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Abstract―The Knudsen effusion method with mass-spectral analysis of the gas phase has been used to study
the vaporization processes in the PbO–ZnO system in the temperature range of 1010–1120 K. It has been
found that the saturated vapor above the system consists of lead monooxide molecules, its associates, lead
atoms, oxygen molecules, and mixed oxides PbZnO2, Pb2ZnO3, PbZn2O3, Pb2Zn2O4, and Pb3ZnO4. The
molar composition of the saturated vapor has been determined and the partial pressures of all components of
the gas phase have been obtained at 1110 K. The experimental data made it possible to calculate a number of
standard enthalpies of heterophase reactions and standard enthalpies of formation of mixed oxides using the

second law of thermodynamics: (PbZnO2) = –290.4 ± 6.6 kJ/mol, (Pb2ZnO3) = –488.2 ±

21.5 kJ/mol, (PbZn2O3) = –628.4 ± 11.9 kJ/mol, (Pb2Zn2O4) = –883.2 ± 15.1 kJ/mol, and

(Pb3ZnO4) = –697.1 ± 31.6 kJ/mol.
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INTRODUCTION
Lead and zinc oxides are among the main compo-

nents of many glasses with different properties and
purposes, the optical, thermal, and mechanical char-
acteristics of which significantly depend on their com-
position [1–3]. The composition of the charge can
change uncontrollably during long-term high-tem-
perature glass melting, not only due to the different
volatility of the components but also due to the forma-
tion of complex oxides in the gas phase, which should
inevitably lead to a change in the properties of the
obtained glass. In this regard, high-temperature stud-
ies of the composition of saturated vapor over complex
oxide systems and, in particular, over the PbO–ZnO
system are highly relevant.

The purpose of this work is a mass-spectrometric
study of the composition of the gas phase, the determi-
nation of the thermodynamic characteristics of the
vaporization processes in the PbO–ZnO system, and
the calculation of the standard enthalpies of formation
of simple and complex oxides in saturated vapor.

EXPERIMENTAL
According to the data [4, 5], the phase diagram of

the PbO–ZnO system has a simple eutectic with a
composition of 95 mol % PbO and a temperature of

850–870°С. At the eutectic temperature, a slight dis-
solution of zinc oxide is observed (no more than 3 mol %
in lead oxide). Thus, it can be assumed that below the
eutectic temperature, the system is a mechanical mix-
ture of zinc and lead oxides, the activity of which is
practically equal to unity throughout the composition.

Solid-phase synthesis of samples with a composi-
tion of 10.0, 50.0, and 90.0 mol % PbO was carried out
in platinum crucibles in air at a temperature of 1073 K
for 35 h. The starting materials were PbO (yellow) and
ZnO of the special quality grade (Russian State Stan-
dard) (Merck, Germany). The mixtures of oxides were
ground with alcohol in a jasper mortar before starting
annealing and several times, interrupting the anneal-
ing. The purity and phase composition of the synthe-
sized samples were monitored by X-ray powder dif-
fraction and X-ray f luorescence.

Vaporization in the system was investigated by the
Knudsen effusion method with mass spectral analysis
of the gas phase on an MS-1301 instrument. Evapora-
tion was carried out in the temperature range 1010–
1120 K. In this work, we used chambers made of zirco-
nium oxide with alundum covers with a ratio of the
evaporation area to the effective effusion area of ~200.
The temperature was measured with a Pt–Pt/Rh ther-
mocouple and kept constant with an accuracy of
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Table 1. Mass spectrum of the gas phase above the PbO–ZnO system, Т = 1110 K, Uioniz = 60 V*

* Mass spectrum is shown taking into account the isotopic composition. 
** Accuracy of ionization energy measurement (Ei) is 1 eV. 

*** Values of ion currents intensities indicated in brackets correspond to the initial period of vaporization in the system PbO–ZnO.

Ion Еi, eV** Relative 
intensity*** Ion Еi, eV Relative intensity

Pb+ 7.4 (270) 70.2 Pb2Zn <15 0.7

PbO+ 8.8 (87) 43.6 Pb2Zn2 <14 1.2

PbZn 10.0 6.6 Pb3 11.0 11

PbZn2 10.0 25 Pb3 9.2 8.9

Pb2O+ <12.5 72 Pb3Zn – 1.1

Pb4 14.0 8.3 Pb4 8.8 98

Pb2 8.0 100

2O+

4O+

2O+
2O+

3O+
3O+

4O+

2
3O +

4O+

2O+
±1°C. The mass spectrum of the gas phase was
recorded at an ionizing voltage of 50–60 V.

RESULTS AND DISCUSSION
Composition of Gas Phase over the PbO–ZnO System

Table 1 shows the mass spectrum of the gas phase
upon sublimation of the PbO–ZnO system with an
initial composition of 50 mol % PbO.

Analysis of the mass spectrum and the study of ion-
ization of saturated vapor molecules showed that in
the gas phase over the PbO–ZnO system, in addition
to lead oxide molecules and its associates (PbO)n,
where n = 2–4, there are molecules of mixed oxides
PbZnO2, PbZn2O3, Pb2ZnO3, Pb2Zn2O4, and
Pb3ZnO4 as well as lead atoms. Considering that the
process of vaporization of lead oxide proceeds congru-
ently [6], there are also oxygen molecules in the gas
phase. Moreover, under the conditions of an effusion
experiment, the ratio of partial pressures should be

 = 5.08. As shown by the study of ionization
processes, the mass spectrum of saturated vapor is
formed almost without deep fragmentation of mole-
cules; for example, ions PbO+ are formed only from
PbO molecules, ions ―from PbZnO2 mole-

cules. Some exceptions are ions Pb2O+ and 
which are formed upon the dissociative ionization of
Pb2O2 and Pb3O3 molecules, respectively. This is evi-
denced by the equality of the slopes obtained from the
temperature dependences of the ion currents of
Pb2О+, , and  

To determine the nature of vaporization, an exper-
iment was carried out on isothermal sublimation of a
sample in the PbO–ZnO system with an initial com-
position of 50 mol % PbO. As shown by measurements

2Pb Oр p

+
2PbZnO

+
3 2Pb O ,

+
2 2Pb О +

3 2Pb O , +
3 3Pb O .
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of ion current intensities (Table 1), all of them, with
the exception of Pb+ and PbO+, remained constant
during the entire period of vaporization until they
completely disappeared. At the end of the experiment,
according to X-ray powder diffraction data, zinc oxide
remained in the effusion chamber as a non-volatile
product. The results obtained are in agreement with
the phase diagram [4, 5] and indicate that the activities
of lead and zinc oxides are constant and close to unity
in the process of sublimation of the PbO–ZnO system.
Thus, the vaporization process in this system can be
expressed by the following heterophase reactions:

(1)

(2)

(3)

The absolute values of partial pressures were calcu-
lated by preliminary calibration of the mass spectrome-
ter according to the known value of the partial pressure
of PbO molecules at Т = 1110 K, рPbO = 6.6 × 10–6 atm
given in [6], atomic ionization cross sections [7], cor-
rected additivity rule, and values of the intensity of ion
currents of the mass spectrum obtained in the present
work. The values of the partial pressures calculated in
this way are given in Table 2.

Since the activity of lead oxide in the PbO–ZnO
system is practically equal to unity, the composition of
the gas phase and the values of the partial pressures of
(PbO)n molecules should be the same as above pure
lead oxide, which is consistent with most of the known
literature data (Table 2), except for the recently pub-
lished results [10]. According to that study [10], satu-
rated vapor consists of lead atoms, oxygen molecules,
and lead oxide PbO.

= +(s) (g 2)PbO Pb 0.5О ,

( ) ( )= =( ) (g)sPbO PbO 1,2,3,4 ,nn n

( )
++ =

= =
(s) ( ) ( )( )s   gPbO ZnO Pb Zn О

1,2,3; 1,2 .
n m n mn m

n m
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Table 2. Partial pressures (atm) of saturated vapor above
the PbO–ZnO system at Т = 1110 K

* Pressure values obtained in this work.

Molecule Pressure Molecule Pressure

Pb 8.04 × 10–6*
3.87 × 10–6 [8]
3.20 × 10–5 [10]
1.70 × 10–6 [11]

Pb2ZnO3 0.61 × 10–7

O2 1.58 × 10–6*
0.76 × 10–6 [8]
0.67 × 10–6 [10]
3.35 × 10–7 [11]

PbZn2O3 2.17 × 10–6*

PbО 6.58 × 10–6*
6.08 × 10–5 [8]
6.34 × 10–6 [9]
0.59 × 10–6 [10]
1.19 × 10–5 [11]
7.40 × 10–6 [12]

Pb2Zn2O4 0.10 × 10–6*

Pb2O2 1.73 × 10–5*
2.67 × 10–5 [8]
4.94 × 10–6 [9]
1.62 × 10–5 [11]
1.50 × 10–5 [12]

Pb3ZnO4 7.10 × 10–8*

PbZnO2 1.21 × 10–6* Pb4O4 8.17 × 10–6*
2.37 × 10–5 [8]
9.47 × 10–6 [9]
6.31 × 10–6 [11]
7.90 × 10–6 [12]

Pb3O3 1.52 × 10–6*
– [8]
– [9]

3.55 × 10–6 [11]
– [12]

Table 3. Standard enthalpies of sublimation for lead oxide (k

Reaction Δr
this work

PbO(c) = PbO(g) 300.4 ± 5.0 310.1 ± 5.5
2PbO(c) = (PbO)2(g) 305.5 ± 6.3 310.2 ± 8.0
3PbO(c) = (PbO)3(g) 321.0 ± 10.1 325.7 ± 12.0
4PbO(c) = (PbO)4(g) 296.0 ± 8.1 310.3 ± 12.5

1075H °
The found values of the partial pressures over the
PbO–ZnO system were used to calculate the molar
percentages of metals in the gas phase, which were
found to be: n(Pb) = 94.0 mol %, n(Zn) = 6.0 mol %.
It should be noted that this composition of the gas
phase must be taken into account in high-temperature
glass melting and slag processing in non-ferrous met-
allurgy.

Thermodynamic Characteristics
of Simple and Complex Lead Oxides

In the course of studying the temperature depen-
dences of the intensities of the main ion currents (par-
tial pressures) of the mass spectrum of saturated vapor
over the PbO–ZnO system (Table 1) in the tempera-
ture range 1010–1120 K using the Clausius–Clapey-
ron and van’t Hoff equations, the standard enthalpies
of reactions (2), (3) were calculated by least-squares
method. The enthalpy values obtained in this way and
the values recalculated to T = 298.15 K are presented
in Tables 3, 4.

The enthalpies of reactions (2) were referred to T =
298.15 K using the known heat capacities of solid lead
oxide [13] and (PbO)n(g) molecules as estimated and
reported in [8].

When referring the enthalpies of heterogeneous
reactions (3) to T = 298.15 K, we used the known heat
capacities of solid oxides of lead and zinc [14] and our
estimates for complex oxide molecules. It was
assumed that the heat capacity of the mixed oxide is
equal to the heat capacity of a lead oxide molecule
containing the same number of metal atoms; for
example, ср(Pb2Zn2O4) = ср(Pb4O4).

The enthalpy of reaction (1) was found by studying
the temperature dependence of its equilibrium con-
stant in the range 1010–1120 K, which, taking into
account the congruent vaporization of lead oxide, can
be written as

(4)

or through the ion current  corresponding to the
ionization of only lead atoms:

(5)

( ) = =
2

0.5 1.5
Pb O Pb1pk p p p

+
Pb,I

( ) ( )+=
1.5

Pb
* 1 ,pk I T
l. 66  No. 3  2021

J/mol)

Δr

 [6]  [8]  [9]  [11]

289.5 ± 4.0 278.1 ± 5.0 286.9 286.2 ± 0.8
313.8 ± 4.5 306.4 ± 8.7 286.2 310.4 ± 2.0
339.7 ± 7.0 414.0 ± 21.8 – 324.0 ± 1.2
313.0 ± 10.5 290.8 ± 18.0 271.8 287.1 ± 0.4

298H °
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Table 4. Standard enthalpies of reactions (3) and of formation of complex oxides, kJ/mol

Reaction Δr Δr –Δf

PbO(c) + ZnO(c) = PbZnO2(g) 292.9 ± 4.0 297.1 ± 6.0 290.4 ± 6.6
PbO(c) + 2ZnO(c) = PbZn2O3(g) 319.2 ± 8.9 323.9 ± 11.0 628.4 ± 11.9
2PbO(c) + ZnO(c) = Pb2ZnO3(g) 317.3 ± 19.0 322 ± 21.0 488.2 ± 21.5
2PbO(c) + 2ZnO(c) = Pb2Zn2O4(g) 287.1 ± 11.4 291.8 ± 14.0 883.2 ± 15.1
3PbO(c) + ZnO(c) = Pb3ZnO4(g) 322.0 ± 29.6 335.8 ± 31.0 697.1 ± 31.6

1075H ° 298H ° 298H °

Table 5. Standard enthalpies of formation of lead oxides

* Calculated using data from [6]. 
** Enthalpy values refer to 0 K. 

*** Found in [9] by the EMF method.

Oxide
Δf

this work  [6]*  [15]  [11]**  [8]  [9]

PbO(c) –222.7 ± 6.0 –219.0 – –220.5 ± 1.5 – –218.7 ± 0.8***
PbO(g) 87.4 ± 7.8 70.5 – 69.6 ± 4.0 53.5 ± 5 72.37
(PbO)2(g) –135.2 ± 9.3 –124.2 –126.2 ± 10.9 –122.8 ± 4.0 –143.0 ± 5 –137.14
(PbO)3(g) –342.4 ± 14.4 –317.3 –335.0 ± 16.7 –325.8 ± 4.0 –259.5 ± 25 –
(PbO)4(g) –580.5 ± 14.4 –563.0 –574.3 ± 25.1 –579.3 ± 4.0 –621.0 ± 15 –591.23

298H °
where  is partial pressure of lead atoms (oxy-
gen molecules) over lead oxide at temperature T and

 is the ionic current generated by ionization of lead
atoms.

The calculation by the least squares method
according to the van’t Hoff equation led to the value of

the standard enthalpy of reaction (1) equal to (1) =
409.6 ± 7.0 kJ/mol, while its value referred to T =
298.15 K according to [13] is 417.8 ± 7.0 kJ/mol.

From the found values of the standard enthalpies of
reactions (1)–(3) and the known enthalpy of forma-
tion of zinc oxide [14], the standard enthalpies of for-
mation of lead oxides PbO(c), (PbO)n(g), and complex
compounds based on lead and zinc PbnZnmO(n + m)(g)
oxides were calculated using the Hess law (Tables 4, 5).

As it is clear from Tables 3 and 5, the thermody-
namic characteristics of lead oxides obtained by us are
in good agreement with most of the literature data,
with the exception of the results presented [10],
according to which the gas phase above yellow lead
oxide consists of lead atoms, oxygen molecules, and
lead oxide PbO. The data obtained can only be associ-
ated with the experimental research methodology
[10]. In their work carried out by the Knudsen effusion
method with mass spectral analysis of the gas phase,
the authors used the Knudsen iridium cell. Undoubt-
edly, iridium is the best material for Knudsen cells in
the study of chemically active compounds, in particu-

2Pb O( )p p

+
PbI

°Δr ТН
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lar metal oxides, but only if the saturated vapor above
the compound under study contains no metal atoms or
molecules. Otherwise, the latter will dissolve at high
temperatures in the material (iridium, platinum) of
the Knudsen chambers. This process, as noted many
times, leads to noticeable distortions in the composi-
tion of saturated vapor [16–18] and in the thermody-
namic characteristics of the compounds to be studied.
In addition, this situation leads to the fact that the cell
material can no longer be considered as an individual
inert metal, since its properties can be determined by
the chemical activity of the dissolved metal. According
to [10], the iridium chamber was used to study various
oxides, including oxides of alkali metals, namely,
sodium oxide in the temperature range 1000–1100 K
[19]. Based on the publication date of work [19], it can
be assumed that the study of Na2O took place in the
same period as the study of PbO, and could even have
preceded it. The vaporization of Na2O proceeds with
the transition to the gas phase of sodium atoms and
oxygen molecules [20, 21]:

(6)
It is highly probable that under these conditions the

iridium effusion chamber will contain dissolved
sodium, the activity of which, taking into account the
mass of the chamber and the investigated Na2O sam-
ple, should not exceed 0.001–0.0005. This assumption
is consistent with the results of [22, 23], where the
interaction of zinc vapor with metallic platinum and

= +2 g 2(с) ( )Na O 2Na 0.5O .
F INORGANIC CHEMISTRY  Vol. 66  No. 3  2021
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gold was studied using the isopiestic method. For
example, upon interaction for 4–6 days in areas
enriched in platinum and gold, the activity of dis-
solved zinc at a temperature of 1173 K was аZn(Pt) =
0.016 and аZn(Au) = 0.04. According to the Ellingham
diagram [24], in the temperature range 273–1800 K
sodium is a strong reducing agent in reactions with
lead oxide:

(7)

Calculation of the Gibbs energy of this reaction at
Т = 1110 K and аPbO = 1, аNa = 0.001,  = 1, and

РPb = 3.2 × 10–5 atm leads to a negative value  =
–32.0 kJ/mol. The result obtained allows us to give a
completely reasonable explanation of Kobertz’s results
[10], which consists in a high content of lead atoms
and the absence of polymer molecules in saturated
vapor. The initially high intensities of the ionic current
of Pb+ in our studies (Table 1) are most likely associ-
ated with similar reasons, namely, an insignificant
impurity of sodium oxide in the ceramic effusion
chamber, the rapid burnout of which is accompanied
by the establishment of an equilibrium vapor over the
lead oxide.

It is necessary to note some difference between the
works of Popovic [8] and Knacke [9] on the one hand
and Semenikhin [15], Drowart [6], Kazenas [11] and
this study, on the other, associated with the content of
trimeric lead oxide (PbO)3 molecules. The first group
of authors [8, 9] believe that these molecules are
absent in measurable amounts in the gas phase of lead
oxide, and ions  and  in the mass spec-
trum are formed due to the dissociative ionization of
Pb4O4 molecules. This conclusion was made when
analyzing the energies of ion appearance and ioniza-
tion efficiency curves. Using a similar approach and
studying the temperature dependences of the intensi-
ties of the main ions in the mass spectrum, the authors
of the second group [6, 11, 15] and this work came to
the conclusion that the saturated vapor of lead oxide
contains trimeric molecules. This assumption is sup-
ported by the results of a study of the processes of
vaporization of lead oxide. As you can see from Table 3,
the values of the enthalpies of sublimation of trimeric
molecules calculated from ion currents of  and

 are noticeably higher than the values of the
enthalpies of sublimation of tetrameric molecules.
This result unambiguously testifies to the presence of
trimeric molecules in the saturated vapor, which
mainly correspond to ions  and  in the
mass spectrum. The authors [8, 9] made their conclu-
sion, most likely, based on the relatively high value of
the appearance energy (9.1 eV) of ion , consid-
ering it a fragmentation ion formed by dissociative
ionization of tetrameric molecules.

( )+ = +c g 2c( ) ( ) (c)( )PbO 2Na Ir Pb Na O .

2Na Oа

°Δ 1110G

+
3 2Pb O +

3 3Pb O

+
3 2Pb O

+
3 3Pb O

+
3 2Pb O +

3 3Pb O

+
3 3Pb O
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CONCLUSIONS
As a rule, the reliability of experimental data is

determined by the coincidence of the thermodynamic
characteristics calculated according to the second and
third laws of thermodynamics. Nevertheless, in this
study, only the second law of thermodynamics was
used when we calculated the standard enthalpies of
heterophase reactions and the formation of lead oxides
and mixed oxides according to experimental data,.
This is because of the lack of reliable data on the
molecular constants of oxide molecules in the gas
phase. However, the correctness of this study can be
judged by the good coincidence of the value of the
standard enthalpy of formation of crystalline (yellow)
lead oxide found in this work by the Knudsen method
with those found by the EMF method [9, 25] and
given in handbooks [26, 27].

The process of vaporization of the PbO–ZnO two-
component system was studied using the Knudsen
effusion method with mass-spectral analysis of the
composition of the gas phase.

It was observed for the first time that in a saturated
vapor, along with molecules of lead oxide and its asso-
ciates, there are molecules of mixed oxides with the
general formula PbnZnmО(n+)(g) (n = 1, 2, 3; m = 1, 2).

According to the second law of thermodynamics,
the standard enthalpies of formation were calculated
for the first time for five mixed oxides: PbZnO2(g),
PbZn2O3(g), Pb2ZnO3(g), Pb2Zn2O4(g), Pb3ZnO4(g), lead
oxides of the general formula (PbO)n(g), and PbO(c); the
calculated values agree with most of the literature data.
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