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Abstract

Thermogravimetric analysis is often used to evaluate the evaporation phenomenon of several substances. The present study was
designed to characterize the vaporization characteristics of three essential oils; lemon oil, lavender oil and cinnamon oil and their
several components. All three oils represent multi-component systems, whereas their main components represent single component
systems. Linalyl acetate was used as the calibration compound and the coefficient of vaporization was obtained as 7 x 107 (SI
system). The order of reaction was first determined for each of the compounds under study. Vapor pressure curves were then plotted
using Langmuir and Antoine equations for the compounds, which represent single component systems, undergoing zero-order non-
activated evaporation processes. The vapor pressure curves obtained were statistically quantified along with the calculations for the
Antoine constants using SPSS version 10.0 software. The energies of activation for cinnamon oil, lemon oil and lavender oil were

found to be 45.10, 33.2 and 33.9 kJ/mol, respectively.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Thermogravimetric analysis has been used to deter-
mine the kinetics of evaporation for different sub-
stances. The shape of the thermogravimetric curve is a
function of the reaction kinetics and therefore, can be
used to evaluate kinetic parameters for reactions
involving weight changes. Many methods that had
been proposed to determine the kinetic parameters of
the reactions generally demand that the rate of decom-
position have the following form [1]:

—dw —AE
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where, w is the fractional residual sample weight, T the
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absolute temperature, R the general gas constant; ¢ the
time; A the pre-exponential factor; AE the activation
energy; and n is the order of reaction. The method that
has been used to determine the kinetics of the reaction
of evaporation in the present study treats Eq. (1) as a
differential equation and the fractional weight is derived
by integrating as a function of the temperature. The
k-value for the Arrhenius equation is represented as:

i = (doc/dt) )
1 —on

where o can be defined as [initial weight — weight at
that moment (time or temperature)]/(initial weight—
final weight). For a zero-order process the equation
becomes [1]
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where
do dwt/dt @
dr \w; — %

All the terms of Eq. (3) can be obtained directly from
the TG.
The Arrhenius equation can be stated as:

—AE
k=A — 5
o[ 25) 5
The equation can alternatively be expressed as:
—AE
Ink=1nA — 6
n nA + ( RT ) (6)

Therefore, for a zero-order evaporation process, plot-
ting In k or In(de/dr) versus 1/7, we obtain a straight
line. The slope of this line provides the energy of
activation for the evaporation process [2].

The derivative thermogravimetry (DTG) plot also
plays an important role in the determination of

zero-order kinetics of evaporation. The rate of mass
loss of a compound reaches its maximum value at
the point of exhaustion showing its highest value in the
DTG plot [3]. The curve then abruptly returns to the
baseline as shown by Fig. 1.

The vaporization characteristics of a compound can
be depicted by the vapor pressure curve of a com-
pound. There are several methods to determine the
vapor pressure curve for a given compound. Recently,
Price and Hawkins [4] reported the evaporation char-
acteristics of certain dyes using thermogravimetry.

In moderate pressure ranges, the Antoine equation
is an excellent empirical tool that is mainly used for
curve fitting purposes [5]. It can be written as:
mp=_2"% )

(T+c¢)
where P is the vapor pressure of a compound at
absolute temperature T; a = 2.303 A; b =2.303 B;
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Fig. 1. TG-DTG plot for lemon oil and limonene.
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and ¢ = C. The A, B and C terms are the Antoine
constants of that particular substance at a given
temperature range, obtained from the book edited
by Shuzo [6]. The Antoine constants for the calibra-
tion material (linalyl acetate) were found to be
A =7.65402, B =12093.912 and C = 218.352 for a
temperature range of 328.40-493 K. The P-values for
linalyl acetate were obtained at each point of tem-
perature (K) for the rising part of the DTG curve.

The Langmuir equation can explain the evaporation
characteristics for a given substance

dm M\
= <2nRT) ®)

Where dm/dt is the rate of mass loss per unit area, P
vapor pressure of a compound at a given temperature
T, o vaporization constant, M molecular weight of the
compound undergoing evaporation and R is the uni-
versal gas constant. The objective is to determine the
vaporization constant (i.e. o) in the presence of a
purge gas [7] which is dry nitrogen for this particular
study.

The Langmuir equation supposes that the substance
under study evaporates from a uniform surface area
and the value of o is not unity in the presence of a
purge gas. It depends immensely on the experimental
set up, but is independent of the vapor under study.

Eq. (8) can be rewritten as:

P =o' (2nR)" [(%) " (‘3—'?)] ©)

P=ky

where k = o~ '(27R)"? and v = (T /M)"*(dm/dr).

Since k is constant for any given set of experiments
then the plot of P versus v gives the value of k.
Alternatively, if Eq. (9) and plot log P versus log v
will obtain log k.

Knowing the Antoine constants for a calibration
compound we can then estimate the vapor pressure for
a compound at a particular temperature within a
particular range for which the Antoine constants for
that particular substance holds true. Then, when plot-
ting P versus v gives the value of k, which is theore-
tically constant and independent of substances for a
particular set of experiments. Using this k-value for
other similar types of compounds allows one to obtain
the vapor pressure for a compound at a particular

temperature for which the Antoine constants are not
known.

The objective of the present study was to determine
the kinetics of evaporation of some essential oils
representing multi-component systems, using thermo-
gravimetric analysis and to construct the vapor pres-
sure curves for the compounds which are themselves
the components of these essential oils, showing zero-
order kinetics using the method described above. The
challenge of the study was to eventually deal with the
multi-component systems.

Lemon oil, lavender oil and cinnamon oil are widely
used in aromatherapy and perfumes [8]. All of these
are mixtures of different compounds and hence resem-
ble multi-component systems.

Using thermogravimetric analysis the kinetics of
evaporation for these oils have been determined and
the energy of activation has been determined from
the Arrhenius plot. The various components of these
multi-component oils resemble single-component sys-
tems and hence, the vapor pressure plots for these
compounds have been constructed using linalyl acet-
ate as the calibration compound.

The enthalpy of vaporization (AH,,,) can be cal-
culated using the Clausius—Clapeyron equation, which
is as follows:

p2 AI'Ivap T2 - Tl
log(22) = |
Og(,c)]) (2.303R>< T, ) (10)

where p; and p, are the corresponding vapor pressures
of a substance at absolute temperature 7 and 75,
respectively and R is the universal gas constant.
Since vapor pressure curves for different volatile
substances resemble non-linear patterns, therefore, for
curve fitting purposes and simultaneously for the
calculation of the Antoine constants for different
substances the use of non-linear regression analysis
holds much greater accuracy and flexibility. The
empirical Antoine constants for each compound can
be determined by least square curve fit method where
the vapor pressure plot for each substance is fitted in to
the Antoine equation, which is in turn used as the
model curve fit equation for this purpose. The values
of A, B and C are susceptible to changes depending on
the algorithm used. But, for practical purposes, the
Levenberg—Marquardt algorithm [9] was used and the
“global” least square curve fit method was found to be
consistently accurate for predicting the value of the
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Antoine constants. Two parameters must be taken into
consideration as follows.

1.

The values of A, B and C are susceptible to
changes with the particular algorithm used as
stated before and therefore, the values obtained for
these constants using non-linear regression must
be corroborated by their original vapor pressure
curves.

. Before starting iteration, all statistical software

used for non-linear regression require a starting
value for each parameter. Generally the starting
value can be predicted for a particular compound
if the Antoine constants for any compound in that
homologous series is known. For this study,
starting value stipulated in ASTM methods
E1719 and El 782 have been used [10].

2. Experimental
2.1. Materials

Lemon oil (Lot no. 102082), lavender oil (Lot no.
090978) were obtained from Sherman research Lab.,
cinnamon oil (Lot no. F15682A23) was obtained from
Amend Drug and Chemical Co. Linalyl acetate (Lot
no. 01627C1), limonene (Lot no. 01006C1), linalool
(Lot no. 1711 1TR), cineole (Lot n0.01627C1) and
cinnamaldehyde (Lot no. 08514BR) were obtained
from Aldrich Chemical, Milwaukee, WI.

2.2. Equipment

The SDT 2960, simultaneous TGA-DTA instrument
with Thermal Analyst 2000, TA operating system
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Fig. 2. TG-DTG plots for cinnamaldehyde and cinnamon oil.
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version 1.0 B was used. An electrical flow meter from
J & W Scientific model ADM 1000 was used to
regulate the flow of the purge gas dry nitrogen. Two
platinum crucibles from TA Instruments were used to
hold the sample. The SPSS version 10.0 software was
used for the statistical analysis.

2.3. Procedure

Rising temperature programs were applied to the
samples under study and readings were taken every
1 °C interval. The rising temperature runs were per-
formed on the TG to 350 °C at a rate of 10 °C/min.
The dry nitrogen purge gas was used at a rate of
100 ml/min. An open 110 pl platinum crucible with a
cross-sectional area of 0.2826 cm® was used to hold
the sample and an empty crucible with the same
cross-sectional area was used as the reference. The
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choice of sample size was dependent on the amount
of area covered by the substance since it is always
required for the substance to cover the cross-sec-
tional surface of the crucible to ensure uniform
evaporation.

The data obtained from the Universal Analysis
software was used to construct the Arrhenius plot in
order to determine the energy of activation for the
evaporation process as well as to determine the reaction
kinetics for the oils and their components. Cinnamon
oil and lemon oil showed zero-order kinetics (Fig. 2),
whereas lavender oil deviated somewhat from zero-
order kinetics (Fig. 3). All of the other compounds
showed zero-order kinetics. The Clausius—Clapeyron
equation was used to calculate the enthalpy of vapor-
ization. The Antoine and the Langmuir equations
were then used to construct the vapor pressure plots
for limonene, cineole, cinnamaldehyde and linalool.
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Fig. 3. TG-DTG plot for linalool, linalyl acetate and lavender oil.
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Vapor Pressure Curves of different Compounds Under study
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Fig. 4. Vapor pressure plots for cinnamaldehyde, cineole, limonene and linalool.

The compound linalyl acetate was used as the calib-
ration compound since the Antoine constants of
which were reported in the literature over a certain
temperature range, especially from 328.40 to 493 K as
A =17.65402, B=2093.912 and C = 218.352. The
vapor pressure curves for linalool, limonene, cinna-
maldehyde and cineole were generated using the
k-value obtained from linalyl acetate (Fig. 4).

3. Results and discussion
3.1. Evaporation kinetics

In order, for a reaction to be stated as evaporation, it
is imperative that the loss of weight with respect to
time or temperature should be a zero-order process.
The DTG curve for the zero-order kinetics is generally
characterized by a sharp, vertical decline of the curve

from the maximum value to the baseline. The use of
the Arrhenius equation for the determination of the
zero-order reaction further strengthens the determina-
tion of the kinetics for the reaction. All the oils showed
a zero-order process and can, therefore, be considered
as evaporation. The activation energies for these oils
and the activation energies for linalool, limonene,
cineole and cinnamaldehyde are listed in Table 1.

Table 1
Summary of the values for E,. and Hy,p, for the compounds studied

Compound E, (kI mol™h) Hyyp (KJ mol™h)
Cinnamon oil 45.10 -

Lemon oil 33.20 -

Lavender oil 33.90 -
Cinnamaldehyde 50.79 52.63

Cineole 39.64 41.22
Limonene 37.87 39.44

Linalool 65.64 52.12
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The DTG plots for different oils and their components
are given together for the comparison between single
component and multi-component systems. The
enthalpy of vaporization for the components of the
oils showing a zero-order process are also listed in
Table 1. These values are close to the energy of
activation values showing zero-order kinetics.

3.2. Vapor pressure curves

Linalyl acetate was taken as the calibration material
since its Antoine constants were reported in the lit-
erature. A plot of log P versus log v was used to obtain
the value for the vaporization coefficient (i.e. k) which
was found to be 7 x 107 in SI units. This k-value is
different from the value reported in [11]. The value of
k might vary depending on the various experimental
parameter sets (e.g. the change in flow of the nitrogen;
the heating rate; or due to the change in the o-value in
the Langmuir equation). However, these factors were
not investigated in this study. The k-value also changes
depending on the types of compounds investigated.
Since these compounds under study are quite volatile
and the rates of exhaustion are very high as compared
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to less volatile compounds, then the possibility exists
that these compounds have a different k-value as
reported in the literature (Figs. 5 and 6).

3.3. Curve fitting using antoine equations

The method of non-linear regression was used to
calculate the Antoine constants for linalool, limonene,
cineole and cinnamaldehyde. The Antoine equation
cannot be linearized unless some bold assumptions
have been made which might not be true over a certain
temperature range and hence, the use of non-linear
regression was deemed to be the best for this calcula-
tion. The SPSS version 10.0 software was used and
the Levenberg—Marquardt algorithm for the global
fit method was applied. The parameter specifications
were performed according to ASTM methods
E1719 and E1782 and for A, B and C they are 9.3,
2000 and —37, respectively, when the pressure is in
Pascal and the temperature is in Kelvin [9]. The values
for the Antoine constants obtained using non-linear
regression were corroborated comparing the vapor
pressure curves for those compounds generated by
the Langmuir equation and proved to be the best curve
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40000000

35000000

30000000

25000000

20000000 -

P/Pa

15000000 +

10000000 -

5000000

370 380 390 400

410

420 430 440 450 460

T/K

Fig. 5. Vapor pressure plot for linalyl acetate with its Antoine constants reported in the literature.
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Langmuir plot of linalyl acetate
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Fig. 6. Calculation for the coefficient of evaporation (k); plot of log p vs. log v.
Table 2 10.0 was effectively used to calculate the Antoine
List of Antoine constants for compounds undergoing evaporation constants of various compounds using non-linear
Compound Calculated Antoine constants Temperature regression.
range (K)
A B C
Cineole 14.09 117143  —98.84 353-403 References
Cinnamaldehyde 12.61 54096 —245.24 408-480
Limonene 14.66 1592.66  —45.66  353-405 [11 G.M. Barrow, Physical Chemistry, 5th edition. McGraw-Hill
Linalool 10.49 78522 —183.21 368-428

fit. The values of the Antoine constants for various
compounds under study are given in Table 2.

3.4. Conclusions

All the single-component systems under study
showed evaporation and hence resemble zero-order
kinetics. Thermogravimetry has been found to be a
good and simple method to plot the vapor pressure
curves for different single component systems under
study. The method used here to construct the vapor
pressure plots for single component systems can be
extrapolated to plot the vapor pressure curves for
multi-component systems provided the exact compo-
sition and the amount of each constituent of the multi-
component system or the average molecular weight of
the multi-component system is known. SPSS version
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