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Enthalpy of Formation of Calcium and Magnesium
Oxide Obtained by Knudsen Effusion Mass
Spectrometry

ALEXANDER HALWAX, DMITRY SERGEEV, MICHAEL MÜLLER,
and JOHANNES SCHENK

Calcium andmagnesiumoxide are important components ofmetallurgical slag systems.However,
the literature values for the standard enthalpy of formation DfH

�

298 of both oxides exhibit large
variations in some cases. Since DfH

�

298 is crucial for the modeling and prediction of equilibrium
states and, thus, also for process optimization; it was determined by Knudsen effusion mass
spectrometry (KEMS). PureCaOaswell asMgOwere investigated in an iridiumKnudsen cell. For
this purpose, the intensities of the main species present in the gas phase were recorded in a
temperature range between 1825K to 2125K and 1675K to 2075K, respectively, and their partial
pressures were obtained. It was observed that CaO and MgO evaporated congruently with the
main species in the gas phase, Ca, Mg, O, and O2. The experimental vapor pressures of the gas
species in the study ofMgOare in good agreementwith the calculated values using FactSageTM 7.3
and the FactPS database, while those for the evaporation of CaO show significant differences.
These calculations are based on available thermodynamic information, including theGibbs energy
functions ofCaO(s), Ca(g),MgO(s),Mg(g),O(g), andO2(g).After calculating the partial pressures
and equilibrium constants of reactions, an average formation enthalpy of DfH

�

298 =
� 624.5 ± 3.5 kJ/mol for CaO(s) and DfH

�

298 = � 598 ± 10 kJ/mol for MgO(s) based on the
third law method of thermodynamics were obtained. The deviation of DfH

�

298 for MgO from the
previous literature values can be attributed to the use of different ionization cross sections,
temperature calibration, and variation of tabulated Gibbs energy functions.
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I. INTRODUCTION

CALCIUM and magnesium oxide are two of themost
important constituents of metallurgical slags and fluxes.
Therefore, their thermodynamic properties are essential
for the prediction of equilibrium states in pyrometallur-
gical processes. The standard free energy of formation of
CaO and MgO is one of the key parameters for the
modeling of phase diagrams ofmultioxide systems, which
are of interest for the estimation of optimal process
conditions in high-temperature processes. The values
given in the literature for the standard enthalpy of

formation DfH
�

298 of CaO and MgO, which are used for
the calculation of the standard free energy of formation,
are mainly based on bomb and solution calorimetry. The
NIST-JANAF tables are commonly used as a work of
reference for thermodynamic quantities.[1] For example,
the data listed there serve as one of the inputs for the
FactPS database. These tables include thermodynamic
properties of single-phase substances in the crystalline,
liquid, and ideal gas states over a wide temperature range.
They also include some tables for multiphase substances.
Specified properties are heat capacity, entropy, Gibbs
energy function, enthalpy increment, enthalpy of forma-
tion, Gibbs energy of formation, and the logarithm of the
equilibrium constant corresponding to the formation of
any compound from the elements in their standard
reference states. All relevant input data are reported for
every table, and a critical review of the literature onwhich
these values are based is included.[1–8]

However, significantly different values for the stan-

dard enthalpy of formation of CaO DfH
�

298 can be found
in the literature. For example, Gourishankar et al. in
Reference 9 determined a value of � 602 kJ/mol (third
law analysis[1,10]) or � 595 kJ/mol (second law
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analysis[1,10]) by free evaporation experiments. The value
resulting from the third law analysis differs greatly from
the � 635.089 kJ/mol (third law analysis) given in the
NIST-JANAF tables,[1] which is based on bomb
calorimetry experiments by Huber and Holley in Ref-
erence 11 and the value of acid solution calorimetry
given by Rossini et al. in Reference 12. Wakasugi and

Sano concluded in Reference 3 that DfH
�

298 is
� 610 kJ/mol (third law analysis) by equilibrium exper-
iments between silver and a CaO-saturated slag. Liang
et al. in Reference 4 obtained a value of � 634 kJ/mol

for DfH
�

298 by a critical review of the experimental data,
which serve as the basis for reference works and
tables such as the NIST-JANAF data.

Somewhat similar differences can be found for the

enthalpy of formation of MgO DfH
�

298. Thus, in the
NIST-JANAF tables,[1] a value of � 601.241 kJ/mol is
found. This value is based on the bomb calorimetry
measurements of Holley and Huber[13] and the HCl
solution calorimetry measurement of Shomate and
Huffman.[14] Gourishankar et al. in Reference 9 deter-

mined by free evaporation experiments DfH
�

298, which
lies at � 635 kJ/mol (third law method) and
� 643 kJ/mol (second law method), respectively. Using
Knudsen cell mass spectrometry, Altman determined a

DfH
�

298 of � 572.13 kJ/mol in Reference 15. Liang et al.

in Reference 4 recalculated DfH
�

298 with a value of
� 601.60 kJ/mol by critically reviewing experimental
data.

A summary of all literature values can be found in
Table IV.

Such discrepancies in the enthalpy of formation have
a significant influence on the calculated vapor pressures
of the different species in equilibrium with the pure
substance, which are based on these values. The impact
of the formation enthalpy on the calculated vapor
pressures of Ca, O, O2, and Mg as a function of
temperature are shown in Figures 1 through 6. These
calculations were performed using FactSageTM 7.3.
Figures 1 through 3 show the resulting vapor pressures
at equilibrium with CaO. Figures 4 through 6 show the
calculated vapor pressures in equilibrium with MgO.
Since the values of the enthalpies of formation of Liang
et al.[4] are very similar to those given in the
NIST-JANAF tables,[1] the different species have nearly
identical vapor pressures.

The use of both reliable thermodynamic data and
proper thermodynamic instruments enables thermo-
chemical calculations to identify and predict thermody-
namic properties as a function of composition,
temperature, and pressure. A consistent data set of
thermodynamic functions of condensed phases and all
gaseous species is essential for the calculation of gas
phase composition as well as vapor pressure over oxides.
The calculation of equilibrium states is performed using
the Gibbs energy minimization approach,[16] which is
implemented in commercial software (FactSageTM,[17]

Thermo-Calc,[18] etc.). This procedure gives the possi-
bility to estimate the concentrations of all potential
species according to the calculated Gibbs energies of all Fig. 3—Influence of formation enthalpy of CaO on vapor pressure

of O2.

Fig. 2—Influence of formation enthalpy of CaO on vapor pressure
of O.

Fig. 1—Influence of formation enthalpy of CaO on vapor pressure
of Ca.
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components in case the corresponding thermodynamic
data are available and trusted. Such thermodynamic
calculations also allow the prediction of all potential
reaction products, considering all reactions between
condensed and gaseous phases (recombination, melting,
evaporation, decomposition, sublimation, etc.) at the
same time.[19]

Due to the significant differences in literature data for

DfH
�

298;CaO and DfH
�

298;MgO and the fact that information

about the thermodynamic data can be received directly
by measurement of vapor pressure under equilibrium
conditions, the evaporation behavior of CaO and MgO
was investigated in view of planned activity determina-
tions in metallurgical slags by KEMS at the
Forschungszentrum Jülich.[20]

II. PRINCIPLE OF KNUDSEN EFFUSION MASS
SPECTROMETRY

Knudsen effusion mass spectrometry (KEMS) is an
experimental method that offers the most accurate
equilibrium evaporation studies and provides direct
information on thermodynamic properties. Since this
method has rarely been used for metallurgical research
purposes, this section will provide a brief insight into the
background of KEMS.[20–22]

The setup of a Knudsen effusion mass spectrometer
consists of two vacuum chambers that can be separated
from each other, a Knudsen cell, a pyrometer, an electron
impact ion source, a single-focusing magnetic type sector
field mass spectrometer, and a collector arrangement of
the secondary electron multiplier. The shutter serves to
separate the two vacuum chambers (mass spectrometer
and Knudsen cell chamber) and to shield the ion source
from themolecular beam emitted out of theKnudsen cell.
A condensed sample is loaded into the Knudsen cell and
kept at constant temperature and ultra-high vacuumuntil
chemical and thermal equilibrium between condensed
and gas phases is reached.Anorifice (0.3 to 0.5 mm) in the
lid of the cell allows a small fraction of the gas phase to
effuse, forming a molecular beam, representing the
equilibrium gas phase in the cell. The small number of
effusing molecules practically do not disturb the equilib-
rium inside the cell. This molecular beam enters the ion
source, where the individual species in the gas phase are
ionized by electron impact. The resulting ions are focused
through a series of collimating lenses, and an applied
accelerating potential on theway to the entrance slit of the
mass analyzer increases the kinetic energy of these.
Electric and magnetic fields oriented perpendicular to
each other influence the path of the ions through the
sector field analyzer by their combined effect. The
dynamic change of the electric field strength causes a
separation of the different ions according to their
mass-to-charge ratio. Afterward they hit the first dynode
of the multiplier, where they cause a secondary emission
of electrons. A cascade of plates with increasing potential
difference amplifies the secondary electrons. A potential
drop converts the counted ions into an intensity
signal.[21–25]

Fig. 4—Influence of formation enthalpy of MgO on vapor pressure
of Mg.

Fig. 5—Influence of formation enthalpy of MgO on vapor pressure
of O.

Fig. 6—Influence of formation enthalpy of MgO on vapor pressure
of O2.
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A. Partial Pressure

From the ion intensities measured using the KEMS,
the partial pressure pi of the respective species can be
calculated using Eq. [1][20,21,24–31]:

pi ¼
kIiTfi
niciri

; ½1�

where k is the pressure calibration factor or the instru-
ment sensitivity factor, Ii represents the measured ion
intensity of the respective ion at the temperature T, T
denotes the temperature in Kelvin in the Knudsen cell,
and fi is the fragmentation correction factor. fi is the
ratio of Mþ to

P
Mþ. ni expresses the isotopic abun-

dance of species i, ci is the multiplier factor of species
i, and ri stands for the ionization cross-section of the
species i. ci describes a value of the secondary electron
emission from the first dynode of a multiplier that
depends on the mass and molecular structure and is
set to 1 for the two elements because an ion counting
system was applied in the KEMS. Therefore, the error
of ci is considered to be 0. k is the sensitivity factor of
the instrument and characterizes the transmission of
ions by the mass spectrometer and enables the determi-
nation of absolute partial pressures. The determination
of k is based on vaporization experiments of a sub-
stance with a well-known partial pressure (usually pure
metals, e.g., Ag, Au, Ni, Pt[10]) in a well-defined tem-
perature range (preferably around the melting point).
The partial pressure thus obtained is compared with
literature values, and consequently, the calibration fac-
tor can be determined. The intensity Ii correlates to
the frequency of a certain ion in the molecular beam
effusing from the Knudsen cell. The measured value
from the ion counter can be directly applied to Eq. [1].
The isotopic abundance ni is calculated as the isotopic
abundance of the measured mass in relation to the
total mass and quantities. Note that the error of the
isotopic abundances is negligible for our needs. The
ionization cross-section ri of a species describes the
probability that the initial molecule or atom of this
species will be ionized by electron impact at a certain
ionization energy.[10,20,21,23,24,31]

B. Thermodynamic Properties

The reactions investigated with KEMS are, for
example, dissociation and sublimation reactions[23,26]:

AB gð Þ Ð A gð Þ þ BðgÞ ½2�

AB sð Þ Ð A gð Þ þ BðsÞ ½3�

A sð Þ Ð A gð Þ ½4�
To determine the thermodynamic properties of con-

densed phases, incongruent and congruent vaporization
processes, such as reactions (3) and (4), are investigated.
With knowledge about the partial pressures of the

individual species in the gas phase, the equilibrium
constants KP of these reactions can be determined using
Eq. [5][10,20,23,26]:

KP ¼ P
pi
p

�

� �mi

; ½5�

where mi is the stoichiometric coefficient of components
in the reaction equation. The partial pressure for stan-
dard conditions according to the Clausius–Clapeyron
equation is set to conditions at T = 298 K and p =
1 atm = 101325 Pa = p

�
.[10,20,23,26]

The change in enthalpy associated with the reaction
can be calculated using either the second or third law
method. The second law method is based on the van’t
Hoff or Clausius–Clapeyron equation (Eq. [6]) and
allows the determination of the enthalpy change (DrH

�

T)
of the reaction at the mean temperature of the
experiment[1,10,21,23–25,28,32–35]:

dlnKp

d 1=Tð Þ ¼ �DrH
�

T

R
; ½6�

where R is the gas constant (8.314 J/mol K). The stan-
dard Gibbs energy can be defined on the basis of the
equilibrium constant[1,20,21,25,34,36]:

DG
�

ðTÞ ¼ �RTlnKp ¼ DrH
�

T � TDrS
�

T: ½7�

The rearrangement of Eq. [7] enables a linear repre-
sentation in an Arrhenius plot (lnKp versus 1=T) and
links the equilibrium constant, the enthalpy, and the
entropy of the reaction (Eq. [8])[10,20,21,24]:

lnKp ¼ �DrH
�

T

R

1

T
þ DrS

�

T

R
¼ �A

1

T
þ B: ½8�

This allows the analysis of the regression coefficient A
and the intercept B and, thus, the evaluation of the
enthalpy and entropy of the reaction at the mean
temperature of the measurement. To recalculate the
enthalpy of the mean temperature of the measurement
to the standard temperature (typically 298 K), enthalpy
increments H Tð Þ �Hð298Þ have to be used. These can
be found in typical reference works, for example, in
References 8 and 37 and 1, 10, 21, 24, 31 and 35.
As already mentioned, the reaction enthalpy at

standard temperature DrH
�

298 of the investigated reac-
tion can also be obtained by the third law method. It is
based on the known absolute value of the equilibrium
constant. Thus, the enthalpy of the reaction of each data
point can be calculated if the change in Gibbs energy
function is known. According to Eq. [9],[1,10,23,25,33,35,36]

DrH
�

298;3rd ¼ �T RlnKp þ Drgef
�

T

� �
½9�

Drgef
�

T is the change of Gibbs energy function for the
considered reaction. The change in Gibbs energy func-
tion must be obtained from the Gibbs energy functions

gef
�

T, according to the stoichiometry of the individual
species at the measurement temperature. As shown in
Eq. [10],[31]
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Drgef
�

T ¼
X

gef
�

TðproductsÞ �
X

gef
�

TðreactantsÞ ½10�

gef
�

T is calculated as follows (Eq. [11])[1,31]:

gef
�

T ¼ H
�

T �H
�

298

T
� S

�

T: ½11�

The advantage of the second law method compared to
the third law method is the fact that because of the
proportionality of IiT and pi, the representation of
lnðIiTÞ over 1=T yields a linear plot where the slope is

equal to
DrH

�
Tm

R , which eliminates the need to calculate the
absolute values of the vapor pressures.[23,25,33]

Data analysis by the third law method is generally
considered to be of higher quality than analysis by the
second law method.[1,9,36]

III. EXPERIMENTAL

The vaporization studies of pure CaO (Thermo
ScientificTM, 99.998 pct) and pure MgO (ROTI�METIC
99.999 pct) were carried out at the Forschungszentrum
Jülich GmbH using a Finnigan MAT 271 (Finnigan
MAT, Bremen, Germany) 90 deg magnetic sector field
mass spectrometer. To prevent reactions between the
Knudsen cell and the sample, an iridium cell was used.
The selection of the correct cell material is of great
importance. Indeed, any reaction of the sample material
with the cell would reduce the activity of the starting
oxide, lowering the partial pressures of the gaseous
products. Therefore, iridium was considered as a suit-
able cell material. The orifice in the lid of the cell had a
diameter of 0.3 mm. The cell itself was placed in a
molybdenum container, which had a hole at the bottom
for temperature measurement, using an optical pyrom-
eter. This cavity in the Knudsen cell array has geometric
properties such that the emitted light approximates the
behavior of a black body. To avoid high radiation
losses, thermal isolation of the Knudsen cell was
achieved by tantalum radiation shields during the
measurements. The cell was heated by radiation and
electron bombardment from a hot tungsten wire. Tem-
perature adjustment was performed by a type K
thermocouple and measured by an Impac IGA 12
optical pyrometer. The temperature is determined
through a sighting hole aimed at the black body hole
in the molybdenum container. Any discrepancies
between the temperature measured by the pyrometer
in the cavity and the actual temperature in the cell are
corrected by measuring standards with known melting

points. However, since only one Knudsen cell can be
loaded at a time, the orientation may change as samples
are replaced. Thermal conditions may therefore vary
slightly depending on Knudsen cell placement, heat
shield assembly, or Knudsen cell positioning, which
would have a small but significant effect on the derived
thermodynamic quantities. Therefore, a systematic error
of ± 5 K is estimated. Ions were detected using a
continuous dynode multiplier linked to an ion counter.
Ionization of the species in the vapor phase was
achieved by applying an electron energy of 70 eV and
an emission current of 0.2 mA. The accelerating voltage
of the ions has been 8 kV.
For the calibration of the optical pyrometer and to

determine the instrument sensitivity factor k, evapora-
tion experiments were carried out with a pure nickel
standard. Therefore, the change of the vapor pressure of
Ni was recorded in a temperature range from about
1650 K to 1800 K.
For calcium and magnesium oxide measurements,

approximately 50 mg of the pure CaO or MgO powder
was loaded into the iridium Knudsen cell. Table I lists
the masses of the initial weights and the masses of the
samples determined by differential weighing after the
experiments.
The cell was then placed in the Knudsen cell chamber.

The chamber was closed and evacuated with a turbo-
molecular pump. As soon as the pressure decreased
below 10�5 mbar, heating could be started. The cell was
heated up to a temperature of approximately 775 K by
radiation. After reaching this temperature, the heating
system automatically switched to heating with electron
bombardment. To check the presence of possible species
in the vapor phase above the oxide sample, mass scans
from mass 10 to 100 were performed at different
increasing temperatures. Once a sufficiently high signal
of 40Ca+ or 24Mg+ ions was detected, the cell position
was adjusted to optimize the observed signal. For CaO,
these mass scans detected 40Ca+, 16O+, and 16O2

+ as
the main ions. For MgO, 24Mg+, 16O+, and 16O2

+ were
detected as the main ions. Isothermal measurements
were performed to determine the necessary duration
required to reach equilibrium and to verify the stability
of the vapor pressures. This was done by keeping the
CaO sample at an average of 2077±5 K for 19 hours
and measuring the intensity of 40Ca+, 16O+, and 16O2

+

every hour. The same was done for the MgO sample,
which was kept at an average of 1926±5 K for 15 hours
and the intensities of the 24Mg+, 16O+, and 16O2

+ ions
were measured hourly. The polythermal measurements
were carried out according to a predefined temperature

Table I. Initial Sample Masses and Sample Masses After the Experiment

Measurement
Initial Mass CaO

[mg]
Mass After Experiment CaO

[mg]
Initial Mass MgO

[mg]
Mass After Experiment CaO

[mg]

1st measurement 53.93 45.06 53.67 49.25
2nd measure-
ment

49.51 45.72 51.58 48.28
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program. Each temperature was held for 250 seconds
before measuring ion intensity to ensure that equilib-
rium in the cell had been established. Measurements at
each temperature step were taken first with an open and
then with a closed shutter. This is necessary to be able to
remove the background signal from the actual intensity
of the species. The temperature steps between measure-
ments were 10 K and the heating rate was 10 K/min.
The temperature range of those measurements were
from ~ 1825 K to ~ 2125 K for CaO and ~ 1675 K to
~ 2075 K for MgO. The polythermal measurements
were performed twice to verify the results
reproducibility.

IV. RESULTS AND DISCUSSION

A. Calibration

From the calibration measurements around the melt-
ing point of the pure Nickel standard and the compar-
ison of the recorded ion intensity of 58Ni+ and the
partial pressure of Ni at the melting point (FactPS
database), a pressure calibration factor of 7.6414Æ10�9

was determined. The enthalpy of sublimation DHsub of
Ni at the mean temperature of the measurements was
determined using the second law method. The result was
an enthalpy of 422 ± 4 kJ/mol at a temperature of
1727 K. Table II shows the comparison with previous lit-
erature values as well as the calculation by FactSageTM

using the FactPS database. The experimentally deter-
mined value is within the± 5 kJ/mol range with literature
values, which is commonly acceptable.[21]

B. Isothermal Measurement

Using Eq. [1], the intensities of the respective species
were converted into their partial pressures. The used
ionization cross sections (ri) at an electron ionization
energy of 70 eV as well as the isotopic abundance (ni) of
the different elements were taken from References 38
and 39, respectively. In the case of O2, the cross-section
was calculated using Eq. [12], which is valid for the
calculation of the cross-section of molecules.[19] All used
values are listed in Table III. The ionization cross
sections used could be a possible source of error. There
are different calculation approaches[40–42] and experi-
mental determinations[43] of these cross sections.[19,31]

rmol ¼ 0:75
X

i
ratðiÞ ½12�

The isothermal measurements of both CaO and MgO
show a rapid setting of the equilibrium state. In the case
of CaO, the equilibrium state (ignoring the runaways at
nine hours) can be observed after only one hour. In the
case of MgO, the Mg vapor pressure drops slightly over
the first four hours of the measurement, but stabilizes
after that, indicating that the equilibrium state has been
reached. The results can be seen in Figure 7. The
pressures calculated by FactSageTM 7.3 using the
FactPS database are also plotted in the diagram in
addition to the vapor pressures determined by KEMS.
The calculations using FactSageTM 7.3 were performed
at the mean temperatures 2077 K and 1926 K, respec-
tively, at a total pressure of 101325 Pa. The equilibrium
partial pressures of all species in the gas phase were
obtained, taking all possible reaction products into
account. During the isothermal measurement of CaO,
the average ratio of pCa

pCa;FactSage
is approximately 2, pO

pO;FactSage

almost 3, and
pO2

pO2 ;FactSage
about 2.5. The values of the first

measurement as well as the values of the outliers at nine
hours were excluded. These results suggest that the
thermodynamic properties of CaO stored in the
databases used show a deviation from reality. The

ratios
pMg

pMg;FactSage
, pO
pO;FactSage

, and
pO2

pO2 ;FactSage
during the isother-

mal measurement of MgO show average values of 1, 2.2,
and 1.5, respectively, after reaching the equilibrium state
at 4 hours. This suggests that the thermodynamic
functions for MgO in the databases are relevant to the
actual measured values.

Table II. Enthalpy of Sublimation of pure Ni

Source DHsub [kJ/mol]

This Study 422 ± 4
NIST-JANAF Tables[1] 418 ± 8.4
Alcock et al.[48] 421 ± 5
FactSageTM 417

Table III. Ionization Cross Sections and Isotopic

Distribution Used for Vapor Pressure Determination

Species/Isotope ri [10
�16 cm2] ni

40Ca 9.0534 0.96941
16O 1.2677 0.99757
16O2 1.9016 0.99515
24Mg 4.6574 0.78990

Fig. 7—Isothermal measurement of CaO and MgO.

METALLURGICAL AND MATERIALS TRANSACTIONS B



A possible source of error in the measurements is the
presence of oxygen in the residual gas within the KEMS
system. This, in turn, leads to an error in the measured
signal for 16O+ and 16O2

+. Furthermore, there is no
condensation of oxygen in the molecular beam at the
shutter surface, which will result in an inaccurate signal
of 16O+ and 16O2

+. In addition to the possible
inaccuracy of the measurement results due to the
presence of residual gas in the system, the fragmentation
of O2 can also cause the formation of 16O+, which may
result in a deviation of the measured ion intensity.[30]

C. Polythermal Measurement

Similar to the isothermal measurement, the measured
ion intensities were also converted into partial pressures
for the polythermal measurement using Eq. [1] and the
parameters from Table III. The determined pressures of
the respective species are shown as an Arrhenius plot in
Figures 8, 9, 10, 11, 12, and 13. In addition, pressures
calculated with FactSageTM 7.3 using the FactPS
database are plotted. The equilibrium partial pressures
of Ca, Mg, O, and O2 were calculated in the temperature
range between 1800 K and 2200 K for CaO and between
1600 K and 2200 K for MgO. In these calculations, all
possible gaseous reaction products were again taken into
account. The partial pressures of O and O2 above pure
CaO are shown only beyond ~ 1873 K and those of O
above pure MgO beyond ~ 1823 K because the ion
intensity beneath these temperatures is very low and
therefore the occurring fluctuations of the measured
signal are very high, which causes high fluctuations of
the calculated partial pressures.

As mentioned earlier in the isothermal experiments,
errors can occur in the measurement of 16O+ and
16O2

+. To eliminate the influence of these possible
measurement errors on the calculation of the reaction
enthalpy, the partial pressures of O and O2 are calcu-
lated from the determined Ca and Mg partial pressures,
respectively. The equilibrium constants required for this
at the relevant temperatures were calculated using
FactSageTM and the FactPS database.

Fig. 8—Temperature dependence of Ca vapor pressure above pure
CaO.

Fig. 9—Temperature dependence of O vapor pressure above pure
CaO.

Fig. 10—Temperature dependence of O2 vapor pressure above pure
CaO.

Fig. 11—Temperature dependence of Mg vapor pressure above pure
MgO.
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Assuming congruent, dissociative evaporation of CaO
and MgO (Eqs. [13] and [14]) as well as recombination
of atomic oxygen (Eq. [15]), reaction Eqs. [16] and [17]
result. Equations [18] and [19] represent the equilibrium
constants for reactions (16) and (17), respectively. The
activities of the pure substances (aCaO und aMgO) were
set to 1. For better comparability with the previous
literature values, the sublimation enthalpies of calcium
and magnesium were also considered, resulting in
Eqs. [20] and [21].

CaO sð Þ Ð Ca gð Þ þOðgÞ ½13�

MgO sð Þ Ð Mg gð Þ þOðgÞ ½14�

2OðgÞ Ð O2 gð Þ ½15�

CaO sð Þ Ð Ca gð Þ þ 0:5O2ðgÞ ½16�

MgO sð Þ Ð Mg gð Þ þ 0:5O2ðgÞ ½17�

KCaO ¼ 1

pCa
ffiffiffiffiffiffiffi
pO2

p ½18�

KMgO ¼ 1

pMg
ffiffiffiffiffiffiffi
pO2

p ½19�

CaO sð Þ Ð Ca sð Þ þ 0:5O2ðgÞ ½20�

MgO sð Þ Ð Mg sð Þ þ 0:5O2ðgÞ ½21�
For the determination of the standard enthalpies of

formation by the third law method, the Gibbs energy
functions of all species involved were taken from the
FactPS database. Table IV compares the standard
enthalpies of formation of this work along with those
found in the literature. For the calculation of the
enthalpy of formation, the vapor pressures of calcium
below 1873 K were neglected due to the high
fluctuations.
Standard deviations of the determined values for

DfH
�

298 are obtained considering the statistical deviation
of the experimental data. The comparison of the
standard enthalpies of formation of CaO determined
by KEMS with available literature values (Table IV)
shows a clear deviation. In the following, the procedure
of the different researchers to determine the standard
enthalpies of formation for CaO and MgO, which are
listed in Table IV, is described and possible reasons for
inaccuracies are pointed out.
A possible explanation for the deviation from the

measured values of Gourishankar et al. in Reference 9 is
the experimental setup used. In the free evaporation
experiments described in Reference 9, the mass loss rate
of CaO single crystals was determined in vacuum at a
constant temperature. The temperature range was
between 1919 K and 2072 K. For the experiments, the
researchers used an induction furnace in which the
samples were hung on a molybdenum wire in the heating
zone. The samples were heated by radiation from the
graphite susceptor, which coupled to the induction field.
The temperature was measured by an optical pyrometer.
The pyrometer was calibrated by means of a type C
thermocouple and measurement of the melting point of
niobium oxide. According to Gourishankar et al., the
pressure inside the vacuum chamber never exceeded a
pressure of 5Æ10�4 Torr during the experiments. The
researchers recorded the mass loss continuously using a
Cahn electrobalance. They calculated the mass loss rates
from the slopes of the mass loss time data recorded and
the sample surface areas. They assumed that a fast

Fig. 12—Temperature dependence of O vapor pressure above pure
MgO.

Fig. 13—Temperature dependence of O2 vapor pressure above pure
MgO.
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surface reaction maintains the local equilibrium and that
the gas transport from the near-surface region controls
the mass loss. Only Ca(g), O(g), and O2(g) species were
considered in further calculations. All other species were
considered as negligible under the experimental condi-

tions. To calculate DfH
�

298;CaO, the researchers proceeded

as follows. They started from the equilibria and the
corresponding equilibrium constants Ki, which are
shown in Eqs. [22] through [25].

0:5O2 gð Þ Ð O gð Þ ½22�

Ca gð Þ þ 0:5O2ðgÞ Ð CaO sð Þ ½23�

KO ¼ pO
ffiffiffiffiffiffiffi
pO2

p ½24�

KCaO ¼ aCaO
pCa

ffiffiffiffiffiffiffi
pO2

p ½25�

pi represents the partial pressures of the respective spe-
cies and aCaO the activity of solid CaO, which was
defined as 1. In addition, they used the Langmuir
equation for an evaporation flux Ji, which is shown in
Eq. [26].

Ji ¼
apiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pMiRT
p ½26�

a is an accommodation coefficient, which was set to 1
due to the assumed local equilibrium. Mi corresponds
to the molar mass of the respective species, R and T
are the universal gas constant and the temperature.
Furthermore, Gourishankar et al. used the following
equation (Eq. [27]) for the mathematical expression of
the mass loss rate _m=A:

_m=A ¼
pCa

ffiffiffiffiffiffiffiffiffiffi
MCa

p
þ pO2

ffiffiffiffiffiffiffiffiffiffi
MO2

p
þ pO

ffiffiffiffiffiffiffiffi
MO

p
ffiffiffiffiffiffiffiffiffiffiffiffi
2pRT

p ½27�

The researchers calculated KCaO for each measured
mass loss rate by incrementally changing the value of the
equilibrium constant and thus the values of the partial
pressures until the calculated mass loss rate was equal to
the experimental one. Using the equilibrium constant
obtained in this way, the free energy of formation for

CaO DfG
�

T;CaO, which is calculated as shown in Eq. [28],

was computed.

DfG
�

T;CaO ¼ �RTlnKCaO ½28�

In Reference 9, the researchers calculated DfH
�

298;CaO

then finally as shown in Eq. [29].

DfH
�

298;CaO ¼ DfG
�

T;CaO � TD Gefð ÞCaO ½29�

They calculated D Gefð ÞCaO from the Gibbs energy
functions of the individual species Gefð Þi contained in
Eq. [23] as follows (Eq. [30]):

D Gefð ÞCaO ¼ Gefð ÞCaO sð Þ � Gefð ÞCa ref:ð Þ � 0:5 Gefð ÞO2 gð Þ

½30�
They took the Gibbs energy functions of the individ-

ual species from the 1985 JANAF tables. Using this
procedure, the researchers in Reference 9 calculated
DfH

�

298;CaO for the measured mass loss rates of each of

the six experiments. The mean value of the results
corresponds to � 602 kJ/mol with a standard deviation
of ± 3 kJ/mol. A possible explanation for the high mass
loss rates measured by Gourishankar et al. in Reference

9 and the resulting more positive value DfH
�

298;CaO,

compared to the value listed in the JANAF tables, could
be the reaction between the CaO specimen and gaseous
carbon emitted from the graphite susceptor under the
formation of CO. This assumption was also made by
Jacob and Varghese in Reference 2.

Wakasugi et al. in Reference 3 determined DfH
�

298;CaO

by equilibrating silver and a CaO-saturated slag in a
graphite crucible under an argon inert gas atmosphere
with 10 pct CO in a temperature range from 1570 K to
1831 K. To determine the enthalpy of formation, the
activity coefficient of calcium cCa in silver was first
determined by equilibrating a CaC2-saturated slag with
silver in a graphite crucible under argon atmosphere in a
temperature range from 1417 K to 1832 K. To calculate
cCa in silver, the researchers used in addition to the
calcium content in the silver after the experiments XCa

also a relationship for the free energy of formation of

solid CaC2 DfG
�

CaC2
from literature. This can be seen in

Eq. [31].

logcCa ¼
DfG

�

CaC2

2:30RT
� logXCa ½31�

R and T are the universal gas constant and temper-
ature. With the obtained activity coefficient, Wakasugi
et al. in Reference 3 were able to determine the function
of the free energy of formation (shown in Eq. [32]) used
to calculate the standard enthalpy of formation.

DfG
�

CaO ¼ RT lncCa þ lnXCa þ lnpCOð Þ ½32�

pCO is the partial pressure of CO in the gas phase

(0.1 atm). DfH
�

298;CaO was calculated by the researchers

in Reference 3 according to the third law method iden-
tical to Gourishankar et al. in Reference 9 using
Eq. [29]. They also assumed the equilibrium shown in
Eq. [23] and used the Gibbs energy functions to calcu-
late D Gefð ÞCaO from the 1985 JANAF tables. Using

this procedure, the researchers calculated DfH
�

298;CaO

for eight experiments. The mean value of the results is
610 kJ/mol with a standard deviation of ± 4 kJ/mol.
Since in this publication of Wakasugi et al. no infor-
mation or reference to other publications was given
how the gas composition was adjusted and controlled
during the experiments, how the sample material was
heated and which method was used to determine the
calcium content in the silver, the reliability of the
results obtained is reduced and reproducibility is
impossible. Furthermore, a standard deviation of
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± 21 kJ/mol for the free energy of formation of CaC2

used is mentioned in Reference 2, which in turn affects
the accuracy of the results.

Liang et al. in Reference 4 modeled thermodynamic
functions for crystalline CaO after critically reviewing
the literature. The researchers’ model is based on the
temperature T -dependent function for the Gibbs energy

of solid CaO G0;s
CaO Tð Þ shown in Eq. [33].

G0;s
CaO Tð Þ ¼ Aþ BTþ CTlnTþDT2 þ ET3 þ F1T

�1 ½33�

The researchers accepted the parameters B, C, D, E ,
and F1 for the temperature range from 298 to 3222 K
from Huang et al. from Reference 44. The calculation of
parameter A is based on DfH

�

298;CaO, which Liang et al.

obtained by critically reviewing the literature. After
careful analysis of DfH

�

298;CaO determined by Gouris-

hankar et al. in Reference 9, Liang et al. rejected this
value for their modeling. Critically reviewing the work
of Huber and Holley[11] and Rossini et al.,[12] from
which the value listed in the NIST-JANAF tables[1]

resulted, the researchers in Reference 4 concluded a

value for DfH
�

298;CaO of � 634 ± 1.5 kJ/mol. Since this

value is based on the two works which are also the basis
for that in Reference 1, such a small deviation of
1 kJ/mol is foreseeable.

The value for DfH
�

298;CaO in the NIST-JANAF tables[1]

is based on only two experimental measurements. One
was the determination of the enthalpy of combustion of
Ca by bomb calorimetry by Huber and Holley in
Reference 11 and the second was acid solution calorime-
try reported by Rossini et al. in Reference 12. The two

values obtained for DfH
�

298;CaO differ by only 0.07 pct.

These values, as well as the concluded value, which is
tabulated in Reference 1, are largely assumed to be
correct. In the work of Huber and Holley, metallic
calcium was burned in a bomb calorimeter at an oxygen
pressure of 50 atm. To consider the influence of impu-
rities in the calcium metal when measuring the heat of
combustion, the content of metallic impurities was
measured spectroscopically, that of nitrogen by the
Kjeldahl method, the content of oxygen and carbon by

combustion, and that of oxygen by the method of
Eberle, Lerner, and Petretic.[45] Huber and Holley
assumed that the oxygen dissolved in calcium is present
as CaO, carbon as CaC2, and hydrogen as CaH2.
Combining the measured contents of the impurities and
assuming how they are present results in the composi-
tion shown in Table V. This table also lists the heats of
combustion Qi of the different substances used in
Reference 11.
From the calorimetric measurements, an average heat

of combustion for the calcium samples of 15815.8 J/g
was obtained. By converting Eq. [34] to QCa, Huber and
Holley calculated the heat of combustion of pure
calcium.

0:9937QCa þ 0:00029QCaC2
þ 0:0052QCaH2

þ 0:00010QMg ¼ 15816
½34�

In Reference 11, for QCa 15806.5 J/g and for the
resulting value of the reaction energy DE inside the
calorimeter � 633.52 ± 0.89 kJ/mol is given. To calcu-

late DfH
�

298;CaO from DE, the two researchers corrected

for the deviation of oxygen from the ideal gas law. This

resulted in a value of DfH
�

298;CaO of � 635.09 ±

0.89 kJ/mol. The standard deviation of the enthalpy of
formation results from inaccuracies of the individual
methods. The researchers state that the inaccuracy of
determination of C and H content is 2 pct and that of
Mg content is 50 pct. Furthermore, they report that the

Table IV. Standard Enthalpies of Formation Obtained by 3rd Law Method of CaO and MgO in Comparison with Literature

DfH
�

298 [kJ/mol] Source DfH
�

298 [kJ/mol] Source

Ca sð Þ þ 0:5O2ðgÞ Ð CaO sð Þ Mg sð Þ þ 0:5O2ðgÞ Ð MgO sð Þ
� 624 ± 3 1st measurement � 604 ± 4 1st measurement
� 625 ± 3 2nd measurement � 592 ± 4 2nd measurement
2 624.5 ± 3.5 mean 2 598 ± 10 mean

� 602 ± 3 9 � 635 ± 10 9
� 610 ± 4 3 � 589 ± 15 15
� 634 ± 1.5 4 � 601 ± 1 1
� 635 ± 1 1 � 601 ± 0.5 13
� 635 ± 1 11 � 602 ± 0.2 14
� 636 12 � 602 4
� 635 FactPS � 601 FactPS

The mean values of the two measurements are written bold.

Table V. Composition of the Ca Sample and Heats of
Combustion of the Different Species Taken from Ref. [11]

Element/Compound Content [Wt Pct] Qi [J/g]

CaC2 0.029 26970
CaH2 0.52 18880
CaO 0.07 —
Mg 0.01 24670
Ca 99.37 ?

METALLURGICAL AND MATERIALS TRANSACTIONS B



O content could be determined to within ± 0.03 pct. The
researchers interpreted these inaccuracies as a 0.1 pct
uncertainty in the resulting heat of combustion of
calcium by assuming the maximum contents of the
impurities. The total uncertainty of 0.14 pct results from
the 0.03 pct uncertainty in the determination of the
calorimeter energy equivalent, the 0.09 pct uncertainty
in the calorimetric measurements, and the 0.1 pct
uncertainty in the correction for impurities mentioned
above. Taking into account the data of Huber and
Holley in Reference 11 concerning the accuracy of each
method and the use of all necessary data given in

Reference 11, DfH
�

298;CaO was recalculated. The mini-

mum contents of impurities were also included. The
value of the recalculation is � 635.18 ± 1.23 kJ/mol.
This value is 0.09 kJ/mol more negative than the value
given in Reference 11 and accepted in Reference 1. The

value for DfH
�

298;CaO published by Rossini et al. in

Reference 12 can be traced back to nine different
solution calorimetry studies according to Liang et al.
from Reference 4, but only the value of the earliest
publication from 1905 was tabulated as
� 635.55 kJ/mol. In Reference 4, all nine original
papers were analyzed in detail and a new value for

DfH
�

298;CaO was calculated from them. The reactions

considered with the corresponding reaction enthalpies
DrHi are shown in Table VI.

For DrHi of reactions 1 and 2, the researchers in
Reference 4 used the mean of what they considered to be
plausible and reliable values from the original nine
publications, and that of reaction 3 was taken from the
NIST-JANAF tables.[1] The enthalpy of reaction for

reaction 4 which equals DfH
�

298;CaO is calculated as

shown in Eq. [35].

DrHReaction1 � DrHReaction2 þ DrHReaction3 ¼ DrHReaction4

½35�
The resulting value is 4.45 kJ/mol more positive than

the value tabulated in Reference 12 and accepted in
Reference 1. A close review of the original work on the

determination of DfH
�

298;CaO shows deviations from that

which is tabulated in Reference 1. This, in turn, gives
reason to question the precision of this value.

For determining DfH
�

298;MgO Gourishankar et al. in

Reference 9 performed free evaporation experiments
with MgO single crystals as well as sintered polycrys-
talline MgO specimens in a temperature range between
1834 K and 2053 K in the same way as with CaO. Based
on the measured mass loss rates of the different sample
types, the researchers concluded that they are indepen-
dent of the structure (single crystal or polycrystal) of the
samples. For the determination of the standard enthalpy
of formation of MgO, they considered the equilibria
shown in Eqs. [22] and [36] and the corresponding
equilibrium constants (Eqs. [24] and [37]).

Mg gð Þ þ 0:5O2ðgÞ Ð MgO sð Þ ½36�

KMgO ¼ aMgO

pMg
ffiffiffiffiffiffiffi
pO2

p ½37�

pMg is the partial pressure of Mg in the gas phase and

the activity of MgO aMgO was set to 1 due to the
assumed local equilibrium. The further procedure for

the calculation of DfH
�

298;MgO is identical to that of

DfH
�

298;CaO, as described earlier. When calculating the

individual quantities, of course, the partial pressure,
equilibrium constant, free energy of formation, and
Gibbs energy functions of MgO or Mg must be used
instead of those of CaO or Ca. Gourishankar et al.
took the Gibbs energy functions for MgO(s) and
Mg(ref.) from the 1985 JANAF tables. The mean

value of DfH
�

298;MgO determined by the third law

method from the sixteen experiments performed by the
researchers is � 635 kJ/mol with a standard deviation
of ± 10 kJ/mol. As previously mentioned in the exper-
iments of Gourishankar et al. with CaO, a reaction
between gaseous carbon and the sample material may
have occurred forming CO. Furthermore, it could be
possible that the molybdenum used for the suspension
of the specimens led to the reduction of the MgO. This
consideration is based on calculations by FactSage�
7.3 using the FactPS database. However, the two reac-
tions that may have occurred are not an explanation
for the low mass loss rate measured and the conse-
quent more negative standard enthalpy of formation
determined by the researchers in Reference 9, com-
pared to the value tabulated in Reference 1.

Table VI. Reactions with Corresponding Reaction Enthalpies Taken from Ref. [4]

Reaction Number Single Reactions DrHi[kJ/mol]

1 Ca sð Þ þ 2HCl aqð Þ ¼ CaCl2 aqð Þ þH2ðgÞ � 542.77
2 CaO sð Þ þ 2HCl aqð Þ ¼ CaCl2 aqð Þ þH2OðlÞ � 197.50
3 H2 gð Þ þ 0:5O2 gð Þ ¼ H2OðlÞ � 285.83

Reaction Number Total Reaction DrHi[kJ/mol]

4 Ca sð Þ þ 0:5O2 gð Þ ¼ CaO sð Þ � 631.10
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To investigate the evaporation behavior of MgO,
Knudsen effusion experiments were carried out from
Altman reported in Reference 15. For the experiments,
the researcher used magnesium oxide crystals with a
purity of 99.7 pct and Al2O3 as the cell material. The
temperature during the experiments was monitored by
an optical pyrometer, which was aligned with the
effusion opening of the cell. The pyrometer was cali-
brated against a pyrometer calibrated by the National
Bureau of Standards, by comparing the measured
temperatures of both instruments when pointed at a
tungsten lamp. Evaporation experiments were per-
formed in a temperature range between 1884 K and
2120 K. The partial pressures were calculated from the
mass loss W of the samples after the experiments. For
this purpose, Altman used Eq. [38].

W ¼ 1:596 � 10�5

ffiffiffiffi
T

p
X

i

pi
ffiffiffiffiffiffi
Mi

p
½38�

pi and Mi are the partial pressure and the molar mass
of the effusing species and T corresponds to the tem-
perature. The researcher considered the equilibrium
shown in Eq. [39] and the corresponding equilibrium
constant (Eq. [40]).

MgO sð Þ Ð Mg gð Þ þ 0:5O2ðgÞ ½39�

KMgO ¼
pMg

ffiffiffiffiffiffiffi
pO2

p

aMgO
½40�

Altman set the activity of MgO aMgO 1. The combi-
nation of Eqs. [41] and [42] results in Eq. [43] which, by
substituting into Eq. [38], finally allowed the researcher
to calculate the partial pressure of magnesium from the
measured mass losses of the seventeen experiments with
the formula shown in Eq. [44].

X

i

pi
ffiffiffiffiffiffi
Mi

p
Ð pMg

ffiffiffiffiffiffiffiffiffiffi
MMg

p
þ pO2

ffiffiffiffiffiffiffiffiffiffi
MO2

p
½41�

pMg
ffiffiffiffiffiffiffiffiffiffi
MMg

p ¼
2pO2ffiffiffiffiffiffiffiffiffiffi
MO2

p ½42�

X

i

pi
ffiffiffiffiffiffi
Mi

p
ÐpMg

ffiffiffiffiffiffiffiffiffiffi
MMg

p
þ MO

ffiffiffiffiffiffiffiffiffiffi
MMg

p

 !

¼8:18pMg ½43�

pMg¼7:66 �10�7
ffiffiffiffi
T

p
W ½44�

By using free energy functions from the literature and
including the mass loss of the alumina Knudsen cells,
the researcher in Reference 15 determined an average

value for DfH
�

298;MgO of � 589 kJ/mol with a standard

deviation of ± 15 kJ/mol. This value already takes into
account the sublimation enthalpy of Mg. Altman also

performed experiments with empty Al2O3 cells and
reported in Reference 15 that the weight losses of the
empty cells were in the same order of magnitude as those
of the cells with MgO. The small difference between the
mass loss of the empty cells and those containing MgO
suggests that the deviations in the measurement results
are much larger than reported. Furthermore, the use of
Al2O3 as cell material for the investigation of the
evaporation behavior of MgO poses a major problem.
Because spinel formation occurs and thus on the one
hand the mass loss as well as the magnesium partial

pressure calculated from it and DfH
�

298;MgO are influ-

enced. Altman reported in Reference 15 that the
determined pMg in experiments with MgAl2O4 as sample

material differ from those calculated in experiments with
MgO as sample material. This allows the assumption
that not all MgO in the alumina cell reacted to spinel,
but it does not exclude the spinel formation and thus the
influence on the mass loss.
The value tabulated in the NIST-JANAF tables[1] for

DfH
�

298;MgO is based on the work of Holley and Huber in

Reference 13, who used bomb calorimetry to determine
the enthalpy of combustion of metallic Mg, and
Shomate and Huffman in Reference 14, who used HCl
solution calorimetry. Values of � 601.23 ± 0.49 kJ/mol

and � 601.83 ± 0.21 kJ/mol for DfH
�

298;MgO were

obtained. These values differ from each other by only
0.1 pct.
In the work of Holley and Huber, reported in

Reference 13, the researchers burned doubly distilled
magnesium with a purity of ‡ 99.98 pct. One of the
major impurities was silicon, the content of which is
reported to be £ 0.01 pct. The researchers additionally
detected a nitrogen content in the magnesium of 0.004
pct. Holley and Huber performed fifteen experiments in
total, where the mean combustion energy of magnesium
QMg was 24667 ± 8 J/g. Including the uncertainty in the

determination of the energy equivalence, a value of
24667 ± 20 J/g resulted for QMg. This combustion

energy delivers a value of � 599.90 kJ/mol for the
reaction energy DE inside the calorimeter. To calculate

DfH
�

298;MgO of DE, the researchers in Reference 13

proceeded identically to the determination of

DfH
�

298;CaO in Reference 11 and also again corrected

for the deviation of oxygen from the ideal gas law. This
results in a value of � 601.23 ± 0.49 kJ/mol.
Shomate and Huffman determined in Reference 14

DfH
�

298;MgO by acid solution calorimetry with 1 N HCl.

The researchers considered the reactions shown in
Table VII with the corresponding enthalpies of reaction
DrHi and calculated the enthalpy of reaction of the total

reaction which is equal to DfH
�

298;MgO.

DrHReaction 1 is the average of six measurements and
corrected for the vaporization of water by the resulting
hydrogen. DrHReaction 2 was calculated in Reference 14
from five measurements and corrected for the heat of
dilution caused by the water formed in Reaction 2. The
researchers adopted DrHReaction 3 from the literature.[46]

DrHReaction 4 respectively DfH
�

298;MgO is obtained as

METALLURGICAL AND MATERIALS TRANSACTIONS B



shown in Eq. [35]. Since both the enthalpy of Reactions
1 and 2 were determined experimentally by Shomate and
Huffman and the documentation of the procedure is
plausible, the results seem reliable. Since in Reference 13
as well as in Reference 14 the determined values for

DfH
�

298;MgO are comprehensible, the correctness of the

value tabulated in Reference 1 can be assumed. Only the
age of the publications leads to the conclusion that the
accuracy of the methods used does not represent the
current state of the art and therefore the deviations of
the measurements should be assumed to be higher.

In Reference 4, Liang et al. modeled not only the
temperature-dependent Gibbs energy function for CaO,
as already mentioned, but also that for MgO. The
procedure was almost identical. The parameters A to F1,

shown in Eq. [33], for the calculation of G0;s
MgO Tð Þ in the

temperature range 298 K to 1700 K were taken from
Reference 44. To compensate for a small jump in
dCp=dT at 1700 K, the researchers adjusted all the
parameters in the temperature range between 1700 K
and 3250 K. Similarly, they adjusted parameters A and
B in the temperature range of 3250 K to 5000 K. This

fitting required DfH
�

298;MgO. The value for the standard

enthalpy of formation was adopted by the researchers
from Reference 1 after careful analysis of the experi-
mental work. The value documented by Gourishankar
et al. in Reference 9 was rejected by the researchers.
After the adjustment, the researchers were able to ensure
the continuity conditions of the Gibbs energy, enthalpy,
Cp, and dCp=dT functions. The standard enthalpy of
formation for MgO calculated from the fitted parame-
ters has the value, reported by the researchers in
Reference 4, � 601.60 ± 1 kJ/mol. Since the parameter

fit is based partly on DfH
�

298;MgO from Reference 1, the

small negative deviation, from the value tabulated in
Reference 1, of 0.36 kJ/mol is foreseeable.

A major advantage of Knudsen effusion mass spec-
trometry compared to other methods for determining
thermodynamic data is that with KEMS these are
determined from the gas phase, which is in equilibrium
with the condensed phase. This means that, in contrast
to other methods involving the condensed phase, the
influence of defects and impurities in the condensed
phase on the results can be largely avoided. Many of the
data tabulated in Reference 1 are already based on
KEMS measurements, which indicates the reliability
and reproducibility of the measurement results of this

method. Jacobson et al. in Reference 47 gathered a
collection of publications representing the wide range of
possible applications of KEMS. Due to the mentioned
possible inaccuracies of the literature values for

DfH
�

298;CaO and DfH
�

298;MgO it can be assumed that the

data determined in the course of this work are closer to
reality than the values currently tabulated in Reference 1.
Based on the results of the evaporation tests, the

FactSageTM 7.3 calculations were adapted considering
Ca, O, and O2 as gaseous products for the vaporization
process of CaO. For the calculation of the MgO
vaporization reaction, Mg, O, and O2 were chosen as
the possible products. In Figure 14 and Figure 15, the
results were obtained in this way, using the FactPS

database (DfH
�

298;CaO = � 635 kJ/mol; DfH
�

298;MgO =

� 601 kJ/mol), are compared with the calculations
using the determined standard enthalpies of formation
for CaO and MgO. Pressure ranges are established by
the deviations of the enthalpies of formation

(DfH
�

298;CaO;max = � 621 kJ/mol from the first measure-

ment; DfH
�

298;CaO;min = � 628 kJ/mol from the second

measurement; DfH
�

298;MgO;max = � 588 kJ/mol from the

second measurement; DfH
�

298;MgO;min = � 608 kJ/mol

from the first measurement). The calculations were also
performed with FactSageTM 7.3.

Table VII. Reactions with Corresponding Reaction Enthalpies Taken from Ref. [14]

Reaction Number Single Reactions DrHi[kJ/mol]

1 Mg sð Þ þ 2HCl aqð Þ ¼ MgCl2 aqð Þ þH2ðgÞ � 465.77 ± 0.17
2 CaO sð Þ þ 2HCl aqð Þ ¼ MgCl2 aqð Þ þH2OðlÞ � 149.78 ± 0.09
3 H2 gð Þ þ 0:5O2 gð Þ ¼ H2OðlÞ � 285.84 ± 0.04

Reaction Number Total Reaction DrHi[kJ/mol]

4 Mg sð Þ þ 0:5O2 gð Þ ¼ MgO sð Þ � 601.83 ± 0.21

Fig. 14—Vapor pressures of gaseous species calculated with
determined DfH

�

298;CaO.
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In addition to the effects shown on the partial
pressures of the different species, the implementation

of these newly determined values for DfH
�

298;CaO and

DfH
�

298;MgO in the FactSage� databases would also have

an impact on the calculated equilibria between different
substances. The basis of the equilibrium calculations is
the minimization of the Gibbs energy and the enthalpy
of formation describes part of the Gibbs energy func-
tions. Therefore, for example, as shown in Figure 16, the
liquid slag region in the CaO–Al2O3–SiO2–MgO system
at 1600 �C would expand due to the lower thermody-
namic stability of MgO and CaO. Also shown in this
figure is the comparison with the result using the values

for DfH
�

298;CaO and DfH
�

298;MgO stored in the FactPS and

FToxid databases, respectively.

V. CONCLUSION

In the interest of future activity measurements, due to
the high scatter of literature data, the thermodynamic
properties of solid CaO and MgO were quantified using
KEMS. The standard formation enthalpy of CaO of
� 624.5 ± 3.5 kJ/mol determined in two different mea-
surements can be considered as more reliable than the
– 635 ± 1 listed in the NIST-JANAF in Reference 1

tables. This rather large deviation of DfH
�

298;CaO between

the values determined by KEMS and those listed in the
NIST-JANAF tables[1] suggests that the values deter-
mined in this work are more consistent with the
performed experiments. For the standard enthalpy of
formation of MgO, a value of – 598 ± 10 kJ/mol was
determined in two measurements, which is only slightly
more positive than the – 601 ± 1 kJ/mol listed in the
NIST-JANAF tables.[1] Due to the very small deviation,
the tabulated data can be considered to be correct, and
the results obtained here can be used for further
improvement of thermodynamic databases. However,

the slight differences may be due to the selection of
incorrect ionization cross sections, temperature calibra-
tion, or variations in the Gibbs energy functions used.
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