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THE USE OF THERMOGRAVIMETRIC ANALYSIS TECHNIQUE FOR
THE CHARACTERIZATION OF CONSTRUCTION MATERIALS
The gypsum case

M. V. Borrachero, J. Payd*, M. Bonilla and J. Monzo

Grupo de Investigacion en Quimica de los Materiales de Construccion (GIQUIMA) Instituto de Ciencia y Tecnologia del
Hormigén ICITECH, Universidad Politécnica de Valencia, Camino de Vera s/n. 46071 Valencia, Spain

The thermogravimetric analysis (TG) technique is widely used in the characterization of diverse types of construction materials
related to binders, such as plasters, limes and cements. For calcium sulphate dihydrate (gypsum) two serial dehydration steps are
very near in temperature decomposition and overlapping in the thermogravimetric events is observed. The goal of this research is to
develop new thermogravimetric analysis procedures that allow obtaining more precise information in the characterization of
plasters. The resolution of both dehydration events has been increased using two different strategies: on one hand, the production in
the experience of a water vapour self-generated atmosphere by the use of sealed aluminium pan with a pinholed lid. On the other
hand, the use of high resolution thermogravimetric analysis (HRTG), based on the variation of the heating rate as a function of the
rate of mass loss observed at once. The results obtained for both strategies of improvement of the TG curves, showed that they are

two procedures that let to obtain a total resolution of the two dehydration steps for gypsum.
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Introduction

The thermogravimetric analysis technique (TG) studies
the variation of mass that a material undergoes when
this material is subjected to temperature change [1].
This variation of mass is usually a loss of mass, and it
is caused because, during the heating process, different
chemistry reactions are produced, where volatile
compounds are formed. These reactions would be
combustion, dehydration, decomposition, etc. [2, 3].

This technique is usually being used for the char-
acterization of construction materials related to bind-
ers, e.g. hydrated lime [4], gypsum [5, 6] cement [7],
clays [8] and also is used in studies of gypsum ob-
tained in other conditions [9]. On these materials,
thermogravimetric events have been observed for wide
temperature ranges. The temperature range depends
on the following parameters:

Sample

The sample must have an appropriate fineness,
because granulometry influence on decomposition
temperatures [10]. Moreover, the sample amount must
be sufficiently great for evaluation of the variation of
mass, and sufficiently small for obtaining narrow
temperature range events, yielding quasi-vertical
mass-loss steps [2]. Additionally, sometimes, the
derivative curve DTG is simultaneously registered,
for better resolution of thermogravimetric events [1].
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Crucibles

The size, composition and geometry of the recipients,
where the sample will be contained could make changes
on event temperature ranges [2].

Atmosphere

The realization of an experiment can be carried out
under an inert or reactive atmosphere. This last one
implies that chemical reaction takes place between the
substance that is into the pan and the atmosphere that
surrounds it. Sometimes, changes in atmosphere nature
are proposed, to a given temperature for characterizing
a material, as the case of the determination of coal in
the fly ashes [11]. Finally, we should keep in mind
that with the use of a current of gas inside the furnace
and near the pan, the generated gaseous products are
dragged. Thus, if the crucible is open, the vapour
pressure of the formed gaseous product on the sample
will be low, and the temperature of decomposition will
be diminished. However, if we can make that in certain
measure, the atmosphere generated by the reaction is
confined into the crucible an increase of the vapour
pressure will take place inside the recipient, which
will increase the temperature of decomposition [12, 13].
Also, the use of a self-generated atmosphere can
allow to separate two very near serial processes when
they have the same gaseous product as a consequence
of the reaction [1].

Akadémiai Kiado, Budapest, Hungary
Springer, Dordrecht, The Netherlands



BORRACHERO et al.

Heating rate

In general, it has been stated that as the heating rate
increases, the resolution of the TG curves diminishes
when overlapping of events may occur [3]. Therefore,
it is better to work with a low heating rate, mainly if
several intermediate processes exist: with low heating
rates better resolution under non-isothermal conditions
is obtained.

The objective of this research is to develop new
TG procedures, for the best characterization of plasters
and their reaction products. From the chemical point
of view, the plaster conglomerate is essentially,
calcium sulphate hemihydrate (CaSO4 1/2H,0) (H)
that it is obtained after a partial dehydration of the
natural gypsum. The hemihydrate form sets and
hardens by hydration to convert in calcium sulphate
dihydrate (CaSO,42H,0) (D). The plaster is considered
to a conglomerating material of rapid setting time,
and of low initial resistances [14].

The thermal decomposition of the dihydrate
happens in two serial processes, near in
decomposition temperature, being anhydrite finally
obtained (CaSO,4) (A), according to the following
chemical reactions:

CaS0,42H,0-°"5CaS0,-1/2H,0+3/2H,0
D) (H) ©))
CaS041/2H,0-2225CaS0,+1/2H,0
(H) (A) 2

Numerous reports on the plaster or their derivates
exist, where techniques of thermal analysis have been
used; these works are based mainly on the study of
kinetic of formation and decomposition [5, 15-17].
All of them concluded that the setting process of the
plaster and its decomposition strongly depends on the
conditions in that the experiments of thermal analysis
have been carried out.

In this paper, new procedures have been developed
for characterizing in a more precise way the plaster
system, optimizing the separation of their two stages
of dehydration for calcium sulphate dihydrate. For it,
on one hand, the production of a self-generated
atmosphere have been used, and on the other hand,
the high resolution thermogravimetric analysis
(HRTG), based on the variation of heating rate of the
sample as a function of the rate of loss of mass.

Experimental

The used reagent was calcium sulphate dihydrate
(Fluka, 97% of purity). The TG equipment used in
this research is a TG 850 Mettler-Toledo module that
allows to measure simultaneously thermogravimetric
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curve (TG ) and the differential thermal analysis
curve (DTA). The equipment consists of a horizontal
electrobalance, with a 0.1 pg of resolution, a furnace
and sensors of temperature, connected to a computer,
using the Mettler Toledo STAR® Thermal Analysis
System, version 5.1 software. The used crucibles
were of 70 puL alumina, or 100 puL aluminium with
pinhole cover lid. In Figs 1a and b, pictures of the
used crucibles are shown. The analyses were carried
out under nitrogen atmosphere, with a gas flow of
75 mL min "'

Fig. 1 Photografs a — 100 pL aluminium crucible with
pinholed lid; b — 70 puL alumina crucible

Results and discussion

Study of the decomposition of the gypsum using
the thermogravimetric analysis

Influence of the heating rate

As it has been commented before, the CaSO4-2H,0
breaks down thermally in two serial processes (Eqs (1)
and (2)) in a narrow range of temperature. In a TG
curve of this substance, two losses of mass should be
distinguished, due to the volatile matter that gets lost,
which is water in this case. Also, for these two
‘jumps’, a 3:1 loss mass relationship should keep,
according to the stoichiometry of the reactions.

In Fig. 2, the TG and DTG curves for dihydrate
samples are shown. These curves have been obtained
using an alumina crucible with the corresponding
alumina lid (Fig. 1b), with a heating rate of 10°C min .
Clearly it is observed that the two chemical processes
are overlapped, and therefore a precise calculation of
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Fig. 2 TG and DTG curves for dihydrate sample in alumina
crucible with 10°C min™" heating rate (sample mass: 25 mg)

J. Therm. Anal. Cal., 91, 2008



CONSTRUCTION MATERIALS

Table 1 Thermogravimetric values for the dehydration of gypsum at different heating rates

Temperatures of maximum mass loss rate

Hgatmg 0 : Onset 1% event/°C  Endset 2™ event/°C  Temp. change/°C
rate/°C min 1* event 2" event
2 1314 147.6 119.17 153.3 139.21
145 162.92 131.8 170.9 153.1
10 159 184.5 144.5 195.8 175.5
20 172.3 201.67 156.7 216.9 190.0
40 190.3 223 174.8 24432 209.0
both mass losses cannot be carried out at temperature 295 ]
ranges where both reactions may occur. ® 1% cvent
It has been tried to separate the two chemical O 2" event
processes diminishing the heating rate. Thus, 2001
experiences were designed where dihydrate samples 'Y °
were heated in alumina pan, at different heating rates, §
in the 2-40°C min"' range. In the Fig. 3, the DTG g 1757
curves of the decompositions with different heating E
rates are observed. It is shown that although the tested a
heating rate is very low (2°C min'), the complete 139 g
separation of both dehydration processes is not
possible: endset temperature (the temperature at 125 ,

which the event can be considered as finished) for the
first decomposition and the onset temperature (the
temperature at which the event has begun) for the
second decomposition are overlapped. This behaviour
could be due to the activation energy of the first
reaction is higher or the same as the activation energy
of the second reaction [15]. In the Table 1, different
thermogravimetric values are summarized: the onset
temperature values for the first decomposition and the
endset temperature value for the second decomposition
(that is onset/endset for the global transformation of
dihydrate to anhydrite), temperatures at which the
mass loss rate was maximum, and the temperature in
the overlapping zone at which the mass loss rate
changes in slope (change temperature). It is observed,
in general, that a decrease of the heating rate produces
a decrease in the decomposition temperature range as
expected at its end.

» 30°C min”!
0.05% °C . -1
20°C min
e 10°C min ™!
X 1
5 5°C min
[_4
a
2°C min~!
0 50 100 150 200 250 300

Temperature/°C

Fig. 3 DTG curves for dihydrate samples in alumina crucible,
with different heating rates (sample mass: 25 mg)
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Fig. 4 Logarithmic relationship for both decomposition steps
between the temperatures of maximum mass loss rate
and the heating rate

A good logarithmic relationship is obtained
when these parameters are plotted vs. the heating rate,
according to the following equation:

DO=aln®+b

Being @ the temperature (in °C) of the DTG
curve parameter, ® the heating rate (in °C min™'), a
and b constants for the regression fit. For instance, in
the Fig. 4 the heating rate has been plotted vs. the
temperatures of maximum decomposition rate for
both events. In Fig. 4 also is observed that the differ-
ence for a given heating rate between maximum de-
composition rate temperatures increases with the
heating rate. The regression parameters are summar-
ized in Table 2.

Table 2 Logarithmic relationships for different decom-
position parameters

Thermogravimetric parameters a b R
Maximum mass loss rate 1* event 16.53 11242  0.982
Maximum mass loss rate 2 event 2507 121.10  0.978
Onset 1% event 1835 103.97 0.986
Endset 2" event 30.69 12695  0.985
Temperature change 23779 119.65 0.988
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To attempt give a practical use of the results
shown in Fig. 4 and Table 1, selected data have been
used to estimate the activation energy of both gypsum
decompositions steps (events 1* and 2"), by using the
Kissinger equation [18], applied to each step.

The equation was developed by Kissinger to use
DTA peak temperatures. In this case, maximum
decomposition rate values obtained from DTG peaks
have been used [19] for fitting the regression.
The Kissinger equation is the following:

] AR E
In| — |=ln| — +——
2 | "UE J R,
where T, is the absolute temperature at which
maximum reaction rate occurs (K), ® is the heating
rate (K min ") 4 is the pre-exponential factor (min "),
R is the gas constant (8.314 J mol ' K", and E is the
activation energy (J mol ).
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1000/T,, /K ™!
Fig. 5 Kissinger plots for 1*' and 2" decomposition events
for gypsum

2

Figure 5 shows ln(®va. 1000/7T}, plot, and the
activation energy is calculated directly in kJ mol ', for
both events. In Table 3, the regression parameters
from the Kissinger plots for each event are summar-
ized, and the estimated activation energy values (E)
are calculated together the pre-exponential factor (4).
It is observed that the highest value of activation
energy was observed for the first event
(71.86 kJ mol™" ). The activation energy value for the
first event is slightly smaller than those found by
other authors [20, 21]. This behavior can be due to the
use of DTG peaks instead of DTA peaks for the
estimation, and also can be attributed to the sample
origin, sample mass or its fineness.

Influence of the crucible type

In order to get the separation of both events for gypsum
dehydration (dehydrate form), an experimental set was
designed to produce a self-generated atmosphere
inside the crucible. In this case, the water vapour
pressure will be increased and will force the second
reaction of dehydration from the hemihydrate to
anhydrite to take place at higher temperatures. This
change would allow us to separate the two events.
Thus, an experience was programmed, using 100 puL
aluminium pan which were sealed using a pinhole
(80 um in diameter) aluminium lid. So, the water that
evaporates during the first process (dihydrate to
hemihydrate), could be in certain measure confined
inside the crucible, and consequently, increasing the
pressure of water vapour. The heating rate was
20°C min"'. In the Fig. 6a, the TG and DTG curves for
this experience are depicted. A better resolution is
observed with respect to those found using alumina
pan, although a certain degree of overlapping was
also observed, since the DTG curve did not reached
0% °C " value again, between the first and the second
process. To improve this resolution, similar experience
was repeated diminishing the heating rate at 10°C min .
The TG and DTG corresponding curves are shown in
Fig. 6b. It is observed that in this last experience, both

100{ a - 0.00
DTG —
95 F-0.04 7
S 90 L 008 =2
S @)
s 85 6 012 £

80 4 -0.16

75 . . . . -0.20
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Temperature/°C
1001 p S— - 0.00
DTG

95 1 - —
15% —0.02 b
o 904 004
22} =
g 85 SR L 006 2
= 5% I \ [ XTG B

80 \/ L —0.08

75 —0.10

0 50 100 150 200 250
Temperature/°C
Fig. 6 TG and DTG curves for the decomposition of the

dihydrate using 100 pL sealed aluminium pan:
a—20°C min~" ; b— 10°C min™' heating rate (sample
mass: 25 mg)

Table 3 Regression parameters from Kissinger equation for gypsum decomposition

Step Slope Origin ordinate R’ E/kJ mol™ A/min™!
1% event -8.64 14.24 0.995 71.86 13227
2" event -7.18 9.87 0.992 59.67 138.7
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Fig. 7 Temperatures of maximum mass loss rate for different
experimental conditions in the dehydration of gypsum:
effect of the crucible type and heating rate

processes have completely separated, what allows us
to evaluate, easily and with precision, the mass losses.
The ratio of the mass losses between the two
processes was practically 3:1, in accordance with the
stoichiometry of the reactions (1) and (2).

However, it is important to observe that with the
modification of the conditions of the experiment, a
change in the dehydration temperatures is produced.
These modifications are summarized in Fig. 7, where
the temperatures for maximum mass loss rates in both
events are indicated for each experience conditions. It
can be noted that the formation of a water vapour
self-generated atmosphere makes that the temperatures
of decomposition are higher, while when the heating
rate is lower, the temperatures of the processes are
slightly diminished.

Study of the decomposition of gypsum using of HRTG

Usually, the TG experiments are normally constituted
by one or more stages in which the heating rate is
previously defined, independently of the involved
processes and of their kinetics. An alternative consists
on the use of an adaptive event-controlled heating rate
as a function of the evolution of the sample. Thus, the
heating rate (V;) is continuously and dynamically
varied to maximize the resolution according to the
mass loss rate (7},)), that is the heating rate is very low
in the steps involved with significant mass loss, and
increases in the contrary case. The software for this
type of applications (the one used in these experiences
was MaxRes of Mettler Toledo) consists basically on the
previous determination of four following parameters:

* Maximum heating rate: Vipax

* Minimum heating rate Vi,

e Maximum rate of mass 108S: Vimax
e Minimum rate of mass 10ss: Vimin
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When the mass loss rate is smaller than the
minimum one predetermined (umin), the heating rate V;
is progressively increased to the maximum heating rate
(Vimax)- In this way, for steps where the sample does
not present significant variations of mass, the lapsed
time is small. On the contrary, when the mass loss rate
is higher than the maximum established (Vpmax) the
heating rate V; is gradually decreased to the minimum
one predetermined (V). This way, the jumps are
more vertical and the overlapping decrease among
serial processes, due to the decomposition is carried out
practically in quasi-isothermal conditions. In Fig. 8, a
scheme of the followed process in HRTG is shown.

Fig. 8 Scheme of the process for heating rate control in the HRTG

This HRTG technique was applied for studying a
sample of dihydrate, CaSO42H,0, in order to
improve the total resolution of both dehydration
processes. Also, a crucible with sealed aluminium
pinhole lid was used, to produce a self-generated
atmosphere. The conditions of the experience are
shown in Table 4.

In Fig. 9a, the TG and DTG curve are shown,
and in Fig. 9b a comparison between the TG curves
obtained with and without the use of HRTG control is
shown. It can be noted that this high resolution
technique allows the highest resolution of the curves,
producing jumps of mass loss the most vertical shape,
and demonstrating its viability for the study on this
type of samples. Besides the high resolution observed
when the HRTG is applied, it must be highlighted the
fact that the expended time to obtain the HRTG curve,
is very similar to the expended time for a con-
ventional TG analysis carried out at 10°C min ', as
can be seen in Fig. 9c.

In the HRTG, the first decomposition is produced in
the 140-154°C range (Fig. 10, the heating rate was
Venin=1°C min"), finding a maximum mass loss rate
(3% °C', from Fig. 9a) at 146°C. At higher temperatures,
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Table 4 Experimental conditions used in the experience with the HRTG

Heating

Crucible range Atmosphere Vtmax Vtmin meax mein
Aluminum, 100 puL sealed ~ 35-250°C N,, 75 mL min™ 20°C min™ 1°C min™ 3ugs” lugs™
- a ) 300 105
o mass Furnace temp
g 20 100
] % S 200 &
5 95 2
2150 <
g Lo0 =
3 100
V 194°C g % -85
] %! £ 0 80
0 200 400 600 800 1000 1200 1400
Expended time/s
146°C ) S
Fig. 10 Changes in furnace temperature and mass with time in
30 20 250 HRTG experience on dihydrate sample
Temperature/°C
5 Conclusions
10°C min =

HRTG

E

2
’)J X

0 50 100 150 200 250

Temperature/°C
C
10°C min~!
] 5% HRTG
0 200 400 600 800 1000 1200 1400
Time/s

Fig. 9 a— TG and DTG curves for dihydrate decomposition
using HRTG (sample mass 25 mg); b — Comparison of
TG curves for the dihydrate decomposition with and
without the use of HRTG; ¢ — Expended time in the
HRTG and predefined heating rate techniques

the second decomposition event is observed, also in a
narrow temperature range (188—-199°C, according to
Fig. 10), finding the highest mass loss rate at 1945C
(0.9% °C™'; Fig. 9a). For furnace temperature ranges in
which changes in mass were negligible (e.g. 50-140,
160-185 and 205-250°C) the reached heating rate was
the maximum Vi (20°C min ™).
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The gypsum decomposes in two serial processes
which are very near in temperature. In the study of
these decompositions using thermogravimetric
analysis technique, the conditions of the experiences
may be extremely considered.

It has been observed that is not possible to
separate completely both dehydration processes for
gypsum using an alumina crucible. Good logarithmic
relationships between thermogravimetric parameters
(e.g.: the first decomposition onset temperature, the
second decomposition endset temperature, temperatures
at which the mass loss rate was maximum, and change
temperature) and heating rate were obtained. Also,
activation energy for both decomposition events,
calculated using the Kissinger equation, have been
estimated: It is observed that the highest value of
activation energy was observed for the first event
(71.86 kJ mol ™).

The use of sealed aluminium crucibles containing
a pinholed lid lets one to obtain a good resolution for
medium heating rate values, due to the effect of the
water vapour self-generated atmosphere. In these
conditions, precise calculation of the both step mass
losses for gypsum (dihydrated form) can be carried out.

An alternative method to separate both decom-
position processes for gypsum is the use of the high
resolution thermogravimetric analysis technique
(HRTG), being obtained, in this case, total resolution
of both decomposition processes and TG curves with
mass ‘jumps’ of practically vertical shape, which
facilitate its evaluation. The use of HRTG does not
necessarily imply an increase in the expended
analysis time.

J. Therm. Anal. Cal., 91, 2008
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