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Abstract

Vaporization behavior of NgeQs(s) was thermodynamically studied from 590 to 717 K by means of high temperature
mass spectrometry. It was found thatJNaGs(s) decomposed into NReQ;(s) and released sodium vapor. The temperature
dependence of partial vapor pressure of sodium oveFB@;(s) was measured so that the Gibbs energy of formation of
NagFeO;(s) was evaluated as;G°(NagFeQs) = —1168629+ 338.34x T.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction oxygen concentration in liquid sodium with iron in
1989. Seetharaman and [&] evaluated existing ex-
Thermodynamics of the Na—Fe-O system has perimental results and assessed standard Gibbs energy
been investigated for a few decades because of itsfor the ternary system Na—Fe—O in 1993. Phase equi-
importance in liquid metal Fast Breeder Reactors librium studies in the Na—Fe-O system and the appli-
(FBR). Koehler et al[1] studied heat of formation cations in corrosion of steels were comprehensively
of NaFeQ(s) by calorimetric measurement in 1960s. summarized by Sridharan et gl10,11]. However,
Gross and Wilsori2] measured heat of formation of larger discrepancy exists between Seetharaman’s di-
NayFeQs(s) from its corresponding component oxides agram and those given by Sridharan. Possible reason
in 1970. Shaiu et al[3] reported AtG°(NayFeQ;) might be attributed to shortage of reliable thermo-
and A¢G°(NaFeQ) by EMF method in 1977. Lin-  dynamic data because original experimental data of
demer et al.[4] estimated thermodynamic data for NagFeQs(s), NaFeQu(s) as well as other possible
most of the Na—Fe—O compounds in 1980 and these phases are seldom reported in literatures. Existence
data were widely employed for thermodynamic cal- of phase NaFeQy(s) is doubted to¢9,10]. It seems
culations. Dai et al.[5,6] measured the standard only thermodynamic data of NaFe@) were given
Gibbs energy of NaFefJs) in 1984. Bhat and Borg-  in some thermodynamic databag&2-14]. After the
stedt[7] determinedAG°(NayFeQs) based on EMF sodium-leaking incident at the Monju FBR in Decem-
results in 1988. Sridharan et €8] also reported  ber 1995, attempts to understand more about these
AsG°(NayFeQ) through measurement of equilibrium  sodium—iron oxides were ignited once again.
In the present paper, the chemical compatibility of
" Corresponding author. Tek+81-29-267-4141; sample container materials with var_iogs sodium com-
fax: +81-29-267-7148. pounds was tested and some preliminary tests were
E-mail addresshuang@oec.jnc.go.jp (J. Huang). carried out in advance to make sure the reliability of

0040-6031/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0040-6031(03)00136-9



62 J. Huang et al./ Thermochimica Acta 405 (2003) 61-66

the high temperature mass spectrometer. Then, vapor-the analyzer to measure ion intensity. The secondly
ization behaviors of NgreGs(s) were studied from  electron multiplier factor is calibrated by the faraday
590 to 717 K by the vapor pressure measurement sys-cup. A ThG-Ir filament is utilized in the ionization
tem. New data of the Gibbs energy of formation of chamber to generate electrons with low impact ener-
NagFe(;(s) was obtained based on the experimental gies. The electron impact energy is set to be 9.8eV in
results. order to get high counting and avoid possible cracks
from sodium oxide vapor species.
The authors designed a K-cell with an orifice of

2. Experimental 1 mm diameter. Special attention has been paid to
choose a proper material to make the K-cell because
2.1. Knudsen effusion mass spectrometer sodium tends to react with cell materials. Mo and

Pt had been used for K-cell materials in early mass
The vapor pressure measurement system is com-spectrometric studies on sodium compoufitis 16].
prised of a quadrupole mass spectrometer, a KnudsenCompatible tests, however, showed thatMaO,4 and
vapor effusion cell (K-cell) as well as a vacuum cham- Na;Mo3z0g were formed when Mo was put together
ber.Fig. 1shows a schematic layout of the system. The with NaFeQ(s) around 1200 K. Severe reaction be-
system has sufficient capability for an ultimate pres- tween Mo and NaOH(lig) was also observed around
sure of 107 Pa. Experiments are always carried outin 900 K. So, Mo seems not a good choice for study of
10-%Pa level even at high temperatures. High purity Na—Fe oxides. In contrast, Pt shows very good com-
argon is used for purging the system. The quadrupole patibility with sodium at high temperatures. No evi-
mass spectrometer “Microvision Plus LM70” is sup- dence of interactions between Pt and Na-containing
plied by the Spectra Instruments. A Faraday cup and substances was observed until 1400 K. Meanwhile,
a secondary electron multiplier are equipped within it was found that sodium diffusion from the surface
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Fig. 1. Diagram of high temperature mass spectrometer.
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of Pt-cell to the outside caused a little high sodium 3. Results

background (mass 23). This effect could be greatly

diminished when silver was coated on the inner sur- 3.1. Reaction identification

face of the Pt-cell cover. Fortunately, no reactions

between silver and sodium or iron were observed in  Two separate measurements ongsRNe(O3(s) were

the present measurements. Therefore, a Pt-cell withmade by the high temperature mass spectrome-
a silver-coated cover was employed to investigate va- ter. The first specimen was measured over a pe-
porization behaviors of sodium iron complex oxides. riod of 4h in the temperature range of 590-717 K.
After the vapor pressure measurement, a mixture
of NayFeQs(s) and NgFeQs(s) was identified by
XRD analysis. A rough comparison indicated a mo-
lar ratio of NayFeQ;:NagFeQ; = 9:1. The second

NayFeQs(s) sample was synthesized from its cor- )
responding component oxides M(s) and FeO(s). !\Ia4FeQ_(s) specimen was evaporated for about 30h
in the high temperature mass spectrometer. It resulted

The source materials were prepared by mixing purified .

; lete decomposition from heeQs(s) into
NapO(s) (99.4%) and FeO(s) (99.9%) powders with in-a comp
molar ratio of 2:1. Then the whole sample was sealed NagFeQ(s). Though one small peak of NaOH was

in a stainless steel container in a glove box in which also identified by XRD as shown #ig. 2, it should

oxygen and water vapor concentrations were strictly '?he attrlputed tot pc;]ssm![(; m0|stu|re absorptl(ljn f:jor;
controlled as less than 10 ppm. Finally, the specimen € environment when theé sample was analyzed by

had been sintered at 873K for 100 h. XRD. Thu_s, 'Fhe following reaction is assumed to have
occurred inside the K-cell,

2.2. Sample preparation and pressure calibration

2Na0O(s)+ FeO(s)= NasFeGs(s) D)
NayFeQs(s) = NagFeQs(s) + Na(gas (2

A X-ray powder diffraction (XRD) identification
showed that the prepared sample was almost pure
NasFeQs(s) according to JCPDS file No. 34-0891. 3.2. Temperature dependence of sodium vapor
Prepared sample iyEeQs(s) was continuously stored ~ Pressure over NereO(s)
in a glove box before it was transferred into the K-cell
for vapor pressure measurements. Sample installation The temperature dependence of sodium vapor pres-
was carried out in another glove box attached to the sure was determined by measuring*Natensity as
high temperature mass spectrometer as illustrated intemperature was changed step by step. Sodium vapor
Fig. 1. species was able to be detected over about 550K and

Sodium (99.7%) was selected as the standard ref- was found as the main vapor species ovesfs(s).
erence for pressure calibration because Na(g) is the Dimmer Na(g) was also able to be identified but its
main vapor species over Na—Fe oxides. So, the abso-intensity was only three to four orders of magnitude
lute partial vapor pressure of sodium can be obtained lower than that of the monomer. No other vapor species
by the equationP(Na) = K x {I x T}, wherel is such as NaO(g) and N@(g) were observed due to
the Na ion intensity, T is the sample temperature. the detection limit.
The proportional constant K is calibrated by the sat- The temperature dependence of sodium pressure
urated vapor pressure of sodium given in literature over NaFeQs(s) was plotted inFig. 3. The data
[17]. From the pressure-temperature relationship ob- obtained from the two specimens show consistent re-
tained over Ndiq) = Na(g), the standard enthalpy sults. Based on the present experimental results, the
of formation of Na(g) was calculated by the 3rd law partial vapor pressure of sodium over sRa0x(s)
treatment ag\fH°(298.15 K)= 107.6:0.8 kJmol 1. in the temperature range from 590 to 717K can be
This agrees well with the 107.3 kJ mdlgiven by the expressed as,
NIST-JANAF Thermodynamic Tabled 8]. It shows
the good precision of the high temperature mass spec- p _ 54376 17749 3)
trometer used in the present study.
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Fig. 3. Temperature dependence of partial vapor pressure of sodium oyee®a

4. Thermodynamic evaluation and discussion ArG°(T) = (1485222 + 2753.8)— (108.29+ 4.18)

) ) x T, (590— 717K) (4)
4.1. Thermodynamic evaluation
] ] Then, A;G°(NagFe(Qs) can be derived as the follow-
Thermodynamic functions related to the decompo- ing
sition reaction (2) were calculated from the 25 experi- ’
mental points as listed ifable 1. Gibbs energy change . . .
of the reaction was obtained. A1G*(NagFeQs) = ArG* (D) — ArG”(Na, gag

+ AtG°(NagFeQs) (5)
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Table 1
Thermodynamic functions obtained from the vapor pressure mea-
surements

No. TIK Pna/Pa AG(T)/Imol?t Kp
1 590.6 4.10E-03 83575 4.05E-08
2 606.4 8.09E-03 82397 7.99E-08
3 622.3 1.69E-02 80736 1.67E-07
4 638.2 3.58E-02 78816 3.54E-07
5 654.0 6.25E-02 77752 6.17E-07
6 664.6 8.91E-02 77051 8.79E-07
7 669.9 1.09E-01 76554 1.07E-06
8 675.2 1.27E-01 76281 1.25E-06
9 685.8 2.40E-01 73861 2.37E-06
10 696.4 3.53E-01 72751 3.49E-06
11 701.6 4.31E-01 72150 4.25E-06
12 701.6 5.31E-01 70931 5.24E-06
13 706.9 6.00E-01 70746 5.92E-06
14 712.2 6.57E-01 70734 6.49E-06
15 7175 7.27E-01 70661 7.17E-06
16 590.6 3.68E-03 84112 3.63E-08
17 601.1 6.13E-03 83064 6.05E-08
18 611.7 1.01E-02 81999 9.95E-08
19 622.3 1.49E-02 81397 1.47E-07
20 632.9 2.19E-02 80742 2.17E-07
21 643.5 3.35E-02 79834 3.30E-07
22 654.0 5.19E-02 78763 5.12E-07
23 664.6 8.50E-02 77306 8.39E-07
24 675.2 1.20E-01 76601 1.18E-06
25 685.8 1.80E-01 75495 1.78E-06

From SGTE database given by Thermo-Jak], the

Gibbs energy of formation of Na(gas) can be expressed

asA;G°(Na, gag = 104949-95.53x T. Thermody-
namic data of NgFeQs(s) have been experimentally
measured and theoretically estimated in publications
[2,3,7,8]. The Gibbs energy of formation given by
Bhat and Borgstedg’] was employed in the present
study, i.e.

A1G°(NayFeQs) = —1212202+ 351.10x T (6)

Finally, the Gibbs energy of formation of hiaeOs(s)
was determined as,

AtG°(NagFeQs) = — 1168629+ 338.34

xT, (298<T<720K) (7)

The precision ofA;G°(NagFe(;) expressed here is
depending on the source data afG°(NajFeG;).
The error in A;G°(NagFe(;) is estimated as about
+7kIJmol! since an error of£2100Jmot?! in
A:G°(NayFeGs) was given by Bhat and Borgstefig.
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4.2. Discussion

Up to date, experimentally measured results of
A:G°(NagFe(;) have been seldom reported in pub-
lications. Other thermodynamic data, such as heat
capacities, enthalpy increments and Gibbs energy
functions of NaFeQ; and NaFeQ; are not avail-
able either. So, it is unable to evaluateH°(298) of
NagFeQ; by the 3rd law method for the time being.
A comparison with existing theoretic estimations,
however, is possible and significant. For example,
A:G°(NagFeQs) is supplied by a Japanese thermo-
dynamic database MALTZ0] in which thermody-
namic data of NgFeQs(s) were estimated from very
limited experimental data as well as those of its corre-
sponding component oxides. As shownFig. 4, the
Gibbs energy of formation of N&eGs(s) given by
the MALT?2 is considerably close to the present result.

In early studies of the Na—Fe—O system, formation
of NapFeOy(s) was once reported by Shaiu in 1977
[3] and Dai in 19845]. However, solid reaction ex-
periments carried out by Sridharan et [al0] tend to
reject the existence of this phase. Instead, they con-
firmed the binary line between NaeQ; and NaFeQ;
in 773-923 K. Thermodynamic analysis by Seethara-
man in 1993 also tended to rule out M@x(s) [9].

In the present study, it was found that the final solid
product resulted from decomposition of Nr@eQ; was
only NasFeQ; in temperature range of 590-717 K.
Except for NaFeQ;, no other Na—Fe oxides, such as
NapxFeQ or NagFeO7 could be identified either, even
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Fig. 4. Data comparison oh;G°(NagFeGs).
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when NaFeQ; was heated for a short period of time.
It is in agreement with the experiment result given by
Sridharan.

5. Conclusion

Vaporization behaviors of N&eQ;(s) have been
investigated by a high temperature mass spec-
trometer from 590 to 717K. It was found that
NayFeQs;(s) decomposed into NReG; and re-

leased sodium vapor. The temperature dependence

of partial vapor pressure of sodium was measured
to be In Pyg = 24.376-17749/T. According to the
present experiment, the Gibbs energy of formation
of NagFeQs(s) was evaluated aa\; G°(NagFe(Q;) =
—1168629+ 338.34x T.
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