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Tricalcium aluminate is an important constituent of Portland cement, apart from
having other applications. It is formed by a solid—solid reaction between CaO and
ALO;3, themselves formed by solid-state decompositions of CaCOj; and Al(OH);,
respectively. There is no unanimity in the literature about the kinetic and mechanistic
aspects of its formation. In this article we report experimental studies on this system
with a view to identifying the reasons for these discrepancies and to present reproduci-
ble kinetic information under a well-defined set of conditions. The experiments cover a
temperature range of 1100-1300°C and use CaCOj; and Al(OH); gel powder as the
starting materials. Reactions have been carried under a variety of conditions in an
attempt to identify the experimental variables that influence the observed kinetics. The
results show that mechanochemical activation can profoundly influence rates. The most
reproducible and consistent results were obtained under conditions of good interpar-
ticle contact, with controlled pretreatment to define the physical structure of the react-
ing entity. Further, the results throw light on the sequential nature of the reaction and
establish the nature of the intermediate phase. The data, when interpreted in the tradi-
tional manner, show consistent trends with the literature, but the deficiencies of such
interpretation have been analyzed and the need for new models has been advanced.
Because solid—solid reactions are generally less well understood than their fluid coun-
terparts, our results argue in favor of a comprehensive modeling framework for such
series reaction networks in the solid phase. © 2007 American Institute of Chemical Engi-
neers AIChE J, 53: 502-513, 2007
Keywords: solid—solid reactions in series, reaction kinetics, solid processing, QXRD

Introduction

In cement chemistry, tricalcium aluminate (Ca3;Al,Og) is
normally denoted by C;A (C=CaO and A=AlL03). C3A is
the most reactive part (~5-10%) of the Ordinary Portland
Cement (OPC) clinker,' produced worldwide in high ton-
nage. When impurities such as K, Na™*, Si*", and Fe’" are
incorporated into C3A crystals, it is called celite, which melts
at about 1350°C and assists the other reactions in the rotary
cement kiln.' During hydration of cement, it readily reacts
with water and forms a stable cubic hydrate CazAl,(OH) 12,
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which reacts with gypsum to form calcium sulfoaluminate
hydrate gel, which surrounds the cement grain and delays the
reaction between water and calcium silicate phases to allow
for the required workability. Apart from its use as a cement
phase, application of C;A phase as a catalyst support3 and as
a doping material to improve the biocompatibility and bioac-
tivity of calcium aluminate bone cement® has emerged in
recent years.

C;3A is formed by a solid—solid reaction between CaO and
AlL,O3 at high temperatures. In spite of a long history of
application, the kinetics of formation of C3A has eluded con-
sensus and studies continue. One part of the debate concerns
the identity and sequence of phases that form, en route, the
final equilibrium phase. The other concerns the kinetics of
conversion. Difficulties seem to arise from the (often ill-
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Table 1. A Partial List of Model Equations Used to Describe
the Kinetics of Solid—Solid Reactions*

Model
Symbol (Type of Process) Equations
D, One-dimensional
diffusion o=kt
D, Two-dimensional
diffusion (1—-—oa)n(l —a)+ o=kt

D; Jander (diffusion) -1 -)"PP=k

Dy Kroger and Ziegler
(diffusion)

Dy Ginstling—Brounshtein
(diffusion)

vC Valensi—Carter
(diffusion with
volume change)

1—(1-0)”P=klnrs
1—@R)oa—(1 - =k

[z/z — D] — (1 — o)*?
—[+GE=DaPc - D=k

F, First-order kinetics —In (1 —a) =kt
Rj Phase boundary 11— -)P =k
reaction
Ry Phase boundary 1—-(1 -0 =klnt
reaction
A, Avrami Erofe’ev
(Nucleation
and growth) [—In (1 — )] =kt
Az Avrami Erofe’ev
(Nucleation and [~In (1 — )] =kt
growth)

*From Sharp et al.'> and Tamhankar and Doraiswamy.'®

defined) conditions of solid—solid contact under which the ex-
perimental studies are carried out and from the inadequate jus-
tification for the models normally used in data interpretation.
The present study was thus undertaken to examine the possi-
ble reasons for the disagreement that exists in the literature, to
obtain data to clarify these matters to the extent possible and
to explore directions for the further work in this area.

Literature

Over the years, many researchers™ '* have studied the
formation kinetics of calcium aluminates. In cases such as
this, particle level kinetics is usually represented by an equa-
tion of the form g(«) = k#, where g(o) is a function of the
overall conversion, o. k and ¢ are the rate parameter and
time, respectively. The form, inspired by particle-level mod-
els for gas—solid reactions, cannot be justified rigorously in
all cases, but often fits the data adequately and has continued
to be applied. The more commonly used forms for solid—
solid reactions of this type are given in Table 1. These mod-
els differ in terms of the geometry considered, assumptions
made on the underlying process, and rate controlling mecha-
nism. Apart from expressions based on an overall reaction
order, diffusion or chemical reaction control at the phase
boundary and nucleation and growth control have often been
tried. Sharp et al.’® proposed a reduced time plot method for
model discrimination, which involves plotting the fractional
conversion against time (f), normalized with respect to time
for 50% conversion, f,s. This normalization cancels out the
rate parameter (k) and a fit or otherwise of a model can be
assessed. A plot of the appropriate g(x) vs. ¢ is then used to
calculate the rate parameter for different temperatures. The
activation energy (E) and preexponential factor (A) can be
determined (assuming an Arrhenius-type formulation for the
rate parameter) from plots of In(k) vs. 1/T.
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The different models, which have been claimed to explain
the formation of calcium aluminate phases, are listed in Ta-
ble 2. The more prominent among the models are attributed
toJ ander,21 Ginstling and Brounshtein,22 and Carter.”>?* Jan-
der’s model®' treats the diffusion-controlled case in a flat
slab geometry (D). Ginstling and Brounshtein® proposed a
similar model (D4) for a spherical geometry. These models
use an unreacted core approach and treat the moving bound-
ary diffusion problem (arising out of the shrinkage of the
unreacted reactant layer) in a quasi-steady-state manner. Car-
ter”>** proposed a modification of an earlier model proposed
by Valensi,”> which accounts for volume change of the parti-
cle with reaction (arising out of a difference in density
between the reactant and product) while retaining the quasi-
steady-state features to treat the boundary movements. In this
[Valensi—Carter (VC)] model, volume change has been
accommodated by introducing a parameter z, which is the
ratio of the volume of product formed per unit volume of the
reactant consumed.

Carter®® observed that, “to warrant any conclusions as to
the validity of a model, the data must fit the model to
100%.” 1t is therefore worth noting that most of the data
taken for model validation stop well short of 100% conver-
sion. Even so, the lack of consensus in the literature on the
data and interpretation of kinetics for the calcia—alumina sys-
tem is clear from Table 2. This suggests that unsuspected ex-
perimental variables (which are possibly different between
different experimental studies) have influenced the observed
kinetics.

There are also other difficulties in expecting models of the
type listed in Table 1 to work in general. One important
issue is that these models consider the solid-state reaction to
occur in a single step, whereas in many cases, intermediate
phases have been experimentally observed in significant
amounts even at moderately high conversions, indicating a reac-
tion network of some complexity. Such is the case, for example,
with calcia—alumina reactions. The work of Mohamed and
Sharp'* on tricalcium aluminate shows the intermediate phases
(C12A; and CA) in substantial amounts, these phases converting
slowly to the final product C5A only at longer times. The matter
is further complicated by the fact that there is no general agree-
ment on the intermediate phases that form and the sequence of
their formation.

In addition to the above difficulties with the theories, there
are experimental factors that could affect the observed

Table 2. Models Used for Formation of Different
Calcium Aluminate Phases

Reaction System ReDpodel Temperature Phase
with Mole Ratio Fitted Range (°C) Formed
3Ca0:AL,05 8p, 11001300 CiA
CaCO;:ALO; 10p,, 1200-1380 CA
CaCO5:AlLO; 'p,, vC 1200-1300 CA
3Ca0:AlL0; p,, vc 1200-1300 C;A
CaCO;:2A1,05 2Ry 1410-1560 CA,
Ca0:2AL,0; PR, 1200-1460 CA,
3CaCO5:ALO; 1p, 1150-1350 C;A
CaCO;:ALO; 7R;, VC 1200-1400 CA
CA:ALO; 18R, 1350-1450 CA,
CaCO;:ALO; “p, 1150-1400 CA
12CaCO5:7ALO; 20p, 1150-1350 CoA;
Published on behalf of the AIChE DOI 10.1002/aic 503



kinetics, which are not always tightly controlled. Such factors
include the method used to ensure a homogeneous mix, the
degree of homogeneity of the mix, particle size distribution,
contact between the particles, particle shape, and interaction
between particles. Variation of diffusivity with composition
and any effect of pretreatment are other factors whose effect
is either unknown or difficult to quantify. For example, the
work of Rivas Mercury et al.> shows that considerable me-
chanical activation can result from certain methods adopted
for size reduction and mixing.

It is the purpose of this article to investigate the effect of
some of the more important variables in the case of the cal-
cia—alumina system. The nature and sequence of phase forma-
tion is of particular interest because this can point to the kind
of models that need to be used to describe such kinetics.

Experimental

AR-grade calcium carbonate and aluminum hydroxide gel
powder were procured from Sisco Research Laboratories Pvt.
Ltd. and Loba Chemie, respectively, and taken as the pri-
mary reagents in the experiments. Two types of experiments
were carried out:

(1) Programmed temperature (Dynamic) runs in a Simultane-
ous Thermal Analyzer (STA 409 PC Luxx, Netzsch, Germany).

(2) Isothermal runs in a programmable high-temperature
chamber furnace (60 F4, Okay Electric furnace, Bysakh and Co.,
India).

Programmed temperature experiments

The objective of these experiments was primarily to check
the purity of the starting materials (so that the stoichiometric
ratios of primary reagents required for C3A phase formation
can be determined) and to identify the range of temperatures
in which the calcia—alumina reactions occur. Thus, simulta-
neous thermogravimetric (TG) analysis and differential scan-
ning calorimetry (DSC) studies were conducted separately on
calcium carbonate (up to 1000°C) and aluminum hydroxide
gel powder (up to 1200°C) at a constant heating rate of
10°C min™' in a N, atmosphere using a platinum pan. The
instrument was previously calibrated using standards provided
by the manufacturer. Based on the observed total mass loss of
individual powders, the powders were mixed together (sieved
and mixed in a cyclohexane slurry as described later) so as to
give a mole ratio of CaCO3:Al(OH); equal to 3:2. About 10—
15 mg of the mixture was then heated to 1200°C in the STA
instrument (TG-DSC mode), keeping all other conditions fixed
as in the case of the separate TG-DSC study on CaCO; and
Al(OH);. The experiment was repeated in an air atmosphere
to verify the effect, if any, of the gas environment on the
phase formation.

Isothermal experiments

The objective of the isothermal experiments was to inves-
tigate in detail the kinetics and mechanisms of the solid—
solid processes involved. In view of the disparity of results
seen in the literature on various aspects of the reaction, a va-
riety of protocols were chosen to conduct the reaction so as
to establish the effect of the selected experimental variables.
These protocols are typical of the procedures adopted in the
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literature and in industrial practice. The same mixture as
above—3:2 mole ratio of calcium carbonate and aluminum
hydroxide gel—was used and a high-temperature chamber
furnace was used to conduct the reactions. Both powder mix-
tures and pellets were used in these experiments, to see the
effect of particle—particle contact. In the case of powders,
any effect of mechanical activation was also investigated.

Powder experiments

Two protocols were followed as described below for pre-
paring the powder mixture for reaction, to ascertain whether
mechanical activation (say resulting from ball milling) has a
measurable influence on the kinetics.

® In the first protocol (ball-milled case), the powder samples
of the two starting materials were mixed together in a planetary
ball mill (Retsch, model S1, Hahn, Germany) for 25 min (grinding
medium: 12 steel balls, each of 20 mm diameter) and then sub-
jected to reaction in the programmable temperature furnace.

® In the second protocol (slurry-mixed case), the powder
mixture for reaction was prepared as follows. Calcium car-
bonate and aluminum hydroxide gel powders, individually
passed through a 53-um sieve, were taken in the required ra-
tio and slurried in cyclohexane to achieve thorough mixing.
The mixture was stirred for 30 min and then dried in an
oven maintained at 55°C.

Platinum crucibles were used to carry out the reactions in
all cases. In the initial experiments on ball-milled powders,
when the powder was introduced into the chamber furnace
maintained at the reaction temperature, the rapid decomposi-
tion and dehydration reactions at the high temperature caused
some spillage of the powder from the crucible. The powder
was therefore introduced into the furnace at a sufficiently
low temperature for these reactions to be unimportant (say
600-650°C), and the furnace temperature was then raised to
the required value at 20°C min~"'. Reaction time was counted
from the instant the furnace reached the required temperature
and a zero-time sample was taken at this point. Alternatively,
and in all experiments on slurry-mixed powders, the powders
were heated at 800°C for 1 h in a separate furnace before
being introduced into the chamber furnace maintained at the
temperature of interest. Reaction time was counted from the
instant of introduction of the powder into the high-tempera-
ture furnace. X-ray diffraction (XRD) studies, carried out on
samples heated at 800°C for 1 h, confirmed the complete
decomposition of CaCO; and the absence of any solid—solid
reaction between CaO and Al,O;. In all cases, the samples
were taken out after the required time, air-quenched, and
stored in a desiccator for further analysis by quantitative
XRD (QXRD, described below).

To eliminate the effect of particle size variation on XRD
patterns, reacted samples in all cases were ground in an agate
mortar-and-pestle and the entire amount of sample was then
passed through the 53-um sieve again, before phase quantifi-
cation using QXRD. Only data from runs where all these
precautions were followed and particle size of the primary
reagents were the same were used for kinetic interpretation.
In all cases, particle size distributions were recorded using a
GALAI CIS-1 instrument (Migdal Haemek, Galil, Israel)
using methanol as a suspending medium. In some cases, the
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results were checked by dynamic light scattering (Broo-
khaven Zeta Plus) and optical microscopy.

Pellet experiments

The objective of these experiments was to study the reac-
tions under conditions of improved particle contact. Green
density measurements of powders and compacts showed that
particle packing improves with pelletization pressure up to a
point, beyond which it remains substantially constant. Based
on these results, pellets of 12-mm diameter were prepared
using an isostatically cold press at 300 MPa. These were sub-
jected to reaction in the programmable-temperature chamber
furnace. Two protocols, with different initial conditions for
reaction, were followed in these experiments:

® In the first (pretreated pellets), green pellets of 3:2
mole ratio calcium carbonate and aluminum hydroxide gel
powder were heated to 800°C in a furnace and maintained at
that temperature for 1 h to complete the formation of the
oxides from the starting materials, before introducing them
into the high-temperature chamber furnace maintained at the
temperature of interest. As in the case of the powder experi-
ments, XRD analysis confirmed the complete decomposition
of CaCO; and the absence of any solid—solid reaction
between CaO and Al,Oj3 as a result of the pretreatment.

e In the second (raw pellets), green pellets of the same powder
mixture were directly introduced into the chamber furnace at the
reaction temperature and reacted for the required length of time.
In both cases, all the necessary precautions listed above were
taken. A platinum crucible was used and reactions were car-
ried out for different times. After the required length of time,
pellets were removed from the furnace, air-quenched, and
stored for the QXRD analysis.

Quantitative X-ray diffraction (QXRD)

Phase quantification was done using QXRD by the Internal
Standard Method?® using TiO, (rutile) as internal standard. A
fixed amount (14.65%) of the internal standard, which was
also passed through the 53-um sieve, was added to each
ground sample and the entire composite mixed together
under cyclohexane. The mixture was then dried and exam-
ined by Philips X Pert PRO diffractometer using Cu as a tar-
get at a voltage of 40 kV and current of 30 mA. Randomly
oriented samples were prepared by a back-loading technique
to avoid preferential orientation. Scans were taken for a 20
range of 5-75° with a step size of 0.017°.

For any given phase, the intensity ratio of one of the non-
overlapping peaks (the reference peak, preferably the most
intense) of that phase with one of the nonoverlapping peaks
of rutile was calculated from the diffractogram, and the mass
percentage of the phase present was calculated using this in-
tensity ratio and the calibration constant (described below).
The relative intensities and reference peaks used in the quan-
tification are listed in Table 3. To prepare calibration curves
for each of the phases of interest (C3A, CixA;, CA, CA,),
the pure phases were synthesized by repeated heating and
grinding of the oxides taken in the necessary stoichiometric
proportion, until there was no trace of the starting oxides.
XRD patterns were obtained for known mixtures of these
pure phases with the internal standard in the usual manner
and plots of composition vs. intensity ratio (with respect to
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Table 3. Reference Peaks and Their Relative Intensities
Used for Phase Quantification by XRD

d-space Angle Relative JCPDS

Phase (A) (20) Intensity Number
0-Al,O3 2.086 43.34 100 43-1484
CaO 2.405 37.347 100 37-1497
Rutile 3.248 27.436 100 78-2485
CA 1.557 59.272 24.0 38-1429
CioA; 4.891 18.122 100 78-0910
CA 2.966 30.13 100 23-1036
CA, 4.440 19.997 55.0 23-1037

rutile) were made, from which the calibration constant (K.,)
for each phase was calculated using

Ip % Wp
_% =Kea— (D
I is I P Wix
where [ and I are the intensity and relative intensity (with
respect to the most intense nonoverlapping peak), respectively,

and W is the weight of the phase in the calibration sample.

Results and Discussion

The raw powders (as received) had the following size
characteristics: CaC03:0.5-12.0 um (mean size about 1.9 um);
Al(OH);:0.5-4.0 um (mean size about 1.05 um). In all pow-
der experiments except those with ball-milled powders, the
particle size of the mixture were in the range 0.5-6 um with
an average particle size of about 1.7 um. In the case of the
ball-milled powder mixture, the particles were in the size
range 0.5-2 pum with a mean size of 1.0 um. Some size
reduction thus occurs during ball-milling, apart from mixing.
However, it is of interest to see whether the particle reactiv-
ity is affected.

Programmed temperature (TG-DSC) experiments

The results of the TG-DSC study on calcium carbonate
showed an endothermic DSC peak at 794.1°C with extrapo-
lated onset temperature 725.4°C, corresponding to its decom-
position.27 The mass loss shown by TG is 43.77%, which
agrees well with the expected value of 44.0% for complete re-
moval of CO,. The AH shown by DSC of 1794 J g~ ' com-
pares with 1794 J g~ ' for CaCOs decomposition.28 In the case
of aluminum hydroxide gel powder, two broad endothermic
DSC peaks were observed at 99.5 and 278.1°C corresponding
to adsorbed (unbound) moisture loss and dehydration, respec-
tively. The peaks are not well resolved under these conditions.
The total mass loss was found to be 42.47%, most of which
(39.90%) occurs in these two stages at <600°C. In addition,
two exothermic DSC peaks were observed at 848.8 and
1107.8°C, with no corresponding DTG peaks. These are attrib-
uted to the phase transformation of Al,O; formed after dehy-
dration of AI(OH)3.29 The observations indicate that conver-
sion to the oxide is complete by 600°C. Therefore, 600-650°C
was chosen as the temperature of introduction of the powder
samples into the chamber furnace, as described previously.

Based on the above results, a mixture of CaCOs; and
AI(OH); so as to give a 3:1 mole ratio of CaO:Al,O3 was
made and a TG-DSC study conducted. The results are shown
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Figure 1. Thermal analysis results on CaCO; and
AI(OH); gel mixture (3:2 mole ratio).
(A) TG curve, (B) DTG curve, and (C) DSC curve.

in Figure 1. A total weight loss of 43.50% was observed in
two stages (13.82 + 29.68% in Figure 1A) corresponding to
adsorbed moisture loss and dehydration of AI(OH); up to
600°C and calcination of CaCO5; > 600°C, respectively (such
a two-stage decomposition was also observed by Rivas Mer-
cury et al.?). The corresponding DTG peaks are shown in Fig-
ure 1B. This total mass loss matches well with the mass loss
of 43.42%, calculated from the individual mass losses
observed with pure CaCOj3; and AI(OH); gel. The first stage
up to 600°C contributes 13.82% [calculated value 14.81%
arising mainly from dehydration of Al(OH);] and the second
stage contributes 29.68% (calculated value 28.60%, arising
from decomposition of CaCOs;). These stages correspond to
the three endothermic DSC peaks at 95.7, 277.8, and 785.2°C
in the DSC curve of Figure 1C. A downward shift of all these
peaks from their positions in pure samples was observed and
is noteworthy. A downward peak shift is also observed for the
exothermic peaks of alumina phase transition (832.3 vs.
848.8°C and 1103.5 vs. 1107.8°C). An additional broad exo-
thermic DSC peak was observed at 938.6°C, indicating the
formation of calcium aluminate phases resulting from solid—
solid reactions between Al,O; and CaQO; this corresponds to
no weight loss in TG curve of Figure 1A. TG-DSC experi-
ments in an air atmosphere gave exactly identical results to
the above, showing no influence of the gas environment.

The following reactions lead to the oxides from the start-
ing materials:

® Dehydration of aluminum hydroxide?

2A1(OH); (s) — ALO;3 (s) + 3H,0 1(g) @
® Decarboxylation of calcium carbonate
.CaCO;5 (s) — CaO (s) + CO, 1(g) (€)

The reactions possible among these oxides and the primary
reaction products are described in a later section.
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Isothermal experiments in the chamber furnace

Powder Experiments. Experiments with powder mixtures
were performed in the temperature range of 1100-1300°C
and the variation of mass fractions of different phases
observed with time have been plotted for different tempera-
tures, for ball-milled and slurry-mixed powder samples, in
Figures 2 and 3, respectively. It is clear that there are signifi-
cant differences in kinetics between the two cases. Further,
the following observations may be made:

® The conversion of alumina (as given by the sum of the
product phases) is in general quite fast. In fact, in the case of
ball-milled samples at the higher temperatures, a significant
amount of conversion takes place even before the desired
reaction temperature is reached, as seen by the conversion in
the zero-time samples (Figure 2).

® In all, three calcium aluminate phases are seen: CA,
C12A7, and C3A as observed by Williamson and Glasser’ and
Mohamed and Sharp.'* The mass fraction of C3A increases
continuously as is expected of a final product. The other two
phases, where observed, show characteristics of intermedi-
ates, their amounts increasing initially and decreasing at long
times. At the higher temperatures with ball-milled powders,
the data capture only the declining phase because the maxi-
mum is probably already past by the time the mixture
reaches the reaction temperature.

® The CA phase was observed only in ball-milled sam-
ples. This may be attributable either (1) to local inhomogene-
ities in these samples, leading to local compositions different
from the average composition taken, or (2) to mechanochem-
ical activity itself, the formation and consumption reactions
of CA being promoted to different extents. Similar results
were previously reported by Rivas Mercury et al.> when they
attempted to produce C3A from mechanochemically activated
precursors such as CaCO; and Al(OH)s.

024681012 0246281012
Time, h Time, h

Time, h Time. h
- f:\h
m CA,
. A CA
% 10 15 20
Time, h

Figure 2. Variation of product phase mass fractions
with time at different temperatures for ball-
milled powder mixtures.
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Figure 3. Variation of product phase mass fractions
with time at different temperatures for slurry-
mixed powder mixtures.

® No other phases like CAg and CA, were observed in
any of the experiments as observed by others.>'* Lower tem-
peratures may be needed to make these phases with excess
alumina in the reaction mixtures.

® Where the CA phase is seen (ball-milled powders), it is
present in much smaller amounts and peaks earlier than
C|»A5, indicating that it is more reactive (because of its meta-
stable nature at the prevailing condition®®) and is a precursor
to Ci»A; in the reaction sequence. At 1300°C, the amount of
CA phase was reduced to zero just after the first hour.

e In both cases (Figures 2 and 3), the amount of C;A
phase at any time was found to increase with temperature; at
a particular temperature it generally increases with the heat-
ing time. At low temperatures, the C3A mass fraction nearly
levels off after a certain time, with significant amounts of the
other phases still remaining, whereas at higher temperatures,
the mass fractions of all phases except C3A go to zero. This
suggests an incomplete conversion of the intermediates to the
final product at low temperatures. Similar incomplete conver-
sion of a reactant has been observed in gas—solid reactions,”'
where it has been attributed to pore closure.

® In both cases, the rate of decrease of Ci,A5 is the more
pronounced, and its maximum mass fraction the lower, the
higher the temperature.

® [n ball-milled samples, the amount of phases found fol-
low the sequence C3A > Cij5A; > CA from very small
times. Although the trend is not as clear in the slurry-mixed
case, it is generally seen that the mass fraction of C;A
increases as that of C;,A, decreases. These features indicate
the “reaction intermediate” status of C;»,A; and show that
the conversion of intermediates to the final product is much
faster in the ball-milled case.

Interestingly, in many experiments with slurry-mixed pow-
ders, the initial C3A formed seems to decrease before
increasing again, as expected of a final product in the reac-
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tion sequence. This is as though C;A first formed becomes
converted by a reverse reaction with alumina to an “interme-
diate” phase before the invading calcia converts it back. This
trend has not been reported previously and reasons are not
clearly understood. It is possible that the explanation has to
do with changes in the porous structure, and consequently
diffusivity, as the particles are progressively converted. Local
inhomogeneities and poor particle contact could also have
played a role because, as will be seen further, these peculiar-
ities were not observed in the pellet experiments. Thus the
possibility that it is an artifact in the powder experiments
cannot also be ruled out.

It is clear from the above observations that ball milling
profoundly influences the subsequent kinetics of calcia—alu-
mina reaction. This is suggestive of significant mechanical
activation of the reactant during ball milling. Figure 4 shows
the XRD pattern of CaCOj3; powder before and after the ball
milling under the conditions followed in the experiments.
The degradation in the pattern is again evidence of mechano-
chemical activation.”” The activation in the present case is
such that there is considerable reaction even before the reac-
tion temperature is reached in the case of ball-milled pow-
ders, something not expected from the rates seen in the other
case. The reaction thus seems to begin at lower temperatures
arising from activation. Further, rates of conversion at equal
conversions are clearly higher. C;,A; conversion Kkinetics
also seems faster in the ball-milled samples, as seen by the
lower size of peaks and faster disappearance rates in the lat-
ter case. If Ci,A7 is regarded as an intermediate that further
converts to C3A, the above two trends are consistent.

The above observations are significant because mixing in
ball mills is common practice in industrial and scientific
studies on such reactions.**?® The literature also contains
references to mechanochemical activation when powders are
mixed in a ball mill.>*"**> The proliferation of crystal
defects during ball milling is said to be responsible for the
activation.> In fact, this forms the basis of an alternative
route to synthesize calcium aluminates.”*

Pellet Experiments. The kinetics of C3A formation in
pelletized calcia—alumina systems was studied for both pre-
treated pellets and raw pellets, in the temperature range of
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Figure 4. XRD of CaCO; powder.
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Figure 5. Variation of product phase mass fractions
at different temperatures in the case of pre-
treated pellets.

1100 to 1300°C. The only calcium aluminate phases observed
in these experiments were Cj,A; and C3A. Figures 5 and 6
show the variation of mass fractions of these phases with time
at the temperatures studied, for the two cases. The mass frac-
tion of Cj,A; was found to increase initially and then gradu-
ally decrease with a simultaneous increase of C;A phase. This
trend, even more conclusive here (under conditions of better
interparticle contact) than in the case of powders, indicates
that Cj,A; is the intermediate to C3A formation. The differ-
ence here is that, presumably because of the improved contact
between the reactant particles, the CA phase is not observed
at all.

A comparison of the rates of phase formation for two
cases each of powder and pellet experiments shows some
interesting features (Figure 7). The following are noteworthy:

® The ball-milled samples show the highest rates of C3A
formation. At the lower temperatures, only these samples
show sufficiently high rates to reach high conversions within
the experimental time. Thus for example at 1100°C, C3A lev-
els reached almost 53% in 6 h of reaction in these samples,
in contrast to only <20% in slurry-mixed powders and pre-
treated pellets, and 0% in raw pellets. The importance of me-
chanical activation in ball-milled samples is thus revealed,;
the activation is such as to override the negative effect of
poor particle contact in the powders.

e Among the non-ball-milled samples, the pellet experi-
ments show a higher rate of reaction than that of the powder
experiments, indicating that particle—particle contact plays an
important role in determining the kinetics of phase formation
by solid—solid reactions.

® The rates of C3A formation are usually in the order:
ball-milled powder > raw pellets > pretreated pellets >
slurry-mixed powder (except at 1100°C). In the case of pre-
treated pellets, the decomposition reactions of the primary
reagents occur in a smooth and controlled manner as the
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Figure 6. Variation of product phase mass fractions at
different temperatures in the case of raw
pellets.

temperature is gradually raised to the reaction temperatures
observed in TG-DSC studies. The evolution of the decompo-
sition products and creation of porosity also proceed
smoothly and there is a high likelihood of the final physical
structure being the same in every experiment. In the case of
raw pellets, which are suddenly exposed to the reaction tem-
peratures, these reactions are likely to occur violently. Some
extent of defect generation in a manner akin to mechano-
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Figure 7. Comparison of C3;A phase formation rates at
different temperatures in powder and pellet
experiments.
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Figure 8. Comparison of alumina conversion rates at
different temperatures in powder and pellet
experiments.

chemical activation is thus possible in this case. Further, the
violent release of the decomposition products introduces a
random element to the final porous structure that is then pre-
sented to the solid—solid reactions, and this could have an
effect on the rates of transport phenomena in this case. The
greater scatter of the data in the case of raw pellets is indica-
tive of such a phenomenon.

® Although the raw pellets show no C3A up to 6 h of
reactions at 1100°C, Figure 6 shows considerable conversion
of alumina to C;,A5. This indicates that formation of C,A~
is a fast step and conversion of the already-formed C,A; to
C3A is the slowest step. To see this more clearly, conver-
sions of alumina (calculated from the totality of products) in
all four cases are shown in Figure 8. The initial rates of dis-
appearance of alumina (when alumina particles are more
exposed) are seen to be very fast in all the cases.

Reaction intermediates and reaction sequence

Many reactions are possible among the oxides, leading to
various calcium aluminate phases, such as C3A, C;A;, CA,
CA,, and CAg. These can further react among themselves or
with the oxides. For example, some of the suggested reac-
tions are'?

CA (s) +2CaO (s) — C3A (s) (€]
CA; (s) +5Ca0 (s) — 2C3A (s) )
C12A7 (S) 4 9CaO (S) — 7C3A (S) (6)

Ci2A7 (s) + CA (s) + 11Ca0 (s) — 8C3A (s)  (7)

Evidence on the sequence of intermediate and minor phase
formation in the literature is confusing. Although Gulgun
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et al.®>® conclude that the sequence of phase formation is
always from calcium-rich phases to the phase for which reac-
tion mixture is proportioned, experimental findings of
Mohamed and Sharp14 and Kohatsu and Brindley7 indicate
the reverse sequence, that is, a sequence that proceeds from
alumina-rich phases toward the phase for which the reaction
mixture is proportioned. Experimental studies on the subject
fall into two main groups. In the first, reaction couples con-
sisting of sintered pellets of CaO and Al,O5 are fired. Sev-
eral or even all of the five calcium aluminate phases have
been observed in these studies. As the reacted pellet is
scanned from the lime end to the alumina end, the phases
are seen as parallel zones, with the concentration of calcium
gradually decreasing and that of aluminum increasing.” The
general agreement seems to be in favor of Ca*" diffusing
through the reaction product toward the alumina pellet.37 The
“marker experiments” of Weisweiler and Ahmed” on the cal-
cium aluminate system using Pt as marker may also be cited
in the same context. In the second group, powder mixtures
of CaO and Al,O3 are fired and different observations have
been reported. Williamson and Glasser® reported Cj,A; to be
the principal nonequilibrium phase, although CA was also
observed. Mackenzie and Banerjee8 identified C,A, CjA7,
CA, CA,, and CAg during the synthesis of C;A, but con-
cluded that CA, and C,A were reaction intermediates,
whereas the remaining phases were considered as minor
products. Singh et al.’® also reported several calcium alumi-
nate phases when a 3:1 mixture of CaO and Al,O5; was fired
at 1380°C. Chou and Burnet'' suggested that Cj,A is likely
to be the first compound formed, but the amount present ini-
tially does not grow to any appreciable extent. CA is then
formed as the CaO continues to diffuse into the Al,Os. After
the alumina particle is completely converted into CA, the
C3;A phase begins to form. After both Al,O; and CaO are
expended, Ci,A; grows at the expense of CA and C;A.
Mohamed and Sharp14 reported C,A; and CA as the inter-
mediates of C3A formation.

Williamson and Glasser® refer to the thermodynamic
studies on the CaO-Al,O5; system by Mchedlov-Petrosyan
and Babushkin,” which show that Cj,A; is the first cal-
cium aluminate phase formed <1000°C and at >1100°C it
ceases to be an important metastable phase. It is also shown
that the C;A phase does not form directly from CaO and
Al,O3 but only by the reaction of C;,A; with CaO. Previ-
ous programmed temperature (TG-DSC) study and isother-
mal experimental results also support the conclusion that
C12A7 is the only intermediate in C3A formation if powders
are well mixed before reaction and the particles are in good
contact.

In our experiments, the CA phase was found only when
ball-milled powder mixtures were reacted, and not in slurry-
mixed or pelleted mixtures. A comparison of all our results
suggests that conclusions on reaction kinetics and the
sequence of phase formation are better based on experiments
carried out under conditions of good particle contact and in
which the reacting entity is formed in a manner that ensures
a reproducible physical structure. Our results from such
experiments favor a sequence of phase formation that starts
with alumina-rich phases and moves toward C3A, which in
our case is the equilibrium phase for which the reaction mix-
ture is proportioned.
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Fractional conversion, @

Figure 9. Reduced time plot « vs. t/ty 5, assuming frac-
tion of Al,O3 converted (x) = fraction of Al,O3
in C3A (pretreated pellets).

Kinetics of calcia—alumina reactions

In view of the demonstrated importance of interparticle
contact, in this work kinetics were determined only from pel-
let experiments. In the literature on calcium aluminate
kinetics, the mass fraction of the product C;A has commonly
been used in place of conversion (a in the expressions of Ta-
ble 1), both in model selection and in parameter evaluation.
For the purpose of comparison, in this work also the same
practice is adopted to start with. The applicable kinetic mod-
els were determined using the method of reduced time plots.

Because model discrimination involves making plots of
C3A mass fraction against reduced time (#/ty5), temperatures
at which the highest mass fractions realized were <0.5 were
excluded. From data at the other temperatures, fys for nor-
malization is determined for each temperature as the time at
which C;A mass fraction reaches 0.5. Data are compared
with different models (Table 1) in the reduced-time plots of
Figures 9 and 10, respectively, for pretreated and raw pellets.

=
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o
=

Fractional conversion,
=
'

=
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Figure 10. Reduced time plot « vs. t/t;5, assuming
fraction of Al,O; converted (x) = fraction of
Al,O3 in C3A (raw pellets).
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Table 4. Physical Parameters from Literature for Different
Calcium Aluminate Phases

Published on behalf of the AIChE

Different Phases

Physical Parameter C5A CirA5 CA AlL,O3
Density (kg m~3)'° 3030 2700 2980 3990
Oxygen packing density

(kg m )" 1170 1030 1210 1870

z (for VC model)'” 3.49 2.87 2.08 —

D,, being a one-dimensional diffusion model, was omitted
from consideration. Among the other models, the Valensi—
Carter model is the only one that accounts (in some manner)
for a change in volume resulting from the reaction. The den-
sities of the relevant solid phases, given in Table 4, indicate
that volume change could indeed be important.

It is seen that the scatter of data in the case of raw pellets
is more than that in the data from pretreated pellets, and pos-
sible reasons have been elaborated on earlier. From the fig-
ures (Figures 9 and 10), D3 (Jander) and D, (Ginstiling—
Brounshtein) models would seem to best fit the data,
although the fit of the VC (Valensi—Carter) model is also
reasonable. Accordingly, plots of the functions D4(), VC(2),
and D;(«) vs. time have been made (Figures 11A, 11B, and
11C, respectively, for precalcined pellets and Figures 12A,
12B, and 12C, respectively, for raw pellets) and used for cal-
culating the kinetic parameter in the models. Slopes of these
lines (k) at different temperatures have been used in an
Arrhenius-type plot [In(k) vs. 10%T, shown in Figures 11D
and 12D] to determine the activation energy (E) and preex-
ponential factor (A) for the three models, shown in Table 5.
It is to be noted that all three models assume diffusion con-
trol, and thus the kinetic parameter referred to above is
related to a diffusivity.

The activation energies reported in the literature for the
calcia—alumina system, shown in Table 6, are in the range
150 to 285 kJ mol . A comparison with the values obtained
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(A) D4 («) vs. t plot for Ginstling-Brounshtein
model; (B) VC(«) vs. t plot for Valensi-Carter
model; (C) D3 («) vs. t plot for Jander model;
(D) In(k) vs. 10%/T plot (pretreated pellets).

Figure 11.
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Figure 12. (A) D4 () vs. t plot for Ginstling—Brounshtein
model; (B) VC(x) vs. t plot for Valensi-Carter
model; (C) D3 («) vs. t plot for Jander model;
(D) In(k) vs. 10%/T plot (raw pellets).

in this work shows that our values for precalcined pellets
agree with the lower part of this range, whereas the values
for raw pellets are toward the higher end of the same range.
Taken together with the analysis presented in the preceding
paragraphs, these results therefore provide an explanation for
the wide variation in the literature on the subject. It is worth
noting that, in both cases, the values of activation energy
according to the VC model are the lowest. In view of the
point made earlier about phase densities, if the present mod-
eling framework is to be followed at all, the values from the
VC model are probably to be trusted more than those from
the others.

It is also interesting that, for the raw pellets, not only are
the rates of C3A formation higher, but so also are the activa-
tion energies—a fact already obvious from the increasing dis-
crepancy of the rates (as compared to the precalcined pellets)
as temperature increases. We must note that several types of
reaction—calcination, dehydration, and solid—solid reac-
tions—are taking place simultaneously in the case of the raw
pellets. As pointed out earlier, at the reaction temperatures,
the first two of these would be extremely fast and would
lead to a violent release of the gaseous decomposition prod-
ucts in the case of the raw pellet experiments. This could
even fracture the primary particles and thus appreciably
affect their reactivity; a more facile diffusion of any diffus-
ing reactant for the solid—solid reaction would also be a pos-
sibility. The larger scatter of the data for the case of raw pel-
lets would also be attributable to such violent events because
the structure that evolves as a result would not be reproduced
exactly in every experiment.

The values of activation energy (in the literature and in
this work) are similar to the activation energy reported for
Ca”" diffusion into CaO (142-268 kJ mol '),'® while being
much less than that reported for the diffusion of A’ into
ALO; (478 kJ mol™")."” Such considerations have usually
been used in the literature to suggest a mechanism that
involves the diffusion of Ca*>" in preference to that of AP

AIChE Journal February 2007 Vol. 53, No. 2

Table 5. Activation Energy and Preexponential Factor for
C3A Formation in Pretreated Pellet Experiments
and Raw Pellet Experiments

Pellet Model = Temperature E A
Experiments Used Range (°C) (kJ mol’l) (h™H
Pretreated D, 1150-1300 176 1.24 x 10*

vC 157 6.44 x 10°
D; 185 3.03 x 10*
Raw pellets Dy 1200-1300 243 541 x 10°
vC 233 5.06 x 10°
D; 310 1.48 x 10°

There is also support in the literature of a different kind for
such a hypothesis, in the form of marker experiments (see,
for example, the studies of Weisweiler and Ahmed’ on cal-
cium aluminate system using Pt as marker). In our opinion,
it is safer to rely on such direct evidence rather than infer
the mechanism from the values of parameters such as activa-
tion energy because, as will be discussed further, the models
used (of which the activation energy becomes a parameter)
need to be considered more carefully than has normally been
done in the literature.

Comments on the Suitability of
‘Single-reaction’ Models

The results of this work in terms of the multistep nature of
the reaction and the “intermediate” status of phases such as
C2A7 in the reaction network, taken together with sugges-
tions in the literature based on direct evidence, are strongly
suggestive of a mechanism that involves the fast conversion
of alumina, by diffusing Ca’™, to intermediate(s) (Ci,A5
being the prominent one), which is (are) then slowly con-
verted to the final product C3A, again by the diffusing cal-
cium. Other supporting evidence such as the oxygen packing
density of the calcium aluminate phases (see Table 4) can
also be cited in favor of such a hypothesis. Thus the follow-
ing scheme can be taken as a plausible mechanism for the
formation of tricalcium aluminate:

3CaC0; + 2A1(0H), —22=°% 3Ca0 + AL 0;

L CpA oA (8)

The models used above for data interpretation are all derived
for a single reaction, not a sequential reaction scheme sug-
gested by the data.

In view of the above, the reasonable agreement the single-
reaction models provide to the data is intriguing. The matter
has to be seen in the proper perspective, however. The usual
practice of using the mass fraction of C3A in place of frac-

Table 6. Activation Energy Values for C3A Formation
from the Literature

Reagent E (kJ mol™") Model
CA,/CaCO; 0285 _
CaCO5/ALL 04 8203 D,
CaCO,/AL 0, °151 D,
CaCO;/AL 04 191 D,, VC
CaCO,/ALLO; 216 + 10 D,
CaCO,/Al(OH); 14224 + 10 D,
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tional conversion of alumina (2), as done above (and in the
literature), is justifiable only when C;A is the only product.
When appreciable amounts of other “product” phases are
present, the alumina converted has to be calculated by consid-
ering the totality of all products. Conversion thus calculated is
shown plotted on the master plot (showing the different mod-
els) in Figures 13 and 14 for precalcined and raw pellets,
respectively. Note that 745 values for these plots are also based
on total conversion profiles as shown in Figure 8. Because of
the rapid conversion of alumina, as pointed out earlier, there
is much greater uncertainty on the values of 7,5 in this case.
Even accounting for this, one no longer sees the kind of
agreement with the models seen earlier. The inadequacy of
the single-step models in describing the complex kinetics of
calcia—alumina reaction is thus exposed. Models that take into
account the nature of the reaction network within the shrink-
ing core framework are being developed and tested and will
constitute the subject of a further article on the subject.

Conclusions

Reactions between calcium oxide and aluminum trioxide,
starting with CaCO5; and Al(OH); gel as raw materials as in
the cement industry, have been studied in the temperature
range 1100-1300°C in this work. To explain the disagree-
ments between different authors in the literature, a variety of
conditions were used to clarify the significance or otherwise
of experimental variables such as the method of mixing,
interparticle contact, and the effect of precalcination and
dehydration before solid—solid reaction. The results provide a
clear incidence of mechanochemical activation when the
powders are mixed in a ball mill, as opposed to a procedure
in which a liquid slurry is followed by solvent evaporation.
Mechanochemical activation could have significant implica-
tions for industrial practice; thus obtaining consistent and re-
producible results for these cases forms the subject of an
ongoing study in our laboratory. Particle size, size distribu-
tion, and good interparticle contact are additional important
variables. Clearly, all of these have to be tightly controlled
to achieve reproducible and reliable kinetic measurements.
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Figure 14. Reduced time plot of « vs. t/ty 5 for raw pel-

lets, where « is fraction Al,O3 reacted.

Reproducible and consistent kinetic data can be obtained
under conditions of good physical contact between particles
and by ensuring that the physical structure of the entity that
finally reacts in a solid—solid reaction is created in a repro-
ducible manner. In passing, it may be observed that the im-
portance of physical structure shows the possible significant
role of transport steps in the reaction.

Our results also unambiguously establish the multistep na-
ture of the reaction to form tricalcium aluminate. Although a
number of intermediate phases are possible, under conditions
of good interparticle contact and high temperatures, C;,A; is
the sole intermediate. The kinetics, when interpreted in the
traditional manner, do show consistency with some of the
diffusion-control models often used in this context. However,
when intermediate phases are properly accounted for in reck-
oning reactant conversion, the models are seen to be inad-
equate. The need for a model that explicitly accounts for the
multistep nature of the reaction is thus highlighted. Our
ongoing work addresses some of these issues.

Notation

A = preexponential factor, h™'
E = activation energy, kJ mol '
I = Intensity of peak, counts
K = constant

k = rate parameter, h™'

R = gas constant, J mol ™' K™!

t = time, h
T = temperature, K
W = weight, g

z = volume of product formed from unit volume of reactant

Greek letters
o = fractional conversion
0 = angle in degree

Subscripts
cal = calibration
is = internal standard

Figure 13. Reduced time plot of « vs. t/tys for pre- P = any phase
treated pellets, where « is fraction Al,O3 Superscript
reacted. RI = relative intensity
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