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Abstract 
 
Kinetic investigations are, today, one of the most important applications of thermal 
analysis. Under the methods summarized by thermal analysis, differential scanning 
calorimetry (DSC) and thermogravimetry (TG) have outstanding significance. 
In present work, a procedure for evaluating the thermal decomposition kinetics of the 
calcium hydroxide-Portlandite formed into hydrated ordinary Portland cement (OPC) 
paste with use of non-isothermal thermogravimetric data is proposed. The 
investigation was made at the temperature of the thermal decomposition of calcium 
hydroxide ranging from 330-460 oC in the nitrogen atmosphere at four heating rates, 
β = 5, 10, 15 and 20 oC/min. The activation energy was determined by using the 
Flynn-Wall and Ozawa (FWO) isoconversional method. The results showed that 
activation energy (E) is decreasing function of conversion (α), which is in good 
agreement with literature data. The E values obtained for Portlandite were compared 
with those for pure, analytic grade calcium hydroxide and, are discussed taking into 
account the complexity of the cement hydration reaction. The proposed approach is 
also substantiated using thermo-kinetic results on effect of pozzolanic additions (such 
as silica fume) on the cement hydration and is shown to be of practical importance. 
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1. INTRODUCTION 
 
Portland cement is the most popular and widely used building materials. Calcium 
hydroxide, Ca(OH)2-portlandite (CH) is one of the major hydrated components that 
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comprises over 20% of the hydration products in a fully cured cement paste. Calcium 
hydroxide is a well crystallized and a compound of a precisely determined 
composition, so that estimation of the CH content determines both the hydration 
characteristic and the degree of hydration of a given cement paste. The formation 
and the change of the amounts of CH formed in hydrating Portland cement 
(portlandite) not only determines the percentage of reaction hydration, but also 
influences the ultimate mechanical properties. On the other hand, kinetic analysis of 
the thermal decomposition process of the portlandite might prove the accelerating or 
retarding properties of the admixtures to cement hydration [1].  
Among various methods to estimate the quantity of calcium hydroxide (CH) formed 
into the hydrating cement pastes or mortars, such as: quantitative X-ray diffraction 
(XRD), chemical extraction, mass loss at two different temperatures (normal values 
are 300 and 500 oC), the thermal methods, such as: thermogravimetric (TG), different 
thermal analysis (DTA) and differential scanning calorimetry (DSC) are the most 
commonly used.  
In thermal analysis, the data may be analyzed in two ways. The first and most direct 
treatment is to record the compositional change in the properties recorded with the 
change of temperature. The second treatment is to perform a kinetic analysis in order 
to obtain the reaction mechanism and the kinetic parameters. In this second 
approach, the uses of non-isothermal (or rising temperature) procedures are 
becoming more widely accepted because they are more convenient than the classical 
isothermal [2]. In this study a simultaneous DTA-TG unit was used. 
In a previous paper [3], we studied the evaluation of kinetic parameters of thermal 
decomposition of CH (portlandite) formed during hydration of commercial Portland-
slag cement, by means of differential scanning calorimetry (DSC) in non-isothermal 
conditions with a single heating -rate plot. The calculated values for the E = 127.54 
kJ/mol was found. The main goal of this work is to study on the thermal 
decomposition kinetics of the calcium hydroxide (portlandite) formed into hydrated 
ordinary Portland cement (OPC) by non-isothermal multi-heating TG data. The E 
values obtained were compared with those obtained for the pure, analytical grade 
CH.  Due to the large amount of data produced, computer program were needed to 
carry out kinetic analysis. The commercial mathematical software MATHCAD 7, 
which had been used to create the model algorithm, was used for kinetics 
calculations. The flowchart for the data treatment to the kinetic calculation is also 
presented. 
 
1.1.Theory 
 

In kinetics analysis, it is found convenient to express a reaction by using a certain 
function f(α ), of the reaction extent, α  

α t= 
mfmi
mtmi

%%
%%

−
−      (1) 

where: %mi is the initial percent mass, %mt the percent mass at certain time t and 
%mf  the final percent mass, as they are collected from TG measurements. 
The most commonly used equation to described the reaction rate in the non-
isothermal decomposition kinetics is present below  
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( ) ( )αα fTk
dt
d

⋅=      (2) 

where  t is time, T is the temperature, α is the extent of conversion. The function f(α ) 
represents the mathematical expression of kinetic model. Replacing k(T) with the 
Arrhenius equation gives  
 

( )αα f
RT
EA

dt
d

⋅⎟
⎠
⎞

⎜
⎝
⎛−= exp     (3) 

where A (the pre-exponential factor) and E (the activation energy) are the Arrhenius 
parameters and R is the gas constant. 

For non-isothermal experiments carried out with linear heating rates, β = dT/dt, the 
reaction rate dα/dt in Eq. (3) giving  

( )α
β

α f
RT
EA

dT
d

⋅⎟
⎠
⎞

⎜
⎝
⎛−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= exp    (4) 

The activation energy, as a function of α  without choosing the reaction model, from 
non-isothermal data may be obtained from isoconversional method of Flynn and Wall 
[4] and Ozawa [5] using the Doyle’s linear approximation of the temperature integral 
p(x)[6], where x = E/RT is valid only in the range 20≤ x≤60. The basic assumption of 
this method is that the reaction rate at constant extent of conversion α  depends only 
on the temperature [7]. Hence, constant E values can be expected in the case of 
single state decomposition, while for multi-step processes E varies with α due to the 
variation in the relative contributions of single steps to the overall reaction rate [8]. 
According to the Flynn-Wall-Ozawa (FWO) method, which involves measuring the 
temperatures corresponding to fixed values of α  from experiments at different 
heating rates β , the activation energy, E at any particular value of α is determined by 
the following equation:  

( ) ⎟
⎠
⎞

⎜
⎝
⎛−−⎥

⎦

⎤
⎢
⎣

⎡
=

RT
E

Rg
AE 4567.0315.2loglog
α

β   (5) 

 
where g(α) =∫f(α )/dα  is the integral form of the f(α ). 

Thus, at a constant conversion (α = const.), the plot logβ vs. 1/T, obtained from a 
series of experiments performed at several heating rates, should be a straight line 
whose slope allows evaluation of the activation energy:  
 

( )
( ) ⎟

⎠
⎞

⎜
⎝
⎛==

R
E

Td
dslope 4567.0

1
logβ    (6) 

This method allows to obtained the activation energy, E = E(α ) independently of the 
kinetic model.  
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2. EXPERIMENTAL PROCEDURE 
 
A commercial, ordinary Portland cement, OPC (HOLCIM-Koromačno, Croatia) 
confirming to the European cements standard EN 197.1: type CEM I 42,5R was used 
in this study. The Blaine specific surface was 3,149 cm2 /g. The Bogue composition of 
cement clinker was (in mass %): 72.09 C3S, 9.82 C2S, 11.18 C3A, and 6.35 C4AF. 
Calcium hydroxide (CH) being of commercial available analytic grade of quality, 
Ca(OH)2  per analysis (Kemika, Zagreb, Croatia), purity above 92.33 mass % was 
used in this study as control sample (marked CH100). 
Cement paste sample (marked PB0) was prepared by using the water-to-cement 
(W/C) ratio of 15:1. The mixture was stirred and after 48 h of hydration, using a 
quantitative filter paper the sample was filtered. The residue was washed with 
isopropyl alcohol and acetone twice, dried in the vacuum oven at 60 oC for 30 
minutes and then sieved using sieve of 90μ m, and finally stored in a desiccator. 
The thermogravimetric measurements were carried out by a Perkin Elmer 
simultaneous DTA/TG analyzer, the Pyris Diamond model, in the non-isothermal 
conditions from the room temperature until 1000 oC at heating rates of 5, 10, 15 and 
20 oC/min, in the nitrogen atmosphere with a flow rate of 300 ml/min. The sample 
(mass of about 16 mg) was heated in a standard platinum sample pan.  
 
 
3. RESULTS AND DISCUSSION 
 
Figure 1 presents DTA/TG-DTG thermograms for the PB0 paste in the temperature 
range 220-480 oC at heating rate of 5 oC/min.  
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1 -  DTA/TG-DTG thermograms for the 48-h hydrated PB0 paste at heating 

rate of 5 oC/min 
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An endothermic peak about 420 oC on the DTA curve, as well as mass loss in the 
temperature range 340-460 oC on the TG curve are attributed to the decomposition 
process of Ca(OH)2. The sample mass loss is converted into the degree of 
conversion, α according to Eq.(1). The series of the TG-T curves together with the α-
T curves (conversion curves) at different heating rates for thermal decomposition of 
both the portlandite (PB0 sample) and analytical grade calcium hydroxide (CH 100 
sample) are shown in Fig.2 a-b, respectively. Curves show that the temperature 
range values of the CH decomposition process increased with increasing the heating 
rate from 5 to 20 oC min-1, whereas the mass loss due to the CH dehydration is 
independent of the heating rates used. The average value of the mass loss due to the 
dehydration of CH amounts to 22.43 mass % (the theoretical loss is 24.31 mass %), 
and 3.49 mass % for pure CH (CH100 sample) and for the 48-h old hydrated the PB0 
sample, respectively. Using isocconversion method according to Flynn-Wall-Ozawa 
for a selected degree of conversion αi , the E is determined from the slope of 
isoconversion lines (Eq. (6)). Figure 3 shows the flowchart for the data processor 
program. 
 
 
 
 
 
 
 
 a) 
 
 
 
 
 
 
 
 
 
 
 
 b) 
 
 

Figure 2 - TG-T and α-T curves at different heating rates for thermal 
decomposition of the PB0 (a) and the CH 100 (b) samples 
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Figure 3 - The flowchart for the data treatment to the kinetic calculation 
 
In this work, for series of TG measurements at heating rates, βi to each fixed degree 
of conversion, α i, and correspondent temperature, Ti , the E values were calculated 
from the slop of the plot log (β) vs. 1000/T, as presented in Fig. 4a-b. All the slopes 
were corresponded to E/R at these particular conversions, α = 0.1 – 0.9. Figure 5 
presents dependence of E on α  for the CH 100 and PB0 samples. The curve, 
designated PB15, illustrated the dependence E on α  for thermal decomposition of 
portlandite formed into hydrated paste of the Portland cement containing silica fume, 
as pozzolanic addition [9].  Results show that in all cases, the E is decreasing 
function of conversion α . The activation energy values decrease from 147.05 to 
126.34 kJ mol-1 and from 203.43 to 156.75 kJ mol-1  for the pure CH sample (CH100) 
and for portlandite (PB0), respectively, in the conversion range α = 0.1 – 0.9. The 
same results have been found by Opfermann [10], who has applied the FWO 
analysis on TG measurements with heating rates of 5, 10.3 and 21.5 oC min –1 on 
pure CH and concluded that activation energy for α = 0.02 –0.98 assumed a value of 
160 kJ mol-1  at the beginning of the decomposition reaction and, with increasing 
α values, the E drops to a value of 125 kJ mol-1 . 
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Figure 4a,b - Isoconversional curves for several degrees of conversion for the 
PB0 (a) and for CH 100 (b) samples 

 
According to Opfermann [10], this dependence of the activation energy is an 
indication that the overall reaction consists at least two steps and, reaction with 
activation energy of 125 kJ mol-1 is preceded by another reaction with higher 
activation energy. The fact that the activation energy changes with the conversion 
and temperature indicates that the calcium hydroxide decomposition reaction is 
complex and consists of several reaction steps [11]. The calculated E values reported 
in the literature are in the range of 106.68-137.615.69 kJ mol-1 for purity, analytical 
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grade calcium hydroxide [2], and of 165.86 kJ mol-1  for the portlandite formed into the 
fully hydrated C3S paste[1]. Taking into account the average calculated values of 
E=138.23 kJ mol -1 and E=172.19 kJ mol -1 for pure calcium hydroxide and 
portlandite, respectively, found in this work, it may be concluded that they are good 
correspondence with literature data. Significantly higher the E value for the 
portlandite (PB0 sample) that of the pure calcium hydroxide suggesting that the 
dehydration of CH formed during Portland cement hydration could be affected by the 
dehydration of both the CSH gel and the other hydrated products. Therefore, the 
dehydration of the portlandite cannot be considered to be a simple reaction [1]. 
  

100 

150 

200 

250 

0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80 0,90 1,00 

Conversion

E 

 / k
Jm

ol
 -1
 PB0 

PB15 

CH100 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 - Activation energy as a function of the degree of conversion calculated 
from the Flynn-Wall-Ozawa method 

 
According to Vyazovkin and Wight [11], the decreasing dependence of E on 
α corresponds to the kinetic scheme of an endothermic reversible reaction followed 
by an irreversible one; e.g. the reversible dehydration of crystal hydrates exhibits 
these characteristic dependences of E onα . This might be the reason why the 
experimentally observed E values of the CH decomposition decrease with 
temperature and therefore also with conversion. On the other hand, according to the 
same authors [11], an increasing dependence of activation energy E on α  indicates 
the occurrence of parallel, consecutive or competing reactions.  
Their statements agree perfectly with our previously study [9], where we were 
investigated the influence of a reactive pozzolana  (silica fume) on the thermal 
decomposition of portlandite formed into hydrated Portland cement containing silica 
fume paste. The analysis of dependence of E on α for the PB15 sample (Fig. 5) were 
also showed that E is decreasing function of conversion, suggesting that no parallel 
reaction processed during the early hours of cement hydration, e.g. pozzolanic 
reaction between silica fume and portlandite delayed in comparison with the reaction 
of hydration of cement, and, therefore, silica fume exists only as a chemically inert 
filler. These results corresponded to literature data [12]. 
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4. CONCLUSIONS 
 

• In order to demonstrate the application of thermal analysis in the kinetic 
investigation, the results of the thermal decomposition of both the calcium 
hydroxide-portlandite, formed into hydrated Portland cement paste, and 
commercial calcium hydroxide, as control sample, were used as an example.  

 
• Using the Flynn-Wall-Ozawa (FWO) isoconversion method, the E values were 

obtained. It was found that, in both case, the activation energy, E was 
decreasing function of conversion, α : the E values decreased from 147.05 to 
126.84 kJ mol -1, and from 203.43 to 156.75 kJ mol -1 in the conversion range 
α = 0.1 – 0.9 for the commercial, pure calcium hydroxide and portlandite, 
respectively. In case of active pozzolana addition to cement, such as silica 
fume, the E dependence on conversion for thermal decomposition of 
portlandite showed similar nature, suggesting that no parallel reaction 
processed, e.g. that pozzolanic reaction delayed and silica fume exists only as 
chemically inert filler during early age of cement hydration. The results 
obtained are in a good agreement with literature data. 

 
• On the basis of real measurements, we demonstrate that the proposed 

approach is a powerful tool to estimate the activation energy of calcium 
hydroxide thermal decomposition. We showed that the use of non-isothermal 
TG data can provide the E value with a good accuracy, and results can also 
serve as an experimental proof in studies on the hydration of cement.  
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