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Abstract

A high temperature mass spectrometric study of solid tellurium-di-oxide was conducted in conjunction with the ‘quantitative vaporization
method’. This study differs from our previous work [J. Nucl. Mater. 247 (1997) 28] essentially on two accounts: in situ pressure calibration
and partial pressures from ion intensities corresponding to a low electron-impact energy of 13 eV. Focus was on the species TeO2(g), TeO(g),
Te2(g), (TeO2)2(g), and (TeO)2(g). When compared to the results deduced from our previous measurements, no significant change was observed
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n the relative abundance of these gaseous species, but the absolute partial pressures were higher by a factor of 1.8. Thep–T relations were
btained for these gaseous species in the temperature range 805–905 K. Enthalpies of various homogeneous gas-phase and
as–solid reactions were deduced, and so were the enthalpies of formation of (Te + O) gaseous species. The discrepancies amo
ass spectrometric studies with regard to the absolute partial pressures and thep(TeO)/p(TeO2) andp(Te2)/p(TeO) ratios are brought out.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Tellurium is one of the volatile and reactive fission prod-
cts generated in nuclear reactors, and its behavior is of con-
ern under normal and in transient conditions. During reactor
peration, it can form a host of compounds with the compo-
ents of fuel and cladding materials[1]. Under off-normal
onditions, apart from the chemical reactivity, its vaporiza-
ion behavior can also become complex and might vaporize
s Te2(g) and Te–O bearing species[2]. To understand the
ole played by tellurium in the fuel clad interaction in the
ase of fast reactors, we have systematically conducted va-
orization and thermodynamic studies on binary M–Te sys-

ems (M = SS components Fe, Cr, Ni, Mo and Mn)[3–13].
ecently, we have initiated the studies on ternary M–Te–O
ystems[14–16], which are of relevance for oxide fuelled
ast reactors. Since the compounds in these systems vapor-

∗ Corresponding author. Tel.: +91 4114 280098; fax: +91 4114 280065.
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ize to give Te–O bearing species in the vapor phase, de
vaporization studies on TeO2 would help gain a better unde
standing of their vaporization behavior and obtain relia
partial pressures of TeO2, the major gaseous species o
solid TeO2.

Mills [17] and Cordfunke and Konings[18] have reviewe
the vaporization and thermodynamic data on TeO2(s) quite
extensively. Vapor pressure measurements over TeO2(s) have
been carried out by Knudsen effusion mass loss[19–22]and
transpiration methods[23,24] covering a temperature ran
from 730 to 1006 K. There is, in general, good agreeme
the reported total pressures. The mass spectrometric in
gations include those by Muenow et al.[25] (using tantulum
Knudsen cell with Lucalox (alumina) liner), Piacente e
[26] (using platinum Knudsen cell), and recently by us[27]
(using alumina Knudsen cell) as well as almost concurre
by Kazenas and Bol’shikh[28] (using platinum Knudse
cell). Muenow et al.[25] investigated this system in the te
perature range 782–903 K, observed (TeO2)n(g), (TeO)n(g)
(n= 1–4), Te2(g) and O2(g), and reported the part
040-6031/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2004.09.003
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pressures of species excluding the trimers and tetramers. Pia-
cente et al.[26] observed (TeO2)n(g) (n= 1–2) and (TeO)(g),
and reportedp(TeO2) in the temperature range 778–906 K.
Thep(TeO2) obtained by these two earlier mass spectromet-
ric studies[25,26] disagree by a factor of∼5, the value of
Piacente et al.[26] being higher and close to the total pressure
[19–24]over TeO2(s). Our previous Knudsen effusion mass
spectrometric study[27] was aimed at resolving this discrep-
ancy, rather huge for a major gaseous which is TeO2(g). We
reported the partial pressures of (TeO2)n(g) (n= 1–3) based
on ion intensities measured at an electron energy of 48 eV
in the temperature range 750–950 K. Kazenas and Bol’shikh
[28] reported the partial pressure of TeO2(g) in the tempera-
ture range 840–940 K and those of other species viz., TeO(g),
(TeO)2(g), (TeO2)2(g), Te2(g) and O2(g) only at 940 K. There
is a good agreement, in general, amongst the values of en-
thalpy of sublimation of TeO2(g) reported in the literature.
Both Cordfunke and Konings[18] and Mills [17] who re-
viewed the third-law values disregarded the value of Muenow
et al.[25] which is high and differs considerably from all other
measurements. For (TeO2)2(g), the values selected[17,18]
were based on the vapor pressure measurements by mass
spectrometric methods[25,26].

In our previous paper[27], we showed that there was a
reasonable agreement in thep(TeO2) obtained through pres-
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tial pressures that are higher by a factor of≈1.8, the rela-
tive abundance of TeO(g) as well as those of other gaseous
species remained practically the same as those deduced from
our previous measurements[14,27]. The paper discusses
the above-mentioned aspects and presents the results in
detail.

2. Experimental

TeO2(s), supplied by Leico Industries, Inc., U.S.A. (pu-
rity 99.99%) was used for the experiments. For the vapor-
ization studies, a VG micro-mass Knudsen effusion mass
spectrometer was used. The samples, contained in platinum
lined-alumina Knudsen cell, were heated by electron bom-
bardment and the vapor species effused through a knife edged
orifice of 0.5 mm diameter. Temperatures were measured by
a chromel–alumel thermocouple inserted through one of the
holes at the bottom of the molybdenum cup housing the
Knudsen cell, and touching the latter. The molecules in the
vapor beam were ionized by electron-impact, and the ions
produced were accelerated by applying a negative potential
of 6000 V. Mass analysis of the ions was carried out by a
single focussing 90◦ magnetic sector analyzer and the ion
currents were measured by a secondary electron multiplier.
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ure calibrations using elemental silver or tellurium and
ur value, however, was between those obtained by Mu
t al. [25] and Piacente et al.[26]. Interestingly, Kazena
nd Bol’shikh[28] obtained a value ofp(TeO2) that was be

ween our value and that of Piacente et al.[26]. For TeO(g)
he second major gaseous species in the equilibrium v
ver TeO2(s), the onlyp–Trelation available in the literatu

s from Muenow et al.[25]. In the other two mass spect
etric investigations[26,28], only its relative compositio
t one temperature is given. Our interest in this system
ekindled upon evaluation of TeO+ data from our previou
easurements[27] and comparison of the results with o
rs’: thep(TeO)/p(TeO2) ratio, as deduced from our stu
≈0.7 at 885 K), was many times higher than the other t
ass spectrometric results (≈0.05 at 940 K[28] and 0.09 a
85 K [25,26]). Furthermore, the ratio deduced for Muen
t al.[25] and Piacente et al.[26] was strikingly similar de
pite a huge discrepancy observed in the values of p
ressures for each species. Such anomalies, perhaps
een mainly caused by error in any one or more of the

ors such as pressure calibrations, fragmentation correc
nd ionization cross-sections. It is also possible that vari

n p(O2) could cause the discrepancies. With these cons
tion in mind, we investigated this system once again

n conjunction with a long isothermal quantitative vapor
ion method (an absolute method that permits in situ p
ure calibration and also attainment of congruently effu
omposition that will fix the oxygen pressure) and by m
ng measurements at lower electron-impact energy (13.
s well (to minimize fragmentation and possibly the er

n fragmentation correction). While this method gave
e

or determining the detector response, ion currents were
ured with a Faraday cup as well at the highest temper
f measurements.

Amongst the various ions detected in the mass spec
he equilibrium vapor over TeO2(s) [27], we paid attentio
n the present study to: Te+, Te2

+, TeO+, TeO2
+, Te2O2

+,
nd Te2O4

+, and O2
+. The ion intensities were recorded

function of electron energy to obtain ionization efficie
urves. Because of high background at mass number 322

+

as not considered for any data evaluation. Two serie
aporization experiments were conducted. In series 1, v
zation experiments on TeO2(s) were conducted by quan
ative mass loss method. Ion intensities of130Te+, 256Te2

+,
46TeO+ and 162TeO2

+ were measured continuously a
unction of time at 885 K and at an electron energy of 37.3
on intensities were measured at 13 eV also, at regular
als throughout the duration of the experiment. The sam
ere weighed before and after the vaporization experi

o deduce the mass loss. Totally three experiments wer
ied out and for each experiment, a fresh lot of sample
sed. At the end of experiment 3, temperature depend
easurement of ion intensities of Ag+, over Ag(s) was als

arried out.
In series 2, ion intensities of130Te+, 256Te2

+, 146TeO+,
88(TeO)2+, 162TeO2

+, 320(TeO2)2+ were measured at a
lectron energy of 37.3 eV, in the temperature ra
05–905 K, and also at 13.0 eV at a few temperatures. T
xperiments, each consisting of one run, was conducted
ne sample.Table 1gives the values of ion intensities. T
(TeO2) obtained at 885 K in series 1 was used to deduc
ressure calibration constant for each run.
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Table 1
Ion intensities measured at 37.3 eV on three separate experiments conducted on successive days in series 2

T (K) I(Te+) I(Te2
+) I(TeO+) I(TeO2

+) I(Te2O2
+) I(Te2O4

+)

Day 1: experiment 1
885 2.05× 10−3 2.15× 10−4 3.33× 10−3 6.35× 10−3 2.89× 10−4 4.05× 10−4

870 1.16× 10−3 1.18× 10−4 1.87× 10−3 3.56× 10−3 1.47× 10−4 2.09× 10−4

845 4.27× 10−4 4.18× 10−5 6.54× 10−4 1.25× 10−3 3.83× 10−5 6.59× 10−5

820 1.51× 10−4 1.62× 10−5 2.17× 10−4 3.98× 10−4 1.23× 10−5 1.84× 10−5

805 6.96× 10−5 7.82× 10−6 9.66× 10−5 1.79× 10−4 4.76× 10−6 7.53× 10−6

830 2.23× 10−4 2.19× 10−5 3.40× 10−4 6.17× 10−4 2.04× 10−5 3.04× 10−5

855 6.41× 10−4 6.07× 10−5 1.02× 10−3 1.95× 10−3 7.23× 10−5 1.16× 10−4

905 4.31× 10−3 5.05× 10−4 7.52× 10−3 1.36× 10−2 7.21× 10−4 9.93× 10−4

Day 2: experiment 2
885 2.02× 10−3 2.24× 10−4 3.43× 10−3 6.57× 10−3 3.02× 10−4 4.30× 10−4

870 1.14× 10−3 1.42× 10−4 1.90× 10−3 3.59× 10−3 1.50× 10−4 2.26× 10−4

845 4.08× 10−4 4.26× 10−5 6.47× 10−4 1.25× 10−3 4.43× 10−5 6.82× 10−5

820 1.51× 10−4 1.73× 10−5 2.07× 10−4 3.90× 10−4 1.21× 10−5 1.90× 10−5

805 6.97× 10−5 1.24× 10−5 9.67× 10−5 1.83× 10−4 5.82× 10−6 8.16× 10−6

830 2.08× 10−4 2.10× 10−5 3.41× 10−4 6.39× 10−4 2.09× 10−5 3.80× 10−5

855 6.65× 10−4 6.92× 10−5 1.07× 10−3 2.03× 10−3 6.39× 10−5 1.22× 10−4

905 4.18× 10−3 5.16× 10−4 7.15× 10−3 1.36× 10−2 7.01× 10−4 1.04× 10−3

Day 3: experiment 3
885 1.99× 10−3 2.45× 10−4 3.56× 10−3 7.01× 10−3 3.14× 10−4 5.00× 10−4

865 9.54× 10−4 1.13× 10−4 1.66× 10−3 3.30× 10−3 1.25× 10−4 2.07× 10−4

835 2.75× 10−4 3.18× 10−5 4.52× 10−4 9.00× 10−4 2.88× 10−5 4.68× 10−5

805 7.10× 10−5 8.63× 10−6 8.64× 10−5 1.92× 10−4 4.90× 10−6 9.42× 10−6

820 1.28× 10−4 1.56× 10−5 2.05× 10−4 4.13× 10−4 1.20× 10−5 2.06× 10−5

850 4.99× 10−4 5.60× 10−5 8.58× 10−4 1.71× 10−3 5.83× 10−5 9.31× 10−5

875 1.33× 10−3 1.58× 10−4 2.41× 10−3 4.76× 10−3 1.96× 10−4 2.95× 10−4

905 4.19× 10−3 5.53× 10−4 7.77× 10−3 1.48× 10−2 7.45× 10−4 1.08× 10−3

Ion intensities corresponding to 13.0 eV were deduced from these and the mean values of [I+ (at 37.3 eV)/I+ (at 13.0 eV)] ratios. Mean of five to seven values
of [I+ (at 37.3 eV)/I+ (at 13.0 eV)] ratios: 8.28 (Te+); 1.66 (Te2+); 8.18 (TeO+); 5.25 (TeO2

+); 9.02 (Te2O2
+); 4.59 (Te2O4

+).

3. Results

Fig. 1shows pertinent portions of the ionization efficiency
curves for the ions Te+, Te2

+, TeO+, TeO2
+, Te2O2

+, and

Te2O4
+. The appearance energies derived from these curves

by linear extrapolation method were: 11.4 (Te+), 8.9 (Te2+),
8.8 (TeO+), 11.3 (TeO2

+), 11.5 (Te2O2
+), and 11.2 (Te2O4

+).
From mass, isotopic abundance and the appearance energy

cy curv
Fig. 1. Pertinent portions of ionization efficien
 es for Te+, Te2
+, TeO+, TeO2

+, (TeO)2+, (TeO2)2
+.
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values, the neutral species (as discussed in Section4.1) were
ascertained to be Te2(g), (TeO2)n(g), (TeO)n(g) (n= 1–2).
O2(g) was also assumed to be a neutral species over TeO2(s),
although no serious data evaluation was done for O2

+.

3.1. Determination of partial pressures

3.1.1. Series 1: quantitative vaporization experiments
The equations relating mass loss and partial pressure is

given by Hertz–Knudsen equation[29]:

�w(i) = p(i)a0C�t

√
M(i)

2πRT
(1)

and the equation relating ion intensity and partial pressures
is given by[29]:

p(i) = k′(i)I(i+)T (2)

where

k′(i) = k

σ(i)γ(i)n(i)

Combining relations 1 and 2 and on rearranging we get

�Wtot =
∑

i

�w(i)



a

ϕ

w e
t g
f
a es.
p t
c ies

T
D (in Pa)

E

= Te2

1 61.

2 268.

3 193.

M

T
6× 10−

γ 0.338;

i, γ, the multiplier yield andn, the isotopic abundance of the
ionic species ofi+.

The ion intensities measured at 37.3 eV were converted to
those at 13 eV by the following relations:

I(i+)13 eV = I(i+)37.3 eVχ(i+) (i = TeO2, Te2) (4)

and

I(TeO+)13 eV = I(TeO+)37.3 eVχ(TeO+)

+ I(Te+)37.3 eVχ(Te+)
γ(TeO+)n(TeO+)

γ(Te+)n(Te+)
(5)

where

χ(i+) = I(i+)13 eV

I(i+)37.3 eV

I(Te+), since mainly contributed by dissociation of TeO(g)
was added toI(TeO+).

The details of mass loss etc., for series 1 experiments are
given inTable 2. The higher polymers of TeO(g) and TeO2(g)
were not considered in the area calculations as they contribute
to <5% of total vapor pressure.

From the values ofAi for each species and the total
mass loss during the experiment, the factorϕ was calculated.
From this constant,ϕ, the mass loss due to vaporization of
i
c opti-
c r for
t
T e
0 for
t
m ion
i r and
F s data
o ng to
i d by
t
g

c the
= ϕ 
√

M(TeO2)A(TeO2) +
∑

i=TeO,Te2

×
√

M(i)A(i)
σ(TeO2)γ(TeO2

+)n(TeO2
+)

σ(i)γ(i+)n(i+)


 (3)

nd

= a0C

√
1

2πR
k′(TeO2)

here�Wtot is the total mass loss,�w(i), mass loss du
o effusion of speciesi, a0, the orifice area,C, the Clausin
actor,A(i), the area under the curveI(i+)T1/2 versus time
ndM(i), the molecular weights for the individual speci
(i) is the partial pressure of the speciesi, k, the instrumen
alibration constant,σ, the ionization cross-section of spec

able 2
etails of quantitative vaporization experimentsa,b and partial pressures

xperiment Initial
mass (g)

Mass loss,
�wtot (g)

Time,
t (s)

Area (Ai )

i = TeO2 i = TeO i

0.13680 0.00676 61020 258.24 102.36
0.13000 0.01488 111660 777.48 317.82
0.11512 0.01031 109800 775.62 276.00

eand

= 885 K, electron energy = 13 eV.
a σ(TeO2) = 2.23× 10−16 cm2; σ(TeO) = 2.23× 10−16 cm2; σ(Te2) = 4.4

(Te2) = 3.54× 10−6; γ(Te)=3.40× 10−6; n(162TeO2) = 0.338;n(146TeO) =
b Orifice diameter = 0.05 cm;a0C= 1.93× 10−3 cm2.
c Estimated by applying congruency condition (Eq.(6)).
d Errors quoted are the standard deviation of mean.
derived in series 1

p(i)

i = Te i = TeO2 i = TeO i = Te2 i = O2
c

68 65.1 0.164 0.109 0.032 0.048
20 198.78 0.185 0.126 0.053 0.067
86 142.26 0.147 0.081 0.030 0.040

0.165± 0.019 0.105± 0.023 0.038± 0.011 0.052± 0.014

16 cm2; γ(TeO2) = 3.89× 10−6; γ(TeO) = 3.80× 10−6;
n(256Te2) = 0.229;n(130Te) = 0.338.

ndividual species was obtained. The orifice areaa0 was cal-
ulated from the dimensions measured employing an
al microscope while the corresponding Clausing facto
he knife edged orifice was taken from the literature[29].
he ionization cross-sectionσ(TexOy) was assumed to b
.75[xσ(Te) +yσ(O)]. The corresponding cross-sections

he elements were taken from Mann’s compilation[30]. The
ultiplier gains were deduced from the relative ratios of

ntensities measured using secondary electron multiplie
araday cup. Using these constants and the mass los
f individual species, the partial pressures (correspondi

on intensities at 13 eV) for each species was calculate
he application of Hertz–Knudsen relation (Eq.(1)), and are
iven inTable 2.

Thep(O2) was calculated by assuming TeO2(s) to effuse
ongruently (that is, the Te-to-O atomic flow ratio in
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Table 3
p–Trelations obtained in series 2 (805–905 K)

Species Experiment logp (Pa)a = −A/T(K) +B p (Pa) at 855 K

A B

TeO2(g) 1 13964± 114 15.002± 0.135 4.68× 10−2

2 14083± 114 15.130± 0.134 4.56× 10−2

3 13952± 137 14.973± 0.161 4.52× 10−2

Recommendedb 13988± 72 15.021± 0.085 4.58× 10−2

TeO(g) 1 13715± 87 14.518± 0.103 3.00× 10−2

2 13703± 133 14.501± 0.157 2.98× 10−2

3 13847± 113 14.643± 0.132 2.80× 10−2

Recommendedb 13738± 79 14.535± 0.093 2.93× 10−2

Te2(g) 1 13319± 209 13.319± 0.246 5.51× 10−3

2 13606± 372 13.624± 0.439 5.14× 10−3

3 13433± 178 13.422± 0.210 5.14× 10−3

Recommendedb 13443± 151 13.444± 0.178 5.26× 10−3

(TeO2)2(g) 1 15586± 113 15.650± 0.132 2.64× 10−3

2 15460± 190 15.483± 0.222 2.52× 10−3

3 15491± 155 15.536± 0.183 2.62× 10−3

Recommendedb 15499± 89 15.541± 0.104 2.59× 10−3

(TeO)2(g) 1 16055± 131 15.780± 0.154 1.00× 10−3

2 15717± 148 15.360± 0.173 9.50× 10−4

3 15752± 453 15.410± 0.532 9.70× 10−4

Recommendedb 15840± 153 15.515± 0.180 9.74× 10−4

a Errors quoted are the standard deviation.
b Recommended equation was obtained by least-squares-fitting of all the data points from all the runs.

effusate = 0.5) and by employing the following expression
which is based on congruent effusion principle[14]:

p(TeO2)/
√

M(TeO2) + p(TeO)/√
M(TeO)+ 2p(Te2)/

√
M(Te2)

2p(TeO2)/
√

M(TeO2) + p(TeO)/√
M(TeO)+ 2p(O2)/

√
M(O2)

= 0.5 (6)

Since at the end of experiment 3, pressure calibration exper-
iment using solid silver was also carried out, thep(TeO2) at
885 K corresponding to this set of pressure calibration con-
stants at 37.3 and 13.0 eV were deduced: 0.05 and 0.047 Pa,
respectively.

3.1.2. Series 2: temperature dependence of partial
pressures

Ion intensities at 13.0 eV derived using Eqs.(4) and (5)
were converted to partial pressures using Eq.(2). The value
of k′(TeO2) was calculated from the mean ofp(TeO2) ob-
tained at 885 K, in series 1 experiments. Usingk′(TeO2)
and the ratios [(σγn)TeO2

/(σγn)i] (wherei = Te2, TeO, Te2O2,
Te2O4), pressure calibration constantsk′(i) for other species
were obtained, and subsequently their partial pressures. The
p–T relation for each run was obtained fromp(i)s at differ-
e tained
b
r in
F

3.2. Thermodynamic quantities

3.2.1. Reaction enthalpies
From the partial pressures derived, enthalpies of various

solid–gas and gas-phase reactions (seeTables 4 and 5) were
evaluated by second- and/or third-law methods. The neces-
sary auxiliary functions were taken from the literature[31].

The least-squares-fitted equilibrium constant (K◦)–tem-
perature relations for the gas-phase reactions 3–5 (P0 =
101 325 Pa; seeTable 4) in the temperature range 805–905 K

F on of
t

nt temperatures. The recommended equation was ob
y pooling all the data points from all the runs. Thep–T
elations thus obtained are given inTable 3, and shown
ig. 2.
ig. 2. Partial pressures of different vaporizing species as a functi
emperature. (�) Experiment 1; (©) Experiment 2; () Experiment 3.
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Table 4
Reaction enthalpiesa (kJ/mol)

Experiment Second lawb Third lawb Recommendedc,d

�rH
◦
m (Tm)e �rH

◦
m (298.15 K) �rH

◦
m (298.15 K)

Reaction 1: TeO2(s) = TeO2(g)
1 267.4± 2.2 278.4± 2.2 268.5± 0.1 268.6± 2.7
2 269.7± 2.2 280.6± 2.2 268.7± 0.1
3 267.1± 2.6 278.1± 2.6 268.7± 0.1
Mean 279.0± 1.4 268.6± 0.1

Reaction 2: 2TeO2(s) = (TeO2)2(g)
1 298.4± 2.2 308.2± 2.2 313.7± 0.1 313.9± 5.1
2 296.0± 3.6 305.7± 3.6 314.1± 0.2
3 296.6± 3.0 306.3± 3.0 313.7± 0.1
Mean 306.7± 1.3 313.9± 0.2

Reaction 3: (TeO2)2(g) = 2TeO2(g)
1 236.1± 3.5 248.3± 3.5 223.3± 0.4 223.4± 6.6
2 241.7± 5.3 253.9± 5.3 223.3± 0.5
3 238.6± 8.7 250.9± 8.7 223.6± 0.5
Mean 251.0± 2.8 223.4± 0.2

Reaction 4: (TeO)2(g) = 2TeO(g)
1 217.1± 4.3 221.7± 4.3 211.8± 0.2 212.0± 6.6
2 225.2± 7.6 229.7± 7.6 211.5± 0.4
3 235.9± 13.4 240.4± 13.4 212.6± 0.6
Mean 230.6± 9.4 212.0± 0.6

Reaction 5: TeO2(g) + 0.5Te2(g) = 2TeO(g)
1 130.1± 3.5 131.3± 3.5 116.2± 0.3 116.2± 6.4
2 125.7± 4.8 126.9± 4.8 115.8± 0.3
3 134.0± 3.2 135.2± 3.2 116.5± 0.3
Mean 131.1± 4.2 116.2± 0.4
a Derived from partial pressures obtained in series 2.
b Errors quoted are standard deviation of the mean.
c Mean of third-law value is recommended.
d Errors quoted include statistical as well as estimated uncertainties.
e Tm = 855 K, mean temperature of the runs.

were deduced to be

log(K◦) (reaction 3)=
(−12 459

T (K)
± 180

)

+ (9.478± 0.211) (7)

log(K◦) (reaction 4)=
(−11 775

T (K)
± 308

)

+ (8.708± 0.362) (8)

log(K◦) (reaction 5)=
(−6770

T (K)
± 150

)

+ (4.825± 0.176) (9)

Using the value of �fH
◦
m (298.15) of TeO2(s) =

−(321.0± 2.5) kJ/mol[18], and enthalpies of reactions 1 and
2, enthalpies of formation of (TeO2)n(g) (n= 1–2) were de-
rived. Using�fH

◦
m (298.15) TeO2(g) thus derived and taking

�fH
◦
m (298.15) of Te2(g) (163.2± 0.5 kJ/mol) from literature

[32], �fH
◦
m (298.15) of TeO(g) was deduced using reaction

5. Subsequently,�fH
◦
m (298.15) (TeO)2(g) was also calcu-

lated using the enthalpy of reaction 4. All these values are
listed inTable 6along with those available in literature.

4. Discussion

4.1. Neutral species, partial pressures, and total
pressure

The appearance energies (AEs) determined in the present
work have an uncertainty of±0.5 eV, and, in general, agree
with those available in the literature[25] and those obtained
by us earlier[27]. The ionization efficiency curves shown in
Fig. 1 indicate that at 13 eV, the ions Te2

+, TeO+ and TeO2
+

originated wholly from their respective neutral species, and
so did Te2O2

+ and Te2O4
+. Contribution to TeO+, if any,

from fragmentation of TeO2(g) should be negligibly small
as shown by the ionization efficiency curves for TeO+ and
TeO2

+: the positive deviation from linearity in the case of
TeO+ begins at an electron energy≥13 eV, while the corre-
sponding negative deviation in the case of TeO2

+ is not readily
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Table 5
Comparison of enthalpies (kJ/mol) of different solid–gas and gas-phase
reactions

Reaction �rH
◦
m(298.15 K) Reference

(1) TeO2(s) = TeO2(g) 264.0± 8.4 [17] (review)
266.2± 0.6 [18] (review)
288.7± 8.4a [25]
268.2± 1.7a [26]
271.2± 2.1a [28]
268.6± 2.7a Present work

(2) 2TeO2(s) = (TeO2)2(g) 308.5 [18]
296.7± 8.4a,b [25]
288.7± 12.6a [28]
313.9± 5.1a Present work

(3) (TeO2)2(g) = 2(TeO2)(g) 280.7± 8.4a [25]
266.1a [28]
225.9± 7.2c [26]
223.4± 6.6a Present work

(4) (TeO)2(g) = 2TeO(g) 258.6± 8.4a [25]
246.4a [28]
212.0± 6.6a Present work

(5) TeO2(g) + 0.5Te2(g) = 2TeO(g) 125.2± 11.9a,d [25]
62.3d [28]

133.6± 6.8e [34]
153.8± 4.2f [35]
116.2± 6.4a Present work

(6) TeO2(s) + TeO2(g) = (TeO2)2(g) 8.0± 11.9b [25]
42.3± 5.8 [26]
5.1± 2.1b [28]

45.3± 0.4a Present work
a Third-law value.
b Calculated from the enthalpies of reactions 1 and 3.
c Derived from enthalpies of reactions 1 and 6.
d Derived from the enthalpies of the reactions TeO2(g) = 0.5Te2(g) +

O2(g) and TeO(g) =0.5Te2(g) +0.5O2(g) given by them.
e Calculated from the enthalpies of reactions TeO2(g) = TeO(g) +

0.5O2(g) and Te(g) + 0.5O2(g) = TeO(g) as given by Cordfunke and Kon-
ings[18], based on the data given by Staley[34] and taking the enthalpy of
dissociation of Te2(g) from [36].

f Derived from the enthalpy of reaction TeO2(g) + Te(g) = 2TeO(g) (of
Zmbov and Miletic[35] as given by Cordfunke and Konings[18]) and the
enthalpy of dissociation of Te2(g) from [36].

noticeable. The AEs of Te2O+ and Te2O3
+ being only above

13 eV[27], no fragmentation corrections were necessary for
(TeO)2(g) and (TeO2)2(g).

The reasons for resorting to ion intensity measurements at
37.3 eV as well as 13.0 eV are the following: (1) to be able to
compare the present results with those of our previous study
(which was done only at high electron energy) and (2) ion
intensities at 13.0 eV would be too low at low temperatures
for reliable measurements and therefore use of conversion
factors (deduced at high temperatures and given in footnote
of Table 1) will render it possible to have ion-intensity data
at 13.0 eV for the entire temperature range.

We considered Te+ as a fragment ion since its appearance
energy (11.4 eV) was much higher than the first ionization
energy of Te(g)[33]. Though Te+ could originate from both
TeO(g) and Te2(g), its contribution from the latter at 13 eV

Table 6
Comparison of enthalpies of formation (kJ/mol) of different gaseous species

Species �fH
◦
m (298.15 K) Reference

TeO2(g) −63.2± 8.4 [25]
−52.8± 3.0a [26]
−51.5 [28]
−59.4± 8.4 [17] (review)
−54.8± 2.6 [18] (review)
−52.4± 3.7a Present work

(TeO2)2(g) −408.8± 8.4 [25]
−348.9 [28]
−331.5± 7.0a,b [26]
−347.3± 29.3 [17] (review)
−333.0± 10.0 [18] (review)
−328.1± 5.7a Present work

TeO(g) 72.4± 8.4 [25]
70.7 [28]
66.3± 5.2c [34]
93.2± 2.3d [34]
89.8± 1.8e [35]
69.0± 21 [37]
74.5 [17] (review)
92.0± 5.0 [18] (review)
72.7± 7.4 Present work

(TeO)2(g) −112.5± 8.4 [25]
−105.0 [28]
−108.8± 12.6 [17] (review)
−66.6± 9.9 Present work

a �fH
◦
m (298.15 K) of TeO2(s) =−321.0± 2.5[18].

b �fH
◦
m (298.15 K) of reaction 9 = 42.3± 5.8[26].

c Using�rH
◦
m (298.15 K) of TeO2(g)= TeO(g) + 0.5O2(g).

d Using�rH
◦
m (298.15 K) of TeO(g)= Te(g) + 0.5O2(g).

e Using�rH
◦
m (298.15 K) of TeO2(g) + Te(g)= 2TeO(g) and enthalpy of

dissociation of Te2(g) from [36] (c–e as given by Cordfunke and Konings
[18]).

was considered negligible because of the following reasons:
(1) theI(Te2

+) over TeO2(s) itself is only∼30% of I(TeO+)
and (2) the ratio of Te+/Te2

+ over Te(s), where Te+ arises
almost solely from Te2(g) is∼0.005[4] whereas the ratio of
Te+/Te2

+ over TeO2(s) is 1.4 (seeTable 1).
Our identification of the neutral species over TeO2(s) in

the present and previous work[27] are in accord with those
reported by Muenow et al.[25], who in addition, observed
tetramers of TeO2(g) and TeO(g). Piacente et al.[26] con-
firmed the presence of TeO(g) by an additional experiment
in which a∼1:1 mixture of TeO2(s) and Te(s) was heated
to have enhanced amount of (TeO)i(g) in the vapor phase.
Staley[34] found Te(g), TeO(g), TeO2(g), and O2(g) along
with Na–Te–O species over a pre-melted mixture of TeO2(s)
and Na2CO3(s) heated in an iridium Knudsen cell that had a
gas inlet.

Thep(TeO2) derived in the present work by quantitative
vaporization method is higher by a factor of∼1.8, than that
obtained by us earlier[27]. However, thep(TeO2) deduced
at 885 K for experiment 3, at 37.3 eV electron energy us-
ing pressure calibration constant for silver was in reasonable
agreement with that obtained in earlier work[27]. We seek
to explain this discrepancy as follows: Apart from the way
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pressure calibrations were performed, the two methods differ
in the way the ionization cross-sections were used. While in
the case of silver calibration method, we need to use abso-
lute ionization cross-sections (σ’s) for TexOy(g) and Ag(g)
[30], with quantitative vaporization method we need to use
only σ(TexOy)/σ(TeO2). Thus any error inσ(TexOy) (due to
use of empirical relation 0.75[xσ(Te) +yσ(O)] will introduce
less error in the latter method. The lower value ofp(TeO2)
reported in our previous study[27] might be attributed to
an underestimatedσ(Ag)/σ(TeO2) ratio. Furthermore, errors
due to fragmentation contribution have been largely avoided
in the present study with the conversion of all ion intensities
to those at an electron energy (13 eV) where fragmentation
is minimal, and also because correction for fragmentation of
TeO(g) to Te+ was made for calculatingp(TeO). We consider
the partial pressures obtained in the present work as more
reliable since it was obtained by an absolute method, which
as mentioned above is relatively less prone to errors due to
estimated ionization cross-sections.

Fig. 3compares thep(TeO2) recommended in the present
study with those available in the literature. There is excellent
agreement with the values of Kazenas and Bol’shikh[28]. Our
values continue to be between those obtained by Muenow et
al. [25] and Piacente et al.[26], relatively closer to the latter.
In comparison with our values, thep(TeO2) of Muenow et al.
[ al.
[

cies
o fac-
t
( are
a t
a s
o
[
( nt
s n the

values from other mass spectrometric studies. This anomaly
perplexes us, especially because the [p(TeO)/p(TeO2)] ratio
will be totally unaffected by errors in pressure calibration or
affected, if at all, by not more than a factor of 2 due to dif-
ferences in [σ(TeO2)/σ(TeO)]. Not even the fragmentation
correction that had been applied in this study for deducing
thep(TeO) could be responsible because without this correc-
tion, ourp(TeO) (and thus the ratio) would at best have been
only 1.5 times lower. Should there be any doubt as to whether
contribution to TeO+ from fragmentation of TeO2(g) could
have given rise to the high values ofp(TeO) in the present
study, it is sought to be removed by following reasoning:
(1) we deduced the partial pressures fromI+ correspond-
ing to 13 eV, and the ionization efficiency curve for TeO+

(seeFig. 1) clearly shows that the onset of contribution to
TeO+ due to fragmentation starts only at energy≥13 eV and
(2) the value estimated (from thermochemical data for the
pertinent gaseous species and AE of TeO+) for the dissocia-
tive ionization of TeO2(g) to TeO+ is ≈12.6 eV (Muenow
et al.’s [25] value being 13.4 eV), and hence at 13 eV, the
fragmentation of TeO2(g) could be ignored as insignificant,
as was also evidenced by the ionization efficiency curve
for TeO2

+.
We did not measure thep(O2) in the present study, but

as described already, we deduced it by assuming congruent
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25] is lower by a factor of 3.5, while that of Piacente et
26] is higher by a factor of∼1.8.

As for the partial pressure of TeO, the next major spe
bserved in the present study, our result is higher by a

or of ∼12 compared to that of Kazenas and Bol’shikh[28]
who have given the value only at 940 K); our values
lso higher than those of Muenow et al.[25] and Piacente e
l. [26] by a factor of≈25 and≈4, respectively. In term
f p(TeO)/p(TeO2) ratio, the values are: 0.085[25], 0.09

26], 0.72 (from our previous measurements[27]), and 0.63
present study) at 885 K; and 0.05[28] and 0.60 (prese
tudy) at 940 K. Our value is easily 7–12 times higher tha

ig. 3. Comparison ofp(TeO2) over TeO2(s): (a) Muenow et al.[25], (b) P
resent work.
ffusion. Our value is 25 times higher than that measure
uenow et al.[25] and 30 times higher than that measu
y Kazenas and Bol’shikh[28]. In terms ofp(O2)/p(TeO2),
ur values is≈0.2, whereas the value of Muenow et al.[25]

s ≈0.04 (at 885 K) and that of Kazenas and Bol’shikh[28]
s ≈0.008 (at 940 K).

As for Te2(g), our value ofp(Te2) is 14 times highe
han that of Muenow et al.[25], but in reasonable agre
ent (within∼33%) with that of Kazenas and Bol’shik[28].

n terms ofp(Te2)/p(TeO2), our value is 0.11, while that
uenow et al.[25] is 0.03 and that of Kazenas and Bol’s

28] is 0.08.

et al.[26], (c) Kazenas and Bol’shikh[28], (d) our earlier work[27] and (e)
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Interestingly, the Te-to-O ratio in the effusate, calcu-
lated by using partial pressures of just four species TeO2(g),
TeO(g), Te2(g), and O2(g) (left-hand side of the Eq.(6)) is
∼0.50 for Muenow et al.[25], in perfect accord with the re-
quirement for congruent effusion of TeO2(s). The value de-
duced for Kazenas and Bol’shik[28] is 0.56. TeO2(g) being
the most dominant species, the Te-to-O ratio in the effusate
will hover around 0.50 irrespective of how high or low is
thep(TeO2) measured by different authors. Nevertheless, the
positive deviation of its value from 0.5 can provide some in-
dication of consistency in thep(Te2)/p(O2) or p(Te2)/p(TeO)
ratios. Not surprisingly is thus thep(Te2)/p(O2) ratio of
Muenow et al. (0.6) consistent with the value obtained in the
present study (0.7), but the value of Kazenas and Bol’shik
(10.5) is relatively very high. The situation is nearly similar
with regard to thep(Te2)/p(TeO) ratio also. The values are
0.32 (Muenow et al.), 0.17 (present study), and 1.57 (Kazenas
and Bol’shik). Such analysis was not done in the case of Pi-
acente et al.[26] who did not reportp(O2) or p(Te2).

The total pressure [p(TeO2) +p(TeO) +p(Te2) +p(O2) +
p(TeO2)2 +p(TeO)2] obtained in the present work is in rea-
sonable agreement (within 25%) with those obtained by tran-
spiration, Knudsen effusion mass loss methods[17–24]and
the mass spectrometric data of Piacente et al.[26]. The total
pressure for the latter was calculated from the partial pres-
s
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was deduced from the estimated uncertainty in the tem-
perature measurement (±3 K) and in the measured partial
pressures (30% for TeO2(g) and TeO(g) and 50% for other
species).

Table 5compares the enthalpies of different solid–gas and
gas-phase reactions obtained in the present study with those
available in the literature[17,18,25,26,28,34,35]. With no
access to complete partial pressures data at different temper-
atures, no reevaluation was performed with uniform thermal
functions, and therefore, only the values as given by authors
were used for comparison. The value recommended in the
present study for the reaction 1 agrees well with that selected
by Mills [17] and Cordfunke and Konings[18]. Both review-
ers have mainly considered total vapor pressure values and
the mass spectrometric data of Piacente et al.[26], while giv-
ing their selected value.

Our value of enthalpy of sublimation of (TeO2)2(g) is in
good agreement with that selected by Cordfunke and Konings
[18], who calculated, based on their selected value of enthalpy
of sublimation of TeO2(g) and the enthalpy of reaction 6 for
Piacente et al.[26]. The value of Muenow et al.[25] is lower
by about 16 kJ/mol and that of Kazenas and Bol’shikh[28]
by about 25 kJ/mol.

For the pressure independent reaction 6, our recommended
third-law value agrees well with that given by Piacente et al.
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ure ratio given by them for TeO2(g), TeO(g) and (TeO2)2(g)
100:9:9). However, the value of Muenow et al.[25] at 885 K
nd Kazenas and Bol’shikh[28] at 940 K are lower, respe

ively, by a factor∼6.0 and∼1.8. Though Muenow et a
25] did not give partial pressures for individual species,
ame were read from the log(p) versus 1/Tplot given by
hem.

Our ascription of the results obtained in the present s
o congruently effusing composition of TeO2(s) was base
n the observation that the ion intensities were reason
table at a constant temperature for long durations (m
oss experiments lasting for∼30 h) and were reproducib
rom run to run conducted on different days on the same
le (temperature-dependence experiments). X-ray diffra
nalysis of samples before and after vaporization ex
ents did not show presence of phases other than T2.
he low p(Te2) values provided evidence that the sam
ever were in the two phase region of Te(l) + TeO2(s), a situ
tion which could also give rise to stable ion intensities w

ime.

.2. Reaction enthalpies

.2.1. Heterogeneous solid–gas reactions
Table 4shows that there exists a difference of∼10 kJ/mo

etween second- and third-law values for the sublimatio
eO2(s) to TeO2(g). On account of the fact that the nu
er of runs are less and that the temperature range of
urement is only 100 K, the mean of third-law value
ecommended for this reaction as well as for other r
ions. The uncertainty quoted for the recommended v
26], but the value deduced for Muenow et al.[25] from values
or reactions 1 and 3 is 37 kJ/mol lower.

.2.2. Homogeneous gas-phase reactions
Table 5also compares the enthalpies of different gas-p

eactions available in or deduced from the literature. The
ails are given in footnote of the table. For reaction 3,
ecommended value is in accord with Piacente et al.’s v
26]. For reaction 5, our value is closest to that calcul
rom Muenow et al.’s[25] data. For reaction 4, our value
he lowest, consistent with relatively highp(TeO) reporte
y us.

Third-law evaluation of reactions TeO2(g) = TeO(g) +
.5O2(g) and TeO2(g) = 0.5 Te2(g) + O2(g) helped us to in

er that our results agree much better with those of S
34] than with Muenow et al.[25] or Kazenas and Bol’sh
28]. For the former reaction, the third-law enthalpy value
J/mol at T = 298.15 K) are 118 (present study), 121 (Sta
44 (Muenow et al.), 151 (Kazenas and Bol’shik). The va

or the latter reaction are 122 (present study), 110 (Sta
45 (Muenow et al.), 150 (Kazenas and Bol’shik). The

hat Staley undertook measurements under controlled ox
ressures reconfirms the discrepancy between our resu

hose obtained by Muenow et al. and Kazenas and Bol’
specially for TeO(g) and Te2(g).

.2.3. Formation reactions
Table 6 compares the enthalpies of formation of v

us gaseous species derived in the present work with
vailable in the literature.∆fH

◦
m (298.15) of TeO2(g) and

TeO2)2(g) agree reasonably with those selected by M



146 T.S.L. Narasimhan et al. / Thermochimica Acta 427 (2005) 137–147

[17] and Cordfunke and Konings[18] in their reviews. For
(TeO2)2(g), the value of Muenow et al.[25] is higher than
that reported by others. In the case of TeO(g), the values at-
tributed to Staley[34] and Zmbov and Miletic[35] were those
derived by Cordfunke and Konings[18], which, however, are
different from that given by Pedley and Marshall[36] in their
compilation of data on gaseous monoxides. The value ob-
tained in the present work compares well with that selected
by Mills [17]. For (TeO)2(g) the present work yields lower
stability than others.

5. Conclusions

The present mass spectrometric study, undertaken in con-
junction with the quantitative evaporation method, gave very
reliable partial pressures which are, however, higher by a
factor of 1.8 than our previous study[27]. It also led to
the reconfirmation of the relative abundance of the gaseous
species (with respect to TeO2(g)), deducible from our pre-
vious measurements. A rather huge and unexplainable dis-
crepancy exists with regard to the relative abundance of
TeO(g) with respect to TeO2(g) (between our results on
one side and those from all other mass spectrometric stud-
ies [25,26,28]on the other side). The relative abundance of
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