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Authors of this publication suggest the application of ion-molecule =2quilipria for
determination of oxygen pressure in vapors of macromolecular systems. The method was
tested by determination of Ni oxide dissociation pressure. The necessary ion-molecular
equilibria were generated by adding, to the Ni-NiQ system, a small amount of easily
ionized sodium metaphosphate. The oxygen pressures produced in the 1300-1473°K range
are in good agreement with literature data. The paper discusses the errors and the range

of the ion-molecule equilibrium method (10-12-10 Pa). The method was compared with other
methods, for oxygen pressure determlnation.

Interaction of metal and slag melts in many cases depends strongly on equilibrium
oxygen pressure. For Instance, in [1] it was demonstrated that the slag sorption capacity
changes considerably when the equilibrium oxygen pressure changes from 107'% to 10" Pa.
Under such conditions, it is difficult to measure equillibrium oxygen pressure by tradi-
tional methods. Therefore the present authors suggest a new method, based on the use of
jon-molecular equilibria in vapors of high-temperature systems:

The method [2,3] measures the currents of ions emitted from high-temperature sur-
faces (thermal ionization). The method of ion-molecule equilibria uses high~-temperature
mass-spectrometry methods, further developed, in order to produce ionization with an elec-
tron shock, therefore it requires relatively small alteration of the existing lon sources.
During the experiment, the ions are at equlilibrium with neutral components of the vapor
and with the condensed phase. That permits application of well-known thermodynamic rela-
tions for calculation of equilibrium oxygen pressure.

Let us analyze the definition of equilibrium oxygen pressure.. We use the following
example. Let us assume that, in saturated vapor of the system studied, the lons P02 and

PO3 are at equilibrium with the vapor's neutral components. Then we can write down the
following:
) t]
P(Cd 205 L
p(Po;) K ’ ' (1)
where K ;s an equilibrium constant of the following reaction:

2
! _
PO; + 5 O = PO;.

The ratio between partial pressures of the lons can be calculated from the experi-

mentally determined ratio of ion currents in vapors of the system studied [2,3]:

p(PO]) [ (PO)) M (PO (2)

p(PO]) [ (POD M(POD

where p 1s partial pressure, I is lonic current from an electron multiplier, and M is the
ion's mass. The equilibrium constant X, can be calculated from previously established

2
thermodynamic characteristics of the POE and POE 1ons [4].
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1344 2 t [ 4.08 4.7l 4,69
1473 3 t | 3.7% 4.0 402 3.93
1430 4 L 4.23 4.31 32 5.29
1344 3 2l 4,54 4.33 4.35
1300 1 2| 4.7 4.68 4.68
1430 4 21 4,15 4.9 4,30 4,18
1387°° 3 2 | 4.56 4.54 4,52 4.54
1473 3 2 4,05 4.U3 4,06 4.05
1300 1 3 l 4,73 4.73 4.64 4,71
1344 2 3 4.45 4.43 4.45
1430 4 3 4.16 4.21 4,23 4.20
1473 5 3 3,98 3,97 3,03 3.96
1387 3 3 4,28 4,23 4,02 4,18

* The table reflects the order of the measurements {laft to right and top to bottom). Designations are
presented in the text, in explanations for formulas (3) and (4).
** This series was not considered in the further processing of resuits.

Oxygen partlal pressure has already been determined by the ion-molecule equilibria
svhod [4,5]. However, it was limited to systems whose vapors originally contained nega-
Lve lons. The present work extends the application of that method to cover random sys-
xms. FPor that purpose, it was suggested that the required ions be generated by intro-
1eing, into the system studied, small, easily ionized dopes (oxygen-containing salts of
'xall metals). The method was tested by determining oxygen partial pressure in a satu-
ited vapor of the Ni-N10O system (Ni0O dissociation pressure).

PERIMENTAL METHOD AND RESULTS

For the investigation, an MKh-1303 (60°, 200 mm) mass-spectrometer was used, modi-
.ed for the analysis of ion-molecule equilibria [2,3]. It has to be mentioned that the
m source used was not equipped with an electron gun. The Ni-NiO system studied (40 mg
. and 180 mg NiO) was placed in a Knudsen effusion chamber (12 mm diameter, 12 mm height,
¢ mm effusion orifice diameter, the ratio of evaporation to effusion surface area being
). Let us mentlon that the N1 effusion chamber was one of the components of the sys-—
' investigated, which excluded any unforeseen effect of that chamber on results of the
periments. The chamber was heated by a furnace with Mo wire (1300-1473°K). The tem-
rature was maintalned and measured by a VRT-3 regulator (Pt/Pt + 10% Rh thermocouple).
mperature was measured with *U4°K accuracy. The ions were registered with a VEU-6 elec-

cn multipller.

In the N1-NiO system's vapors per se, no negative ions were detected. 1In order to
nerate them a small (3 mg) sodium metaphosphate dope was prepared. After its intro-
ction the PO2 and PO3 ions were detected.

The experiment was carrled ocut at 5 fixed temperatures, the top temperature, 1473°K,
ing the maximum temperature for the furnace used, while the bottom one, 1300°X, was de-
rmined by the sensitivity of the mass soectrometer The order of the experiment and
asurement results are presented in Table 1, which gives logarithms of the ratios of

nic currents:

. ;
1 (POY);; ‘ v e 4y

Yip=la——E =1 .../ (3)
TP k=1, ..., Ky,

ich are required for the further calculation of oxygen pressure (see formulas (l) and
)}. Each value is marked by three indices which present the order number of the experi-
ntal temperature (i, the numeration goes from low to high temperature): at the i-th tem-
rature, the series number is (J), while at the j-th temperature, it is (k).
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* Designations ace explained in the text. see formutas (3) — (5).
** Zaicuisted using the IVTANTERMO databank [7] (1986 version).
Let us analyze in more detall the order of the experiment (see_Table 1). First, the
measurements wWere carrisd out av 1300°K (i = 1, J = 1) where the PC, and ?03 ionic cur-

rents were recorded four times. That comprised the first experimental series (Kll = 4.

Then the temperature was set at 1387°K (1 = 3, j = 1) and the next series was measured

(the POE and Pog currents were recorded twice, K31 = 2). Then the series at 1344, 1473,

1430°K, etc., were measured. The holding time during the measurement of one series was
20 min. After approximately 1.5 hr the measurements were repeated at the same tempera-
tures. Three measurement series were carried out at each temperature. The total time

of the experiment was 5 hr.

Intensities of the PO2 and PO3 ion currents were decreasing during the experiment,
so that at the end the Po; intensity was comparable to the background level. Thils sug-
gests practically complete evaporation of Na metaphosphate during the experiment.

Table 1 also presents the average logarithms of the ratios of the PO3 and POE ion
currents for every series:

Yira = 20 Yun/ Ky (4)
while Table 2 presents the general average logarithms for each temperature:

YViea = zl* Y‘I‘/E’ K‘i A (5)

(Index * marks the averaging).
DISCUSSION

Effect of the sodium metaphosphate addition on oxygen pressure determined. In order
to determine the equilibrium oxygen pressure in the N1-N10QO system a small addition of Na
metaphosphate was introduced. Therefore the first question which should be answered is:
what 1s the difference between the measured oxygen pressure in the Ni-NiO-NaPO3 system

and the oxygen pressure in the Ni-N10 system, in other words, what is the difference be-
tween what has been measured and what we would like to measure?

Let us analyze the experimental data produced, from this point of view. During the
experiment, Na metaphosphate had practically completely evaporated (its volatility is
much higher than that of Ni or NiO). Consequently, the measurement of partial oxygen
pressure during the experiment provides an unambiguous gquantitative assessment of the
effect which NaPO3 has on the partlal oxygen pressure.

Oxygen pressure 1s related to the ratio of the Pog and POE lon currents through the

following formula {(produced from formulas (1) and (2)):

Inp(O0g =2{Y — In K, + In [M (PO M (PO (6)
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o imsd -yt
== Adopted from [4].
*** Adopted from handbook [9].

At a constant temperature, oxygen pressure is directly proportional to the ratio of
e PO, and PO, lon currents, and the change of the ratio between them reflects the oxygen

3 2
pressure change during the experiment. Using Table 1, let us compare logarithms of the

» isured ratios of the Pog and POE ion currents (Yijk) at the same temperatures but at

i "ferent times. Table 2 is more comfortable to use for such a comparison, because it
yr:sents the averages for the series (Yij*) and the general average (Y,..) for each tem-
derzture. i

It can be seen that the logarithm of the ratio of the ion currents at a constant
semperature during the time of the experiment, remains constant within the experimental
:pror (with the exception of the second series, at 1387°K). This demonstrates either
:hat the oxygen pressure measured does not change during the experiment, or that the
ia?CB dope added has, within the experimental error, no effect on the equilibrium oxygen

wressure. The second series, at 1387°K was éonsidered to be an experimental reject,
:nerefore 1t was not taken into consideration during further processing of the results.

A conclusion that the logarithm of the ratio between ion currents (oxygen oressure)

.8 independent on the time of the experiment also follows from dispersion analysis (see,
‘or instance, [6]) of the results produced. Dispersions within the series

= nWip— *’«-:J’/(Z.-, Ky =2 71)
nd between the series
= D Wie = Vi K /(D 1:- 1) .

ere calculated.

The dispersion within the series, sz
verage for the series Yij*’ i.e., 1t indicates reproducibility of the instrument. Dis-
ersion between the series, sh’ on the other hand, characterizes scattering between dif-

characterizes scattering of YiJk and of the

erent series at a constant temperature; it shows the variation of the logarithm of the
atio between ion currents with time.

In the present case Seg T 0.09 (26 translatory degrees of freedom), while Sy = 0.1
9 translatory degrees of freedom). The si/si = 1.49 ratio equals 1.49, which is 5% below
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- |
Method ’ Mouurg:u ntrange , Characteristic
{Pay

|

Statistical ’ |
a) direct | (—103 Measurement of the total pressure with a
! Sarameter
3) indirect )78 —fiy* ‘Anasu ot agascr 13UC raiated o
’ ' pressurs

Eftusion 07— Maasurement of the mass loss or torsion angle
Knudsen's | ' of & quartz fibre .
Flow f —(0* i Measurement of the amount of matarial

f removed by a neutral jas flow
Heterogenous equilibria i [0~ =143 !t Determunanon of he rato of the partial pressure

at CO/CT, ar Hy, HaO which are at equi-
i ; libnum with the system studied
High-temperature mass-spec- | 10=3 —10 l Uaasurement of the O™ ion flow formed by alec-
rometry with eisctron snock | f 2
onzation tron bombasrgment of a molecular beam

lon-motecutar equilibria 10-2—1u Measurement of the ratio of ion lows of oxygen-

containing ions which are at equilibrium wath
the system studied

Fisher's distribution quartile (FO 05:9:26 = 2.27). This suggests that, with 95% prob-
. 242

ability, one can accept the hypothesis about constancy of the ratio of Ion currents at a
constant temperature.

NiQ dissociation pressure. Table 2 presents the equilibrium oxygen pressures cal-

culated (formula (6)) using the average logarithms of the ratios (Yi**) of Pog and POE

flows, Digiltal values of the equilibrium constant K2 were calculated, using thermodynamic
characteristics of ions (see Table 3). It has to be mentioned that further on, when using

these values, they have to be given an importance proportional to ZLKﬁ, the number of mea-
surements at a given temperature. )

For the sake of comparison, Table 2 also presents oxygen pressures in the Ni-NiQ sys-
tem calculated using the IVTAN-TERMO databank [7] (1986 version):

Inp (0 = — 2In Ky = 24,43 (NiO, » )T —
—2Q(NIO, & )+ 205 (NI, 3)+ (0.

where Klo is the equilibrium constant of the following reaction:

Ni @ += O; = NiO (9.

Experimental values of equilibrium oxygen pressures agree with the literature data
‘within the factor of 2, which, in our opinion, can be considered a good level of agree-
ment. Thus, comparison with the literature data showed that the method proposed here is
applicable for determinatlion of the equilibrium oxygen pressure in high-temperature sys-

tems.

Range and error in determination of equilibrium oxygdgen pressure, using the ion-
molecular equilibrium method. In order to use the ion-molecule equilibria method for
determination of oxygen pressure, it is, first of all, necessary to have a measurable ion

concentration (over lO3 ion/cm—3) in vapors of the system studied. At present, several
pairs of negative lons are known, with the help of which oxygen pressure can be deter-
mined (see Table 3). In order to receive the required ions, small amounts of a phosphate,
sulfate, chromate, molybdate, or tungstate of an alkall metal can be added. Selection
of the appropriate dope and 1ts amount depends on the nature of the system studied: on

its chemical and emission properties (the output energy). The present experiment suggests
that, 1f a correct dope has been selected, the method of ion-molecule equilibrium can be

u§ed for determination of the oxygen equilibrium pressure up to 10—13 Pa (see, for instance,
(4]). The maximum oxygen pressure which can be determined is 10 Pa, because at higher
pressures, effusion conditions for the molecular team emission would be destroyed.
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specially plianned experiment {for instance, as

The dope erffect can be determined by a
was done here) In the present case, it was shown that the dove has a smaller effect than
“he recreoducizilicy zrror The mezzure 37 Ths reoroduciiilisy 2rreor are values 3 oand 3,
Wwhizh determine 5aaT The 20YOP Ln Ta€ TEeAasursment O Tag fatlic o cetuesn Lon Jlows L3 T,
wnile In tnez measurement o7 oxygen prezsure 1t 1s 157

Tt o fn o auise SifFiauic Sp determine SThe T, 2rvor, gecause 2 ilrest talczulatlizso, Using
~hne zrror Ailstritustion law zppiled T Tnermcaynanic Zata sees Tacle D, , oSroduces [UEr
2stimated results. That 13 50 secause the 2rrers o7 the formation zntnalifiss and 37 3
cresented in Table 2, are too much Interrelated. In order o determine the correct X

a
error, 1T i3z necessary t©o remember that K2 can %e calculated directly from experiment
aquilibrium constants determined in [43., That method determines that the K2 error 1is 60%

2

which resulss in the error of the oxygen pressure within the 1limit of the factor ¢

Thus, the main contributor into the40xygen pressure determination 1s the K2 error.
The following method can be suggested for increasing correctness in the oxygen pressure

determination: to measure the ratio of POE and PO2 lons for a known oxygen pressure. Then,
at a constant temperature : .

P {0y = p* (O 15592;:1££E§1 ’
p®0D / PPop |°

where index "zero" refers to the state with a known oxygen pressure. This application

of ion-molecular equilibria does not require any information on thermodynamic properties

of negative ions.

. Comparison of the method of ion-molecular equilibria with other methods for oxygen
pressure determination. Table 4 presents determination methods for the partial oxygen
pressure. It has to be mentioned that the statistical methods, the Xnudsen effusion
method, the flow method, and the method of heterogeneous equilibria have limited flelds
of application, because they can be used only when the vapor consists of one component
only: oxygen. They cannot be used for systems wlth complex vapor compositions.

High-temperature mass-spectrometry with eléctron shock lonization is the most uni-
versal method applicable for any systems, however 1t has a limited dynamic range. The

main difficulty 1is that the OZ ion flow forms not only because of lonization of a molecu-

lar beam, but also because of iohization of residual gas. The necessity to separate the
signal from the background considerably limits the possibility of determining low oxygen

pressures.
The method of ilon-molecule equilibria overcame these problems. In that method, the
+ .
Q0. lon, which is hard to measure, 1s replaced by the ratio of ion flows (for instance,
Pog and POE), which are easy to measure. In its principles, the method of ion-molecule

equilibria resembles the monomer-dimer method, and other mass-spectrum methods, based on
the measurement of a ratio rather than the absolute values of ion flows. That helps to
avoid determination of the instrument’'s sensitivity constant.

Of all the methods presented in Table 4, the method of ion-molecule equilibria is
similar to the method of heterogeneous equilibria, however 1ts reaction is not with neu-

tral vapor components but with negative lons.

REFERENCES

1. V. A. Grigoryan, L. N. Belyanchikov, and A. Ya. Stomakhin, Theoretical Principles
of Electric Steelmaking Processes [in Russilan], Metallurgiya, Moscow, pp. 84 and 135,

1987.

2. L. N. Sidorov, M. V. Korotov, and L. V. Zhuravleva, Mass-Spectral Thermodynamic

55



Investigations {in mussian; Izd-vo M4GU, Moscow, 1335.

’
3. L. N. Sidorov, L' V. Zhuravleva, and I. D. Sorokin, "Hizh temperature mass spec-—
csrometry and studies orf Ion-Ion, _,n—u0L=c¢;,, anc molecul e-*o'eﬂule guilldri 53

Spectr. Rev., vol. 5, p. 73, 1986.

_ 4. E. B. Rudnyl, 0. M. Vovk, .. N. Sidorov, et al., "Formation
?C., and Ma?PC_, " Tep;ofi:ika Jysolktin mﬂwoe"-,__, 70l. 24, no. T
B 2
. Z. 7. Puényi, L. L. Sidcrev, L. A, Zullzina, and . a. tercl
dissociation of »otassium chromate in the gas phase and the 2lectron af;-nitj or zhromium
oxides," Ins. ;. Mass. 3pectr. Ion Z@oc., voil. Z4, n. 95, 1935.
6. 3. Zcheff2, Dispersion aAnalysis [Russian :ranslation], Nlauka, Moscow, lZ20.
7. L. 7. Zurvich, WIYTANTIRNC as an automatad syscem 27 thne data on shermodynamic
sropersiss o7 materials,' Testn. all Z3SR, no. 3, p. 54, L1333.
3. E. 3. Rudnyi, 0. M. Vovk, Z. A. Kaibicneva, and L. 3. Sidorov, "Formation en-

thalpiles of oxygen- conuaining anions of zroup VI elements in the gas phase, and the eslec-
tron affinity of Cro3, MoO3, and WO3," J. Chem. Thermodyn., voi. 21, no. 3, 1986.
9 V. P. Glushko (Editor), Thermodynamic Properties of Individual Materials.

e

book, Nauka, Moscow, 1378-1982.

Hand-

Submitted 5 April 1c¢88 . Moscow

56



