3IY
PR(OKRY2
PR(SOY)2
P330Y

PO

I pocos

1971 HEAT CF FORMATION: ENTROPY.
HEAT OF REFERENCES ARSOLUTE
FORMATION EMTROPY
25 DEG.C CAL/GMOLF/
KCAL/GMOLE DFGe K
107,80
114,80
+00 7.135
463,352 ca=-037 25,38
-162,98 LA-001 21,00
-216,48 TR-002 34,95
=348, 74% TR=002 30,02
-256,50 Cn=-036 30,08
-260,26 TR=-002 30.77
~57.26 LA-CO1 9,04
=20,20 KU~001+«TR=010 12,66
-155.86 TR=-Q02 25.40
-213,50 LA-001 18,59
-287.75 CA-035.CA-055 19,48
443,59 TR=002 42,58
~271.62 CA=030 29.76
~61.40 RA=-002 40,50
-99,20 WA«901RA=001 45,80
-317.00 WA=-901
~528,60 WA=901
-126.60 WA-901 21,00
~160,00 WA=901
20 WA=901+KU=S03
-47,50 KU=001+TR=010 32,00
21.56 FR=905 50,35
7.91 ST=906 57,34
19,80 ST-906+KA=001 73,91
2.17 S1=-906 72,72
-10,00 RO=-907.C0~91. 56,69
2.70 ST=91¢ 280
1971 HEAT OF FORMATIONs ENTROPY.,
HEAT OF REFERENCES ABSOLUTE
FORMATION ENTROPY
2% DEG.C CAL/GNMOLEY/
KCAL/GMOLE DEG. K
«00 JA-001 45,77
+U0 48,97
.00 15,51
459,57 TR-002 30,38
-167.23 LA=001NB~0O02 31.27
~219.84% LA=001 48,47
=-272.,82 LA=-001 64,98
-217,50 LA-00] 39,99
=357.25 TR=002 35.02
-251.22 TR-0U02 37.17
=269.65 LA=001 35477
-852.37 LA=-001 15,60
279,20 KE=003 51,97
-66,08 LA=CPY 18,26
=22,52 LA~-001.NB=0C3 21,79
=-157,00 CA=0OUB 30,40
219,33 LA=OUY 3%,17
-285, 34 TR-002 28.41
445,55 TR=002 47,58
277439 TR=-U0Z 34,76
'66.10 RA-UOZ “5050
-108,00 SI=9264WA=918 50,80
71,50
-123,30 WA=918 21,00
49,50
«175.47 LA=0D1 50,46
loo 9'05
24,09

AND TRANSITION DATA (CONTINUED) PAGE 19
REFERENCES TRANSITIUN DATA
TEMP, HEAT TYPE REFERLNCES
DEG.C KCAL/
GMOLE
KE=-001
KE-001
LA=001 357.20 o144 S-S LA=001
1455.00 4.25 S=-L
TR~003
LA-001
TR=-003
TR~-003
LA~001 582,00 $=-8 CA=056+LA~00]1
TR=-003
LA=-001 250.:00 5-8 La~001
1960,00 12,09 S-L '
CA=084,TR=-010 396,00 §=8 Ku-001
TR=-003
LA-001
CA-035
TR=-003
TR=-003
RA=00Y
RA=003
56470 S~L  RO=907
kA-901
440,00 L=-6 LA-908
CA-084 ¢ TR=010 550,00 §=8 KU=-001
1984.00 S=L
ST-9u6
ST-906
5T-9G6 ~111,00 S-L.  RO-907
2,00 9440 L=6
ST=906
LA-9ye 32,40 13.60 S<6 R0=907
STe9Ce 32440 13,60 S«G RO~907
AND TRANSITION DATA (CONTINUED) PAGE 20
RLFERENCES TRANSITION DATA
TEMP HEAT TYPE REFERENCES
DEG.C KCAL/
GMOLE
JA-0D1
LA=-001
LA=0G] 327440 1.14 S-L LA~001
1751.,00 42,88 L«G
TR«-003
LA=-0U1NB=D0O2
LA=001
LA=001
TR=-003 707.00 S5~ LA-001
TR=003
T#=-003
TR=-003 1065,00 S-L. LA-001
LA=-001 489,00 S«S LA=001
890,00 2,80 S=L
1472.00 50,89 1L=-6
KE~003 970.00 S~ LA-001
La=-001
NB=0034.LA~001 1114.00 4,16 S~l. LA=-0014NB=003
TR=-003
LA=GUY 881.00 7.30 3-8 LA=0ULl.CA-GO2
1087.00 9,60 SebL
TR-003 490,00 1,15 8«8 LA-001+KU=001
1170400 S=l
TR=-003
TR=00G3
RA~004
RA=003
RA=00Y
LA=S9U84RG-907
TR=0L3
LA=001
LA=001 1555.00 4,11 S« LA=-001
TR-003



DATE 6 0CT, 1971
CONMPOUND HEAT OF
FORMATION
25 DEG.C
KCAL/GMOLE
PDO -27.60
pDS '18000
PDSO3
PDSOY
PDS2 »19,00
RBNO2 -86,71
RBNO3X -117.00
RBOH -98,87
RBOH,H20 -177.80
RBOH,2H20 -250.80
RB2CO3 269,48
RB20 -78,84
RB2S -83,20
RB2S03 -265,32
RB2SO4 «340,50
RE +00
REO2 =101,46
REQ3 =145,94
RES2 ~42,70
RES3 -49,80
RE207 -295,76
RE208 -148,24%
RE2SY ~107,90
RH 00
RHCO3
RHO -23,89
DATE 6 0OCT, 1971
CoMPOUND HEAT OF
FORMATION
25 DEG.C
KCAL/GMOLE
RHS
RHS0O3
RHSO4
RH20 22,67
RH203 ~70,95
RH2S
RH2S04
RH2S3
RH2(S0%)3
]U 00
RUO2 =-72.20
RUO3(GAS) -18,00
RUOY {GAS) 46,70
RUS2 -40,00
S «00
S8 «00
sSB203 -169,40
$B8204 «216,90
$B20S -210,23
SB2S3 =40,50
SB2(AL204)3 ~1362,5Q
se2(co3)3 ~468,09
SB2(CRO4)3 -611,09
SB2(CR204)3 -997,12
SB2(FE204)3 -~737.07
SB2(M004)3 ~740,01

HEAT OF FORMATION

REFERENCES

HE=~002,+,TR~010
HE=002

HE~002
ST=-926
LA=-908

LA-908.R0-907

R0O=907
R0=-907
LA-001

LA=-001
NB8-~003.KU=-001
TR=-002
RO~9074LA=-908

LA=001
LA~001
CA-074,4TR~-010
KU~-001
LA=-001

La=001
CA=074,KU-001

LA-001

HEAT OF FORMATION,

REFERENCES

LA-001
LA-001

CA-0824CA~083
CA=016
CA=016
KU=001+TR-010
NB~0034JA-001

CA~060
CA=-0604TR~010
LA=-001
KU=0014TR~010
TR-002
TR=002
TR=002
TR-002
TR~002
TR=-002

ENTROPY

ABSOLUTE
ENTROPY
CAL/GMOLE/

DEG. K

13,37
17,72
27,60
28,70
17.72
29.74%
33.38

39,83

26,50
31,70
42,80
47.53

8.88
17.39
19,30
19,22
23,00
49,52

48,00

7.55
23,89
12,90

ENTROPY

ABSOLUTFE
ENTROPY
CAL/GMOLE/

DEG. K

17.52
27.40
28,50
27,70
26,50
32,94
48,69
29,80
66,10

6482

12,50
63,70
65,50
10,40

7.63

10,92

31,65
30,20
29,89
43,50
71,40
50,40
99,60
89.40
99,60
75.00

AND TRANSITION DATA (CONTINUED) PAGE: 21

REFERENCES TRANSITIUN DATA
TEMP. HEAT TYPE REFERENCES
DEG,.C KCAL/
GMOLE
LA=001
TR-003
TR=003
TR«003
TR=003
RA=003 422,00 S-L PR-903
RA=-003 160.00 v93 S5~8 ST-920
215.00 77T S-8
281,00 v23 S-S
310,00 .11 S-~L
245.00 1.70 S5 LA=908,R0=907
301.00 1.62 SeL
TR=003 303.00 S-S LA-001
873,00 S-L
TR-003 567.00 8,50 S~L LA-001
TR~-003
TR-003
TR«003 650.00 S5«S LA~001+CA-Q02
881.00 2,11 S-8
1074,00 SeL
LA-001 3180,00 2.08 S=L LA-001
LA-001
LA=-001 160.00 S«=L LA-001
LA=001
KU=001
LA=-001 300,30 15.80 S-L LA-001
360,30 17.70 L-~6
150.00 S=L LA=001
KU=001
LA=0UL 1960.00 S=L LA-001
TR-003
LA=001
AND TRANSITION DATA (CONTINUED) PAGE 22
REFERENCES TRANSITION DATA
TEMP, HEAT TYPE REFERENCES
DEG.C KCAL/
GMOLE
TR=003
TR=003
TR=-003
TR=-003
TR=003
TR=-003
TR-003
TR=003
TR=003
LA=001 1035.00 «03 S-S LA~001
1200.00 §-8
1500,00 23 S-S
2500,00 S-L
CA=01l6
CA=016
CA=016,0R=001
HE=002+TR=010
LA=001+NB=003 95,31 «10 S-S LA-001
101,00 «00 S-S
115.18 41 SeL
444,60 L-G
LA=001 94.60 S=5 LA=001
413,00 S-8
630,90 4488 Sei
CA-010
LA-001
LA«001
CA«073,TR=010 546400 5,60 S-L LA=001+KU-001
KE~001
TR=003
KE«001
KE=001
KE=001
TR=007



DATE 6 OCT.

COMPCUND

SB2(S03)3
SR2(S04)3
S52(7103)3
§n2(v206)3
SB2(w04)3
sC

SC203
SC2(c03)3
sC2(803)3
SC2(S04)3
ST
SIO(GAS)
s102

SI1S(6AS)
SI82
S11C03)2
S1(S03)2
ST(S04)2
SH

SNCO3
SNO
SNG2
SNS

SNS03
SNSOy

SNS2
SN(AL206) 2
SM(C03)2
SN(CROY)2
SN(CR204)2

DATE 6 0OCT.

COMPDUND

SN(FE204)2
SN(MOOYU) 2
SN(ND2)2
SN{NQ21 4
SN(NO3)2
s3I u
SN(OH)R
SN(OH)4
SN(S03)2
SMN(Snu) 2
SN(TIO3)2
SN(V206)2
StI{Wo4)2
502

S03

SR

SRAL20%
SRCO3

SRCRO4
SRCR204
SRFE2CH
SRMO0Q3
SRMOOU
SRO

SRS
SRSNZ
SRRSOy

SRTI0D3
SRV206

1971

HEAT OF

FORMATION

25 DEG.C

KCAL/GMOLE

-420.64
=574,20
-839,04
-1294,.40
~-785,00
«00
~456,16

«00
-23.20
-217.72

16,93
-49,06

«00

-68,55
-138,75
-24,32

-39.90
=9264.28
-330,04
'“25.63
~684,03

1971

HEAT OF

FORMATION

25 DEG.C

KCAL/GMOLE

-507,28
=509,39

-109,98

‘]67'26
=134,10
-265.30
-295,36
-393.40
~577.14
=-884.00
~542,46
~70.93
94,41
<00

-559,81
=-290,98

-333,%6
~514,63
=356,06
-308,60
-375.290
-140,74

-1U08,10
=279.40
-344,97

-393,50
-$62,96

HEAT OF FORMATINN,

REFERENCES

TR-002
NB-001+WI-001
TR=002
TR=-002
TR=002
KR-001
HU-0044TR-C10

KU=001+«LA=-CH1
KU-0U01+TR-C10

JA-001
JA-001+KU=-001

LA-U01+NB=002
LA=-001.NB=-001
LA-~U01+wI=001

LA-001.KU=001
TR=002
TR-002
TR=-002
TR-002

REFERFNCES

TR=002
TR=-002

RA=-00G2

RA=-y02
WA-918
WA~918
TrR=-002
N8~004+wI~CO1
TR=-002
TR-002
TR-UU2
LA=00]
LA=001

Ch-022
LA-001

TR~-002
TR=002
TR-002
CA~024
TR=-002
LA=001+CA=0G7

KU=-U01+TR-010
CA-ULUb
LA=001

TR=-002
TR=-002

ENTROPY .

ARSOLUTFE
EMTRUPY

CAL/GMOLEY

NEG. K

59,40
67.50
63,60
136,20
72,60
8,20
18,40
43,40
52,40
60,50
4,47
50,55
10,00

55.45
18,00
31,20
40,20
32,10
12,286

24,49
13,56
12,50
18,40

28,00
29'10
20,848
40,90
33,90
59,79
52,90

HEAT OF FORMATINON. FNTROPY,

ARSOLUIF
EMTROPY

CAL/GMOLF/

NEG. K

59.70
39,0V
43,10

48,40
69,10
37.00

42,90
37.10
35.76
84,10
37.70
59.27
6l.16
13.00

26.88
23.17

36,40
31.52
33067

32.27
13,00

16450
264,90
29.07

25,99
44,08

AND TRAMSITION DATA

REFERENCES

TR=-00G3
TR=-003
KE=-001
KE=001
TR=007
KE=-QOu4+LA~001
CA-014
TR-0U3
TR=043
TR=00U3
LA=0C1
KU=-001
LA-Gul,NB=-002

JA-001
KE-0U14TR-003
KE=001
Ke=001
TR=-0U3
LA-001

TR=0U3

LA~001,NB=002
LA=001,NB=001
LA=001 +KU=001

TR-003
TR-003
LA=0ULKU=-001
KE=001
KE=-0C1
KE=0U1
KE=-001

TEMP,
DEG.C

1425.00

867,00
1610,00

1090.00

18.00
202.80
231,90

1465.,00
410,00
S84.00
B820.50

(CONTINUED)

PAGE S 238

TRANSITIUN DATA

HEAT
KCAL/
GMOLE

11.11

12
2,04

«60
«00
1.69

38,46
45
.16

T.55

AND TRANSITION DATA (CONTINUED)

REFERENCES

KE=-0U}
TR=-QU7
RA=-004

RA=-003
HA=004
WA~918

KE-001
TR-003
RE-001
KE=001
TR-007
LA~001
LA-001
LA=001

TR=-003
LA-001

TR-003
TR=0U3
TR=-0G3

TR-003
LA-001

KU=001+LA~001
TR-0G3
LA=001

LA=-001
TR-003

TEMp
DEG.C

91.00

589,00
770,00
1367.,00

924,00
1497.00

2460400
3200,00

1152.00
1605.00

T1YPE

REFERENCES

LA=001

LA-001

LA~001

LA~001]
LA-001
LA=-0U1 +KU=~001

PAGE: 24

TRANSITIUN DATA

HEAT
KCAL/
GMOLE

«20
2.20
33,18

16.70
126,62

TYPE

S-L

v
$
arw

Ty
v

SeL
L-6

REFERENCES

ST1-926

LA-001

LA-001

LA-001

LA=00l+CA=-00R2



DATE 6 OCT.

COMPOUND

SRWOY4
SR{NOD2)2

SR(NOD3)2
SR(NN3)2,4H20
SR(OH) 2
SR(OH)2,H20
SR(OH)248H20
SR2T104%
SR3N2

S(GAS)

TA

TAN

TA2N

TA205

TA2S5
TA2(C03)5
TA2(S03)5
TA2(S0%)5
TH

THO2

THS

THS2
TH(AL204)2
TH(C03)2
TH(CRO4)2
TH(CR204#)2
TH(FE20K)2
TH(MQO4%)2

DATE & OCT.

COMPOUND

TH(S03)2
TH(SO04)2
TH(TI03)2
TH({V206)2
TH(WOW)2
TH2S83

TI

TICO3
TIN
T10

T102
TI1S03
TISO4
T1s82
TI(NO2)2
TI(NO2)3
TI(NO2)H
TI(NO3)2
TI(NO3)3
TI(NO3)Y4
TI(So4)2
T1203

T12(C03)3
T12(803)3
TI12(S04)3
T1305

u

uo2
ue2soy

1971 HEAT OF FORMATIONs ENTROPY., AND TRANSITION DATA (CONTINUED) PAGE? 25

HEAT OF REFERENCES ABSOLUTE REFERENCES TRANSITIUN DATA
FORMATION ENTROPY TEMP W HEAT TYPE REFERENCES
25 0EG,C CAL/GMOLE/ DEG.C KCAL/
KCAL/GMOLE DEG, K GMOLE
-393,00 CA~023 28,30 CA~023
-182,20 ST=926 42,00 RA-004 274.00 5=-8 §T7-926
288,400 S-S
403,00 Sei,
-233,80 ST=926 46,50 TA»913 645,00 10,65 S-L. ST~926+R0-907,
-514,50 RO~907
~229,50 RO~907 535,00 S.49 S~-L KE=~209
~302,30 R0O~907
~-801,20 RO=-907
38,00 KU~001,LA~001
-93,40 KU~903,+RA-001 1030,00 S~L KU-903
52,80 LA=001 40,09 lLA-00}

«»00 9,89 LA=001 2996.,00 7.50 S~L LA-001
=59,00 KU=903+RA~-001 12,20 KU=903 3090,00 Sel. LA-908+KU~903
~64,70 KU=903,MA-943

«488,50 KU~001+TR=010 34,15 LA-001 1320.00 8«8 LA=001
1880,00 S=-L
53,20 KE~001
86,70 KE-001
109,20 KE~001
116,20 KE=001
+00 12,75 LA-001 225,00 S-S LA=0Q01
1400,00 67 S=8
1695,00 3,74 S-L
-294,09 LA=-001 15,59 LA-001 2950.,00 S~L  LA=001
4300,.00 L=G
-99,96 LA=001 20,92 TR-003
-109,89 LA~001 20,92 TR-003 1905,00 SeL LA-001,KU=-001
~1101,50 TR~002 44,50 KE~001
~519.62 TR=-002 37,50 KE=001
614,33 TR=-002 63,30 KE-001
-884,49 TR=002 56.50 KE~001
-687,28 TR=002 63,30 KE=0U1
«701,89 TR-002 41,80 TR=007
1971 HEAT OF FORMATION, ENTROPY, AND TRANSITION DATA (CONTINUED) PAGE: 26

HEAT OF REFERENCES ABSOLUTE REFERENCES TRANSITIUN DATA
FORMATION ENTROPY TEMP, HEAT TYPE REFERENCES
25 DEG.C CAL/GMOLE/ DEG.C KCAL/
KCAL/GMOLE DEG. K GMOLE
«495,41 TR=002 46,50 KE=0Q1
-607.,26 CA=-011 35,40 CA~011
-752.68 TR=002 39,30 KE-001
-1068.60 TR-002 87,70 KE~001
~731,63 TR-002 40,50 TR=007
-258,60 LA-001,NB~-003 36,60 TR~003 1950,00 S-L LA-0014+KU-001
.00 7,32 LA~0U1 882,00 +95 S$=8 JA-0U14LA=-001
1668.00 3470 S-L
21,19 TR=003
=80,70 ST=919,RA=001 7.23 ST-919 2947.00 16,00 S~-L ST=-919
~123,85 LA=001 8,30 L.A-001 991,00 «82 S-S LA-001
2020000 13.98 Sel
~225,50 LA-001 12,00 ILA=001 1855,00 15.48 S-L LA~002
24,70 TR~003
25,80 TR~003
-80,00 Ku-001 18,73 LA-CO01yKU-001 147.00 S=8 KU=001
39.80 RA=004
45,10 RA-~003
54,80 RA-004
65,80 RA«D04 58.00 S~L. ST=926
33,80 TR~003
~362,65 LA-=001+JA-001 18,82 LA=001¢JA~001 2U0.00 «22 S»S LA~001,JA-~001
2130.00 38,46 S-L
43.60 TR=-003
5260 TR=003
60,70 TR-003
=586, 74 LA-001 30,89 LA=-001 177.00 022 S~8 LA~001
«00 12,02 LA-001 662,00 «70 S«§ LA-001
772.00 l.14 S-S
1133.00 4e71 S-L
-258.97 LA-001 18,62 LA=001 2730,00 S~L LA~001
-451,20 OW-001 36,57 OW-001



NATC oCT. 1971
covPOUND HEAT  OF
FORMATION
25 DEG.C
KCAL/GMOLE
uo3 -291,70
us -91.,00
11S2 «120,0C
uraL2g4)2 -1063,00
ucn3)2 478,20
U(CROY)2 =5735.04
y(craqgu)e -639.08
U(FE204%)2 ~-650.72
Jy(moou)e =66U.57
u(soz2 -481 4,00
u(sny)2 -563,00
u(TI103)2 =714,04
J(venglre -1027,.206
U(wou)2 -689,78
12s3 =224 .0t
1308 ~854,10
v «00
Veco3
v
V(\' ‘97095
V3sSoy -313,10
Vs -44,91
vsS03
vsou
V203 ~289,79
vacuy -343,78
V205 -372,68
va2Ss3
v2SH
vass
DATE & O©CT, 1971
COMPOUND HEAT  OF
FORMATION
2% DEG.C
KCAL/GMOLE
V2(C0n3)3
v2(S03)3
va2{sSnu)3
W 00
w02 -140,90
W03 -201,46
ws2 -53,97
W(C03)2
% {C03)3
W(snN3)2
W(S03)3
W(S04)2
W(Scy)3
Y .00
Y203 -455, 354
Y2(C03)3
Y2(S03)3
Y2(Sn6)3
Pat .00
ZMAL204 -485,30
2NCC3 -193,68
7YCROG -239,45
ZMNCR2GH -572.83
ZHUFE204 =279.50
ZNMODY -285,39
2N0 -8%5,38
7NO*221SCu =551 36
258 -48,50
NSN3 -178.48
2HiSCuy -233,69
ZNTIN3 -509,30

HEAT OF

HEAT OF FORMATINN.

RLFERENCES

LA=-0U01
CA=-07%54xU=~CO1
KU»U01

TR=-002
TR=002
TR=002
TR-002
TR=002
TR~U0J2
TR=-UuZ
wi=001
TR=0U2
TR=002
TR-002
Ku-LG1l
Ku«001

LA=-001
FiL.-001
LA=-001

LA=U0]
LA-001

LA=-0014iNB-GO3

REFERENCES

KU-001,TR~010
Ja=-0o1

CA~U704TR-010

LA-001
LA-0Ul.KU=-0C]

TR=002
LA=Q01,NB=~003
TR=-002
TR~=UU2
CA-U284TR-01D
TR-002
LA=00]
InN-002
LA=3G1eNB-CL3
TR-0UZ
LA=-0UL NB~OUZ
cCA-039

FORMATINN,

FNTROPY .

ABSOLUTF
EHMTROPY
CAL/GHOLL Y,

NEG. &

23.55
18,90
2€,0U

48,00
41,00
66.80
60460
66,80
41,9U
50,07
40,00
42,80
21,20
40,60
35,00
67,50

7.00
21,49

85491

9.29
27,10
14,50
25,00
26,10
23,48
24,30

81,27
25,00

30,24
50.20

EHTROPY .

ABSOLUIF
ENTROPY
CAL/GMOLF/

NE%e K

44,10
53.20
61430

T.835
16.01
18.14

28,90
33,10
49,70
424,140
63.2v
59,00
67,40
10.99
23,68
48,00
57,00
€85,13

9,94

25,78
19,69
354395
30,42
32,2u
31,17
10,589
66 U4
13,30
25,80
29,77
24,21

AND TRANSITION DATA

KEFERENCES

LA-001
KU=-001
Ku=001

KRE=-001
KE=001
KE=0U1
nt-CC1
Ke=001
TR=-Qu7?
KE=1:01
TR-003
KE=-0U1
rE-001
TR=-007
KU=Cul
KU=001+LA=001
LA-001
TR-~003
KU=903+KE-912
LA=-001
iL-001
La=-001
TR=303
TR-003
LA-0U2L
LA-001

LA=-OU1 NB~0OS

TR-003
TR-NU3
KE=001

AND TRANSITION

REFFRENCES

TR=0U3
Tr-003
TR-003
LA=-0U1
LA-0u]
JA-0U1

CA«Q0704TR=-01C
KE-QU1
KE-001
KE-0C1
RE=-001
TH=-003
nE-001
LA-001
LA=-001KU=001
TR=UU3
TR=003
TE=-3G2
LA=-0UL1

IR=-063
LA-001,NB-003
IR-003
TR-003
KR=GU1LA-GI]
TR-003
LA=0U1
IN-002
LA=CUL1NB=-00S5
TR=003
LA-001,NB~003
TR=003

(CONTTINUED)

PAGE 27

TRANSITIUN DATA

TEMP. HEAT TYPE
DEG.C KCAL/
GMOLE
2462.00 Sel
1350.0C 5=-5
1680,00 S~L
1730.00 4,18 S5-L
2050400 S-t
3100.00 ()
19U0,00 SeL
1967,00 SeL
72.00 2,05 5-§
1542.006 27.19 S-L
2700.30 L~G
670,00 15.9% S-L
18U0.0U L-G
DATA (CONTINUED)
TRAMSITIUN
TEMP. HEAT 1YPE
NEG.C KCAL/
GMOLE
3377.00 8,42 S-L
7774060 Ul  S=§
1472400 17.55 S-L
1667,u0 20,/0 L-G
419.50 1,74 SeL
JU7.00 27.40 L=G
1975.00 12.49 Se~L
754400 4,74 S-S

REFERENCES

CA-075
KU~0U1

LA-001

LA=908yKU~-903
LA-001
LA=-001

LA«001
LA=-001

LA=001

PAGE 28

DATA

REFERENCES

JA=UU1

JA=001

LA=-001

LA=001

CA-pQ2



DATE 6 0CT. 1971 HEAT OF FORMATIONs ENTRGPY, AND TRANSITION DATA (CONTINUED) PAGE? 29

COMPOUND HEAT OF REFERENCES ABSOLUTE REFERENCES TRANSITIUN DATA
FORMATION ENTROPY TEMP. HEAT TYPE  REFERENCES
25 DEG.C CAL/GHMOLE/ DEG.C KCAL/
KCAL/GMOLE DEG, K GMOLE
ZNV206 466,75 TR«002 42,98 TR=003
ZNWOY -327,00 CA-040 33,80 CA-040
ZN(ND2)2 -83,58 RA-002 40,90 RA-00Y
ZN(ND3)2 «115,60 ST=926.WA~918 46,20 RA-003
ZN(ND3)2,H20 -192,40 WA=918 70.70 S=L LA-9084R0-907
2N(NO3)2.2H20 ~265,36  WA-918 55440 $=l. RO-907
ZN(NO3)2,4H20 ~406,10  WA-918 44,70 SeL  RO-907
ZN(NO3)2,6H20 551,30 WA~918 109,20  WA-918 36,10 S-L RO=-907
ZNIOH)2 -153,74  WA-918 19,50 wA~-918
2N2TI04 -391,90 CA-039 32,78 LA-001,KU-001
ZN3N2 -5,40 WA=918,RA=001
ZR «00 LA-001 9,29 La=-001 862.00 .91 S-S LA=001
1855.00 4,78 SwL
ZRN -87.30 ST-906,KU~-903 9,29 ST-906+KE=912 2952,00 16.10 3-L ST-906
ZRO2 -261,36 LA=001 12,02  LA-001
ZRS2 17.12 TR-003
ZR(AL204)2 -1078,30 TR-002 39,50 KE=-001
ZR(C03)?2 -502,61 TR=-002 32,50 KE=-001
ZR(CROY4)2 -596,97 TR=002 58,30 KE-001
ZR(CR204)2 -879,29 TR-002 $1,506 KE=-001
ZR(FE204)2 661,04 TR-002 58,30 KE~001
2R (MOOU) 2 684,18  TR-002 38,00 TR=007
ZRINQ2)2 42,10 RA-004
ZR(ND2) 4 -291,16 RA=002
ZR(ND3)2 47,40 RA-003
ZR(NO3)2,6H20 36440 S« RO-907
ZR(NO3)Y -370,06 RA-002 68,10 RA-00Y4
ZR(OH) 4% 411,20 R0=907
ZR{OH) 4 ,H20 «482,90 RU=907
ZR{OH)4.2H20 «554,20 RO=907
2R(S03)2 -478,52 TR-002 41,50 KE~001
ZR(SO4)2 ~597,01 LA=001 36,10 TR-003
ZR(TI03)2 -729,98 TR=-002 34,30 KE-001
ZR{V206)2 -1051,90 TR=-002 82,70 KE=-0U1
DATE & OCT., 1971 HEAT OF FORMATIONy ENTROPY, AND TRANSITION DATA (CONTINUED) PAGE: 30
COMPOUND HEAT OF REFERENCES ABSOLUTE REFERENCES TRANSITIUN DATA
FORMATION ENTROPY TEMP. HEAT TYPE  REFERENCES
25 DEG.C CAL/GMOLE/ DEG.C KCAL/
KCAL/GMOLE DEG, K GMOLE
ZR{WO4)2 «716.02  TR=002 36,70  TR=0U?

ZR3N2



DATE 6 O0CTe.

COMPOUND

AG

AGNO2
AGNO3

AGvo3
AG2AL204

AG2c03
AG2CROY%
AG2CR204
AG2FE204
AG2MO04

AG20
AG2S

AG2S03
AG2504
AG2TIO3

AG2WO4
AL

ALN
AL(NO2)3
AL(NO3)3

AL (NO3)3,6H20
AL (NO3)3,9H20
AL(OH)3

AL203

AL2S

DATE 6 OCT.

cOMPOUND

AL2S3
AL2TIOS
AL2(C03)3
AL2(CRO%)3
AL2(CR204)3

AL2(FE204)3
AL2(MOO4)3
AL2(S03)3
AL2(S04)3
AL2(TIO3)3

AL2(V206)3
AL2(WOH)3
AS

AS203
AS205

AS2S3
AS2SS
AS2(C03)3
AS2(S03)3
AS2(S04)3

8
BA

BAAL20Y
BACO3
BACROY

BACR204
BAFE204
BAMOO3

1971

5,38
7,50
3.65
8.76
30,58
31,11
39,66

19,57
34,54
u1l78
39,71
33,31

13,25
10,13
21.64
20,16
23,39
30,39

35.55
4,95
7.00
6.66
4,27

63.09

16,29

26,40

1971

A

31,99
43,54
65,57
90,26
111,98

105,78
86,59
47,14
87.51
77.80

173%.32
93,30
$.23
8,37

13,95

47.54
29,10
36,27

1.46
5,43
2'“6
7.50
39.14
20,76
34.02

41426
39.19

TABLE VI
THERMODYNAMIC PROPERTIES OF INORGANIC COMPOUNDS

HEAT CAPACITY (CAL/GMOLE/DEG.K)

EQUATION CP = A
COEFFICIENTS
BX10%%3 CX10%%6

1.74 .00
«00 .00
28,70 .00
45,18 .00
.00 .00
3,88 .00
11,38 .00
24,36 .00
12.44 .00
9,24 .00
21.79 .00
12.94 .00
7.04 .00
26440 .00
.00 .00
22.14 .00
27.58 .00
8,02 ,00
8.97 .00
2.95 .00
$00 .00
3.62 .00
77.70 .00
27.57 .00
290,80 .00
4434 .00

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED

EQUATION CP = A
COEFFICIENTS
BX10%x3 CX10%x%6

.98 .00
5.28 .00
21,94 .00
20,54 .00
10,93 .00
48,60 .00
22,03 «00
49,64 200
14,96 .00
7.28 ,00
6452 .00
10.13 .00
2.22 «00
48,60 .00
45,20 .00
66,20 «00
93,90 .00
101,80 .00
4,52 .00
3415 .00
6.98 .00
«00 .00
5.38 .00
11,69 <00
64y .00
Se24 200
15.79 +00

+ CTxx2

DX10%#*=5

-e17
.00
~2.47
+00
.00
T.45
7.92

00
4,96
3.74
S5.60
3,68

.00
.00
.00
.00
.24
3,50

4.80
.01
«00

-3,45
20,55

$19

7.92

+ CTxx2

DX10%%=5

7.28
11.42
25,23
22,79
19,14

24,74
18,96

7,92
26,66
18,41

S2.64%
22,31
«01
.00

-.64

17.31
.00
1,74

-, 04
W07
.17
<00
9.91

6.94

e D/Txx2
TEMPERATURE RANGE
DEGREES CENTIGRADE
25.00 T0 961.28
961,28 T0 1200,00
59,00 TO 200,0v
25,00 TO 210,00
210,00 T0 327.00
295,00 T0 700,00
25,00 TO 700,00
25,00 T0 227.00
25.00 TO 700,00
25.00 TO 700,00
25,00 T0 700,00
25,00 T0 700,0U
25,00 10 700,00
25,00 T0 179,00
179.00 T0 577.00
25,00 TO 700,00
25,00 T0 657,00
29,00 T0 700,00
25,00 TO 700,00
25,00 T0 658,60
658,60 10 727.00
«00 TO 1727.00
59,00 TO 200,00
25,00 T0 627.00
.00 70 24,99
T0
T0
25,00 TO 700,00
T0
- D/Txx2
TEMPERATURE RANGE
DEGREES CENTIGRADE
25,00 T0 700,00
?25.C0 10 700.00
25,00 T0 700,00
25,00 T0 700,00
25,00 TG 700,00
25,00 T0 700,00
25,00 T0 700,00
25,00 T0 700,00
25.00 TO 700,00
25,00 TO 700,00
25,00 TO 700,00
25,00 T0 700,00
25,00 T0 500,00
25,00 TO 300,00
TO
25,00 T0 300,00
T0
25,00 T0 300,00
25,00 T0 300,00
25,00 T0 300,00
25,00 10 700,00
25,00 TO 370,00
370,00 T0 710,00
710,00 T0O 1200,.,00
25.00 T0 700,00
25,00 TO 700,00
25,00 TO 700,00
25,00 TO 700,00
25,00 TO 700,00
TO

PAGE:

REFERENCES

LA-001.PE-001

RA~005
LA-908

TR«004
TR-004

LA-001.KE=002
TR=-004
TR=-004
TR=-004
TR-004%

LA-001
KU=-001+LA~001

TR~001
LA-001
TR=-004

TR-004
LA-001+PE~001

ST-906
RA-005
RA-00S

LA-908

LA-001.NB~002

PAGE;

REFERENCES

TR~=009
TR=-004
TR-001
TR-004
TR=-004

TR=-004%
TR-004
TR«001
LA=-001
TR-004

TR-004
TR=-004
LA~-001,PE~-001
KU=001

TR~009

TR-001
TR-001
TR=001

LA-001+PE~001
LA-001

TR~004
LA-001
TR=004

TR=004
TR-004

1

2



baTL € oCT,

COVPOL'ND

RANCOY
BAD

RAR
GAGHS
RASOY
BATIO3
BavPLE

BAWOY
RA(nOZ)2
BA(CZ) 241420
BA(NO3) 2
GA(OH)2

BA(OH)2,H20
BA(ON)2,8H20
BA2TIGH
BA3N2

A

BEAL204
EFCOS
BECROY
BECR20CH
REFE20H

BEMOOQY
BEO
8ES
BESO3
RESCY

s8FT103

NATE 6 0OCT.

COMPGUND

BEvV206
BEWLY

BE (10212
BE(n0O3)2

BE(CH)2

BE3N2
B1

BI(K02)3
BI(nOZ)3

BI(OHI3
BI203

21283
NI2(ALP04) S
nI12(C03)3

HI2(CRO4)3
BT2(CR20Y4)3
BI2(FC2¢H) 3
BI2(S604)3
312(50%)3

BI2(S04)2
312(T710313
RL2Ve06) S
BI2(-0u)3
EO(GAR)

aS(GAS)
B203
8253

1971

32.79
12.73

14,59
19,64
33,76
29,05
61,70

35.02
6.78

30,05
16,90
323G

1371

A

57.42
SU.74

2.49
41470

2.29
15,80
15.00

4.48

7.5%0

S.45
62489

24.73
28.89
103,94
65,89

88,58
110,30
95,16
84,91
45.45

52,53
764,12
144,27
91,62

5.96
8,73
14.52

HEAT CAPACITY (CAL/GMNPLE/DEGLK) CNMTINUED
EQUATION CP = A + RBT 4+ CTx*xz2 = D/T*%x2
COLFF1ICIEATS TEMPERATURE RANGE
BXI0*xS CX310%%6 DX10%%=% DEGREES CENTIGRANE
6494 L 00 5.66 25.00 10 700,00
1,04 .00 1,98 25,00 T0 700.00
-8 200 1.77 ?5.u0 T0 7Uu. LU
10414 .00 1,98 295,00 TL 700,00
03 .00 8,39 25,00 T0 700,00
2.04 .00 4,58 29,00 TO 1500,00
1.76 .00 16,89 29,u0 16 Tu0,00
2.97 .00 6,80 2%,00 TO 700.00
951440 200 ~2.9% 59.00 10 200,00
T
35,70 .00 4.01 2h.00 T0 577.00
21,90 .00 00 29,00 10 417,00
00 SO oilu 417.490 T 927,06
T0
1C
Sel0 +0o Ta4E 23,00 T0 700,0U
TO
279 .00 1.13 25,0n T0 1200,00
8,454 .00 11,09 25,00 10 700.00
Y7 W00 8,94 25,40 TC 740,00
ERE .00 8,12 25,00 T0 700,00
6.20 .00 6,91 25,00 T 700,00
18,75 «0G0 8,717 29.00 T0 700,60
490 ,Ue 6485 29,00 T0 V0. 00
4,00 0N S5.17 25,00 10 700,04
2o TRV 2.9 2540 T 700.00
19,10 ,00 S.17 25,00 T0 700,00
28432 «00 2419 25.00 TG 600,00
4,4 LU0 667 25,U0 10 700,00
HEAT CARPACITY (CAL/GMOLE/DEG.K) CCHTINUFD
EGUAITTIUON CF = A + BT + CTsxz = O/Tx¥2
COEFFICIENTS TEMPERATURE RANGE
B3X)0&x3 CX10*x4 DX10*x%=-5 DEGREES CEJYTIGRADE
4,72 .00 18.07 25400 10 700,00
$.93 L0 7.96 22400 TO 7UG, )
54, 36 «00 ~1,77 59,00 10 200,00
20.935 .00 14,235 29400 TO 627.00
%57 Y =-5,0U 24 .04 T0 134,00
16.09 WUl 4,235 154,00 TO 526,80
10.64 .00 1,54 ] TC 1727.00
S.40 LU0 -.0U 25,00 T0 271.30
P ET] .00 00 271.30 10 7U0.0U
19¢50 PIR¢] «7T,41 HU,L0 T0 2038,C0
P Y o 16,59 2hel® T0 S50C LY
TG
.00 »U0 «UU 25400 106 5U0.00
hel0 (0 01 29.00 TC &00,L00
21,MN2 L 00 c8.,77 2h.00 10 5U0,00
25,59 «0N 17,351 25,00 TG 500,00
24419 U0 14,87 29,00 10 Uy ,0U
14,493 PRV ile22 29,40 10 50f,.0C
63.77 .0n 10.64 25,00 T0 500,00
254569 .00 11,04 259400 TO 500,00
e 40 « U0 W0U 29469 TG SuU.0U
61,722 LU0 1.74% 25,40 T0 500,00
16,95 LU0 10,49 Pl TG 500,00
19449 PN 39,66 Poe ) T0 AP R I
13,78 LU0 14,459 29.00 TO SUl,0U
Tu
be75 -2412 P 254UN T0 727.00
22U .00 1,351 £3,uN IG TU0 54
224N3 L 00 .67 25,00 10 410400

PAGE S

REFERENCES

TR=-004
LA-G01

TR=-0UY
TR=-001
t,A-001
Ku=001
TR=-004

TR=004%
RA=0NS

KL=-909
KE-209

TR-004
LA=C0L1+PE=-Q01

TR=004
TR=011
TR-004%
Tr-004
TR-004

TR=-00%
LA-0014CA-U12
TR=-009
TR-001
CA-005

TR-004%

PAGE S

REFERENCLS

TR=00Y
TR=00G4
RA=-0N09
RA=005

ST-914

ST-918,4ST-905
LA=GULPE~UD01

RA-005
HA=O03

LA-0U]
K=001e¢LA=001
TR=004
TR-001

TR-0UY
TR=-004
THR=-004%
TR=-004
TR=UC}

TR=-001
TR=UCH
TR=u{n

TR=-0U4

JA=0U1
1.A=0H])
TR-009



DATE 6 OCT,

COMPOUND

c

CA

CAAL20%
CAALHOT
caco3
CACROY%
CACR204

CAFE204
CAMOO03
CAMDOU
Cao

CAS

Caso3
caso4
CATIO3
Cav20¢&
CAWOY4

CA(NO2)2
CA(NO3)2
CA(NO3)2,2H20
CA(NO3)2,3H20
CA(NO3)2,4H20

CA(OH)2
CA2FE205
ca3n2

cn

CDAL204

DATE 6 O0CT.

COMPQUND

coco3d
CDCRO4%
CDCRrR204%
COFE204
cbmoOou

coo
cOs
CDs03
cosod
cov103

cova0oé

chwol
ch(nO2)2
CD(NO3)2
CD(NO3)2,2H20

CO(NO3)2,4H20
Ch(oH)2

CD3n2

CE

CEN

CEo2

CEs

CES2
CE(C03)2
CE(NO2)3

CE(NO2)4
CE(NO3)3
CE(NO2) 4
CE(S03)2

1371

2,90
6,02
5,02
1.29

36,00
66,09
24.97
33.14
40,37

39,39

31.92
11,86
10,20

18,77
17,22
30.47
58,36
34,15

5,90
29,37

8,90
47,18
20.44

4,76
7,10
36,05

1971

22,70
30.93
38,17
36,10
29,71

9465
12,93
16,56
18,49
26,78

58,62
31.94

3,69
42,90

15.00

18,72
41,11
3.66

3,10
62,47
81,51
28,83

HEAT CAPACITY (CAL/GMOLE/OEG.K) CONTINUED

EQUATION CP =
COEFFICIENTS
BX10#x3

2449

«04
3,74
7.97

5.96
5.48
5424
6,48
3.27

25,54
20,75
22.00

3.73

6,42

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED

A+

CX10*%6

.00
»00
.00
00

.00
00
.00
+00
+00

.00

»00
+00
.00

<00
.00
«00
00
00

«00
«00

+00
.00
+00
.00

«00

EQUATION CP = A +
COEFFICIENTS
BX10%x%3 CX10*x6

T+94% .00
Te48 .00
4,28 .00
16,83 00
7.98 00
2,08 .00
»87 «00
17,18 .00
18,48 «00
3,06 00
2.80 .00
4,01 «00
52,44 «00
19,01 .00
3,74 +00
.00 .00
2,51 200
W27 00
14,24 .00
78,70 00
103,20 00
28,57 «00
36,38 .00
32,71 .00

BT + CT#*2

DX10%%~5

1,48
9.15
-.12
'1-97

7.96
17.80
6420
6462
S.40

1.66
33
6.69
14,87
6,47

-3,28
4,13

05
6,87
.00

~¢36
.00
7.92

BY + (CTxx2

DX10%%=5

S5.77
4,96
Z.74
5,60
3,68

.00
.00
L0
.01
3,50

14,91

4.80
FQqu
11,06

+10
«00

«00

-.43
11,54
-7.41

-9,88
16,59
22,12

.00

= D/Txx2
TEMPERATURE RANGE
DEGREES CENTIGRADE
25,00 T0 727,00
727.00 T0 1727,00
25,00 70 440,00
440,00 T0 700,00
25,00 10 1500,0U
25,00 70 1500,00
25,00 TO0 70,0V
227,00 10 627.00
25400 T0 600,00
25,00 T0 1200,00
T0
227,00 T0 627,00
227,00 T0 627,00
25,00 10 727,00
T0
25,00 TO 600,00
25,00 T0 700,00
25,00 T0 1260,00
25,00 T0 600.00
227,00 T0 627,00
59,00 70 200,00
25,00 T0 527,00
T0
T0
10
.00 10 726,80
25,00 TO 600,00
25,00 T0 527,00
TO0
25,00 T0 321,00
321,00 TO 700,00
25,00 T0 700,00
« D/Txx2
TEMPERATURE RANGE
DEGREES CENTIGRADE
25,00 10 700,00
25,00 TO 700,00
25,00 T0 700,00
25,00 T0 700,00
25,00 TO 700,00
25,00 10 700,00
25.00 T0 700,00
25,00 T0 700,00
25,00 T0 TU0,00
25.00 10 700,00
25,00 TG0 700,00
25.00 T0 700,00
59,00 T0 2U0,00
25,00 T0 627,00
T0
T0
T0
T0
25,00 T0 777.00
777,00 TO 2727.00
T0
25.00 T0 1700,00
TC
25,00 T0 1700.00
25,00 T0 1700,00
59,00 T0 200,00
59,00 T0 200,00
300,00 T0 627,00
25,00 T0 627,00
25,00 TO 1700,00

PAGE: 5

REFERENCES

JA=001

LA-001,PE-001

KU=001
Ku-001
LA=001
TR-004
TR-004

LA-001KU~001

TR-004
LA=001
KU=001+LA=001,
TR~00N9

TR-001
LA-0014NB~003
KU-001
TR=004
TR=-004

RA=-005
LA-908BKE=909

LA=908

TR=004%
LA=908+KU~903,
KE~909
LA~0C1+PE-001

TR=-004%
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REFERENCES

TR-001
TR=004
TR=004
TR=-004
TR-004

LA-001
LA-001+KU=001
TR-001
LA-001
TR=0U4

TRe004%
TR-004%
RA=005
RA=005

LA=C01+PE~0Q01

LA-001

TR=009
TR=CO1
RA-005

RA=~005
RA=-005
RA=00S
TR=001



DATE & 00T. 1971
COMPQODND
A
cL(eOi) 33,61
Crges 25.17
Crass 30,75
Cro(lrz)z 64404
Coo2(8r2)2 45,90
Cypo(Sny)3 53,07
Crzsy
(9 5.79
-5.,17
conL2lH 37,935
raend 24,59
COCROH 32.82
CNCR204 40,05
COFE<CH 3049
48,27
covoon 31.59
COmMPOLIND
con 11,53
cns 10,69
cNso3 18,44
(R {eh] 30,09
cnYioz 28,66
f£rveos 65.39
cNWoY 33,83
Co(nO2) 2 5.58
Cr(i.N312 44,79
CO(NOR)2,2H20
CO(i03)2,.3:20
cO(MO3)12,4H20
DATE 6 ©0OCTe. 1971
COMPOUND
A
CN(NDO3)2.6H20
cc(eH2
co(oth 3
cn2 6.58
€02s83
CNIN
co304 30.82
CO3sY 38,27
CR 5,84
CRy 9.34%
CR0O3 21.28
CR(NO2)3 5.33
CR(NO2)E d.43
CR(NO3) 3 64415
CR(NO3)6 121,05
CR(CHh)3
CR2N 11,01
CR203 28,52
CR207
cr2s3 34,12
Cx2(C03%)2 67.69
CR2(SD2)3 49,26
CR2(S0Y4)3 56,43
cs 7.50
7.60
CSMND2
csnns 21,57
27,03
CSHOSBH20

csnp

FOAT CAPLCITY (CAL/ZGEDLEZ70ERw )Y CNUTIRUAD

FOUATION CP = A+ BT 4+ CT*#2 =~ U/T#*2

COLFFICIELTS TERPLRATURE  2AHGE

AX10¥x3 CXI0¥x6 LX10*¥*=5 DEGREES CENTIGRACE
57,99 Lou 1.16 25,00 TO 17U0.00
23] L 00 - U an0,00 TG 340,00
2,97 , 00 -.64 300,00 T0 840,00
25,92 .G0 17.51 306400 To 840,60
91.63 .00 . QU 300,00 TU 840,00
99,55 .00 1.74 300,00 T0 840,00

10
2.47 .00 +59 25.00 T0 445,00
10.46 .00 -15.73 445,00 TO 700,00
6.58 .00 7.52 25,00 T0 700,00
7ol LU0 5.37 25,00 0 1200,0v
Totil .00 4,56 25,00 T0 700,00
4,23 .00 3.33 25.00 T0 1200,00
31.56 . GO 3.01 25.00 T0 500,00
.00 .00 .0U 500,00 T0 1000,UU
7.94% .00 3,28 25,00 J0 JU0,0U

TO
2.04 .00 .40 25,00 TO 1200.00
2.41 .00 .03 25.00 70 700.00
17.14 .00 YY) 25,00 TO 1200,00
9,91 .00 .01 25,00 T0 7060.00
3,01 .00 3,09 25,00 10 1200,00
~5,42 .00 17.94 25,00 T0 1200,00
3.97 ,00 4,40 25,00 TO 1200,00
52440 .00 -5,34 59,00 T0 200,00
18,97 .00 10,66 25,00 T0 627,00

TO

T0

TO

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED
EQUATION CP = A + BT + CT*x2 = D/T%x2
COEFFICIENTS TEMPERATURE RANGE
BX10*%3 CX10%%6 DX10%%-5 DEGREES CENTIGRADE

T0

TO

70
9,13 -2,65 .00 25,00 70 1700,00

T0

T0
17.07 .00 5,76 25,00 To 700,00
12.59 .00 4.90 25,00 10 700,00
2,45 ,Ub .89 25,U0 TO 1200,0U
5,90 .60 .00 .00 T0 527,00
5.40 ,00 4,96 25.00 TO 700,00
76,50 .CO -5.54 59,00 TO 200,00
156.50 .00 -9,87 59,00 T0 200,00
26.50 .00 18,46 25,00 T0 627,00
56420 .00 38,14 25,00 TO 627.00

TO
16,40 .00 .00 25,00 TO 527.00
2420 .00 3,74 25,00 TO 1200,00

T0
rl,16 .00 3.10 25.00 T0 1200,0U0
19.80 W00 21.05 25,00 T0 1200,00
47.50 .00 3.74 29,00 TO 1200,0U
55,42 .00 5,48 25,00 10 1200,00
.00 .00 .00 25.00 T0 28.64
.00 .00 .00 28.64 TO 627.00

70
554,87 .00 .00 50,00 TO 151,00
32,66 00 +0U 1%1.0N0 T0 405,00

TO

T0

PAGE 7

FEFERENCLS

TR=-011

CA~-018
TR-009
TR=-GU1
TR=001
TR=001

LA=001,PE-CO01

TR=-U04
TR-UQ1
TR-004

TR-004
ca-(056

TR=-004
LA~001

LLA-001
TR=-001
LA-001
TR~00Y4
TR-004

TR=004
RA=-005
RA=-005

PAGE: 8

REFERENCES

LA-001

LA=001
TR-009
LA-UU1,PE-UOL

KU=-903
TR~-008
RA-005
RA=-005
RA-0D05

RA=00S

KE=909
LA-001

TR-009
TR=0C01
TR=001
TR-001
LA-001+PE-0O1

My=-912



DATE & OCT.

cOMPQUMD

CSOH.H20

€S2al204
€saco3
CSa2CcROY
CS2cROY4
CS2FE204

csS2m004
csao
csa2s
CS2503
CS2s04%

CS2TI103
CS2v206
CS2w0o4
€S2(6)
cu

cuaL204
cuco3d
CUCROY4
CUCR204%
CUFEO2

CUFE20Y
cumoou
CuNo2
CUND3
cuo

CUo*CUSO%
cus

DATE 6 OCT,

COMPOUND

cuso3
cuso4
cuTtio3

cuvo3
Cuv206
CUWOY4
CU(ND2)2
Cu(nO3)2

CU(NO3)2,3H20
CU(NO3)2,6H20
CU(oH)2

cu2aL204
cu2co3

CU2CRO4
CU2CR204
Cu2M004
cu2o
cu2s

cu2s03
cuasou
cuU2T103
cu2wou
CU3N

cto)
FE
FEAL20%
FECO3

1971

8,85
S.40
7.50

35.67
22,32
30,55
37.79
20,67

35,01
29,33
q'q7
24,07
9.27

28.07
11,13

1971

16,18
18,80
26,40

31.935
58,24
31,56

5.32
42453

13.71
29.11
41,30
27,95

36.18
434,42
34,95
14,89
19.49
23,24
20,31

21.80
24.19
32.02
37.19

6.31
4,13
38,05
11.62

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED

EQUATION CP = A + BT + CTxx2 =~ D/Txx2
COEFFICIENTS TEMPERATURE RANGE
BX10%*%x3 CX10%x6 DX10*%-5 DEGREES CENTIGRADE

T0

TO

T0

TO

70

TO

T0

T0

T0

T0

10

TO

10

T0
8,64 -3,29 .00 25,00 70 1200,00
1.50 200 -,0U 25,00 T0 1084,00
00 .00 <00 1084,00 T0 1200.,00
Fellt «00 7.92 25,00 10 TUG,.00
10,66 .00 S5.77 25,00 T0 700,00
10.20 .00 4,96 25,00 TO 700,00
T7.00 .00 3474 25,00 T0 700,00
10,23 .00 2,80 25.00 T0 700,00
1.36 .00 1.44 25,00 T0 900,00
10,70 .00 3,68 25,00 T0 700,00
28,03 .00 247 59,00 T0 200,00
11.32 +G0 5,53 25,00 T0 627.00
4,80 .00 .00 25,00 TO 760,00
21,97 .00 .03 25.00 10 700,00
5468 .00 =022 25.00 T0 700,00

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED

EQUATION CP = A + BT + CT%%x2 = D/Tx%2
COEFFICIENTS TEMPERATURE RANGE
BX10%%x3 CX10*%6 DX10%*=5 DEGREES CENTIGRADE

19,90 .00 .00 29,00 T0 700,00
17.18 200 «03 25,00 T0 600,00
5.78 .00 3,50 25,00 T0 700,00
3,21 .00 7.45 25,00 TO 700,00
5452 .00 14,91 25.00 T0 700,00
6.73 .00 4,80 25,00 T0 700,00
55.16 .00 4,94 59,00 T0 200,00
21,73 Y 11.06 254,00 T0 627.00

T0

T0
17.86 .00 ~5.,99 24,84 T0 160,00
«&3 +00 12,00 160,00 T0 1227.,00
10,04 .00 7.92 25,00 TO 700,00
11,56 <00 S5.77 25,00 10 700,00
11.10 .00 4,96 25,00 TO 700,00
7.90 «00 3,74 25,00 TO 700,00
11.60 2«00 3,68 25,00 TO 700,00
5,70 .00 .00 25,00 T0 700,00
«00 .00 +00 25,00 T0 103,00
.00 .00 .00 103,00 10 350,00
.00 +00 <00 350,00 T0 700,00
20,80 .00 200 25,00 T0 700,00
25,40 .00 «58 25,00 TO 700,00
6466 .00 3,50 25,00 TO 700,00
7.63 .00 4,80 25,00 T0 700,00

T0
1,96 -,38 .00 25,00 T0 17060,00
638 200 «00 .00 T0 760,00
6434 +00 8.68 25,00 T0 700,00
26,78 ,00 +0U . 25.00 T0 500,00

PAGE: 9

REFERENCES

LA=~001
LA-001+«PE~-001

TR=004
TR-001
TR~004
TR-004%
TR=00%

CA=-079
TR=-004
RA~005
RA=00S
LA=001

TR-00¢
TR=009+KE~002
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REFERENCES

TR=001
LA=001
TR=-004

TR=-004
TR-004
TR=004
RA«00S
RA=005

ST-918

TR~004%
TR-001

TR=-004
TR=004
TR=-004%
LA=-001
LA=CO1

TR=001
TR-001
TR-004
TR=004

LA-001
PE~-001
TR-004
LA-0U1



OATE 6 OCT.

COMPQUND

FECROY

FECR204
FFMOOU
FEO

FES

FESO3

FFsOo4
FES2
FETIO3
FEV206
FEWO4

FE(NOR2)2
FE(NO2)3
FE(NO3)2
FF(ND2)2.6H20
FE(NO%)3

FE(NO3)3,9120
FE(OH)2
FE(OH) 3

FE2N

FE203

FE2TIOW
FE2TINS
FE2(AL204)3
FE2(C03)3
FE2(CRO4)3

DATE 6 0CT.

COMPOUND

FF2(CR204)3
FE2(M0Du)3
FE2(SC3)3
FE2(SD4)3
FE2(TIO3)3

FE2(V206)3
FE2(W04)3
FE304

FEyM
GA

GAN

GAS
GA(NO2)3
GA(NO3)3
GA(cH)3

GA203
GA2S3
GA2(C03)3
GA2(SCZ)3
GA2(SC4)3

GE

GEQ(GAS)
GEn2

GES
GFs2

GE(CO03)2
GF (S02)2

1971

32,94

38.96
31,72
11.66

5.19
17.40
12.20
18,57

20,96
18,00
27.87
65.51
33.99

5.70
12.95
44,91

71.77

26,13
31.74
14,91

23,48
35,98
31,70

40,44
40.61
105.67
82,93
90,31

1971

129,34
86.64
44,21
51.38
95.16

205,32
110.65
21.87
47.97
26.84
6423
B.6Y

HEZAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED

EQUATION CP =
COEFFICIENTS
BX10*%%x3

~3.46
593

52.36
72.40
18,93

22.27

3.14
7.80
6.09

18,59
.00
1.786

44,938
19.97
27,77
11.33
30.95

HEAT CAPACITY

EQUATION CP =

COEFFICIENTS

BX10*%3

«33
32,45
63.89
71.81
~3,33

22,64
- 47
48.19
<00
8.16
.00
«00

18,90
37457

A + BT + CTx*x2 =~ [(0/T=%2
TEMPERATURE RANGE
CX10*%6 DX10%*=5% UVEGREES CENTIGRADE
.00 5.72 25,00 TU 7U0,0U
.00 7.62 25,00 TO 1500,00
.00 4,04 25,00 70 700,00
.00 .76 25,00 TU 1200,00
.00 <00 25,00 T0 138,00
.00 «00 138,00 TG 325,00
G0 .00 325,00 TC 1195.00
.00 .76 25,00 T0 1200,0U0
.00 1.34 25,00 T0 1200,00
.00 3.12 25,00 10 700,0U
.00 4,79 25,00 T0 1370,00
.00 19.09 25,00 T0 1200,00
.00 5.56 25,60 TO 1200,00
.00 -4,18 59,00 T0 200,00
.00 1.79 59,00 J0 200,00
.00 11.82 25,00 YO 627,00
10
L 00 25,80 29,00 70 627,00
TO
.00 5.69 24,84 TO 1227.00
.00 9,04 24,64 T0 1227.00
200 «00 25,00 T0 727.00
TO
.00 8,559 25,00 TO 677.00
] .00 677.00 T0 767.00
.00 +OU 767,00 TO 1200,0U
.00 5.0 29,00 T0 1200,00
.00 7.04 29,00 T0 677,00
Lug 29,37 29,00 T0 700,00
.00 35,72 25,00 T0 1200,0U0
.00 20447 259,00 10 JU0.0U
(CAL/GMNLE/DEG.K) CONTINUED
A+ BT + CT*x2 =~ [D/T*»2
TEMPERATURE RANGE
Cx10*%6 UX10%%=5 DEGREES CENTIGRADE
.00 29.63 22,00 10 1200,.0U0
.00 16,64 25,00 70 7U0,0U0
.00 3,55 25,00 TO 677.00
00 5.29 25.00 TO 6U0,0U
.00 28,90 25,00 TO 1200.,00
.00 73.42 25,00 T0 1200,00
,00 42,680 25,00 10 1200,0U0
0N 00 25400 T0 627400
.00 .00 627,00 T0 1200,00
,00 .00 25.00 10 727,00
.00 00 25,00 TO 29.78
.00 .00 29,78 T0 7U0,0U
T0
TO
L,00 -7.41 59,00 TO 200,00
LU0 16.59 25,00 T0 600,UU
TG
.00 .00 25,060 TL 6U0,0U
.00 - .64 25.00 T0 600,0U
.00 17.31 25,00 T0 6U0,0U
LGn 00 25.0C 10 600,00
.00 1,74 29.00 T0 600,00
.00 L 25.00 10 937.20
G0 .00 937,20 Y0 1200,00
TO
.00 L 00U 25,00 70 707,00
L0c G0 25,9N 10 1700,00
.00 .00 25,00 TL 825,00
.00 11,54 25,00 TO 707,00
L0 .00 25,60 TO 7UU.00

PAGES 11

REFERENCES

TR=-004

LA=0U1+KU=-UO01
TR=-004%
LA-001
KU=001+LA=UD1

TR=001

TR-001
LA=0014KU=-001
LA-0014KU~001
TR=004
TR-D04

RA-005
RA=00S5
RA=00S

RA=-0US

ST-918
ST-918
KU=9035+KE=909,
LA-308
LA=001

TR=004
TR-004
TR=-004
TR=-001
TR-004
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REFERENCES

TR=-004
TR=004
TR-001
TR=001
TR=0GNY

TR=004
TR-004
LA-001

LA-S08
LA-0U]

RA=Q0S
PA=0QS

LA=001
TR=009
TR=001
TR=-001
TR-001

LA=001
LA-001
CA-Q72
CA-072

TR-001
TR=-0N1



DATE & 0CT,

COMPOUND

GE(SO4)2
GE3NY
HF

HFN
HFD2
HFS2
HF(C03)2
HF (NO2) 4

HF (NO3) 4
HF (§03)2
HF (SO4)2
H2

H20(GAS)

IR

IR02
IRS2
IRS3
IR(SO4)2

1rR283
K

KALOZ2
KFEQ2
KNO2

KNQ3

KOH

KOH,H20

DATE 6 OCT.

COMPOUND

KOH,0475H20
KOH,2H20

KV03
K2co3
K2CROU
K2CR204
K2MO04

K20
K2s
K2503
K2S04

K2T1103

K2Wwo4
LA
LAN
LAS
LAs2

LA(NO2)3
LA(NO3)3
LA(NO3)3,6H20
LA203

LA2s3

LA2(C03)3
LA2(S03)3
LA2(S04)3
Ly

LIALO2

1971

29,80
5,73

9,84
17.38
21,11
43,49

5.48

56089
31,20
35,98
6,94
6,78

5.56
9.17
12,89

27.77

7.16
8.91
22,16
29,84
5.98

14,55
28.80
29.49

2.07
18.80

1971

36423
30,97
39.19
46,43
37,97

17.91
16.78
24,82
28.76
33.59
47.78
35,04

40,21
6,17

5.50
64,31

28,86
34,44

68,03
49.59
56,76
5.11
8,46
20,66

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED

EGUATION CP =

COEFFICIENTS
BX10*%x3

42,65
1,19

2422
2.08
-.16
13,81
102.80

35,95
32.28
37.56
~.19
3.57

1,42
15.19
12.95

50.68

.00
“4 .64
6,83
2.67
29.84

28,39
«00
«00

58479
«00

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED
EWUATION CP =

COEFFICIENTS

BX10*x3

1,57
15.19
14,72
11.52
15.722

9.32
474
24,42
23,79
15.40
<00
10.30

11,25
1,60

77.10
26,94

$.07
=e29

20.67
48,37
56.29
4,47
'3.51
5421

A+

CX10*x6

.00
.00

00
.00

«00
»00

.00
.00
.00
~eb6
.00
.00
.00
.00
2.99
.00
.00
]
.00
.00

.00
.00

A

CX10*%6

.00

«00
.00

.00
.00

.00
.00
.00

1,96
00

+ CTxx2

0OX10%%a5

1,16
~.00

«00
3.48
3.05

15.02
v6,41

25,60
S.48

.00

8,62
w2e27

«00
+00
.00
=31
00

+ CTx%2

DX10%%=5

9.68
6.17
5.36
414
4,08

40
«00
40
4,26
.00
.00
3.9V

$5.20
.00

- D/Txx2
TEMPERATURE RANGE
DEGREES CENTIGRADE
25,00 T0 7U0,00
T0
25400 T0 1200,0U
25.00 T0 1727.00
25.00 T0 1200,00
25,00 T0 1200,00
295,00 T0 1200,00
59.00 TO 200.00
25,00 T0 627,00
29,00 T0 1200,00
25,00 10 1200,00
25,00 T0 1200,00
25,00 T0 2700,00
25,00 T0 1200,0U
25,00 TO 700,00
25,00 T0 700,00
T0
25,00 T0 700,00
T0
25,00 TO 63,20
65,20 TO 700,00
25,00 TO 700,00
25,00 T0 900,060
59,00 T0 200,00
25,00 T0 127.90
127,90 TO 534,30
334,30 TO 427.00
.00 T0 249,00
249,00 TC 1227.00
10
- D/T=x2
TEMPERATURE RANGE
DEGREES CENTIGRALE
T0
T0
25.00 T0 900.00
25.00 T0 900,00
25.00 T0 700,00
25,00 T0 900,00
25,00 TC 700,00
25.00 710 900,00
25.00 TO 547.00
25.00 TO 1200,00
25,00 T0 595,00
595,06 TC 1U69,00
1069,00 TO 1200,00
?25.00 70 guou,.0u
25,00 TO 00,00
25,00 TO 548,00
TO
T0
T0
59.00 T0 2u0,00
25,00 TO 627,00
TO
25.00 T0 700,00
25,00 70 700,00
25,00 T0 700,00
25.00 T0 700,00
25,00 T0 700,00
25,00 T0 180,50
180,50 T0 700,00
25,00 T0 700,00

PAGE: 13

REFERENCES

TR=001
LA-001

KE=909
LA=001
TR-009
TR=001
RA-005

RA=Q05
TR-001
TR-001
JA=001
LA~001

LA-001+.PE-0O01
LA-GO1
TR-009+WE=-001

TR=-001

LA=001

TR-004
TR=-004
RA=-00S

LA-908

ST=917
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REFERENCES

TR-004
Ja~001
TR-G04
TR=-004
TR-C04

LA=-001
Ow-001
TR=001
LA=001

TR=-004

TR~-004
LA-G01,PE~001

RA=-005
RA=CO05

NB=0034LA~001
TR=-009

TR=-001
TR-001
TrR=-001
LA-001

TR-004&



DATE 6 OCT.

COMPOUND

LIFEC2
LINO2
LINOS

LINO3,3H20
LIOH

LIOH.H20
LIvo3
LI2co3

LI2CROY
LT2CcR204

LI2MO04%
L120
L12s
L12S03
LI12s04

L127103
L12w04
LI3N

MG

MGAL204

MGCO3
MGCROY4

MGCR204
MGFE204

MGMOOY

DATE

COMPOUND

MGO
MGS
MGS03
MGSOY
MGTIO03

M6TI205
MGV206
MGWOY
MG (NO2)2
MG(NO3)2

MG (NO3)2,2H20
MG(NO3)2.6H20
MG(oH) 2

MG2TIO4
MG3N2

MN
MNAL204%
MNCOo3
MNCRO4
MNCR204

MNFE204%
MMMOOU
MNO
MNO2
MNS

MNSO03
MNSO4%

6 0CT,

1971

20,69

4,49
14,98
26,60

2,99
17,53

4,23
31.95
S.04
4,30
36,22
43.46

34,99
14,93
16,79
21.84
24,23

32.06
37,23
27.71
5,52
8,10
36,80

18.61
31.46
40,20
21,05
45.39
25,66
25,19

1972

10.17

9,24
17.09
16,53
28.29

44,43
64,03
32,47

4,22
10,68

2,12
16,59
35.96
20,77
20,07
28,50

5,76
37.50
21,99
32,39
39,65

54,87
31.12
11.10
16,59
11.40

18,01
29.24

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED

EWUATION CP =

COEFFICIEMTS
BX10*x3

10.42
28,22
21,20

«00

23.75
2.87

50.84
S.40
49,66
42,42
11.48
8.28

11.98
6.08
4.96

21,18

23,82

7.06
8,01
5492
2,33

.00
6440

13,79
714
3,56

44,55

.00

15,57

12.60

HEAT CAPACITY
EQUATION CP =

COEFFICIENTS

BX10#%x3

1,74
2,50
16,84
21,80
3.28

3.70
=3.72
3.67
52.10
71.20

48.44
15.39
8,54
11.20
10.66
.00

Ta47
6426
9.30
Te34
a1y

4,32
7.83
1.94
2,44
1.80

17.04
8,92

A+ BT + CT*x2 = [/T*x2
TEMPERATURE RANGE
CX10%%x6 DX10%%e5 DEGREES CENTIGRADE
L, 00 4,49 25,00 TO 700,00
.00 -, 78 59,00 TO 200,00
«00 «00 25,00 70 253,00
.00 .00 253,00 T0 427.00
T0
.00 011 .00 10 471,30
.00 10,63 471,30 TO 1727,00
.00 28 «00 TO 24,99
.00 9,14 25,00 T0 700,00
.00 ~2.8% 25,00 TO 410,00
.00 1,35 410,00 T0 720,00
.00 8.33 25,00 T0 700,00
.00 7.12 25,00 T0 700,00
.00 7.06 25,00 T0 700,0U
.00 3,38 25.00 T0 700,00
.00 5.16 25.00 T0 700,00
.00 3,38 25.00 T0 700,00
.00 3,96 25,00 T0 700,00
.00 6.88 25.00 T0 700,00
200 8.17 25,00 T0 700,00
.00 10,13 24,84 T0 1727.,00
.00 30 25,00 70 649,50
+00 .00 649,50 T0 727,00
.00 9.78 25.00 TO 1500,00
.00 4,16 25,00 T0 427,00
.00 6,44 25,00 T0 700,00
.00 9,58 25,00 T0 1500,00
00 «00 25,00 T0 392.00
.00 «00 392,00 10 957.00
.00 N 957,00 T0 1750,00
.00 .00 25,00 70 827,00
(CAL/GMOLE/DEGeK) CONTINUED
A + BT + CT=2x2 =~ D/Tx#%2
TEMPERATURE RANGE
CxX10%*x6 OX10%*=5 DEGREES CENTIGRADE
.00 1,48 25.00 T0 1727.00
,00 -, 01 25,00 TO 700,00
.00 1.48 25,0¢C T0 700,00
.00 .02 25,00 T0 1127,00
.00 6,53 25,00 70 1500,00
.00 8.46 25,00 TO 1200,00
.00 19,81 25,00 TO 1200,0U
.00 6,27 25,00 TO 1200,00
.00 »3,46 59,00 T0 200,00
.00 ~1.79 25.00 TO 327.00
T0
TO
.00 «10 s 00 TO 226.80
.00 1,84 226,80 TO 726,80
.00 6,89 25,00 TO 1545,00
.00 .00 25,00 TO 550,00
.00 .00 550,00 70 788,00
L0 .0u 788,00 TO 1u27,00
.00 00 .00 T0 825,00
.00 8,80 25.00 10 700,00
.00 4.69 25,00 T0 427.00
.00 5.84 2%.00 T0 700.00
.00 4,62 25,00 10 1200,00
«00 19,29 25,00 TO 1200,0U
.00 4,56 25,00 T0 700,00
.00 .88 25,00 T0 1200,00
.00 3,88 25,00 TO 500,00
.00 .00 25.00 TO 1200.00
00 .88 25,00 TU 1200.00
.00 7,04 25,00 T0 700,00

PAGE: 15

REFERENCES

TR-004
RA=Q05
LA-908

ST~917

LA=908
TR-004
JA-001

TR=004%
TR=-004

TR«004
LA=-001
TR-009
TR=-001
TR=001

TR=004
TR=004%
ST~918
LA-001+PE=-001

KU»G01

JA~001+LA~001
TR=-004
KU«001
LA-001

CA~076

PAGE ! 16

REFERENCES

LA=-001
JA~001
TR-001
JA=-001
KU=001+LA=001

TR~004
TR-004%
TR-004
RA-005
LA-908,.KE~909

ST-918

KE~QU2
KU=903.+KE~909

PE~0QO01
TR=004
LA=001+KE-QD2
TR-004
TR=-004

TR=004
TR=-004
LA=-001
LA-001
LA-001

TR=001
LA=001



DATE & OCT.

cOMPOUND

MNS2
MNTIO3
MNV206

MNWO4

MN(NO2)}2
MN (NO2)3
MN(NO2) 4
MM (NO3) 2

MN(NO3)2,3H20
MN(NO3)2,4H20
MN(NO3)2,6H20
MN(NO3)3
MHINO3) Y

MH(QH) 2
MN(OH) 3
MN(SO04)2
MN203

MN2 (AL204)3

MN2(C03)3
MN2 (CRO4)3
MN2(CR20Y4)3
MN2(FE204)3
MN2 (MOOY )3

MN2(S03)3
MN2(S04)3
MN2(TI03)3
MN2({V206)3
MN2 (WOU)3

MN3IN2

DATE 6

COMPOUND

MN3OY4

MNuN
MNSN2
MNBN2

MO

MOO02
“003
mose
MOS3

MO(c03)3
M0(S03)3
MO (SO4)3
MO2N
M02S3

NA
NAALO2
NACL
NAFEO?
NANO2

NANO3S

NAOH

NAQH«H20
NAQH.2H20
NAQH 3H20

NAQH«345H20

0CT.

1971

20,31
28,24
64,96

33,39
5415
3,43
4.69

44,36

102,59
62,25
83,10

35.19
24.73
103,94

63,89
88,58
110,30
104,10
84,91

45.46
52.65
76.12
171.64%
91,62

22,32

13871

674
9,08
21405
9.38
21,08
4,85

6,434
35,70
37,00

1,80
20,56

HEAT CAPACITY
EQUATION CP =

COEFFICIENTS
BX10*x3

020
2.92
~3.52

5487
52,30
79.70

1u3,2v
18.87

148.10
29.59
36,31

37.92
8.38
21.40

25,97
24,457
14,97
52,64
26,07

53.68
61.60
11.31
10,55
14,16

22,40

HEAT CAPACITY (CAL/GMOLE/OEG.K) CONTINUED
EQUATION CP =

COEFFICIENTS

BX10«%x3

10.82

«00
30.50
38.40
60,99

1.49

$.90
13.50
2454

23.50
51.20
59.12
13.80

200
=5,02
4.87
Set2
10,08
27.92

55,32
«00
+ 00
35,97
.00

(CAL/GMOLE/DEG.K) CONTINUED

A

CX10x

.00
.00
«00

.00
.00
<00
«00
.00

A

CX10%

.00
.00
.00
<00
.00

.00

.00
,00
.00

.00
.00
.00
.00

«00

.00
.00
,00
.00

.00
.00
.C0
.00
.00

+ BT +

*6 DX10%*w5

3,44
4,38
19.21

5.68
=4,06
-5,80
~6,0]
11'9“

.00
18,21
26,00

S.04
3,25
27.00

20,54
18,10
14.44
20,04
14,26

3,28
4,97
13.72
47.95
17.62

.00

+ BT +

*6 0X10%%x=5

2'20
.00
.00
<00
«00

20.99

5.42
.00

<0V
+00
3.96
~-e54
2.80
«2.,49

«00
«00
«00
=-s20
.00

CTx%x2

CT*»2

~ D/T*x2
TEMPERATURE RANGE
OEGREES CENTIGRADE
25,00 T0 500,00
25.00 T0 1200,00
25,00 T0 1200,0U
25,00 T0 1200,00
59,00 70 200,00
59,00 T0 200,00
59,00 T0 2u0,00
25.00 T0 627.00
T0
T0
25,00 T0 127,00
25,00 T0 627,00
25,00 10 500,00
T0
T0
25,00 10 500,00
25,00 T0 700,00
25,00 T0 700,00
25,00 TO0 700,00
25,00 T0 700,00
25,00 TO 700,00
25,00 T0 700,00
25,00 TO 700,00
25,00 T0 700,00
29,00 T0 700,00
25,00 T0 700,00
25,00 T0 700,00
25,00 T0 700,00
25,00 TO 527,00
- D/T%x2
TEMPERATURE RANGE
DEGREES CENTIGRADE
25,00 T0 1172,00
1172,00 T0 1227,00
25,00 T0 527.00
25.00 T0 527,00
25,00 TO 527,00
25,00 TO 1200,00
TO
25,00 10 700,00
25,00 TO0 450,00
25,00 T0 700,00
2%.00 T0 700,00
25,00 T0 700,00
25,00 TO 700,00
25,00 TO 527,00
T0
T0
25,00 T0 97,82
97.82 T0 700,00
25,00 T0 700,00
25400 T0 727.00
25.00 T0 700,00
59.00 T0 200,00
25,00 T0 276,20
276,20 TO 306,20
306,20 T0 427,00
.00 T0 292,95
292,95 T0 1727.00
T0
T0
T0
10

REFERENCES

TR=009
TR=-004
TR=004

TR=-004
RA-005
RA=-005
RA=00S
RA-00S

MA=325
RA=005
RA-005

TR=-001
LA-001
TR=-004%

TR~001
TR-004
TR=004%
TR=004%
TR-004

TR=-001
TR=-001
TR=-004
TR-004
TR=-004

KE-909,LA-908

PAGE: 18

REFERENCES

LA=-001

KE=909
KE-909+KU-203
LA=-908

LA~001.+PE=-001

LA=001
KE=002
TR-009

TRe001
TR=001
TR-001
KE=9094LA~908,
KU~903

LA=001
TR-004
JA-001
TR=-004
NO=905

KE-909

ST=917



DATE & OCT.

COMPOUND

NAOH . 4H20
NAOHeSH2C
NAOH e 7TH20
NAVO3

NA2CO3

NA2CROY
NA2CR204
NA2MOOY
NA2MO207

NA20
NA2sS
NA2S03
1HA2S04

NA2TIO3

NA2TI205
NA2TI3O0T7
NA2KWOY
NA2W207
NB

NBO

NEO2
NB20S
NB2S5
NB2(C03)5

NB2(S03)5
HB2(SCH)S

DAYE & OCT,

COoMPOUND

MY

NIAL204
NICO3

NICROY
NICR204
NTFE204

NIMOOY
NIO

NIS
NIS03
NISOU4
NITIOS
NIV206

NIwOY4
NI{NO2)2

NT (n03)2
NI(NO3)2,3H20
NI(NO2)2.6H20

NI(OH)}2
MI(OH)3
NI3N
NI13S2
NO(G)

NO2(6G)
N203(6)
N20o4(6)
N2N5

1971

52,33

2,63
12.08
36.98
44,22
35.75%
55.79

15,69
17.55
22.60
15.53
29,05
47.16
25.18
25,95

49,32
63,46
37,99
60,28

5.66

36,22
45.53
101.49

70,77
82,72

1971

4,11
6,00
43,33
25.87

38.21
41,34
31,62
48,566
36,98
-4.,99
11,18

9,25
27.69
30,08
29,95
66.67

35,11
6,86
46,07

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED

EQUATION (P =

COLFFICIENTS
BX10+%3

58.33
30.68
10.80

7.59
11.28
17.17

S5.40
4.28
20,50
52.77
19,33
«0Uu
204,72
17,00

7.06
10.64%
7.33
9.25
«%6

5.54%
~.07
34,87

81,04
94,24

HEAT CAPACITY

EQUATION CP =
COEFFICIENTS
BX10%*%x3

6,995
1.86

25
6.97

129
2.90
28,425
e
1.79
37.%¢6
2.02

12.80
Te28
9.92
1,686

-4,76

2.63
51,06
17.64

92

2.28
2.05
2'72
36,00

A

CX10%

.00
.00

«00
.CO

(CAL

A

CX10x%

L 00
.0C
.00
L0

00
.00
.00
.CO
.00
00
W00

.00
,00
.00
LU0
.00

.CO
.00
.00

.00

.0u
.CO
.00
.00

+ BT + CTY#%2 =~ OD/T#*%2
TEMPERATURE RANGE
%6 DX10%¢=5 DEGREES CENTIGRADE
TO
TO
T0
745 25.00 TO 700.00
5,85 25.00 T0 486,00
1.27 486,00 T0 854,00
4,96 25.00 TO 700,00
3,74 25,00 TO 700,00
3,68 25,00 T0 700.0U
7.36 25.00 T0 700,00
00 25.00 T0 7U0.00
o222 25.00 T0 700400
.00 25,00 T0 700,00
.00 25,00 T0 259,00
.00 259.00 TO 884,00
.00 884,00 T0 1200.00
.00 25,00 T0 287.00
.00 287,00 TO 1100,00
446U 25,00 T0 10V0,00U
S5.64% 25,00 TO 1100,00
4,80 25.00 TO 700,00
9,59 25,00 T0 700,00
~,00 25.00 TO 1200,00
T0
T0
4,88 25,00 T0 1200,00
3,81 254,60 T0 1200,00
33,73 25,00 TO 1200,00
4,88 25,00 T0 1200,0U
7.78 25.00 T0 1200,00
/GMDLE/DEG.K) CONTINUED
+ BT + CT*x%x2 = D/T*x%2
TEMPERATURE RANGE
*6 DX10% %~ NEGREES CENTIGRADRE
02 25,00 TC 357,20
~.01 357,20 TO 1200,00
12.40 25,00 TC 700,00
7.08 25.00 10 1200,00
LK) 25400 10 7U0.0U
5,05 25,00 10 1200,00
4,66 25,00 TO 582,00
.00 582,00 TO 1000,0U
8,16 25,00 T0 700,00
-3,89 25.00 TO 250,00
.00 250,00 TO 1200.0U
.00 25,00 TO 327,00
-.58 25,00 TO 700,00
L0U 29,00 70 700,00
4,81 29,00 TO 1200,00
19,65 25,00 TO 1200,00
.11 25.00 70 1200,00
~3.63 59,00 T0 200,00
12,47 25,00 10 627.00
TO
T0
Y0
TO
T0
T0
14 25,00 70 2227.00
1.67 25,00 T0 1727,00
5.14 25,00 T0 1827,00
7,95 24,84 T0 1827,00
.00 25,00 TO 32,40

PAGE: 19

REFEKRENCES

TR=004
LA~-C01+JA~001

TR=004
TR=004
TR-004%
TR=004

LA=GO1
KE=-QOD2
LA-001+CA-004
LA=-001

KU-001+LA=-001

Ku~001
KU~001
TR=-004
TR=004
LA-001

LA~001
TR=009
TR-001

TR=001
TR=-001
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REFERENCES

LA-0U01+PE-D01

TR=004
TR=001

TR~004%
TR-004
CA-056

TR=-004
LA-001

LA-001+KU~001
TR-001
LA=-001
TR-004
TR=004%

TR~-004
RA=005
RA«005

KE=909

KE~909
ST=906
ST=906
ST-906



" DATE 6 0OCT,

COMPOUND

N205S(G)

N2 (GAS)
02
PR

PRAL20OG
PBCO3

PBCO3*PBO
PBCO3*2PB0O
PBCROY4
PBCR20Y
PRFE204

PBMOOY
PBO
PBO*PBSO4
PBO2

PB8S

PBS03
PBSOY4
PBTIO3
PBY206
PRWOY4

PR(NO2)2
PB(NO2) Y
PB(NO3)2
PB(NO3) Y4
PB(OR)2

PB(S04)2
PB30Y%

0ATE 6 OCT,

COMPOUND

PD
POCO3
PDO

PDS
PDsS0O3
PDSOY4
PDS2
RBNO2

RBNO3

RBOH
RAOHH20
RBOH «2H20
RB2CO3

RB20
RB2S
RB2503
RA2S04
RE

RED2
REO3
RES2
RES3
RE207

RE208
RE2S7
RH

1971

34,24

6430
6.53
5.67
7.86
37.00
23.65

31.88
39.12
34,07

30.66
10,60
21.,5%
12.70
10,66

17.51
10,94
18,70
57.11
32.89

4,64

V79
43,85
79.21

31.30

1971

5.87
16,35
3,30

S.16
10.21
12,60

23,11
27.49
36,06
39,08
31.61

28,38

HEAT CAPACITY (CAL/GMOLE/OEG.K) CONTINUED

EWUATION Cp =

COEFFICIENTS
BX10%x3

79

1'83
2,06
2426

-1
8,34
9.87

.40
6.20
22.59

9.90
4,00
35,01
7.80
3492

19.10
31.01
234,30
7+90
5,93

54.36
108,50
20.93
41,67

43,28

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED
EQUATION CP =

COELFFICIENTS

BX10%x3

1.33
20.06
14,19

13,07

29,29
31.93

40,70
69,80
16,50

2.02

.00

A+

CX10*x6

.00

-.33
-.36
.00
21
.00
.00

.00
.00

.00
200
.00
L0
«00

»00
.00
00
.00
.00
+00

.00
.00

200

A

CX10%x6

.00
.00
.00

.00

,00
.00

.00
.00
.00

.00

.00

+ CT#*x2

OX10*%=5

13.40

.00
« 00
002
<30
7.92
5.77

4,96
374
3,595

5.68
.00
-4,20
.00
<00

»ou
4,20

15,21
4,80

-4,94
-9,86
11.06
22,12

+ CTxx2

DX10%*-5

14
5.77
«00

=.21
»00
«58

.00
.00
«00
«0U
.00

« 00

«01

- D/T»x2
TEMPERATURE RANGE
DEGREES CENTIGRADE
32,40 T0 1727,00
25,00 T0 1727.00
25,00 T0 2700,00
25,00 T0 327,40
327,40 T0 70,00V
25,00 T0 600,00
25.0¢C T0 600,00
T0
10
25,00 T0 600,00
25.00 TO 600,00
25,00 T0 600,00
25.00 T0 600,00
25,00 10 600,00
25,00 T0 600,00
25,00 T0 700,00
25,00 T0 600,00
25,00 10 6U0.,00
25,00 T0 700,00
27.00 T0 6V0,00
25,00 T0 6U0,0U
25,00 TC 600,00
59,00 T0 200,00
59,00 70 200,00
25,00 10 600,00
25,00 T0 627,00
70
25,00 70 700,00
10
- 0/Tx=x2
TEMPERATURE RANGE
DEGREES CENTIGRADE
25,00 T0 1200,00
25.00 T0 500,00
25,00 T0 500,00
25,00 10 500,00
25,00 T0 700,00
25,00 10 500,00
T0
10
50,00 TO0 160,00
160,00 T0 220.00
220,00 T0 281,00
281,00 710 310,00
310,60 T0 350,00
TO
T0
T0
25,00 T0 26,00
TO
T0
16
T0
25,00 10 1200,00
T0
T0
10
T0
T0
T0
TO
25.00 T0 1200,00

PAGE? 21

REFERENCES

ST-906

JA-001
LA=-001
LA=001+PE~001

TR«004
TR=-001

TR=004
TR=004
TR=-004%

TR=-004
LA-001
TR-004
LA=001
KU=001+LA-001
TR=001
LA=001
KU=001
TR=004
TR-00%
RA-005
RA=00S

RA=00S
RA=00S5

TR-001

PAGE? 22

REFERENCES

LA=001+PE~-001
TR=001
tLA=-001

TR~009
TR=-001
TR-001

MU=-911

LA-001

LA-D01+PE=0Q01

LA-001+4PE-001



DATE & OCT.

COMPQUND

RHCO3
RHO

RHS
RHS0O3
RHSOY
RH20

RH203

RH2S
RH2S04
RH283
RH2(S04)3
RU

RUO2
RUO3(GAS)
RUOY (GAS)
RUS2

S

SB

§8203
SB20o4%
$B20S
sB2s3

SB2(AL204)3
SB2(C03)3
SB2(CRO%)3
SB2(CR204)3

DATE 6 OCT,

COMPOUND

SB2(FE204)3

SB2(M004)3
SB2(S03)3
SB2(S04)3
SB2(T103)3
SB2(V206)3

SB2(W04)3
sSc

sc203
SC2(C03)3
SC2(S03)3

SCa(So4)3
S1
SI0(GAS)
SI1o2

SIS(GAS)

SIs2
s1¢(co3)2
S1(S03)2
SI(SO%)2
SN

SNco3
SNO
SNO2
SNS

SNSO3

1971

22,89
9,84

11.70
16,75
19.“0
15,60
20,72

17,47
24,90
26,31
48,62
S.24%
7.20

5.“1
T.46
3439

$5.50
7.50
19,09
22,60

24,20

98,30
58,25
82,94
104,66

1971

A
144,40

79.27
39,82
46.99
70.48
182.75

85,98

64,12
23,16
62,32
43,89

51.06
$.,80

11,21
14,40
7.25

22,80
45,18
25,03
29,81
4,43
7.30

22.60
9455
17.65
8,48
9,78
16,46

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED

EQUATION CP =
COEFFICIENTS
BX10%%3

11.39
5453

4.41
20,63
23.27

6.“7
13.78

5435
24,21
10.42
67,01

1.50

« 00

.00
-9.84
6,86

1.76
«00
17.08
16.20

13,20

30,10
34,68
38.28
28467

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED

EQUATION

COEFFICIENTS

BXx10#*%x3

8.20
1.94
2441

=2.86
11,12
384,40
43.68
6.28
.00

9.36
3.50
2.“0
7.“3
3,74
18.60

CP =

A

CX10=

»00
«00

.00
.00
«00
«00
.00

.00
.00
.00
.00
.00
.00

<00
15,74
-,00

.00
.00
.00
.00

200

.00
.00
.00
.00

A

CX10%*
«00

.00
.00
.00
.00
.00

-,78

00
.00
.00
.00
.00
.00

.00
.00
200
200

LU0

+ BT + CT*%2

*6 UX10%x*~5
5,77
.00

=,21
«00
58
«00
.00

-.21
.58
- b4
1,74
-.00
.00

<00
,00

.00
+00
<00
.00

.00

23,77
17.31
14,87
1l.22

+ BT +

*6 DX10%*=5

50,51

11.0“
.00
1.7%
10.49
56.86

14,39
L]
.00

17,31
« 00

CT=x2

= D/T*x2
TEMPERATURE RANGE
VEGREES CENTIGRADE
25,00 T0 700,00
25,00 TO 700,00
25,00 T0 700,00
25,00 10 700,00
25400 T0 700,00
25,00 T0 900,00
25,00 T0 900,00
25,00 TO0 900,00
25,00 T0 600,00
25,00 T0 900,00
25,00 T0 600,00
25.00 TO 727.00
727.00 T0 1200,00
T0
T0
T0
T0
25,00 10 115,18
115,18 T0 444,60
444,60 TU 1200,00
29,00 10 630,90
630,90 T0 700,00
25,00 TO 900,00
25,00 10 700,00
T0
25,00 10 648,00
25,00 T0 700,00
25.00 710 900,0U
25,00 10 700,00
25,00 10 900,00
~ D/Tx«2
TEMPERATURE RANGE
DEGREES CENTIGRADE
29,00 T0 900,00
25.00 T0 700,00
25,00 T0 900,00
25,00 TO 300,00
25,00 T0 9000V
25,00 T0 900400
25.00 TO 900,00
25,00 TO 1500,00
25,00 T0 1700,00
25,00 TO0 1700,0U
25,00 TO 1700,00
25,00 T0 1700,0U
25,00 T0 700,00
70
25.00 T0 867,00
867,00 T0 1610,00
25,00 TO 1700,00
25,00 T0 1610,00
25,00 T0 1610,00
25,00 T0 867,00
25.00 T0 867,00
25,00 T0 231,90
231,90 T0 700,00
25,00 T0 700,00
25.00 T0 700,00
25,00 T0 1200,00
25,00 T0 584,00
584,00 70 880,00
25,00 TO 700,00

PAGE? 23

REFERENCES

TR=001
LA=-001

TR=009
TR=001
TR-001
LA-001
LA-001

TR~009
TR-001
TR-009
TR=001
LA-001

JA«001

LA=0U1.PE~U01

LA-001
LA=001

KU=0014+KE~00Q2

TR=004
TR-001
TR-004
TR=-00%

PAGE 24

REFERENCES

TR«004

TR=004
TR=-001
TR-001
TR-004
TR=004

TR=004
KR-001
LA=-001
TR=-001
TR~001

TR-001
LA=001.PE~001

LA=001
JA~=001

TR=009,JA-001
TR-001
TR-001
TR=-001
LA=001+PE=001

TR=001

LA=001.NB=002
LA=-001+NB~001
LA~001+KU~0O01

TR=001



OATE 6 OCT.

COMPOUND

SNSO4

SHs2
SN(AL204)2
SN(Cc03)2
SNIcRO%)2

SN(CR204}2
SN(FE204)2
SN(MO04)2
SN(NO2)2
SN(NO2) 4

SN(NOD3)2
SMN(NO3) 4
SN{oH)2
SN(OH) 4
SN(s03)2

SN(SO4)2
SN(TI03)2
SN(v206)2
SH(WO4)2
s02

S03

SR
SRAL204
SRc03
SRCRO®

SRCR204
SRFE204
SRMO03
SRMOOY4
SRo

DATE & OCT.

COMPOUND

SRS
SRsS03
SRSO4
SRT103
SRV206

SRWOU4
SR(N02)2
SR(nNO3)2
SR(ND3)2.4H20
SR(QH)2

SR{oH)2,H20
SR(0H)2,8H20
SR2TIN4
SR3N2

S(GAS)

TA
TAN

TA2N
TA?05
Ta2s88

TA2(C03)5
TA2(S03)5
TA2(5C4)5
TH

THO2

THS

THS2
TH(AL204)2
TH(CO03)2

1971

18.85
15,51
70.46
43.76
60,22

T4,70
105.18
5777
3.59
5.75

42,80
84,16

31.48

36,26
51,91
125.36
62.25
7.02

6,90
5.61
58,75
21.41
33.62

40.86
38,79

32439
12,33

1971

14,20
19.24
21.79
28.23
61.31

34,62
6438
28.10

7.64
36,50

19,55
68,64
41.94%

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED

EQUATION CP = A + BT + CT#x2 « D/Txx2

COEFFICIENTS TEMPERATURE RANGE
BX10*%%x3 CX10%x6 DX10%%=5 DEGREES CENTIGRADE

21.24 00 «58 25,00 T0 700,00
4420 .00 «0U 25,00 T0 700,00
11,08 .00 21,00 25.00 T0 700,00
14.13 «00 16.70 25.00 T0 1200,00
13,20 «00 15.07 25.00 T0 700,00
6,79 .00 12.63 25,00 T0 1200,0U
=10,13 .00 41,98 25.,00 T0 1200.,00
14,19 <00 12,52 25,00 T0 700,00
53.86 .00 =4,94 59.00 TO 200,00
103,10 .00 4,73 59,00 T0 200,00
20.43 .00 11,06 25,00 T0 627.00
36,27 .00 27,28 25,00 T0 627,00

T0

T0
32.60 .00 S5.16 25,00 T0 1200,00
37.88 .00 6.32 25,00 T0 1200,00
4,36 .00 12,15 25,00 T0 1200,00
-8,52 .00 41,83 25.00 10 1200,00
6.26 «00 14.75 25,00 TO 12U00,00
9.75 ~3.,58 «00 25,00 T0 1200,00
20,37 ~7.12 .00 25,00 TO 1200,00
1.35 .00 .01 25,00 10 700,00
S.46 « 00 9,735 29,00 10 TU0,00
8.56 .00 3,39 25,00 T0 700,00
6452 «00 6.76 25.00 70 706,00
3.32 <00 5454 25.00 T0 JU0,0U
15.87 «00 7.41 25,00 T0 760,00

10
T.02 <00 S.48 25,00 T0 700,00
1,12 .00 1.81 25.00 TO 700,00

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED
EQUATION CP = A + BT + CT*x2 e« D/Tx%2

COEFFICIENTS TEMPERATURE RANGE

BX10#%%3 CX10*x6 0X10%%=% DEGREES CENTIGRADE
«00 .00 1.59 25.00 T0 700,0U
16.22 .00 1,81 25,00 T0 700,00
13.30 00 =.00 25,00 10 1200,00
2.04 .00 4456 25.00 TO 1500,00
1,85 «00 16,71 25,00 70 7V0,00
3,05 .00 6,60 25,00 T0 700,0U
S1.48 w00 -5.34 59.00 T0 2U0,0U
39.42 .00 3.58 25.00 T0 627.00
T0
$3.40 .00 <00 25,00 T0 535,00
.00 .00 .00 535,00 T0 927.00
T0
T0
5484 00 4,67 25,00 Yo 1500,0uU
T0
=1l.26 41 .00 25,00 T0 1700,00
42 00 30 25,00 T0 12U0,00
7.80 «00 00 25,00 TO 527.00
T0
T0
be56 .00 5,95 25.00 T0 1200,00
35 .60 4,88 25.00 0 1200.00
35,89 .00 34,80 25,00 T0 12U0,00
82.06 00 5.9 25.00 T0 1200.,00
95.26 .00 8,85 25.00 T0 1200,00
4,54 .00 00 25,00 T0 1200,00
2.88 «00 1.60 25,00 TO 1200,00
TO
64 »00 1.16 25,00 T0 1200,00
11,56 200 17.44 25,00 T0 700,00
14,61 .00 15,14 25,00 T0 1200,00

PAGE? 25

REFERENCES

TR-001
LA-001+KU=001
TR=004%
TR~-001
TR-00%

TR=0U4
TR=004
TR«004%
RA-005
RA=00S

RA~005
RA=-005

TR=-001

TR-001
TR-004
TR~-004
TR-004
LA-001

LA=-Q01
LA=-001
TR=008&
LA=001
TR=004%

TR=004%
TR=004

TR=004
LA-001

PAGE 26

REFERENCES

TR=009
TR«001
LA-0D1
LA=-001+KU=001
TR-004

TR-00H
RA=005
TA-913

KE=909

KU=U001+LA-UO01
LA=001

LA=001+PE~001
KE=9094KU=903,
LA=-908

LA=001
TR=-009

TR=001
TR-001
TR~001
LA=001+PE~UD01
LA-001

TR-009
TR=-004
TR-001



DATE 6 OCT.

cOMPOUND

TH(CRCY)2

TH(CR204)2
TH(FE204)2
TH(MO0O4)2
TH(S03)2
TH(S04)2

TH(TIO3)2
TH(V206)2
TH(WOHR)2
TH2S3

TI

TIC03
TIN

TIO

TI02
TIso3

TIso4
TISs2

TI(NOR)2
TI1(n02)3
TI(NO2) 4

TI(NO3)2
TI(NO3)3
TI(NO3)Y
TI(SO4)2
T1203

DATE & 0CT.

COMPOUND

T12(C03)3
TI2(S03)3
T12(S04)3
T1305

U

uo2
U02s04
uo3

us

us2

UlAL204)2
utcodr2
U(CRO%)2
V(CR204)2
U(FE204)2

U(mpo04)2
utso3y2
utscHlr2
UtTI0312
utveler2

Utwo4)2
U2s3
udng

v

vco3

VN
vo

1971

5,23

43,10
67,39
83,64
395,73

7.31
34,606

1971

74,18
55,97
63.14
35.45
41,59

2.16
10,15

9. 15

19.19
26,90
22,08

15,20

72,00
495,30
61,76
76.24
106,72

59.31
33.01
37.79
98,45
126,90

63,78
67.50

4.36
24,357

10,94
11,31

HEAT CAPACITY (CAL/GMOLE/DEG.K)

EGUATION CP =
COEFFICIENTS
BX10%x3

13.568

7.27
=9,.65
14.68
33.08
55.20

4,84
-8,04
6,74

1.13

10.24
«94

5,60
5'01
.98
18.70

21.34
2754
Sel4
54,73
76,00
1U1.70

21,30
25,91
54,89
36,46
55449

1.30

HEAT CAPACITY

EGUATINN

COEFFICIENTS

3X10*«x3

18.61
40.05
95,97
29.48
8,00
9.50
00
200

l1.62
26,00
24.54%

Cp =

A

CX10%
. G0

.00
.00
.00
.00
.00

,00
.00
.00

00

.00
.00

V00
.00
.00
.00

.00
.00
.00
.00
.00
.00

.00
.00
.00
2«00
.00
.00

(CAL

A

CX10x

,00
.00
.00
Lug
200
.00
.00
.00

.00
.00
.00

.00

.00
.G0
.00
LU0
.00

.00

CONTINUED
+ BT + CTxx2 =+ 0O/Tx%x2
TEMPERATURE RANGE
*6 DXx10#%=5 DEGREES CENTIGRADE
11,51 25,00 T0 700,00
9,08 25.00 T0 1200,00
38,42 25,00 T0 1200,00
8.96 25,00 T0 700,00
1,60 25,00 T0 1200,00
.00 25,00 T0 637,00
8,59 29,00 TO 1200,00
38.27 25,00 T0 1200,00
11,19 25,00 T0 1200,00
T0
69 25,00 T0 1668,00
7.02 25,00 TG 1200,00
2.96 25,00 T0 1727.00
T0
1.86 25,00 TO 991,00
.00 991,00 TO 1200,00
3.50 25.00 T0 1200,00
1.86 25.00 T0 1000,00
2,44 25,00 T0C 1000,00
.00 25.00 T0 147,00
«00 147.00 T0 737,00
-3,69 59,00 T0 200,00
~1.98 59,00 10 200,00
~6439 59,00 16 200,00
12,31 25.00 T0 627,00
22,03 2%.00 T0 627,00
29,62 25,00 TO 627,00
4,66 25,00 T0 1200.00
00 25,00 T0 200,00
10,67 200,00 T0 1200,00
/GMOLE/DEG.K) CONTINUED
+ RT + CTx%2 = D/T#%2
TEMPERATURE RANGE
*6 OX10%%x=5 DEGREES CENTIGRADE
28,18 25,00 TO0 1200,00
10,96 29.00 TO 1200,00
12,70 25,00 T0 1200,00
U 25,00 TO 177,00
«00 177.00 T0 700,00
~1.52 25.00 T0 662.00
.00 662,00 TO 1133,00
.00 1155.00 T0 1200,00
3.96 25,00 T0 1200,00
U0 25,00 TO 500,00
2,97 25,00 T0 600,00
T0
.00 2%.00 0 352,00
19,80 25,00 10 700,00
15,50 25.00 T0 1200,00
15,87 25.00 10 700,00
11,498 29,00 TG 1200,00
40,78 25,00 T0 1200,00
11.31 25,00 TO 700,00
3.96 2%.00 70 1200,00
S5.12 295,00 10 1200,00
10,95 25,00 TO 1200.00
40,63 25.00 TC 1200.,00
13,55 25,00 T0 1200,00
TC
11,94 25,00 70 600,00
~e28 25,60 T0 1200,00
7.03 25,00 70 12U0,0U
2421 25,00 T0 1527.00
1.26 25.60 TO 1200,00
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REFERENCES

TR«004

TR~004%
TR-004%
TR-004%
TR=001
CA=011

TR=-004
TR-004
TR=-004%

JA-001

TR-001
LA=308KU~903,
KE=909
LA~001

LA=-001
TR-001

TR~001
KU=001

RA=005
RA«00%
RA=-005

RA=-005
RA~005
RA-C0%
TR=001
LA~001+JA~001
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REFERENCES

TR=001
TR~001
TR=-001
LA=001

LA-001+PE~001

LA=-001
Ow-001
LA=001

KU=001

TR=004%
TR-001
TR-004
TR=004%
TR-004

TR-004
TR=001
TR=CO1
TR=004
TR=-004

TR~004
Ku=001
LA=001+PE-0D1
TR-UU1

LA=908B+KE=909
LA=GO1



DATE & OCT,

comMpPoUND

voso4
Vs
vVS03

VSou
veo3
vany

V205
vV2s3

vesu
V285
va2(c03)3
v2(s03)3
V2 (50413

W
W02
HO3Z

WS2
w(co3)?

Wtco3)3
Wiso3)2
w(sS03)3
v (Sok)2
Wwiso4)3

Y
Y203
Y2(Cc03)3

DATE & 0CT.

cO¥POUND

Y2(sos3
Y2 (50413

M

ZNAL20Y
ZNc0o3
ZMCRCY
2HCR204

ZNFE204
ZNv00Y%

M0
ZNO*2ZNS0u
M8

ZMS03
ZNe o4
ZMTI03
2ry206
PATI L

ZM(ND2) 2
Zh (i.03)2
ZM(NO3)2,H2N
Zr(1.03)2,2:1120
2N(NG3)2,4H20

21(103) 2,620
ZM (Ot 2
ZM2TICH

Zri3n2

ZR

1971

27,15
13,18
18,22

20.61
29,34
29.89
35.69
46,51
45,58
54,93

42.67
63.17
68,50
50,07
57,24

5.89
15.49
20.31
20,80
31.50
21.55
41.60

57.45
31,65
43,08
56443
50,20

5.59
29.00
68477

1971

39,860
19.93
6,83
Te27

HEAT CAPACITY (CAL/GMOLE/DEG.K) CONTINUED

EQUATION CP =

COEFFICIENTS
Bx10#%x3

19,46
2,10
18,32

20.96
4.76
«00
3.45
3.90
«00
1.40

~.69
=-11.06
22,56
50,08
57,98

72
3.58
5,81
2.78

«00
=, 36

15,31

23,13
32.09
47.23%
57.37
55,15

1.90
1.20
18,80

A

CX10%

.00
.00
<00

.00
.00
.00
00
+00
.00
.00

.00
.00
.00
.00
.00

+ BT +

*6 DX10#**e5

4,52
1.04
1.26

1.84%
5.42
.00
7.89
13.21
.00
4076

6,15
17.26
22,73

5,42

7.16

24
2.80
$.8%
~+1lU

.00
2,91

14434

18.20
3,354
4,80
4.50
6454

~y29
4,78
22,09

HEAT CAPACITY (CAL/GMOLE/DEG.K)

EGUATION CP =
COEFFICIENTS
BX10*«3

46,50
S4.42

2442
«00
5.56
7.08
6.62
21,69

13.89
7.12
1.22

42479
1.24

27.28
20.79
2,19
-4,.24
5.15

51.58
18.1%

S.54
20.80
1.12
<00

A

Cx10x*

.00
.00

,00
.00
.00
.00
.00
,00

.00
.00
W00
,00
.00

.00
«G0
.00
.00
.00

.00
.CC

W00
.00
.00
.00

+ BT +

*6 DX10*%=5

-.01

10.10
7,95
714

<0V

L0
5,86
2,18
2.18
1,36

2.18
«00
S.66
20,51
6,97

~2.76
15.24

7.69
.00
« 91
«0u

CT*s2 -

CTesx2 =

D/Txx2
TEMPERATURE RANGE
DEGREES CENTIGRADE
72.00 T0 720,00
25,00 TO 1200,00
25,00 70 170,00
25,00 T0 1200,00
25,00 T0 1200,00
25,00 TC 72,00
72.00 10 1200,00
29,00 T0 670,00
670,00 T0 1200,0U
25.00 TC 1200,00
25,00 T0 1200,00
25,00 T0 12V00,00
25,00 T0 1200,00
25,00 T0 17V0,0U
29,00 T0 1200,00
25,00 T0 3377.00
25,00 T0 2727.00
25.00 TC 777.00
777.00 TO 1472,.,00
1472,00 TO 1667.,00
29,00 TO 1200,.0U
25,00 TO P2727.C0
25,00 T0 1667.00
25.00 70 700,00
29.00 T0 1200,00
25.00 TO 1200,00
25,00 T0 1200,00
25,00 10 1500,00
25,60 T0 1000,00
25.00 T0 1000,00
CONTINUED
D/T*x2
TEMPERATURE RANGE
OEGREES CENTIGRADE
25,00 T0 1000,00
25,00 0 10U0,00
29.00 T0 419,50
419,50 T0 700.0U
25,00 TC 700,00
25,00 T0 12u0,00
25,00 T0 700,00
2%.00 TO 7U0.0U
25,00 TO 700,00
25,00 T0 700,00
25.U0 10 1200,00
29,00 TU 700,00
25,00 T0 927.00
25.00 T0 12V0,00
25,00 T0 727.00
25,00 TO 1200,00
25,00 T0 1200,00
25.0¢0 TG 12Uu0,GU
59,00 T0 200,00
25.00 T0 627.C0
TO0
10
10
T0
T0
25.00 T0 1500,00
29.00 T0 427.00
25.00 TO 862,00
862400 TO 1100,00
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REFERENCES

TR=001
TR~009
TR-001

TR=001
LA-001
LA-001

LA-001+NB=-003
TR-009

TR=-009
TR=009
TR=001
TR=001
TR=-001

JA-001
JaA-001
JA=-001

TR-009
TR=001

TR=-001
TR-001
TR=-001
TrR=-001
TR=001

Ku=-001
KU=C01
TR-001%
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REFERENCES

TR=001
TR=-00D1

LA-001PE~-U01

TR=-004%
TR=001
TR-004
LA-0U1

LA-001
TR=004%
LA=UC)
TR=-004
LA-001+KU=-0C1

TR=-0U]
1.LA=001+NB=-0023
TR-004
TR-004%
TR-004

RA=~00S
RA=-005

LA=001¢KU=-001
KE=909
KU-001



DATE 6 O0CT. 1971 HEAT CAPACITY (CAL/GMDLE/DEG.K) CONTINUED PAGE 31

EQUATION CP = A + BT 4+ CTx%x2 = D/T*%x2
COYPOUND CUEFFICIENTS TEMPERATURE RANGE REFERENCES
A BX10%x3 CX10*%6 DX10%%-5 DEGREES CENTIGRADE

ZRN 11,10 1.68 .00 1.72 25.00 T0 1427.00 KE=9094.KU~903,
TO LA=908

ZRo2 16,63 1.80 .00 3,36 25,00 T0 700,00 LA=001

ZRS2 20,35 ~.b44 400 2.92 25,00 TO 700,00 TR=00Y

2R(AL204)2 69,44 10.48 .00 19.20 25,00 10 700,00 TR=-00&

ZR(CO3)2 42,74 13,53 .0e 14,90 25,00 TG 700,00 TR=001

ZR(CKROY4)2 59,20 12.60 .00 13,27 25.00 T0 700,00 TRe0O04

ZR(CR204)2 75,68 6.19 .00 10,84 25.00 TO 7U0,00 TR=004

ZR{FE2N4) 2 69.55 31.31 k) 18,957 25,00 T0 700,00 TR-004

ZR(MU0G) 2 96,75 13.60 .00 10,72 25,00 TC /00,00 TR-004

ZR(NO2)2 10

"ZR(NO2) 8 4,73 102,50 ,00 “6,55 59,00 TO 200,00 RA=005

2P (1i63)2 TC

2ZR(NO3)2,6120 70

ZR(NGZ )Y 83,14 35,67 .00 25.48 25,00 Y0 627,00 RA=005

ZR(OH) 4 TO

ZR(OH) U4 H20 TG

ZR(OH) 4, 2H20 TO

2R(S03)2 30,45 32,00 .00 3,36 25,00 TO 700,00 TR=-001

ZR(S04)2 35,25 37.26 .00 4,52 25,00 T0 700,00 TR~=001

ZR(TI03)2 50,89 3.76 .00 10.35 25.00 TO 700,00 TR-0D04

ZR(v206)2 114,58 3,25 .00 33,17 25,00 10 700,00 TR-004

ZR(W04)2 61,23 5,66 .00 12,95 25,00 TO 700,00 TR=-004

ZRANMZ 2l.64 26,09 .00 .00 2%5.00 TO 527.00 LA-9084KE=-909
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1.0 INTRODUCTION

This technical note presents the results of a liter-
ature review on the high temperature behavior of metal nitrates
and nitrites. The findings of the review are discussed in
terms of their implications for the use of thermal decomposition
as a regeneration method in a nitrogen oxides removal process.

1.1 Literature Survey

Examination of the literature on nitrate-nitrite
decomposition was facilitated by the existence of several
reviews (ST-026, LE-005, SC-029, GA-038). K. H. Stern was
kind enough to provide a copy of the unedited manuscript
(8T-026) of his forthcoming NBS publication, "High Temperature
Properties and Decomposition of Inorganic Salts. Part 3.

Nitrites and Nitrates."

This review covered the literature on
anhydrous salts published up to 1964 and some later publica-
tions. Chemical Abstracts was used to search the literature

for pertinent information published after 1964. The review
by Gastwirt and Johnson (GA-038) was not obtained in time to
be evaluated. The dissertations of Lee (LE-005) and Schneller
(5€C-029) contained detailed reviews for a limited number of
compounds.

Some of the references treated in the reviews were
further consulted for more details. Many references not dis-
cussed by the reviewers were also consulted. In some cases,
only the abstract of a reference was consulted. In those
cases, the volume and number from Chemical Abstracts is given

in the bibliography. Details were gathered concerning experi-
mental methods, phase transitions, decomposition behavior and
products, and proposed reactions. These details were tabulated
in a consistent form for each metal nitrate and nitrite. The
tabulated data are presented and discussed in Section 2.0.

. .
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1.2 Significance of the Nitrate-Nitrite Thermal

Decomposition Process

Thermal decomposition is being considered as a possible
method of regeneration for the products of a nitrogen oxides
removal process. One way of evaluating nitrate decomposition as
a regeneration process is to examine the energy requirements,
i.e., to compare the relative magnitudes of the free energy
changes involved when different metal nitrates undergo decompo-
sition in a specified temperature range. This evaluation method
was applied in the thermodynamic screening of sulfate decompo-
sition processes for regeneration of metal oxide SO, sorbents
(Lo-017).

In the case of nitrate decomposition, thermodynamic
screening based on simple well-defined decomposition reactions
is difficult to apply. A series of complex, interdependent
reactions take place during decomposition. Gaseous decomposition
products react with each other in a manner that can be repre-
sented by the series of reactions given in (1-1) through (1-5)

NO + NO, @® N,O0, (1-1)
2NO, 2 N,0, (1-2)
N,0, + HaO @ 2HNO, (1-3)
N,0, + Ha0 @ HNO, + HNO, (1-4)
NO + %0, @ NO, (1-5)

Lee reported (LE-005) that Cho and Johnson (CH-035) also
found nitrous oxide, N,0, among the reaction products of lithium
nitrate decomposition. The product, found using mass spectroscopy,
was not reported by many other authors as a decomposition product.
As pointed out by Lee (LE-005), (1) it probably wasn't noticed
since it is only produced in small amounts, and (2) if alkaline
absorption were used as the method of analysis, N,0 would show
up as NO.

-2-
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A computer program has been written (see Technical
Note 200-007-03) to calculate the existing number of moles of
each of the species appearing in the above equations under
given conditions of temperature, pressure and total chemical
NO and NO;. This program does not consider the effects of
reaction (1-5). The program was written to describe gas phase
conditions in aqueous scrubbers where the residence time and
temperature limits are such that the reaction in (1-5) is
kinetically limited. This may not be the case at the higher
temperatures encountered in thermal decomposition.

Gaseous decomposition products also react with the
product oxides and nitrites in secondary reactions that may be
partially inhibited by removing gaseous products in a flowing
gas stream. However, the secondary reactions may also occur
in the melt where the gaseous products exist as bubbles before
they are evolved. Therefore removal of the product gases after
they have already left the melt would not entirely inhibit side
reactions.

The complications discussed above prohibit the formu-
lation of a simple, realistic, generalized decomposition reaction
for which a free energy change may be calculated that gives a
meaningful description of the decomposition process. With
careful evaluation of assumptions, valuable calculations may be
made. Stern (ST-026) and Kelley (KE-021) have made equilibrium
calculations based on simplified reactions and involving some
assumptions about activities in the melt. The only gas phase
reaction considered was (1-5). Their calculations were limited,
however, by the lack of both high temperature heat capacity data
and standard state thermodynamic properties for some of the
nitrates and most of the nitrites. The reported thermodynamic
properties of the anhydrous and hydrated nitrates and nitrites
and the gaseous species have been collected and tabulated in a
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data base and the missing properties including high temperature
heat capacities have been estimated for the anhydrous salts

(see Technical Note 200-007-04). Therefore, the possibility now
exists of calculating equilibrium constants (free energies) for
any reaction involving oxides, nitrates, nitrites and the
gaseous species of interest. The problem of formulating a
representative reactjon still remains.

2.0 TABULATED DATA

The details collected from the literature concerning
nitrate-nitrite behavior are summarized in Table I. Temperatures
and enthalpies of crystalline phase transitions and melting
points are listed under the column heading 'Transitions.' Experi-
mental details of decomposition experiments, temperatures of
significance in the decomposition process, products identified
and reactions proposed are listed under the column heading
"Decomposition.” References are given in the Bibliography in
Section 4.0. Table I is included at the end of Section 3.

The temperatures of significance listed in the
Decomposition Section should be considered carefully. 'Decompo-
sition temperature' is not a meaningful description unless the
author has specified what he has observed as evidence of decompo-
sition. One accepted definition is "that temperature at which
the partial pressure of the gaseous decomposition products
reached 1 atmosphere.'" It is doubtful that any of the tempera-
tures listed in Table I refer to the decomposition temperature
so defined. Many are given as results of TGA studies and refer
to the temperature at which weight loss corresponding to nitrogen
oxides evolution began. Others simply refer to the temperature
at which some visible evidence of decomposition such as bubbling
or evolution of either O; or brown NO; fumes was apparent.
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Others refer to the temperature at which the decomposition rate
was the greatest. Another accepted definition (KU-005) is the
temperature at which there is a sharp break in conductance
through a capillary tube containing the salt. Since molten
nitrates or nitrate-nitrite mixtures find some practical applica-
tions, many studies have been conducted to determine (1) the
lowest temperature at which nitrate ion begins to break down in
the melt and (2) the range of temperatures over which decompo-
sition occurs but is still slow enough that the melt can be

used in the process of interest. Kust and Burke (KU-005, KU-012)
have observed nitrite ion in pure NaNO, - KNO; eutectic melts as
low as 295°C, indicating that some decomposition has already
taken place. This type of information is valuable for determining
the onset of decomposition but not the temperature required for
rapid reaction rates.

3.0 DISCUSSION

This section contains some generalizations that can
be made after examining the data summarized in Table I. It
also gives some explanations proposed by various authors for the
variations in thermal stabilities of nitrates and nitrites.
Some proposed mechanisms and the possible paths for nitrite-
nitrate decomposition are also presented.

The decomposition of metallic salts of oxyanions has
been described by Stern (ST-025) as decomposition of the oxyanion
accompanied by change of the metal from occupying a nitrate to
occupying an oxide lattice. Such reasoning would lead to the
prediction that all nitrates (sulfates, carbonates, etc.) decompose
around the temperature at which the nitrate (sulfate, carbonate,
etc.) ion became unstable. Variations in thermal stability of
metal nitrates must therefore be explained by some property of
the metal ion. One such property is the cation polarizing power,

. .
Radian Corporatlon 8500 SHOALCREEK BLYD. * P. O. BOX 9948 + AUSTIN, TEXAS 76758 o TELEPHONE 512 - 4549535

or the ability to distort the anion which is determined by the
electronic configuration of the cation. Several authors (SH-017,
LA-011, TK-001, AL-006, BO~008) have noticed that thermal
stability increases with the decrease in polarizing power or
electronegativity from lithium to cesium or beryllium to barium.
The polarizing power is described quantitatively by the term
e/r® where e is the electron charge and r the ionic radius.
Obviously, as the ionic radius increases from lithium to cesium
and beryllium to barium the polarizing power decreases and the
ionic character increases.

Other indications of thermal stability have been
discussed. Tkach (TK-001) pointed out that melting points and
decomposition temperatures usually increase with heat of forma-
tion. Stern (ST-025) discussed the usefulness of free energy
functions for describing thermal stability. He developed a
correlation for the heat of the decomposition reaction forming '
N;0s and metal oxide as a function of r%/Z*. Z* is the effective
nuclear charge felt by the electron in a bond and r is the covalent
metallic radius. Stern (8T-026) and Bordyushkova, et al. (B0O-008)
pointed out the difference in stability and behavior of ionic and
covalent nitrates. Stern's generalizations were as follows:

. Ionic nitrates, in which the nitrate ion
is a distinct entity (not distorted or
deformed) such as it exists in aqueous
solutions, melc to form stable liquids.

. Some decomposition of the melt from
nitrate to nitrite occurs, and the
nitrites and nitrates are stable with-
in overlapping temperature ranges.
Therefore the decomposition path is
complicated.
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. Ionic nitrates have higher decomposition
temperatures than covalent nitrates.

Covalent nitrates, which exhibit some
metal-oxygen bonding, often do not form
stable melts. In some cases they even
sublime.

The first step in nitrate decompositions is then
generally recognized as formation of nitrite which may or may
not be stable at the nitrate decomposition temperature. The
nitrite may then decompose to the oxide. The nitrite decompo-
sition path is similarly complicated. Nitrites usually decompose
to the oxide, which again can be converted to nitrate by the
reaction products. Some of the nitrite can also be oxidized to
nitrate by the decomposition products. Usually the nitrates are
more stable than the nitrites so that complete decomposition to
the oxide cannot occur until some temperature above the range
of nitrate stability has been reached. Other reported decompo-
sition intermediates besides nitrites and oxides are the basic
oxynitrates.

The generalizations discussed above are illustrated
in Table II, which gives in periodic arrangement some significant
temperatures (melting, slow and rapid decomposition, and oxide
formation) taken from Table I and a description of ionic or
covalent character taken from Stern (ST-026). Some of the varia-
tions in temperature are a result of the experimental methods
such as heating rate for different TGA experiments. From Table II
it can be seen at a glance that thermal stability increases from
lithium to cesium and beryllium to barium. It is also evident
that the ionic alkali metal nitrates are stable above their
melting points. In fact, decomposition is even slow from 100
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to 300° above the melting points where the melts are still
considered thermally stable for practical use (BO-008). The
temperatures for oxide formation were not found for the alkali
metal nitrates. Gordon and Campbell (GO-014) reported that in
general decomposition was still occurring around 900°C. The
same trend is not as pronounced for the alkaline earth nitrates.
Decomposition occurs before or in the same temperature range as
the melting point. As a result there may be wide variations in
reported melting points such as the case for strontium nitrate.
One author was able to completely decompose calcium nitrate
below its melting point with slow heating, while another was
not capable of carrying out decomposition rate measurements at
higher temperatures because of spattering of the melt.

The temperatures summarized in Table II are for both
hydrates and anhydrous nitrates. Tkach (TK-001) reported the
anhydrous salts given slower decomposition rates than the hydrates
and Gordon and Campbell (GO-014) commented that hydrates decompose
at lower temperatures than anhydrous nitrates. These claims do
not seem to be substantiated by the data in Table I. Gordon and
Campbell may have been referring to the fact that metal nitrates
such as those of Zn, Cd and Hg, which exist as the hydrates, are
generally less thermally stable than the anhydrous alkali metal
and alkaline earth nitrates.
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TABLE I - DECOMPOSITION BEHAVICR OF ANHYDPOUS AND HYDRATED NITRITES

AND NITRATES

TRANSITIONS

DECOMPOSITION

COMPOUND
1. LiNO, 220

96
226

S-L

S-S
§-L

TRANSITIONS

T(°C) Type AH(Kcal/mole) Ref.

ST-026

PR-003

T(°C)  Method/Corments

300 Stable

350 Slow decomposi-
tion.

>350 More rapid de-

composition.

A thin 2.0 cm
layer of molten
nitrite was
contained in a
platinum dish
under a flow-
ing argon at~
mosphare in
a muffle fur-
nace. Tempera-
ture was con-
stant x 1°C.
Experiments
were done at
250, 300, 350,
and 450°.
Compositions of
the melt and gas
phase were de-
termined after
0,1, 2, 3,4,
5 and & hours.
160 NO was first
detected at 160°
Kinctic runs
were not possi-
ble at 450° since
the reaction

Products

NO, NO,

vessel overflowed.

Reactions

2LiNO, # Li,0 + NO
+ NO, (1)

2LiNO, @ Li, 0 + N 0
] ] n(i)

N;0; 2 NO + NO, (3)
Reactions involving
products:
LINO,+ N,0, 3 LiNO,
+ 2NO (%)
2LiNO,+ N,0; 3 2LiNO,
£ (s
Li,0 + 280, @ LiNO,
+ Livo, ®)
2LLINO,+ 2NO @ 2LiNO
+ Ny (7)
2LiNO, @ 2LiNO, + O
&

DECOMPOSITION

Ref,

ST-026

LE-005

COMPOUND
A. LiNO, (cont)

2. LiNO, 120

3. LINOy: 3H,0

4. NaNO, 162

pomne
wHntn

T(°C) Ivpe pk{Kcal/mole)

Ref.

T(°C) Method/Comments

6.04

sC-012
PR-003

ST-026
SC-012
BO-008

NE-004

AD-002
ST-026
PR-003
PR-003
NO-005

383-420

>457

450,500

>330

330-380

600-750

600-750

293 Decomposition

begins slowly at
about 40° above
the melting
point.

Measurable O,
pressures achiev-
ed in this range.

Rate is appre-
ciable only in
this range.

Nitrate still
stable.

Nitrite unstable
above 330

Nitrate is
formed.

Nitrate begins
to decompose
to nitrite.

Nitrite decom-
poses to the
oxide,

Products

0O,

N, Oy

Reactions

LiNO; 2 LiNO,+ 35(()

8a)

LiNO, # LiNO,+ %0,
: T TRa)
LiNO, + LENO, 3 Li, 0
+ 280, (9B)

2NaNO, 2 Na,0 + NO
+ N0, (10)

2NaNO,+ 28O 3 2NaNO
N, 1

Na,0 + 28O, 3 NaNO,
+ NeNDo,  (13)

NaNO,+ NO, 3 NaNO,
+ NO (13)

NaNO, @ NaX0,+ X0,
a ] (i“)

2NaNo, 2 Na 0 +

N,
+3/2 0, dsy

Ref.

ST-026

CR-035

ST-026

<T-026

ST-026

ST-026

DISCUSSION

Stern (ST-026) reports
the gaseous products
oxidize the nitrite to
nitrate if they are not
removed.

The reactions were
found to be mainly homo
geneous {in the melt)
rather than to involve
gaseous nitrogen oxides
N,0, and NO, concen-
trations in the molten
phase are very swmall;
both are consumed in
other reactions in the
melt as soon as they
were formed (reactions
4, 5, and 6). Reac-~
tion (7) was found to
be strongly temperature
dependent. The wide
range of proportions of
N, and NXO found at
different temperatures
is attributed to the
temperature dependence
of this essentlally
irreversible reaction,
The sequence of reac-
tions is in the order
4, 5, 7, aand 8. After
a certain period, (7)
becomes rate control-
ling. The rate at whidh
a steady decomposition
was obtained was found
to depend on the solu-
bility of gases in the
melt, The mechanisn
for this decomposition
appears to depend on
temperature and melt
composition. The stoi-
chicmetries are differ-
ent at 250, 300, and
350." The reaction at
450 is the only one for
which NO, could be de-
tected in the gascous
products. This agreed
with the reports by
Peneloux (PE-015) that
a rapid, high tempera-
ture decomposition pro-
duced NO, while a slow,
low temperature decom-
position produced XO.
The solubilities of XO
and NO, in the melt can
{cont.)

DISCUSSION

probably account for
part of these results.
The decomposition rate
was considerably faster
at 450, and NO, was
detected in the gas.
The decomposition is
still slow at 350,

Stern reports oxides

of nitrogen can also be
formed if container
material is not inmert.
Nitrite product dissolves
in melted nitrate.

The rate constants for
(9a) were measured at
450 and 500°C. Nitrous
oxide (N,0) was detected
in the gaseous products
using mass spectromerry.

If the gas phase {s
continually removed, this
is the only reaction that
occurs.

These are the reactions
involving the products
NO and NO, and the re-
maining nitrite, The
nitrate is stable in
this temperature range
and N, is unreactive

(ST-036).

The activation energy
for this reaction has
been reported as 44.7
and 40.3 keal.

The activation energy
for this reaction has
been reported as 42.8
kcal. Decomposition of
NO and NO, to the ele-
ments has been considex-
ed kinetically limited.
(cont.)
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4.

5.

6.

7.

COMPOUND
NaNO, (cont.)

NaXo,

o,

COMPOUND
KNO, (cont.)

KNO,

TRANSITIONS

DECOMPOSITION

I°C) . Ivpe AH(keal/mole)

160
275
306
308

47

437
440

§-8
S-S
S-L
S-L

s-S

S-L
S-L

1.12
3.70

0.199

TRANSITIONS

Ref,

sc-012
FE-003
ST-026
BO-008

PR-003
AD-002

PR-003
ST-026

T(°C)

Method/Corments

Products

Reactions

150
200

250

> 250

500
600

600-750

510

410-460

(cont,)

Study of the
action of NO
on Na,0.

The NaNO, -NO,
system was
studied.

No reaction.

10% conversion
of NaNO, to
NaNO, .

Maximum extent
of reaction.

Reaction (as
written) di-
minishes.

Liquid NaNO,
still stable.

Slow decamposie
tion of melt.

Pseudo equili-
brium between
air and melt
containing
NaNO, and NaNO,.

Decomposition
begins as evi-
denced by
appearance of
.05% nicrite
in the melt.

Noticeable de~
composition,
Inert atmos-
phere with gas-
eous products
rexoved.
(cont.)

N,, N0, Na,0 + 3NO
Nako,” = + %

2NaNo.

de)

Na,0 + 4NO 2 2NanD
+ 8,0 dn

@
a
&

NO, NaNO, NaNOg+ NO, = NaNo,
' s "+ ko ts)

NaXo,

NO,, NO, 2KNO, # K,0 + N
K0 + 80

(cont.)

NaN0, () # NaNO, (s
+ %0, 19)

Same

0,
*(20)

(cont.)

DECOMPOSITION

T(°C) Iype pH(kcal/mole) Ref.

1.22
2,30

.56

.72
1.3
2.3

YA-004

ST-026

e0
410-460

550-750

>800

130
140

200

530

650

530

Method/Comments  Products

In air, without
gaseous product
removal, nitrate
is still stable.

In oxygen atmos-
here nitrate
egins to decom-

pose.

Nitrite decom-
poses to oxide.

KNO, 1in NO, at-
mosphere.
No reaction as
written,

Considerable
reaction rate.

Reaction rate
is at a maximum.

Melt is stable
in air to this
temperature.

Decomposition
begins in air.

Decomposition
of the nitrate
melt begins as
indicated b
,05% nitritd in
the melt.

N,, NO,
KNG,

K,0

o,

KNO,

KNO,

KO,

Ref,

CH-036

02-006

ST-026

BO-008

ST-026

(cont.)

Reactions

2KNO,+ 2NO 2 2KNO,
+ N, (21)
O+ 2NO, 3* KNO.
K0+ 2 ko, ° @2

KNO,+ NO, @ KNO,+ NO
(23)

KNO,+ X0, @ KNO, (24)

KNO, - K,0 + AN, + %0,
. - K 5 3%

KNO,+ NO, 2 KNO,+ NO
05+ KO, ot 2%

KNO,(‘) @ KNO,(I)
+ %0, (26)

Same

Ref.
ST-026

ST-026

ST-026

02-006

ST~026

log K =

B0-008

DISCUSSION

A mechanism of N, pro-
duction has therefore
been suggested which
involves the formation
of a super oxide which
decomposes to Na;0 and
0Oy

In order to account for
the formation of nitrous
oxide and N,, reactions
(16) and (libware pro-

posed.

At temperatures above
250, the rate of the
reaction NO,- NO + %0,
becomes appreciable,

NO production and NO,
consumption affect ni-
trite oxidation. The
reaction proceeds to the
lefr rather than the
right.

The liquid nitrates and
nitrites are reported to
be completely miscible
and are reported to form
a "virtually ideal" solw
tion (ST-026). The equi~
librium constants for
2NaNO, (g)~ Na,0(3)+2NO=@
+ %0, (g) to 700°K and
NaNO, (, )~ NaKO, ()50,
from 800 to 1000°K have
been calculated (ST-026).

Gaseous products react
with KNO, and K,0 if
they are not removed.

(cont.)

DISCUSSION

KNO, is stable in this
temperature range.

Up to 600 the KNO, re-
waing stable. Between
600 and 750 the reaction
is in equilibrium since
the KNO; is unstable.

is reversi-
maxioum KNO,
200. Appa-

The reaction
ble with the
formation at
rently it is difficult
to establish equilibrium
since the rate of the
reaction NO, @ NO + %0,
becowes appreciable.
Above 200, then, the
amount of KNO, produced
decreases.

Both the kinetics and
equilibrium of this
reaction have been stud-
ied. The activation en-
ergy has been measured
and reported to be 65.6
kcal/mole. One author
reported that equilibrium
was established between
650 and 750 under 1 atm
oxygen. The measured
equilibrium constant for
the range 550 to 750 was

-11515 KJ/mole + 10215
. 7303 R

The equilibrium constant
for the reaction KNO,

- K0 + 2NO,+ %0, was
calculated from !98 to
1000°K by Stern (ST-026).
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TRANSITIONS

DECOMPOSITION

COMPOUND I(°C) TIype pH(kcal/mole)

Ref,

T(°C)

Method/Comments

Products Reactions

8. HbNO, 422 s-L

9. RbNO, 160 §-s  0.93
281 §-5
158 S-S
286 S-S

310 s-L  1l.11

10. Cs¥o, 401 S§-L
406  S-L

11. CsNO, 151.5 §-s8 0.893
414 S-L

405.5 S-L  3.37

12. CsNO,-4H,0 42.7 s-L

13. Bo(NO,),

14, Be(NOy),

TRANSITIONS

PR-003

ST-026

NY-001

ST-026

PR-003
ST-026

MU-012
B0-008
MU-012

RO-007

450

600

512

450

555

125

(cont,)

Stable up to
this temperature.
Reaction proceeds
as written if
the gaseous prod-
ucts are removed,

The salt begins
to loose weight
above this tem-
perature.

Decomposition
temperature
taken as that
at which .05%
nitrice could
be detected in
the nitrate
melt,

The salt is
stable up to
this tempera-~
ture.

Decomposition
temperature
taken as that
at which .05%
nitrite could
be detected in
the melt.

Decomposition
is rapid above
this tempera-
ture.

(cont.)

DECOMPOSITION

COMPOUND

14. Be(NO,
(céntf}'

T(°C) Type AH(kcal/mole

15, ?zé?ga)o

16. Mg(NOy),

17. ’-%:’3')'

Ref,

ICQ)
175-200

55

55-205

460

107

Method/Comments

This temperature
range was estab-
lished for de-
composition

from the thermo-
gram recorded

at a heatin§
rate of 6-9%/min.

The TGA experi-
ments were car-
ried out in a
stream of air.
Gaseous products
were not analyzad
Salt began to
loose water of
hydration,

Maximum rate of
welight loss,

No further weight
logs, Oxide
formed at this
temperature.

Decomposition
of the nitrate
in NO was stud-
ied. The ni-
trite was pro-
duced as a
product.

Nitrite prod-
uct decomposes,

Method not
described,

Rb,0, NG, 2RbNO, # Rb,0 + NO
o, P eho, @n

RBNO, RbNO, .,y @ RBNO,
e T,

RbNO, (Same)

Cs,0, NO, 2CsNO, @ Cs,0 + NO
0, + N0, (29)

CsNO, CeNOy () @ CsNO, ()

+ %0, (30)

1138: 0(NOy)s,

(cont.) (cont.)

ST-026

ST-026

BO-008

ST-026

BO-008

ST-026

(cont.)

Products Reactions

BeQ

Not des- Mg(NO,),+ 2NO
cribed. = Mg(ND,)o+ 2N0, (3D

NO, N, NO,)o & MgO + N0
N= 2 &( :)ﬂ M& (32;)

N,O, # NO + NO,

NO, + 2NO,
"‘E(m?x)vb,).+ no (31)
IORED, ® "8y,

NO, 2NO
)%(mgir)«B:),:f N,

32)

(34)

_Ref.
SH~017

WE-021

S§T-026

LE-Q05

DISCUSSION

If the gaseous products
are not removed, the
nitrite can be oxidized
to nitrate. The nitrate
will be stable over a
particular temperature
range. The behavior and
reactions resemble

those of the ocher al-
kali metal nitrites.

The behavior should
resemble that of other
alkall metal nitraces.

Alkali metal nitrates
wmelts are still fairly
stable at temperactures
even 200° above their
melting points. At
higher temperatures de-
composition becomes more
rapid.

See Discussion for RbNO,
(No. 8).

See Discussion for RbNO,
(No. 9).

No evidence was found
in the literature for
the existence of this
compound.

The nitrate is a hygro-
scopic solid.

(cont,)

DISCUSSION

It was difficult to pre-
pare a crystalline
nitrate, Usually a
viscous mass was obtained
This is the least stable
of the alkaline earth
nitrates.

There was no evidence
{no breaks in the therm-
ogram) for formation of
the unhydrous nitrate.

The existence of the
anhydrous nitrite is
uncertain. It appeared
as an intermediate in
the decomposition of the
nitrate in NO.

Lee (LE-005) stated that
the 1905 investigations
of Ray and Ganguli (com-
plete reference not giv-
en in LE-005) indicated
the nitrite decomposes
at a low temperature.
Lee also discussed the
work of Oza and Dipali
(02-009) carried out at
110°C. The overall
stoichiometry was found
by both to be 3Mg(NO,),
@ 2Mg0 + Mg(NO3) g+ 4HO.
Apparently temperatures
reached were never high
enough so that decompo-
gition of the nitrate
could occur, It was con
cluded that the extent
of reaction (34) was very

Slishe singe only grall



COMPOUND
18. Mg(NO,),

19. ygi(l:«g,),

LIS

[}
-
()}

!

COMPOUND
20, (X0,)
.”gﬂzoa 2

{cont.)

i 21, Ca(XNO,),

—L‘[-

TRANSITIONS

DECOMPOSITION

I(°C) Type pH(kcsl/mole) _Ref.

130 s-L RO-007

90 s-L 9.8 LA-008

TRANSITIONS

T(°C) Method/Comments  Products Reactions

327 The solid is
reported to be
stable up to
this temperature
The melt is re-
ported to be un=
stable, but no
melting point
was glven.

127 Decomposition
occurs at this
temperature
if nitric ox-
ide is present,

Not given.

Final
Product:
Mg0

60 Begins losing
water of hy-
dration,
Endothermal
effect (SH-018).
Endothermal
effect (BE-036).
125-180 Unidentified

thermal effect

(5H-018).
145-150 Endothermal

effect (BE-036).
230 FOfnatxonZH

Mg (NO

BE-S} 20

240 Formac1on

NO,
}(%r(»: 0513

310 Fcizgt§on( .
M WE-
031).”"?

80-90

85-90

370 Formation
Mg (NO,), (BE-
036).
430 Formation
MgO (BE-036).
Formation
MgO (WE-021).

455
Mg(NO,),

DECOMPOSITION

@ MgO + 2NO,
+ %0,

Ref,
ST-026

WE-021
BE-036

KE-021

T(°C) ZType AH(kcal/mole

266 $-8 ST-026
360 S-8 ST-026
392 S-L ST-026

Ref.

Reactions

Method/Comments  Products

267-315 Decomposition Mainly
pressures were NO
measureable in
this tempera-
ture range.

Ca(N0, ),

Ca(NO,)

Ed CaO + NO
NO; (36

ST-026

® CalM 6 ),+ %o (37)

370-480 Reaction (38) NO, N, Same as (36) and (37). -026
becomes im- as well as E-005
portant. Ca(NO, ), + 2NO

2 Catidy),+ N,  (38)
(cont.) (cont.) (cont.) (cont.)

Ref,

DISCUSSION

Stern reports that the
stability depends on the
gas phase. Decomposition
may occur at cemperacures
lower than 327, Stern
calculated equilibrium
praessures for:

Mg(NOy), @ MgO+2NO,+%0

3/9 ¥ '(3;)
The calculations indica-
ted decompositfon would
be complete between 500
and 600°K (327°C)

Three thermogravimetric
studies have been re-
ported for the hexahy-
drate (BE-036, SH-018,
WE-021). The tempera-
tures reported for heat
effects are in fair
agreecment. No reactions
were proposed however
and neither cthe gaseous
products nor the inter-~
mediates were analyzed.
The results agree fairly
well with Stern's esti-
mate of the range of
stability for the nitrate

Kelley (KE-021) stated
the hexahydrate is the
form that crystallizes
from water at ordinary
temperatures. He cal-
culated the free energy

(conc.)

DISCUSSION

of the dehydration reac-
tion at 300, 350, 400,
450 and 500°K,. The data
indicated that dehydra-
tion would be complete
near 450°K (172°C).

Free energy calculations
for (35) Indicated a
decomposition pressure
of 1 atm would be reach-
ed at 288°C.

Stern reports (36) and
37) were the reactions
or which decomposition
pressures were measured,
Reaction (36) should
probably be written

Ca(NO,), & Ca0 + N'oiae)
N;0, 2 NO + NO, (32

However, the temperatures
at which the decomposi-~
tion was studied were
below the reported melt-
ing point. his fact is
inconsistent with the
accepted idea that ni-
trate-nitrite melts are
relacivelx stable from
50 to 100° above their
melting point. The re-
ported trangition points
were taken from heating
curves and the nature

of the phases was not
described (ST-026).

Stern and Lee both dis-
cusged the 1953 work of
Oza and Oza. Only small
amounts of N, were de-
tected in agreement with
the reports of early
workers. This was ac-
counted for by the ex~
glnnuclon that at

igher temperatures the
reverse of (37) becomes
more important and there
exists less NO to react
as in (38). Note that
the reaction involving
the oxide and NO,, such
as reaction (33) for Mgo,
was not propos

{cont.)
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21.

22,

COMPOUND

Ca(x0,)
(conc ,

Ca(NQ; ), *H,0

COMPOUND

Ca(N0,), *H, 0
{cont.)

TRANSITIONS DECOMPOSITION
T(°C) Type pH(keal/mole) T(°C) Method/Comments  Products Reactions Ref.
420-450 The decomposi- NO, N, 4Ca(NO )a @ ZCa(NO,), ST-026
tion in this cad’% LE-005
:emperacure
range was stud-
ied in argon,
air, and under
vacuum. Recac=
tion (39) be-
comes important
in this range.
Tempera N 2Ca0 + 4NO, 2 Ca(NO. LE-005
tures NB NO, + Ca(NO,): “ %;3
above
the de- Ca(NO,), 2 Ca(NO,)Z 0
composk
tion
tempera
ture of
the ni-
trate.
The nitrite, Mostly Ca(NO,), # Ca0 + NO 0z-003
mixed with char- NO. + No, (3
coal, was evac- Some N,
uated and heat- and N, 3 C N0 2 COt ?Zg
ed in stages to  CO, only )
400°. The pas- at 280, C + 2NO, @ CO,+ 2NO
eous products CaC0,; (43)
were analyzed Ca0.
as well as the C + 280 2 COp+ Nié@
solid residue.
o
80 Dehydration Ca0 + CO, & CaCO, @s)
(3/4 the water). 2 480, @ Ca(NO
: Cal + a(N
280 €O, first cvolw- 2
ed> "Also NO and + Ca(x0, ), (“dg
N,. N0 analy-
sis not perform-
ed. Nitrite de-
composition be~
gan at this
cemperature.
350 NO, N, evolved.
No N,B present.
400 NO and N, evolv-
ed in greater
quantities.
(cont.) (eont.) (cont.) (cont.)
TRANSITIONS DECOMPOSITION
T(°C) Type pH(kcalfmole) T(°C) Method/Comments Products Reactions Ref.
0.2 A mixture of NO  Ca(NO,), CaO + 2NO + %O 0Z-004
and NO, was - Ca(NO,
passed slowly
over Ca0 for 1-2
hours, The gas
phase was ana-
lyzed only for
total nitrogen
oxides. The
temperature was
low to prevent
decomposition
of nitrites, {f
formed.
360 The nitrite was Mostly 0Z-004
decomposed at NO, Sme
this temperature NO,.
for periods of 1, Very
2, 3, and 4 hours little
The gaseous pro- N,. No
ducts were re- analy~-
moved, sis
made for
.0,
500 Nitrite decom- Ca(NO, ), , 0Z-004
position was Ca0, gas

studied at this phase
temperature analyses
under the fol- not com=-
lowing condi- plete.
tions,

a) Gaseous
products not re-
moved.

b) Oxygen atmos-
phere,

¢) Vacuum,
In each experi-
ment, the resi~

due was analyzed
after 10 minutes

DISCUSSION

Stern and Lee also both
commented on the rate
studies of Protsenko and
Bordyushkova published

in 1965. The overall
stoichiometry in argon
was given by (39). The
nitrate is still relative
ly stable in the tempera-
ture range studied. The
decomposition rates in
air and vacuum were
greater than in argon.
Rate constants and an
activation energy were
calculated for (39).

The relative amounts of
the products formed in
this range depend on the
temperature and the dura-
tion of decomposition and
the amount of nitrite
undergoing decomposition
(LE-005). Lee suggests
that ultimately the ni+
trite decomposition rate
is dependent on the rate
of reactions involving
Ca(hO,)= and Ca0 in the
mel

Oza stated that carlier
workars have noticed
nitrite decomposition
beginning at 330 and 360
His work showed that the
decomposition begins at
280 wgen €O, was first
evolved. It is probably
slow at that temperature
and could go unnoticed
if the nitrogen oxides
reacted in the melt.

In the presence of char~
coal, however, the pro-
duct nitrogen oxides
would rather react to
form CO, than react with
€a0 or Ca(N0,),. 1In
fact, nitrate was found
in the residue only in
4 hour experiments at
410° when smaller
amounts of charcoal were
added,

A further result is tha
the nitrzte can be only
partially dehydrated witt
out decomposition.

cont.)

DISCUSSION

This experiment was per-
formed to test the va-
lidity of (36).

Ca(NO,), 2 Ca0 + NO + NO,
ala € (36)’

The conclusion was that,

since only nitrates were

formed by sorption, (36)

could not be the correct

way to describe the first
step in nitrite decompo-

sition.

The residue was analyzed
after 1, 2, 3, an
hours. Nxtrate produc-
tion decreased with time
while nitrite was con-
tinually used up and ox~
ide production increased.
Since the gaseous pro-
ducts were continually
removed, there must have
been some reaction in
the melt to-produce ni-
trate. Oza claimed
reaction of Ca0 and NO,
according to (46). The
oxidation of calcium
nitrite is also a possi-
bility, either by (37)
or (38).

The relative amounts of
Ca(NO,)a and Ca0 formed
under different condi-
tions were studied as
well as the rate of ni-
trate decomposition. The
rate was freacer in vac-
uum than in 0, or when
the gaseous products
were not removed., Natu-
rally the proportion of
nitrate formed per mole
of decomposed nitrite
was greatest in the O,
experiments since NO
could be oxidized to NO,.
The rate of deccmposicior
also increased when Ca0
was added to the nitrite
to be decomposed,
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TRANSITIONS

DECOMPOSITION

COMPOUND® T(°C) Type pH(kcal/mole) _Ref.
23, Ca(NG,), 561  S-L  5.09 LA-008

250-350

575

(cont.)

TRANSITIONS

T(°C) Method/Comments

Products

No experimental
measurements
performed,

Ca0 pellets were
packed into an
absorption cham-
ber and 10% NO,
in N, was circu-
lated at a rate
of 19 moles/hr,

The rate of reac-
tion (40) is max-
imum in this
temperature range.
Ca(NO,), is oxi-
dized to Ca(NOa)g
beginning at 250°

Lazarini and co-
workers cited
575°C from an
earlier publica-
tion by Addison

as the temperature
at which bubbles
appeared in a cal-
cium nitrate melt.

Lazarini also cited
this temperature
from Duval's TGA
measurements as the
one at which decom-
position began. He
stated_that it is
commonly found that
alkaline earth ni-
trates begin to de-
compose at temperas
tures below their
melting point.

Ca(N0,), was pre-
pared by drying the
tetrahydrate at 120
or 160°C for 24 hrs.
The decomposition of
the anhydrous salt
was studied on a
(cont.)

COMPOUND Ref. ~— T(°C)
23. Ca(NO,)
(cont.

T(°C) Type AH(kcal/mole)

455

Method/Comments  Products

thermobalance at
a heating rate
of 5°C/min. Gas-
eous reaction
products were
removed by a
flowing stream
of N,.
Decomposition
began at this
temperature.

Ca0,
gaseous
products
not ana-
lyzed,

Isothermal meas-
urcments of the
variation of
weight loss with
time were made
at 440, 450, 460
and 475. Gaseous
products were
removed,

Prolonged heat- O,,NO,
ing and degas- Na H

sing at 120 and neiéher
200 were used to N,, N,0
groduce the an- nor N;O,
drous salt. could

The decomposi- be detec-
tion was stud- ted. The
ied at tempera-  condensed
tures below the phase was
melting point not stud-
(470 to <550). ied.

Gaseous products
were removed
enly perindfcally.

TGRTL )

DECOMPOSITION

Reactions

Ca(NO,), = CaQ + 2N0
+

2Ca0 + 4NO,
+ Ca(NO, )g

Not given.

Ref,
ST-026

0, (479

2 Ca(NO AT-010
B((baga

LA-011
(Addi-
son)

LA-01]
(Duval)

LA-011

{cont.)

Reacrions Ref.

None given.

None given.

LA-011

BO-009

DISCUSSION

Stern (ST-026), finding
no data published prior
to 1964 on decomposition
‘of the anhydrous salt,
calculated thermodynamic
data for reaction (47)
from 25 to 527°C.

A dissociation pressure
of 0.6 atm was calculated
for 527°C although the
reported welting point
is 561°.

The rate of absorption
of NO, on Ca0 was stud-
fed and the products
were the nitrate and the
nitrite. These results
are in contrast to those
found at 0°C by Oza for
absorption of a mixture
of NO and NO,. Oza re-
ported no nitrite forma-
tion at all.

Frow the thermogram it
was evident that weight
loss began at 455°C. It
was not possible to
carry out the decomposi-~
tion at the 5°C/min.
rate because
cont.)

heatin

DISCUSSION

spattering occurred.
Therefore, it is not
known at what tempera-
ture the residue con-
sisted of oxide,

From the shape of the
weight loss curves ob-
tained isothermally, a
physical description of
the decomposition mech-
anism was obtained.
First the nitrate begins
to decompose to a limit-
ed extent. Then it be-
gins to melt and the
weight loss curve be-
comes linear. Gas bub-
bles were observed in
the melt. Finally the
solid phase (CaQ) crys-
tallizes from the melt
and at the same time the
weight reaches a constan
value, According to
Lazarini's mechanism,
the rate of decomposition
is limited by diffusion
of the gaseous decompo~
sition products (bubbleg)
at the phase boundary.
It is stated that the
surface area is reduced
by melting and then re-
mains constant, so that
a constant decomposition
rate results.

The decomposition was
slow at 470, but small
increases in temperature
caused a great increase
in reaction rate. The
amount of oxygen evolved
was constant throughout
the reaction. The pro-
duction of NO went
through a minimum in the
middle of the reaction;
at the same time, a max-
imum in NO, production
occurred.



—Zz—

-E:z-

TRANSTTIONS

DECOMPOSITION

COMPOUND T(°C) Type AH(kcal/mole) Ref.
23. Ca(NOy),
(cont’,

26, Ca(NO,), *nH,0

TRANSITIONS

T(°C) Method/Comments

480-500

550
581
642

26-126
126-215
215-315

315-435
{cont.)

Products Reactions Ref,

Decomposition was
continued by
raising the tem-
perature (still
below the melt-
ing point) until
no more gas evo-
lution was no-
ticed. The de-
compaosition was
slow, no melting
or spatcering
occurred, and the
product was in
the form of well
distinguished
crystals.

The decomposi- Not Not given. SH-017
tion was stud- given.

ied by therwo-

gravimetry at

a heating rate

of 6-9%/min.

The decompo-

sition was

found to take

place in this

temperature

range.

DTA was used "nitrous None given G0-014
to study Ca(NO,), fumes"

decomposition.

The heating rate

was 15°C/min.

Endotherms were

recorded at 552,

609, and 642.

Fusion
Rapid bubbling.

Rapid evolution
of nitrous
fumes.

Not des- None given. GL-008

cribed.

The following
temperature
ranges of sta-
bility were
found for the
hydrates.

Tetrahydrate
Trihydrate
Dihydrate

Monohydrate

{cont. (cont.) {cont.) (cont.)

DECOMPOSITION

COMPOUND

26, €a(NOy), -nH,0
(cont.)

T(°C) Type pH(kcal/mole) Ref.

T(°C)

Method/Comments  Products

435

»500

50
130
160

(cont.)

Anhydrous ni-
trate

Nitrate decom-
position.

Ca(NO,), @ Ca0 + 2ND, KE-021
+ k00 ° 73

Thermogravimet-  Ca0, gas None given. WE-021

Reactions Ref.

ric analysis was
used to study
the decomposi-
tion of the tet-
rahydrate. The
heating rate

was 5°C/min. and
a slow stream of
air was passed
through the fur-
nace. The fol-
lowing tempera-

tures of interest

were noted.

Began losing
water.,

Formation
Ca(NO,),+ 3H,0
Formation
€a(N0,),+ 2H,0
(cont.)

phase
not stud~
ied.

DISCUSSION

No comments were made
in the abstract con-
cerning the composition
of the residue or the
gaseous production.

See discussion for
Sr(N0;)g, (No. 26).

This work was done in a
study of the evaporation
and crystallization of
solutions containing
nitrates, carbonates,
and sulfates.

{cont.)

DISCUSSION

Kelley reported the tet-
rahydrate crystallizes
from water at ordinary
temperatures. This is
in agreement with Glae
dushko (GL-008), Kelley
also states that the
tetrahydrate can be de-
hydrated without decom-
position and that the
dehydration sequence in-
volves the tetrahydrate,
the trihydrate and the
dihydrate with no forma-
tion of the monohydrate.
These results are in
contrast to those of
Gladusko (GL-008) who
reported the formation
of the monohydrate in
the range 315-435.
Kelley calculated the
free energy of (47) as

a function of tempera-
ture up to about 600°C.
He found that the de-
composition pressure
becomes 1 atm at 544°C
if the N, forming reac-
tion is neglected.

Wendlandt's results for
the range of stability
of the anhydrous salt
agree with those of
Gladushko (GL-008).
However, no evidence of
monohydrate formation
was found, The tempera-
tures of formation for
the tri- and dihydrates
were quite easily dis-
tinguished from the heat
ing curve. WNote that
Lazarini reported he

was unable to carry out
the decomposition at a
heating rate of 5°C/wmin,
the same as used by
Wendlandt, because of
spattering.



COMPOUND
24, ca(NO,g,'nH,O
(cont,
25. Sr(NO,),
U
N
5
!
26. Sr(NO,),
COMPOUND
26. Sr(NO,),
(cont.)
U
N
(9,
]

TRANSITIONS

DECOMPOSITION

T(°C) Type pH(kcal/mole)

274
285
421
385

5-S
5-S
5-1
s-L

645 10.65

618
605
605

645

TRANSITIONS

Ref.

ST-026

LA-008
ST-026

ST-026
ST-026
LA-011

T(°C)
220-425

645

264

550

640

615,672

Method/Comments  Products
Anhydrous salt

stable in this

region.

No further
weight loss.

Not given
.by Stern
or Lee.

Decomposition

measureable at
this tempera-

ture,

Decomposition
temperature
reported by Oza
(8T-026, LE-005)

Oxide formation

When
nitrate
is sta-
ble: NO,
NO, , SrO0,
Sr(NOz),.
At high-
er tem<
peratures:

The kinetics
were studied
at 420 and 450
where the ni-
trate is still
stable.

2 33
NO, NO,
Sr0, and
Sr(NO,)q .

Stern cited
these tempera-
tures as those
reported by
different
authors for
the beginning
of decomposi-
tion as evi-
denced by
(cont.)

Reactiong

@ Sr0 + NO

Sr(NO,
(48)

+ NBZ'
Sr(NO, ), + NO
;(Sr ng,),-a—'N,
Sr(NO,) o+ 2N0
3 SriNDy ), + Ny

Sr0 + 2NO.+ %0,
2 Sr(N0,5, (51)

NO, # NO + %0,  (52)

(49)
(50)

4Sr(NO,), # 25r(NO,)
+ 2500 + 280+N, (53}

Sr(NO,), 2 Sr(No,)(gA)

DECOMPOSITION

T(°C) TIype AH(kcpl[mole)

Ref,

I(°C)

580-600

480

680

280

280-440

440-510

645

Method/Comments = Products

bubbles appear-
ing in the melt.

None
glven.

TGA was used to
study the de-
composition of
the anhydrous
salt at a heat-
ing rate of
6-9° /minute.

Decomposition
temperature

None
given.

TGA was used at
a heating rate
of 5°C/minute.
Gaseous products
were removed by
a flowing stream
of nitrogen.

First notice-
able weight loss.

Constant weight.
Isothermal meas-
urements of
weight loss ys.
time were made
at 480, 500,

520 and 540.

None
given.

TCA was used at
a heating rate
of 5.4°C/minute.
Reaction products
were removed in
a slow stream of
air. Thermal
effects were
noted at the
following tem-
peratures.

Anhydrous salt

atable to this
temperature.

Rapid weight
loss.

Constant weight
of unknown com-
position.

No further weight
loss, oxide form-
ed.

Ref.

ST-026
LE-005

LE-005
ST-026

ST-026

Reactions

None given.

None given.

None given.

Ref.

SH-017

LA-011

WE-021

DISCUSSION

Stern and Lee both
comment on the work of
Oza and Patel. Both

the gas phase and the
condensed phases were
analyzed. The wechanism
in (48) through (52) was
proposed., The equilibria
in (50) and (51) are
apparently quite tempera-
ture dependent. Oza
pointed out that for (51)
the equilibrium {s on the
side of nitrate forma-
tion up to 640° and ox-
ide formation above that
temperature. Stern re-
marked that for an
earlier decomposition
study carried out at tem
peratures up to 369, no
N, formation was reported
He concluded that reac-
tion (50) does not become
{mportant until higher
temperatures are reached.

The kinetic study of
Protsenko and Bordyush-
kova was discussed by
Lee and Stern. The over-
all reaction was reported
as (53) while (54) was
proposed to account for
the presence of oxygen
in the reaction products.
This differs from the
work of Oza who proposed
that oxygen was produced
by the dissociation of
NO; as in reaction (52).

Stern reported that there
was disagreement on the
temperature of both the
melting point and the
beginning of decomposi-
tion. He found no detail
ed studies on the decom-
position of the anhydrous
salt published up tol964.

DISCUSSION

Calcium and barium nitrates
were also studied in this
work. The decomposition
temperature for the stron-
tium salt should be'be-
tween that for the calcium
and barium salts. Shargo-
rodskil found, however,
that strontium nitrate
decomposed at a higher
temperature than elither
calcium or barium.

Lazarini proposed the same
course of reaction as that
described for the decom-
position of calcium ni-
trate: some decowposition
before the melting point,
mwelting with decomposi-
tion, and crystallization
of the oxide. The fact
that decomposition occurr-
ed before the melting
polnt was suggested to
account for the discrep-
anclies in reported melt-
ing points.

The composition of the
solid phase stable in

the range 440-510 is un-
known. The percent weight
loss did not correspond

to either formation of

the nitrite or a basic
nitrate. It is interest-
ing to note that Lazarini
reported no weight loss

up to 480, but he did cite
the work of an earlier
publication according to
which slow decomgoai:ion
was noted at 280
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COMPOUND
26. Sr(NO,;,
(cont.
27. Ba(NO, ),
COMPOUND
27. Ba(NOy),
(cont.)
28. Ba(NO,),

TRANSITIONS DECOMPOSITION
I(°C) Iype pH(kcal/mole) _Ref. ~ _T(°C) Method/Comments Products Reactions Ref. DISCUSSION
DITA was used to Igicrous None given. GO-014 Afpgysical description
study the de- umes, of decomposition was given
composition. for calcium, strontium
The heating and barium nitrates. At
rate was 15°C/ temper atures up to 50°
minute., Tem=~ above the melting point
peratures for bubbling occurs. About
endotherms were 50° above the temperature
620 and 726. of first visible bubbling,
decomposition to the oxide
618 Fusion and nitrogen oxides occurs
635 Slight evolu- accompanied by a strong
tion of brown endotherm and rapid evolu-
nitrous fumes. tion of nitrous fumes.
672 Vigorous bub-
bling.
715 Rapid evolution
of brown nitrous
fumes.
203 §-S ST-026 250 Decomposition At low Ba(NO,); @ BaO + NO, ST-026 Decomposition has been
230 $-S has been noted tempera- + Na (55) LE-005 observgd as low as 250°C,
as low as this tures, Ba(NO, ).+ 2NO 3 Ba(NO, ) which is probably why
262~ §-L temperature. mostly 1 280° (56)’ there is wide disagree-
284 NO and ment in reported values
400 The reaction a little BaO + 3NO 3 Ba(NO,), for the melting point,
becween Ba0 and  y,, Ac + AN, [65)) Rate studies as 410-440°C
2 tempera- showed rate to vary in
important above tures Ba(NO,), @ Ba(NO,)g the order air > vacuum >
this tempera- high e- + 0, (58) argon
ture. & gon.
nough
525 The nitrate for the
begins to slow- nitrate
lz decompose at  to de-
this tempera- compose
ture. NO, and
0, are
also
formed.
The decamposi; At 400° See reactions 55-58, 0Z-002 ghis workdwas revigwed
tion was studied the y Lee and Stern, but
over the range products many of the results were
400-550. The are most~ not discussed. Oza con-
effects of time, 1ly NO cluded that the reactions
mass ofls:arsing wéCh agme oic:riin the xgelt simf:e
material, an NO, an with increased mass o
addicion’of ni- N a At starting material more
trate were also 530‘ the nitrate is produced and
studied. amount of lesg nigrogen oxides(gr;s
NO; in- produced., Reaction (57
400 Reaction is creases. was proposed as the metho¢
slow. of N, production with the
550 Nitrate decom~ reaction occurring mainly
position be- in the melt. Reaction
comes important. (§7\ "Bi g%%?g to take
(cont.) (cont.) (cont.) (cont.) (cont.) place a (cont 3
TRANSITIONS DECOMPOSITION
I(°C) 1Iype gHgkcal[mole! Ref. T(°C) Method/Comments  Products Reactions _Ref. DISCUSSION
A TGA study un-  Gaseous 2Ba(NO,), @# Ba(NO,) PA-013 These studies were per-
der vacuum was products -+ Ba0 + &N, (Sg) formed under nonequili-
carried out from not ana- brium conditions with
(9:0 to 700°C. lyzed. B:(gg:)' # Ba0 + %‘6{83 %asegli.\s ngg\).\cgs ;emréwed.
ases were re- eaction § jus
moved from the the sum of 2 times (55)
condensed phase. plus (56) plus (57).
The solid pro- Reaction (60) was pro-
ducts were posed for nitrate de-
studied using composition but was not
IR methods. verified experimentally.
The following
was found:
90-150 Nitrate forma-
tion with
stoichiometry
as in reaction
(59).
150-450 Constant weight.
450-600 Weight loss,
oxide formation
according to
proposed reac-
tion (60).
The reaction Ba(NO, ).+ 2N, 0, 0Z-007 Reactions (61) and (62)
begwger(lNg,g). - BatN?),),-} 2N:0i61) ihoug;d alsg btia corf\sidefed
an a hla n the mechanism for ni-
was studied be- trite decomposition since
Low 350 and B:%:&gf’;"' B“(N‘(’ggg they might take place in
that of N;0, the melt. The nitrite
+ Ba0 below reaction is not apprecia-
500. The dura- ble until 300 and the ox~
tion of each ide reaction becomes
reaction was appreciable at 200.
30 minutes.
595 s-L 6.0 LA-008 525-550 Slow decom- Ba(NO,), & Ba(NO,), ST-026 Decomposition of the
e 1 co-014 posicien hac, * o ¢ Ligutd Juet sbove the
in this tem- overall: Decomposition pressur;s
perature Ba(_k‘;lg,)a 2 BaO + %23} for (60) were calcglated
range. + by Stern up to 800°K and
? extrapolated to 1100°K
and by Kelley (KE-021).
DTA wag usﬁd Ngne None given, G0-014 The value for melting
to study the given, temperature is lower than
decomposition the value reported in
of barium several compilations.
nitrate. The No decomposition was
following were noticed up to 588, which
noted. is in disagreement with
the work of Oza (0Z-005
< 587 No_thermal who reported nitx('ice )
effects. formation at 525.
588 Fusion (cont.) (cont.) (cont.) (cont.)

{cont.)



COMPOUND

TRANSITIONS

DECOMPOSITION

28. Ba(No,

-gz-

29,

30.

31.

32.

33.

|
| 3s,
\
|

-6z-

(cont.;'

THtanium
Nitrite

TL(NO,), 58

Vandium
Nitrite

COMPOUND

Vanadium
Nitrate

Chromiumn
Nitrite

Cr(NO, ),

Cr(NOy ), *9H,0

T(°C) Type pH(kcal/mole) _Ref.

T(°C)
605
661

692

555-600

540

ST-026 58

TRANSITIONS

Method/Comments

Slight bubbling.

Slight evolution
of nitrous fumes
(N0, ),

Rapid evolution
of nitrous fumes

(NQ, ).

TGA was used to
study the de~
composition at
a heating rate
of 6-9°C/minute.

This was estab~
lished as the
decomposition
temperature.

TGA was used to
study the de-
composition.
Reaction pro-
ducts were re-
moved by a
nitrogen stream.
Some isothermal
rate measure-
ments were
carried out at
460, 480 and
500.

Decomposition
temperature in
N, atmosphere.

Decomposition
temperature in
O, atmosphere.

Stable at least
up to this tem-
perature.

Products Reactions

Not
given,

None given.

BaO,
Ba0,

None given.

Ti0,, NO, None given
0,

DECOMPOSITION

Ref.

SH-017

LA-011

ST-026

DISCUSSION

Barium nitrate began to
decompose before strone
tium nitrate according

to this study.

BaQ, is still stable at
500 in N; and 540 in O,,
and it is always the reac-
tion product. The BaO
which results is oxidized
by the 0, produced from
NQ, dissolution. The
rate of decomposition

was said to be limited by
transfer of gas bubbles
through the gas-solid
interface.

No evidence for the
existence of this com-
pound was found,

No evidence was found for
the existence of thig
compound.

Ref,

I(°C) Zype pl(kcal/mole)

60

100

200

96

< 120

120-160

130

T{°C)

TGA was used in
a vacuum and in
N; atmosphere.

Rapid decompo-
sition begins.

The rate of
decomposition
is greatest at
this point.

The first plat-
eau correspond-
ing to Cr,0,
was reported at
this tempera-
ture.

Lowest sample

temperature at
which HNO, va-
pors were ob=

served,

First endo~
thermic effect
caused by the
melting of the
salt in its
water of crys-
tallization.

Interval dur-
ing which
second endo~
thermal effect
occurs. his
is due to the
simultaneous
boiling of the
melt and decom-
position of the
nitrate.
Maximum concen~
tration of HNO,
vapors (4.76%

Method/Comments = Products

Reactions

Cr,0, None given.

Spectro- None given,
metric
analysis
of gas-
eous pro-
ducts
showed
traces

of HNO,,
the con-
centration
of which
increased
with in-
creasing
tempera=~
ture.

recorded at this

temperature.

Ref,

ST-026

DISCUSSION

No evidence was found for
the existence of this com-
pound.

No evidence for the
existence of this com-
pound was found.

Stern reports that
although no stable inter-
mediate was observed be-
low 200°C in the thermo-
gram, the decomposition
may have involved a series
of unstable oxide nitrates

KA-022
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COMPOUND

35. Cr(NOy),°*9H.0
r :a)l 94,

(cont.

36. Manganese
Nitrite

37. Mn(NO,),

COMPOUND

37. lh(NO,g,
(cont.

38, Mn(NQ), *4H0

. NO
39 ygéjoa)n

DECOMPOSITION

I(°C) Type pH(kcal/mole) _Ref,

Method/Comments

TGA apparatus
was employed in
this stud{ with
a linear heat-
ing rate of
5.§°C/min. A
slow stream of
air was passed
through the
furnace.

Salt began to
lose water of
hydration,

A rapid weight
loss was ob-
served in this
range.

Constant weight.

Further weight
loss.

Constant weight
Cr,0, formed.

Decomposition
to a basic ni-
trate was
carried out in
presence of re-
ducing agent
such as alcohol
or acetone to
prevent convers=
sion of Cr(IlI)
to Cr(VI).

Decomposition
begins.

Another study
at 10°¢ mm
resulted in this
decomposition
temperature.

Rate of decom=~
position is
greatest at

this tempera-
ture when
reaction 1is
carried out

in an atmosphere
of dry N;.

Products Reactions Ref.

Analysis None given. WE-021
of the

gas phase

was not

carried

out.

Cr, (OH)y  Nb  RCr(NOG),-9K,0  MA-062
~ Cr, (OH),,.1NO,

£{°C) Type pH(kcal/mole) Ref,

Method/Comments

Some decomposi-
tion of the ni-
trate ocecurs.

TGA study of
stability and
kinetics in
static air,

16.6% measured
weight lcss
corresponding
to partial de-
hydration.

Weight loss
(58.5%)

Constant
weight,

Weight loss,
(10.2%).

A pyrolysis
study in a
‘hormal atmos-
phere' gave the
following re-
sults:

Decomposition
of tetrahydrate
during this
temperature
interval.

Further decom-
position.

Melting of the
nitrate in its
water of crys-
tallization.
Boiling of the
melt occurred
along with
partial remov-
al of the water.

{cont.)

HNO. [+]
2 + (3n-1)HNO,
+ (6n+1)H,O(s)
(63)
MnO, Ma(NOs), @ MnO,+ 2No3 5T-026
NO, (64) DE-024
MnO,,,
DECOMPOSITION
Products Reactions Ref.
Ka-023
Mn(NO,),'AH 0 LU-011
~ Ma(ND,), +2H,0
+ 28,0 (65)
Mn (N0, )
'ZHQOS 2
MnO, Mn{NO, ), “2H_,0
1,03’n0, - mo:#zu:{é +2N0
ts6)
Mn, 0, MO, ~ kMn,0,+ %0
oﬂﬂ 31 3 Chat ] 167)
LU-011
(HE-014)
8-Mno,
a-Mn_ O,
Spectro- None given. KA-022
metric
analysis
of gascous
products
showed
traces of
HNO,, the
concentra-
tion of
{cont.) (cont,) (cont.)

DISCUSSION

In the interval 250-380°C
a plateau was reached in
the thermogram. The com-
position of this phase
was unknown; however, the
author states that it did
not correspond to a basic
nitrate,

The author stated that
nitrate decomposition
proceeds via hydroxy-
nitrate intermediates,
By not allowing the de-
composition to go to
completion, the stable
intermediates were iden-
tified.

No evidence for the exis-
tence of this compound
was found.

Stern reported that con-
flicting opinions exist
on the type of bondin
in the molecule. Addison
and Gatehouse (AD-004)
characterized it as
cavalent, but Dehnicke
and Straehle (DE-024)
reported that the salt
had considerable ionic
character.,

Some disagreement also
exists on the composition
of the oxide produced by
thermal decomposition.
Stern gives reaction (€4)

DISCUSSION

Absorption of NO, by MnO,
was studied. The results
showed that the absorp-
tion efficiency decreased
with increasing tempera-
ture due to product de-
composition beginning at
50°C.

Lumme and Raivio (LU-011)
stated that during inves-
tigations of n-hydrates
carried out by Duval (DU-
009) and Dubois (DU-007,
DU-008), no stable inter-
mediate hydrates were
detected. Dubois found
an intermediate impure
dioxide MnO, ¢« at 280-
300°C, which changed to
Mn,0, and Mn,0, at higher
temperatures., Duval re-
ported the product at
700°C as Mn,O, .

The activation energies
for reaction (65), (66),
and (67) were reported
to be 9.3 + 0.3, 23.7 +
0.5, and 45.7 = 2 kecal/
wole respectively.

This investigation was
done by Hegedls (HE-014)
and reviewed by Lumme and
Raivio (LU-011). No sta-
ble ‘intermediate hydrate
was detected in this
study. The MnO, stable
temperature range was
found to be lower than
that reported in reference
(LU-011).

(cont.)
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OMPOUND

39. Ma(NO,)
“6H,0° "

(cont.)
40. Ferrous
Nitrite
41. Ferrous
Nitrate,
Anhydrous
42. Fe(NO,)
- end’
43. Ferric
Nitrice
44, Fe(NO,),
COMPOUND
44, Fe(NO,),
{cont.)
45. Fe(NO;),
*9H,0

TRANSITIONS

DECOMPOSITION

T(°C) Type pH(kecal/mole) _Ref. T(°C) Method/Comments Products Reactions Ref. DISCUSSION
145 Temperature at which None given. KA-022
which first HNO, increased
vapors were ob- with ine
served. creasing
tempera-
186 Decomposition
of the sample ture.
became inten~
sive, followed
by cooling to
215 Temperature at
which maximum
concentration of
HNO, vapors re-
corded (1.16%).
Mn(NO,),'6H,O(‘) KE-021 Using heats of formation
2 MnO,+ 2NO_+ 61,0 reported in the litera-
€ 3 2 (L) ture, Kelley calculated
(68) overall heats of decompo-
. sition (reactions 68 and
Hn(RO,), *6H, 0 69) at 298.2°K. He also
@ MnO,+ 2NO,+ 6H,0 estimated free energies
69) and equilibrium prassure-
temperature relationships
agsociated with the same
reactions.
No evidence for the exis-
tence of this compound was
found.
No evidence for the exis-
tence of this compound was
found.

60.5 S-L RO-007 No information concerning
the decomposition of this
compound was found
No evidence was found for
the existence of this
compound.

35- s-L AN-008 100-250 Sample decom- AN-008 DTA analysis of catalyst

100 posed over this mixtures gave these re-

range in a DTA sults., The article was
study. not available in English,
and the f{dentity of the
compound for which these
data were reported is
questionable.
(cont.) {cont.) (cont.) (cont.) (cont.) (cort .)
TRANSITIONS DECOMPOSITION
T(°C) Type QH(kcal/mole) Ref. T(°C) Method/Comments = Products Reactions Ref. DISCUSSICN
Room Slow decomposi- L0-014 This investigation was
Tempera~ tion occurs. the first successful
ture attemptdto isolate the
" compound, It was report-
~ 70 gigédoggﬁg:posi Fo,0, ed to be a yellow-brown
under reduced involatile solid having
ressure low thermal stability.

P . Stern (ST-026) reported
that anhydrous ferric
nitrate had only been
prepared as the volatile
adduct Fe(NO,),'N;0,,
although Fe(NQ,), might
exist in the vapor state.

50.1 S-L RO-007 The stability and LU-010 Lumme and Junkkarinen
kinetics of decom (LU-010) reported an
position were activation energy of
studied using TGA 14.7 + 0.6 kcal/mole and

with a heatin; a reaction order of 0.55

rate of 330°C/hr. for reaction (71).

in an atmosphere

of static air.

50-139 Partial dehydra- Fe(NO,), Fe(NOa),'QHgo
tion occurs (189 +5H,0 - Fe(NO,),*2H, 0
% wt. loss.) + 4H,0 (70)
139-405 Turther weight afe, 0. Fe(NOy), 54,0
loss (74.4%)- NO, : 8’, - e’0:+ 5§‘O
and m8" #3803 %0, (1)
405-850 Constant weight.

84 First HNO, Spectro~ None given. KA-022 The HNO, observed at
vapors were de- metric 84°C could have been
tected. agalyses e: impgritylattacged tg

of gas- the original sample an
<120 522222e§3§°;o eous pro- does not necessarily
selting of the ducts mean that nitrate decom-
salt 1§ its showed position had begun
water of crys- ;ﬁgceja?f
tallization. por;.
120-160 Interval during

which simultan-

eous boiling of

the melt and de-

composition of

the nitrate

occurred,

163.5 Greatest HNO,

vapor concen-

tracion (11.52%)

was obgerved at

this point.

(cont.) (cont.) (cont.) {cont.) (cont.) (cont.)
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COMPOUND

45, g;i(l:lg,).

(cont.)

COMPOUND

45. TFe(NO,)
-91(1,0’ *
(cont.)

46, Co(ND,),

47. co(NO,),

48. Co(NO,
8 -6r(go’)‘

TRANSITIONS

I(C) Type pH(kcalfmole) _Ref.

=33
20
57

s-8
S-8
S-L

TRANSITIONS
T(°C) Type pH(kcgl/mole) Ref,

1.7
0.7

T(°C) Method/Comments Products

35

445

100-150

250

350

20-100

200

215-450

38

(cont.)

TGA study employ
ing a heating
rate of 5.4°C/
win, A slow
stream of air
removed the
gaseous products,
The following
thermal effects
were observed:

Salt began to
lose water of
hydration.

Constant, weight
achieved.

This TGA study
in air was
carried out in
two parts: L.
Programmed
heating rate of
5.6°C/min,, and
1I: Extended
Tun lasting ~
84 hours over a
430° tempera-
ture span.

Run I (20 to
0°C) :
Weight.loss be~

§an during this
nterval.

Decomposition
approaching
completion

Congtant weight

as shown on
thermogram,

Run I1_(20-450°C):

Weight loss be-
gan during this
interval.
Decomposition
fairly complete,
1.1% weight loss
recorded during
this interval.

Beging to lose
water of crys-
tallization.

(cont.)

DECOMPOSTTION

Reactions

None given,

3N0,+ H 0 - 2KNO
A ‘a2

a-Fe, 0,

a-Fey 0,
None given

H,0, NO,

(cont.) (cont.)

DECOMPOSITION

Ref.

WE-021

KE-026

DU-010

(cont.)

P0-012
P0O-012
RO-007

e
120

144

160

311-1000
~100

100-105

~170,
270

180

55-60

150-180
250-280

280-8u.

{cont.)

Method/Comments = Products Reactions

Red fumes given
off. Decompo-
sition begins,

Reaction becomes

intense.

Reaction slows
down as it
approaches this
temperature.
Last traces of
nitrogen oxides
observed.

Constant weight.

Decomposition
begins

Decomposition
begins.

Conflicting
reported teme
peratures at
which rate of
decomposition
is a maxioum.

Decomposition
in a vacuum
occurs at this
temperature,

DTA study car-
ried out with
0.1-0.15 g
samples. Heat-
ing rate was
15-17°C/min.
The following
thermal effects
were observed:

Melting in
water of crys-
tallization,

Evolution of
gaseous product,

Endothermal
<ffect.

Final product
is stable.

(cont.)

Fe, 0,
NO,

Co,0, None given.

Co,0,,

NO,, O

None given.

No,

Co,0,

(cont.) (cont.)

Ref,
DU-010

§T-026

ST-026

DE-024

SA~026

(cont.)

DISCUSSION

This investigator, in
contrast to Lumme (LU-010),
did not observe a stable
intermediate hydrate or
anhydrous nitrate.

This behavior of this
compound was described
as unique in that no red-
brown NQ, fumes were
detected. The author
proposed that the NO,
formed, if any, reacted
with excess water vapor
according to reaction
(73).

No stable intermediate
was detected in elither
run. The final product
was analyzed by X-ray
diffraction; the result
was in agreement with
all other studies with
the exception of that of
Duval (DU-010) discussed
below.

Note the lower decom-
position temperature
with apglication of the
slower heating rate.

The final product report-
ed by Duval is in dis-
agreement with the re-
sults of other investiga
tors (KE-026, (cont.)

DISCUSSION

LU-010, WE-021). The
temperature at which
constant weight is reach-
ed {8 ~ 100-150 degrees
lower than that reported
in several of the studies
(LU-010, WE-021) although
in fair agreement with
the third (KE-026).

Stern regards the exisg-
tence of this compound
as doubtful.

No intermediate is formed
in the decomposition.

Note that the thermal
effect at 150-180°C
reported in this investi-
gation corresponds to the
decomposition temperature
for the anhydrous salt
reported by Dehnicke and
Straehle (DE-024). No
explanation was made in
the abstract for the
effect at 250-80. It was
also reported that an
exothermic effect occurred
but the abstract does not
state at what temperature
it took place.

(cont.)
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COMPOUND
48. Co(NO,)
vt o’?

(cont.)

COMPOUND
48. Co(NO,)
“6H,0

00

Leont.)

49. NL(NO,),

50. NL(NO,),

TRANSITIONS

I(°C) Ivpe pH(kcal/mole)

TRANSITIONS

Ref.

T(°C) Method/Comments Products

50-233
233-280

280- ~
800

<50-227
227-315
315« ~
800

22-51

118-51

138

190-245

217.5

(cont.,)

The decomposi-
tion was studied
under air and
dynamic nitrogen
atmospheres us-
ing TGA. Th:
average heat
rate was ~ 5.g§6/
min.

In air, the
thermogram show-
ed the following:

38.7% weight
loss.

52,6% weight
loss.

Constant weight,

The nitrogen
atmosphere ther-
mogram was gimi-
lar:

34.2% weight
loss.

54,9% weight
loss.

Constant weight,

Endothermal ef=-
fect due to
melting of the
nitrate in the
water of crys-
tallization,

Endothermic
effect caused
by boiling of
the melt with
removal of
part of the
water of
crystalliza-
tion.

First appear-
ence of HNO,
vapors.
Intense decom-
position.
Temperature at
which greatest
concentration

(cont.)

Type AH(kcal/mole) _Ref,

T(°C) = Method/Comments Products

235-40

50

290

350

150
210

220

260

105

of HNO, vapors
(4.98%) was re-
corded.
Unexplained
thermal effect.

TGA was used to
study this com-

pound. The heat-
ing rate was 5.4°
C/min., A slow

stream of air

wag passed through

the furnace.

Dehydration be-
gins.

Oxide level
reached.

TGA was uged for
two types of runs
in air. Type I
runs were pro-
grammed runs at
a heating rate
of 5.8°C/min.

from 20 to 1040°C.

Type II was an
extended run
lasting 53 hours
from 20-350°C.

Type I Run:

Decomposition to
Co,0, completa.

Type II Run:
Red-brown fumes.

Decomposition
complete.

Temperature at
which decompo-
sition in vac-
uum occurs.

Compound is
stable in an
argon atmos-
phere up to
this tempera-
ture.

Decomposition
begins at this
temperature.

DECOMPOSITION
Reactions Ref.
LU-009
Co (NO, Co(NO, ), " 6H,0
H,0, e G c::(&oi),f%u,o
(73)
Co,0, Co(NOy), - ¥,C0,0
Noy,'0,  + 288} ¥,00 ° tw)
Co(NOy),;, Reaction (73)
H0
Co,0,, Reaction (74)
NO,, O,
Spectro~ KA-022
metric
analysis
of gas-
eous
products
showed
traces
of HNO,
vapors.
(cont.) (cont.) (cont.,)
DECOMPOSITION
Reactions Ref.
None given WE-021
Co,0,
NO, ) KE-026
cotbe”
ST-026
AD-005
NL(NOy), ST-026
NLO KA-014

Decomposition
occurs.

DISCUSSION

This study also generated
the activation energies
for reaction (73) in
static alr and dynamic
nitrogen atmospheres.
They are 9.7 2 1 and
11.4 = 1 keal/wole re-
spectively.

After losing all its
water of hydration be-
tween 50 and 233°C, the
salt decomposed directly
to Co 0, .

This study was reviewed
by Lumme and Junkkarinen
(LU-009) who reported
similar results,

(cont.)

DISCUSSTON

Wendlandt reported no
intermediate breaks in
the decomposition curve.
He also noted that the
winimun oxide level teme
perature for cobalt ni-
trate was the lowest of
all 15 compounds studied.
His results are similar
to thoge given by Lumme
(LU-009).

Constant weight is not
achieved at any stage
before complete decompo-
sition to cobalto-cobaltic
oxide,

An {ncrease in time, or
slower heating rate, was
found to lower the decom-
position temperature,

This compound is reported
to be slightly volatile,
It is grepared by reactior
of nickel carbonyl with
aseous N.O,. Addison
%AD-OOS) states that
reaction of the carbonyl
with liquid N, 0, results
in formation of the ni-
trate.

Kalinchenko, without cio
ing & reference, (cont.)
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TRANSITIONS DECOMPOSITION
!
COMPOUND T(°C) Type AH(kcal/mole _T(¢°C) Method/Comments ~ Products Reactionsg _Ref, DISCUSSION
reports that decompositim
30- ?:é:g.;. occurs at a much lower
* temperature than that
reported by Stern (ST-026)
He also states that dis-
agr t exists n-
ing the temgeratute
ranges whicl
correspond to the various
phases and the composition
of the phases.
DTA was carried SA-026
51. Ni(NO,), 56.7 &% out with 0.1~
61,0 50 s-L 0.15 g samples.
55 §-L Rate of heating
was 15-17°C/min,
up to 800°C.
TEe thermogram
showed 5 peaks:
50 Melting in
water of crys-
tallization.
136.7 Dehydration Ni (NO,)
y “3H, 0‘ 2
270,275, Further dehy-
340 dration takes
place.
800 Final product NiQ
identified.
TCGA study car- KE-026 The slower heating rate
ried out in air resulted in lower decom-
in two parts: pogicéonfcemperacures
and the formation of a
:&n g;;%;;f:zd stable intermediate not
a heating rate detected in the tempera-
of 5-6°C/min ture programmed run., The
from 20 to author states that evo-
4010°C lution of NO, fumes prior
N to 250°C suggests that
200 Weight loss )] nitrate decomposition
corresponding starts bafore 4 moles of
to slightly water are evolved,
more than one
H,0.
<250 Red brown fumes NO,
400 Decomposition NiO
essentially com-
plete,
>400 Constant weight.
I1. Extended run
lasting 77 hours,
36 minutes from
{cont.) {continued) (cont.) (cont.) {cont.) (econt.)
TRANSITIONS DECOMPOSITION
COMPOUND T(°C) Type pH(kcal/mole) Ref. T(°C Method/Comments = Products Reactions Ref. DISCUSSION
S1. Ni(NO,), 20 to 450°C,
*6H,0 210 Stable Ni com- Possibly
{cont.) pound. nickel
basic ni-
trate
with 1%
moles
H,0.
300 Decomposition NiO, NO,,
essentially H,0
complete.
DTA was used Ni(NO,),* nH,0 KA-013 The nitric acid vapors
in a water va- - xNi?NO,) «“yNL(OH), KA-014 evolved from 127 to 164
por-air atmose- +zH, 0 - fio (753 PU-002 were reported to have
phere. Heat- been an impurity in the
ing rate was starting material. The
5-7°C/min. author states that the
The melt was evolution of this impur-
analyzed after ity was what Karavaev
each thermal and Kirillov (KA-022)
effect. Gas- observed in their studies
eous products of the hydrated nitrates
were analyzed. of Al, Cré Fe, Mn, Co and
§ : Ni. The fact that Ni,O.
53 gﬁtzi“gflzr .- was not datected in the
tallizaciony reaction products was in
" contrast with other find-
10 Loss of 0.2 ings reviewed by the
moles water. author.
127-64  Unstable tet- HNO,
rahydrate
color change
from bluish
green to em~
erald green,
170 Trihydrate
190,210 Endothermal
235 effects mark-
ing the be-
ginning of
nitrate de-
composition
and further
loss of water.
257 Vigorous de- NL(NO,)
composition -1.168¢on),
of nitrate,
Yellow green
mass.
310-37 Decomposition NiO

of the hydroxide-
nitrate
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COMPOUND
51. Ni(NO,)
-61{,0’ 2

(cont.)

52. CuNo,

53. CuNO,

Sh. Cu(NO,),

COMPOUND
55. Cu(NO,),

56. Cu(NO,), *3H,0

TRANSITIONS DECOMPOSITION
T(°C) ZIype paH(kcal/mole) _Ref, T(°C) = Method/Comments Products Relctions Ref. DISCUSSION

TGA was used in NiO None given WE-021 Only one stgble hydrate
a slow stream of intermediate was observed
air. Gaseous
products were
not analyzed.

50 Loss of water of
hydration.

50-205 Rapid weight
logs.

205 Formation
N4 (NO ),

>205 Rapid weight
loss

505 Constant weight.

Experimental ectro- None given " KA-022
details not photo-
given in' gb- metric
stract. analysis
32-51 Melcingfig ggugas'
water of hy-
products
dration. showed

127-162 Partial de- traces of
hydration A

138 Observation vapors
of HNO, va-
pors.,

162~259 Decomposition
of nitrate.

235 Greatest con-
centration of
HNO, vapors
cbserved..

290-337 Unexplained
thermal
effect,

No evidence for the for-
mation of this compound
was found in the litera-
ture.
No evidence for the for-
mation of this compound
was found in the litera-
ture.
Stern (ST-026) states
that there are conflict-
ing reports concerning
the existence of this
compound.
TRANSITIONS DECOMPOSITIONS
I(°C) Zype pH(kcal/mole) _Ref. _T(°C)  Method/Comments Products Reactions _Ref, DISCUSSION
255 S-L §T-026 <227 Vaporization of NO,, 0, None given, ST-026 - Stern reports that the
180- S-C  15.€ the solid sale, vapor pressure of Cu(NOJ)
200 o . Only the solid has been determined,
phase undergoes
decomposition
in this range,

»227 Both solid and
vapor decompose
above this tem-~
perature.

325-75 Range-of study Cuo, NO,,'Cu++ + NO; @ Cu0 + qu KU-012 The mechanism and kinetics
in equimolar o, (76) gf decomposition in alka-
melt of NaNQ,- + - . metal melts were stud-
KNO, . ? NO7' + NO, 2 2N°'+(;5?3 ied. CuO was found to

catalyze reaction (77).
The author concluded that
possibly Cu0 might cata-
lyze any acid-base reac~
tion in nitrate solvents
where NOF {on is the
_u:ermediata species.
Other metal oxides might
act similarly.
This study was LU-008 The activation energies
carried out by for reactions (78 and
means of TGA at (79) were calculated to
a heating rate be 13.2 £ 2 and 48.4 x 2
of 5.5°C/win. kcal/mole respectively.
in static air. The reaction orders were
. also determined.
86-250 39.7% weight Cu (NO,)OH cu(Noﬁ)° 3H,0 “Some disagreement exists
loss. HNO, - Cu(NO,)OH + HNO g h i
+2H,0 78 concerning the composi-

250 Basic salt H,0 tion of the intermediate
formed. as reported in earlier

" - papers. Lumme and Junk-
250~305 46.8% welght Cu0 Cu(NO,)OH = Cu0 + 10, karinen (LU-008) stace
that most investigators

305-550 Thermogram agree that some sort of
shows nearly bagic nitrate 1 formed
constant weight, at 250 having a composi~-
corresponding tion of either Cu(NO,),. s
to Cu0 forma- OH, 4 or Cu(NO,)(OH).
tion. However Keely and Manor

(KE~026) report no basic

intermediate formation.
TGA was used in KE-026 Decomposition was com-
two types of pleted at a lower tem-
experiments. perature when the heat-

ing rate was considerabl
1. fx:cm 20 co resucad. No evidence fo;'

: the formation of an

200-250 Most of water Hbo' Cuo, oxynitrate was found.
loss occurred NO,
during this
interval,

(cont.) (cont.) (cont.) (cont.) (cont.) (cont.)
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TRANSITIONS DECOMPO.
COMPOUND T(°C) Type pH(kcal/mole Ref. T(°C)  Method/Comments  Products Reactions _Ref, DISCUSSION
56. Cu(NO,), *3H.0 350 Decomposi.tion
(conc?). ' essentially
complete,
IL. from 20
to 350):
210 Decomposition
complete
The decomposi-~ None given. WE-021 This investigator also
tion in a slow reported the formation
stream of air of a basic nitrate inter-
was studied wediate, although dif-
using TGA with ferent in composition
a heating rate from those mentioned
of 5.4°C/min. above.
The gaseous
products were
not analyzed.
70 Salt began to
dehydrate.
70-165 Rapid weight
loss.
165 Break in the Cu,0(NO, ),
curve corres-
pouding to a
basic nitrate.
165-325 Further dccom-
position was
observed.
325 Cu0 level. Cu0
DTA was employ- G0-014
ed by this in-
vestigator. No
attempt was made
to analyze pro-
ducts or propose
mechanisms. The
heating rate was
~ 15°C/min.
120 Dissolution.
~200 Initial appear-
ence of nitrous
fumes.
203 Rapid nitrous
fumes.
310-446 DTA curve showed
a change from
endothermal to
exothermal,
> 400 No further visi-
ble reaction.
TRANSITIONS DECOMPOSITION
COMPOUND I(°C) Iype pH(kcal/mole) _Ref.  _T(°C) Method/Comments Products Reactions Ref, DISCUSSION
56. Cu(NO,), 3RO ~ 480 Peak of exother-
(cont, mal portion of
curve with grad-
ual decrease to
761°C.
57. Cu(NO,), 25,4 S-L 8.7 LA-008 LU-008 This paper does not deal
*6H 0 directly with the hexahy-
drate, but rather with
the trihydrate. However
in a brief discussion of
reported intermediates
in the decomposition of
both salts, the authors
stated that formation of
the basic salts
Cu(NOy) o s (OH)y 455 and
Cu(NO,)q 5 (OH),.’s had
been reported, It was
also noted that the de-
composition behavior of
the hexahydrate in air
and vacuum is quite dif-
ferent from that of the
trihydrate, No further
details were given.
58. AgNO, Weight of sample 8C-029 A survey of the litera-
befone and after (Divers) ture on AgNO, decomposi-
heating was meas- tion was prepared in 1969
urcd in four bg J. W. Schneller (SC-
different atmos- 029). The contents of
pheres, this survey are given
85-140 Range of study. ::Sgrin chronological
I. Unsecaled AgNO, ~ Ag + NO, (80) The carliest study led
Vessel, restrict- or the investigation to the
ed alr flow. AgNO, - Ag + NO + %0 following conclusions:
(813 No AgO was formed. The
_ . nitrite decomposed ac-
i:i Sealed ves Zﬁggg, Ag + AgN?éz) cording to reaction (80),
. If NO, is not removed,
III. Open ves-~ 3AgNO, - 2Ag + AgNO it reacts with the sample
sel. + NO2+ NO @3 to form AgNO, and NO.
Decomposition NO_, NO, SC-029 These results indicated
took place in Agﬁq1 (Div-  that ¥, of the nitrogen
a vacuum; NO, ers & in the original sample
evolved was Shimid- went to NO,, and ¥,
trapped in a zu) formed nitrate and nitric
chilled receiv- oxide, From the informa-
ing flask. tion gained in several
side experiments, it was
concluded that AgNO,
formed from Ag and NO,,
No reaction between
(cont.) (cont.) (cont.) (cont.) (cont.) (cont.)
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58.

58.

COMPOUND

AgNO,

(cont

COMPOUND
AgNO

(cont

<)

o)

TRANSITIONS

DECOMPOSITION

T(°C) Type pH(kcal/mole) _Ref.

TRANSITIONS

T(°C)

Method/Comments  Products

Samples were
heated rapidly
in vacuum system,

I(°C) ZIype pH(kcal/mole) _Ref.

Reactions

Ref.

DISCUSSION

AgNO,+ NO, ~ AgNO

silver nitrite and NO,
was detected even after
prolonged contact.,

S5C-029 Oswald, in contrast to
186) (Oswald) -Divers (above), found

NO, and NO_, do

that
In addition.

react (84).

100 RA:i‘?f decom- he studied the rates of
pgs‘.kon was decomposition at various
slow. temperatures, The solid

130 Noticeable rate products of decomposition
of decomposi- were found to be predom-
tion. inantly ;ilver, with

. traces of AgNO,. No sil-
200 gfgé‘ decomposi- ver nitrite was found.
I, Study carried AgNO, ~ Ag + NO; (80) SC-029 Under the first set of
out at 195° un- (Cen-  experimental conditions,
der vacuum, gas- ter- reaction (80) went to
eous products szwer completion. However, if
remove, ggd . the ggs:ous product: ;e-
= ecin maine n contact wit
éfén 3:::?2331- AgNgb+ NO, A8N°z84) ski) the ::mple, t?gzgvergtlh
reaction was , whic
out under pres- 28gNO, - Ag + AgND is the sun of (80} and .
. + NO 32) (84). Reduction of NO,
to NO was visually ob-
Ag + NO, - AgNO, (B3) served during the course
of the decomposition,
Reaction (84) was in~
Dry NO, was passed AgNO,+ NO, - AgNO vestigated. A weight
over AgNO, for 7 + NO isa) increase corresponding
hours at 100° to 85.1% of (84) was
observed. Attempts to
observe the reverse of
reaction (84) falled.
- hisg stu-
Kinetic measure- 99.7% AgNO,~ Ag + NO, (80) SC-029 The results of t
me:ts ofmAgNOa NO_, ZASN; - Ag + ;gNO @lumen- dy along with those of
decomposition 0.3% NO NO (§2> thal & Centnerszwer and Checin-
were made by study« at 1 mm, + Checin- ski (above) confirmed
ing either volume 100% NO ski)  that (80) occurred in
change or pres- at 1atm. vacuo, while at atmos-
sure change. The phexic pressure (82)
composition of occurred. A combination
the gas was ana- of these two reactions
lyzed as a func- took place at inter-
tion of pressure, mediate pressures. They
(cont.) (cont.) (cont’.) (cont.) (cont.) (cont.)
DECOMPOSITION
I(°C) Method/Comments  Products Reactions Raf, DISCUSSION

128

{cont.)

Microscopic
study of decom-
position.

Ag,
AgNO, ,
NO

This was re- Ag.0,
ported as the NO, NO,
beginning of
decomposition

of pure AgNO,.

Ag, AgNO,
AgNO, , NO,
NO,

{cont.)

(cont.)(cont.)

also found that increas-
ing the pressure resulted
in a decreased initial
velocity, and that lower
decemposition temperatures
occurred at lower pres~
sures. They observed an
induction period in the
interval from 150 to 195°
C at congtant pressure,
Activation energles were
weasured in this range.

5C-029 They found that the de-

(Schaum

and

composition varied
according to the method

Becker) by which the crystals

NO, = AgNO,  5C-02
2ﬁguo' he + 28 d32) (ra

were grown,

9 A study of the thermody-

ndall, namics of decomposition

Manov,

and

Brown)

2AgNO, - 0 + NO
ﬁgno: A (86) (0za)

AgNO,+ NO - NO,
N, A8 a1

0, = AgNO,
ANO, + X0, - Ag %)

{cont,

at atmospheric pressure
according to reaction
(82) was carried out by
equilibrium vapor pres=
sure measurements. The
results confirmed that
the activities of AgNO,,
Ag, and AgNO, can be
taken as unity. The
relative amount of AgNO,
in contact with Ag +
AgNO, was found to have
no aignifican: effect on
the vapor pressure of NO,

SC-029 Reaction (86) had been

Ptoposed by 0za as the
‘primary stage" of ni~
trite decomposition., He
attempted to detect sil-
ver oxide in the decom-
position products of bothk
pure AgNO, and a mixture
of AgNO, and Ag, 0., No
Ag,0 was found {a either
case, He concluded that
(82) was the primary
stage, but that NO and
NO, attacked the oxide.

n another experiment
he was able to isolate
Ag.0 by decomposing the
nitrite in pure ongen
for 4 hours at 130°C.

A complex schepe of
reactions ?87-91) was
proposed to account for
tha products found.

The silver. oxide formed
) (cont.
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58.

58,

59.

NO,
(ﬁﬁncf)

COMPOUND

NO,
(2§ntf)

AgRO,

DISCUSSION

in the primary decomposi-
tion reaction was said

to react with NO to pro-
duce mainly AgNO,.

The effect of crystal
size on the rate of ther-
mal decomposition was
investigated. An optimum
size was reported. The
temperature range studied
for decomposition was 70
to 105.

At high temperatures
the difference in the
rate of decomposition
between large and small
crystals was much less
than the difference at
low temperatures.

The effect of additives
on AgNO, decomposition

was investigated. Ni0

and Ni 0, were reported
to accelerate the reac-
tion; V,0,, ThO,, CdO,

and WO, had no effect;

Ag,0, Cul, and Li,0 de-
creased the rate.

This investigation of the
kinetics of thermal de-
composition of AgNO,
employed both unirradia-
ted and irradiated salts.
The decomposition curves
were linear in the 15 to
457% weight loss region.
The contacting envelope
mechanism was verified

by wicroscopic observa-
tion, and a kinetically
descriptive equation was
derived. Exposure to
cobalt-60 gamma radiation
had an unusual stabilizing
effect on the salt; a
wechanism was groposed to
explain this phenomenon,

Stern reports that the
investigation of the
decomposition of this
salt is in the prelimin-
ary stages. The kinetics

(cont.)

DISUCSSION

TRANSITIONS DECOMPOSITION
COMPOUND IC) Zvpe plH(kcal/mole) _Ref, _T(°C) Method/Comments  Products Reactions Ref,
Ag,0 + NO, - Ag,
+ NO 89)
NO, NO,
Ag, 0o s | AgNO
+ Agiio; 0)
Ag,0 + NO, - AgNO,
+ag ton

90 Decomposition 5C-029

temperature. (Boldy-
rev &
Erosh-
kin
1964)
§C~029
(Boldy-
rev, &
Erosh-
kin,
1966)

The kinetics of Ag, SC-029

thermal decompo- NO,

sition were

studied under

vacuum with con~

tinuous evacua-

tion. The ir-

radiated and

unirradiated

samples were

placed in a

quartz or alu-

‘minum boat.

120 Decomposes at Ag, NO, ST-026
this tempera- PA-013
ture. TGA was
used.

(cont.) (cont.) {cont,) (cont.) (cont.,)

TRANSITIONS DECOMPOSITION
T(°C) Type pH(kcal/mole) _Ref. T(°C Method/Comments =~ Products Reactions Ref.

128 NO, begins to  Ag,0, 24gNO, - Ag,0 + NO 02-006
g%co&pose form= Nof and + NOZ ? (86)
ing Ag,0, NO, NO,
and NO, .

130 NO, oxidized AgNOQ, AgNO,+ NO, - AgNO,

Q‘? N, to AgNO,. and NO + N0 t84)
130 and Silver oxide Ag,0 + NO, - AgNO
above  reacts with NO,. +Ag to1)
160 S-S 0,66 RO-007  >127 Ag,0 is very 2AgNO, = Ag 0 + 2NO §T-026
unstable above + %0, (95)
0.609 LA-008 this tempera- :
0.57 ST-026 ture. 280, = 20 + 0, (93)
0.55 AD-002 210 AgNO, melcs. 248N0, = 24g + %4
s 2
159.4 S-5 0.561 RE-006  240-250 Ezgg:g:sltion Ag,0 = 2Ag + ¥°= (95)
210 S-L  2.76 JA-013 appreciable.
209.6 S-L 2,96 JA-012
210 s-L  2.98 ST-026
214 s-L G0-014
NO,, O, PA-013
and
either
Ag or
4g,0
DTA was used G0-014
from 50 to
744 at heating
rate of 15°C/
win. No pro-
duct analysis
(cont.) (cont. (cont.) (cont.) (cont.)

are reported to be first-
order, and an activation
energy of ~ 25kJ/mole
has been reported.

Oza studied the action
of NO, on AgNO, and its
decomposition products,
Reaction (91) is negligi-
ble at 130°C but contri-
butes considerably at
higher temperatures.
Reaction (86) is not con-
sidered to be the true
decomposition mechanism
by wany investigators
because no Ag,0 is de-
tected in the reaction
products,

Stern reports that the
decomposition equilibria
of this system is compli-
cated by the thermal
instability of Ag,0. De-
composition is reported
to be negligible below
its melting point, but
becomes appreciable above
it. Partial pressures
for AgNO, decomposition
were calculated at 298,
400, 500, 600, and 700°K.
The total pressure at
327°C = 0.509 and at
427°C = 1,94 atm,

Kinetic studies showed
that there was an induc-
tion time at lower
temperatures (~ 1 hour at
450°C) which decreased
with increasing temperg-
ture. At relatively
high temperatures or
beyond the induction
period, the decomposition
was first order. At
520°C, the activation
energy was reported to be
~ 14 z 2 kcal/mole.

{cont.)
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COMPOUND

59. NO.
(2§ncf)

60. Zinc
Nitrite

61, za(N0,),

62. 2Zn(NO
-61(1,0’)‘

COMPOUND
62. Zn(NO,)
6 oa 2

(cont.)

63. c€a(No,),

64, CA(NO.)
‘2H=0‘ s

TRANSITIONS DECOMPOSITION

T(°C) Type pH(kcal/mole) _Ref. T(°C) Method/Comments = Products Reactions Ref, DISCUSSION
was performed.

214 Fusion

305 Rapid bubbling
occurred.

469 Rapid nitrous
fumes were ob-
served.

TGA was used,

444 AgNO, was report- Ag,''ni- DU-011 This decomposition tem-
ed to be stable trous perature is in general
up to this tem- wvapors", agreement with most other
perature, at HNO, studies (PA-013, GO-014).
which sudden vapors. However Stern reports a
evolution of much lower value.
nitrous vapors
occurred.

608 Formation of
metallic silver.

No evidence for the
existence of this com-
ound was found in the
iterature.

100 Stable up to Zn(NO,), 3 2Zn0 + 2NO, ST-026
this point. + %0, (96)

240 Slight decom-
position.

>240 Decomposition Zn0,
becomes in- s Op
creasingly
rapid,

36.1 s-L RO-007 TGA was used to  Zn0 None given WE-021 The gaseous decomposition
study the decom~ product was assumed to
position of this be NO, since the reaction
hydrated nitrate was carried out in a
in air. The slow stream of air,
heating rate was
5.4°C/min.

40 Salt began to
dehydrate.

160 Intermediate
product, Zn(NO,),

340 Constant weight,
formation of 2nO.

(cont.) (cont.) {cont.) (cont.) {cont.) (cont.)

TRANSITIONS DECOMPOSITION
. I(°C) ZIype pH(kcal/mole) _Ref. I(°C) . Method/Comments Products Reactions _Ref, DISCUSSION

DTA was used to  NO,, HNO, None given, 60-014
study the beha-
vior of this
salt from 40 to
740. A heating
rate of 15°C/min.
was employed.

42 Hydrate dissolu=-
tion,

281 Slight 'nitrous
fumes" (brown
NO, and nitric
acid).

332 Rapid "nitrous
fumes".

470 Thermal reaction
complete,

25-30 Thermal effects SH-018 The abstract of this
120-160 were reported at paper stated that the
290-295 these tempera- thermal effects record-

- tures from a ed were due to dehydra-

TGA study. tion, fusgion, or decom-

position. A comparison
of these results with
those above shows the
first effect grobably is
hgdrate digsolution,
the second corresponds
to dehydration (WE-021),
and the third to nitrate
decomgosition {G0-014,
WE-021).

"PR-010 This compound slightly
contaminated with the
basic salt is reported
to decompose slowly in
alr with evolution of
nitrogen oxides and for-
mation of a water-insolu-
ble mass containing a
oixture of basic salts.

TGA study from PR-010
0 to 500°C,
44 The dihydrate H0
melts with
partial loss of
water.

119 Dehydration
complete Cd(Noﬂ),

(cont.) (cont.) (cont.) (cont.) (cont.) (cont.)
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TRANSITIONS

DECOMPOSITION

COMPOUND T(°C) Type pH(kcal/mole) _Ref.

(0

Method/Conments  Products Reactions Ref.,

64. Cd(NO,), 247
*2H,0

{cont.)

65. Cd(NO,), 360 s-L 4.3 ST-026 300

66. cz(t\'o,), 59.5 S-L 7.8 RO-007
“4H,0

Hy

50

220-280
> 280

435

(cont.)

TRANSITIONS

Basic
salts.

Endothermic
effect due to
nitrice decom-
position and
formation of
basic salts.

Decomposition
of basic salts.

Formation of ¢do
final product.

Rapid decompo~ ST-026
sition takes
place above
this tempera-
ture,

€do, NO,, 2Cd(NOj), @ 2CdO
o, + N0+ 0,

BA-040

TGA was used in WE-021
this investiga-
tion. The heat-
ing rate was 5.4°C/
min. and the
reaction took
place in a slow
stream of air.

The following
temperatures

of interest were
reported:

Salt began to
lose water of
hydration, fol-
lowed by rapid
weight loss.

None given

Constant weight. Cd(NO,),

Nitrogen oxides
evolved.

Oxide level €do

{cont.) {cont.) (cont.)

(cont.)

DECOMPOSITION

COMPOUND
66. CA(NO,)
H0'"?

T(°C) ZType pH(kcal/mole) _Ref.

(cont.)

66
345

379

540

30-50
110-200
350-80

67. AL(ND,),

68. AL(NO,),

69. AL(NO,),°9H,0

(cont.)

T(°C

150-450

Method/Comments Reactions Ref.

GO-014

Products

The mothod em-
ployed in this
study was DTA,
The standard
employed was
alumina and the
hcatin§ rate
was 15°C/min,
Both thermograms
and visual obser-
vations were
reported.

Hydrate solution.

Slight “nitrous"
fumes (brown NO,)
Rapid "nitrous"
fumes.
Decomposition
complete.

None given

This TGA study SH-018
resulted in
three thermal

effects,

ST-026

Temperature alumina AB-003
range in the reac HNO,,

tion chamber in H,0, Ny04
uhich dECRROS (conc.)

(cont.) (cont.)

DISCUSSION

The decomposition is
reported to be reversible
and to yield no inter-
wediates.

The effect of 5 mole%
addition of Ni, Pb, Zn,
and Ag nitrates on
Cd(NO,), decomposition
was investigated. All
additives were reported
to have decreased the
decomposition tempera-
ture from 360°C to 335-
45°C and to have in-
creased the rate of
reaction. Note that 360°C
was reported by Stern
(ST-026) as the melting
point.

The gaseous products
were assumed to be NO,
since the reaction took
place in air.

(conc.)

DISCUSSION

The abstract of the paper
did not specifically ider
tify the thermal effects.
It stated that all effects
were due to either dehy-
dration, fusion, or de-
composition. If compared
to the results above
(WE-021, GO-014), it
appears that the first
effect 1s due to fusion
of the nitrate in its
water of crystallization
The second effect corres-
ponds to dehydration, and
the last to nitrate
decomposition,

No evidence for the
existence of this com~
pound was found.

This compound has been
prepared by vacuum sub-
limation of its adduct
with N,0,. It condensed
as a wﬁlte powder at
-78°C. None of its pro-
perties have been meas-
ured as yet.

Time, temperature, and

steam ratlo were varied

in this study to deter-

mine optimal conditions
(cont.)



TRANSITIONS DECOMPOSITION
COMPOUND T(°C) Type pH(kcal/mole) _Ref, I(°C) Method/Comments  Products Reactions Ref. DISCUSSION
69, AL(NO,),-9H,0 tion occurred for nitrogen recovery
(cont, in the presence in the form of HNO,. It
of steam. was found that in the
presence of steam, N Oy
was formed which i{s easily
converted to HNO,.
DTA was used. AL(NOy) 4 9H,0 DR-002 This study was undertaken
- to determine the sequence
70-400 Bfg gnd::_}c\sl_'m 70-100° of phase conversions dur-
P * 2 ing thermal decomposition
70-110 I. Dehydration AL(NO,), AL(NO,),* 6H,0 in air. The dependence
to lower hydrate. <6H,0 6 o of the rates of these
. 160-18i processes on temperature
Ho *I‘ié“igg‘{:l e nAL,0,° mN,0,* pH,0 The Foltoving merhods
moisture. L 20 ° PH, e toliowing methods
were emploze :  thermal
160-180 III. Decompo- 200-400° analysis, high tempera-
sition to basic ture X-ray diffraction,
salts. Al,0, amorph. (98) IR spectroscopy, optical
>200 Formation of a- chstallography, and
morphous sub- others.
stance.
390 Completion of Al 0,
decomposition
and formation
of oxide.
AL(NO,), 98,0 Al, (OH); 3AL(NO,),°9H_O MA~042 The decomposition was
was heid I:Ea : Y ?Oﬁ).gb, halted at this tempera-
! temperature of + QHND,( > 19H,0 ture to determine the
E 150 for 5 to 8 (99 composition of the stable,
1 10 hours until intermediate basic nitram.
evolution of
HNO, vapor
ceased.
95 First appear- Spectro~ KA-022
ance of HNO, metric
vapors. a;\alysis
<120 Melting in of gas-
its water of ;gggucts
crystallization, showed
120-160 Simultaneous traces
boiling of the of HNO,.
melt and de-
composition of
the nitrate.
137 Maximum cone
centration
(6.78%) HNO,
vapors record-
ed at this
temperature.
308-336 Unexplained
endothermic
ffect.
(cont.) © (econr..) (cont.) {cont.) {cont.) (cont.)
TRANSITIONS DECOMPOSITION
COMPOUND I(°C) Type pH(kcal/mole) _Ref. T(°C) Method/Comments  Products Reactions Ref. DISCUSSION
69. Al(NO,;,'QH,O TGA was used to  No analy- Nonae given. WE-021 No evidence for the
(cont, study the decom- sis of anhydrous nitrate or any
position in air gaseous other stable intermediate
with a heatin products. was found in this study.
rate of 5.4°C
min. The follow-
ing temperatures
of interest were
reported:
50 Slow loss of H,0
water,
90 Weight loss
became rapid.
460 Oxide level. A1,0,
70. Gallium No evidence for the
Nitrite existence of this com-
pound was found.
71. Ga(NO,), 40 Dehydration Ga(NO,), §T-026 Stern r:pot:ed that this
compound was probably
200 g:zxg::ion of Gag0s prepared by dehydration
of the hydrate under
vacuum at 40°C. A large
fraction of the salt was
reported to have been
: converted to Ga,0; at
| k'n 200°C.
[ N
! ! 72, Indium No evidence for the
' Nitrite existence of this com-
pound was found,
|
73. In(NO,), 90 Compound is ST-026 This nitrate was prepared
i stable at least at 90°C.
up to this
temperature.
7%. TINO 169 §-§ ST-026
186 S-L
75. TINO, 61.2 s-s 0.239 ST-026  266-340 Experimental NO ZTINO,(C) - TI‘O(C) ST-026 Vapor pressure data for
143 s-s  0.91 ranie of vapori- + 2N0, + X0 the range 490-612°K are
: zatlon study. 2(g) ] g) reported.
210 s-L 2.1 In addition to 00)
decompositien,
205 S-L  2.26 WE-021 TINO, was found
ST-026 to vaproize as
(Klgpa the salt,
Carthy)
(cont.) (cont.) (cont.) (cont.) (cont.) (cont.) (cont.) (cont.) {cont.)



I
|
75.

76.
77.

78.

..cs;-

79.

80.

80.

81.

- t;s -

COMPOUND

TINOy
fcont.)

Germanium
Nitrite

Germanium
Nitrate

Tin Nitrite

Sn(NO, )

Pb(NO, ),

COMPOUND

Pb(NO,;.
(cont,

Pb(80,),

JTRANSITIONS

DECOMPOSITION

I(°C) Iype pH(kcal/mole) _Ref.

75
143

91

§-8
S-S

§-L

TRANSITIONS

NE-003

ST-026

0
50

60
265

460-505

505-725

98

110-230
230-300

300-320

(cont.)

Method/Comments  Products

Small amounts of
absorbed water
were lost,

Anhydrous form.

Nitrogen oxides
were evolved.

Intermediate
level of unknouwn
composition,

Continued waight
loss until term-
ination of oxpor-
iment.

T1NO, ,
1,0

Decomposition

Sno,
begins,

TGA was used
with continuous
removal of gas=
eous products,
Decomposition
products were
analyzed using
IR and UV gpec-
troscopy. Gas-
eous products
were galso
analyzed,

Weéight loss,

Constant weight. Pb(NO,),,
Stoichiometry PbO,
corresponded to N

2PbO0 and Pb(NGy); .

Weight loss,

{cont.) (cont.)

Reactions

Pb(NO, Pb (N0,
o gbb)i o (it))i)

(cont.)

DECOMPOSITION

I(C) Type pH(kcal/mole) _Ref.

160

320-450

450-500

500

266-359
352-462

415-536

245

370-435

435

(cont.)

Method/Comments

Constant weight.
Product not
identified.

Weight loss.

Products

NO not
evolved.
Constant weight. PbO, ,
Product iden-

tified as PbO, ,

Final
Products:

O, , 0
pod. 2’

The decomposi-
tion was studied
by measuring the
total pressure
and analyzing Interme~
the solid phases. diates:
Product gases Pb(NO,),
were continually 2PbO,
removed. Pb(NO, ),
The product was *3EbO.
Pb(X0,), *2PbO.

The product was

Pb(NO, ), - 5PbO.

The product was

PbO.

Final
Product:
PbO.
Inter-
me?iat§:
Pb(NO,
PO °

TGA was used
with a stream of
eir to remove
gascous products
The heating rate
was 5.4°C/min,

Beginning of
slow weight
loss.

Rapid weight
loss and evolu-
tion of nitrogen
~xides.

dreak in the
thermogram.
Composition
corresponded to
Pb,O(NO, ), or
PbiNo, ), +Bvo.
Very limited
stability.

(cont.) {cont.)

Ref.
WE-021

ST-026

PA-013

{cont.)

Reactionsg

—— e

6Pb(NO,), & 2Pb(NO,)
-2Pb0°+°8NO, + 20,0 °
(183a)

2Pb(NO, ) *2PbO
@ Pb(ND,}, *5PbO
+ 2NO,+ %0, (103b)

Pb(NO,), *5PbO 3 6PbO
+ 280+ %0, (103c)

Overall:

6Pb(NO,), 2 6PBO +
+ 1280.% 30, (103d)

or,
Pb(NO,), ® PbO + 2NO,
+ %0, ° (103e

3e)

None given,

(cont.)

Ref.

ST-026

WE-021

(cont,)

DISCUSSION

The study was done with
TGA in a stream of alr:
The unknown species re-
ported in the 460-505°
range reportedly did not
correspond to either
T1,0 or T1,0,. Further
wei ht loss beginning at
505°C indicates that the
intermediate is either
volatile or decomposes
into volatile products.

No evidence for the
existence of this com-
pound has been found.

No evidence for the
existence of this com-
pound was found,

No evidence for the
existence of this com-
pound has been found.

No intermediate oxide-
nitrate was found.

Patil was unable to iden-
tify the stable inter-
mediate formed between
320 and 450, The stoichi.-
ometry indicated that the
Eroducc was Pb(NO,),,
owever the authors
pointed out that the ni-
trite should be unstable
at that temperature since
it begins to decompose
as low as 150. The fact
that lead was found to
undergo some oxidation
(finel product PbO,, ,)
indicated that reaction
(102) could have taken
place:

Pb(NOy),+ 2
+(2sz, NO 3 "E’f&}’

Reaction (102) would
(cont.)

DISCUSSION

account for the presence
of nitrite. Since pro-
duct gases were removed
the reaction would have
to take place in the melt.

Stern described the work
of Neumann and Sonnt.

and the original article
{Z. Elekt., 39, 799 (1933)]
was not consulted. In
contrast to Patil (PA-
013) see below, Neumann
and Sonntag found no
oxidation of lead., Their
identification of the
basic nitrate intermediae
which they formulated

as 3PbO-N;O, agrees with
the scolcﬂiomecry found
bg Patil in the range
230-300 for nitrite de~
composition. The pro-
duct 6PbO'N Oy or
Pb(NO, ), -5PBO, stable

in the range from 352 to
462, might also be the
unidentified stable in-
termediate found by Patil
in the range 320 to 450.

The intermediate found
by Wendlandt did not
have the same composition
as those of Neumann and
Sonntag. The final pro-
duct was PbO, in agree-
ment with Neumann but
not with Patil.

(cont.)
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COMPOSITION
81. Pb(NO, g,
(cont.
82. Bismuth
Nitrite
83. BL(NO,),
84, BL(NO,), 5H,0
COMPOUND
84, Bi(NO,),*SH,0
(cont,)
85. BLONO,
86. BiONO,*H,0
87. Zirconium
Nitrite
88, 2zr(No,),
89. ZrO(NO,), *5H,0
90. Molybdenum
Nitrite
91. Molybdenum
Nitrate
92, Tungsten
Nitrite

N

TRANSITIONS DECOMPOSITION
I(°C) TIype pH(kcal/mole) Ref. T(°C)  Method/Comments  Products Reactions Ref. DISCUSSION
435-575 Rapid decomposi-
tion.
575~ Constant weight.
PbO was the
product.
TGA was used Final Nene given PA-013 Patil also investigated
with continuous product: the decomposition of lead
removal of gas~  PbO, nitrate, but he did not
eous products. : publish details of the
Solid products results. He did report
were analyzed by that the final product
IR and UV spec- had the composition PbO, |
troscopy. indicating that some oxi”
230- ?  Constant weight. gggégncﬁgogogiagg'Vrg:ny
Compogision not and Gugliotta [J. Inorg.
reported. Nuel ., 25, 1125 ( ]
No other details n which It was reported
reported. that significant oxida-
tion took place during
Pb(NO,), decomposition.
The results are clearly
in disagreement.
No evidence for the exis-
tence of this compound
was found,

The reaction LA-024

was studied on

a thermobalance

with a heating

rate of 5°C/min.

90 Decomposition
begins.

100-250 Rate of decom-
position at a
maximum.

560 Oxide formed Bi, 0,

40 The nitrate HNO, , LA-024 An intermediate oxynitrate
melts in its BiONO, was reported in this stu-
water of crys- dy. Note that the rate
tallization; of reaction increases at
some HNO, is 100°C for both the penta-
given off. hydrate and the an?ydrous

nitrate (see above). The

100 Raci of dgcom- same oxide is observed as
position be- a final product at approx
comes very fast imately the same tempera-
at this point. ture y P

(cont.) (cont.) (cont.) {cont.) (cont.) (cont,)

TRANSITIONS DECOMPOSITION
T(°C) Type pH(kcal/mole) _Ref, T(°C) Method/Comments  Products Reactions Ref . DISCUSSION

180 Reaction slows
down.

600 Oxide level Bi, 0,

~49 Loses water of DU-011 The exact identity of
crystallization. the origigal substa;ce

. was not given, but from
49-600 fé:: weight comparison with BL(NO, ),
: *5H,0 (LA-024), it
~600 Forms oxide. BL,0, appears to be the penta-
hydrate.

190 Stable up to LA-024
this point.

500- Constant weight., Bi,0,
TGA was used in WE-021 No stable anhydrous
a stream of air BiONQO, intermediate was
at a heating detected. Both thig
rate of 54°C/ hydrate and its anhydrous
minute, formlreached cbe oxide

level within 5°C of each
50 ggsiygfaZ:gﬁr other in two separate
experiments (LA-024,
505 Constant weight Bi, 0, WE-021).
reached,
No evidence of the forma-
tion of this compound
was found,

ST-026 This compound has been
prepared and is reported
to be very hygroscopic,

TGA study at Zr0, WE-027 No stable intermediate
heating rate of was observed,
45°C/minute,

575 Oxide formed.

No evidence for the
existence of this com-
pound was found.

No evidence for the
existence of this com-
pound was found.

No evidence for the
existence of this com-
pound was found.



COMPOUND

93. Tungsten
Nitrate

94. Hafnium
Nitrite

95. Hafnium
Nitrate

96, Tantalum
Nitrite

97. Tantalum
Nitrate

-Lg-

TRANSITIONS

I(°c) Type pH(kcal/mole)

Ref.

T(°C) Method/Comments

DECOMPOSITION
Products Reactiong Ref.

DISCUSSION

No evidence for the
existence of this com-
pound was found,

No evidence for the
existence of this com-
pound was found.

No evidence for the
existence of this com-
pound was found.

No evidence for the
existence of this com-
pound was found.

No evidence for the
existence of this com~
pound was found.
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AB-003

AD-002

AD-005

AL-006
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AT-010

BA-040
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1.0 INTRODUCTION

This note described the calculations performed in
making a material balance around a packed tower used for
aqueous sorption of gaseous NO and NO,. The system is shown
in Figure 1.

Nitrogen oxides are present in several different
forms. Some basis must therefore be chosen to describe the
distribution of nitrogen among the various possible molecules.
Chemical NO, CNO’ and chemical NOg, CNO,’ have been used previously
and are defined for the gas phase in Equations 1 and 2 where n

is number of moles.

C = + n

NO “no* Py, 0,% %PHNO, ~ #MHNo, @

Cyo, = ™wo,* 2°n,0,% ON,0,% mno,t %omno, (2

In the liquid phase most of the nitrogen oxides exist as nitrite
and nitrate and the equations are written as in (3) and (4).

Cyo = *'wo; - *wo; 3
Cyo, = *o; * “h"No; “)

Chemical NO and NO; in the gas phase can be obtained from IR

and UV analyses. Actually it is the molecules NO and NO,

that are measured. But, at the measurement temperature NO and NO,
are equal to chemical NO and NO, within less than 1%. Chemical



Stream A[No(g),NOQ(g),Na]
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NO and NO, in the liquid phase are obtained by measuring In Equations 1, 2, and 3 the following symbols have been

nitrite and nitrate.

used:

The material entering and leaving the scrubber is W = mass rate of flow per second
expressed in gram-moles of NO and NO; per minute, The number
of moles per minute was calculated from measured concentrations C, = coefficient of discharge, a function

R H
and from flow rates obtained from corrected rotameter readings, of Reynold's number
The calculations are discussed in more detall in the following
io

sections. Ay = annular area of the rotameter
2.0 GAS ENTERING THE SCRUBBER g = acceleration due to gravity

The gas flow rates were measured using rotameters 0 = gas density
calibrated with air at 77°F and 1 atm. However, nitrogen was
used as the carrier gas in the actual experiments so a correctios v = volume of float
was needed for .the molecular weight (density) difference. The
calibration was carried out at a pressure of 1 atm or 29.9 inches A; = maximum cross sectional area of float
mercury. The flow measurements were conducted with pressure
differences of up to 6 inches of mercury gage so that a pressure os = density of float

correction was also necessary. The magnitude of the corrections
was calculated by considering Brown's¥* equations for mass rate

of flow of a fluid through a rotameter. For an ideal gas:

2gp(pg - PIV M = n/V = P/RT
W = C [ £ f] (1) o/
Ac(1l - /A )
or
= PM/RT
= CnAoEZBDPfo/Af]% (2) e
where M is the gram molecular weight.
= Ciagp® )
Substituting (4b) into (3):
* Brown, G. G., et al., Unit Operations, p. 162, John Wiley '
and Sons, New York, (1952). ’ W = ClA, (PM/RT)®

- 454.9535

(4a)

(4b)

4)
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We wish to express the rate of flow in terms of moles rather

than mass, so (5) can be rewritten:
\
= cin(ghe)® ©

The factors for pressure corrections were calculated from
Equation 7.

(/29.9)% = 1+ (sp/2)/29.9 )

where P is the pressure at which experiments were conducted and
AP is the pressure drop measured in inches of mercury.

The rotameter calibration curves were in units of standard
cubic feet per hour. The factor for conversion to gram moles
per minute, including the correction for the difference in
molecular weights of air and nitrogen, is 2.04x1072., It was
found that the maximum temperature correction would not exceed

.007% so a temperature correction was not applied.

Gas entered the preheater in two separate streams,
each having a slightly different flow rate. The flow rates were
converted from units of standard cubic feet per hour to total
moles per minute, so multiplication by the concentration of NO
or NO, in each stream gave the rate of flow in moles chemical
NO or NO, per minute. One entering stream contained both NO
and NO; as shown by IR and UV analysis. The other entering
stream was assumed to contain NO;, only, however, the stream was
not analyzed for NO. A summary of the calculations for gas
entering the scrubber is given in Table 1I.



RUN
NO.

-9-

w N

Flow Rates N in
total moles/minute

TABLE 1
GAS ENTERING THE SCRUBBER

Concentrations in ppm

Entering

NO NO.

moles NO x 10° moles NO 10°

< Inuie = X
Stream A Stream B  Stream A Stream B Stream A Stream B minu?e . minute
A B NO, NOp NO, o NO, g = NO,N,+ NOpNp = NO,ANA+ NO,BNR
.2936 .2483 350 --- 120 256 102.76 101.03
.3873 .3182 350 --- 120 265 135.60 130.80
.4938 .3877 350 --- 120 265 172.80 162.00
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3.0 GAS LEAVING THE CONDENSER

The two entering streams were combined in the
preheater before entering the scrubber, so the total gas flow
leaving the scrubber was just the sum of the two entering rates.
Again the concentrations were measured using IR and UV analysis.
The gas stream leaving the scrubber, however, was saturated with
water vapor which had to be removed since it interferes in the
IR analysis. The water vapor was removed in a condenser in
which some of the NO and NO, were also removed. The calculation
of moles of NO and NO, removed per minute in the condenser is
discussed in Section 5.0, The calculations for moles chemical
NO and NO, leaving the condenser per minute are summarized in
Table II.

4.0 LIQUID LEAVING THE SCRUBBER

The amount of NO and NO, leaving the scrubber in
the scrubbing liquid was calculated by multiplying liquid flow
rate in ml water per minute by the concentrations of nitrate and
nitrite measured using wet chemical methods. The liquid flow
was not varied in the three experiments. Nitrite and nitrate
are related to chemical NO and NO, as discussed in Section 1.0,
The calculations for chemical NO and NO, leaving in the
scrubber liquid are summarized in Table III.

5.0 NO AND NO, LEAVING IN THE CONDENSATE

The amount of chemical NO and NO, leaving in the
condensate in moles per minute was calculated by multiplying
the number of ml water condensed per minute by the concentra-
tions of nitrite and nitrate in the condensate. The condensation
rate in ml H O per minute was calculated as follows:




RUN

NO.

-6_

oo s1o (15l

N = NA+N

out

B

0.5419
0.7055
0.8815

GAS LEAVING THE CONDENSER

TABLE II

Concentration Material Leaving the Condenser
m
moles NO oy moles NO :

NO NO, minute >~ 108 = NoutNO minute > 108 = NoutNoa

180 97.5 97.54 52.84

190 97.5 134,05 68.79

210 97.5 185.12 85.95

TABLE III

LIQUID LEAVING SCRUBBER

Marerial Leavin

% in the Scrubbing Liquid
m

. Concentyation (moles/minute x 10°)
W = Liquid Flow (mg/ 1) e - . NOZ - NOT . foz + 3f0;
(ml H,O/minute) NOZ NO; No; = WNO; MO, = WNO; Cyp = —Rg—=2 Cyg = —Rmy=—2
710 4.00 1.70 61.74 19.47 21.14 60.08
710 4.15 1.80 64 .05 20.61 21.72 62.95
710 4.58 2.05 70.69 23.48 23.61 70.56
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moles H,0 condensed _ (moles H,Oggz) _ (moles H; 0 ) @)
minute minute in minute out

moles H,0 P¥
(g) o~ total moles gas (PE,O>

minute minute 9)
2
The total pressure is assumed to be closely approximated by
PNn+ Pﬁao, and it is assumed to be 1 atmosphere. Pﬁso is
the vapor pressure of water in mm of mercury at the temperature
of interest. The temperature entering the condenser was 102°F
and it was 60°F at the condenser outlet.
Substituting (9) into (8) gives:
183 80
moles H,O(g) condensed _ total moles gas ( PHAO ) PH,O ) a0
minute minute 760-pio3 760-p2°
Hy O H,0
= .056 Nout (11)
where ﬁout is the gas flow leaving the scrubber. The condensation

rate in ml H,0/minute is obtained by multiplying by the molecular
weight of water and assuming a solution density of lg/ml. The
only experiment for which the condensate was available for chemical
analysis was Run 2. The calculations are summarized in Table IV,

-10-




ml H.O Condensed

W= minute
RUN _
NO. = (.056)(18)(Nout)
1 0.5454
2 0.7111
3 0.8892

-‘['[-

 TABLE IV

NO AND NO, LEAVING IN THE CONDENSER

Material Leaving in the Condensate

( moles 105>

m{nute.x
_ Ro; - RNo; fo; + 3%0
CNO = __a_z___a. CNOQ = __j_jr___JL

Con%en7r§tion
mg/ - _ WNOI gn- . WNOZ
wo;  mop  Noi = g Nos = Tt
1.5 558.0 .0232 6.40 -3.19 9.61
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6.0 SUMMARY

The results of the calculations discussed in Sections
2 through 5 are summarized in Table V. The chemical NO and NO,
entering the scrubber should equal the sum of (1) chemical NO
and NO, leaving the condenser, (2) chemical NO and NO, in the
condensate, and (3) chemical NO and NO, in the scrubber liquid.

-12-
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Run 1 NO
NO

Run 2 NO

2

NO,

Run 3 NO
NO.

2

Gas In 6
(mole/min x 10°)

102.76
101.03

135.6
130.8

172.8
162.0

TABLE V
MATERIAL BALANCE SUMMARY

Gas Out of +
Condenser

97
52

134.
68.

185.
.95

85

.54
.84

05
79

12

Scrubber
Liquid Out
(mole/min x 10

21.14
60.08

21.72
62.95

23.61
70.56

6y

Liquid
+ Condensed

+ ?
+ ?
+  (-3.2)
+ 9

+ ?

[}

1]

118.68
112.92

152.57
140.74

208.73
156.51
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1.0 INTRODUCTION AND BACKGROUND

In order to analyze process performance and design
equipment for aqueous alkaline sorption processes it is
necessary to develop a mathematical description of vapor-
liquid, ionic, and liquid-solid equilibria which take place
in the process. Radian has developed a vapor-liquid-solid
formulation which calculates the equilibrium distribution
among the various gaseous, aqueous, and crystalline species
present in aqueous alkaline scrubbing processes. Part of the
data required for this formulation are the values of thermo-
dynamic equilibrium constants and activity coefficients at
varying temperatures for the reactions and species of interest.
The model was originally developed to describe limestone wet
scrubbing processes for S50, removal. In order to extend the
model to describe alkaline scrubbing processes for NO, removal,
equilibrium constants for the following reactions had to be
added:

HNO, (3 @ HNO,( (1a)
HNG, ) @ Ht + noj (1b)
HNO,(,y @ 1" + nwoj (2b)
No(g) 2 NO, (3)

In addition, activity coefficients for the species HNOa(z),
HNOG(L), NO,, NO,, and NO(z) were needed. This Technical
Note documents the selection of equilibrium constants and
activity coefficients from the literature for addition to the
aqueous ionic equilibrium formulation.

. .
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2.0 ACTIVITY COEFFICIENTS

In the equilibrium formulation presently in use,
equilibrium constants are defined in terms of activities
(fugacities) of the reactants and products. The activities
are the product of a molality and an activity coefficient.

The activity coefficients, Yy, are correlated as a function of
ionic strength. The correlation form is the equation given in
equation (4), where A and B are constants determined by the
dielectric constant of the solvent, I is the ionic strength and
Zi the ionic charge for the iEh species.

2 -12
1 . = AZ, + b, I+ U.1 4
o8 ¥i i [1+B;i15 i ] i €

The parameters gi’ bi

or uncharged species. For ionic species U; is zero, and for

, and Ui are characteristic of the ionic

uncharged species Z; and bi are zero. The values for gi and

bi were chosen so as to obtain a curve of log Y; vs. I that
closely agreed with those published by Garrels (GA-003), Klotz
(KL-001), or Davies (DA-001) for the different ionic species

of interest. For all uncharged aqueous species, Ui was chosen
to be 0.076 from Garrels' value for H,CO,. Nitrate and hydrogen
ion activity coefficient parameters were previously selected

for the limestone based process description. For the alkaline
scrubbing model, therefore, activity coefficient parameters for
NOj3, HNO,(,), and HNO, ,y remained to be specified. The nitrate
ion parameters were used to calculate nitrite ion activity
coefficients. The value U; = .076 was used for the uncharged
species HNOe(l) and HNOa(z).

It should be pointed out that some mean ionic
activity coefficient data for alkali metal nitrites exist
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(RA-026, CH-041) which could be correlated using an extension
of the mean salt method developed by Radian to obtain nitrite
ion activity coefficient parameters (see Technical Note 200-403-
22)., 1In addition, Davis and deBruin (DA-012) critically
evaluated all the data published concerning HNO, and calculated
a consistent set of activity coefficients. Finally, Schmid

and Krenmayr (SC-015) have investigated the activity coefficient
of HNO, as a function of ionic strength for the equilibrium
HNOz(z) 2 Naos(z) + H,0.

Radian has proposed further work to update the
aqueous equilibrium model and increase its accuracy by including
data such as those described above. The rather detailed process
of data analysis required (see Technical Note 200-403-22) as
well as the application of the equilibrium model to process
design are, however, beyond the scope of Contract EHSD 71-5.

3.0 EQUILIBRIUM CONSTANTS

Publications reporting experimental measurements of
the equilibrium constants of interest were found by consulting
1
the compilation of Sillen, Stability Constants of Metal-Ion

Complexes (SI-001l). This compilation covered the literature

up to 1960 and did not include data for vapor-liquid equilibrium
constants such as those needed for reactions (la) and (2a).
Chemical Abstracts was also used to obtain these data and to
obtain information published after 1960.

The literature had to be evaluated to insure that,
if possible, constants were selected which were based on (1) data
extrapolated to infinite dilution (I=0) and (2) activities
rather than molalities. Data giving the temperature dependence
of equilibrium constants were also necessary.

-3-
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The following paragraphs describe how each of the
equilibrium constants were selected or re-calculated for use
in the equilibrium model.

3.1 Nitric Acid Dissociation Constant

Five references were consulted in selecting a value
for the dissociation constant and temperature dependence of
the constant for nitric acid. Hood and Reilly (HO-014) used
proton magnetic resonance to measure the degree of dissociation,
o, with some assumptions made concerning the proton shift of the
undissociated acid. The equilibrium constant was calculated
from determinations of a at 0, 25, and 70°C, using equation (5),
a form of the Ostwald Dilution Law. Yy is the activity coefficient
of undissociated HNO,, a is the activity, and C, is the stoichio-
metric molar HNO, concentration.

a. +aN -
Ky, =10 (5)
C . (1-a)

Log Kyu was extrapolated to obtain K at infinite dilutio .
Activity coefficients for 25°C had to be used to calculate
activities at 0 and 70°C. The authors found pHg,, for the
dissociation reaction to be -3.3 kcal/mole from a plot of log K
vs. % . Their K values are given in Table I. The values in
parentheses resulted from ealculating the proton shift for
undissociated HNO, by assuming the degree of dissociation at

50 mole % HNO, is zero. If the proton shift is obtained using
other data for « published by Krawetz (KR-012), the higher K
values (not in parentheses) result.

4=
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TABLE 1

Values of Kdiss for HNO, Found by Hood and Reilly

(H0-014) and Krawetz (KR-012)

T(°C) K _(HO-014) K_(KR-012)
0 48 (40) 45
25 27.5  (25) 23.5
50 17.5
70 15 (12.5)

Krawetz (KR-012) used the same method as Hood and
Reilly, except he used Raman spectra to determine the degree of
dissociation. His values for the equilibrium constant are
also given in Table I above.

Hogfeldt (HO-015) considered the suggestion that the
complexes HNO,(H,0), and HNO,(H,0), are formed between water
and undissociated nitric acid. He represented the equilibria
using (6) and (7).

HY + NOG + iH,0 2 HNO,(H,0); (6)
- i
ago, (03 = Ki i 8y+y0-8y o m

Hogfeldt assumed that measurements to determine degree of
dissociation such as those carried out by Krawetz (KR-012) and
Hood and Reilly (HO-014) could not distinguish between
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undissociated HNO, and its complexes with water molecules.
Therefore the quantity C(l-a) referred to the sum of molarities
of undissociated HNO, and the complexes HNOS(HBO)i. He further
assumed that the activity coefficients of the water complexes
were 1. Equations (8) and (9) followed.

: i

C(1-a) = ) Ky samayo-an o ®
i

slea) . ) K ,1%0 9

“+aNos i z

In a range where one i was predominant:

log %&L:gl__] =

H+3N0- log Kl’i + i log aHEO (10)
a

H8gfeldt pointed out that a plot of log [Qll:gl_] vs. log 2 0
a 4avo- 3
HT NO3
would show the values of i for a system. Further he claimed
that a horizontal line would result for the range where i=0
and the complex HNO,(H,0), is predominant. - The asymptote
. _ C(l-a) -
would then give the value of log K, 5 = log ]. Using
’ a -
1.1+3'NOa
. 1
previously published data for At aNOg and aHao and Krawetz
data for C(l-q), HEgfeldt determined K, or pK,; . to be -3.78.
This results in a dissociation constant at 25°C of 6026 compared
to a value of 23.5 (pK=-1.38) found by Krawetz. Hégfeldt
pointed out that the indicator 2,4-dichloro-6-nitroaniline acts
as a base towards HNO,. Therefore, the indicator should have
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a pK value greater than HNO, or HNO, should have a pK value
smaller than the indicator, which has a pK value of -3.3.

Davis and deBruin (DA-012) measured the partial
pressures of HNO, over 2-16M solutions and calculated a set of
mean ionic and molecular activity coefficients which were
consistent with some previously published data for higher con-
centrations. He used the data of Krawetz (KR-012) and Hood and
Reilly (HO-014) for o. Using these coefficients, the dissocia-
tion constant was calculated according to equation (11)

2
K = (Yscs)
- Y,C, (1-0) an

s 2
where (YSCS) = (Y¢Fi> and Y is the activity coefficient and C

the molality. The molality of stoichiometric HNO,, Cg, 1is
defined in equation (12) where u stands for undissociated.

€, =C, + Ci (12)

The value obtained by Davis and deBruin for K at 25°C was 18.8 <+
2.3. The data for ¢ were edited to obtain this value and the
authors pointed out the need for more accurate data.

Helgeson (HE-OOl) gave a theoretical treatment of a
method of estimation of the temperature dependence of log K for
dissociation reactions. The method is based on equation (13)
which describes the free energy of the dissociation reaction.

T
FOT) = Bo(T) - TeaSp(Ty) - [ sS.(D) a1 (13)

Tp
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AH:(Tr) and AS;(Tr) are the enthalpy and entropy of the
dissociation reaction at the reference temperature, Tys which
is 298.15°%K. Helgeson separated the variable ASQ(T) into a
contribution due to electrostatic interaction, ASé(Tr), and a
contribution due to nonelectrostatic interaction, ASS(Tr)‘ The
electrostatic entropy contribution was described as a function
of temperature using the Born or Bjerrum expression for the
linear relationship between the free energy of dissociation
and the dielectric constant of the solvent. The nonelectro-
static entropy contribution was described as a function of
temperature using equation (14)

T  ACp2(T)

8SIUT) = 6S2(T,) + J"T —3— ar (14)
r

In equation (l4) the nonelectrostatic contribution
to the heat capacity of dissociation ACpS(T) is defined by (15).

1o (T) = o + BT + 1 (15)

The coefficients o and 8 and the factor ASg(Tr) were obtained by
least squares fits of reported data. The ) coefficient was
ignored.

Helgeson applied the method to many dissociation
reactions. For the case of nitric acid, he used the data of
Krawetz and Hood and Reilly as well as that of Noyes (NO-01ll)
and Young et al (Y0-007). He felt it was necessary to edit
the data and exclude one of the high temperature points based
on a personal communication that the nitrate ion disproportionates
above 250°C. For the case of nitric acid AH;(Tr) and AS;(Tr)
were also obtained by a least squares fit of the data. The
value obtained by Helgeson for MH:(T.), -4,100 cal/mole, was
the same as that obtained by Young (Y0-007), using the data
of Noyes (NO-0l11) and Krawetz (KR-0l2). Hood and Reilly,
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however, obtained a value of -3,300 cal/mole. Helgeson
concluded that more high temperature data are required to
determine log K(T) and AH;(Tr).

In a compilation of ionization constants published
in the same year-as the theoretical work of Helgeson (HE-001),
Barnes, Helgeson, and Ellis (BA-050) gave equation (16) for
the temperature dependence of log K for nitric acid dissocia-
tion up to 300°C.

log K = 6.557 - 320.88 (%) - 0.01359T (16)
T

This equation was based on the data of Young (Y0-007) and
Hood, Reilly and Redlich (HO-038). It gives a value of

log K = 1.43 at 25°C. This value was used by Radian in the
equilibrium formulation.

3.2 Nitrous Acid Dissociation Constant

The work of Klemenc and Hayek (KL-007), Vassian and
Eberhardt (VA-0l11) and Lumme and Tummavuori (LU-005, TU-007)
was reviewed in order to select an equilibrium constant for
nitrous acid dissociation,.

Klemenc and Hayek measured the conductivities of
solutions of H,50, and Ba(NO,), at O and 12.5°C. 1In order to
calculate the dissociation constant of HNO,, the nitrite
conductivity at infinite dilution was also needed. It was
determined by measuring conductivities of KNO, solutions of
varying concentrations and assuming KNO, is completely disso-
ciated. Published transport numbers of Ht and Kt were used to
calculate their conductivities at infinite dilutions. The
data were used in (17) to calculate the dissociation constant.

-9-
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- 3
K = [H+][NOz] - C ‘meas (17)
A [HNOEI ro\ Ao~ Ameas

In (17), C is the concentration in moles/s, A, is the
conductivity of HNO, at infinite dilution, which is the sum of
conductivities of H* and NO3, and A__, . is the measured
conductivity. The units of Kx were moles/liter. The activity
coefficients for each of the species were not taken into account.
The results are given in Table II. The authors calculated a
heat of dissociation of 4,480 cal but they did not specify the
temperature or the method of calculation.

TABLE II

Results of Klemenc and Hayek (KL-007)
for the Dissociation Constant of HNO,

T°C K(moles/ 3)

0. 3.2 £0.3x 107"
12.5 4.6 + 0.4 x 107
30. 6.0 + 0.6 x 10"

During investigation of complex formation between
cadmium and nitrite ions, it was necessary for Vassian and
Eberhardt (VA-0ll) to take into account the dissociation
constant for nitrous acid. They used a solution of .0226F
KNO, adjusted to ionic strength 1.0 and .07 and pH 3.25. They
measured CHNoa spectrophotometrically at 358 my which is one of

-10-
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the wavelengths of maximum absorption of HNO, (WA-015). Their
results are given in Table III. Note that these investigators
also ignored the activity coefficients of NO, and HNO,.

TABLE III

Results of Vassian and Eberhardt (VA-011)
at 25°C for the Dissociation Constant of HNO,

1 K (moles/ )
-4

.07 15.5 x 10
-4

1.0 15.9 x 10

Lumme and Tummavuori (LU-005, TU-007) measured the
dissociation constant of HNO, by performing potentiometric
titrations at 15, 20, 25 and 35°C in solutions of sodium
nitrite, nitrate, and perchlorate at varying ionic strengths.
Their values were extrapolated to zero ionic strength using
equation (18),

- B
pK = pK, + A=L02DIF ) 5y (18)
1+ aI%

which in effect takes into account the activity coefficients
since it is of the same form as semi-empirical correlations
of log vy vs. I. The results, given in Table IV, were used
in the equilibrium model.

-11-
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TABLE 1V

Nitrous Acid Dissociation Constant

of Lumme and Tummavuori (LU-005, TU-007)

t°c K

15 5.97 x 107"
25 7.24 x 107"
35 7.94 x 107"

The temperature dependence was also calculated and
is given in (19). The data are valid up to 38°C.

log K = -5.8554 x 10° (%) - 60.571 x 107°T + 34.558 (19)
3.2 Vapor-Liquid Equilibrium Constant for Nitrous Acid

The only data found for the nitrous acid vapor-liquid
equilibrium were published in 1929 by Abel and Neusser (AB-006).

The authors carefully conducted numerous equilibrium
experiments in which they measured concentrations in both the
gas phase and the aqueous phase. From the aqueous phase
measurements, they provided sufficient data for calculating the
activities of HNOB(Z),
constant of HNOQ(Z) is known. Since activity coefficients for
these species were unknown at the time, Abel and Neusser's
equilibrium constant was reported in concentration units,

uY, and NO,, since the dissociation

-12-
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The gas phase data were reported in units of
concentration of nitrogen +3, which includes both HNO, ) and
N,Os(g). Therefore a correction had to be made for the amount
of N,Oa(g) present. After some recalculations, it was therefore

possible to determine K, = agq /a0 , the vapor liquid
3(4) 2(g)

equilibrium constant, from the data of Abel and Neusser.

Abel and Neusser used a solution of KNO, and HNO,
under 1 atm NO which was bubbled through the closed, constant
temperature system to suppress the decomposition of nitrous
acid according to reaction (20).

3HNO, @ H' + NOj + 2NO + H,0 (20)

[Equation (20) is simply the sum of two times (21) plus two
times (22) plus (23) plus (24)].

2HNO, 2 N 0, + H,0 (21)
N0, @ NO + NO, (22)
2N0, @ N0, (23)
N O, + H,0 @ HNO, + HNO, (24)

After allowing two days for the system to reach equilibrium,

they measured (1) NO, content in the reaction vessel using
permanganate titration and back titration with oxalic acid and
(2) the hydrogen ion concentration. The gas in equilibrium with
the aqueous phase was absorbed in concentrated sulfuric acid.

At the conclusion of the experiments nitrogen was bubbled through
the gas absorption flask to drive off the “strongly held"
dissolved NO which had a solubility of 46.9 mg/s. The

-13-
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nitrosylsulfuric acid formed by reaction of the absorbed +3
nitrogen with H, S0, was titrated with permanganate.

Abel and Neusser's calculations did not take into
account activity coefficients of the species of interest or
equilibrium constants for the possible aqueous phase reactions.
In addition, they did not correct for the equilibrium concentra-
tion of N_0, in the vapor due to equation 21. Fortunately the
authors published their experimental findings in detail and it
was possible to recalculate the vapor-liquid equilibrium
constant using the Radian aqueous equilibrium model. The
aqueous equilibria of importance for the system are given in
(25) through (28).

HNO,(,y @ it + Noj (25)
HNO,(,y @ ut + noj (26)
KNO, (@ &t + noj 27
KNOg(py @ kt + voj (28)

When the aqueous model was originally programmed and
the equilibrium constants were selected some simplifications
were made (LO-007, p.80). It was anticipated that in lime-
stone wet scrubbing processes, the amounts of sodium and
potassium would not be accurately known. Further, it was
recognized that the complexes of sodium and potassium are
"relatively weak and of the same order of magnitude'". Some
examples are given in Table V.
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TABLE V

Dissociation Constants (SI-001) for

Complexes of Sodium and Potassium

Reaction Log K

- -+ =

NasO, @ Na + SO, -.72
- + = l
KSO, 2 K + 50, -.96
+ -
NaNO, @ Na + NO, 4021
+ -

KNO , 2 K + NO, .23 + .03

Therefore, there was no provision made for calculations
involving potassium. Instead, the constants for sodium were
used and any potassium present was treated as the equivalent
amount of sodium.

The data of Abel and Neusser were recalculated in
the following manner. The measured molalities of NO,, NOj and
k' were input to the equilibrium model and the ionic strength
and activities of HNO,  ,, H, and NO, were calculated. It
was assumed that KNO, is completely dissociated. The authors
conducted experiments at ionic strengths of .2, .65, .7, .95,
1.25, 1.45, 2.5 and 3.5. Only the data taken at ionic strengths
of 1.45 and below were used in Radian calculations (data from
Abel and Neusser's Tables 1 through 6). The data were taken
from columns 5, 7, 8, and 9 of the Tables. About 40 data
points were used. The results are given in Table VI,
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TABLE VI

Results of Calculations
Using the Data of Abel and Neusser (AB-006)

in the Radian Aqueous Equilibrium Model

-16-
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29 JUN 71 118113520263 TEMPERATURE 25,000
INPUT MOLES
S02 s=0.00000
C02 =0,00000
$03 =0,00000 N205 =}.00000=~01 Ca0 =0,00000 MGO0 =0.00000
NA20 #7.50000=02 HCL =0+00000 H20 =5,57448+0]} N20d =6,38000=02
AQUEOQUS SOLUTION EQUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFJCIENT
K20 . 9e934=01
H* 6ellgy=p2 5e0al=p2 8¢307=01
ON= 20659123 1e980=13 Te4y7=01
NO3= 1694701 1e236=0) 6¢348=01
NA« Le449=01 1+095=01 7455801
NAOH 5eb34m15 5e837=15 1+036+00
NANO) 5.203-0)3 5¢3439-03 10036400
HNQJ 24364=04 2+450-04 14036400
NO2= 1¢137-02 7+215-03 6¢348-01
HNO2 4.890=01 5¢064~01 1+036+00
MOLECULAR WATER =2 9,99344=01 KGSe
PH = l1e294 JONIC STRENGTH = 2400375-01 RESe EeNe =
RUN 113
29 JUN 71 11331853,749 TEMPERATURE 25,000
INPUT MOLES
$02 =0.00000
02 =0,00000
S03 =0,00000 N205 =1400000~Q] CA0 20,00000 MGO =0.00000
NA20 =7.50000«02 HCL =040000p H20 s85,572392+01 N20) 25,82500=02
AQUEQUS SOLUTION EQUILIBRIA
COMPONENT MOLALTITY ACTIVITY ACTIVITY COEFFICIENT
H20 . 94934=01
H* bell7=0D2 5+0al=p02 8e307=01
OHa= 2¢659=13 1e980=13 7e447-01
NO3=- 1e947-01 102360} 60348+01
NA+ ledl49-01 1:095=p1 7+558=01
NAOH Se636=16 59837~ 1:034+00
NANOD] 5¢204203 5+4390=02 1036+00
HNOJ 2+3b4=04 2¢450=04 1+036+%00
NO2~- 1e137-02 70215-03 6¢348=01
HNQ2 48900 Se045=01 1036400
MOLECULAR WATER s 9,99244=0] KGSe
PH = 1e294 IONIC STRENGTH o 2.00394=01 RESe EeNo =

RUN 112

DEGs C

5064650

pEG, €

»1¢700~10



29 JUN 7] 11811394%,132 TEMPERATURE
INPUT MOLES
| S02 =0.,00000
‘ €02 =0,00000 .
S03 =0,00000 N205 =1.00000=p01 CA0 =D,00q00 MGO =0,00000
NA20 =3,95000~02 HCL =0.0000( H20 =5,56898+01 N203 =4443000~p2
AQUEOUS SOLUTJON EQUILIBRIA
COMPONENT MOLAL]TY ACTIVITY ACTIVITY COEFFICIENT
H20 9¢934=01
H* 142640} 12050=01 8¢307=01
OH=- 1e287-13 9e5a7=14 7etiy8=01
NO3=~ 14972=01 1e252=0) 6035101
NA+ 7.6490v02 5¢775=02 7¢559-01
NAOH 1e439=]5 jeld490=)5 1e036%00
. NANO3 2.780=03 2¢879-03 1¢036+00
— HNO3 44952=04 5+128=n4 1036400
b NO2= 54573~03 3+540=02 6e¢351=01
HNO2 4095640 6e}32=0} 1s0236+00
MOLECULAR WATER = 9,97713=01 KGSo
PH = 979 JONIC STRENGTH m 1¢99970=01 RESe EeNo
RUN 103
29 JUN 7t 11811:55,046 TEMPERATURE 254000
INPUT MOLES
$02 =0.00000
C02 =0,00000
S03 =0.00000 N205 =1.,0000p«01 CAO0 =0,00000 MGO =0,00000
NA20 =3495000=02 HCL =0.00000 H20 =5,568704+01 N203 w4,4315000=p2
AQUEOUS SOLUT|ON EQUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
l H20 90934=01
’ H* 1e264=0} 1¢050«01 8¢307=01
OH=- 10287-13 9e586=14 7e448=01
NO3= 1697201 10252=D] 6¢351-01
NA+ 7«640=02 Se775=02 7¢559201
NAOH 1¢439=)15 1e490=15 1+0346+00
NANO3 2+780=03 2¢879=023 1036400
o HNO3J 44952-04 Se128=04 1+036%00
o NO2~ 54¢573=03 3¢540=03 6035101
! HNO2 44954=0] 5e132=01 1+036¢00
MOLECULAR WATER = 9,97663«01 KGS»
PH = 979 IONIC STRENGTH = |¢99980-01 RESe EeNy =

RUN 105

25.000 O0EG, C

30506~}

pEG. €

e3ebll=~y})



03 aUG 71 11309:47,205 TEMPERATURE 25,000
INPUT MOLES
S0 =0,00000
co2 =0,00000
S0z =0,00000 N205 =1,00000-01 CAn  =0,00000 MGO =0,00000
NA20 =3.95000~02 HCL =0.00000 H20 =5,56827+01) N203 =3.72000=02
AQUEOUS SOLUTION EQUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9.934-01
H+ 1.264~01 1,050-03 8.307-01
OH~ 1,287-13 9,585-14 7.448-01
NO3« 1,972-01 1.252-01 6,351-01
NA+ 7.641-02 5.776=02 7.559-01
NACH 1.439-15 1.490-1% 1.036+00
NANO3 2,781-03 2.860-~03 1,0364+00
HNO3 4.,953-04 5,129-04 1,036400
, NO2~ 5.574-03 3,540-03 6.351-01
N HNO2 4,956=0, 5.,133-0) 1.036400
[}
MOLECULAR WATER = 9.,97585-01 KGS.
PH = «979 IONIC STRENGTH = 1.99995-01 RES, E.N. =
RUN 107
03 AUG 71 11:09:48,634 TEMPERATURE 25.000
INPUT MOLES
so2 =0,00000
€02 =0,00000
$03 =0.00000 N205 =1.00000-01 CA0  =0.00000 MGO =0.00000
NA20 =9,80000-02 HCL =0,00000 H20 =5,57228+01 N203 =1.88000-02
AQUEOUS SOLUTION EQUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9.932-01
H+ 2.811~02 2.336-02 8.312-01
OH- 5.791-13 4,306-13 T.437-01
NO3- 1.933-01 1,221-01 65.316-01
NA+ 1.894-01 1.429~01 7.546-01
NAOH 1.598-14 1.657-14 1.0374+00
NANO3 6.703-03 6.948-03 1,037400
HNO3 1.074-04 1.113-04 1.0374+00
NO2- 2,421-02 1,529-02 6.316-01
o HNO2 4.761-01 4,935-01 1,037400
N
! MOLECULAR WATER = 9.99362-~01 KGS.
PH = 1.631 IONIc STRENGTH = 2.05425-01 RESe EJNe =

RUN 102

DEG. C

~1.506-09

DEG, C

2.666-11
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RUN 106

03 aUG6 71 11:09:49.517 TEMPERATURE
INPUT MOLES

So2 =0,00000

co02 =0,00000

so3 =0.00000 N20§ =1.00000-01 CAn =0.,00000 MGO =0,00000
NA20 =9.80000~02 HCL =0,00000 H2n =5.57207+01 N203 =1,67000-02

AGUEOUS SOLUTION EQUILIBRIA

COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9,932-01
H+ 2,811~02 2,336-02 8,312-01
OH= 5.791-13 4,306-13 T.,437-01
NO3- 1,933-01 1,221~01 6,316-01
NA+ 1.894-01 1.429-01 7.546-01
NAOH 1.596=-14 1,657-14 1,037+00
NANO3 6.703-03 6.949-03 1,037+400
HNO3 1,074-04 1.113~04 1,037+00
NOZ- 2.421-02 1,529-02 6,316-C1
HNOD2 4.,761~-C1 4,936-01 1,037+400
MOLECULAR WATER = 9.99324-01 KGS,
PH = 1,631 IONIC STRENGTH = 2.05432=01 RES,
RUN 109
03 AUG 71 11:09:49.886 TEMPERATURE
INPUT MOLES
S02 =0,00000
co2 =0,00000
s03 =0,00000 N205 =1.00000-01 cao =0.00000 MGO =0,00000
NA20 =1,40000-02 HCL =0,00000 H20 =5.55382+01 N203 =1,81500-02
AQUEQUS SOLUTION EQUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9.933-01
H+ 1,763-01 1.465-01 8.300-01
OH~ 9.229-14 6.870~14 7.445-01
NQ3- 1.994-01 1,265-01 6.342-01
NA+ 2,716-02 2,052-02 7.556-01
NAQH 3.663-16 3.794-16 1.0364+00
NAND3 2,972-04 1,033-03 1,036+00
HNO3 6.975-04 7.225~04 1.036400
NO2- 4,027-03 2.554-03 6.342-01
HNO2 4,987~-01 5,166-01 1.036+400

MOLECULAR WATER = 9.94523-01 KGS.
PH = «834 I1ONIc STRENGTH = 2.01421-01 RES.

25.000

E.N.

25.000

E.N,

DEG. C

-=1,034-11

DEG. C

-1,411-09
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03 auG 71

S02
co2
S03

=0.00000
=0,00000
=0.00000

NA20 =1,40000-02

11:09:50.861

N20S

HCL

COMPONENT

H20
H+
CH=
NO3=
NA+
NAOH
NANO3
HNO3
NO2-
HNO2

PH =

03 AUG 71 11:09:51

-9Z-

S02
Co2
SO03 -
NA20

=0,00000
=0,00000
=0.00000
=0,00000

COMPONENT
H20

H+

OH~-

NO3-

HNO3

NO2-

HNO2

'230

N205
HCL

TEMPERATURE 25,000
INPUT MOLES
=1,00000~01 cAn =0,00000 MGO =0,00000
=0,00000 H2n =5.55364+01 N203 =1,63500-02
AQUEQUS SOLUTION EQUILIBRIA
MOLALITY ACTIVITY ACTIVITY COEFFICIENT
9.933-01
1,763=-01 1,465-01 8,308-01
9,228-14 6.,870~14 7.445-01
1.994«01 1.,265-01 6.,342-01
2.716-02 2,052-02 7.556-01
3.663=16 3,794-16 1,036400
9.,972-04 1.033-03 1,036400
€6,975-04 7.225-04 1,0364+00
4,027-03 2,554-03 6.342-01
4,987-01 5.,166-01 1,036400
MOLECULAR WATER = 9.94490~01 KGS.
834 IONIC STRENGTH = 2,01427=-01 RES, E.N, =
RUN 12
TEMPERATURE 25,000
INPUT MOLES
=3,17500~01 CAo =0,00000 MGO =0.,00000
=0,00000 H20 =5.,59128+01 N203 =8,92500-02
AQUEOUS SOLUTION EQUILIBRIA
MOLALITY ACTIVITY ACTIVITY COEFFICIENT
9,793-01
6.322-01 5.914~01 9.354-01
2.267-14 1.677-14 7.399-01
6.,308-01 2.940-01 4,662-01
6.074-03 6.7684-03 1.117+00
1.466-03 6.835-04 4,662-01
5.000-01 5,584=0]1 1.117+00
MOLECULAR WATER = 9¢97101-01 KGS.
228 IONIC STRENGTH = 6¢31507-01 RES. E.N. =

RUN 108

DEG, C

~1.263~-11

OEG. C

~4,155-12
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RUN 13
03 AUG 71 11:09:51.864 TEMPFRATURE 25.000 OEG., C
INPUT MOLES :

Sp2 =0,00000

co2 =0,00000

S0z =0,00000 N205 =3,17500-0% CA0 =0.00000 MGO =0.00000
Na20 =0,00000 HCL =0,00000 H20 =5.,59083+01 N203 =8.48000-02

AQUEOUS SOLUTION EQUILIBRIA

COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9,793-01
H+ 6,323-01 5,915-01 9.354~01
OH~ 2,267-14 1,677-14 7.399-01
NO3= 6.,306-01 2,941-01 4.662-01
HNO3 6,075=-03 6,785-03 1.117+00
NO2- l,466-03 6,835-04 4,662-01
HNO2 5.,000-01 5,585-01 1.117400

MOLECULAR WATER = 9.97020~01 KGS.

PH = 228 IONIc STRENGTH = 6+31558-01 RESs ToNe = =1,293-11

RUN 11
03 auG 71 11:09:52.,177 TEMPERATURE 25.000 DOEG. C

INPUT MOLES

Spo2 =0,00000

co2 =0,00000

Sox =0,00000 N205 =3.17500-01 CAo =0.00000 MG60 =0,00000
NA20 =0,00000 HCL =0,00000 H20 =5.59065+01 N203 =8.30000-02

AQUEOUS SOLUTION EQUILIBRIA

COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9.793-01
H+ 6.323-01 5,915~01 9,.,354-01
OH~- 2.267-14 1.677-14 7.,399-01
NO3- 6.306-01 2,941-0] h.661-01
HNO3 6,076-03 6,786-03 1.117+00
NOZ~ 1.466-03 6,035=04 4,661=-01
HNO2 5,000-01 5.585-01 1.117+00

MOLECULAR WATER = 9.96987-01 KGS,

PH = 228 IONIc STRENGTH = 6431578-01 RESe E Ne = =3,404-12



03 AUG 71 11:09:52,490 RUN 14 TEMPERATURE 25,000
INPUT MOLES
S02 =0.00000
€02 =0.00000
$03 =0.00000 N205 =3.17500-01  CAo =0.00000 MGO =0,00000
NA20 =0.00000 HCL =0.00000 H20 =5.59035+401  N203 =8.00000-02
AQUEQUS SOLUTION EQUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9,793-01
H+ 6.323-01 5,915-01 9.354-01
OH= 2.267-14 1.677-14 7.399.01
NO3~ 6.309-01 2.941-01 4.661-01
HNO3 6.076~03 6.786-03 1.117400
NO2w 1.466-03 6.835-04 4.661-01
HNO2 5.001-01 5,585-01 1.117+00
' MOLECULAR WATER = 9.96933-01 KGS.
N
© PH = .228 10NIC STRENGTH = 6431612-01 RESe E N. =
03 aUG 71 11:09:52.803 RUN 92 TEMPERATURE 254000
INPUT MOLES
S0» =0,00000
co2 =0,00000
$03 =0.00000 N205 =3.50000-01  CAD =0.00000 MGO =0.00000
NA20 =2.00000-01  HCL =0,00000 H20 =5.62044+01  N203 =1,48400-01
AQUEOUS SOLUTION EQUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9.,784-01
He 2,985-01 2.828-01 9.473-01
OH= 4.,716-14 3.505-14 T.431-01
NO3- 6.647-01 3.040-01 4.574-01
NA+ 3.693-01 2.650-01 7.176-01
NAOH 2.225-15 2.500-15 1.124400
NANO3 2.855-02 3.208-02 1.124400
HNO3 2.985-03 3.354-03 1.124400
. NOD2- 3.108-03 1.422-03 4.574-01
& HNO2 4,942-01 5.553-01 1.124400
o
]
MOLECULAR WATER = 1.00537+00 KGS.
PH = 549 1ONIC STRENGTH = 6.66283-01 RES. EoNe =

DEG, C

-6.961-12

DEG. C

3.293-11



_"[E-

_ZE-

RON 93

03 AUG 71 11:09:53.778 TEMPERATURE 25,000 DEG. C
INPUT MOLES
So2 =0,00000
co02 =0,00000
Sc3 =0.00000 N205 =3,50000~01 CAo =0,00000 MGD =0,00000
NA20 =1.25000=-01 HCL =0.00000 H20 =5.60931+401 N203 =1,12150-01
AQUEQOUS SOLUTION EOQUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9,780-01
H+ 4,467=01 4,248~-01 9,.510-01
OH=- 3,134=14 2,332-14 7.442-01
NO3= 6.760-01 3,074=01 4,547~01
NA+ 2,314-01 1,661-01 7.175-01
MAQH 9,259-16 1.042-15 1.,126+00
NANO3 1,805~02 2,032-02 1.1264+00
HNO3 4,525-03 5,094-03 1.126+00
NO2- 2.097-03 9.533-04 4,547-01
HNO2 4,969-01 5,594~-01 1,126+00
MOLECULAR WATER = 1.00202+00 KGS.
PH = 372 10NIC STRENGTH = 6.77065-01 RESe E,N, = 1.534-09
RUN 94
03 AUG 71 11:09:54.599 TEMPERATURE 25,000 OEG. C
INPUT MOLES
Sp2 =0.00000
€02 =0.,00000
Soz =0,00000 N205 =3,50000-01 CAo =0.00000 MGO =0,00000
NA20 =1.25000-01 HCL =0.00000 H20 =5.60892+01 N203 =1,08250-01
AQUEOUS SOLUTION EGUILIBRIA
COMPONENT MOLALITY ACTIVIETY ACTIVITY COEFFICIENT
H20 9,780-01
H+ 4,467-01 4,248-01 9,510-01
OH=- 3.133-14 2.332-1y 7.442-01
NO3- 6.761-01 3.074-01 4,547-01
NA+ 2,315-01 1,661-01 7.175-01
NAOH 9,259~16 1.042-1% 1,1264+00
NANO3 1,805-02 2.033-02 1.126+00
HNO3 4,525-03 5,095-03 1.126+400
NO2- 2,097~-03 9.533-04 4,547-01
HNO2 4,969-01 5.594=01 1.126400
MOLECULAR WATER = 1.00195+00 KGS,
PH = 372 IONIC STRENGTH = 6.77110~01 RESe EoNe = =1,392~-11



-€€-

-vc_

03 auG 71

So02
co2
So3
NA20

03 AUG 71

So2
€02
SO3
NA20O

=0,00000
=0,00000
=0,00000
=7.30000-02

COMPONENT
H20
H+
OH=
NO3~
NA+
NAOH
NANO3
HNO3
NO2-
HNO2

=0,00000
=0,00000
=0.00000
=5,30000-02

COMPONENT
H20
H+
OH=-
NO3~
NA+
NAOH
NANG3
HNO3
NO2-
HNG2

PH =

11:09:55.472

N205

HCL

11309:56.203

=3.
=0,

. 280

50000-01
00000

RUN 78

INPUT MOLES

caAno =0.00000
H20 =5.60051+0

MGO
1 N203

AQUEOUS SOLUTION EQUILIBRIA

MOLALITY

5.504~-01
2,532-14
6.841-01
1.354-01
4.377-16
1,063-02
5.627-03
1.712-03
4.985-01

ACTIVITY

5,249-01
1,8a7-14
3.098~01
9.718-02
%,934=1¢6
1.198-02
6.343-03
7.751-04
50620‘01

ACTIVITY COEFFICIENT

TEMPERATU

=0,000n0
=7,61000~02

9.776-01
9.538-01
7.450-01
4,528=-01
7.175-01
1.127+00
1.127+00
1.127+400
4,528-01
1.127+00

MOLECULAR WATER = 9.,99493-01 KGS,

N205 =3.50000~01

HCL

=0,

«280

00000

IONIC STRENGTH =

RUN 80

INPUT MOLES

CA0 =0.,00000
H20 =5.60035+0

6484956~01

MGO
1 N203

AQUEOUS SOLUTION EQUILIBRIA

MOLALITY

5.504-01
2.532-14%
6.841-01
1.354-01
4,377-16
1.,063-02
5.627-03
1.712-03
4,986-01

ACTIVITY

5.249-03
1.886-14
3.,098-01
9.718~02
4,934-1¢
1,198-02
64344-03
7.751-04
5,620-01

ACTIVITY COEFFICIENT

TEMPERATU

=0,00000
=7.,45500~02

9.776-01
9.538-01
7.450-01
4,528-01
7.175-01
1,127+00
1.127+00
1.127+00
4,528-01
1,127+00

MOLECULAR WATER = 9.99465-01 KGS.

TONIC STRENGTH =

6484974=01

RE

RES.

RE

RES.

25.000

E.N,

DEG, C

-4.,438-12

25,000 OEG. C

E.No

-3,697-12



_gc_
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03 AUG T1 11:09:56.572 TEMPERATURE 25,000
INPUT MOLES
Sp2 =0,00000
co2 =0,00000 _
S0z =0,00000 N205 =3,50000-01 CAn =0,00000 MGO =0,00000
NA20 =7,30000-02 HCL =0.00000 H20 =5.60034+01 N203 =7,44000-02
AQUEQUS SOLUTION EQUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9,776-01
H+ 5.504-01 5.249-01 9,536-01
oH= 2,532-14 1.586-14 7.450-01
NO3- 6.841-01 3,098-01 4,528-01
NA+ 1.354-01 9,718-02 7.175-01
NAOH 4,377-16 4,934-1¢ 1.,127+00
NANO3 1,063-02 1.,198-02 1,127400
HND3 5.627-03 6,344-03 1.127400
NO2- 1,712-03 7.751-04 4,528-01
HNOD2 4,986-01 5,620-01 1.,127+00
MOLECULAR WATER = 9.99463-01 KGS,
PH = .280 IONIC STRENGTH = 6.84976-01 RES. E,N. =
-
RUN 68
03 aAUG 71 11:09:56.847 TEMPERATURE 254000
INPUT MOLES
S02 =0,00000
Co2 =0,00000
S03 =0,00000 N205 =3,50000-01 can =0,00000 MGO =0,00000
NA2Q =2,30000-01 HCL =0,00000 H20 =5.61430+01 N203 =5,70500-02
AQUEOUS SOLUTION EQUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9,786-01
H+ 2,403-01 2,274~01 9.463-01
OH~ 5.868-14 4,359-14 7.428-01
NO3« 6.615-01 3,030-01 4,581-01
NA+ 4,250-01 3,050-03 7.177-01
NAOH 3,187-15 3,579~15 1.123400
NANO3Z 3,276=02 3,680-02 1,123400
HNO3 2.394-03 2,688-03 1.123400
NO2- 3,854-03 1,765-03 4,581-01
HNO2 4,936=-01 5,545-01 1,125400
MOLECULAR WATER = 1.00481+00 KGS.
PH = 2643 TONIC STRENGTH = 6+463423-01 RES. E N. =

RUN 81

DEG. C

-2.878-13

DEG. C

-1.033-11



-LS-

_sc-

RUN 66

03 AUG 71 11:09:57.822 TEMPERATURE 25.000 DEG. C
INPUT MOLES

So2 =0,00000

Co2 =0,00000

so3 =0,00000 N205 =3.,50000-01 CAp =0.00000 MGO =0.00000
NA20 =2,30000-01 HCL =0.vuL00 H20 =5.61428+01 N203 =5.68000-02

AQUEOUS SOLUTION EQUILIBRIA

COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9.786-01
H+ 2.,403-01 2,274-01 9.463-01
OH- 5,868-14 4,359-14 7.428-01
NO3- 6.615-01 3,030-01 4,581-01
NA+ 4,256-01 3.090-03 7.177-01
NAOH 3,187-15 3.,579~15 1,1234+00
NANO3 3,276-02 3,680-02 1,123+00
HNO3 2.,294-03 2.688-03 1.123+400
NO2- 3.,854-03 1.765-03 4,581-01
HNO2 4,938-01 5,545-01 1.123400

MOLECULAR WATER = 1.00480+00 KGS,

PH = 643 IONIC STRENGTH = 6.63425-01 RES. E4Ns = =1.022-12

RUN 69
03 AUG 71 11:09:58.099 TEMPERATURE 25,000 OEG, C
INPUT MOLES

so2 =0,00000
co2 =0,00000

S0z =0.00000 N205 =3,50000-0) cA0 =0,00000 MGO =0,00000
NA20 =2,30000-01 HCL =0,00000 H20 =5.61389+01 N2032 =5,22580-0

3

AQUEQUS SOLUTION EGQUILIBRIA

COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9,786-01
H+ 2,403-01 2,274=-01 9,463-01
OH~ 5.867~14 4,359-14 7.428-01
NO3- 6.615-01 3,030-01 4,581-01
NA+ 4,251-01 3,051-01 7.177-01
NAOH 3,166-15 3,579~-15 1,123400
NANO3 3,277-02 3,680-02 1.123+00
HNO3 2.394-03 2,689-03 1,123400
NO2- 3,854-03 1,765-03 4,581-01
HNO2 4,935-01 5.,546-01 1,1234+00

MOLECULAR WATER = 1.00473+00 KGS.

PH = 643 IONICc STRENGTH = 6.63469=-01 RES: E.Ne = =-2,509-11



RUNS 87 and 88

63 AUG 71 11:09:58.467 - TEMPERATURE 25.000 DEG. C
INPUT MOLES

So2 =0,00000

co2 =0,00000

S0z =0,00000 N205 =3,50000-01 cAp =0.00000 MGD =0,000n0
NA20 =3.07500-01 HCL =0,00000 H20 =5.62034+01 N203 =3.99500~02

AQUEQUS SOLUTION EQUILIBRIA

COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9,789-01
H+ 9,323-02 8.797-02 9,436-01
| oH= 1,519-13 S 1.,127-13 7.421-01
| NO3- 6.,508-01 2.994~01 4,600-01
NA+ 5.673-01 4,072-01 7.178-01
NAOH 1.,101~14 1,235-14 1.,122+00
NANO3 4,327-02 4,853-02 1.122400
HNO3 9,160=04 1,027-03 1.122+00
. NO2- 9,763~03 4,491-03 4,600-01
v HNO2 4,866=-01 5.,458-01 1,122+00
1

MOLECULAR WATER = 1.,00729+00 KGS.

PH 1.056 IONIC STRENGTH = 6.55635-01 RES. E.Ne = =1,048-11

RUNS 97 and 98
03 AUG 71 11:09:59.352 TEMPERATURE 25.000 ODEG. C

INPUT MOLES

Spo2 =0,00000

cos =0,00000

S0z =0.00000 N205 =3.50000-01 CAp =0,00000 MG60 =0.00000
NA20 =3,40000-01 HCL  =0,00000 H20 =5.62300+01 N203 =3,40000~02

AQUEGCUS SOLUTION EQUILIBRIA

COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9.789-01
H+ h,105-02 3,876=02 9.,441~01
OH= 3,447-13 2.558-13 7.422-01
NO3« 6.464-01 2,971~01 4,596-01
A+ 6,269-01 4,500-01 7.177-01
NAOH 2,762-14 3,098-1y 1.,122+400
NANO3 Ba744-02 5,%22-02 1.122+00
HNO3 4,004-04 4,492-04 1,122+00
NO2=- 2,162-02 9,937-03 4,596~-01
HNG2 4,742=-01 5.,320-01 1,122400

—017-

MOLECULAR WATER = 1.00836+00 KGS.

\ PH = 1.412 10NICc STREMGTH = 6¢57173-01 RESs E4N. = 1,374-10



-|7-

-zv-

RUN 99

03 auG 71 11:10:00.,173 TEMPERATURE
INPUT MOLES
So2 =0,00000
co2 =0,00000
soz =0,00000 N205 =3.50000-01 CAp =0,00000 MGO =0.00000
NA20 =2,.78500-01 HCL =0,00000 H20 =5.61514+01 N203 =1.69500-02
AQUEQUS SOLUTION EGUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9,788~01
H+ 1.470-01 1.388-01 9.445-01
OH= 9,622-14 7,143-14 7.423-01
NO3- 6.551-01 3,009~01 4,594-01
NA+ 5,144-01 3,692-01 7.177-01
NAOH 6.325-15 7.097-15 1.122+N0
NANO3 3.,941-02 4,423-02 1.122+400
HNO3 1.452-03 1.630-03 1.122+400
NO2- 6.253-03 2.872-03 4,594.01
HNO2 4.908-01 5,508=-01 1,1224+400
MOLECULAR WATER = 1.00583+00 KGS.
PH = +858 I0NIc STRENGTH = 6.58202-01 RES.
RUN 124
03 AUG 71 11:10:01,879 TEMPERATURE
INPUT MOLES
So2 =0.0p000
co2 =0,00000
S03 =0,00000 N20% =6.25000-~01 cA0 =0,00000 MGO =0.,00000
NA20 =1 50000-01 HCL =0,00000 H20 =5.,64147+01 Ne03 =1.33700-01
AQUEOUS SOLUTION EQUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9.604-01
H+ 9.332-01 1,024+00 1.,173+00
OH=- 1.,000-14 8.690-15 8.,230-01
NO3- 1.,204400 4,280-01 3.556-01
NA+ 2.717-01 1,976-01 7.270-01
NAOH 3,829-16 4,727-16 1.235400
NANO3 2,727-02 3,367-02 1.2354+00
HNO3 1.480-02 1.827-02 1.2354+00
NO2- 1.142-03 4,061-04 3.556=01
HNO2 %,972-01 6.139-01 1.,235400
MOLECULAR WATER = 1.00331+00 KGS,
PH = -.039 IONIC STRENGTH = 1.20439+00 RES.

25.000

E.N.

25.000

E.N.

0EG. C

~-8,052-13

DEG. C

4.,255-11



03 auG 71 11:10:03.003 RUNS 120 and 121 TEMPERATURE 25.000 DEG. €
INPUT MOLES

S02 =0,00000

co2 =0,00000

so3 =0,00000 N205 =6,25000-01 cao =0,00000 MG0 =0,00000
MA20 =1.00000~01 HCL =0,00000 H2n =5.63370+401 N203 =1,06000~01

AQUEOUS SOLUTION EQUILIBRIA

COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 9.599-01
H+ 1,033+00 1,217+00 1.178+00
OH~ 9,685=15 7.989-15 8.245-01
NO3- 1.214+00 4,298-0] 3.541-01
NA+ 1.815-01 1.,320-01 7.274-01
WAOH 2.296-16 2,839-1¢ 1.237+00
NANOZ 1.827-02 2.260-02 1.237400
HNO3 1,650~02 2.041-02 1.237+400
\ NO2- 1,036-03 3,567-04 Z,541-01
5 HNO2 4,985-01 6.165-01 1.237+400
1
MOLECULAR WATER = 1.00100+00 KGS.
PH = . 085 TONIC STRENGTH = 1421450400 RES.s E.N. = 4,424-12
|
|
RUNS 129 and 130
03 auG 71 11:10:03.824 TEMPERATURE 25.000 DEG. C
1INPUT MOLES
so2 =0,00000
co2 =0,00000 _
S0z =0,00000 N205 =4,47000-01 cAn =0.00000 MGO =0,00060
| NA20 =1.00000-01 HCL =0.,00000 H20 =5.61384+01 N203 =8.54500-02
|
|
AGUEOUS SOLUTION £QUILIBRIA
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 a,716-01
H+ 6.866-01 7.026-01 1.023400
OH- 1.825-14 1,401-14 7.676-01
NO3- 8.6688-01 3.585-03 4,126-01
NA+ 1.837-01 1.320-01 7.185-n1
NAOH 4,272-16 4,974-16 1.164400
NANOD3 1,617-02 1.683-02 1.164400
HNO3 8,439-03 9.826-03 1.164+00
NO2- 1.449-03 5.977-04 4,126-01
~ HNO2 4,982-01 5.,801-01 1.164400
g
' MOLECULAR WATER = 1.00063+00 KGS.
PH = 0153 10NIc STRENGTH = 8+69549-01 RES. E(N. = =1,125-12
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03 auG 71

S02
C02
SOz
NA20

03 auG 71

S02
Co>
S03
NA20

=0,00000
=0,00000
=0.00000

=5,68000-01

COMPONENT

H2
H+
oH
NO
NA
NA

NANO3

HN
NO
HN

=0,00000
=0,00000
=0,00000

=2,00000-02

COMPONENT

H2
H+
OH
NO
NA
NA

NANQ3Z

HN
NO

0

3~
+
OH

03
24
02

PH

0

3-
+
OH

03
-2

HNO2

PH

11:10:04,645

N20S =6.25000-01

HCL

=0,

«869

11:10:05.826

00000

RUNS 122 and 123

INPUT MOLES

canp =0.,00000
H20 =5,67476+0

MGO
1 N203

AGUEOUS SOLUTION EQUILIBRIA

MOLALITY

1.189'01
6.913~14
1,126+400
1,018400
10175'1“
9.955~02
1.790-03
8,596-03
4.831-01

ACTIVITY

1.353-01
7.217=14
4,134-01
7.374-01
1.432-14
1'214‘01
2,183-03
3.,151-03
5.890-01

ACTIVITY COEFFICIENT

TEMPERATURE

=0,00000

=4.86000=-02

9.643-01
1,138400
8.097-01
3.665-01
7.246-01
1.219+00
1.219+00
1.219+00
3.,665-01
1.219+400

MOLECULAR WATER = 1.01683+00 KGS.

N205 =5.82500-01

HCL

=0,

~e106

00000

IONIC STRENGTH =

RUNS 61 and

INPUT MOLES

cAp =0.00000
H20 =5.61284+¢

1.13227+00

62

MGO

1 N203 =1,99500-02

AQUEOUS SOLUTION EQUILIBRIA

MOLALITY

1.113+00
9.401-15%
1.14€+00
3.653-02
4.456-17
3.605-03
1.701-02
9.551-04
5,008-01

ACTIVITY

1.,275+00
7.641-15
4,180-01
2,649-02
5.448=-17
4,408-03
2.079~02
3,476=04
6,123-01

ACTIVITY COEFFICIENT

RES.

TEMPERATURE

=0.,00000

9.619-01
1,146+00
8.127-n1
3,639-01
7.251-01
1.223+00
1.223+00
1.223+00
3.639-01
1,223+00

MOLECULAR WATER = 9.96572-01 KGS,

IONIC STRENGTH =

1.14888+00

RES.

25.000

E.N.

25.000

E.N.

DEG, C

=5,555~14

DEG. C

«T7.929-12



Radian Corporatlon 8500 SHOAL CREEK BLVD. + P.O.BOX9M3 + AUSTIN, TEXAS 78757 » TELEPHONE 512 - 454.9635

The vaRor phase data were reported in units of
atmospheres of N ®. The equilibrium constant for reaction (21)
was calculated from standard state thermodynamic properties at
25°C and is given in equation (29).

P 2
HNO,

Kyseq = 55— = -6466 (29)
N 0, H,0

The vapor pressure of water at 25°C is 23.756 mm or .0313 atm.
Substituting in (29) gives (30)

2
_ Punos

PH20K25°C = .0202 (30)

P
NBOS

The total measured pressure is the sum of pressures of HNO, and
N,0, as shown in (31)

Pmeas = Prvo, T 2Py ,0, (31)

Substituting (30) in (31) gives (32).
: 2

Preas = PHNOa 0202 (32)

Equation (32) can be solved using the quadratic formula and the
measured values of P as in (33).

-.0202 +  .000408 + .1616 P____
Puvo, = A (33)

The results are given in Table VII along with the corrected
value of K which was calculated using the activities in Table VI.

-47-
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HNO,
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1

and K
coO

r
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r from the

Date of Abel and Neusser (AB-006)

Keorr
=a -

Run No. Pmeas PHNOs —Pgtfﬁgi—
(from AB-006) (atm) (atm) HNOz
112 .00462 .00344 .107
113 .00439 .00331 111
105 .00316 .00253 . 147
103 .00319 .00255 146
102 .00284 .00231 .161
107 .00175 .00152 .235
106 .00189 .00163 .219
109 .00154 .00135 .276
108 .00141 .00125 .298
12 .00528 .00382 .106
13 . 00590 .00417 .097
11 .00608 .00427 .095
14 .00552 .00396 .102
92 .0L113 .00669 .060
93 .00721 .00486 .083
94 .00767 .00509 .079
78 .00495 .00364 112
80 .00450 .00337 121
81 .00506 .00370 .110
68 .00360 .00281 .143
69 .00366 .00285 141
66 .00370 .00288 .139
87 .00268 .00220 .180
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TABLE VII (Continued)

KCOI'I'
Run No. meas PHNOa :fﬂifugé

(from AB-006) (atm) (atm) PHNo,
88 .00272 .00223 .177
97 .00221 .00187 .207
98 .00205 .00174 221
99 .00118 ,00107 .374
124 .00921 .00584 .076
120 .00818 ,00535 .083
121 .00815 .00533 .084
129 .00700 .00476 .088
130 .00702 .00477 .088
122 .00408 .00312 .137
123 .00414 .00315 .135
61 .00116 .00105 .422
62 .00120 .00108 .409

avg. Kcorr = 0.160 + .09

The slope of a graph of In PHNO vs. gave

aH‘"aN

essentially the same value for K as the average value K 0.160.

The vapor-liquid equilibrium constant, K = a 0 /
N 2(1)
Oa(g) can be calculated from KCorr as shown in equations

(34) through (36).
- 2g+eNo; (34)

corr PHNOa
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Kd]’.ss - 10 (3%
2HNO
2(2)
a, a.
K = Scorr _ “WNOs(y) . “HNOs(y) (36)
K
d P a
iss HNOa(g) HNOa(g)

Using the value of Ky . ,25°C =7.24 x 107" given in Section
3.2, Table IV, K is calculated to be 2,155 x 10

3.3 Vapor-Liquid Equilibrium Constant for Nitric Acid

Vapor pressure measurements for HNO,; have been
conducted by numerous workers. However, the nitric acid solu-
tions for which values of PHNO are high enough to be measurable
are in the concentration range 24 to 70 weight % (5. to 36.
molal). This means the back pressure of HNO, over dilute
solutions is essentially zero.

The data of Prosek (PR-009), McKeown and Belles
(MC-035), Burdick and Freed (BU-014), Flatt and Benguerel (FL-
013), Sproesser and Taylor (SP-006) and Davis and deBruin
(DA-012) were considered. Only the data of Davis and deBruin
were applicable, since the other values were measured over
solutions of high ionic strength (I>5). Davis and deBruin
measured the molality of NOj and PHNO Using the equilibrium
model, activities of Ht, NO7 and HNOG(Z) were calculated from
their molality data. The vapor-liquid equilibrium constant was
then calculated using the six data points taken at ionic
strengths of 6.7 and below. The results are given in Tables
VIII and IX.
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TABLE VIII

Results Obtained Using Radian's
Aqueous Equilibrium Program to Calculate

Activity of Nitric Acid
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29 JuUN 71 11311355,436 TEMPERATURE 2%9.000
INPUT MOLES
S02 =0.,00000
C02 =0.00000
S0) =0.,00000 N20S 'lclﬂZ*ﬂtOQ CA0 =0,00p00 MGO =0,00000
NA20 =0,00000 HcL =0.0000g H20 =5,66487401 N203 =0,00000
AGUEOUS SOLUT{ON EQUILIBRIA
COMPONENT MOLALITY ACTiVva ACTIVITY COEFFICIENT
H20 90231=01
H* 24224400 4+071+n0 1+829+00
QHa 2+128=19 2¢297=18 1079+00
NOJ3 = 24224400 S5¢430=01) 20439-01
HNOJ 5¢842«02 Reb26=~02 1476400
MOLECULAR WATER o J,00000400 KGSo
PH =y6}0 JONJC STRENGTH w 2422846¢00 RESe EoNe =
29 JUN 71 118113856,109 TEMPERATURE 25.000
INPUT MOLES
S02 =0,.00000
€02 =0,00000
S03 =D,00000 N205 ®)e62614+00 Ca0 =0,00p00 MGO =0,00000
NA20 =0,00000 HCcL =0.,00000 H20 =5,71324401 N203 =0,00000
AQUEOUS SOLUT|ON EQUILIBRIA
COMPONENT MOLALITY ACTVITY ACTIVITY COEFFICIENT
H20 8¢880~-01
H* A.141+00 8e672+00 24761400
OH= 7¢304-]1¢ 19037=15 19420%00
NO3= JelH)1¢00 5¢720=n) 14821=01
HNO3 1el17=04 1+935=01 10733400
MOLECULAR WATER = 1,00000¢00 KGSo
PH -s938 IONIC STRENGTH = 3414D64+00 RESe EeNy =

DEGQ C

g8¢824=11

DEG, €

“2¢696% ]



29 JUN 71 11351:56,657 TEMPERATURE 254060
INPUT MOLES
S02 =U.p0000
€02 =0,00000
$S03 =0.,00000 N20S =1+64173+400 CAO0 =0,00000 MGO =0.p00000
NA2Q =0,00000 HCL, =20.00000 H20 =5,71480+0]) N203 =20,00000
AQUEOUS SOLUTION EQUILIBRIA
COMPONENT MOLALTTY ACTVITY ACTIviTy COEFFICIENT
H20 8¢868~01
He 3¢1704n0 8+849+00 24798+5G0
OH= 7¢069<«)8 1¢0j3=15 1e433%00
NO3~ 3.1704+00 5e721=01 1805=01
HNO A 101370 1+980=01 1e741+00
. MOLECULAR WATER = | ,00000+00 KGSoe
(¥
L PH = =948 IONJC STRENGTH = 3¢16979+00 RESe EeNe =
29 JUN 7} 11:211:597,090 TEMPERATURE 25,000
INPUT MOLES
S02 =0,00000
€02 =0,00000
S03 =0.,00000 N205 =]1479207+00 CA0 =0,00p00 M0 =0,00000
NA20 =0,00000 HCL  =0.0000¢0 H20 =5,72983e01 N203 =0,000Q0
AQUEOUS SOLUTION EQUILIBRIA
COMPONENT MOLALITY ACTEVITY ACTIVITY CQEFFICIENT
H20 8075701
H* 3.450+00 1:097+01 3¢180%00
OH= S5el70=1¢ BeOnS=16 1e564+00
NO3 = 34450400 Se721=01 1e658=01
HNOJ3 14330=01 2+448=n1 10829400
MOLECULAR WATER o 1,00000¢00 KGSe
FH = -] 040 1ONIC STRENGTH = 3+45028+00 RESe EsNg =

_gs_

DEG. C

=20273=10

0tGe €

“5eB81v]2
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29 JUN 7} 11el1357,567
INPUT MOLES
502 =0.00000
€02 =0,00000
$S03 ®0.,00000 N205 ®=2¢55413+00 Ca0 =0,00n00 MGO =0.,00000
NA20 =0,00000 HCL ®=0.00000 H20 =5,804044+01 N203 80,00000
AQUEOUS SOLUTJON EQUILIBRIA
COMPONENT MOLAL]TY ACTVITY ACTIVITY COEFFICIENT
H20 8+180-0]
He 4.845+00 2926401 64037400
OH= [ei57~18 24832=16 2+448+00
NO3- 44846+00 5¢359=01 1v108=01
HNO3 26240 b0 128=0) 2+335+Q0
MOLECULAR WATER w 1,00000¢00 KGS»
1
- PH = 14466 IONIC STRENGTH = 4¢84582+00 RES.
]
29 JUN 7} 11311858,04) TEMPERATURE
INPUT MOLES
S02 «0,00000
€0z =0,00000
S03 30,00000 N20S ®3+58854+00 CA0 =0,00000 MGO =0,00000
NA20 =0.00000 HCL  =0.0000( H20 =25,90948+01 N203 =0,00000
AGUEOUS SOLUTION EQUILIBR]A
COMPONENT MOLALITY ACTIVITY ACTIVITY COEFFICIENT
H20 7+389-01
N bebb4aeQ0 9e¢357+0} IRET LRI}
OHa 1¢787=17 7¢999~17 44475*00
NO3= 60664400 4e496=0]) 64744=02
HNO3 Sell1=0} 1ebul*on 3e211+00
. HOLECULAR WATER = 1,00000¢400 KGS»
w
3 PH = »le971 JIONIC STRENGTH m 6466405+00 RES.

254000

EeNe =

25,000

EIN. .

pEGs C

-ge074=12

DEG, C

10065¢)0
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TABLE IX

AUSTIN, TEXAS 78757 «

Nitric Acid Vapor-Liquid Equilibrium

Constant Calculated from the Data of

Davis and deBruin (DA-012)

TELEPHONE 512 - 454-9535

ot Calculate:Nos Mgzgz:ed7 Kcalc= a§+aNO; . 10_,

(See Table VIII) (atm x°10 ) HNO ,
4.071 0.543 10.4 0.221
8.672 0.5720 29.0 0.171
8.869 0.5721 31.0 0.164
10.97 0.5721 51.0 0.123
29.26 0.5369 108.0 0.145
93.57 0.4496 386.0 0.109

avg K} = .156 x 10°

A plot of 1In aH+aNO§ vs. 1n PHNOB had a slope of

7
.151 x 10 , while the average value of Kcalc was .156 x 107.

The vapor liquid equilibrium constant for reaction

(la),K = a

HNOa(z)/aHNOs(g)’ can be calculated from the

dissociation constant, Kdiss’ and the constant in Table IX as

shown below.

K _ 2g*yos
diss =
a.
N0, ()
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Koo = p—22 = 156 x 10 (39)
HNO,
a K
k& 004 cale . 5 g x 10* (40)
diss
HN0a(g)

3.4 Vapor-Liquid Equilibrium Constant for Nitric Oxide

The data of Winkler (WI-029) for the Bunsen absorption
coefficient of NO in water were used to calculate the equili-
brium constant for reaction (41).

-

NO(g) ? (41)

N
MO
The equilibrium constant is defined in equation (42) where the
activity of NO(L) is in units of moles NO/kg H,0, assuming

YNO(L) = 1, and the activity of NO(g) is in units of atmospheres
of nitric oxide.

K = NO(g)

(42)
N0 (g)

Winkler's data were reported in units of cc dissolved NO per
cc water, He also reported the total measured pressure of
nitric oxide over the solution in mm Hg. The number of moles

of dissolved‘NO_gas calculated by multiplying Winkler's values
of cc NO by (lga_ﬁ>(%§%%z>. The results of all the calculations
are given in Table X. The data for each temperature are an

average of three measurements.
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TABLE X
Results of Calculation of Vapor-Liquid

Equilibrium Constant for Nitric Oxide from
the Data of Winkler (WI-029)

-3
10 moles

coyo(Foraee?)  CCy 20(10;21‘3) Eglﬁiom Pyo(G60mm)  2no )
= moles NO = kgh 0 & ayg & ayg NO
T°C (2) (g) =K (8
0.07 .00371 1.90505 .001947 .592 .00329
10.02 .00310 1.90532 .001626 .639 .00255
20.02 .00273 1.90813 .001495 .681 .00210
30.01 .00246 1.91292 .001289 .720 .00179
39.96 .00228 1.91946 .001188 .758 .00157
50.04 .00216 1.92762 .001124 .799 . .00141
59.94 .00214 1.93700 .001104 .838 .00132
70.05 .00215 1.94784 .001102 .879 .00125
79.85 .00217 1.95963 .001107 .919 .00120
-60-
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4.0 SUMMARY

This Technical Note has described the selection of
activity coefficients and equilibrium constants for use in an
aqueous equilibrium model. The activity coefficients are
correlated as a function of ionic strength. Correlation
parameters for each ion or uncharged species were chosen on
the basis of published graphs of activity coefficients as a
function of ionic strength.

Equilibrium constants were selected from numerous
different published references. 1In some cases the data were
recalculated to obtain constants in a consistent form. The
selected constants are listed in Table XI.
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Reaction

HNO,( ) @ ut + noj

H0a(g) * Ma(s)

HNO,(,y @ ut + noj

3

HNOa(g) HNOQ(E)

NO(gy ® NO(y)

Selected Values for Equilibrium Constants

Form of
Constant

_ ZntNog
aHNoa(m

K

K = _HNOs ()
P
HNO 4 (g)

at+eNoz
a

TABLE XI

Selected Values

Ky50c
log K

Kys0c

K25°C

log K

(1]

fl

#

Kys50¢ =

Ky00c

]

26.9

320.88

6.557 - =5

5.80 x 10° atm™"

-4
7.24 x 10

.01359T

3
34.558 - 5:8534 x 10

- 60.571 x 10~°T

3 -1
2.155 x 10 atm

2.10 x 10" atm

-1

Reference

HE-001

DA-012

LU-~005
TU-007

AB-006

WI-029
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BU-014
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DA-001

DA-012

FL-013
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1.0 INTRODUCTION

The sorption of nitrogen oxides in aqueous alkaline
sorbents is the basis of a potential NO, removal process. EPA
has performed bench scale tests of the sorption of nitrogen
oxides in their Cincinnati laboratories. In this technical note
some of the experimental data are analyzed to extract mass
transfer coefficients.

In support of the EPA program, Radian has made some
theoretical calculations that indicate that HNO, and HNO, are
the significant molecular species involved in the mass transfer
step. The analysis presented is based on the assumption that
mass transfer is vapor film limited. Not enough experimental
data were taken to prove or disprove this assumption. The con-
clusions must therefore be treated as tentative.

2.0 THEORY

The general mass transfer theories apply to this
problem. The major difference between standard computational
schemes and what is presented here is that the species
involved in the mass transfer process, i.e., HNO, and HNO; are
not conserved species. For example, when HNO, is removed from
the gas phase, more HNO, is formed as a result of the vapor
phase reaction among the various nitrogen oxides and water.

A material balance may be made across a differential
height of packing, AZ, as shown in Figure 2-1.

Radian Corporatlon 8500 SHOAL CREEK BLVD, » P.O.BOX 9948 + AUSTIN, TEXAS 76757 + TELEPHONE 12 - 454.9535

vj—ﬂ

FIGURE 2-1 - DIFFERENTIAL HEIGHT OF PACKING

The number of moles, n,, of HNO, (x = 2 or 3) is given in
Equation 2-1.

-dn, = KkeaA P(y -y¥)dz (2-1)

For our column we assume that the equilibrium partial pressure
over the liquid is zero. As a result of this assumption Equa-

tion 2-1 may be simplified.
-dn;, = k,aA Py,dz (2-2)

The moles of HNO, or HNO,; transferred must be related
to the NO and NO, removed from the gas. Radian's gas phase

"chemical

equilibrium model calculates y, when given inputs of
1" " 2 " ., :
NO" and ''chemical NO.", Cyno and CNOS' From the reaction of NO

and NO, to form HNO, and HNO, these relationships may be calculated.
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H,0 + NO + NO, = 2HNO, (2-3a)
H,0 + 2NO, ~ HNO,+ HNO, (2-3b)
dCyo = %(dnHNOa - d“HNoa) (2-4a)
dCyq = 5(dnyyo, * 3dnHNoa) (2-4b)

If Equations 2-4a and b are combined with Equation 2-2.
Equations 2-5a through 2-6b result, describing the decrease
in total chemical NO and NO, as a function of the mass trans-
fer of the molecular species HNO, and HNO,.

-dCy, = %(“1YHN0,,' aayHNos)dz (2-5a)
-dCyg = %(o,lyHN0=+ SquHNoa)dz (2-5b)
o1 = lkyyo aPhc (2-6a)
Gz = kHNOSaPAC (2-6b)

Since YHNO and Yuno. are complicated functions of
2 3
CNo and CNO the equations must be integrated numerically.
2

. .
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The quantities that can be measured experimentally
are total NO, CNO’ and total NO,, CNOg'
required in making mass transfer calculations are the mole
fractions of HNO, and HNO,. Values for both of these quanti-
ties are computed. Therefore, any error in the equilibrium

The quantities

constants that are used to compute yHNoa and yHNOg from the
measured quantities CNo and CNoa will show up as errors in kga
values computed from experimental data. Thus, even if the
mechanism has been correctly identified and the analytical
chemistry measurements correctly made, the computed kga values
may be incorrect in an absolute sense. Their use is justified
so long as the same equilibrium constants used in calculating
kga's are used in making mass transfer calculations with these
kga's.

3.0 NUMERICAL CALCULATION SCHEME

Equation 2-5 may be integrated to give the amount
removed in a packed column of height H.

'[CNO]out+ [CNo]in = % i (alyHNoa' “sYHNoa>dz (3-1a)

H .
_[CNoz]out'*' [CNOE o = % ([ (alyHNoa+ 3a,yHN03)dz (3-1b)

Values of @, and g, are assumed. The right hand
side of Equation 3-1 is numerically integrated. The error, 3,
between the removal determined experimentally, rem, and that
calculated is given in Equation 3-2,
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&, = remy, - (Cin‘ cout)NO (3-2a)

8, = remy, - {

NO, ” \%in” cout)NO (3-2b)

2

The initial values for g, and g, will not yield the
desired values of & = §, = 0. A Newton-Raphson technique was
used. This requires a knowledge of the derivatives of Equa-
tion 3-2.

H
3% [
2281 = Xk
da, 2 § YHNO,

dz (3-3a)
H
X TR ¢ z[ Yimo, 97 (3-3b)

H
3%, - 3 l Yino, 9 (3-3c)

H
r
% ¥, 4, yHNOSdz (3-34d)

After the correct values of @, and a; have been chosen, the
kga's may be calculated from Equation 2-6. -

The experimental data used were those reported in
T.N. 200-007-09. The data were recalculated to more accurately
account for the amount removed., The actual amount of NO,
removed was accurately measured with liquid phase chemical
analyses. This is shown below.
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Ingas = OUtgas + Ouc1iquid (3-4)

The inlet and outlet gas concentrations were
calculated as follows:

In + Outgas + OUtliquid

- _gas .
Inavg > (3-5)

OUtavg gas = Inavg b OUtliquid

(3-6)
This procedure maximized the accuracy of the

difference between composition of gas; and gas by making it

out
equal to the accurately known liquid measurement. The original
material balances are given in Table 3-1. The corrected gas

compositions are given in Table 3-2.

4.0 RESULTS

Values of kga's for HNO, and HNO,; were calculated
from the equations given in Sections 2 and 3 and the data in
Table 3-1. The results are given in Table 4-1.

The three points in Table 4-1 are plotted on log-log
paper in Figure 4-1 for HNO, and Figure 4-2 for HNO,. A slope of
0.8 was arbitrarily chosen for the vapor rate dependence. Since
the data were all at one liquid rate, no correlation could be made.
The liquid rate dependence was assumed to be 0.39 as reported by
Brown* for NH,. The following correlation is suggested for use

within the constraints discussed above.

*
Brown, G. G., Unit Operations, p. 530, John Wiley &
Sons, New York, (1950).
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Run 1 NO
NO2
Run 2 NO
NO2

Run 3 NO
N02

Gas In

TABLE 3-1
MATERIAL BALANCE SUMMARY

from TN 200-007-09

Gas Out of +

(mole/min x 10°) Condenser

Run 1

Run 2

Run 3

102.76
101.03

135.6
130.8

172.8
162.0

NO
NO,

NO
NOj3

NO
NO,

97.54
52.84

134.05
68.79

185.12
85.95

Sc

TABLE 3-2

rubber
uid Out 6

(mole?mln x 107)

21.14
60.08

21.72
62.95

23.61
70.56

CORRECTED MATERIAL BALANCE

Gas

In

(mole/min x 108)

110.
106.

144,
135.

190.
159,

72
97

10
75

75
25

Liquid
+ Condensed

+ ?
?
+ (-3.2)
+ 9
+ ?
?
Gas Out

(mole/min x 10%8)

89.58
46.89

122.38
72.80

167.14
88.69

118.
112.

152.
140.

208.
156.

68
92

57
74

73
51



Run
No.

. .
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TABLE 4-1
RESULTS OF MASS TRANSFER COEFFICIENT CALCULATIONS

Vapor Flow Rate Liquid Rate KgaHNO2 KgaHNoa
[Popeer™ & oSt [tSte)
0.728 710 0.277 0.972
0.948 710 0.275 0.962
1.18 710 0.302 1.22
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FIGURE 4-1
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V\@.8/L\0 .39
kgm0, = 0'795<K)c (K)c (4-1a)
AALCRYL 0,39
kgayno, = 2-96\x) (K)c (4-1b)
5.0 CONCLUSIONS

A mechanism has been proposed to explain mass
transfer of NO and NO, from flue gases into aqueous alkaline
solutions. It is based on gas film limited transfer of HNO,
and HNO;. Mass transfer coefficients have been calculated on
the basis of this mechanism. These axz given in Equations 4-1,

These equations and this mechanism must be considered
as being tentative. The ratio of kgaHNO /kgaHNO is 0.27 and
not 1.04 as predicted by film theory. Thls mlght be due to in-
accurate equilibrium constants used in calculating yHNO or
yHNO Not enough experimental data nor a large enough range
of data were used in the correlation to give too much confidence
in the results. On the other hand, these are the only data
applicable to testing this specific hypothesis.

-12-
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6.0

NOMENCLATURE

rem

y*

AZ

Subscripts

X

1

surface area of packing per volume of

column (cm?/cm?)
crossectional area of column (cm?)
chemical NO, chemical NO, (gmoles/min)
height of column (cm)
mass transfer coefficient (gmoles/hr cm® atm)
liquid rate (cm®/min)
number of moles per hour
total pressure (atm)

measured amount of HNO, or HNO, removal
(gmoles/hr)

vapor rate (normal M?/hr)
mole fraction in bulk gas

mole fraction in gas in equilibrium with
liquid

differential height of packing (cm)
= 2 for HNO,, x = 3 for HNO,
HNO,

HNO,

-13-
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Greek

b difference between measured and cal-
culated amount of HNO, or HNO,
removed (gmoles/hr)

-14-
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The object of the early data collection task was to
define the problem by surveying all available literature on
aqueous sorption of nitrogen oxides and associated subjects.
There were four sources for acquisition of pertinent literature.

The first source was the bibliography in the final
report, "Systems Study of Nitrogen Oxide Control Methods for
Stationary Sources" prepared for NAPCA under Contract No.

PH 22-68-55. Section 5.5.1 dealt with aqueous absorption of
NO, and the bibliography for that section gave thirteen perti-
nent references from which several other references of interest
were found. In addition, the supplementary bibliography of

750 references was searched and nearly 100 titles were selected
as applicable.

The second source of information was the Air Pollution
Technical Information Center. NAPCA Publication AP-12, Nitrogen
Oxides: An Annotated Bibliography was used. In addition the

output from an APTIC computer search for information on nitrogen
oxides and absorption was furnished by Tom Kittleman. About
fifty abstracts of articles of interest were found. Some were
duplicates of those from the first literature source.

The third source of information was the technical
files at Radian. Some twenty references of interest were avail-

able through this source.

The fourth source of information was Chemical Abstracts.

Cumulative indices from 1947 to 1966 were used as well as semi-
annual indices for the period from 1967 to June, 1969. The
biweekly issues from June, 1969, until October, 1970, were
searched using the keyword index at the end of each issue.
Abstracts which seemed useful were copied.

. .
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A file of abstracts from the four sources described
above was assembled. As the program continued and new avenues
of interest became evident, more literature was added to the
data base. The abstracts were read and filed in the categories
discussed below. A few references are listed in more than one
category.

1. Mechanism of Absorption of Nitrogen Oxides by Aqueous
Solutions and Chemistry of NO,-H,0 Systems

The literature concerning NO,-H,0 system chemistry and
the mechanism of the reactions involved was reviewed in detail.
It was used in preparing the problem definition for aqueous
sorption (see Technical Note 200-007-01). Much of this litera-
ture is discussed in the review in Technical Note 200-007-02.
Many interesting but not directly applicable references were
not mentioned in the technical notes, although some were con-
sidered in detail. They are listed in part 1 of the supplementary
bibliography at the end of this note.

2. Descriptions of and Operating Data for Aqueous Sorption

Processes

The abstracts in this category were not investigated
in detail. They are listed in part 2 of the supplementary
bibliography.

3. NO,-NO-H_O Gas Phase Reactions and Kinetics Studies

References on homogeneous reaction equilibria in the
gas phase were used in the problem definition for a computer
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program which calculates gas phase compositions in the
NO-NOg-H,0 system. Additional references were used to verify
resulting calculated equilibrium compositions. These are
discussed in Technical Note 200-007-03a. Other references,
including kinetic studies of both vapor phase and aqueous

phase reactions have not been mentioned previously. These,

and some of the ones used in the problem definition, are listed
in part 3 of the supplemental bibliography.

4., Physical Properties and Thermodynamic Properties of
Gaseous, Solid, and Aqueous Systems Containing Nitrogen
Oxides or Oxyacids

This is a large, general category in which many
abstracts were found. Some were useful for contract EHSD 71-5.
Others were not pertinent then, but will be very useful for
later work. Some of the abstracts in this category were further
separated into more specific categories. These categories
were:

Thermodynamics of Electrolyte Solutions

Solubility Data for Hydroxides, Nitrates
and Nitrites

Complex or Ion-Pair Formation Involving
Nitrites, Nitrates, or Hydroxides

Activity Coefficients and Equilibrium
Constants.

These references are listed in part 4 of the supplemental
bibliography.

. .
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5. Measured and Estimated Standard State Thermodynamic
Properties of Solid Nitrates, Nitrites, Nitrides,
and Hydroxides

These data are discussed in detail in Technical Note
200-007-04a and Technical Note 200-007-3a.

6. Thermal Analysis and Decomposition of Solid Nitrates
and Nitrites

These references are given detailed consideration
in Technical Note 200-007-06.
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NO, -HaO System Chemistry, Absorption Mechanism,
and General Interest

Anbar, Michael and Henry Taube, "Oxygen Tracer Experiments
on the Reaction of NO, with Water", J. Am. Chem. Soc. 77,
2993-4 (1955).

Auchapt, Jacqueline M., "Properties and Recent Applications
of Nitrogen Oxides, NO and NOp;" (literature survey from
1950 to 1968), Commis. Energ. At., Serv. Doc., Ser.
“"Bibliogr.', CEA-BIB-172, 70 pp. (1969).

Barat, Francois, Bernard Hickel and Jack Sutton, ''Flash
Photolysis of Aqueous Solutions of Azide and Nitrate Ions",
Chem. Commun. 3, 125-6 (1969).

Barat, Francois, L. Gilles, Bernard Hickel, and Jack
Sutton, "Flash Photolysis of the Nitrate Ion in Aqueous
Solution: Excitation at 200 nm'", J. Chem. Soc. A 11,
1982-6 (1970).

Bartha, Lajos and Zoltan G. Szabé, "Hydrolysis of
Dinitrogen Tetroxide', Magyar Kem. Folyéirat 62, 294-6
(1957).

Bunton, C. A. and G. Stedman, "Absorption Spectra of Nitrous
Acid in Aqueous Perchloric Acid", J. Chem. Soc., 2440-4 (1958).

Bunton, C. A., "Exchange of Oxygen Between Nitric Acid
and Water, and Its Relation to the Phenomena of Nitration
and Nitrosation", Mém. Services Chim. état 38, 417-25
(1953).
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of the Kinetics of the Oxidation of Nitrogen Tetroxide to
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16.
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Literature on the thermal stability of metal nitrites
and nitrates has been reviewed in Technical Note 200-007-06.
The data show that the salts decompose at relatively low
temperatures, usually well below 700°C. The mechanism of the
decompositions is quite complicated since the gaseous decom-
position products and the melt interact.

Thermal decomposition of solid metal nitrates and
nitrites was selected as a possible method of regenerating
metal oxide sorbents for NOx removal processes. In order to
evaluate the effectiveness of several metal oxide sorbents,
the relétive free energies of the corresponding nitrate and
nitrite thermal decomposition steps were investigated (see
Technical Note 200-007-13).

The equilibrium constants and free energy changes
for reactions such as (1) and (2), where Me stands for a
metal, were calculated using standard state thermodynamic
properties and heat capacities of products and reactants.

Me(NO,), 2 MeO + N_Og L)

Me(NO,), ® MeO + NyO, (2)

Thermodynamic data for reactions such as (3) and (4) were also
investigated in order to describe decomposition in the presence
of CO,.
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Me(NO,), + CO, # MeCO, + N,0g (3)

Me(NO,), + CO, @ MeCO, + N,0, (%)

The results were calculated for the temperature range
from 25 to 700°C. The changes in entropy and enthalpy and
the logarithm of the equilibrium constant for the reactions
were plotted versus temperature for reactions involving the
metal nitrates and nitrites shown in Table I. The compounds
which are marked by an asterisk are those for which calculations
for reactions such as (3) and (4) were done. The results are
given in the graphs and computer output on the following pages.
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TABLE I
AgNO, * KNO, *
AgNO,* KNOQO, *
AL(NOy), LiNO, *
Ba(NOp ) * LiNO, *
Ba(NO, )g* Mg (NO; ),
Be(NOg ), Mg (NO, ) *
Be(NO;), Mn(NO, ),
BL (NO3 ), Mn(NO, ), *
Ca(NOg)q* Mn(NO,3 ),
Ca(NO; )g* NaNO, *
Cd(NO, ) NaNO, *
Cd(NOy ), * Ni(NOp )4
Ce(NOs ), ‘ Ni(NOs),q
Co(NO, ), Pb(NO ) *
Co(NOs ), Pb(NO, ). *
CuNo, Sn(NO, ),
CuNO, Sr(NOg )y *
Cu(NO, ), St (N0, ), *
Cu(NOz)¢ Zn(NOg ),
Fe(NO,)q Zn(NO, ),
Fe(NO,), Zr(NO, ). *

Fe(NO, ),




LOG(10) EQUILIBRIUM CONSTANT
PER MOLE OF N203(G)

1971

TEMPERATURE

DEG. €

205000001
5,000040%
1,0000402
1:5000002
2.0000402
2.5000402
1.0000+02
«50004+02
«0000+02
05°°°+02
00000#02
0500°§02
+0000+02
«50004+02
0000402
+50004+402

HR PLOT COMPLETED
SR PLOT COMPLETED

2AGND2

ENTHALPY

CAL./GMOLE

3,4039+04
3,4064404
3,4127+04
3,4169+04
3,4158+04
3,4073+04
3.3904+04
3,3640+04
3,3277+04
3.2810+404
3,2235+404
3.,1551+04
3.0755+04
2.9845404
2,8821+04
2.7682+04

‘A6 K PLOT COMPLETED

-18

-

-
-10

-

08 SEP 71

2AGNO2

300
TEMPERATURE - DEGREES CENTIGRRDE

N203 + AG20

ENTROPY

CAL,/GMOLE/DEG«K

4,1704401
4,1783401
4,1966401
4,2072+01
4,2047+01
4,1879+01
4,1571+01
4,1132+01
4,0572401
3.9903+01
3,9136+01
3,8279+01
3,7340401
3.6328+401
3,5248+01
3,4108+401

N203 + RG20

S00

LOG K

=1,5835+01
=1,3905401
=-1,0815+401
-8,4521+00
-6.5874+00
-5,0811+00
-3,.,8422+00
-2,8086+00
-1,9368+00
-1,1947+00
-5,5884-01
~1.0984=-02

4.6288=01

8,7386-01

1,2309+00

1,5411+00

1] TN FTUUTTTETY FRTETEETE FTUTTETIN FRTUUTUETY FUTUTTTITY FTUSTUTUIN FTTTTTIT
0

200

700




8 O0cT,

LOG(10) EQUILIBRIUM CONSTANT
PER MOLE OF N203(G)

08 OClI

1971 2AGNO2 + €02 | N203(G) + AG2COS
TEMPERATURE CENTHALPY ENTROPY LUG K
NEG. C CAL+/GYOLE CAL+/GMOLE/DEG WK '
2,5000401 1.4466+04 -2.2413400 ~1,1093401
5.0000+01 1,4554+04 -1,9588+00 T =1,02704+01
1,0000402 1,47€3+04 -1,3586+00 -8,9427+00
©1,5000+02 1,4975+04 -8,2425-01 -7.9140400
2,0000402 1.5160404 -4,1000=-01 =7.U917400
2,5000402 1,5300+04 -1,2945-01 -6,4194+00
3,0000402 1,53R1404 1.9940-02 -5.8602+00
3,5000+02 1,5397+04 4,6892-02 =5,9892400
4,000U+02 1.5341+04 ~3,7961-02 =4,9087+00
4,5U00402 1,5211+04 -2,2388-01 ~4,6457400
5,0000+02 1.5003+04 -5.,0078-01 ~4,3505400
5,5000+02 1,4717+04 -8,5948-01 “4,U950400
6.0000+U2 1.4350+04 ©=1.2918400 =3,8759+00
6,5000+02 1,3902+404 =1,7904+00 ~3,6822400
7.0000402 "1.3372408 ~2,3488+00 ©3,2162+00
745000402 1,2760+04 ~2,96154+00 =3,3727400
HR PLOT CUMPLETED
SR PLOT COMPLETED
LOG K PLOT COMPLETED
2AGN02 + C02 - N203(G) + AG2CO3
10 —
= -4
- -4
5 —
Gb- ey
L 4
- .
-5 |- —
o -4
-10L. 1
- -y
-15 llllllllIIlllllllll[llllllllllllllllllllLLlLLLllIILLLLllIllllllllll‘llllllllIlll
o 100 . 200 . 300 Yoo 500 600 -700 800

71
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10 AuG.

LOG(10) EQUILIBRIUM CONSTANT
PER MOLE OF N20S(G)

1971 2AGNO3 = N205 +AG20
TEMPERATURE ENTHALPY ENTROPY L0G K
DEG. C CAL./GMOLE CAL,/GMOLE/DEG+K
2.5000+01 S.4859+04 4,4514+01 =3,0482+401
5,0000+01 6.8220+04 8,8253+01 -2.6848401
1.00n0+02 6.7727+04 8,6835+01 -2,0687+01
1.50n0402 6.7159+04 8.5409+01 =1.,6019+01
2.00004+02 6.5156+04 8,0835+01 -1,2427+061
2.50004+02 5.,8880+04 6.,7894+01 -9,7584+400
3.00600402 S.,b188+04 6.6623+01 ~7.6252+00
3.5600+02 5,7551+04 €.55€3401 -5.8546+00
4,0000+402 S5.6961+04 6.4653+401 -4,3631+00
4,5000402 S5.6414404 6,3368+401 =3,0906+00
5.,0000402 5.5303+04 6,3185401 «1,9930400
5.5000402 5.5427+04 6,2588+01 -1,0372+00
6£.0000+02 5.4983+04 6,2064+01 ~1.,9796-01
6.5006+02 S.456L+04 6.,1602+401 5,44%9-01
7.0C00+02 5.4181+04 6.1193+01 1.,2060+00
7.5000402 5.3621+04 6.,6833+01 1,7986+00
HR PLOT COMPLETED
SR PLOT COMPLETEC
LOG K PLOT COMPLETED
2AGNO3 = N205 +AG20
0 —_
E -
=51 ]
3 -4
b -
-10 | —
-1S —
5 4
R J
=20 L~ —
o -
—25 llllIIIIIlllllllLlllllllIlllllllllllllIIllllllllllLLIIIllIIIlIlllllllllllllll
0 100 200 300 4ao 5a0 500 700 800
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8 0CT,

LOG(10) EQUILTBRIUM CONSTANT

PER MOLE CF N205.G)

1971

TEMPERATURE

DEG. C

2.5000+01
5,0000401
1,0000+02
Le5u00+C2
2.0000+402
2,5000402
3.0060C+02
3.,5000+02
4,0000+402
4,5000+02
5.0000+02
5,5000+02
6,0000+02
6,5U00+02
7.0U00+402
7.5000402

HR PLOT COMPLETED
SR PLOT COMPLETED

2AGNO3 + C02 | N205(G) + AG2CO3

ENTHALPY
CAL+/GMOLE

3.5286+04
4,8710404
4,8363+04
4,7965+04
4,6157+04
4,0106+04
3.,9665+04
3,9307+404
3,9025404
3,6815+04
3,8672+04
3,8593+04
3,B85784+04
3,8624404
9,8732+04
3,8899+04

LOG K PLOT CUMPLETED

0=

15 -

20 |-

1]
—25 lllllll[LlllIIlllllllllllllljlllIlllllllllllIlllIIlllllllllllllllllIlllllllllll

2AGNO3 + CO2 - N205(G) + AG2CO3

CAL+/GMOLE/DEGK

ENTROPY

5.6871-01
4,4511401
4,3511401
4.2513401
3,8378401
2,5885401
2.5078401
2.4479401
2,4043401
2.3741+01
2.3549401
2,3450401
2,3432401
2,3485401
2,3596+01
2,3764401

LUG K

=2,9739401
w2,9213401
»1,881440)
«l,5481+01
-] ,2952¢01
-1.1097+U1
w9 ,64324+400
-8,4352+00
«7,4151+400
=6,9415+00
=-5,1844400
=5,1212+400
-4,2347+400
-4,U115+400
«35,5411+00
=3,11%2+00

08 OCT 71
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9 SEPT, 1971 2AL(NO3)3 = 3N205 + AL203
TEMPERATURE ENTHALPY ENTROPY LOG K
DEG. € CAL./GMOLE CAL,./GMOLE/DEG.K
2.5000+401 2.,8901+04 5.1523+01 =9,9233400
5.0000401 442339+04 9,5511+01 ~T7.7593+00
1.0000402 4,2010+404 9.4565+01 «3,9369+00
1.5000+02 4.1664+04 9,3695+01 «1,0412+00
2.0000+02 4.1293+404 9.2867+401 1,2230+400
2+5000402 4,0893+04 9,2063+01 3.0374+00
3.,0000402 4,0460+04 9.1274401 4,5200400
3,5000+02 3.9994+04 9,0495+01 5,7510+00
4,0000+02 3.9492+04 8.9720+401 6.7865400
4,5000402 3,8953+04 8.8949+01 7.6671+00
5.0000+02 3.,8378+404 8,8179+01 8.4229+00
5.5000402 3,7764+04 8,7411+01 9,0768+00
6.0000402 3.7112+04 8.6642+01 9.,6461+00
65000402 3,6422+04 8.5874+01 1,0145+01
7.0000+02 3.5693+04 8,5105+01 1,0583+01
75000402 3.4924404 8.4335+01 1,0971+01
HR PLOT COMPLETED
SR PLOT COMPLETED
LO6 K PLOT COMPLETED
2AL(ND3)3 = 3N205 + AL203
1S —_
F <
. J
= - .
z
@ i .
z - 4
(]
Q s g
e | 7
- N 5
o©c O — =3
o N L .
— Z
— B 4
- L
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“y o o ]
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9 SEPT. 1971 BA(NQ2)2 = N203(6) + BAO
TEMPERATURE ENTHALPY ENTROPY LOG K
DEG. C CAL./GMOLE CAL,/6MOLE/DEG.K
2.95000+01 741327404 4.,7005+01 -4,2007+01
5,0000401 7.1351+04 4,7083+401 ~3,7962+01
1,0000402 T.1415+04 4,7267+01 «3,1494+01
1.5000+402 T+1456+04 4,7372+01 -2.6551+01
2.0000+02 T.1445+04 4,7348+01 ~2,2651+01
2+5000+402 7.1361+04 4,.7180+01 -1,9499+01
.3,0000+02 T.1191+04 4,6871+401 -1,6901+01
3.,5000+402 7.0928+04 4,6432+01 -1.,4727+01
4.0000+402 7.0565+04 4,5872+01 -1,2884+401
4.,5000+402 7.0097+04 4.5204+01 «1,1305+01
5,0000+02 6.9523+04 4,4436+01 =9,9401+00
55000402 6.8838+40y 4.,3579+01 -8,7520+00
6.0000+02 6,8042+04 4,2640+01 ~7.7113400
645000402 6.7133+404 4,1628+01 «6,7949400
7.0000+02 6,6109+404 4,0549+01 -5,9844+00
7.,5000+402 6.4970+04 3.9408+01 =5,2649400
HR PLOT COMPLETED
SR PLOT COMPLETED
LOG K PLOT COMPLETED
BAINDO2)2 = N203(G) + BRO
0. —
| g B -
& L— )
[ -5 —
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o | 4
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8 0CT. 1971 BA(NO2)2 + C02 | N203(G) + BACO3

TEMPERATURE ENTHALPY ENTROPY LOG K
DEG. C CAL +/GMOLE CAL+/GMOLE/DEG «K
2.5000+401 1,0252+04 2,1514400 «7.0439400
$,0000+01 1,0258+04 2,1718+00 wb,4626400
1,0000+02 1,0321+04 2.3510+00 -5,2307+00
1.,5000+402 1.0398+04 2,5446+00 el ,8159+400
2.0000402 1,0450+404 2.6607+400 -4,2449400
2.5000+02 1,0452+404 2,6665+00 =3,/8344+00
3,0000+02 1,0390+04 2.5537+00 =3,40344+00
3,5000+02 1,0252+04 2,3251+400 -3,0874+00
4,0000+402 1,0033+04 1,9876+00 «2,8229400
4,5000+02 9.,7273+03 1.,5498+00 . =2,60U9+400
5,0000+02 9,3310+03 1,02064+00 «2,4144+400
5,5000+02 8,8420+403 4,0836~01 =2,24582+00
6.,0V00+02 8,2585+403 *2,7925-01 -2,1280+00
6.5U00+02 7.5793+403 -1,0352+00 =2,U2U5+00
7.0000402 6.,8036+403 =1.8530+00 