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Key  carbonation  parameters  of
wastes are  determined  by  integrated
thermal  analyses.
A  modified  TG-DTG  interpretation  is
proposed,  and  validated  by the DSC
technique.
The  modified  TG-DTG  interpretation
is further  verified  by  DTA,  TG-MS  and
TG-FTIR.
Kinetics  and thermodynamics  of
CaCO3 decomposition  in  solid  wastes
are determined.
Implication  to  maximum  carbonation
conversion  of  various  solid  wastes  is
described.

g  r  a  p  h  i c  a  l  a  b  s  t  r  a  c  t

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 22 October 2015
eceived in revised form
9 December 2015
ccepted 30 December 2015
vailable online 4 January 2016

eywords:
tabilization

a  b  s  t r  a  c  t

Accelerated  carbonation  of  alkaline  solid  wastes  is  an attractive  method  for  CO2 capture  and  utiliza-
tion.  However,  the  evaluation  criteria  of  CaCO3 content  in solid  wastes  and the  way  to  interpret  thermal
analysis  profiles  were  found  to be  quite  different  among  the  literature.  In this  investigation,  an  inte-
grated  thermal  analyses  for determining  carbonation  parameters  in basic  oxygen  furnace  slag  (BOFS)
were proposed  based  on thermogravimetric  (TG),  derivative  thermogravimetric  (DTG),  and  differen-
tial  scanning  calorimetry  (DSC)  analyses.  A modified  method  of TG-DTG  interpretation  was  proposed
by  considering  the  consecutive  weight  loss  of  sample  with  200–900 ◦C because  the  decomposition
of various  hydrated  compounds  caused  variances  in estimates  by  using  conventional  methods  of  TG
O2 fixation
ineralization

nalytical
issinger equation

interpretation.  Different  quantities  of  reference  CaCO3 standards,  carbonated  BOFS  samples  and  syn-
thetic  CaCO3/BOFS  mixtures  were  prepared  for evaluating  the  data  quality  of  the  modified  TG-DTG
interpretation,  in  terms  of  precision  and  accuracy.  The  quantitative  results  of  the  modified  TG-DTG
method  were  also  validated  by  DSC  analysis.  In  addition,  to confirm  the TG-DTG  results,  the  evolved
gas  analysis  was  performed  by  mass  spectrometer  and  Fourier  transform  infrared  spectroscopy  for
detection of the  gaseous  compounds  released  during  heating.  Furthermore,  the  decomposition  kinet-

ics  and thermodynamics  of CaCO in BOFS  was  evaluated  using  Arrhenius  equation  and  Kissinger
3
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equation.  The  proposed  integrated  thermal  analyses  for determining  CaCO3 content  in alkaline  wastes  was
precise  and  accurate,  thereby  enabling  to  effectively  assess  the  CO2 capture  capacity  of alkaline  wastes
for mineral  carbonation.
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. Introduction

Recently, interest in the accelerated carbonation of alkaline solid
astes (e.g., steelmaking slags) has sharply escalated due to their
otential to fix gaseous CO2 from industry into solid precipitation
e.g., calcium carbonate), that could mitigate global climate change
1–4]. Moreover, the physico-chemical properties of solid wastes
an be improved by carbonation, thereby increasing the potential
or being used as construction materials such as supplementary
ementitious materials and/or aggregates in civil engineering [5].
o evaluate and compare the performance of accelerated car-
onation provided by various types of approach and process,
hermo-analytical techniques, including thermogravimetric (TG)
nalysis, derivative thermogravimetric (DTG), differential thermal
nalysis (DTA), and differential scanning calorimetry (DSC) have
ommonly been utilized to quantify carbonation products such as
alcium carbonate (CaCO3) in solid wastes. Other analytical tech-
iques, such as reference intensity ratio method [6] and Rietveld
efinement [7] using X-ray diffraction, can also provide quantita-
ive analysis on the carbonate products in solid wastes. Although
-ray techniques can provide precise and accurate information on

he fraction of crystal phases, they are generally time-consumed in
ample preparation and data processing.

TG analysis was considered as a rapid and accurate method for
he determination of crystalline CaCO3 content in highly pure sam-
les [8]. However, in the case of cementitious materials such as
oncrete and cement [9], it was difficult to realize accurate quan-
itative profiles of CaCO3 content using only TG data because (1)
he way to interpret TG curves for CaCO3 decomposition in a mate-
ial was varied among researchers; and (2) the temperature ranges
f thermal decomposition of CaCO3 overlap the calcareous and
ydrated components in these materials. Similar challenges were
bserved for carbonation of alkaline solid wastes such as basic oxy-
en furnace slag (BOFS) because their physico-chemical properties
re similar to those of cementitious materials.

Two of the most commonly used methods for determining the
eight loss of a certain material by interpreting TG curve were (1)
elta-Y and (2) on-set methods, as shown in Fig. 1. The delta-Y
ethod is to determine the difference of sample weight directly

etween two specific temperatures (e.g., T1 and T2 in Fig. 1), while
he on-set method is to extend the straight line portions of the base-
ine and the linear portion of the upward/downward slope, mark
heir intersection, and determine the weight difference between
hese two intersections. It is noted that there is a significant dif-
erence in the determined weight loss for the same TG plot. In
articular, in the case of BOFS, the dehydration of calcium silicate
ydrates, calcium aluminate hydrates, and other minor hydrates
as found to occur between 105 and 1000 ◦C, resulting in a con-

inuous and steady weight loss [10]. Although it is especially
ronounced at temperatures less than 500 ◦C, consideration must
e given to weight loss due to dehydration of the above materi-
ls at 500–900 ◦C. Otherwise, the CaCO3 contents in BOFS will be
verestimated by the conventional delta-Y or on-set methods.

Table 1 summarizes the analytical conditions of TG and tem-

erature ranges of the thermal decomposition of Ca(OH)2, MgCO3,
nd CaCO3 contained in different solid wastes, such as steelmaking
lags, coal combustion fly ash, cement kiln dust, and municipal solid
© 2015  Elsevier  B.V.  All  rights  reserved.

wastes, in the literature. As noticed by Table 1, the evaluation crite-
ria of carbonate products by TG analysis were quite different among
the literature because of the wide variance in determining the tem-
perature ranges of product decomposition. This is also largely due
to the various ways to interpret TG curve, thereby resulting in dif-
ferent bases on performance evaluation of CO2 capture capacity for
carbonation. Thus, a validated method needs to be developed for
accurately quantifying the CaCO3 content in solid wastes.

In this investigation, a method determining carbonation param-
eters in alkaline solid wastes via integrated thermal analysis was
developed and evaluated, as presented in Fig. 2. The integrated ther-
mal  analyses were performed based on TG, DTG and DSC analyses,
in conjunction with a mass spectrometer (MS) and Fourier trans-
form infrared spectroscopy (FTIR). A modified method of TG-DTG
interpretation was  proposed by considering the consecutive weight
loss of sample with 200–900 ◦C due to the decomposition of various
hydrated compounds. The objectives of this study were (1) to deter-
mine the CaCO3 content in BOFS by modified interpretation using
both TG and DTG curves, (2) to validate the data quality of the TG-
DTG method via DSC technique; (3) to verify the TG-DTG results
by the supporting evidence of qualitative observation, including
DTA, TG-MS and TG-FTIR; and (4) to elucidate kinetic and thermo-
dynamic behaviors of CaCO3 decomposition in BOFS based on the
Arrhenius equation, Kissinger equation, and transition state theory
(see Appendix A).

2. Materials and methods

2.1. Materials

The fresh BOFS was  provided by a steelmaking company (Kaoh-
siung, Taiwan). The as-received BOFS was  carbonated with pure
CO2 gas via a rotating packed bed under mild conditions [2,5].
According to our previous report [5], the BOFS was  rich in CaO
(∼48.2%), Fe2O3 (∼26.0%) and SiO2 (∼8.6%). The main crystal phases
of the fresh BOFS include brownmillerite (Ca2Fe1.014Al0.986O5),
portlandite (Ca(OH)2), wollastonite (CaSiO3), �-larnite (Ca2SiO4),
�-dicalcium silicate hydrate (Ca2(HSiO4)(OH)) and wustite (FeO).
More details on the physico-chemical properties of BOFS can be
found in our previous study [5].

In this study, three levels of carbonation degree of BOFS, i.e., low
(∼20%), medium (∼50%), high (∼90%), were selected for analytical
tests. To generate the calibration (or standard) curve, the synthetic
CaCO3/BOFS mixtures were prepared by mixing different amounts
of reference CaCO3 powder (i.e., with a purity of 100%, purchased
from J.T. Baker 1288-01 (NJ, USA)) with carbonated BOFS. Since
the measured particle size of CaCO3 after carbonation was 1–3 �m
[2,5], the physico-chemical properties of the reaction product could
be similar to the purchased reference CaCO3.

2.2. Thermal analysis techniques

In TG analysis, the weight of sample at different tempera-

tures was recorded under an assigned heating programs. By taking
numerical derivation of the TG curve, a DTG plot can be obtained to
provide the information on the temperature at the maximum peak
and other important peak parameters. In a DSC, a sample cell and a
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Fig. 1. Conventional methods on TG inte

eference were heated equally according to a temperature regime,
here the amount of energy absorbed or released by the sample

an be measured with a DSC [27].
In this study, the CaCO3 content in BOFS was examined by a TG

nalyzer (STA6000, PerkinElmer, USA) equipped with a DSC. The
amples were heated directly from 50 to 950 ◦C at different heating
ates (e.g., 5, 10, 15, 20, 25, 30 and 35 ◦C/min) under N2 atmosphere
t 20 mL/min. The accuracy of the furnace temperature was  within
0.5 ◦C 1–35 mg  of reference CaCO3 standards, carbonated BOFS

amples, and synthetic CaCO3/BOFS mixtures were placed in the
latinum crucible in the TG analyzer. The wide variance of sample

oading weight in TG analysis is intended to evaluate the preci-
ion and limitation of the proposed TG-DTG method. Moreover,
lank correction runs were carried out to minimize the buoyancy
ffect. Furthermore, the evolved gas from the decomposition of
he sample was subsequently routed towards an MS  (Clarus® SQ8,

erkinElmer, USA) and an FTIR (FrontierTM, PerkinElmer, USA) in

 dynamic N2 atmosphere, for detection of gaseous compounds
eleased during heating.

able 1
anges of decomposition temperature for Ca(OH)2, MgCO3 and CaCO3 in different types o

Type of materialsa Heating rate
(◦C/min)

Atmosphere Sam

Wollastonite 10 N2 – 

Serpentine 10 N2 – 

Serpentine 10 N2

Concrete 10 – 225 

Concrete 20 – – 

Mortar 10 Air 200 

Mortar/GBFS 10 N2 – 

Steel slag 40 O2 10–2
Steel slag 15 N2 ∼10
BOFS 10 N2 10–2
BOFS – – – 

EAFS – Ar – 

CKD/sludge – – – 

CKD 20 N2 ∼22
MSWI-BA 10 Ar 20 

MSWI-FA 10 – – 

APC residue 15 Air 500 

APC residue 10 Air – 

Cockle shell 20 N2 10–2
Synthesis carbonates 50 N2 5–10

a GBFS: granulate blast furnace slag; BOFS: basic oxygen furnace slag; EAFS: electric a
A:  fly ash; BA: bottom ash; APC: air pollution control.
Temp (T)

tion: (a) delta-Y and (b) on-set methods.

2.3. Modified TG-DTG Interpretation for determination of CaCO3
content

Fig. 3 illustrates the modified method of TG-DTG interpretation
for determining the CaCO3 content in alkaline solid wastes. Both
the initial (T1) and final (T2) temperatures of CaCO3 decomposition
are determined by the extrapolated on-set. The extrapolated on-
set is the point of intersection of the tangent drawn at the point of
greatest slope on the leading edge of the peak with the extrapo-
lated base line. Then, the weight loss due to CaCO3 decomposition
can be determined by (1) extending two  straight line portions of
the baseline before T1 and after T2; (2) making a vertical line pass
through the midpoint (Tm) between T1 and T2; and (3) determining
their intersections to the baselines and vertical line. The weight loss
between these two intersections was attributed from the CaCO3
decomposition within the solid samples.
Similarly, the DTG curve can be characterized by the tempera-
ture of extrapolated on-set drawn by the beginning (Ti) and final (Tf)
of the peak. The center of temperature peak (Tp), half width (W1/2),

f raw materials.

ple weight (mg) Decomposition temperature ( ◦C) Reference

Ca(OH)2 MgCO3 CaCO3 Carbonates

– – 600–900 – [11]
330–473 473–573 – – [12]

300–550 [13]
430–530 – 780–900 650–950 [9]
425–550 – 550–950 – [14]
430–520 ∼750 – [15]
>380 – 650–790 – [16]

0 – 105–500 – 500–1000 [17]
0 340–430 – 600–800 – [3]
0 – – 500–780 – [2]

– – 600–780 – [18]
∼600 – > 600 – [19]
450–550 – 700–850 – [20]

 300–500 – 500–800 – [21]
– – 600–750 – [22]
– – – 450–900 [23]
400–500 – 750–850 600–850 [24]
400–450 – 650–800 – [25]

0 – – 700–900 – [26]
 – 515–640 620–780 – [7]

rc furnace slag; CKD: cement kiln dust; MSWI:  municipal solid waste incinerator;
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Fig. 2. Systematic approach to determination of carbonation 

nd peak width (W) can be also determined. The shape index (SI) of
he DTG peak, defined as the absolute ratio of the slope of the tan-
ents to the DTG peak at the inflection points, can be graphically
etermined as shown in Fig. 3.

.4. Carbonation parameters of alkaline solid wastes

According to the modified TG-DTG method as shown in Fig. 3,
he CO2 content (denoted as “CO2”) in the original sample can be
alculated by Eq. (1):

O2 (wt%) = �mCO2

m105oC
× 100 (1)

here �mCO2 is the weight loss due to the CaCO3 decomposition
nd m105

◦C is the dry weight of the sample. Similarly, the % weight
ain of the dry solid waste can be calculated using the value of CO2
ontent, according to Eq. (2):

eight gain (%) = CO2 (wt%)
100 − CO2 (wt%)

× 100 (2)

On the other hand, the carbonation conversion of solid waste
�CaO) can be determined by Eq. (3), assuming the calcium-bearing
ompositions are the main reaction species:

CaO =
CO2(%)

100−CO2(%) × 1
MWCO2

Catotal/MWCa
=

CO2(%)
100−CO2(%) × 1

MWCO2

CaOtotal/MWCaO
(3)

here MWCO2 is the molecular weight of CO2 (i.e., 44 g/mol); MWCa
nd MWCaO are the molecular weight of Ca (i.e., 40 g/mol) and

aO (i.e., 56 g/mol), respectively. Catotal and CaOtotal are the per-
ent weight fraction of Ca (normally determined by XRF [6,7] or
y ICP after total digestion [17]) and CaO (normally determined by
RF [28,29]) in the fresh solid sample, respectively.
eters in alkaline solid wastes via integrated thermal analysis.

2.5. Thermal decomposition kinetics and thermodynamics

The kinetic and thermodynamic parameters for the thermal
decomposition of CaCO3 in BOFS were determined, including
apparent activation energy, kinetic exponent and pre-exponential
factor in the Arrhenius equation, as well as the changes of entropy,
enthalpy, and Gibbs free energy for the formation of the activated
complex.

The Kissinger method has been extensively applied to deter-
mine the kinetics of thermal decomposition of a solid material using
DTA, DTG or DSC, and the relevant activation energy and reaction
order [30–34]. The generalized form of Kissinger equation for a non-
isothermal kinetics can be expressed as Eq. (4), where the detailed
derivations were presented in Appendix A:

ln

(
ˇ

T2
p

)
= −Ea

R

1
TP

+ ln
(

−ARf ′ (˛)
Ea

)
(4)

where � is the reacted fraction, � is the heating rate (K/min), f’(˛)
is an algebraic function depending on the reaction mechanism, A
is the pre-exponential factor (1/min), Ea is the apparent activation
energy (kJ/mol), Tp is the absolute temperature of peak (K), and R is
the universal gas constant (i.e., 8.314 J/K mol). The f(˛) describing
heterogeneous processes was  controlled by the surface-reaction,
and frequently expressed by the reaction order kinetic model [31],
as shown in Eq. (5):

d˛ = A(1 − ˛)n

exp

(
− Ea

)
(5)
dT ˇ RTp

where n is the kinetic exponent of thermal decomposition reaction,
which can be directly determined by Eq. (6); or estimated from the
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I value using Eq. (7) [35]; or calculated from an empirical model
roposed by Carne et al [36]. (Eq. (8)):

 = (1  − ˛max)
d˛max/dT

Af ′ (˛)
ˇ

exp

(
− Ea

RTp

)
(6)

 = 1.26SI1/2 (7)

1
n

= − dlnˇ

d
(

1/Tp

) R

Ea
(8)

For thermodynamics of CaCO3 decomposition in BOFS, the tran-
ition state theory (i.e., activated complex theory) was  applied,
hich can be described by the general form of the Eyring equation

s follows [30]:

 = e�kBTp

h
exp

(
�S

R

)
(9)

here e is the Neper number (i.e., 2.7183), � is the transition factor
i.e., 1 for monomolecular reactions), kB is the Boltzmann constant
i.e., 1.381 × 10−23 J K−1), h is the Plank constant (i.e., 6.626 × 10−34 J
). Accordingly, the term of �S  can be calculated based on the peak
emperature (Tp) which characterizes the highest rate for CaCO3
hermal decomposition in DTG plot.

The changes of the enthalpy (�H) and Gibbs free energy (�G)
or the activated complex formation can be determined using the
ell-known thermo-dynamical Eqs. (10) and (11), respectively:
H  = Ea − RTp (10)

G  = �H /= − Tp�S  (11)
Fig. 4. TG-DTG plots for (a) fresh and (b) carbonated BOFS using the modified TG-
DTG Interpretation method.

3. Results and discussion

3.1. Performance evaluation of modified TG-DTG interpretation

In this study, a modified TG-DTG interpretation was  applied
to determine the actual weight loss of the CaCO3 decomposition
in BOFS. Fig. 4 (a) and (b) show the TG-DTG plots of the fresh
and carbonated BOFS, respectively. A continuous weight loss was
observed at temperatures between 200 ◦C and 900 ◦C in both the
fresh and carbonated BOFS. As aforementioned, this is attributed to
the decomposition of various hydrates in BOFS, such as �-dicalcium
silicate hydrate, which should be considered when evaluating the
carbonate contents in alkaline solid wastes. Other major miner-
als in BOFS, such as brownmillerite, wollastonite and larnite, are
relatively stable under the temperature range of TG analysis.

Except for the complex and hydrated compounds, the weight
loss versus temperature for a material can be generally separated
into (1) expulsion of surface water at 50–105 ◦C; (2) removal of
pore water at 200 − 300 ◦C; (3) dehydration of crystal water (e.g.,
Ca(OH)2) at 400–500 ◦C; (4) MgCO3 decomposition at 500–630 ◦C;
and (5) CaCO3 decomposition at 600–850 ◦C. In the fresh BOFS, the
thermal decomposition of portlandite (Ca(OH)2) occurs at temper-
ature 400–500 ◦C. After carbonation, however, there was lack of

the peak for Ca(OH)2 decomposition in BOFS, revealing that the
Ca(OH)2 was  reacted with CO2 during carbonation. Instead, a great
weight loss at 600–800 ◦C was  found in the carbonated BOFS, indi-
cating the formation of CaCO3 precipitates after carbonation.
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There was no observation of MgCO3 crystals in both fresh and
arbonated BOFS due to no peak at 500–630 ◦C in DTG, which was
n a good agreement with the XRD results in previous study [5,37].
he typical operating conditions for the formation of MgCO3 pre-
ipitates via aqueous carbonation were found to be a temperature
ver 144 ◦C [38] and a reaction time of hours [39]. Instead, under
he mild condition, metastable (amorphous) hydrated magnesium
arbonate phases might be formed, if the ratio of Mg2+ to Ca2+

oncentrations is higher than 0.5 [7]. However, it was  noted that
he leaching concentrations of magnesium ions from BOFS was

uch lower (e.g., 1.7 − 3.0 mg/L) than that of calcium ions (e.g.,
76–2690 mg/L) [40]. Therefore, the formation of MgCO3 crystal
ight be negligible due to its relatively lower contents in BOFS

nder improbable formation conditions. In other words, it was  con-
rmed that the calcium-containing compositions in BOFS were the
ajor species reacting with CO2 to form CaCO3 precipitate under

he carbonation conditions performed in this study.

.2. Validation of TG-DTG data quality by DSC technique:
recision and accuracy

The data quality of the modified TG-DTG method, in terms of
recision and accuracy, was validated by a DSC technique. The pre-
ision of the modified method was first evaluated and compared
ith conventional methods, i.e., the on-set and delta-Y methods,

s shown in Table 2. In the case of the delta-Y method, the car-
onate content was calculated directly from the weight loss that
ccurred between 500 ◦C and 900 ◦C. The results indicate that the
recision of both the proposed method and the on-set method were
uite high, with a relative standard deviation of less than 1% under
ifferent heating rates. However, the delta-Y method would be

mprecise under high heating rate (e.g., 25 K/min), indicating that
 reproducibility error might occur.

To evaluate the accuracy of the integrated thermal analyses, the
SC technique was coupled with the TG analysis to quantify the
aCO3 content in BOFS. The DSC technique provides quantitative
easurement on the heat released or absorbed by the specimen

uring the heating step. Theoretically, the pure CaCO3 particles
ill start to decompose into CaO solid and CO2 gas at temperatures

bove 600 ◦C. According to Eq. (12), the reaction heat for decompos-
ng one mole of CaCO3 particles at 1000 K is approximately 170.4 kJ
41].

aCO3(s)→
�

CaO(s) + CO2(g), �Ho
1,000K = 170.4 kJ/mol  (12)

Fig. S1 (see Appendix A) shows the TG-DTG and DSC profiles of
eference pure CaCO3 powder at temperatures ranging from 50 ◦C
o 950 ◦C. It was observed that, between 580 ◦C and 820 ◦C, the TG
urve shows a weight loss of about 44%, attributed to the thermal
ecomposition of CaCO3. The peak of the DTG curve was  found to
e around 766 ◦C, accomplished by an endothermic phenomenon
f a total of 1.78 kJ/g from the DSC result. Since the amounts of
eat absorbed can be converted into the weight of CaCO3 decom-
osed according to Eq. (12), the correlation between DSC and TG
easurements can be established. With the above findings, the

orrelation between the amounts of CaCO3 decomposition (i.e.,
ntegrated thermal analyses) and heat absorbed (i.e., DSC result)

as established as shown in Fig. 5. The results indicate that the
alues of relative percent difference between the weights of CaCO3
etermined by thermography and those calculated from DSC are
.34 ± 0.20%.

Table 2 summarizes the accuracy of the modified TG-DTG inter-

retation and the conventional methods, i.e., the on-set and delta-Y
ethods, by coupling the DSC measurement as the true value

f CaCO3 content. The results indicate that the modified TG-DTG
ethod exhibits the highest accuracy, with a relative percent differ-
Fig. 5. Correlation of TG-DTG and DSC results for reference pure CaCO3 powder
under thermal decomposition.

ence of less than 2.5%, among the three methods, i.e., the modified
TG-DTG interpretation, conventional on-set and delta-Y methods.
Compared to the others, the effect of heating rate on measurement
obtained from the proposed method was not significant. However,
the delta-Y method resulted in the greatest deviation, especially at
a higher heating rate (i.e., up to 16% at 25 ◦C/min).

The actual amounts of CaCO3 in a solid sample can be generally
defined as “purity,” i.e., gram of CaCO3 per gram of solid sample,
which should be proportional to the amounts of CO2 released dur-
ing the thermal decomposition. According to the stoichiometric
relationship shown in Eq. (12), one gram of CaCO3 will result in
0.44 g of CO2 released during thermal analysis. Therefore, from the
theoretical consideration approach, the plot of CO2 (wt%) versus
purity should be a straight line with a slope of 0.44 and an inter-
cept of zero. Fig. S2 (see Appendix A) shows the regression results
by applying the integrated thermal analyses, which also could pro-
vide evidence of the high accuracy of the analysis results. In other
words, the results obtained by the modified TG-DTG interpretation
can be validated by both the DSC technique and theoretical consid-
eration, indicating the accuracy of the modified method in the case
of synthetic BOFS/CaCO3 mixtures.

Since the analytical data from TG-DTG and DSC curves shows
a normal distribution, they can be examined by paired samples
t-tests to determine whether two  sets of data are significantly dif-
ferent from each other. Table S1 (see Appendix A) presents the
results of paired samples t-tests, which indicate that the calcu-
lated t-value of 1.595 was less than the tabulated t-value of 2.201,
thereby accepting the null hypothesis. No difference was thus found
in CaCO3 contents calculated from the integrated thermal analyses
on the modified TG-DTG interpretation and DSC analysis (p = 0.139),
with a Pearson’s correlation coefficient of 0.9997. This suggests that
the modified TG-DTG interpretation was applicable to provide a
precise and accurate analysis of CaCO3 contents in BOFS.

3.3. Verification by TG-FTIR and TG-MS: qualitative observations

As the aforementioned challenges, the weight loss between

500 ◦C and 900 ◦C would be simultaneously attributed to the
decomposition of carbonates (release CO2) and hydrates (release
H2O). Therefore, weight loss during thermal degradation was cor-
related with the evolved gas analysis by TG-FTIR and TG-MS to
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Table  2
Precision and Accuracy of modified TG-DTG method comparable with conventional methods for different levels of sample weights.a

Modified TG-DTG method (this study) On-set method (conventional) Delta-Y method (conventional)

� (K/min) Meanb(%) StDev. c(%) RSDd(%) RPDe (%) Mean(%) St Dev.(%) RSD(%) RPDe (%) Mean(%) StDev. (%) RSD(%) RPDe (%)

5 99.39 0.25 0.25 1.32 ± 0.49 98.69 0.39 0.40 1.08 ± 1.27 98.92 0.79 0.80 1.16 ± 0.83
10  98.58 0.70 0.71 1.37 ± 0.88 98.64 0.70 0.71 1.43 ± 0.87 98.99 0.31 0.31 1.01 ± 0.39
15  98.82 0.32 0.33 1.25 ± 0.40 98.76 0.32 0.32 1.19 ± 0.41 99.05 0.32 0.32 0.96 ± 0.40
20  98.92 0.41 0.42 1.51 ± 0.29 98.54 0.24 0.25 1.82 ± 2.10 98.84 0.42 0.42 2.25 ± 3.05
25  98.93 0.29 0.30 1.23 ± 0.49 98.77 0.39 0.40 1.08 ± 0.37 96.03 7.04 7.33 4.27 ± 9.57
Precision Superior (%RSD = 0.40 ± 0.25) Superior (%RSD = 0.42 ± 0.24) Fair (%RSD = 1.84 ± 4.27)
Accuracy Superior (%RPD = 1.34 ± 0.20) Good (%RPD = 1.42 ± 0.45) Fair (%RPD = 1.93 ± 1.74)

a Weights of sample were categorized into five levels: lowest (1–5 mg), low (5–10 mg), medium (10–15 mg), high (15–25 mg), and highest (25–35 mg).
b Mean: average value in measured CaCO3 purity among five repeated analyses (N = 5).
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Fig. 6. Plots of mass change (TG Analysis) and of mass spectroscopy (ion current
for H2O mass number 18 and CO2 mass number 44) in (a) fresh and (b) carbonated
c StDev. : standard deviation among five analyses.
d RSD: relative standard deviation (S.D. between average purity value/average of
e RPD: Relative percent difference for accuracy evaluation, with 95% confidence i

dentify the types of volatiles and/or gases released. Figs. S3(a)
nd S3(b) (see Appendix A) show the FTIR spectra of the fresh
nd carbonated BOFS, respectively. Based on the FTIR results of the
resh BOFS, the first peaks occurred continuously at 100–200 ◦C and
00–500 ◦C due to the removal of absorbed surface water (�(O H)
ending mode at 1508 cm−1) and crystal water (�(O H) bending
ode at 1578 cm−1), respectively. The second more intense peak
as observed at 700–800 ◦C, mainly associated with the CO2 sig-
als (i.e., asymmetric C O stretching vibration at 1454 cm−1). In
he case of carbonated BOFS, however, the main FTIR peaks of
volution took place in the temperature range of 700–800 ◦C, indi-
ating a great amount of CO2 released (characteristic bands at
,363/1,454/688 cm−1).

TGA coupled with MS  was carried out on both fresh and car-
onated BOFS, as shown in Figs. Fig. 6 (a) and (b), respectively. The
issociation of the phases containing H2O in fresh BOFS comprises
hree peaks, which occur at 102 ◦C, 375 ◦C and 443 ◦C. These can
esult from evaporation of surface water, evaporation of pore water,
nd dehydration of crystal water (i.e., Ca(OH)2), respectively. On the
ther hand, in the case of carbonated BOFS, the results show that
wo peaks for H2O signal were observed at 106 ◦C and 238 ◦C, indi-
ating subsequent removal of surface water and pore water. The
a(OH)2 content should be eliminated after carbonation because no
2O signal was observed at 400–500 ◦C. In addition, the dehydra-

ion of different hydrates was found to occur continuously between
0 and 800 ◦C and was especially pronounced before 700 ◦C, due to
he series of H2O signal in the evolved gas analysis results, which
rovides the evidence to the observations in TG-DTG plot.

In the TG-MS pattern, CO2 evolved gas was observed at 695 ◦C
n fresh BOFS, which came from the decomposition of CaCO3. Sim-
lar results were observed in the carbonated BOFS that the loss of

ass occurring between 650 and 750 ◦C corresponds mainly to CO2
missions. It can be deduced that they correspond to the decom-
osition of CaCO3 with a high temperature peak of 736 ◦C, which
onfirmed that the carbonate product is a crystallized CaCO3. Fur-
hermore, no peak of CO2 signal was observed at 500–600 ◦C after
arbonation, indicating the decomposition of MgCO3 crystal was
ot detected, which provided the rationale that the formation of
gCO3 precipitates was negligible in this study.

.4. Principles of thermal decomposition for CaCO3 in BOFS:
inetics and thermodynamics

The kinetic parameters including Ea, n and A values for the ther-
al  decomposition of CaCO3 in BOFS were calculated. Table S2
see Appendix A) presents the influence of heating rate on impor-
ant peak parameters, such as Ti, Te, W,  W1/2, H and SI value. The
esults indicate that the peak temperature (Tp) of CaCO3 decom-
osition increases with the increase of the heating rate. As shown
BOFS.

in Fig. 7, the value of Ea estimated from the slope of the Kissinger
plot (Eq. (4)) yields 197.7 ± 5.5 kJ/mol, with an R2 value of 0.995.
It was  noted that the activation energy increases as the particle
size increases [26,42]. The Ea values experimentally determined
in the literature were found to be in the ranges of 139.0–190.4 and
119.7–179.4 kJ/mol for the cases of pure CaCO3 powder [8,32,33,42]
and CaCO3 mixture [26,30,43], respectively. In this study, the
obtained Ea value (i.e., 198 kJ/mol) was higher than the value of
theoretical activation energy for thermal decomposition of isolated

calcite CaCO3 (i.e., 175 kJ/mol) [43]. This may  be because calcite was
formed inside BOFS particles and/or on the surface of BOFS parti-



260 S.-Y. Pan et al. / Journal of Hazardous Materials 307 (2016) 253–262

F
e

c
i

i
a
v
w
c
a
e
w
a
s
i
s
t
r
t
E
w

a
A
m
t
t
w
T
n
a
C
i
w
�
e
1
w

3

b
m
a
(
d

Fig. 8. Relationship between carbonation conversion of solid waste and weight gain
per dry weight. CKD: cement kiln dust; MSWI:  municipal solid waste incinerator;
ig. 7. Kissinger plot and Carne plot used for evaluation of apparent activation
nergy and reaction order of CaCO3 thermal decomposition in BOFS.

les, thereby requiring extra energy to overcome the barrier of an
mpure layer.

The n value was calculated using several proposed techniques
ncluding the reaction order model (Eq. (6)), the SI of peak (Eq. (7))
nd the Carne equation (Eq. (8)), as presented in Table 3. The n
alues obtained from the reaction order model and the SI of peak
ere from 0.11 to 2.58 and 0.47 to 0.81, respectively, which indi-

ate that the n value is sensitive to heating conditions. The methods
pplied for calculation of the n value provide considerably differ-
nt results. On the other hand, based on the Carne plot, the n value
as estimated to be 0.92 ± 0.03, with the highest R2 value of 0.996

mong all the applied methods. Therefore, the CaCO3 decompo-
ition in BOFS was considered as a first order reaction, implying
nterface-controlled growth with grain boundary nucleation after
aturation [44]. The results (i.e., n ∼= 1) were also consistent with
he findings presented in the literature [26,30,32,33,42,43]. As a
esult, the n value from the Carne method was utilized to calculate
he pre-exponential factor (A). Substitution of Ea and n values into
q. (5) provides an average value of A of (2.20 ± 0.01) × 109 min−1,
here the A value regularly increased with the heating rate.

Accordingly, the thermodynamic parameters including �S,  �H,
nd �G was determined using general equations as shown in the
ppendix A. As shown in Table 3, the average value of �S  was  esti-
ated to be −118.82 J/mol K, which indicated that the formation of

he activated complex exhibited a more organized structure than
he initial substance. In addition, the average values of �H  and �G
ere estimated to be 189.04 kJ/mol and 313.16 kJ/mol, respectively.

able 4 summarizes the comparison of the kinetics and thermody-
amics data for decomposition of CaCO3 precipitates via different
nalytical methods in the literature. In this study, the �H  values for
aCO3 decomposition are close to the Ea values; however, signif-

cant differences between the values of �H and �S  are observed,
hich is similar to the findings reported in the literature [44]. The
S, �H, and �G  values experimentally determined by Georgieva

t al [30]. were found to be in the ranges of 148.7–181.5 J/mol·K,
25.3–158.7 kJ/mol, and 297.9–304.9 kJ/mol, respectively, which
as in a good agreement with those in this study.

.5. Implication to CO2 sequestration by alkaline wastes

Alkaline solid wastes, such as steelmaking slag and fly ash, have
een recognized as effective materials for CO2 sequestration by

ineral carbonation. In most of the studies reported in the liter-

ture, both the weight gain (Eq. (2)) and/or carbonation conversion
Eq. (3)) determined by TGA were frequently expressed as the
egree of carbonation for one target material. Fig. 8 shows the
FA:  fly ash; APC: air pollution control. The numerical values shown in the circle
denote the Reference number.

relationship between carbonation conversion and weight gain of
alkaline solids, which can conveniently identify the performances
of mineral carbonation for CO2 sequestration as suggested in the
literature [2,17,18,21,23,25,45–50]. The plot of carbonation con-
version versus weight gain is a straight line, and the slope of the
straight line is related to the CaO content in the solid. For instance,
the steelmaking slag and cement kiln dust exhibit the relatively
higher CaO content and CO2 capture capacity via the maximum
achievable conversion technologies as reported in the literature
[12,17,18,45]. Although a higher carbonation conversion of coal fly
ash can be achieved, the CaO content of coal fly ash is low (i.e.,
5–10%), thereby resulting in a relatively low CO2 capture capacity.

Rapid, accurate and precise determination of the contents of
CaCO3 formation in the course of mineral carbonation is crucial for
assessing the potential for CO2 capture by alkaline wastes, as well
as providing scientific data for interpretation of the carbonation
reaction kinetics. In this study, the proposed integrated thermal
analysis should be generally applicable to various alkaline solid
wastes from different types of carbonation process. The standard
operation procedure of thermal analysis is highlighted as follows:

(1) Dry samples at 105 ◦C for at least 30 min  to remove the adsorbed
water before analysis.

(2) Locate 3–10 mg  of solid samples in a platinum crucible, and put
in TG analyzer.

(3) Heat sample directly from 50 to 950 ◦C at 10–20 ◦C/min under
N2 atmosphere.

(4) Apply the modified TG-DTG interpretation (Fig. 3) to determine
the weight loss of certain compound.

(5) Combine with other qualitative analyses (such as MS)  to con-
firm the species of evolved gas within the temperature ranges
of decomposition.

By the modified TG-DTG interpretation, there is a positive corre-
lation between CaCO3 content in alkaline wastes and its reactivity
with CO2 through mineral carbonation. The matrix interference due
to Ca-Al-Si hydrate compounds presented in alkaline wastes can
be reduced to a level of 10−3. In accordance with NIEA-PA107, the

method detection limit of the proposed method was found to be
0.70%, with a relatively higher precision (0.40 ± 0.25%) and accuracy
(1.34 ± 0.20%).
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Table  3
Values of kinetic parameters and the corresponding thermodynamic parameters determined by Kissinger calculation procedure.

 ̌ (K/min) ×10−3 1/Tp (1/K) (1 − ˛max)a ×10−2 d˛max/dT  (1/K)a n ×109 A �S �H �G

Kissinger (Eq. (6)) Kissinger (Eq. (7)) Carne (Eq. (8)) (1/min)b (J/mol K) (kJ/mol) (kJ/mol)

1 1.056 0.646 ± 0.008 0.657 ± 0.005 2.58 0.47 0.92 2.194 −118.05 189.84 301.69
5  0.989 0.676 ± 0.018 2.542 ± 0.065 0.68 0.55 0.92 2.202 −118.57 189.31 309.23
10  0.967 0.671 ± 0.007 4.572 ± 0.115 0.31 0.64 0.92 2.201 −118.75 189.12 311.91
15  0.953 0.694 ± 0.002 6.507 ± 0.250 0.21 0.65 0.92 2.207 −118.85 189.00 313.66
20  0.942 0.693 ± 0.004 8.401 ± 0.069 0.16 0.69 0.92 2.207 −118.95 188.89 315.20
25  0.928 0.694 ± 0.005 9.081 ± 0.131 0.17 0.73 0.92 2.207 −119.08 188.76 317.09
30  0.920 0.701 ± 0.005 10.35 ± 0.380 0.15 0.79 0.92 2.209 −119.14 188.68 318.19
35  0.919 0.702 ± 0.007 12.28 ± 0.340 0.11 0.81 0.92 2.209 −119.15 188.67 318.29

a Data with 95% confidence interval.
b The pre-exponential factor was determined by Eq. (4) and Eq. (8) (n = 0.92).

Table 4
Comparison of thermal decomposition kinetics of CaCO3 precipitates in this study and those in the literature.

Exp.Method Ea (kJ mol−1)Ln (A) (min−1)n −�S  (J mol−1 K−1)�H  (kJ mol−1)�G  (kJ mol−1)Types of CaCO3 Particle size
(�m)

f(˛)a Reference

TG Non-isothermal (N2) 150 – 1 – – – Pure calcite 50–100 F1,

KM
[28]

163 – 1 – – – 100–160
TG  Isothermal (N2) 162.5 – 1.11– – Pure calcite – R2, KM [18]
TG Isothermal 139.0 22.5 1 – – – Pure calcite ∼225 GPM [8]
TG Non-isothermal (air) 180.2 17.69 1 – 129.6 – Pure calcite ∼100 F1, CRM[17]
TG Non-isothermal (N2) 159.3 17.82 0.67149.1 151.3 297.9 Pure calcite – R3, KM [15]
TG Non-isothermal (N2) 179.4 – 1 – – – Formed in cockle shell 125–250 F1, SCM[27]
TG Isothermal (Air) 119.7 – – – – – Formed in white-body wall tile∼350 SCM [29]
DTGNon-isothermal (N ) 197.7 21.51 0.92118.8 189.0 313.2 Formed in steelmaking slag ∼82 F This study
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a KM:  Kissinger method; GPM: grainy pellet model (assuming both the chemical r
hrinking core model; CRM: Coats-Redfern method.

. Conclusions

A modified TG-DTG interpretation was developed in this study
nd validated with DSC analysis. The proposed method exhibits a
elatively higher precision and accuracy than conventional meth-
ds. In addition, the kinetic and thermodynamic parameters of
aCO3 thermal decomposition in solid waste were determined.
he apparent activation energy and frequency factor corresponds
o 197.7 ± 5.5 kJ mol−1 and (2.20 ± 0.01) × 109 min−1, respectively.
rom the slope of the Carne plot, the apparent kinetic exponent
n) was estimated at 0.92 ± 0.03, which indicates the interface
ontrolled growth with grain boundary nucleation after satura-
ion. The thermodynamic parameters including �S‡, �H‡ and �G‡

ere estimated to be −118.82 J mol−1 K−1, 189.04 kJ mol−1 and
13.16 kJ mol−1, respectively. Furthermore, this article provides the
echnical guideline and criteria on evaluating the CO2 fixation per-
ormance of industrial solid wastes via accelerated carbonation.
he different types of performance indicators, i.e., weight gain and
arbonation conversion, for CO2 fixation using carbonation were
omprehensively reviewed and compared to the results obtained
n this investigation.
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