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3.1 Introduction
Mass and heat are some of the oldest concepts known to humanity.
The discovery of fire provided ample evidence of the effect of heat on
materials and in particular mass changes brought about by burning.1
The careful study of such processes led to the abandonment of the
concept of phlogiston and ultimately evolution of chemistry out of
alchemy. On a more mundane level, classical gravimetric analysis has
a long pedigree for determining the constitution and composition of
substances by dissolution and precipitation of components which are
assayed after removal of solvents by drying. Thermogravimetry simply
exploits the use of heat to bring about mass changes by chemical
decomposition or reaction with the atmosphere and thus tells the
investigator something useful about the sample under investigation.
Thermogravimetry or thermogravimetric analysis is one of the most
popular thermal methods. The terms are used interchangeably and
often abbreviated to TG or TGA (although the former can easily be
confused with the glass transition temperature ‘‘Tg’’). The origins of
thermogravimetry date back to 1912 when Urbain described the first
equipment that could continuously heat and weigh a sample under a
controlled gas atmosphere.2 Three years later, Honda coined the term
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‘‘thermobalance’’ for his instrument which was also capable of reducing the heating rate when a mass change was occurring leading to a
form of sample-controlled thermal analysis.3 The technique was rapidly
adopted for inorganic chemical analysis, reaching its zenith in Duval’s
monumental description of over 1000 gravimetric precipitates of nearly
80 elements.4 Applications to polymers and pharmaceuticals blossomed
after the 2nd World War and became more widespread with the
introduction of commercial instrumentation beginning in the 1960s.5

3.2 Instrumentation
A schematic diagram of a thermobalance is shown in Figure 3.1. The
device consists of a sensitive recording balance with provision for the
sample to be heated in a gas-tight oven or furnace that is purged with
an atmosphere of inert or reactive gas such as nitrogen or air. There
will be some electronics for temperature control and signal processing. A computer will be used as a data station for the display and
archiving of results; this can typically be interfaced to several thermal
analysis instruments and allows the operator to define experimental
parameters such as the temperature profile and gas composition.

3.2.1

Balance Mechanism

Null-point balances are the most common type of mechanism in most
instruments. These employ an electromagnetic compensation principle
whereby a beam carrying the sample and countermass is suspended
from the coil of a galvanometer.6 As the mass of the sample changes,
the beam turns on a pivot causing a variation in the current from a

Figure 3.1

Schematic diagram of a thermobalance showing arrangement
of purge gas flow and relationship between sample and
thermocouple.
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photodetector–shutter–lamp arrangement. This is used in a servoloop
to apply a restoring force through to the coil. The change in current (or
voltage) required to maintain equilibrium is proportional to the mass
change in the sample. This analogue signal is amplified and digitised
for further processing. Typical sample sizes range from between 1 and
100 mg, although obtaining a truly representative sample of the
material under investigation may be difficult as the amount analysed
decreases. Specialised thermobalances designed to accommodate
larger mass ranges have been described7,8 as have devices with a
magnetic suspension arrangement that isolate the sample holder from
the balance mechanism.9 Other specialised balance mechanisms based
on strain gauges10 or quartz springs11 have been used for specialised
applications. Calibration of the balance mechanism is infrequently
required but is easily checked using standard milligram masses often
supplied with the instrument for this purpose.12 The sensitivity of most
balances is of the order of 1 microgram and linearity across the full
mass range is critical since results are often quoted as mass fraction
normalised to the initial starting mass; it is also important to tare the
balance against the empty sample holder before measurement. Many
thermobalances can be fitted with automatic sample changers, thus
permitting unattended operation and increased productivity. For
hygroscopic samples, it is usual to encapsulate the sample, which is
then pierced immediately before loading onto the balance.

3.2.2

Furnace

Whereas most instruments use a balance mechanism of a standard
design, the furnace is often designed for a specific temperature range
or response time. Sub-ambient operation is not usually possible unless the instrument is equipped for simultaneous thermogravimetrydifferential scanning calorimetry (TG-DSC), although many furnaces
have the facility for air or water cooling (by means of a jacket) so
that they may be cooled quickly at the end of an experiment in order
to increase sample throughput. Furnaces generally employ noninductively wound electrical resistance elements to avoid interaction
with magnetic samples. Low thermal mass furnaces allow rapid
changes in temperature at the expense of good temperature stability
under isothermal operation. Typically, heating rates range up to
50 1C minÿ1 are employed although infra-red heating has been used
to achieve a more rapid response.13
Several different arrangements of the balance and furnace are
possible (Figure 3.2). The sample may hang down from the balance
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Different furnace configurations (left–right): below balance,
above balance, horizontal (c.f. Figure 3.1) and symmetrical.

into the furnace, or a top loading design may be used. Horizontal
configurations may also be used in order to reduce the gas flow
affecting the apparent mass of the sample during heating by
impinging on the sample and thus acting as a piston. Alternatively,
the inlet and outlet lines for the purge gas may be arranged to direct
the flow of gas across the sample rather than up or down a vertical
furnace. The density of the gas decreases with increasing temperature, this reduces the upthrust on the sample (Archimedes’ Principle)
leading to an apparent increase in mass. The gas flow path may also
change with temperature. Using small samples (o10 mg) or performing a blank measurement with a similar volume of inert material
can reduce these effects. An alternative approach is to employ a
symmetrical design whereby the sample holder and countermass
both hang down into the same or separate furnaces.14

3.2.3

Atmosphere Control

Provision must be made for some means of purging the furnace with
a controlled atmosphere. Operation under an inert atmosphere (such
as nitrogen) may not always be possible since the furnace may not be
completely air tight and may also retain trapped oxygen. Even high
purity nitrogen may not be completely oxygen-free. This may be of
concern for some materials that are sensitive to oxidation.15 Helium
can be used for good heat transfer between the furnace and sample,
which might be a consideration for experiments that involve fast or
rapidly-changing heating rates. Gas flow rates are controlled by
rotameters or mass flow controllers, and there is often some provision
for switching between gases for compositional investigations. Purge
gas flow rates should be sufficient to sweep volatiles from the furnace,
but not so excessive as to cool the sample. High pressure and vacuum
thermobalances have been described,16–18 these have applications for
the study of industrial processes that occur under elevated or reduced
pressures.19,20
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Sample Holder

Samples are usually contained within small crucibles made of
refractory materials such as quartz, alumina or platinum, which are
chemically unreactive towards most materials. Caution must be
exercised with platinum crucibles as many molten metals can alloy
with the container and carbonaceous residues will eventually attack
platinum at high temperature particularly if the crucibles are heated
in a Bunsen burner flame to clean them.21 Platinum can also have
a catalytic effect on some chemical reactions. Less expensive, disposable aluminium holders may be used for organic materials that
usually decompose below the melting temperature of aluminium
(660 1C). In all cases, it is important to allow good interaction between
the sample and purge gas so that the build-up of decomposition
products in the immediate vicinity of the sample is avoided.

3.2.5

Temperature Measurement and Calibration

The temperature of the sample is usually measured by a thermocouple placed as close as possible to the sample without interfering
with the operation of the balance. It is unreliable to use the furnace
temperature as a measure of sample temperature as this will inevitably
be in advance of the sample’s true temperature because of heat transfer
considerations. In the event of a chemical reaction occurring, the
sample temperature will be affected by the enthalpy of reaction and
may be above the furnace temperature for exothermic decompositions.
Temperature calibration should be carried out regularly, according to a
recommended procedure,22 and always under the same conditions (e.g.
heating rate, purge gas, thermocouple location etc.) as those used for
measurements. Achieving reproducibility of temperature is often more
important than absolute accuracy, particularly for kinetic studies which
may use data obtained from several experiments.
One common method for temperature calibration is to determine
the Curie temperature of a metal or other magnetic substance by
heating it whilst under the influence of an external magnetic field.23
An apparent change in weight will occur due to the attraction between
them which will disappear when the material passes from the ferromagnetic state to the paramagnetic state (Figure 3.3).
Other methods of temperature calibration employ the melting of a
material of known melting point. Thermogravimetry cannot determine melting temperatures directly, but if a fusible link is made from,
for example, indium wire and hung from the sample arm in such a
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Temperature calibration using the Curie temperature of nickel.

manner that it will fall off when the metal melts, this will cause a
disturbance in the mass measured.21 Pseudo-calorimetric methods
can also be employed if the sample thermocouple is close enough to
the specimen such that the recorded temperature profile is disturbed
by the enthalpy of fusion of the specimen (Figure 3.4).24 Some instruments exploit the deviation from linearity of heating caused by
enthalpic effects within the sample detected by a close-coupled
sample temperature sensor to provide an additional signal akin to
differential thermal analysis (DTA). This treatment is shown in
Figure 3.5 for the data presented in Figure 3.4. True simultaneous TGDTA and TG-DSC instruments employ dedicated arrangements for
measuring differential temperature or heat flow. These can adversely
affect the sensitivity of the balance although Calvet-type volumetric
heat flux sensors do not require lead-out wires from the balance
suspension and are less invasive.25

3.2.6

Ancillary Equipment

Modern thermobalances employ a computer for data acquisition, although many also have built-in status displays that allow a limited
amount of stand-alone operations either via touch screens or other
controls. The computer acts as a data station so that results may be
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Figure 3.4

Pseudo-calorimetric temperature calibration with aluminium.
Ts is the sample temperature.

Figure 3.5

‘‘Single differential thermal analysis’’ curve generated from subtracting the programme temperature (Tp) from the sample
temperature (Ts) in Figure 3.4.
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stored for future reference and subsequent treatment. It is usual to be
able to plot the sample mass (directly or as a percentage of its initial
mass) as a function of time or temperature. Calculation and display of
the first derivative of sample mass (m) as a function of time or
temperature (dm/dt or dm/dT) is a useful facility in identifying regions
of interest. It is common to plot ÿdm/dt or ÿdm/dT so that maxima
in rate of mass loss appear as positive peaks. At a basic level,
characteristic temperatures and magnitudes of mass changes are
reported. More sophisticated treatments extend to kinetic modelling
of processes although it is essential to have a thorough understanding
of any mathematical manipulation of data before any reliance is
placed on the results.

3.3 Basic Experiments
A key consideration in all thermoanalytical measurements is the
importance of reporting all results with sufficient detail including
sample history, measurement conditions, equipment and data treatment, so as to enable their repetition and, if necessary, reconcile any
observed differences in outcome with changes in operational procedure. Careful attention to consistency in experimental procedures
usually results in good repeatability. Conversely, studying the effect of
deliberate alterations in such factors as the heating rate or sample
atmosphere can give valuable insights into the nature of the observed
reactions.
Data from the thermogravimetric analysis of copper(II) sulfate
pentahydrate, CuSO4  5H2O, readily illustrate the salient features of
the technique and provide a starting point for the discussion of
instrumental and sample-related effects. Figure 3.6 shows a plot
of sample mass (as a percentage of the initial mass) as a function of
temperature. The derivative mass change curve (ÿdm/dT) indicates
that five mass loss processes occur during the experiment, these
being progressive dehydration (steps 1–3 in Scheme 3.1) followed by
decomposition of the anhydrous salt to copper(II) oxide and then
reduction to form copper(I) oxide.
The effect of changing the heating rate can be considered in terms
of the overlapping sequential mass losses for the dehydration
processes. These would be better resolved by heating the sample more
slowly (this is the philosophy behind sample-controlled thermogravimetry, discussed later). A higher purge gas flow rate might remove any volatiles more efficiently, while switching from an inert to
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Figure 3.6

Plot of mass and rate of mass loss (ÿdm/dT) vs. temperature for
copper sulfate pentahydrate for a heating rate of 5 1C minÿ1
under nitrogen.

CuSO4 • 5H2O → CuSO4 • 3H2O + 2H2O

(step 1, 40–80 °C)

CuSO4 • 3H2O → CuSO4 • H2O + 2H2O

(step 2, 80–140 °C)

CuSO4 • H2O → CuSO4 + H2O

(step 3, 180–300 °C)

CuSO4 → CuO + SO2 + ½O2

(step 4, 560–770 °C)

CuO → Cu2O + ½O2

(step 5, 770–880 °C)

Scheme 3.1

Thermal decomposition of copper(II) sulfate pentahydrate.

an oxidising atmosphere would have significant impact on the final
mass change. A tightly-confining crucible would also affect reactions
by maintaining close interactions between the sample and its decomposition products (a ‘‘self-generated’’ atmosphere).26
The sample itself can introduce a number of factors that can
influence the results of measurement. Whilst it might be attractive to
increase the resolution of small mass changes by using a larger
sample, this can cause smearing of overlapping processes because of
the difficulty associated with heating a large sample uniformly.
Furthermore, there may be poor exchange of gaseous decomposition
products with the furnace atmosphere. Coarsely ground powders can
suffer from the same effect, although finely grinding a specimen may
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lead to unwanted changes in morphology or composition (e.g. loss of
moisture). For these reasons, any form of pre-treatment should be
described.
Some materials may show ferromagnetic behaviour, which will
disappear at their Curie temperature (alternatively, some materials
may be transformed into ferromagnetic phases on reaction27)—such
systems can be studied by the technique known as ‘‘thermomagnetometry.’’28,29 The use of an external magnetic field to calibrate
the temperature scale of a thermobalance was described in Section
3.2.5 and there are numerous applications of this method for the
characterisation of magnetic materials.30–32

3.3.1

Thermal Stability Assessment

One of the most valuable uses of thermogravimetry is illustrated by
the results obtained from a series of ammonium salts (ammonium
hydrogen fluoride, ammonium fluoride and ammonium fluorosilicate) shown in Figure 3.7. These materials are frequently
encountered in the exhaust from pumps used to evacuate semiconductor processing chambers and arise from the interaction of
fluorine-containing etch gases and ammonia-containing deposition
gases used in silicon nitride production. Thermogravimetry affords a

Figure 3.7

Plots of mass vs. temperature for ammonium fluoride, ammonium hydrogen fluoride and ammonium hexafluorosilicate,
10 1C minÿ1 in nitrogen.
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useful guide to the temperatures required to keep these substances
from condensing and causing pipe blockages, although one can also
imagine comparing the mass loss curve of a deposit found in a pipe
with characteristic curves of candidate materials to identify the
unknown substance. This illustrates the concept of using thermogravimetry to ‘‘fingerprint’’ materials and is particularly useful when
the derivative mass loss curve is used to identify minor processes
arising from subtle differences in compostion.33

3.3.2

Compositional Analysis

Certain classes of materials lend themselves to compositional
analysis by thermogravimetry.34 These include filled organic polymers
whereby the matrix can be completely decomposed by heating to leave
behind only inorganic filler or reinforcement, such as talc, glass fibre,
etc. Although these determinations could readily be performed in a
muffle furnace, using a thermobalance to obtain the mass loss profile
can yield additional information about the matrix. An example of this
is shown in Figure 3.8 for a series of poly(ethylene-co-vinyl acetate)
copolymers. The vinyl acetate component shows a characteristic mass
loss associated with elimination of acetic acid before the main chain

Figure 3.8

Plots of mass vs. temperature for a series of poly(ethyleneco-vinyl acetate) copolymers of different vinyl acetate (VA)
content, 5 1C minÿ1 in nitrogen.

Thermogravimetry

Figure 3.9

29

Proximate analysis of wood charcoal. The sample atmosphere
is changed from nitrogen to air 60 minutes into the experiment.

degradation occurs. In this case, thermogravimetry can be used as a
quantitative means of estimating copolymer composition.
Thermogravimetry comes into its own when more elaborate
temperature programmes and gas switching are employed. Such an
experiment is illustrated in Figure 3.9 for the proximate analysis of
charcoal. Here, the sample is heated to 120 1C and held at this
temperature for 10 minutes in order to measure its moisture content.
The temperature is then ramped to 900 1C to drive off volatile organic
material. Finally the purge gas is switched from nitrogen to air so that
the carbonaceous residue is burned off and only an inorganic ash
residue remains. Figure 3.10 shows the results of a series of analyses
taken from a section through a 50 mm diameter piece of wood that
had been heated for five hours.35 This example demonstrates how
thermogravimetry can be used to examine small samples taken from a
larger specimen in order to detect compositional variations within the
bulk. A similar approach is used to classify coal according to its
moisture, volatiles, carbon and ash content.36,37

3.3.3

Lifetime Prediction

One of the most widespread uses of thermogravimetry beyond that of
compositional analysis and thermal stability assessment is to predict
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Composition of charcoal samples taken from a section
through a 50 mm diameter piece of carbonised wood.

the lifetime of materials. The simplest approach is to perform isothermal measurements at elevated temperatures and measure the
time taken for a certain extent of mass loss to occur. Several experiments may be carried out at different temperatures so as to obtain a
table of lifetime versus temperature. Whilst such data are readily
obtained, they rarely span the temperature range of interest (indeed
to do so may require inordinately long experiments at lower temperatures) and therefore some means of extrapolation is required.
The temperature dependence of chemical processes may be readily
expressed in terms of the Arrhenius equation:38
k ¼ A exp(ÿEa/RT)

(3.1)

where k is the rate constant, R the gas constant and T the thermodynamic temperature (K). Values of the Arrhenius parameters (Ea and
A) provide measures of the magnitude of the energy barrier to reaction
(the activation energy, Ea) and the frequency of the occurrence of a
condition that may lead to reaction (the frequency factor, A). The rate
constant k is defined by the relationship between the rate of reaction
(da/dt) and the extent of conversion or fraction reacted (a).
Decompositions studied by thermogravimetry are generally heterogeneous reactions since the sample is solid (or molten) and the
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products are gases. A general relation to describe the relationship
between da/dt and a has been described by Šesták and Berggren:39
da/dt ¼ k am(1 ÿ a)n[ÿln(1 ÿ a)]p

(3.2)

Starting from this basic form, it is possible to derive various subclasses
of rate equation such as first order decay, nucleation and growth, etc.
by changing the values of m, n and p.40 Isothermal experiments provide
the means to determine the form of the kinetic equation though
discrimination between different models is not straightforward.41 A
simpler approach is to substitute the reciprocal of the isothermal
lifetime for the rate constant in the equation and extrapolate the data
to the region of interest. Caution should be exercised when interpreting
such data, especially when extrapolating to lower temperatures where
the degradation mechanism may have changed. This is especially
important if the original measurements were made above a phase
transition e.g. the material’s melting point.42
Isothermal measurements suffer from the drawback of being timeconsuming. There are also difficulties in bringing the sample and
apparatus to the required temperature without some decomposition
of the sample having already taken place. A more convenient
approach to studying degradation kinetics is to employ data from
conventional linear rising temperature thermogravimetry. Many such
methods have been proposed, but the most popular strategy is that
described by Ozawa43 and Flynn and Wall,44 which has been
incorporated into a standard method.45,46 Essentially, separate
measurements are carried out at different linear heating rates and the
temperatures at which a set percentage mass loss occurs noted
(Figure 3.11).
These are then plotted as a function of heating rate (dT/dt) and
the Ea determined by an iterative process (Figure 3.12). If the
decomposition reaction is a first order process then the extent of
reaction is given by:
da/dt ¼ k (1 ÿ a)

(3.3)

Then it is possible to predict the lifetime before e.g. 10% mass loss as
a function of temperature as shown in Figure 3.13.
Two cautions regarding the use of lifetime prediction:
1. The extent of degradation used in this example (10%) may be
unacceptable in terms of its impact on other properties of the
material e.g. mechanical properties of the solidified polymer.48
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Figure 3.11

Figure 3.12

Mass loss curves for PTFE at different heating rates.

Kinetic analysis of results from Figure 3.11 to determine Ea.
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Figure 3.13
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Predicted lifetime (10% mass loss) of PTFE vs. temperature.

2. These algorithms have been incorporated into a number of
commercially available software packages;47 the user should
always question the predictions of such ‘‘black box’’ methods,
especially since the assumption that the process follows first
order kinetics may not be valid.
The kinetic analysis of thermogravimetric data is a veritable
‘‘minefield’’;49 the reader is referred to the excellent review of this
area by Galwey and Brown50 for a more in-depth discussion. The
recommendations of the ICTAC Kinetics Committee also provide a
useful guide for the treatment of thermal analysis data.51

3.4 Advanced Temperature Programmes
In the preceding examples, relatively simple heating profiles have
been considered whereby the sample temperature is increased in a
linear fashion, perhaps with one or more predetermined constant
temperature segments to enable a reaction to go to completion
(possibly accompanied by a change of sample atmosphere). Whilst the
majority of measurements are of this type, there may be benefits
obtained by employing more sophisticated temperature programmes.
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Calcium carbonate heated under a humidified atmosphere of
4% CO2 in nitrogen.

By way of an introduction to this, the use of a stepped reduction in
temperature to investigate lime burning is shown in Figure 3.14. In
this experiment, calcium carbonate is heated in a humidified mixture
of 4% carbon dioxide in nitrogen to simulate the combustion products of burning coke in air. The calcium oxide thus formed is then
cooled gradually in a series of isothermal steps 25 1C apart and the
re-formation of calcium carbonate observed. The temperature range
at which this occurs provides a good indication of the optimum
operating temperature for a limekiln.

3.4.1 Sample-controlled Thermogravimetry
In many cases, the mass loss profiles of materials are complex and
consist of several overlapping processes. If the heating rate is reduced, it is usually possible to obtain more complete separation of
each stage of the decomposition process. Such an approach naturally
increases the time for the experiment to be performed. An alternative
method is to enable the heating rate to be governed by a property of
the sample itself. The generic name for this approach is sample
controlled thermal analysis (SCTA), and sample controlled thermogravimetry (SCTG) is now the most widely used SCTA technique. This
is discussed in detail in Chapter 11.
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Parameter-jump Methods

The use of experiments carried out at a range of heating rates to determine kinetic parameters such as Ea and A, have been described
earlier. This method suffers from the disadvantage of requiring several measurements and can be somewhat time consuming especially
at the slowest heating rates used. An alternative approach is to
perform a single experiment whereby instead of increasing the
temperature in a linear fashion, the temperature is increased in a
series of steps and the rates of mass loss are extrapolated to the start
of the temperature jump between isothermal plateaus.52–55 This
gives ÿdm/dt at the two isothermal plateau temperatures (T1 and T2)
from which Ea may be obtained:
2 0

13
dm


ðT Þ
6 B dt 1 C7 1
1
B
7
C
Ea ¼ R 6
A5 T 1 ÿ T 2
4ln@dm
ðT2 Þ
dt

(3:4)

An experiment of this type concerning the formation of calcium
carbonate has already been discussed although the wide spacing and
long duration of the temperature steps do not lend themselves to a
proper analysis. A better example is illustrated in Figure 3.15 for a
sample of benzoic acid undergoing sublimation. Sublimation and

Figure 3.15

Temperature-jump experiment with benzoic acid. The temperature is increased in 5 1C steps every 15 minutes. Lines
show extrapolated steps from raw data points.
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Figure 3.16

Ea values derived from temperature-jump experiments.

evaporation are simple zero-order processes and the rate of mass loss
should be constant at any particular temperature providing that the
exposed surface area does not change.56 Although it is sometimes
possible to satisfy this condition through careful sample preparation,
this requirement can be circumvented by extrapolating the mass loss
profiles to obtain an instantaneous change in rates at the point at
which the temperature-jump occurred.
From this analysis, the enthalpies of sublimation can be obtained,57
as illustrated in Figure 3.16 for benzoic acid where the simple analysis
described above approximates to the enthalpy of sublimation (or vaporisation if the sample is liquid), while the magnitude of the discontinuity in Ea at the melting temperature of benzoic acid (122 1C)
corresponds to the enthalpy of fusion of the material. Thermogravimetry is popular for the study of evaporation and sublimation,
although there is considerable debate over the analysis of data.58
Rather than change the temperature in steps, it is equally possible
to use SCTG to change the rate of mass loss between two set levels.
This rate-jump technique is described in Chapter 11.

3.4.3

Modulated-temperature Thermogravimetry

One disadvantage with the temperature-jump method outlined is the
requirement to be able rapidly to heat (or cool) the furnace
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temperature. Furthermore, the data require extensive post-processing
in order to determine Ea by extrapolation from the isothermal steps.
In order to overcome these drawbacks, a sinusoidal temperature
profile can be so that the heating rate is continuously and smoothly
alternating.59 This technique is known as ‘‘modulated-temperature
thermogravimetry’’ and allows continuous calculation of Ea during
the experiment according to:60
2
RðTav
ÿ ð0:5Tamp Þ2 ÞL
Ea ¼
Tamp

(3:5)

where Tav. is the average thermodynamic temperature, Tamp is the
amplitude of the temperature modulation and L is the logarithm of
the amplitude of the rate of mass loss over one modulation. An example of the raw data from heating a poly(ethylene-co-vinyl acetate)
copolymer is shown in Figure 3.17. The plot of Ea as a function of
conversion in Figure 3.18 distinguishes between side chain and main
chain scission as indicated. Although based on the temperature-jump
method described above, modulated-temperature thermogravimetry
promises to simplify the acquisition of kinetic data.61–63

Figure 3.17

Modulated-temperature thermogravimetry of poly(ethyleneco-vinyl acetate) under nitrogen, heating rate 1 1C minÿ1,
modulation amplitude 5 1C, period 200 s.
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Figure 3.18

Plot of Ea and temperature vs. conversion for data from
Figure 3.17.

3.5 Simultaneous and Hyphenated Methods
Thermogravimetry cannot be used in isolation for the thermal characterisation of a given system and needs to be supplemented by other
thermal methods and general analytical techniques. There are many
advantages in carrying out such measurements simultaneously (i.e.
on the same sample at the same time under the same conditions)
and/or concurrently (so that the two measurements can be related to
one another) so that complex processes can be investigated without
adding uncertainties introduced by performing separate experiments.
Further detail of the range of hyphenated methods including those
based on thermogravimetry is given in Chapter 10.

3.5.1

Thermogravimetry-DTA/DSC

Differential scanning calorimetry monitors the difference in heat flow
between a sample and inert reference substance during a temperature
programme. Processes that result in an energy change in the material
can be detected and quantified. The technique is described in
Chapter 5. Various methods are used to measure the heat flux, but a
common arrangement is to place the sample and reference holders on
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a metal or ceramic plate containing thermocouples that serve to detect the difference in temperature between two containers and convert
this to a thermal energy difference. Several instruments have been
designed that incorporate the heat flux plate design into a thermobalance, affording a means of performing simultaneous DSC and
TG.64,65 There are several advantages to this approach over conventional DSC and TG notwithstanding the saving in experimental time
needed to acquire two sets of data. It is useful to be able to determine
energy changes associated with thermal decomposition reactions
and the thermogravimetric data can be used to synthesise a suitable
baseline against which the calorimetric curve can be corrected.66
A simple example of TG-DSC is shown in Figure 3.19 for a flame
retardant. The DSC curve clearly shows the melting of the material
between 90 and 100 1C and exothermic decomposition of the substance between 230 and 260 1C. The TG curve indicates that some
mass loss occurs below 230 1C and closer inspection of the DSC curve
suggests that there is an endothermic change also occurring in this
region (perhaps even beginning as low as 150 1C). There is no change
in mass accompanying the melting of the material and thus this
process is ‘‘invisible’’ to thermogravimetry. In some materials, occasionally there is a small mass loss on melting (or at the glass

Figure 3.19

Simultaneous TG-DSC experiment on flame retardant, 5 1C
minÿ1 under nitrogen.
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transition) arising from volatilisation of water or retained solvent
whilst other substances degrade on melting. The benefits of combined TG-DSC are obvious in such circumstances.

3.5.2

Thermogravimetry-evolved Gas Analysis

The capability of thermogravimetry for material characterisation
is greatly increased if other techniques are coupled to the thermobalance in order to identify the products evolved during the
experiment. Non-specific methods such as coupled thermogravimetryphotometry afford a means of measuring smoke generation during
the degradation of polymers,5 however the most usual means of
identification of evolved gases employs either infrared or mass spectrometry.67–69 Both thermogravimetry-infrared (TG-IR) and thermogravimetry-mass spectroscopy (TG-MS) evolved gas analysis use a
heated transfer line to carry the exhaust from the thermobalance into
the spectrometer in order to prevent the condensation of less volatile
products. For TG-IR, a gas flow cell through which the beam from the
spectrometer is passed is used. This must also be heated in order to
prevent contamination of the optics, which use mirrors to increase
the path length of the cell so as to maximise its sensitivity. Mass
spectrometry is an alternative to infrared analysis although the interface design is complicated by the requirement to operate the mass
spectrometer under high vacuum. Various splitter designs have been
developed in order to reduce the transfer line pressure down to a level
suitable for injection into the mass spectrometer.70 Again, these units
are heated so as to prevent condensation of less volatile products.
An example of the use of TG-IR is given in Figure 3.20, which shows
the mass loss and derivative mass loss profiles for thiophene fulgide.71 The total signal from the infrared detector is shown in
Figure 3.21. Whilst the derivative mass loss curve in Figure 3.20 shows
only a broad peak, the infra-red signal exhibits two overlapping peaks,
which can be separated by summing the infrared absorbance over a
narrower frequency range corresponding to the parent material
(1797–1759 cmÿ1) and a strongly absorbing nitrile component (2306–
2206 cmÿ1). The latter peak was attributed to decomposition products
of the residual dehydrating agent (N,N 0 -dicyclohexylcarbodiimide)
used in its preparation.
An example of the application of TG-MS for catalysis studies is
shown in Figure 3.22 for a sample of acid-treated clay that was infused
with propanol vapour.72 The TG curve shows the loss of volatiles from
the clay and the selective ion currents corresponding to the evolution
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Figure 3.20

Mass and rate of mass loss vs. temperature for thiophene
fulgide, 10 1C minÿ1 in nitrogen.

Figure 3.21

Total and selected IR absorption of evolved gases from experiment shown in Figure 3.20.
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Figure 3.22

TG-MS experiment on clay infused with propanol.

of propanol (as 1 CH2OH fragment, m/z ¼ 31), water (m/z ¼ 18) and
propene (1 CH2CH¼CH2, m/z ¼ 41). As the temperature is increased,
the adsorbed alcohol is dehydrated to the corresponding alkene. The
yield and temperature of propene evolution can be used to determine
the most effective methods of activating the substrate.73
Although both infrared and mass spectrometry are valuable techniques for the identification of evolved gases, in many cases a mixture
of decomposition products is evolved simultaneously. Several workers
have added the capability to perform offline74,75 or online76,77 gas
chromatography to separate the effluent into individual components,
which can then be identified by mass spectrometry or infrared
spectroscopy. Such approaches78,79 essentially attach an analytical
laboratory to the end of the humble thermobalance and make this an
appropriate point to conclude this introduction to the technique.

3.6 Summary
Thermogravimetry is a technique commonly used for the determination of solvent content and the analysis of degradation and reaction
processes. The most widespread applications are compositional
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analysis and thermal stability, although with proper consideration of
experimental design, a more sophisticated interpretation can be
performed. As TG alone does not identify chemical species, it is
important to take care in assigning mass losses in the absence of
further analysis. Hyphenated and sample-controlled TG add further
scope to this method and are described in Chapters 10 and 11,
respectively.
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