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Abstract Over the past years, the production of biodiesel
has significantly increased in Brazil due to its obligatory
use in the composition of diesel for vehicle use. As a result,
in the most ordinary processes, a hundred thousand tons of
glycerol is produced as by-product per 1 billion liters of
biodiesel. Glycerol has already been widely studied.
Nonetheless, the quantity produced today demands new
proposals for uses, such as a fuel. In this aim, the authors
studied the kinetics of the thermal processing of glycerol.
In this research, thermogravimetry (TG), derivative ther-
mogravimetry (DTG), and differential thermal analysis
(DTA) were used to provide the experimental data. Kinetic
parameters were calculated by Kissinger method for the
global process observed during the heating of the samples
from the room temperature up to 600 °C, both in open and
in sealed crucibles (with a little hole). Kinetic data were
also determined at different isoconversion conditions dur-
ing heating, by applying Ozawa-Flynn—Wall and Blaze-
jowski methods to TG data. Results show that glycerol
heated from 30 to 600 °C, under normal pressure, does not
experience simple volatilization. The activation energies
calculated at different conversion degrees by these methods
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show that only volatilization occurs when the mass loss of
glycerol is lower than 40% and that for higher conversion
degrees, partial thermal decomposition and/or dissociation
of glycerol are occurring as well. These facts are also
confirmed by the volatilization enthalpies estimated using
another method developed by Blazejowski based on Van’t
Hoff equation.

Keywords Glycerol - Thermal processing - Kinetics -
TG-DTG-DTA

Introduction

Biodiesel is industrially produced by the reaction of veg-
etable oils or animal fats with methanol or ethanol, to
generate mono-alkyl-esters and glycerin [1, 2]. Presently,
due to the Brazilian 11097/2005 law obligating the addition
of biodiesel to the diesel consumed in Brazil, 1 billion liters
of biodiesel are produced per year and, in most ordinary
processes, with a co-production of 1 hundred thousand tons
of glycerol [3, 4].

Glycerol is a polyalcohol, and the three hydroxyls are
responsible for the hydrogen bonds, for its high boiling
point (290 °C) and also for the infinite solubility in water
and ethanol [5, 6]. In environmental conditions, this
polyalcohol is liquid, colorless, odorless, viscous, sweet,
and has many uses. It has been utilized in industries such as
cosmetics, food, tobacco, drugs, and also as a raw material
for hundreds of other products, as in explosives, polymers
(e.g., as a plasticizer [7]), and biotechnology industries [7,
8]. Owing to its large use, glycerol has been widely stud-
ied; however, the growing production demands new pro-
posals. In some industries, for instance, it is already used as
a source of energy when it is burned, thus replacing part of
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the combustible oil [9]. The aim of this work is to study the
thermal behavior of glycerol, from kinetic analysis mainly
of TG and DTG analysis data.

The Kissinger method [10] is one of the first free
kinetics model applied to thermal analysis data of chemical
decomposition reactions. It was initially developed for
differential thermal analysis (DTA) data and based on the
Arrhenius equation:

k= do/dt =A - e“E/RT) (1)

where A is the pre-exponential factor, E is the activation
energy, R is universal gas constant (8.314 J K~' mol™"),
T is the absolute temperature, and o is the conversion
degree. The reaction rate do/dr reaches its maximum value
at a specific temperature (7,,), which depends on the
heating rate (f§) and which can be determined by the tem-
perature where the DTA or DTG peak maximum signals
occur [11]. In the present case, the heat flow consumed by a
glycerin sample for its volatilization with or without dis-
sociation or decomposition is directly proportional to the
mass loss and actually, T, values are more precisely
measured from derivative thermogravimetric (DTG) data.
In fact, mass losses are measured faster than thermal
effects, because while mass change effects are immediately
detected, detection of thermal effects depend on the
capacity of thermal exchange between sample and tem-
perature sensors, which in turn have to transmit the signal
to the recording devices. Leiva [12] used thermogravimetry
to determine the activation energy of combustion of fuel
oils and compared the results with those obtained by
ASTM E-1641 kinetic analysis method, concluding that the
Kissinger method applied to thermogravimetry is perfectly
satisfactory.

During the heat treatment of a sample that can undergo
volatilization or pyrolysis (with dissociation or decompo-
sition), the mass loss rate is directly proportional to the heat
flow that the sample receives, and the heat of transforma-
tion is a function of the operating temperature. During a
dynamic thermal analysis, the equipment controller acts
changing the heating power in order to maintain the same
heating rate throughout the analysis. This power increases
as a function of temperature for a same heating rate, which
may be used for volatilization and/or decomposition
mechanisms depending on the thermo chemical properties
of the sample.

The method developed by Kissinger for dynamic ther-
mal analysis at constant heating rates is independent of the
reaction mechanism and is based on the application of
Eq. 2:

In(B/Ts) = —E/(RTw) + In(AR/E), (2)

where f is the heating rate and T,,, A, and E were previ-
ously defined. The experimental data are analyzed for at
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least three heating rate conditions, to confirm linearity
between (f/T2,) versus 1/T,, data, allowing one to calculate
the mean activation energy for all the transformation pro-
cess. Paine III et al. [13] report that when glycerol is
submitted to 650—675 °C in inert atmosphere, it produces
large quantities of acetaldehyde and formaldehyde. Walli-
yappan et al. [14] also report that in N, atmosphere,
glycerin heated to 650-800 °C under 1 atm pressure pro-
duces between 70 and 93% of syn gas (H, and CO) in
addition to CO,, CHy, and C,H,.

Provided that glycerol may undergo not only a simple
volatilization process during heating, but more than one
different competing mechanisms, each with its own acti-
vation energy, the Ozawa-Flynn—Wall free-kinetics iso-
conversion method equation was applied [15], where C(o)
is a function of the conversion degree o:

In(f) = C(a) — E,/(RT). (3)

Applied for at least three values of heating rate (f5) for
different and same values of «, it allows to investigate
whether the mechanism of the overall conversion is
changing with the conversion degree, estimating the
respective activation energy E, at a conversion degree o.

According to Williams [16], for a non-volatile sub-
stance, such as glycerol, the heating causes a competition
between the decomposition and volatilization, the former
being favored since the activation energy to break the
intramolecular bonds is lower than that required for the
intermolecular bonds.

Analyzing the thermodynamics of volatilization pro-
cesses under dynamic non-isothermal conditions with or
without dissociation and based on Van’t Hoff equation,
Blazejowski [17] developed a method to estimate the
vaporization enthalpy (AH,) through Eq. 4:

Ino = —AH,/(nRT) + AH,/(nRT,), 4)

where « is the vaporized fraction, which is equivalent to the
vaporization degree, AH, is the vaporization enthalpy, T is
the absolute temperature at a conversion degree equal to o,
T, is the vaporization temperature at atmospheric pressure,
and n is the number of moles of substances that are formed
in vapor phase per each mole of substance being vaporized.
If vaporization occurs without dissociation (or decompo-
sition) of the molecule, the value of n is 1. If vaporization
occurs with dissociation, n is an integer higher than 1.
Admitting initially that in the case of glycerol heating only
vaporization occurs, Eq. 4 was tested by using n = 1.

Blazejowski [17] also developed a method to estimate
the activation energy (E) in non-isothermal vaporization
processes through Eq. 5:

g(1—a) = (zT/p)e”H/0*T), (5)

where g(1 — o) represents the kinetic model, n is defined
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asin Eq. 4, and Z is a constant. Equation 5 can be rewritten
as shown in Eq. 6:

In(B/T) = Z/g(1 — o) — E/(nRT). (6)

For a defined value of «, the first term of the right-hand
side of equation is constant. Thus, applying Eq. 6 for
thermogravimetric data obtained at least three values of
heating rate (f) for different and same values of o, the
respective activation energy E, at different conversion
degrees was also estimated, which change indicates change
in the mechanism of mass loss.

As will be shown, comparison of the results obtained by
the above methods indicates that until 40% of conversion
degree, practically only vaporization occurs. For higher
conversion rates, results indicate that dissociation and/or
decomposition reactions occur.

Experimental

For the experiments Pro Analysis (PA) glycerol from
VETEC has been used. The water content of the samples
was 0.57%, determined by a method developed by the
authors and described in a previous paper [18]. The thermal
analyses of 10-20 mg samples were performed in simul-
taneous TA Instruments TG-DTA equipment, model SDT
2960, at 10, 15, and 20 °C min~ ' constant heating rates
from 30 to 600 °C, by using 100 mL min~' flow of
nitrogen as the purge gas. These analyses were conducted
in both open and sealed aluminum crucibles with holes of
approximately 0.6-mm on the top.

Isothermal analyses were also performed in thermo-
gravimetric equipment developed by Dweck and Souza
Santos and described previously [19-21], where larger
samples can be used. Samples of approximately 1 g were
used and analyzed at 260, 290, 300, and 400 °C in ceramic
crucibles. In order to provide the inert ambient during
heating, quartz covers with 1 mm holes were used.

Kinetic data analysis for non-isothermal analyses is
presented and discussed first using Kissinger method and
Ozawa-Flynn—Wall free-kinetics isoconversion model.
Then volatilization enthalpies and kinetic parameters
obtained using Blazejowski methods are presented and
discussed.

Results and discussion
Analysis performed in open crucibles

Figure 1 demonstrates an example of a set of DTA curves
of pure glycerol, obtained at 10, 15, and 20 °C min~!
heating rates.

The activation energy calculated by Kissinger method,
for the global transformation, is 104.84 kJ mol ™. Since
volatilization is a process that occurs with mass loss and
heat absorption simultaneously, the gravimetric effect can
be measured (in TG/DTG curves) before the temperature
difference effect between the sample and the reference (in
DTA curves). Consequently, the activation energy of the
volatilization of glycerol was also studied through the DTG
curves obtained from the heating programs of 10, 15, and
20 °C min~! (Fig. 2), and the value calculated for these
data is 107.03 kJ mol~". The activation energy calculated
is apparently low, in both cases, suggesting that the global
process during the heating of glycerol is mainly a physical
one, similar to the volatilization. On the other hand, a
typical value for these types of transformation is about
83 kJ mol ™! [22-25]; therefore, the calculated activation
energy for the global thermal process indicates that other
phenomena are occurring as chemical reactions.

While Kissinger method uses only the point of maxi-
mum conversion rate, the Ozawa—Flynn—Wall isoconver-
sion method assumes that the conversion rates may be
different in each part of the global conversion, which can
be seen when the activation energy changes along the
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observed transformation. Figures 3 and 4 show this
behavior in correlations obtained from TG/DTG curves.
The results show that glycerol presents two different
types of behavior under thermal processing: one from 10 to
40% of conversion and another from 50 to 90%. It is
possible to see that in the first case (Fig. 3), the angular
coefficients are lower, which lead to lower activation
energies. As a result, between 10 and 40% conversion, it
can be considered that the predominant phenomenon is
volatilization; however, in the 50-90% conversion range,
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chemical reactions compete with the volatilization by
increasing the activation energy of the overall transfor-
mation, as temperature increases.

Isothermal analyses at 260, 290, 300, and 400 °C were
performed to estimate apparent activation energy and to
verify the linear correlation, between the natural logarithm
of the average speed of vaporization (In de/df), where « is
the mass% of glycerol lost by the sample and the inverse of
absolute temperature (7~ ") for each temperature analysis.
This was verified only for o < 40% by the expression In
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(do/dr) = —1061277 " + 13.031, based on Eq. 1, with a
correlation coefficient equal to 0.9278. From these data,
activation energy of volatilization of 88.19 kJ mol~' was
estimated, which is very close to the vaporization heat of
glycerin, which is 88.03 kJ mol™' (at 55°C) and
75.95 kJ mol ! (at 195 °C) [25]. The value of the activa-
tion energy obtained for the range of isothermal vapori-
zation within the 260-400 °C temperature range is
consistent, because the activation energy represents the
energy required to promote a shift in the case of endo-
thermic transformations and usually is larger than the heat
of vaporization.

Analysis performed in sealed crucibles (with a pin hole)

Figures 5 and 6 show, respectively, DTA and DTG curves
of glycerol. The respective activation energies calculated
by Kissinger method, were 160.73 and 170.19 kJ mol ",
The activation energy is lower when the analysis con-
ducted in the open crucibles, because the purge nitrogen
gas quickly carries the vapors produced during the con-
version. As a consequence, this also decreases the partial
pressure of the formed gases in vapor phase accelerating
their formation. This phenomenon is less likely to happen

in a sealed crucible with a hole, because the vapor pro-
duced is prevented from leaving the vicinity of the sample,
which only occurs after reaching the values of vapor
pressure required to overcome the resistance to flow out of
the hole. Such event reinforces the notion that the gener-
ated vapor, once closed in the crucible, delays the vola-
tilization process to higher temperature conditions,
providing conditions for chemical reactions to occur
simultaneously. Figures 7 and 8 illustrate this behavior,
presenting the isoconversion analysis for these data.

The change in the slope of the straight lines is quite clear
after 40% of conversion. The activation energy calculated for
the conversions from 10 to 40% is between 83.37 and
93.74 kJ mol ™!, whereas from 50 to 90% it is between 113.67
and 162.84 kJ mol ™' .These results, with significantly higher
activation energy values indicate that, for the higher con-
version range, vaporization is occurring with other simulta-
neous decomposing or dissociative phenomena.

Vaporization enthalpy estimates by Blazejowski
method

Blazejowski method to estimate vaporization enthalpy in
non-isothermal experiments with constant heating rate was
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applied to the two ranges of glycerol conversion degrees.
Data obtained at the mean heating rate of 15 °C min~' were
used for these estimates. Considering as a first hypothesis
that only vaporization occurs, we assumed n = 1. Thus, the
angular coefficient of the linear correlation of In o versus
T ' given by Eq. 4 is equal to —AH,/T. Figure 9 shows that
AH, for the 10-40% conversion range is 77.89 kJ molfl,

which is a compatible value with the vaporization enthalpy
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values of the literature of 88.03 kJ mol™' at 55 °C and
75.95 kJ mol ™! (at 195 °C) [25], as previously mentioned.
However, for the 50-90% conversion range, the angular
coefficient is significantly different from that of the lower
conversion range, which gives an apparent volatilization
enthalpy of 136.84 kJ mol~'. This indicates that the
hypothesis considering that within the higher conversion
range only volatilization occurs is not valid.
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Kinetic parameters estimation by Blazejowski method

Figures 10, 11, 12, and 13 show the correlations obtained
applying Blazejowski method, in the form of Eq. 6, for
constant and different values of conversion of the TG data
obtained at three different heating rates from glycerol anal-
ysis in open and sealed pans with a pin hole in nitrogen flow.

Comparison between the kinetic results

Figure 14 presents the different values of the activation
energies obtained for Ozawa—Flynn and Blazejowski iso-
conversion methods from the analyses performed in SDT
equipment in both cases (open crucibles or sealed crucibles
with little holes), depending on the temperature at which
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each degree of conversion occurred in the analyses at a
15 °C min~' heating rate. This heating rate was selected
because of its intermediate value compared to the three
ones used for the present study and shows practically how
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Conversion degree a/%

the sealed (with a pin hole) condition changes the tem-
peratures and activation energies where the same conver-
sion occurs, as a consequence of the increase of partial
pressure of the released gases in vapor phase.
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It can be seen that both isoconversion methods give
same order of magnitude of activation energies for the
different conversion degrees at respective temperatures and
type of pans. Open pan conditions show higher activation
energy than in sealed pans for conversion degrees lower
than 40%. For higher conversion degrees, the opposite
occurs.

Figure 15 shows the comparison between the activation
energies calculated by the isoconversion method in each
degree of conversion of liquid glycerol to gaseous phase
obtained from the analyses in open crucibles and sealed
crucibles with a pinhole. It also presents the activation
energy obtained for its volatilization in the range of
1040% conversion from isothermal analysis data, as well
as the vaporization enthalpy obtained from Blazejowski
correlation for this conversion range. It is possible to notice
that in this range of conversion, glycerol undergoes simple
volatilization, regardless of the analysis conditions and the
activation energies are little higher than the vaporization
enthalpy estimated by Blazejowski correlation.

It can be seen that the activation energies in the range of
50-90% of conversion are similar for a same type of used
pan, regardless of the temperatures at which they occurred,
but always the values estimated by Ozawa—Flynn isocon-
version method being little higher than those predicted by
Blazejowski method. The higher is the temperature, the
higher is the activation energy in open or sealed pans with a
pin hole, and this effect is much more evident in the last
case. During glycerol thermal processing, the sealed cru-
cible with a little hole prevents the released molecules to be
eliminated by the purge gas, which is a characteristic of
open crucibles. This promotes greater interaction between
them, thus making dissociation and/or decomposition
reactions to happen. It is important to note that after the
isothermal experiments, which were performed with a
much higher mass than SDT experiments, a little carbo-
naceous residue was covering the bottom of the inner part
of the crucibles, indicating that partial thermal decompo-
sition of the glycerol occurred during its volatilization.

Conclusions

e Glycerol heated to temperatures above ambient and up
to 600 °C and under normal pressure does not undergo
only a volatilization.

e The activation energies calculated demonstrate that
volatilization is the predominant process in the range of
10—40% conversion.

e In a sealed pan with a pinhole, the process occurs at
temperatures higher than those in an open pan, and
above 40% of conversion chemical reactions occur
simultaneously with the volatilization.

e Above 40% of conversion decomposition and/or disso-
ciation reactions compete with volatilization in larger
extensions as the temperature increases. This effect is
higher when glycerol is heated in sealed pans with a
pinhole, which force the need of higher temperatures than
in case of open pans to have a same volatilization degree.

e The two different isoconversion methods used to
estimate the kinetic parameters presented very good
correlation coefficients and similar activation energies
for the different conversion degrees of glycerol. Their
values were always higher than the glycerol vaporiza-
tion enthalpy.
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