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ABSTRACT

The transpiration techniqu_ is used to measure volatilities of U

from UaOs(s), Pu from PuO2(s ) and Pu and Am from PuOJ2%AmO2(s) in the

presence of steam and oxygen at temperatures ranging from 900 to

1300°C. From the volatility data, the thermodynamics of formation

of UO2(OH)2(g ), UOa(g ), PuO2(OH)2(g), and AmO2(OH)2(g ) are summarized
as follows:

1/3 UaOs(s) + H20(g ) + 1/6 02(g ) = UO2(OH)2(g)

AG°(T) = 267.89 - 67.521x103T + 6.06, kJ/mol

1/3 UaOs(s ) + 1/6 02(g ) = UO3(g )

AG°(T) = 405.74 - 166.238xI0aT _+ 7.06, kJ/mol

PuO2(s ) + H20(g ) + 1/2 02(g ) = PuO2(OH)2(g )

AG°(T) = 231.3 - 10.9xI0aT + 15.85, kJ/mol

AmO2(ss in Pu02) + H20(g ) + 1/2 02(g ) = AmO2(OH)2(g )
AG°(T) = 223.9 - 10_9xlO3T + 30, kJ/mol

These results have been applied to the Rocky Flats Plant Fluidized

Bed Incinerator to assess the amount of volatile U, Pu, and Am that

would be produced in the secondary combustion chamber. Taking an

operating temperature of 550°C, 40 kmols/h of total gas flow at 1

atm pressure, 0.i atm of 02(g), 0.05 atm of H20(g), 6000 h of

operating time per year, assuming sufficient U and Pu are present

in the bed to form UaOg(s ) and PuO2(s), and assuming Am is present

at 200 ppm in the PuO2(s), gives volatilization rates of 7.6xi0 _

gU/y, 7.0xlO _ gPu/y, and 4x10 9 gAm/y in the offgas from the

secondary combustion chamber.

"Work performed under the auspices of the U. S. Department of Energy

by the Lawrence Livermore National Laboratory under Contract W-
7405-ENG-48.



INTRODUCTXON

This work was conducted in support of the Rocky Flats Plant

Fluidized Bed Incinerator development. _The objective of this study
has been to conduct experiments to identify the types and amounts

of vapor species of U, Pu, and Am that will be produced in the

offgases of mixed waste oxidation processors. .'

%

Based on available or predicted thermodynamic data (1-3), a small

amount of U, Pu, and Am will be vaporized as UO2(OH)2(g), UO3(g),

PuO2(OH)2(g), and AmO2(OH)2(g ) in mixed waste thermal oxidation

processors. Also, if halogen gases such as HCI and HF are present
in concentrations greater than about 0.1% in the combustion gas,
then actinide oxyhalide vapor species will be important in the

offgas and may dominate over the actinide oxyhydroxides (2). The

HCI and HF concentrations are expected to be very low in the Rocky

Flats Plant Fluidized Bed Incinerator because of the Na2CO3(s )
present in the bed which reacts with the HCI and HF gasses to
produce NaCl(s) and NaF(s). The actinide oxyhalide volatilities

are therefore expected to be much smaller than the actinide

oxyhydroxide volatilities.

BACKGROUND

The thermodynamics of UOH(g ) are well established. Ackermann, et

al.(4) and Dharwadkar, et al. (1) have independently carried out

transpiration experiments on UHOs(s ) in the presence of O2(g ) which

are in good agreement. Dharwadkar, et al. (1) in their work have

also carried out transpiration experiments on U308(s) in the

presence of 02(g) and H20(g) and identified the species UO 2(OH)2(g) •

No thermodynamic measurements exist for the species PuO2(OH)2(g ) or

AmO2 (OH) 2(g) . Krikorian (2,3) , however, has estimated

thermodynamics for these species. The AHf ° (298 ) value for

PuO2(OH)2(g ) (2) was estimated from bond energy correlations which

relate metal fluoride to metal hydroxide bond energies and the
_Hf°(298) value for AmO2(OH)2(g ) (3) was estimated based on trends

in actinide oxyhydroxide and oxyhalide bond energies. The entropy

and free energy functions were estimated using an empirical
relationship which is derived from known thermodynamic values for

other oxyhydroxide species.

APPROACH

The approach used here to obtain U, Pu, and Am volatilities is to

apply the transpiration technique to experimentally measure U

volatility from U3Os(s), Pu volatility from PuO2(s), and Pu and Am

volatilities from PuO2/2%AmO2(s ) in the presence of O2(g ) and H20(g ) .
In the transpiration technique, a known amount of carrier gas is

passed over a solid or liquid in a furnace chamber such that any
volatile gases produced become entrained in the carrier gas and are

swept out of the chamber. The volatilized gas then condenses on a

substrate that is later removed and quantitatively analyzed for U,

Pu, and Am. The carrier gases may also contain reactive gases

which enhance the volatility. In this case, O2(g ) and H20(g ) are

used. By making measurements on pure UHOs(s ) and PuO2(s ) an upper
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limit of U and Pu volatility in thermal oxidizers is established.
Interactions of U, Pu, and Am with ash in the thermal processor are

expected to lower the U3Os(s), PuO2(s) , and AmO2(s ) activities and

therefore produce lower volatilities. In working with Am, we were
limited in the amount that we could handle in our glove box system.

The 2%AmO2(s ) in PuO2(s ) was chosen to give adequate detectabiliy of
the Am. Measurements on all the actinide oxides were made at

temperatures high enough to detect U, Pu, and Am volatility, i.e.,

• 900 to 1300°C. Results were then extrapolated to lower

temperatures, i.e. 550°C, for the Rocky Flats Plant Fluidized Bed
Incinerator.

EXPERIMENTAL

Sample Materials

The sample of U3Os(s ) used was obtained from the National Institute
of Science and Technology. The purity is given as 99.94% pure

U3Os(s ). The sample was characterized by X-ray analysis both before

and after the transpiration runs. Before use, a mixture of

orthorhombic and hexagonal U308(s ) was identified with traces of

what appeared to be UO3.2H20(s). After the transpiration runs, the

material was identified to be almost pure orthorhombic UjOs(S ) with

traces of hexagonal U3Os(s ).

The sample of PuO2(s ) used in the runs had been formed from
electrorefined plutonium. It was characterized by mass

spectrometric analysis as having an isotopic composition of 238pu
0.014%, 239pu 93.844%, 24_u 5.872%, 241pu 0.221% 242pu 0.049%, and _IAm

0.0264%, all on the basis of metal content. An X-ray diffraction

pattern of the PuO2(s ) starting material showed single phase PuO2(s )
but with broadened lines consistent with a very fine particulate

powder. An X-ray diffraction pattern taken after the transpiration
runs also showed single phase PuO2(s ) but with sharp spotty lines

indicating large crystals.

The PuO2/2%AmO2(s) sample was a reactor grade material. It was
characterized by mass spectrometric analysis as having 238pu 0.065%,

239pu 80.659%, 24_u 17.827%, 241pu 0.989%, 242pu 0.460%, and 241Am 2.056%,
all on the basis of metal content.

Experimental Apparatus

A schematic diagram of the transpiration apparatus for the U308

transpiration experiments is outlined in Fig. I. This a_paratus is

similar in design to that used for the PuO 2 and the PuO2/2%AmO 2

experiments. The O2 and Ar gas flow are regulated by Precision F10w
Devices PFD-401" mass flow controllers. These flow meters are

accurate to ± 1% and reproducible to ± 0.1% of the full scale

reading. The water vapor pressure is regulated by the temperature

of the water saturator. Heating tapes kept at around 160°C are used

on the inlet and outlet lines to prevent the water vapor from

condensing. The mixture of O2/Ar/H20 is passed into the furnace

tube and over the actinide oxide sample powders. For the U308

° experiments, an alumina tube, 4.5 cm OD, is used in a platinum

wound Marshall furnace which has a uniform temperature hot zone of
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13 cm. For the PuO 2 and PuO2/2%AmO 2 experiments, a quartz tube, 2.6
cm OD, is used in a Thermcraft clamshell furnace containing Kanthal

heating elements. The uniform t_mperature hot zone is about 7 cm.

Quartz or platinum boats are used tO hold the U308 powder and

alumina boats are used to hold the PuO 2 and PuO2/2%AmO 2 powders. The
water vapor is collected after passing through the furnace chamber

in a Dreirite cartridge (anhydrous CaSO4(s)) which is weighed both

before and after each experiment to determine the total amount of

water passed over the sample during each experiment. The 02 and Ar °
gases exiting the system are monitored by a PFD-401 mass flow
controller.

In the transpiration experiments on UjOg(s), the uranium vapor

species are collected on the inside of a 6mm OD silica glass tube.

The exiting gas passes through the collection tube and any
volatilized uranium species are collected on it. In the

transpiration experiments on PuO2(s ) and PuO2/2%AmO2(s), the actinide

vapor species are collected on silica glass wool which is placed
downstream of the sample boat. In run #44 of the Pu and Am

experiments, a collection tube was used which was similar to that

used in the U experiments.

Sample Analyses

Analyses for uranium were obtained by inductively coupled plasma

mass spectrometry. This technique is sensitive enough to detect as
little as one nanogram of U. The U on the collection tube is

removed by dissolving off the deposit using 8M HNO 3 solution to
which a few drops of concentrated HF have been added. The

collection tubes are kept in the solution for a period of at least

24 hr to allow all of the U to dissolve. The sample analyses are
estimated to be accurate to within ± 5%.

Pu and Am analyses were obtained by alpha counting. The Pu and Am
collection samples were dissolved in the same manner as the U. For

the Pu analyses, an aliquot of the resulting solution was then

dried on a planchet and counted for alpha activity. In samples

from the PuO2/2%AmO 2 tests, the solutions were passed through an ion

exchange column for separation of Pu and Am. Aliquots were then
taken down to dryness and alpha counting was used for the Pu and Am
determinations.

ANALYSIS OF RESULTS

The results of the transpiration runs on U3Os(s ) are given in Table

I, and the results of the transpiration runs on PuO 2(s) and
PuO2/2%AmO2(s ) are given in Tables II and III.

For the U308 experiments, a number of runs were made at 1100°C with

P(H20 ) = 0.60 atm where the flow rate was varied. At very slow flow

rates in transpiration experiments, erroneously high volatilities

are measured due to diffusion. At very high flow rates,

erroneously low volatilities are obtained since the gas has
insufficient time to equilibrate with the sample. The region of

flow rates over which the measured volatility is constant is called

l



the plateau region. In the U308 experiments, the plateau region

exists from about i0 cm3/min to at least 250 cm3/min. Due to

greauer uncertainties in the data, the same flow rate tests on the

PuO 2 and the PuO2/2%AmO 2 experiments could not be made. From the U3Og
experiments, we expect that similar flow rates give rise to

' equilibrium values. However, the plateau region may be shifted to
lower flow rates since the diameter of the tube used was smaller

for the PuO2(s ) and the PuO2/2%AmO2(s ) volatility studies.
I

For the U3Og experiments, increased volatility of uranium was

observed as the water vapor pressure was increased. This verified

te presence of a volatile uranium oxyhydroxide. If the

oxyhydroxide vapor species is UO 2(OH)2(g) , then at a specified
temperature

p(U total) /P (O2)'16= A.p(H20 ) + B, (Bq.l)

where A and B are constants. Eq. (i) is a result of the combined
equilibria from the two volatilization reactions

1/3 U3Os(s ) + 1/6 O2(g ) = UO3(g ) (_q.2)

and

1/3 U3Os(s ) + 1/6 O2(g ) + HHO(g ) = UO2(OH)2(g ). (Eq.3)

In Fig. 2, a plot of p(U total) /p (O2)I16 versus P(H20 ) shows an

approximately linear relation for a series of experiments run at
i050°C. The two points shown at high water pressures are thought

to be uncertain since very low 02 flow rates were used. Thus, the

stoichiometry of the oxyhydroxide is confirmed to be UO2(OH)2(g ).

The U30 s volatility results are treated by a 3rd law analysis. The

free energy function for UO3(g ) is from Green (5) and the free

energy function for UO 2(OH) 2(g) is calculated from molecular

constant data estimates we have made. Table IV gives calculated

values of the free energy function for UO 2(OH)2(g) at several

temperatures. The free energy function of U308(s ) is from Glusko,

et al. (6) and the free energy functions of O2(g ) and H20(g ) are

from the JANAF tables (7). To calculate the AHf°(298) value for

UO2(OH)2(g), the fraction of UO3(g ) in the vapor must be accounted
for. First, the volatility data with no water present are used to

treat Eq. (2) by the 3rd law method. This yields Z_H,°(298) as 423.56

+ 7.06 kJ/mol. Using the known AHfO(298) value for U3Og(s ) from

Grenthe, et al. (8) yields -768.05 + 7.11 kJ/mol as the ZIHf°(298)
value for UOH(g ). A similar treatment of the data of Ackermann, et

al. (4) yields -770.16 + 5.58 kJ/mol as the _d_f°(298) value for
UO3(g), and a similar treatment of the data of Dharwadkar, et al.

(I) yields -770.80 + 1.20 kJ/mol as the _d_f°(298) value for UO3(g ) .

Thus, our results agree well with previous experimental work.

Application of the 3rd law method to Eq.(3) yields 278.93 + 6.06

kJ/mol as the AHr°(298) value. The ZIHf° (298) value for U3Os(s) given



by Grenthe, et al. (8) and the _Hf°(298) value for H20(g ) given in

the JANAF tables (7) are then used to calculate -1154.51 + 6.12

kJ/mol as the LIHf°(298) value for UO2(OH)2(g ). A similar treatment
of the data of Dharwadkar, et al. (i) yields -1211.03 + 2.80 kJ/mol

as the AHr °(298) value for UO2(OH)2(g ). So far we cannot account for
the large discrepancy between the data of Dharwadkar, et al. and
this work.

The U30 s volatility data are summarized in Fig. 3 as log KW versus °
104/T plots for UO3(g ) and UO2(OH)2(g ). Curves shown are calculated

from 3rd law analyses of the data.

The PuO 2 and the PuO2/2%AmO 2 data are treated us ing a 3td law

analyses. The free energy functions for PuO 2(OH)2(g) and AmO 2(OH)2(g)

are calculated by an equation given by Krikorian (2). The free

energy functions for PuO2(s ) and AmO2(s ) are taken from Cordfunke,

et al. (9) and the free energy functions for O2(g ) and H20(g ) are

taken from the JANAF tables (7). Taking the volatilization
reactions to be

PuO2(s ) + 1/2 02(g ) + H20(g ) = PuO2(OH)2(g ) (_q.4)

and

AmO2(ss in PuO2) + 1/2 O2(g ) + H20(g ) = AmO2(OH)2(g ) (_.5)

yields 232.43 + 15.85 kJ/mol as the AHr°(298) value for Eq. (4) and

225 + 30 kJ/mol as the AHr °(298) value for Eq. (5) where the activity

of AmO 2 is taken as the ideal solution value of 0.021. From the

AHr°(298) values for PuO2(s ) and AmO2(s ) given by Morss (i0) and the

_Hr°(298) value for H20(g ) given in the JANAF tables (7), the

AHf ° (298) value for PuO2(OH)2(g) is calculated to be -1065.60 + 15.87
kJ/mol and the AHf °(298) value for AmO2(OH)2(g ) is calculated to be -

949 + 30 kJ/mol.

The calculated equilibrium constants for Eq.(4) and Eq.(5) are
summarized in Fig. 4. The data are fit using the curves calculated

from the 3rd law analyses.

Although we have assumed the gaseous species above PuO 2 and

PuO2/2%AmO 2 to be PuO2(OH)2(g ) and AmO2(OH)2(g), it is possible, based

on the U3Os(s ) experiments and other experiments on CrOH(S ) (Ii),

MOOH(S ) (12), and WO3(s ) (13) volatilities in the presence of O2(g )

and H20(g) , that part of the vapor in the PuO 2(s) and the

PuO2/2%AmO 2(s) experiments is composed of PuO 3(g) and AmO 3(g) .

However, the equilibrium constant for the generation of PuO3(g ) or

AmO 3(g) drops off more rapidly with temperature than the equilibrium

constant for the generation of PuO 2(OH)2(g) or AmO 2(OH)2(g) • This

tendency is demonstrated by the equilibrium constants for the

generation of UO3(g ) and UO2(OH)2(g ) shown in Fig. 3. Thus, the

extrapolated values of Pu and Am volatilities at lower temperatures
would be lower.



In summary, the thermodynamics of volatilization of U30_(s ) , PuO2(s ),

and AmO2(ss in Pu02) in the presence of O2(g ) and H20(g ) and
temperatures in the range of 800 to 1500 K are summarized as
follows :

1/3 U3Os(s ) + 1/6 02(g ) = UO3(g ) (]_/.6)

AG °(T) = 405.74 - 166.238xI03T + 7.06, kJ/mol

° 1/3 U30,(s ) + H20(g ) + 1/6 02(g ) = UO2(OH)2(g ) (_q.7)
AG°(T) = 267.89 - 67.521xI03T + 6.06 kJ/mol

PuO2(s ) + H20(g ) + 1/2 02(g ) = PuO2(OH)2(g ) (_q.8)
AG°(T) = 231.3 - 10.9xI03T + 15.85, kJ/mol

AmO2(ss in Pu02) + H20(g ) + 1/2 02(g ) = AmO2(OH)2(g ) (Bq.9)
AG°(T) = 223.9 - 10.9x103T + 30, kJ/mol

APPLICATION

The Rocky Flats Plant Fluidized Bed Incinerator has two stages. The

first stage operates under pyrolizing conditions and the second

operates under excess oxygen. The temperature of each chamber is

550°C. In our analysis, we treat only the second stage. Assuming

an offgas composition of P(O2) = 0.10 atm and P(H20 ) = 0.05 atm and
assuming that sufficient U arid Pu are present to form UHOs(s ) and

PuO2(s ) and that the AmO2(s ) is present at 200 ppm as solid solution

in PuO2(s), the vapor pressures of U, Pu, and Am are calculated to

be 1.3x10 "15 atm, 1.2x10 16 atm, and 7x10 "2° atm, respectively.

Assuming 40 kmols/h of gas flow at a pressure of 1 atm and 6000

hours of operating time per year, this amounts to volatilization

rates of 7.6x10 5 gU/y, 7.0x10 6 gPu/y, and 4x10 9 gAm/y.

The effect of temperature on the volatility of the actinide oxides

in thermal oxidation processes is significant. This is illustrated
in Fig. 5 where the volatilization rates of the U, Pu, and Am

oxides are given as a function of temperature. The same combustion

conditions are assumed as in the Rocky Flats Plant Incinerator

except that P(H20 ) is taken as 0.1 atm rather than 0.05 atm. As a
result, a thermal oxidizer operating at 1000°C produces about 10_

times the actinide volatility that would be produced at 550°C. As

the offgas cools, the vapor phase actinide species that form under

these conditions will be expected to condense on fly ash
particulates, as aerosols, and on the system walls.

CONCLUSIONS

These transpiration experiments show very low but measurable

volatilities of U from U3Og(s), Pu from PuO2(s), and Pu and Am from

Pu02/2 %AmO 2(s) from interactions with 02 (g) and H20 (g) and

• temperatures in the range of 900 to 1200°C. The volatile species
are taken to he UO3(g ), UO2(OH)2(g ), PuO2(OH)2(g ), and AmO2(OH)2(g ).

Application of these data to the Rocky Flats Plant Fluidized Bed

Incinerator, yields maximum volatilization rates of 7.6x10 5 g U/y,

7.0x10 _ g Pu/y, and 4x10 9 g Am/y.
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Table I. Summary of run temperatures, flow rates of 02(g ) plus

Ar(g), total moles of 02(g), H20(g), and Ar(g) passed, pressures of

02(g ) and H20(g), collected amount of U, and derived pressures of
the U vapor species.

run T, flow total p(O2) P(H20 ) _g p(U)

# K cm3/min moles atm atm U atm

7 1323 50 0.8429 0.4396 0.5604 19.3 9.619xi0 "8

8 1323 25 0.4112 0.4506 0.5494 9.63 9.839xi0 "s

9 1323 15 0.3471 0.3204 0.6796 9.52 1.152xi0 "7

i0 1323 56 0.4113 0.4505 7.23 7.385xi0 8

ii 1323 6 0.3892 0.1143 0.8857 12.4 1.340xi0 "7

12 1323 25 0.4076 0.4546 3.03 3.123xi0 "s

14 1323 50 0.8653 0.2146 0.5708 13.96 6.792xi0 8

15 1223 56 2.7419 0.5495 1.54 2.360xi0 9

17 1473 50 0.5895 0.4190 0.5810 250.9 1.788xI0 _

18 1323 9 0.1827 0.2436 0.7564 6.86 1.576xi0 7

19 1323 55 0.4076 0.4546 2.97 3.061xi0 "8

20 1373 I00 1.1440 0.4318 0.5682 72.4 2.659xi0 "7

21 1223 30 3.2453 0.5572 0.4428 5.9 7.638xi0 9

22 1373 i0 0.1621 0.4571 0.5429 10.4 2.695xi0 7

25 1373 300 3.6891 0.4018 0.5982 183 2.084xi0 "7

26 1323 50 0.6214 0.5962 0.4038 9.03 6.105xi0 s

27 1323 50 0.4543 0.8155 0.1845 5.2 4.809xi0 "8

31 1573 120 0.7377 0.4018 0.5982 1980 1.128xi0 5

32 1573 120 2.0938 0.1416 0.8584 3150 6.321xi0 6

33 1573 50 0.6819 0.5433 0.4567 2080 1.282xi0 5

34 1573 50 0.3705 1.0000 2480 2.812xi0 5

46 1373 50 1.1116 1.0000 13.93 5.265xi0 °s

47 1373 200 2.4746 0.3993 0.6007 162.7 2.762xi0 °7

49 1473 30 0.2964 1.0000 180 2.551xi0 °6

50 1273 30 0.5929 1.0000 3.02 2.140xi0 8

55 1173 25.0 2.0071 0.3969 0.6035 2.38 1.975xi0 9

56 1373 6.0 0.1186 0.4119 0.5881 30.3 4.422xi0 7

58 1373 20.0 0.3623 0.3995 0.6005 67.4 3.123xi0 7

59 1173 25.0 0.5558 1.0000 1.31 9.902xi0 9

60 1373 50.0 1.0499 0.4120 0.5880 148 2.440xi0 7



Table II. Summary of run temperatures, flow rates of O2(g ) plus

At(g), total moles of 02(g ), H20(g ), and Ar(g) passed, pressures of

02(g ) and H20(g), collected amounts of Pu, and derived pressures of
the Pu vapor species.

run T, flow total P(02) P (H20) vg p (Pu)
# K cm3/min moles atm atm Pu atm

4 1314 500 2. 981 0. 416 0. 169 0.22 3.09x10 "I°

6 1414 500 1.352 0.459 0.0828 0.975 3.02xi0 "9

8 1413 500 i. 365 0. 454 0. 0916 i. 3 3.98xi0 9

_ 9 1316 500 2.728 0.909 0.091.3 0.26 3.99xi0 "I°

23 1218 500 5.640 0.916 0.0844 0.178 1.32xi0 I°

24 1331 500 2.815 0.917 0.0828 0.247 3.67xi0 I°

25 1433 500 i. 462 Q. 919 0. 0814 0. 089 2.55xi0 l°
33 1434 50 0.711 0.523 0.477 0.214 1.26Xi0 "9

34 1334 50 i. 390 0. 446 o. 554 0. 081 2.44xi0 "l°

44 1431 50 2. 481 0. 499 0. 501 0.44 7.42XI0 "l°



Table III. Summary of run temperatures, flow rates of O2(g ) plus

Ar(g), total moles of 02(g ), H20(g ), and Ar(g) passed, pressures of
02(g ) and H20(g ) , collected amounts of Pu, and derived pressures of

the Am vapor species.

run T, flow total p(02) p(H20 ) vg p(Am) f
# K cm3/min moles atm atm Am atm

23 1218 500 5. 690 0. 916 0. 0844 0. 016 i. 2x10 11

24 1331 500 2. 815 0. 917 0. 0828 0. 003 4.4x10 12

25 1433 500 i. 462 0. 919 0. 0814 0. 003 8.5x10 n

33 1434 50 0. 711 0. 523 0. 477 0. 004 2.3XI0 "ll

34 1334 50 I. 390 0. 446 0. 554 0. 001 3.0xl0 12

44 1431 50 2. 481 0. 499 0. 501 0. 0088 i. 5XI0 II



Table IV. Calculated free energy function for UO2(OH)2(g ) derived
from estimated molecular constants.

T (K) -(G°(T)-H °(298))/T

(JmolIK I )

800 442.305

900 451.929

, i000 461.113

ii00 469.855

1200 478.173

1300 486.095
1400 493.649

1500 500.861
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Fig. 2. Plot showing the effect of water vapor pressure on the
volatility of U3Os(s) at I050"C.
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Fig. 3. Plot of log K_ versus 104/T for Eq.(2) and Eq.(3).
Curves were generated from 3rd law analyses of the data.
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