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a b s t r a c t

The paper proposes the use of the derivative thermogravimetric (DTG) curve for the acquisition of equilib-
rium vapor pressure and dissociation pressure for the materials and derivation of their standard enthalpy
of formation from single DTG curve recorded under optimum experimental conditions, such as heating
rate and the sweep rate of the carrier gas passed over the sample. The vapor pressure and the standard
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enthalpy of sublimation (�subH ◦
298.15) of CdI2 and the dissociation pressure and the standard enthalpy

of formation of CaCO3 derived from their DTG curves are found to be in good agreement with the best
assessed values reported in the literature.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Vapor pressure measurements have been frequently used in the
etermination of thermodynamic data for the condensed phases
1–7]. Among the several techniques available for vapor pressure

easurements [8–10] the transpiration, which is also known as the
as entrainment technique is more versatile and enables determi-
ation of the vapor pressure of the materials over a wide range of
ressures in the presence of large amount of the desired reactive
s well as inert ambient gaseous atmosphere [2,9,13]. This tech-
ique, proposed originally by Regnault for the determination of the
apor pressure of liquids [11] has undergone several innovations
nd improvements and has been utilized in recent years for the
cquisition of the vapor pressure and other thermodynamic sta-
ility data over a wide temperature range, for the most complex
ystems including high temperature ceramics, metals and alloys
2,3,6,7].

.1. The principle of transpiration technique
The transpiration technique essentially involves measurement
f the number of moles of the vapor of the condensed phase trans-
orted by the known volume of the carrier gas swept over the
ample located in uniform temperature zone of the furnace, with-

∗ Corresponding author. Tel.: +91 22 26153470.
E-mail address: srdhawadkar@hotmail.com (S.R. Dharwadkar).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.09.010
out disturbing the thermodynamic equilibrium between the vapor
and the condensed phase undergoing vaporization at the desired
temperature. The experiments involve two steps:

1. determination of apparent vapor pressure at different flow rates
at the selected temperature to identify the range of flow rates
over which the vapor pressure is independent of the flow rates
employed, a criterion which ensures that the condensed phase
is virtually in equilibrium with its vapor and

2. measurement of the vapor pressure of the materials at different
temperatures at “the selected flow rate” chosen from the flow
rate independent region.

The enthalpy of vaporization and other thermodynamic quan-
tities are then derived from the vapor pressure data employing the
Gibbs Helmholtz equation [12].

1.2. Measurement of vapor pressure by transpiration technique

In a typical transpiration experiment, the material for which the
vapor pressure has to be measured is contained in a boat located
in the uniform temperature zone of the tubular horizontal or ver-
tical furnace. The vapor generated above the sample is swept away

by the carrier gas, condensed in the colder region downstream
and analyzed. Alternately, in few cases, where the sample under
investigation is non-hygroscopic and the sample container does
not undergo any significant mass change during heating, the mass
loss of the sample due to vaporization is determined by weighing

dx.doi.org/10.1016/j.tca.2010.09.010
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:srdhawadkar@hotmail.com
dx.doi.org/10.1016/j.tca.2010.09.010
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he sample before and after the experiment. The vapor pressure
s then calculated, knowing the amount of the vapor swept by the
nit volume of the carrier gas and the molecular weight of the vapor
pecies. The molecular weight of the vapor species has to be known
r determined prior to the detailed vapor pressure measurements.
erten and Bell [13] and more recently Kvande and Wahlbeck [14]

ave presented excellent reviews of this technique.
In conventional transpiration method, the experiment per-

ormed at each flow rate and temperature has to be terminated
n order to determine the number of moles of the vapor of the sam-
le under investigation transported by the known volume of the
arrier gas. The condenser has to be taken out of the assembly, for
he chemical analysis of the vapor deposited in it or the boat con-
aining the sample should be taken out and weighed to assess the

ass loss during the vaporization process. This process, besides
eing tedious and time consuming is prone to large experimental
rrors.

.3. Automatic recording transpiration system for vapor pressure
easurement

Dharwadkar and his co-investigators [15] designed and fab-
icated an automatic recording assembly to measure the vapor
ressure by transpiration technique. The assembly was built

ncorporating the electronic microbalance used for continuous
onitoring of the mass loss of the sample during vaporization. All

he measurements at different flow rates and temperatures could
e done on a single sample by automatic recording of the mass loss
f the sample during vaporization, without interrupting the exper-
ment or dismantling the experimental assembly, thereby reducing
he experimental time to a very large extent.

. The objective of the present investigation

In the present paper we attempted the use of a single deriva-
ive thermogravimetric (DTG) curve recorded for the congruent
aporization of CdI2 for acquisition of its vapor pressure and
etermination of the standard enthalpy of vaporization. Simi-

ar procedure was employed to obtain the dissociation pressure
nd standard enthalpy of decomposition of CaCO3. The stan-
ard enthalpy of formation of these compounds could also be
erived from these data. This approach reduced the time dura-
ion of the experiment still further, since it involved the use
f a single DTG curve recorded at the slowest heating rate,
nlike in the conventional method in which several isothermal
xperiments have to be performed at different temperatures for
cquisition of vapor pressure/dissociation pressure data in order
o evaluate the standard enthalpy change for the process under
onsideration.

.1. The methodology for acquisition of thermodynamic data
rom the DTG curve

It can be shown that the ordinate of the DTG curve at any tem-
erature represents the measure of the vapor pressure/dissociation
ressure of the material at that temperature, if the equilibrium
xists between the condensed phase and the vapor. The DTG curve
ecorded at the slowest heating rate and moderate flow rate of the
arrier gas is expected to facilitate the attainment of instantaneous
quilibrium between the condensed phase and the vapor at each

emperature if the kinetic barrier for the vaporization/dissociation
rocess is minimal or virtually absent. The instantaneous rate of
ass loss at any temperature derived from the ordinate of the DTG

urve could under these conditions represents the isothermal rate
f mass loss at that temperature.
cta 512 (2011) 110–117 111

2.2. The relation between the vapor pressure and the ordinate
(dm/dT) of the DTG curve

The vapor pressure Pv in transpiration experiment at any chosen
temperature can be expressed as

Pv = nv

(nc + nv)
P (1)

where nv represents the number of moles of the vapor transported
by nc number of moles of the carrier gas from the vaporizing system
and P is the total pressure in the reaction chamber, generally main-
tained at 1 atm. The number of moles of vapor ‘nv’ is obtained from
the mass loss of the material, where as the number of moles of the
carrier gas ‘nc’ is calculated from the volume of the carrier gas swept
over the sample. The use of Eq. (1) implies that the mixture of the
vapor and carrier gas behaves ideally and the vapor is transported
mainly by the carrier gas. The relative contribution by diffusion to
the total vapor transport is assumed to be negligible. Eq. (1) can be
rewritten by dividing the numerator and the denominator by time
‘t’ as

Pv = nv/t

(nc/t + nv/t)
P (2)

Generally, nv is very small compared to nc, hence Eq. (2) can be
expressed as

Pv = dnv/dt

dnc/dt
P (3)

The numerator dnv/dt in Eq. (3) can be expressed as

dnv

dT
× dT

dt
= dnv

dT
× ˇ (4)

where ˇ is the heating rate and dnv/dT represents the term propor-
tional to the ordinate dm/dT of the DTG curve. Eq. (3) can now be
rewritten as

Pv = (dnv/dT) × ˇ

dnc/dt
P (5)

Eq. (5) can now be applied to the derivative thermogravimetric
curve and the vapor pressure can be expressed in terms of the ordi-
nate of the DTG curve. The term dnv/dT on the right hand side of
Eq. (5) represents the ordinate of the DTG curve and ˇ is the heat-
ing rate. The term dnc/dt in the denominator in Eq. (5) represents
the rate of flow of carrier gas swept over the sample. Thus, in prin-
ciple it is possible to derive the vapor pressure and determine the
corresponding thermodynamic parameters for the materials at any
temperature using the DTG data recorded under near equilibrium
condition.

In the present paper the equilibrium vapor pressure of CdI2 and
dissociation pressure of CaCO3 have been determined using DTG
data obtained under near equilibrium condition employing a com-
mercial thermogravimetric apparatus. The thermodynamic data
derived for CdI2 using the DTG curve were compared with the vapor
pressure and enthalpy of vaporization values reported previously
from this laboratory obtained using automatically recording con-
ventional transpiration setup [15] and other data derived from high
temperature mass spectrometric vapor pressure measurements
[16]. The values of vapor pressure and enthalpy of vaporization of
CdI2 derived from the DTG curve are found to be in good agreement
obtained previously by conventional transpiration technique [15].
The enthalpy of vaporization value derived from the vapor pres-

sure values obtained from the mass spectrometric vapor pressure
measurements [16] by extrapolation to the temperature range of
the present investigation, employing the third law treatment was in
close agreement with that derived from the present work. The abso-
lute pressure values at each temperature however, differed from
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he values obtained in the present studies by a constant factor of
bout two.

Similar studies carried out for the thermal decomposition of
aCO3 with a view to check the validity of using this approach for
he heterogeneous incongruent decomposition reactions showed
ood agreement of the dissociation pressure of CaCO3 and the
tandard enthalpy of its dissociation with the values previously
eported in standard thermodynamic compilation [17] and the
imultaneously reported results obtained by conventional transpi-
ation technique [18].

The results on CaCO3 obtained in this work employing the DTG
ere corroborated by recording the inception temperatures of DTG

t different partial pressures of CO2 and deriving the enthalpy of the
ecomposition reaction from the shift observed in this temperature
ith the increasing partial pressure of CO2 in Ar–CO2 mixture.

. Experimental

.1. Thermogravimetric system and mass measurements

The thermogravimetric curves for pure CdI2 (BDH, AnalaR Grade,
99%) and CaCO3 (GR, Merk, >99.5%) samples were recorded in
owing argon and Ar–CO2 mixtures at the flow rates ranging
etween 0.2 and 16 ml/min, employing a simultaneous record-

ng bottom loading TG–DTA system supplied by SETARAM, France
Model SETSYS), having room temperature sensitivity of 1 �g, at
he heating rates of 5 and 1 K/min. The mass measurements in the
ottom loading thermogravimetric systems of the type used in the
resent studies are prone to significant errors caused due to appar-
nt mass changes resulting from buoyancy and thermo molecular
orces (in case the instrument is operated in vacuum), particularly
hen such thermo balances are employed at high sensitivities. The

imultaneously recording TG/DTA instrument used in the present
ork has the provision to correct such errors by first recording the

G run without the sample in the pan (blank run), prior to the exper-
ment carried out with the sample. The “blank runs” were therefore
ecorded with empty sample pan under similar experimental con-
itions of constant heating rates and carrier gas flow rate, prior to
he experiments carried out with the sample and the data were
sed to obtain the corrected TG curve.

.2. Measurement of the gas flow rate

The different flow rates (0.2–16 ml/min) used in the experi-
ents for establishing the equilibrium vaporization condition were

btained using the mass flow controller provided with the thermo-
ravimetric system. The correct functioning of the mass flow meter
as verified using the soap bubble technique. The flow rate of the

arrier gas in any given experiment could be reproduced within 1%.

.3. Temperature calibration of the TG system

The temperature calibration of the instrument was done
mploying the polymorphic phase transformations in KNO3, quartz
nd BaCO3 [19]. The accuracy in the measured temperature was
ound to be within ±1 K and the temperature control was better
han ±0.5 K at the set temperature.

.4. Mass calibration
The mass calibration of the thermobalance was done by fol-
owing thermal decomposition of CaC2O4·H2O. The mass loss steps
nvolved in the thermal decomposition of anhydrous oxalate to car-
onate and the subsequent decomposition of CaCO3 to CaO were
sed for mass calibration. The DTG curves were obtained from the
Temperature °C

Fig. 1. Simultaneously recorded DTG and DTA curves for the vaporization of CdI2 in
flowing Ar (8 ml/min) at 5 K/min.

TG curves corrected for the apparent mass change, using the avail-
able software. The amount of sample used in each experiment was
limited by the capacity of the sample holder and the total percent-
age of the mass change involved in the reaction. The CdI2 samples
weighing in the range 30–50 mg were taken in the platinum cups
with the total exposed surface area of nearly 60 mm × 60 mm. The
amount of CaCO3 used in each experiment ranged between 10 and
15 mg.

3.5. Recording of the DTG curves

The DTG curves for the vaporization of CdI2 were recorded in
pure flowing argon. The similar curves for thermal decomposition
of CaCO3 were however recorded in pure argon and argon–carbon
dioxide mixtures in the range 25–75% of CO2 in order to study the
influence of the ambient CO2 pressure on the decomposition tem-
perature of CaCO3. The flow rate of the Ar–CO2 mixture in these
measurements was maintained at 8 ml/min. All the DTG curves
used in the acquisition of thermodynamic data were recorded at
the constant heating rate of 1 K/min.

4. Results

4.1. Vaporization of cadmium iodide

Fig. 1 represents the typical simultaneously recorded DTG and
DTA curves for the vaporization of CdI2 sample recorded in argon
flowing at the rate of 8 ml/min, employing the heating rate of
5 K/min. The DTA curve indicates melting of CdI2 prior to vaporiza-
tion. A typical DTG curve derived from the thermogravimetric (TG)
curve recorded for molten CdI2 at 1 K/min in flowing argon (flow
rate 8 ml/min) is presented in Fig. 2. Derivation of vapor pressure
from this curve needs prior knowledge of the thermodynamic equi-
librium existing between the condensed phase (CdI2) and its vapor.
The region of flow rate in which the equilibrium exists between
CdI2 liquid and its vapor has to be concluded from the plot of the
apparent pressure versus the flow rate. The region in which the
apparent pressure is independent of the flow rate is indicative of the
thermodynamic equilibrium between the CdI2 liquid and its vapor.

Fig. 3 shows the plot of apparent pressure of CdI2 calculated using
Eq. (2) (imposing the condition that nc � nv) versus the flow rate
obtained from the isothermal vaporization measurements at 757 K,
the mean temperature of the measurements selected from the DTG
curve. The values of these pressures at different flow rates are listed
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Fig. 2. Simultaneous TG and DTG plot for CdI2 in flowing Ar (8 ml/min) at the heating
rate of 1 K/min.
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ig. 3. The plot of apparent vapor pressure (atm) of CdI2 (l) as a function of flow rate
f Ar (ml/min) at 757 K.

n Table 1. The plot of apparent pressure versus the flow rate (Fig. 3)
ielded the plateau in flow range between 4 ml/min and 12 ml/min,
ndicating that the carrier gas is saturated with the CdI2 vapor and
hermodynamic equilibrium exists between the condensed phase
nd the vapor in the region of this flow rate. The vapor pressure val-

es at different temperatures derived from the ordinates of the DTG
urve recorded at the heating rate of 1 K/min and 1 atm mean pres-
ure of the argon gas flowing over the sample at the rate of 8 ml/min,
sing Eq. (5) are listed in Table 2. The plot of ln p(CdI2(atm)) versus

able 1
he values of the apparent vapor pressures of CdI2 (l) at 757 K for different flow rates.

Flow rate (ml/min) No. of carrier gas molecules (nc/s) DTG (mg/min)

12.00 5.377 × 1018 0.675
10.00 4.481 × 1018 0.650

8.00 3.585 × 1018 0.604
6.00 2.690 × 1018 0.576
4.00 1.792 × 1018 0.512
2.00 0.896 × 1018 0.417
1.50 0.672 × 1018 0.400
1.00 0.448 × 1018 0.380
0.31 0.139 × 1018 0.320
1000/ T(K)

Fig. 4. The plot of ln p(CdI2(l)(atm)) as a function of 1/T (K).

1/T (Fig. 4) yielded the straight line which could be expressed by
Eq. (6).

ln p(CdI2(atm))(±0.007) = −13335.7(±85.6)
T

+ 12.16(±0.12) (6)

The value of enthalpy of vaporization derived from the slope
of this plot at the mean temperature of the experiment was
found to be 110.9 kJ/mol and compared very well with the value
115.2 kJ/mol derived from the conventional transpiration measure-
ments reported earlier from this laboratory [1]. The ln p(CdI2(atm))
versus 1/T relation for these measurements could be expressed by
Eq. (7)

ln p(CdI2(atm))(±0.007) = −13856.4(±21.4)
T

+ 13.09(±0.029) (7)

The standard enthalpy of sublimation of CdI2 at 298.15 K derived
from the DTG curve employing the heat capacity values in Ref. [17]
is found to be 144.2 ± 2.1 kJ/mol compared to 148.5 ± 7.6 kJ/mol
reported earlier from this laboratory [1] from conventional transpi-
ration experiments and 146.8 ± 0.2 kJ/mol reported by Skudlarski
et al. [16] derived by third law treatment of the vapor pressure
values of solid CdI2 measured by Knudsen effusion mass spectrom-
etry. The vapor pressure values calculated from the DTG curve and
those derived from our earlier reported [1] isothermal transpira-
tion measurements (by extrapolation from 715 K) at some selected
temperatures are compared in Table 2. The values of vapor pressure
of liquid CdI2 in the temperature range of the present investiga-
pressure measurements by Skudlarski et al. [16] on solid CdI2, by
the third law method, using their standard enthalpy of sublimation
CdI2 (146.8 kJ/mol) at 298.15 K and the difference in free energy
functions for liquid and vapor CdI2 taken from Ref. [17]. These val-

No of vapor molecules (nv/s) Papparant = (nv/nc) × P ◦ (where P◦ = 1 atm)

1.850 × 1016 3.44 × 10−3

1.782 × 1016 3.98 × 10−3

1.656 × 1016 4.62 × 10−3

1.579 × 1016 5.87 × 10−3

1.403 × 1016 7.83 × 10−3

1.143 × 1016 1.28 × 10−2

1.096 × 1016 1.63 × 10−2

1.042 × 1016 2.32 × 10−2

0.877 × 1016 6.32 × 10−2
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Table 2
Comparison of the vapor pressure data of CdI2 (l) derived from DTG measurements at the flow rate of 8 ml/min and the literature values in the selected temperature range.

Temperature (K) Vapor pressure of CdI2 (l)
derived from DTG (atm)

Vapor pressure of CdI2 (l)
derived from Eq. (7) (atm)

Vapor pressure of CdI2 (l)
derived from Eq. (8) (atm)

740 2.85 × 10−3 3.57 × 10−3 6.37 × 10−3

745 3.21 × 10−3 4.05 × 10−3 7.22 × 10−3

750 3.62 × 10−3 4.58 × 10−3 8.16 × 10−3

−3 5.18 × 10−3 9.22 × 10−3

5.84 × 10−3 1.04 × 10−2

6.58 × 10−3 1.17 × 10−2

7.41 × 10−3 1.31 × 10−2
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The dissociation pressure values in Eqs. (9) and (10) were
derived ignoring the term nv in the denominator in Eq. (1). The
pressures calculated including the term nv in the denominator of
this equation are also listed in Table 4. The linear least squares fit
for the data corrected for nv could be expressed by Eqs. (9a) and

0.1

0.2

0.3

A
pp

ar
an

t p
re

ss
ur

e/
at

m

T = 993 K
755 4.07 × 10
760 4.57 × 10−3

765 5.13 × 10−3

770 5.75 × 10−3

es are also listed in Table 2 and plotted in Fig. 4. Eq. (8) gives the
apor pressure of CdI2 (l) derived from the data reported by Skud-
arski et al. [16] in the liquid range of the present DTG investigation

n p(CdI2(atm)) = −13753.43(±18)
T

+ 13.53(±0.024) (8)

t can be concluded from Fig. 4 that there is a good agreement in
he absolute pressures as well as the enthalpy of the vaporiza-
ion of liquid CdI2 derived from a single DTG experiment in the
resent work and that obtained by conventional isothermal tran-
piration experiments [1]. The observed difference in the vapor
ressure of CdI2 could result due to difference in purity of the sam-
le employed in the two experiments. However, the purity of CdI2
sed in the present experiments and in the work reported in Ref.
1] is same since the material was obtained from the same vendor
BDH, AnalaR) and hence this difference could not be accounted for
n the basis of the difference in purity of the sample. The observed
ifference of about 20% in the vapor pressure between these two
ethods is however acceptable in the high temperature chemistry
easurements. Though there is a good agreement in the enthalpy

alues obtained in these two methods and that derived from Knud-
en effusion mass spectrometric measurements [16], the absolute
ressure calculated from Eq. (8) is higher nearly by a factor of two,

ndicating some systematic error in the mass spectrometric mea-
urement. The difference in the vapor pressure values derived by
xtrapolation of the data by Skudlarski et al. in the present tem-
erature range (Fig. 4) involves a phase transformation and large
emperature extrapolation. This could be one of the sources of
rrors. Besides, the error in the vapor pressure derived from the
ass spectrometric data can also arise due to conversion factors

mployed to convert ion intensity to pressure, which includes sev-
ral terms such as ionization cross section of the vapor, electron
ultiplier efficiency, Clausing factor for the Knudsen orifice etc.

16]. The extent to which these factors would contribute to the
otal error is however, uncertain.

.2. Thermal decomposition of calcium carbonate

The DTG curve for thermal decomposition of CaCO3 recorded at
he heating rate of 1 K/min in argon at the flow rate of 4 ml/min
s shown in Fig. 5. Similar curve was also recorded at the flow
ate of 2 ml/min. The plot of apparent pressure of CO2 versus the
ow rate at 993 K indicated the rapid decrease of the pressure with
he increasing flow rate between 0.2 and 2 ml/min. The pressure
emained virtually constant between 2 and 4 ml/min. The values
f apparent pressures at different flow rates at 993 K are listed in
able 3 and are plotted in Fig. 6. The dissociation pressure values of
aCO3 derived from the ordinates of the DTG curve at some selected
emperatures are listed in Table 4. The plot of ln of dissociation

ressure of CO2 calculated from the ordinates of the DTG curves
recorded at 2 and 4 ml/min) versus the reciprocal of absolute tem-
erature yielded the straight lines shown in Fig. 7. The equations
or linear least square fit for the ln p(CO2) versus 1/T plots obtained
rom the DTG curves recorded at the flow rates of 2 and 4 ml/min
800750700650600
Temperature (°C)

Fig. 5. DTG plot for CaCO3 in flowing argon (4 ml/min) at the heating rate of 1 K/min.

could be expressed by Eqs. (9) and (10), respectively which can be
written as

ln p(CO2(atm)) = −20795.2 ± 56.41
T

+ 17.78 ± 0.06 (9)

ln p(CO2(atm)) = −20791.6 ± 51.29
T

+ 17.20 ± 0.05 (10)
420
0.0

Flow rate (ml/min)

Fig. 6. Plot of apparent dissociation pressure (atm) of CaCO3 as a function of flow
rate of Ar (ml/min) at 993 K.
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Table 3
The values of the apparent dissociation pressures of CaCO3 at 993 K for different flow rates.

Flow rate (ml/min) DTG (mg/min) No. of carrier gas molecules (nc/s) No of vapor molecules (nv/s) Papparant = (nv/nc) × P ◦ (where P◦ = 1 atm)

0.31 0.173 1.389 × 1017 3.947 × 1016 0.28
0.75 0.169 3.361 × 1017 3.855 × 1016 0.12
1.00 0.166 4.481 × 1017 3.787 × 1016 0.08
1.50 0.167 6.722 × 1017 3.810 × 1016 0.06
2.00 0.178 8.963 × 1017 4.061 × 1016 0.04
2.50 0.191 1.120 × 1018 16

3.00 0.200 1.344 × 1018

3.50 0.205 1.568 × 1018

4.00 0.204 1.792 × 1018

-8

-6

-4

-2

0

2
 Literature data(Ref:17)
 Ar flow rate= 2.0 ml/min
 Ar-CO2 mixture=8.0ml/min
 Ar flow rate=4.0ml/min
 R.Viswanathan et al.(Ref:18)

ln
p(

C
O 2

/a
tm

)

(

l

l

A
(

F
n

1.11.00.90.8
1000/T(K)
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10a), respectively.

n p(CO2(atm)) = −20407.6 ± 29.78
T

+ 17.35 ± 0.03 (9a)
n p(CO2(atm)) = −20574.74 ± 18.43
T

+ 16.96 ± 0.02 (10a)

typical plot for indicating the influence of ignoring nv term in Eq.
1) on ln p versus 1/T plot is shown in Fig. 8.
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ig. 8. The plot of ln p(CO2(atm)) as a function of 1/T (K) considering nv and ignoring
v in the denominator of Eq. (1) in the text.
4.357 × 10 0.04
4.563 × 1016 0.03
4.677 × 1016 0.03
4.654 × 1016 0.03

The enthalpy changes for the decomposition of CaCO3 at the
mean temperature of 993 K using Eqs. (9) and (9a) were found to
be 172.9 and 169.7 kJ/mol and using Eqs. (10) and (10a) were 172.9
and 171.1 kJ/mol, respectively.

The linear least squares fit Eqs. (9), (9a), (10) and (10a) derived
from the DTG data can be compared with Eq. (11) reported by
Vishwanathan et al. [18] derived from their latest conventional
transpiration experiments presented below.

ln p(CO2(atm)) = −21355.72 ± 666
T

+ 18.65 ± 0.9 (11)

Similar equation derived from the best assessed literature data
taken from ASTD compilation [17] can be expressed as

ln p(CO2(atm)) = −20388.38
T

+ 17.65 (12)

It is interesting to note that the enthalpy of thermal decomposi-
tion of CaCO3 derived from the DTG measurements at the mean
temperature of the experiment is very close to that reported by
Vishwanathan et al. (177.6 kJ/mol) from their latest conventional
isothermal measurements and also with that reported in the litera-
ture (171.1 kJ/mol) from the best assessed values of the dissociation
pressure data available in the literature [17].

The credibility of the standard enthalpy value obtained by DTG
method could be increased further by deriving the enthalpy of dis-
sociation of CaCO3 by observing the shift in the decomposition
temperature of CaCO3 with the increasing percentage of CO2 in
Ar–CO2 mixture. The results obtained are listed in Table 4. The
linear plot of ln p(CO2(atm)) versus 1/T derived from this data is pre-
sented in Fig. 7 and can be fitted to the equation of a line represented
by Eq. (13)

ln p(CO2(atm)) = −19537.38 ± 371.11
T

+ 16.85 ± 0.38 (13)

The enthalpy for thermal decomposition derived from this plot was
found to be 162.4 kJ/mol.

4.3. Determination of standard enthalpy of formation of CaCO3
from the dissociation pressure data

The standard enthalpy of formation value for CaCO3 was evalu-
ated from the enthalpy change for the decomposition of CaCO3 to
CaO and CO2 according to the following reaction

CaCO3 (s) = CaO (s) + CO2 (g) (14)

The standard enthalpy change for this reaction was evaluated at
the mean temperature of the measurements from the temperature
co-efficient of the evolved CO2 pressure calculated either from the
DTG curve or determined directly (Eq. (13)). The standard enthalpy

of formation of CaCO3 at this temperature (993 K) was obtained by
using the data for the standard enthalpy of formation of CaO and
CO2 at 993 K from Ref. [17]. The standard enthalpy of formation of
CaCO3 at 298.15 K was derived using the value of standard enthalpy
of formation of CaCO3 at 993 K and the heat capacity data for CaCO3,
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CaO and CO2 as a function of temperature available from Ref. [17].
The values of the standard enthalpy of formation of CaCO3 derived
by different methods at the mean temperature of these measure-
ments are listed in Table 5. It is interesting to note that there is
good agreement in the values of the standard enthalpy of forma-
tion of CaCO3 obtained from the DTG curve, with those obtained by
conventional transpiration technique [18], evaluated from the vari-
ation in the ambient CO2 pressure with temperature (Eq. (13)) and
that reported in the standard thermodynamic compilation [17].

5. Discussion

5.1. The conventional transpiration measurements

The main objective of the present investigation was to ascer-
tain the possibility of using the derivative thermogravimetric
(DTG) curve for acquisition of reliable thermodynamic data for
the vaporization and thermal decomposition processes involving
the evolution of the gaseous products. The conventional transpi-
ration technique (see Section 2) can be suitably adopted to obtain
such data. The first step in this procedure is to establish thermody-
namic equilibrium between the vaporizing condensed phase and
the vapor. The second step involves determination of the tempera-
ture coefficient of the vapor/dissociation pressure of the materials
vaporizing under equilibrium condition from which the thermo-
dynamic quantities such as the enthalpy of vaporization can be
derived.

The thermodynamic equilibrium between the condensed phase
and the vapor at the temperature of the experiment is estab-
lished from the plateau region in the apparent pressure versus the
flow rate plot. This plot generally consists of three regions [13]. In
the initial slow flow rate region the apparent pressure decreases
rapidly with the increasing flow rate. This region is followed by
a plateau parallel to the flow rate axis and represents the equi-
librium between the vapor and the condensed phase. The rate of
vaporization in this region is much larger than the rate of vapor
transport by the carrier gas, resulting in nearly constant vapor den-
sity around the sample thus facilitating the use of Dalton’s law in
the calculation of the partial pressure of the vapor in the mixture of
the carrier gas and the vapor. The relative contribution to the total
mass transport by diffusion caused by temperature gradient in this
region of flow rate is much less compared to the amount of vapor
transported by the carrier gas [13]. At very high flow rates there is
rapid decrease of the apparent pressure with the increasing flow
rate. The rate of vapor transport by the carrier gas is much faster
than the rate of vaporization and hence this region represents the
unsaturation of the carrier gas by the vapor and non-equilibrium
condition. This region of the curve is therefore non-consquential
and need not be obtained once the plateau region is established. In
the present measurements the apparent pressure versus the flow
rate plots are recorded only up to the plateau regions.

Figs. 3 and 6 clearly indicate that the thermodynamic equilib-
rium is indeed established between the vapor and the condensed
phases in the isothermal transpiration experiments in these regions
of the flow rate. After establishing the equilibrium condition,
isothermal experiments are performed at several temperatures and
the enthalpy of vaporization is derived from these data.

In the type of work reported in this investigation we need to
establish the fact that at the heating rate employed for recording
the DTG curve instantaneous equilibrium is established between

the vapor and the condensed phases and there is minimal or no
kinetic barrier for the vaporization process. The plateaus obtained
in apparent pressure versus the flow rate in Figs. 3 and 6 confirm
that in the region of the flow rates employed, in the present stud-
ies, the thermal equilibrium between the vapor and the condense
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Table 5
The standard enthalpy of formation of CaCO3 at 298.15 K calculated from the slope of the ln p(CO2(atm)) versus 1/T (K) data obtained from DTG experiments carried out at
different flow rates, compared to the values reported by other investigators.

Experimental conditions �H (decomposition) at 993 K kJ/mol Enthalpy of formation of CaCO3

at 993 K kJ/mol
Standard enthalpy of formation of
CaCO3 at 298.15 K kJ/mol

2 ml/mivnn (DTG) 172.9 (ignoring nv) −1201.6 −1210.0a

2 ml/min (DTG) 169.7 (including nv) −1198.4 −1206.8a

4 ml/min (DTG) 172.9 (ignoring nv) −1201.6 −1210.0a

4 ml/min (DTG) 171.1 (including nv) −1199.8 −1208.2a

Variation of ambient CO2 pressure 162.4 −1191.1 −1199.5a

p
t
o
s
t
k
o
p
r

i
t
s
f
t
p
t
l

t
f
t
t
c
t
t
s
c
v
i
e
i
v

e
s
t
i
d
o
o

6

b

[

[
[
[

[
[

[
[

B.G., Moscow, ©1983–1995.
[18] R. Viswanathan, T.S. Lakshmi Narasimhan, S. Nalini, Thermal analysis, in: P.C.

Kalsi, R.V. Pai, M.R. Pai, S.R. Bharadwaj, V. Venugopal (Eds.), Proc. 17th Natl.
Symp. on Thermal Analysis, Kurukshetra University, March 9–11, 2010, pp.
(flow rate of Ar–CO2 8 ml/min)
Conventional transpiration method 177.6
Lit. data 171.1

a Present work.

hase/s exists at the temperatures of the experiments. Generally,
he plateau region is established at the intermediate temperature
f the temperature range over which the vapor pressure is mea-
ured. It is important to note that the region of flow rate in which
he plateau is observed depends on the system investigated and the
inetics of the process involved. This is obvious from the plateaus
bserved in the case of vaporization of CdI2 and thermal decom-
osition of CaCO3. In the latter case the plateau is observed in the
egion of much slower flow rate.

The plateau regions obtained in the present experiments
nvolved heating of the sample at 1 K/min and holding the
emperature constant at the intermediate temperature of the mea-
urements. These temperatures were 757 and 993 K, respectively
or CdI2 and CaCO3. Isothermal mass loss was then monitored at
hese temperatures for different flow rates of the carrier gas. The
lateaus obtained (Figs. 3 and 6) at these temperatures show that
he equilibrium between the vapor and condensed phase is estab-
ished in these flow rate regions.

The good agreement in the vapor/dissociation pressure data and
he enthalpy of vaporization obtained in the present work derived
rom the DTG curve with that obtained by conventional isothermal
ranspiration experiments in the case of CdI2 and CaCO3 establishes
he fact that in the vaporization and thermal dissociation pro-
esses studied in the present work thermal equilibrium between
he condensed phase and the vapor is established much faster and
he thermodynamic data obtained in the shortest possible time is
ufficiently accurate and comparable with that obtained by other
onventional methods. The thermodynamic data obtained for the
aporization of CdI2 and thermal decomposition of CaCO3 further
ndicates that the new procedure of application of DTG for the
valuation of thermodynamic data is valid for the congruent vapor-
zation of solids or liquids as well as heterogeneous non-congruent
aporization of the condensed phases.

Good agreement of the vapor and dissociation pressures and
nthalpy changes derived from DTG with those obtained by other
tandard techniques (Tables 2, 4 and 5) indicates that nearly instan-
aneous equilibrium between the condensed phases and the vapor
s established during the DTG experiment and reliable thermo-
ynamic data can be obtained from such curves recorded under
ptimum heating rate and the sweep rate of the carrier gas passed
ver the sample.
. Conclusion

The vapor pressure and dissociation pressure of materials can
e evaluated and the enthalpy of vaporization/dissociation derived

[

−1206.3 −1214.7 Ref. [18]
−1200.9 −1209.3 Ref. [17]

from a single DTG curve recorded for the process at the slowest
possible heating rate and the optimum sweep rate of the carrier
gas. This method enables determination of the relevant thermo-
dynamic quantities such as the standard enthalpy and the Gibbs
energy change for the reaction and hence the standard enthalpy of
formation of the materials, in the shortest possible time compared
to that obtained by conventional vapor pressure measurements
since it involves a single DTG experiment followed by the determi-
nation of the plateau region for the confirmation of establishment
of the thermodynamic equilibrium condition between the vapor
and the condensed phase. To our knowledge, this is the first time
the use of DTG is proposed for acquisition of such thermodynamic
data.
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