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ABSTRACT

It has been shown that precipitated calcium carbonate prepared by surfactant-assisted agglomeration (PCC-SAA) provided
higher capacity for the carbon dioxide capture during calcination carbonation cycling as compared to commercially available
calcium carbonate. It was also shown previously that the capacity was maintained over multiple cycles while commercially
available calcium carbonate significantly lost its capacity. In order to understand the differences in the calcination behaviour of
the PCC-SAA sample as compared to the commercially available laboratory-grade calcium carbonate (AC) sample, a non-
isothermal topochemical approach was adopted to delineate the various controlling mechanisms for calcination of CaCO3.
Activation energies were calculated using iso-conversional methods such as Friedman’s method, the KSA method, and the FWO
method. In addition, the mechanism was identified at different heating rates by applying the Malek’s method and evaluated in
some cases using the JMA kinetics. Finally, four mechanisms were used to calculate the pre-exponential (frequency factor). Some
key differences such as the initiation temperature, and mechanisms were found between the two samples. Generally, it was found
that the differences in the two samples were primarily due to the structural causes. It was observed that the initiation temperature
for CaCO3 decomposition, activation energies and mechanisms were a function of the heating rates. D2 or D4 was identified as the
controlling mechanisms at lower temperatures for the PCC-SAA sample in contrast to JMA (n > 1) kinetics for the higher heating
rates. For the AC sample, 3D diffusion process appears to control the calcination of the AC sample.
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1. Introduction
CO2, a greenhouse gas, is produced in a number of industrial

applications. To mitigate its effect on climate change, research is
under way for its reduction from such industrial effluent
streams. The approaches include pre-utilization as well as post-
utilization reduction of CO2. Independent of application or the
approach, the capture necessitates the use of an inexpensive
cyclic process. One material that fulfils this need is CaO. CaO
based CO2 capture and release cycles have been applied in the
pre-combustion carbon removal,1 energy storage,2 coal hydro-
gasification driven zero-emission process,3 chemical heat
pump,4,5 etc. In a previous paper,1 we described a process of the
production of hydrogen from syngas by reactive separation of
CO2 from hydrogen following a water gas shift reaction or CO
disproportionation reaction. There, we have shown that the
removal of CO2 by utilizing the carbonation of calcium oxide
offers distinct advantages over other processes.

Stoichiometry dictates that 0.786 g of CO2 can react with 1 g of
CaO, i.e. 44 % of the resultant CaCO3 is the captured CO2. How-
ever, this high value is often not achieved due to lack of access of
the CaO sites by the CO2 molecules due to limitations posed by a
variety of structural issues including sintering, pore blockage
(especially pore radii <2 mm due to the formation of the larger
carbonate, 37 cm3 mol–1, compared to the oxide, 17 cm3 mol–1),

and occlusion by surrounding molecules. Dedman and Owen7

reported 30 % CO2 uptake in 30 min at a carbonation reaction
temperature of 600 °C while Mess et al.10 observed 82 % conver-
sion in 32 h at a much higher temperature (1050 °C) and elevated
pressures (11 atm). Neither study showed an acceptable rate of
CO2 capture. Dasgupta et al.11 showed that pore sizes larger than
3.2 nm eliminate the issue of pore pluggage leading to higher
uptakes and rapid kinetics in spite of lower total surface areas.
Thus, we compare the calcination characteristics of the sample
prepared by surfactant-assisted agglomeration based precipi-
tated calcium carbonate1 and chemical-grade commercially
available calcium carbonate.

In addition to rapid calcination and carbonation kinetics, a
suitable CO2 capture material would also exhibit robustness, i.e.
negligible loss in reactivity and uptake after several CO2 cap-
ture and release cycles. Several of the past studies show rapid
deterioration in CO2 uptakes in a relatively small number of
cycles. In a study2,12 on limestone-derived CaO, CO2 uptake rela-
tive to the theoretical value decreased from 73 % in the initial
cycle to 43 % in five cycles. Upon decreasing the CaO particle
size in his latter studies, he observed sustained uptakes at 93 %
over 30 cycles. In a separate but similar study, CO2 uptake rela-
tive to the theoretical value decreased from 70 % in the first cycle
to 38 % in the seventh cycle.4 Curran et al.13 also observed similar
reduction in CO2 uptakes on dolomite upon repeated carbon-
ation and calcination. Gupta and Fan14 showed that precipitated
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calcium carbonate (PCC)-derived CaO reduces the limitations
observed from other CaO sources. Similar results were also
reported by Dasgupta et al.11 in their study on surfactant-assisted
agglomeration of PCC (PCC-SAA) and subsequent calcination to
produce CaO for CO2 capture. CaO and its regenerability is also
of interest in other applications15,16 involving CO2 capture.

Finally, from a sustainability aspect as well as for economic
reasons, the use of CaO for CO2 capture would require a carbon-
ation and a calcination reactor. A sequestration/utilization-ready
CO2 would be obtained from the calcination reactor. For sus-
tained reactivity and uptake, the calcination kinetics and the
degree of calcination of the CaCO3 over multiple cycles would
be vital for its commercial application. There have been
studies,11,12,14,17–22 where the nature and degree of calcination over
repeated cycles were conducted along with the estimation of the
kinetic parameters for calcination of CaCO3. Even though these
studies have been conducted for a long time, it still piques the
interests of researchers due to the reversibility of the reaction,
the endothermic nature and the operations at high tempera-
tures. According to the results obtained from the different
studies reported in literature,14,23–33 a wide variation for the
Arrhenius parameters were found (Ea – 110 to 3800 kJ mol–1;
frequency factor – 100 to 10157 1 s–1). The variation could be attrib-
uted to a number of factors such as shape of the crystalline
phase, particle size distribution, isothermal or non-isothermal
heating, heating rates, and, the partial pressure of carbon
dioxide. In addition, the calculation procedure also strongly
affects the estimated values. Most recently, Georgieva et al.34

conducted non-isothermal thermogravimetric studies on the
calcination of a reagent grade and in situ calcium carbonate
produced from calcium oxalate monohydrate at four heating
rates. The kinetics and decomposition mechanism were evalu-
ated using a variety of calculation procedures including the
FWO iso-conversion method. Their results show that the selec-
tion of the proper mechanism is vital for the evaluation of the
process, and thus, the use of model-independent methods to
isolate and estimate some of the parameters followed by mecha-
nism selection is necessary for analysis. In addition, no study has
been conducted to evaluate the mechanisms of calcination or
carbonation of PCC to understand its differences that may eluci-
date its enhanced performance reported by Gupta and Fan14 and
Dasgupta et al.11

In this paper, a non-isothermal approach has been adopted to
delineate the various controlling mechanisms for calcination of
CaCO3. As mentioned earlier, commercial CaCO3-based CaO do
not exceed CO2 uptakes greater than 80 % (even in the first cycle)
while PCC-SAA-based CaO approaches near-complete conver-
sion. In this study, commercial CaCO3 and PCC-SAA were
compared to understand the mechanisms that lead to the differ-
ences in the performance of the two calcium carbonates. The
calcination reactions were evaluated using a thermogravimetric
technique at different heating rates and model-free analytical
methodologies to estimate the activation energies. In addition,
Malek’s method was employed to identify possible mechansims
and the pre-exponent factor was estimated based on the selected
models.

2. Experimental

2.1. Materials
Laboratory-grade CaCO3 was obtained from Aldrich Chemi-

cals while laboratory-grade CaO was obtained from Fisher Sci-
entific. Didodecyl diethyl ammonium bromide (DDAB), the
surfactant, was obtained from Sigma Aldrich. N2 and CO2 used
for calcination and carbonation experiments were 99.999 % and

99.9 % pure, respectively. It must be noted that the mechanistic
analysis was conducted on the fourth calcination cycle.

2.2. Synthesis of PCC-SAA
PCC-SAA was synthesized using a surfactant-templated

precipitation method outlined in Dasgupta et al.11 In this study,
the initial CaO aqueous suspension used contained 3.84 g
CaO L–1 water to which 0.1 g of the surfactant (DDAB) L–1 water
was added. Precipitation was initiated by bubbling CO2. The
agglomeration of the CaCO3 was controlled by the surfactant
which resulted in a morphologically altered high surface-area
particles. Upon completion of precipitation, the solids were
vacuum filtered and vacuum dried at nearly 100 °C.

2.3. Physical Characterization
A Quantachrome Nova 2000 BET analyzer was used to obtain

multipoint surface areas. Microtrac S3500 was used for particle
size distribution determination.

2.4. Gravimetric Analysis
Thermogravimetric analysis (TGA) was employed to obtain

the weight change data during calcination and carbonation. The
calcination kinetic data were obtained using the PerkinElmer
TGA-7 Thermogravimetric Analyzer with a TAC 7/DX control
box upgrade driven by Pyris software in an IBM compatible
computer. The details of the TGA experiments are provided in
Dasgupta et al.11 Three isothermal calcination and carbonation
cycles were conducted to observe the morphological changes as
well as ensure that the uptake capacity was maintained.

TGA experiments were conducted non-isothermally at differ-
ent heating rates, namely 2, 5, 10, 15, 20, 25 and 30 K min–1 under
nitrogen for calcination, to evaluate the calcination kinetics and
mechanism. The only difference between the description in
Dasgupta et al.11 and this study is that non-isothermal kinetic
data was obtained. The heating programme was initiated after
sample stabilization by applying a predetermined heating
rate. Inert (N2) atmosphere was maintained during the calcina-
tion stage till the furnace temperature reached 900 °C. The
calcination reaction was completed as this temperature was
approached (i.e. 56 % of the original sample mass remained).
The furnace was cooled to 25 °C and allowed to equilibrate for
30 min in the inert atmosphere prior to initiating the carbonation
step. Now, CO2 was passed over the cold sample for 15 min. The
temperature programme was then initiated and the upper
temperature limit was set at 800 °C. Once the temperature was
reached, the furnace was cooled to 25 °C and allowed to
equilibrate for 30 min in the inert atmosphere and the calcination
process was reinitiated. After three such cycles were completed,
a final calcination cycle was initiated and the results from this
calcination step were analyzed. Upon repeating two of the TGA
experiments, we calculated the variation in the conversion
degree to be within 2–5 % range, thereby indicating good repeat-
ability. In addition, we believe that stable hydrodynamic regime
in the TGA was obtained at 20 cm3 min–1 active gas (N2 or CO2)
flow rate since no weight fluctuation was observed. In order to
verify the negligible impact of external mass and heat transfer
resistances, experiments were also conducted at the higher 35
and 40 cm3 min–1 of active gas flow rates.

3. Data Analysis
The TGA data provides the mass (w) as a function of time (t)

and temperature (T). The extent of conversion on mass basis (�w)
was calculated as:
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where,

The extent of conversion for the calcination analysis on a molar
basis was also extracted from the TGA data using the following:

The fundamental rate equation for solid state reactions is:

where A is the pre-exponential factor, Ea is the activation energy,
R is the universal gas constant, T is the absolute temperature, � is
the fraction reacted/converted and f(�) is a functional relation-
ship of the �. For a gas-solid reaction, the concentration of the gas
will also change as the reaction proceeds. However, for a large
gas flow and at high concentrations as used in this study, the
effect of gas concentration can be neglected and considered
constant. Under non-isothermal conditions, if a heating rate of
� (dT/dt = �) was employed then Eq. 1 could be rewritten as

In the above equation, A, Ea and f(�) needs to be determined
to completely understand the mechanism and kinetics of the
reaction.

Simple methods exist for the extraction of activation energy, Ea,
from thermoanalytical data based on the assumption that Eq. 2
provides a complete description of the reaction. One such
method is the Kissinger method35 using the differential thermo-
gravimetric data. The Kissinger method is essentially the second
derivative with respect to temperature and equated to zero at
the rate maximum yielding:

Thus, plotting ln
�

�Tmax

⎛

⎝
⎜

⎞

⎠
⎟ vs �

Tmax
for a number of heating rate

yields a slope equal to −E
R

A and an intercept equal to –ln
E
RA

a⎛
⎝
⎜ ⎞

⎠
⎟ + ln
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. It should be noted that the application of this

method assumes that the value of ln −⎛
⎝
⎜ ⎞

⎠
⎟

df
d T

( )�

�
max

is constant. Once

the form of f(�)is determined, the value of A can also be esti-
mated. If the above-mentioned assumptions are valid, this
method can be used independent of the reaction mechanism/or-
der. It can be seen from Table 1 that the analysis is valid primarily
for random nucleation and 1-D diffusion where the f(�) is a
linear function of the fractional conversion, and, to some extent,
it is also valid for the other models.

Model-independent, iso-conversion-based techniques have
also been used in the past to determine the activation energies.
The assumptions of iso-conversional methods are that the reac-
tion rate at a given conversion is only a function of temperature,
and the reaction model is independent of the heating rates. The
Friedman37 method is based on plotting ln �

�d
dT

⎛
⎝
⎜ ⎞

⎠
⎟ vs (1/T) at a

predetermined conversion. If the plot yields a straight line, then
the slope of the line is –Ea/R and the intercept is ln(A*f(�)). As
opposed to the differential method by Friedman, the Flynn-
Wall-Osawa method (FWO) is an integral one wherein the equa-
tion in its differential form is:38–40

Here, the temperatures for each degree of conversion and
heating rates are measured and the plot of ln(�) vs 1/T are plotted
at given conversion values. If the plot yields as straight line, the
slope of the line is 1 052. E

R
a . In iso-conversional methods, for a

single mechanism reaction, the activation energy will be
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Table 1 Functional forms of conversion for various gas-solid reaction mechanisms.36

f(�) g(�) df(�)/d�

A1 Random nucleation (1 – �) –ln(1 – �) –1
Deceleratory 1st order

Rn Generalized nth order (1 – �)n 1/(n(1 – (1 – �)n–1)) –n(1 – �)n–1

R2 Contracting area 2(1 – �)1/2 (1 – (1 – �)1/2) (1 – �)–1/2

Sharp interface controlled reaction
R3 Contracting volume 3(1 – �)2/3 (1 – (1 – �)1/3) – (1/3)(1 – �)–2/3

Sharp interface controlled reaction

A2 1-D or 2D Avrami-Erofeyev 2(1 – �)( – ln(1 – �))1/2 ( – ln(1 – �))1/2
2 1 1

1 1 2

ln( )

( ln( )) /

− +
− −

�

�

A3 2D-3D Avrami Erofeyev 3(1 – ��)( – ln(1 – �))2/3 ( – ln(1 – �))1/3
3 1 2

1 1 3

ln( )

( ln( )) /

− +
− −

�

�

An Generalized Avrami Erofeyev n(1 – �)( – ln(1 – �))(n–1)/n ( – ln(1 – �))1/n
n n

n

ln( ) ( )

( ln( )) /

1 1

1 1

− + −
− −

�

�

H Prout-Tomkins �(1 – �) ln(�/(1 – �)) 1 – 2�

D1 1-D diffusion/Parabola Law ½ � �
2 ½

D2 2-D diffusion/Valensi equation – ln(1 – �)–1 (1 – �)ln(1 – �)+� 1/(1 – �)

D3 3-D diffusion/Jander (3/2)(1 – �)2/3[1 – (1 – �)1/3]–1 [1 – (1 – �)1/3]2
(( ) )

(( ) ) ( )

/

/ /

1 2

2 1 1 1

1 3

1 3 2 1 3

− −
− − −

�

� �

D4 3-D diffusion/Ginstling Brounshtein (3/2) [(1 – �)1/3 – 1]–1 1 – 2�/3 – (1 – �)2/3 1
2 1 1 11 3 2 2 3(( ) ) ( )/ /− − −� �

F1.5 Reaction Order 1.5 2(1 – �)3/2 (1 – �)–1/2 – 1 3(1 – �)1/2

M.E. Brown, D. Dollimore, A.K., Galwey, Reactions in the solid state, in Comprehensive Chemical Kinetics, Vol. 22, (C.H. Bamford and C.F.H. Tipper, eds.), Elsevier, Amster-
dam 1980, p. 340.
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constant throughout all conversion levels. However, for chang-
ing mechanisms, the activation energy will be a function of the
conversion level. According to Budurgeac,41 the Friedman
method is more suitable when the activation energies are a func-
tion of the conversion.

The functional form of f(�) can be determined using the
method proposed by Malek.42, 43. In this procedure, two functions
are first determined, Y(�) and Z(�).

where

And �(xT) is the temperature integral which can be approxi-
mated by the following

The shape of Y(�) is then used as a diagnostic tool for the deter-
mination of the model in conjunction with the values of maxi-
mum �m obtained for the Y(�) function, maximum �p obtained
for the Z(�) function. Once the form of f(�) is determined, the
pre-exponential factor can be determined based on the inter-
cepts obtained from the Kissinger35,44 or Friedman37 methods.

4. Results and Discussion
Fig. 1a is SEM micrograph of the as-produced PCC-SAA while

Fig. 1b–d are the SEM micrographs of the products obtained
from the first, second and third calcination – carbonation cycles
conducted isothermally at 750 °C each, in pure N2 and pure CO2,
respectively. The change in morphology of the products with
each calcination-carbonation cycle is clearly seen these micro-
graphs. Fig. 2a and Fig. 2b are the non-isothermal TGA mass
conversion profiles at different heating rates for the PCC-SAA
and AC, respectively. The insets in the figures are the mass
change profiles from which the conversions were calculated.
The heating rates ranged from 2 K min–1 to 30 K min–1 for both
samples. It is evident from both the figures that the CaCO3 calci-
nation initiates somewhere in the 560–675 °C although the
PCC-SAA calcination appears to occur at a lower temperature
than the AC samples (Table 2). In addition, it is also observed that
the AC samples are calcined to a maximum degree of 90 %
(82–90 %) while the 92–99 % of the PCC-SA samples were

converted. It is hypothesized that larger pore radii of the PCC-
SAA sample allows for more reaction control and less of product
diffusion control in the pores. Table 3 contains the pore charac-
terization and the particle size characterization of the two
samples. It is seen from the table that the particle size of
PCC-SAA is nearly a quarter of that of the AC sample while the
specific surface area is nearly 8.3 times that of the AC sample. If
the particles were non porous, the ratio of the specific surface
areas would have been sixteen. The lower ratio is primarily due
to the large pore volume and large pore radius. The large pore
radius of the PCC-SAA in turn assists in the near-complete
conversion of CaCO3. Thus, the amount of solid-state diffusion
of CO2 is greatly reduced.

To further analyze the non-isothermal thermoanalytical data
presented in Fig. 2, the DTG data (d�/dT) were plotted as a func-
tion of temperature (Fig. 3). The Tmax values (Table 2) were identi-
fied for each heating rate for both the samples and each mecha-
nism. Then the ln(�/Tmax

2) was plotted as a function of 1/Tmax

(Fig. 4). Using the slopes of the lines, the activation energies for
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Figure 1 SEM micrograph (a) as produced PCC-SAA and the products obtained from the (b) first, (c) second and (d) third calcination (×2000 magnifi-
cation).

Table 2 Calcination intitiation temperature and temperature at peak
conversion rates for AC and PCC-SAA samples

Heating rate AC PCC-SAA
/°C min–1 /°C /°C

Tinit Tmax, DTG Tinit Tmax, DTG

2 564 648 561 654
5 613 685 573 683
10 534 712 617 722
20 646 742 643 751
30 671 770 658 766

Table 3 Physical characteristics of the PCC-SAA and AC samples.

AC PCC-SAA

Mean particle size micron 41.87 10.43
d25 micron 31 6.5
d50 micron 41.87 10.43
d75 micron 55 17
Pore volume cc g–1 × 100 2.5 100
Pore radius Å 8.1 108.2
Surface area m2 g–1 3.59 29.73
Pore radii range Å 5.3–77 7.5–138
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each step have been calculated for both the samples. The Ea

values for the calcination of AC and PCC-SAA were estimated to
be 165.09 and 167.97 kJ mol–1, respectively. CaCO3 calcination has
been studied for a long time and various researchers have
reported a wide range of activation energy. The values varied
due to the differences in the origin of the sample, the experimen-
tal procedure and the analytical procedure. For example,
Georgiava34 reported an activation energy of 326.4 kJ kmol–1

using the phase-boundary reaction or contracting sphere reac-
tion mechanism (f(�) = 3(1 – �)2/3). Okunev et al.26 used an activa-
tion energy of 170.22 kJ mol–1 in their study on the decarbonation
of CaCO3. Zsacko and Arz27 reported an activation energy for

this reaction to be between 113–204 kJ mol–1. Ray28 estimated
that the activation energy was between 100 and 4000 kJ mol–1

while Altorfer29 estimated Ea to be between 220 and 348 kJ mol–1.
Criado and Morales30 suggested the phase-boundary contract-
ing volume (R3) similar to Georgiova38 for the CaCO3 decompo-
sition under vacuum. Ninan et al.,31 on the other hand, found
g(a) = 1 – (1 – a)1/2 = kt to be representative of the kinetics of
CaCO3 thermal decomposition, while reporting values of activa-
tion energy varying between 167.5 and 3768 kJ mol–1 depending
on the experimental conditions. Halikia et al.32 used isothermal
analysis and found the values of activation energy at various
conversion levels to be around 160 kJ mol–1. Our data show an
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Figure 2 Non-isothermal TGA mass conversion profiles at different heating rates for the CaO obtained from (a) PCC-SAA and (b) AC. (Insets are the
mass change profiles.)
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activation energy value that is nearly half of that reported by
Georgiova et al.34 Although not significant, their analysis also
showed that the activation energy was a function heating rate.
Using four different methodologies, they reported activation
energies ranging from 325.1 to 329 kJ kmol–1. In addition, it was
seen that the activation energies were a function of the extent of
conversion. Thus, iso-conversion techniques were also imple-
mented in this study.

Friedman’s iso-conversional method was applied to the data
from both samples. The ln �

�d
dT

⎛
⎝
⎜ ⎞

⎠
⎟ values were plotted against 1/T

values for all the heating rates (Fig. 5a,b) for studies with
PCC-SAA and AC samples, respectively. In general, it was
observed that the value of ln �

�d
dT

⎛
⎝
⎜ ⎞

⎠
⎟ did not vary strongly with �

but it did vary with heating rates. The data for each conversion
value was linearly fitted and the slopes were estimated. The
Ea value at each conversion level was then evaluated for
both samples. The variation of Ea as a function of the conversion
is plotted in Fig. 6. Similarly, the FWO iso-conversional method
was also applied to the data. Fig. 5c and Fig. 5d are the plots of

ln(�) vs 1/T at different conversion levels for the PCC-SAA and
AC samples, respectively. As can be seen from the plot, the data
at each conversion yield straight lines. The slopes of the lines
were then used to calculate the activation energies at each con-
version level. Fig. 6 contains the plots of the activation energies
as a function of conversion for the PCC-SAA sample. The
Kissinger-Sunose-Akahira (KSA) iso-conversional method was
also applied for comparison and for using the data to obtain the
pre-exponential Arrhenius parameter. In this analysis, the
ln(�/T2) was plotted against 1/T (Fig. 5e,f) for each conversion
and the slope of the line was used to extract the activation values.
The activation energies obtained by the KSA method are plotted
as a function of extent of conversion in Fig. 6.

It is observed from Fig. 6, that the activation energy is a func-
tion of the conversion. The Friedman’s method yielded Ea values
significantly larger (nearly two times) than that obtained from
the KSA and FWO methods. It was also generally observed that
the KSA method estimated Ea values (148–153 kJ kmol–1 for
PCC-SAA and 154–146 kJ kmol–1 for the AC sample) lower than
the Kissinger method while the FWO method predicted Ea

values (170–177 kJ kmol–1 and 162–169 kJ kmol–1 for the PCC-SAA
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Figure 3 DTG data (d�/dT) plotted as a function of temperature, (A) PCC-SAA, (b) AC.

http://journals.sabinet.co.za/content/journal/chem/


and AC samples, respectively) higher than that obtained by the
Kissinger method. In general, the activation energy was found
to increase with conversion for PCC-SAA sample while it was
found to decrease for the AC sample. Decreasing activation
energy alludes to an increase in the contribution of diffusion
limitation to the overall rates. The pore radii range (as well as the
mean pore radii) of the AC sample is significantly lower than the
PCC-SAA sample. Upon calcination, the surface molecules are
released first followed by the release of the CO2 from the pores.
Due to the smaller radii of the pores, the rates are increasingly
limited by diffusion with an increase in the conversion, resulting
in a decrease in the activation energy in the case of AC sample.
On the other hand, the release of CO2 from the PCC-SAA sample
widens the pores further from the already larger pores. This
increase in pore diameter results in a decrease in the contribu-
tion of diffusion in the rate-limiting step and the process
becomes increasingly reaction controlled, and, as a result, there
is an increase in the activation energy with conversion.

In order to extract mechanistic information, Malek’s method
was utilized. Y(�) and Z(�) functions were calculated and
plotted as a function of conversion. Fig. 7 contains the data for
the PCC-SAA sample. It is evident from the figure that the con-
trolling mechanism is a function of the rate of heating. Clearly at
low heating rates (2 and 5 °C min–1), the controlling mechanism is
different than the higher heating rates of 10, 20 and 30 °C min–1.
At the lower heating rate, we observe in Fig. 7 a that the �m = 0
and that the curve is concave. Thus, diffusion mechanism (D2,
D3 or D4), reaction controlled with order greater than 1 or follow
the Johnson-Mehl-Avrami (JMA) mechanism45–48 of random
nucleation (n < 1). According to the method, �p

max obtained from
Z(�) curves determine the mechanism. The mechanism can be
D2, D3 or D4 if the �p

max is 0.834, 0.704 and 0.776, respectively.
From Fig. 7c, the value of �p

max is estimated to be approximately
between 0.78 and 0.835. Thus, one could use D2 or D4 for evalu-
ating calcination mechanism. At the higher heating rates, it was
observed that 0 < �m < �p

max which indicates that the mechanism
may be either reaction controlled or follow the JMA kinetics
(n > 1). The �p

max value was found to range between 0.835 and
0.9. We, thus, used the generalized Avrami Erofyev equation46–48

to evaluate the value of n in f(�) = n(1 – �)(–ln(1 – �))(n–1)/n.
Plotting ln(�) vs ln[–ln(1 – �)], it was determined that the value of

n lay between 1.739 to 1.998 with an average of 1.903 for the PCC
sample. We then plotted the values of [ln(�2) –g(�)] vs 1/T and
obtained the slopes for each heating rate. It was found that the
activation energy at the lower heating rates were between 110
and 116 kJ mol–1 for 2 °C min–1 and 5 °C min–1. The activation ener-
gies at the higher heating rates were found to be 176.34, 193.22
and 211.32 kJ mol–1 at 10, 20 and 30 °C min–1, respectively.

For the AC sample, the value of �p
max is estimated to be approxi-

mately 0.71 at higher heating rates (10, 20 and 30 °C min–1) and
approximately 0.78 at lower heating rates (2 and 5 °C min–1).
Thus, 3D diffusion process appears to control the calcination of
the AC sample. One could use D3 for evaluating calcination
mechanism at the higher heating rates or D4 at the lower heating
rates. Plotting [ln(�2) –g(�)] vs 1/T and corresponding analysis
yielded values of the activation energies to be 113.77, 145.36,
158.38, 162.45 and 163.03 kJ mol–1 at 2, 5, 10, 20 and 30 °C min–1,
respectively. Thus, it is observed that there is a clear difference in
the mechanism of CaCO3 decomposition due to changes in heat-
ing rates for the PCC-SAA sample, although the mechanism for
the AC sample appeared to be independent of the heating rate.

The frequency factor, A, can be estimated by with the FWO-
based equation (Eq. 7) or the KSA-based equation (Eq. 8).

The E/R values calculated earlier from the slopes of the corre-
sponding plots in Fig. 5c–f were used to estimate the pre-expo-
nential factor, A. Four different reaction mechanisms were used
to evaluate the value of A as a function of extent of calcination
using the above equations. Table 4a contains the values of A
for the four different mechanisms by the KSA and the FWO
methods at different conversion levels for the PCC-SAA sample
while Table 4b contains the same information for the AC sample.
It is generally observed that the value of A as well as EA/R
decrease with conversion for the AC sample while they increase
with conversion for the PCC-SAA sample. Decrease in the activa-
tion energy for the AC sample has been discussed to be related
an increase in the contribution of diffusion to the rate-limiting
step due to opening of pore passages during calcination of
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Figure 4 Ln(�/Tmax
2) vs 1/Tmaxfor activation energy estimation by the Kissinger method.
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surface carbonates. In the PCC-SAA, sample, the pores are
further widened upon calcination and as a result, the contribu-
tion of diffusion is reduced and the process becomes more
reaction rate limited. The decrease in the value of A in conjunc-
tion with the EA/R value clearly shows that for any given temper-
ature the overall reaction rate decreases with conversion. This
is often true for diffusion-limited processes such as kinetics

limited by ‘diffusion through ash layer’. On the other hand, the
increase in both the values of A and EA/R in the PCC-SAA data
indicate that at any given temperature, the overall reaction rate
increases with conversion which occur when new active sites
become available and diffusion limitation is decreased. This is
believed to occur as calcination progresses in the PCC-SAA
sample.
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Figure 5 Various plots to determine activation energies using (a) and (b) Friedman’s, (c) and (d) FWO and (e) and (f) KSA isoconversional methods.
Note that (a), (c) and (e) ate for PCC-SAA and (b), (d), and (f) are for AC samples.
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5. Conclusions
Based on the data obtained from this analysis, it was concluded

that the initiation temperature for CaCO3 decomposition is a
function of the heating rate. It was also concluded that the AC
sample exhibits calcination phenomenon at a lower temperature
than the PCC-SAA sample and thus have maximum rates occur-
ring at temperatures slightly lower than the PCC-SAA sample.
The activation energies for decomposition of CaCO3 obtained
commercially or prepared in the laboratory are similar. It should
be noted that the PCC-SAA sample has been seen to last longer
through continuous calcination-carbonation cycles as compared
to the AC sample.11 A window to that phenomenon is observed
in the fact that more complete calcination of the CaCO3 was
observed for the PCC-SAA sample as compared to the AC
sample. Thus, some of the CaCO3 is not accessible in the first
cycle and more such protective layers occur with repeated cycles
resulting in a loss of capacity for fresh CO2 during the carbon-

ation cycle. This is presumably due to the pore structure which
limits the diffusion of CO2 out of the solids and thus the released
CO2 is probably recaptured locally inside the pores. Nonethe-
less, the activation energies of the two samples appear to be close
in value. Amongst the iso-conversional methods, Friedman’s
method yielded Ea values significantly larger (nearly two times)
than that obtained from the KSA and FWO methods. In general,
the activation energy is found to increase with conversion for
PCC-SAA sample while it was found to decrease for the AC
sample. Using Malek’s method, the mechanism was found to be
diffusion mechanism (D2, D3 or D4), reaction controlled
with order greater than 1 or follow the Johnson-Mehl-Avrami
(JMA) mechanism45–48 of random nucleation (n < 1) and finally
narrowed to D2 or D4 for evaluating calcination mechanism at
lower heating rates for the PCC-SAA sample. At the higher heat-
ing rates, the mechanism was identified to be either reaction
controlled or follow the JMA kinetics (n > 1) with the latter
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Figure 6 Activation energy as a function of conversion obtained by different iso-conversional methods, (a) PCC-SAA, (b) AC.
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prevailing for on further analysis. On the other hand, for the AC
sample, 3D diffusion process appears to control the calcination
of the AC sample. It was concluded that D3 was appropriate for
evaluating calcination mechanism at the higher heating rates or

D4 at the lower heating rates. Thus, it is observed that there is a
clear difference in the mechanism of CaCO3 decomposition due
to changes in heating rates for the PCC-SAA sample, although
the mechanism for the AC sample appeared to be independent
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Figure 7 Y(�) and Z(�) functions plotted as a function of conversion for PCC-SAA samples at different heating rates.

Table 4 Variation of pre-exponential factor as a function of conversion for D2, D3, D4 and F1.5 mechanisms using KSA and FWO methods.

a) PCC-SAA Samples

KSA FWO

� Ea /R A Ea /R A

Valensi (D2) Jander (D3) GB (D4) F1.5 Valensi (D2) Jander (D3) GB (D4) F1.5

0.1 20491 30.19 28.72 28.70 32.54 17871 13.12 11.65 11.62 15.46
0.2 21033 31.87 30.44 30.39 33.58 18387 14.76 13.33 13.28 16.46
0.3 21183 32.62 31.23 31.15 33.97 18521 15.49 14.11 14.03 16.85
0.4 21115 32.94 31.60 31.49 34.08 18439 15.82 14.48 14.37 16.95
0.5 21411 33.57 32.29 32.14 34.57 18720 16.43 15.14 15.00 17.42
0.6 21441 33.86 32.64 32.45 34.77 18739 16.70 15.49 15.30 17.62
0.7 21441 34.09 32.96 32.71 34.98 18724 16.93 15.80 15.55 17.82
0.8 21436 34.30 33.28 32.95 35.25 18655 17.07 16.05 15.73 18.02
0.9 21205 34.20 33.35 32.91 35.37 18470 17.05 16.20 15.76 18.22

Continued on page 128
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of the heating rate. Frequency factors as function of the conver-
sion was also calculated for both samples. It was observed that
diffusion limitations increase with conversion for the AC sample
while its impact on the reaction rate decreases for the PCC-SAA
sample.
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