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bstract

ydrogarnet (Ca12Al2(OH)12) and katoite of composition Ca3Al2(SiO4)0.176(OH)11.3 were obtained by hydration of tricalcium aluminium oxide,
nd for katoite synthesis, by addition of amorphous silica. The thermal dehydration was monitored in situ, by neutron thermodiffractometry,
rom room temperature to 700 ◦C at atmospheric pressure and at a heating rate of 2 ◦C/min. On heating, powder neutron diffraction patterns were
ollected every 300 s. Cell parameters were fitted by the Pawley method.

Hydrogarnet decomposed to yield Ca12Al14O32(OH)·mH2O and Ca(OH)2 that eventually transformed to CaO. For katoite, phases of for-
ula Ca12Al14−ySiyO32(O,OH)1+y/2 related to mayenite were formed. Complementary annealing experiments, for 10 h, at higher temperatures

nd subsequent quenching lead to the formation of mayenite and traces of Ca3SiO5. Thermogravimetric curves were in agreement with the

hermodiffractometry experiments.

Also, neutron diffraction data allowed to measure thermal expansion coefficients, at atmospheric pressure, between 25 and 250 ◦C for hydrogarnet
nd katoite: 1.89 × 10−5 ± 0.09 and 1.63 × 10−5 ± 0.07 ◦C−1, respectively.

2008 Published by Elsevier Ltd.
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. Introduction

Novel slip cast refractory materials – of strategic interest
n many high-temperature industrial processes – are composed
f coarse, medium and fine size fractions of various chemical
nd mineralogical compositions (Al2O3, MgAl2O4, Al6Si2O13,
iC) with low additions of calcium aluminate cements (low
ement castables (LCCs)) and variable additions of ultra fine
ctive rheological agents such as silica fume, activated alumina
nd other small grain size additives.1–3 The main role of silica

ume is improving the rheology of the refractory concrete mix
or better pumping and stability. Silica fume is widely used in
CCs and when combined with admixtures a system with low

∗ Corresponding author. Tel.: +34 91 735 58 40; fax: +34 91 735 58 43.
E-mail address: ppena@icv.csic.es (P. Pena).

1 Also at European Synchrotron Radiation Facility (ESRF), BP 220, F-38043
renoble Cédex, France.
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ater demand can be achieved. Decreased water demand gen-
rally translates to lower porosity levels and improved strength
evelopment.

During hydration, of calcium aluminate cements, calcium and
luminium ionic species are produced which in the presence
f silica fume precipitates katoite (Ca3Al2(SiO4)y(OH)12−4y

0 < y < 0.33)).4 The hydration and dehydration of calcium alu-
inium oxides–silica fume mixtures have been little studied and

re of great technological interest to find the most appropriate
rotocol conditions for the start up (hydration and dehydration)
f a furnace concrete lining.

Our recent paper5 reports work conducted in situ using
eutron thermodiffraction on the dehydration of a pure an
ully hydrated CaAl2O4 (hydrogarnet (Ca3Al2(OH)12)/gibbsite
Al(OH)3) mixture with a 1:4 molar ratio) in the temperature

ange 25–1300 ◦C. However, the dehydration of Ca3Al2(OH)12
nd Ca3Al2(SiO4)y(OH)12−4y–silica fume mixtures has never
een examined in situ by neutron thermodiffractometry (NTD).
t is quite clear that understanding the dehydration of

mailto:ppena@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2007.12.038
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a3Al2(SiO4)y(OH)12−4y in the presence of amorphous silica
s one of the main challenges in monolithic refractories.

For the present work, the experiments were conducted in fully
ydrated mixtures of synthetic tricalcium aluminium oxide with
nd without silica fume, because the other components present
n the castables—although important from a mechanical point
f view—are chemically inactive at temperatures lower than
00 ◦C. So the coarse particles of castables were not added for
wo reasons: their chemical activity in the dehydration is negligi-
le and they would interfere in the characterization by diffraction
echniques.

To follow, in real time, the dehydration reactions, conven-
ional thermal analysis techniques (differential thermal analysis,
hermogravimetry) have been used, but these techniques by
hemselves cannot help to identify the reaction products or the
ransient phases that result from each thermal event. Therefore,
lthough it is possible to spot the temperatures at which the reac-
ions happen, they do not provide a precise indication of the solid
hases present.

On the other hand, conventional methods of analysis require
he reaction process to be abruptly interrupted, hence introducing
n external interference. This procedure makes this approach
ess reliable. That is why diffraction methods, such as NTD,
ave been used also to identify phases formed and disappeared
s the temperature raises.

The present work deals with the dehydration of both
a3Al2(OH)12 (hydrogarnet) and Ca3Al2(SiO4)y(OH)12−4y

katoite)–amorphous silica mixtures by NTD, on heating from
oom temperature to 700 ◦C. The analysis of these data
as allowed determining the changes that occur with tem-
erature at atmospheric pressure. The formation of various
hort-lived crystalline phases along the dehydration process
ike Ca12Al14−ySiyO32(O,OH)1+y/2, Ca(OH)2 and CaO were
bserved. The mean (linear) thermal expansion coefficients for
he hydrogarnet and katoite are calculated in the temperature
ange 25–250 ◦C.

. Experimental

.1. Starting materials

Chemicals used were calcium carbonate (CaCO3, Merck,
armstadt, Germany), silica fume (Elkem Microsilica® from
lkem Materials, Pittsburgh, PA, USA)—98% reactive amor-
hous SiO2 (150 nm diameter spheres) and amorphous
luminium hydroxide hydrate, Al(OH)3·xH2O (Aldrich, Mil-
aukee, WI, USA). Its precise composition was determined, by
ravimetry, to be Al(OH)3·0.949H2O.

.2. Synthesis

To obtain Ca3Al2O6 a stoichiometric mixture of
l(OH)3·0.949H2O and CaCO3 powders were intimately

ixed in an attrition mill using balls of zirconia partially stabi-

ized with yttria in isopropanol, Then, were dried, isostatically
ressed at 100 MPa and heated in platinum crucibles at 1300 ◦C
or 10 h.

h
t
t
c

an Ceramic Society 28 (2008) 1737–1748

The samples were heated twice with an intermediate grinding
o ensure homogeneity.

Finally, the product was examined by X-ray diffraction;
he patterns only showed the reflections corresponding to
a3Al2O6. Preparation details regarding mechanism, time and

emperature of synthesis are reported elsewhere.6

The hydrated specimens were obtained by mixing in water (in
water/solid ratio of 2) synthetic polycrystalline Ca3Al2O6 with
ifferent amounts of amorphous silica to get nominal composi-
ions of Ca3Al2(SiO4)y(OH)12−4y with y = 0 and 1.7 hereafter
eferred to hydrogarnet and katoite. The stoichiometry of the
ydrated products is given by the equations:

a3Al2O6 + 6H2O → Ca3Al2(OH)12 (1)

Ca3Al2O6 + 2.4SiO2 + 6−2yH2O

→ Ca3Al2(SiO4)y(OH)12−4y + 2.4−ySiO2 (2)

The slurries were placed in teflon containers and kept, tightly
losed, at 65 ◦C for three periods of 24 h, with intermediate
illing processes.

.3. Thermal analysis

Thermogravimetric analysis studies (STA 409, Netzsch, Ger-
any) were conducted, on compacted samples, at a constant

eating rate of 2 ◦C/min up to 1300 ◦C, in air, using Pt cru-
ibles. Constant heating rate dilatometric studies (CHD) were
onducted on a dilatometer (Setsys 16/18, Setaram, France)
ith alumina support on 20 mm long specimens on isostatically

old pressed compacts (50 MPa) at the same heating rate of
◦C/min and up to 1300 ◦C, too. Additional isothermal treat-
ents were performed in an electric furnace/Super-Kanthal,

700 ◦C, Switzerland) at temperatures from 500 to 900 ◦C pro-
ramming 2 ◦C/min ramps for both heating and cooling.

.4. X-ray diffraction

X-ray diffraction was carried out with Cu K� radiation in a
owder diffraction (Siemens D-5000, Kristalloflex, Germany)
ith a secondary curved graphite monochromator working at
0 kV and 30 mA. NIST silicon powder (SRM 640c) was used
s internal standard. Patterns were recorded from 10◦ to 130◦
2Θ) in 0.03◦ steps, counting 25 s/step on specimens rotating at
5 min. Adequate slits were used to get optimal data for Rietveld
efinement method.

.5. Neutron diffraction

The high-temperature powder neutron diffraction experi-
ents were carried out at the Institute Laue-Langevin (ILL)
renoble, France, in Instrument D1B (λ = 0.25227 nm). A fur-
ace was employed to reach temperatures up to 700 ◦C. The

eating element, a vanadium cylinder, induced a constant
emperature area of several centimetres along its axis. The
emperature was continuously recorded and controlled by two
hromel–alumel thermocouples (±5 ◦C accuracy) located next
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o the heating element. Approximately 5 g of polycrystalline
pecimen lightly compacted were introduced into a quartz cylin-
rical tube of 10 mm diameter and 800 mm height, that was kept
pen to atmosphere during the entire experiment. This way,
uniform heat distribution in the whole sample was assured.
iffraction patterns were accumulated every 300 s on heating at
rate of 2 ◦C/min. These acquisition conditions imply a 10 ◦C

emperature resolution for each pattern.
Powder neutron diffraction experiments at room tempera-

ure were carried out at the HRPT (High-Resolution Powder
iffractometer for Thermal Neutrons) instrument of the Swiss
pallation Neutron Source (SINQ) in the Paul Scherrer Institute
PSI) (Villigen, Switzerland). Data were collected in high inten-
ity mode with λ = 0.18857 nm in the (2Θ) interval 2.45–163◦,
ith a step/size of 0.05◦. In these series of experiments, 5 g por-

ions of sample were inserted into a cylindrical stainless steel
ube of 10 mm internal diameter and 60 mm in height. Diffrac-
ion patterns were accumulated during approximately one hour
o obtain 106 monitor counts.

.6. Data analysis

General plotting of experimental data was carried out with
he help of the commercial package Origin.7 The visualization
f data, under the form of 3D plots and contour maps, was made
ith the help of a commercial package, NOeSYS.8

In some cases free energy of reactions had to be calculated.
his was done with the help of Outokumpu HSC,9 a computing
ackage that permits to calculate thermodynamic magnitudes
hanks to an exhaustive database including enthalpy, entropy
nd heat capacity values for many chemical compounds.

X-ray and neutron diffraction data collected at room tem-
erature were analysed by Rietveld method using Fullprof.10

eutron diffraction patterns from instrument D1B and X-ray
iffraction data from the specimens annealed at higher temper-
tures were studied with the help of the commercial package
aterials Studio11; cell parameters and crystallite size (for X-

ay data) were refined with the method of Pawley.12 The actual
mplementation used by Materials Studio is a variant13 of the
awley method to perform a peak shape, background, and lattice
arameter refinement for an experimental powder pattern. As in
he original Pawley method, the Bragg intensities are treated as
efinable parameters.

To estimate the crystallite broadening the Scherrer equation
as used where the full width at half maximum (FWHM) in 2θ

s taken in consideration according to:

(2θ)a = 180λ/(πLa cosθ)

here λ is the wavelength and La is the crystallite size, expressed
n angstroms along the direction a. To compute crystallite sizes,
he instrumental broadening of the diffractometer was mea-
ured with the help of a NIST Standard Reference Material:
aB6 (SRM 660a) of known particle size distribution. The

tandard deviation for crystallite size is relative large since
he residual stress broadening contribution was not taken in
ccount. For the refinements the parameters related to instrumen-
al broadening were kept fixed and it was assumed that the extra Ta

bl
e

1
Ph

as
es

id
en

tifi

H
yd

ra
tio

n
re

ac

1 2 T
he

ce
ll

pa
ra

m
di

gi
t.

A
m

or
ph



1 uropean Ceramic Society 28 (2008) 1737–1748

b
e

3

3

b
A
C
o

a
t
F
n
n
T
t

3

S
o
C
fi

F
o
o

740 J.M. Rivas-Mercury et al. / Journal of the E

roadening of diffraction peaks was solely due to crystallite size
ffects.

. Results and discussion

.1. Characterization of samples

The hydrated powders, according to the data obtained
y X-ray diffraction, TEM and NMR, consisted of Ca3
l2(OH)12

14 when no silica fume was added. When added,
a3Al2(SiO4)y(OH)12−4y with unreacted amorphous silica was
bserved.4

Diffraction refinements of both samples, at room temper-
ture, were made applying the Rietveld method, following
he strategy and recommendations of McCusker et al.15 using
ULLPROF. Refinement details regarding structural model,
umber of phases included in the refinement and the type and
umber of parameters refined are reported elsewhere.4,16 In
able 1 the more significant results obtained by X-ray diffrac-

ion, NMR and TEM, at room temperature, are shown.14

.2. Thermal analysis

The thermograms (TGA and DTA curves) of pure and

i-containing samples, recorded at a constant heating rate
f 2 ◦C/min are shown in Figs. 1(a) and 2(a), respectively.
a3Al2(OH)12 specimen losses 29.6% of its mass, in two stages;
rst 22.0% and then 7.2%. The first one with a minimum at

ig. 1. Thermal analysis for synthetic hydrogarnet with a constant heating rate
f 2 ◦C/min. (a) TGA and DTA curves. (b) Dilatometric curve and its derivative
f a green compact specimen.
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ig. 2. Thermal analysis for katoite with a constant heating rate of 2 ◦C/min.
a) TGA and DTA curves. (b) Dilatometric curve and its derivative of a green
ompact specimen.

61 ◦C can be easily assigned to Ca3Al2(OH)12 dehydration and
he other effect in the 387–620 ◦C interval to a new H2O release
ost likely related to the decomposition of calcium hydroxide

Ca(OH)2).
Ca3Al2(SiO4)y(OH)12−4y plus amorphous silica mixture

hows a total weight loss of 21.0% (Fig. 2(a)). This sample dehy-
roxilates between 210 and 350 ◦C losing 17.6% of its original
ass with a maximum rate loss at 278 ◦C. After this first effect,

till there is a progressive loss with no well-defined inflexion
oints. Clearly, around 598 ◦C there is an event that seems to be
orroborated by the DTA curve but cannot be correlated to a par-
icular reaction. The most obvious one would be the dehydration
f Ca(OH)2 to yield CaO. However, as it will be discussed later,
ther diffraction experimental results rule out this possibility.

.3. Dilatometry

The constant heating rate (CHR) dilatometry and derivative
urve of a low compacted Ca3Al2(OH)12 (hydrogarnet) sam-
le has been represented in Fig. 1(b). This sample suffered two
hrinkage effects: the first one of 5%, in the temperature range
10–325 ◦C, was attributed to the dehydration of hydrogarnet;
he second one at 975 ◦C was attributed to the sintering of the
ehydrated sample. An inflexion point, attributed to an expansive

eaction, at 1062 ◦C was also observed.

Fig. 2(b) corresponds to the CHR and derivative curve of
he low compacted sample of Ca3Al2(SiO4)y(OH)12−4y (katoite)
lus amorphous silica. This sample shows two significant shrink-
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ge effects with maxima at 295 and 1082 ◦C. The first one
orresponds to the dehydration of katoite, the second one to the
tarts of the sample shrinkage. The inflexion in the shrinkage
urve at 1100 ◦C is due to an expansive process.
.4. Neutron thermodiffractometry

The evolution in real time of hydrogarnet and katoite with
emperature can be seen in the 3D diagrams of Figs. 3(a) and

o
u
a
r

ig. 3. Schematic representation of neutron diffraction patterns as topographic ma
2Θ), in left ordinate axis, the time in minutes and in right ordinate axis the corresp
wo-dimensional projection as contour levels. (b) Two-dimensional projection highlig
ndices. The first row represents hydrogarnet reflections, the second one, calcium hyd
an Ceramic Society 28 (2008) 1737–1748 1741

(a). To visualise events such as diffraction shifts or collapse of
hases more precisely, a contour map in two dimensions was
rojected from the 3D plot (Figs. 3(b) and 4(b)). The existence
f phase domains was highlighted by labelling their diffrac-
ion peaks. Both contour maps clearly show the dehydration

f Ca3Al2(OH)12 and Ca3Al2(SiO4)y(OH)12−4y at temperatures
p to 300 ◦C. The formation of various short-lived or intermedi-
te phases such as Ca(OH)2 and Ca12Al14O33 in the temperature
anges 300–540 and 300–700 ◦C was observed too. The presence

p for the dehydration of synthetic hydrogarnet: In abscissa, diffraction angle
onding temperature (◦C). (a) Three-dimensional view in perspective with its
hting with more detail the crystal phases and their corresponding (h k l) Miller
roxide, the third one, calcium oxide and the last one, mayenite.
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Fig. 4. Schematic representation of neutron diffraction patterns as topographic map for the dehydration of katoite. In abscissa, diffraction angle (2Θ), in left ordinate
axis, the time in minutes and in right ordinate axis the corresponding temperature (◦C). (a) Three-dimensional view in perspective with its two-dimensional projection
a ils of
r reflec

o
(
a
u
a

b
t
d

3

g
a
(

s contour levels. (b) Two-dimensional projection highlighting with more deta
epresents katoite reflections, and the bottom one, silicon-substituted mayenite

f CaO has been observed at temperatures higher than 540 ◦C
Fig. 5). No evidence was offered for the formation of transition
lumina. The progressive peaks shift to higher angles for katoite
p to 250 ◦C suggests a hydrothermal reaction with remaining
morphous silica (Fig. 4(b)).
Because of the experimental conditions, the water released
y the heating process was condensed in the top of the quartz
ube; on cooling this water came down and reacted again with
ehydrated powder forming katoite.

i
(
s
i

the crystal phases and their corresponding (h k l) Miller indices. The first row
tions.

.4.1. Variation of the predominant crystalline phases
Predominant phases have intense reflections that can be inte-

rated (measurement of the area under the diffraction peak)
nd quantified. This is the case of Ca3Al2(SiO4)3−x(OH)4x

hydrogarnet and Si-hydrogarnet) and Ca12Al14O33 (mayen-

te) For hydrogarnet and Si-hydrogarnet (katoite) the reflections
5 3 2 and 6 1 1) and for Ca12Al14O33 the reflection (2 1 1) were
elected. These reflections have been chosen to minimise the
nterference of peaks originated by other phases and by the
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ig. 5. (a) and (b) Integrated and normalized peaks of hydrogarnet, katoite and m
ee text for details. (c) and (d) The variation of the background of neutron dif
ample and (d) katoite sample. Their derivative curves are also represented.

xperimental set up (see Figs. 3 and 4). The reaction progress
as determined by normalising the peak intensities (i.e. α = 1
hen the Ca12Al14O33 formation is completed, and 0 when
ehydration is finished). Fig. 5(a) and (b) plots the extent of reac-
ions, hydrogarnet and katoite decay (dehydration) and mayenite
ormation.

.4.2. Variation of NTD background
In Fig. 5(c) and (d) the variation of the background of

eutron Diffraction data normalised to unity as a func-
ion of temperature has been represented for Ca3Al2(OH)12
nd Ca3Al2(SiO4)y(OH)12−4y plus silica fume samples. It
s well known that there is a linear relationship between
he content of hydrogen in any crystalline sample and the
ackground level of their diffraction patterns related to the
ncoherent scattering of hydrogen. Therefore, the progressive
iminution of background—that can be measured with some
recision—reflects the OH content in hydrogarnet and katoite
lus amorphous silica specimens.

The curve of hydrogarnet shows two maxima located at 307
nd 543 ◦C corresponding to a water release of 78 and 22% of
he total water content of sample. The first effect is due to par-

ial dehydration of hydrogarnet to give Ca(OH)2 and mayenite
ccording to,

Ca3Al2(OH)12 → Ca12Al14O33 + 9Ca(OH)2 + 33H2O (3)

f
o
r

ite plotted against temperature. (a) Hydrogarnet sample and (b) katoite sample.
on data as a function of temperature has been represented for (c) hydrogarnet

This reaction is confirmed by diffraction. The second fall
egistered in the background is due to reaction,

Ca(OH)2 → 9CaO + 9H2O (4)

Again this is confirmed by diffraction. These successive water
epartures imply a relation of 78.6 and 21.4% of total water loss
hat is in close agreement with those observed by ND: 78 and
2%. TG results of this work 22 and 7.2 wt% present small differ-
nces with the theoretical ones (22.4 and 6.2 wt%, respectively)
nd ND data; bearing in mind the water content of the samples.
he minor discrepancies observed in the water release can be
xplained if is taken into account that the mayenite formed still
ontains in its crystal frame some water at temperatures as high
s 600 ◦C. Assuming this hypothesis, we can suppose that the
ayenite would form according the reaction,

7Ca3Al2(OH)12 → Ca12Al14O32(OH)·mH2O

+ 9Ca(OH)2 + 33−mH2O (5)

Nevertheless this is rather speculative, and counter arguments
an easily be found, for example, the cell is not correspondingly
arger.
More problematic is the interpretation of background profile
or katoite, shown in Fig. 5(d). It is simpler and smoother, but
nly two things are clear. There is a maximum decomposition
ate of katoite at 326 ◦C for the first step and then a progressive
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Fig. 6. The thermal expansion and eventual decay of (a) hydrogarnet and (b)
katoite. The cell parameter is represented as a function of temperature. Error
bars are also represented.
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all which reflects a progressive evaporation of water. In the first
tep, approximately 76% of the total water is gone. The pro-
ressive fall or rather the absence of a well-defined decay after
he first one corroborates the diffraction observation; calcium
ydroxide and CaO are not formed. From these certain facts it is
ot possible to propose without doubt a reaction for the collapse
f katoite. If it is assumed that during the dehydration, reactive
ilica in excess is involved in the formation of silicon-substituted
ayenite. One possible path could be expressed by the equation,

4Ca3Al2(SiO4)0.176(OH)11.30 + 5.3SiO2

→ Ca12Al8Si6O32(O, OH)1+y/2 + nH2O (6)

This way, the Ca/Al ratio would be maintained in the new
hase and there would no need of introducing calcium hydroxide
n the right side of the equation to balance it. It could be argued
lso that if silicon enters in smaller proportions the calcium in
xcess could react with silica to form amorphous hydrated cal-
ium silicates. Again, with the present data it is not possible to
nswer this question.

.4.3. Cell parameters of hydrogarnet and katoite
The neutron diffraction patterns collected on heating from

5◦ to 105◦ (in 2Θ) were refined, as explained earlier, with the
elp of Materials Studio11 with the Pawley method. The temper-
ture dependence of cell parameters for hydrogarnet and katoite
rom 25 to 250 ◦C is represented in Fig. 6.

These data can be fitted by linear least-squares analysis to a
rst-order polynomial to obtain for hydrogarnet:
= 12.552 + 2.321 × 10−4T

and for katoite:

= 12.506 + 2.047 × 10−4T

ig. 7. Cell parameter variation for pure and Si-substituted mayenite as a function of temperature during NTD experiments compared with those measured in a
pecimen of mayenite, prepared at high temperature, from room temperature to 700 ◦C. Open lozenges stand for Si-substituted mayenite, bold circles for pure
ayenite, and continuous line for mayenite synthesized at high temperature.
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Table 2
Crystallographic description of a mayenite-like phase, Ca12Al14−xSixO32O1+x/2

Wyckoff Atom x y z occ

24d Ca 0.1034 0.0000 0.2500 1.00
16c T1 −0.0183 −0.0183 −0.0183 1.00
12a T2 0.3750 0.0000 0.2500 1.00
16c O1 0.0593 0.0593 0.0593 1.00
48e O2 0.0381 0.0543 0.6538 1.00
12b O3 0.375 0.5000 0.2500 (2 + x)/12
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mayenite and CaO were observed although at lower tempera-
tures, which could be explained if it is considered that dynamic
experiments could not reach equilibrium at every tempera-
ture recorded. Also, as the temperature was raised, Ca3Al2O6
pace group I−43d. Cell parameter a = 12.001 Å. T1 and T2 are generic names
ince the atoms present could be Al and/or Si.

The cell parameter variation up to 250 ◦C for both specimens
as practically the same. This variation is continuous from 25

o 250 ◦C but at temperatures higher than 250 ◦C the parameter
iminishes significantly due to the collapse of the crystalline
tructure of katoite, as it can be seen in Fig. 6 by the shrinkage
f cell parameter. This effect might be due to the loss of groups
H− inside the crystal structure during the decomposition.

.4.4. Cell parameter variation of mayenite
The NTD data allowed measuring the cell parameters of both

ure and Si-substituted mayenite. In Fig. 7 it is shown the evolu-
ion of them, together with the experimental thermal expansion
rofile of pure mayenite prepared at high temperature. These
ata were acquired in the same HRPT instrument mentioned in
ection 2.5, but the complete experiment details are pending of
ublishing.

Before starting to discuss the main matter it is worth to look
t the crystal structure of mayenite with some detail. Mayen-
te – described by Bartl17 – is a relatively open structure and
ould be classified among the zeolitic ones.18,19 Its ion crystal
istribution can be found in Table 2. According to ref. 20 it is
ormed by a frame of two distinct types of small cation (Si4+ or
l3+) tetrahedra in a 4:3 ratio. The T1 is coordinated by three
1 and one O2. T2 is surrounded by four O1. O1 always bridges
etween T1 and T2 but O2 is connected directly to a single T1.
he shared O1 connect alternating T1 and T2 tetrahedra into
pproximately boat-shaped eight-membered rings. Sharing the
emaining O1 serves to fuse the rings into a complete, rather
pen, three-dimensional structure. Linear units Ca–O3–Ca lie
n twofold axes parallel to the unit-cell edges in the interstices
f the aluminate framework in such a way as to allow Ca to
chieve seven-coordination by contacts with four O1 and two
2 (Fig. 8).
The crucial point is that the position 24(d) occupied by O3 is

carcely populated and can accept a variety of large anionic
pecies such as OH−, O2−, O2

− or a combination of these
pecies. The stability of the crystal structure hinges upon the
Al,Si)14O32 frame. The 24(d) site is used to counterbalance
lectric charge with bulky anionic species. Depending on the
l/Si ratio the 24(d) site will be more or less occupied.

Coming back to the cell parameter issue, now it is clear

hat having silicon in the mainframe, 24(d) will host a num-
er of OH− groups, that, as the temperature increases, will
e replaced by anionic species without hydrogen – most likely

F
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2
− – and water will be released. This may happen in a grad-

al way and since the 24(d) site will lose population and the
emaining anionic species are less bulky the volume cell will
hrink accordingly. This is the most logical explanation for the
pparent exponential decay of mayenite cell parameter observed
n the neutron thermodiffraction experiment between 350 and
00 ◦C.

Contrarily, the specimen of hydrogarnet evolves in the
xpected way, i.e. the mayenite cell following an expansive
rend. It does not match exactly the continuous line of Fig. 7
robably because it is badly crystalline and still might host some
H− groups that at higher temperature leave the structure.
This is the same effect observed for the Si-substituted mayen-

te case although in a much lower extent.

.5. Thermal treatments at constant temperature

To get some supplementary information about what happened
t higher temperatures, both samples were thermally treated at
onstant temperatures of 500, 700 and 800 ◦C for periods of
en hours. These sets of data are not strictly comparable to the
nes obtained dynamically; but they provide an idea about the
rystalline phases present at a given temperature. Obviously,
orking this way, any transient or short-life phase that could be

ormed before reaching thermodynamic equilibrium would not
e spotted, but still it is worth to conduct these experiments.

The heat treated specimens were analysed by X-ray diffrac-
ion at room temperature, X-ray diffraction patterns of the series
f heat treated samples performed can be found in Figs. 9 and 10
see Table 3). For hydrogarnet, as in the NTD experiments,
ig. 8. View of the mayenite structure. The atoms are coloured as follows:
alcium, green, aluminium, purple and oxygen, red. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web version
f the article.)
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Fig. 9. X-ray diffraction patterns of hydrogarnet specimen heat-treated at 500,
700 and 800 ◦C for periods of 10 h. On the bottom the reflection corresponding
to mayenite are labelled. Also the main diffraction peaks of CaO are indicated.

Fig. 10. X-ray diffraction patterns of katoite heat treated at 700 and 800 ◦C for
periods of 10 h. As in Fig. 9, the reflections of mayenite-like phase are labelled on
the bottom. At higher temperatures the peaks probably due to tricalcium silicate
are indicated. Also is noticeable the relatively high background – compare to
Fig. 9 – due to the presence of unreacted amorphous silicon oxide.

Table 3
Phases detected after annealing for periods of 10 h at the temperatures shown, at lower temperatures, cell parameters (until the last certain figure) and crystal sizes
of pure and silicon-substituted mayenite phases were obtained using the Pawley method

Hydration reaction T/t (◦C)/(h) Detected phases Cell parameter (Å) Rwp Crystal size (Å)

1

500/10 Ca12Al14O33 + CaO(t) 12.064 ± 0.001 11 220
700/10 Ca12Al14O33 + CaO 12.018 ± 0.001 11 230
800/10 Ca12Al14O33 + CaO 12.028 ± 0.001 10 390

1000/2 Ca12Al14O33 + CaO + Ca3Al2O6 n.d. n.d. n.d.
1250/2 Ca3Al2O6 n.d. n.d. n.d.

2

500/10 Ca12Al14−ySiyO33 12.036 ± 0.001 5.9 160
700/10 Ca12Al14−ySiyO33 + Ca3SiO5(t) 12.002 ± 0.001 8.0 180
800/10 Ca12Al14−ySiyO33 + Ca3SiO5(t) 12.021 ± 0.001 9.2 270
950/2 Ca12Al14−ySiyO33 + Ca3SiO5 + Ca2Al2SiO7 + CaAl2O4(t) n.d. n.d. n.d.

1250/2 Ca12Al14−ySiyO33 + Ca3Al2O6 + Ca2Al2SiO7 n.d. n.d. n.d.

The statistical indicator Rwp is also displayed. (t) stands for traces. n.d. not determined.
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The remaining silicon-substituted mayenite continues to
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ppeared, and at the maximum temperature reached (1250 ◦C),
as the only phase present (Table 3).
For katoite plus amorphous silica specimen, the formation

f Ca12Al14−ySiyO33+y/2 and Ca3SiO5 were detected. The for-
ation of this metastable silicon-substituted mayenite under

ydrothermal conditions was reported by Fujita et al.16,17

n relation to synthesis of new zeolite-related phases. How-
ver, phases such as transition aluminas were not detected. At
igher temperatures, Ca3Al2O6, mayenite and gehlenite were
ound.

Pawley refinements were made to measure the cell param-
ter and the crystalline size of Ca12Al14O33 (mayenite) and
a12Al14−ySiyO33+y/2 detected in the specimens heated in the

ange of temperatures between 500 and 800 ◦C. These values
nd the statistic indicators are shown in the Table 3. Whenever
nother crystal phase was present—apart mayenite—the Rwp
ndicators were not as good, since the presence of other crystal
hases tampers the refinements.

Concerning the crystal structure of Ca12Al14−ySiyO33+y/2, in
ection 3.4.3 the matter has been explained in some depth. The
-ray diffraction patterns cannot provide direct evidence of the

ctual substitution, more precisely; the relative intensities of
eflections would not change upon partial replacement of Al3+

y Si4+. The only way, indirect though, to undertake the problem
s to measure cell parameters.

With these premises in mind the cell values listed in Table 3
ave to be interpreted. For both Ca3Al2(OH)12 (hydrogarnet)
nd Ca12Al14−ySiyO33+y/2 (katoite) plus silica fume specimens
he trend observed is the same, but for katoite, the cell parame-
er lags behind because of the presence of smaller Si4+ ions.
s the temperature is increased to 700 ◦C the cell, in both

ases, shrinks. This effect could be attributed to departure of
ulky OH− groups from site 24d. The slight increase in cell
olume observed at 800 ◦C is more difficult to explain. A few
ypotheses could be proposed, but without further experimental
vidence would be mere speculations. On the other hand, the
rogressive convergence of cell parameters, when temperature
ncreases, would indicate a continuous departure of silicon from
a12Al14−ySiyO33+y/2 to obtain an anhydrous phase less rich in

ilicon, and more Ca3SiO5.
To end the discussion of this section, the crystallite size evolu-

ion has to be commented. For both specimens it varies following
he expected way, i.e. crystallites grow with temperature and the
nal size is still quite small. At 700 ◦C, the last temperature at
hich it was measured, the crystallinity is rather poor.

.6. Mechanism of hydrogarnet dehydration

With the information provided in the previous sections it is
ossible to propose a mechanism for the events occurring up to
250 ◦C in three steps.

Above 300 ◦C hydrogarnet dehydrates producing mayenite

Ca12Al14O32(OH) probably with some water trapped in its
structure and portlandite Ca(OH)2.
Above 540 ◦C the dehydration of Ca(OH)2 takes place to yield
CaO.
an Ceramic Society 28 (2008) 1737–1748 1747

At temperatures higher than 1062 ◦C the expansive reaction
of Ca3Al2O6 formation occurs:

Ca12Al14O33 + 9CaO → 7Ca3Al2O6

Thermodynamic calculations indicate that at 1100 ◦C
G = −28 kJ/mol, Therefore, it is understandable that at higher

emperatures the only observed phase is Ca3Al2O6.

.7. Mechanism of katoite dehydration

In this case the dehydration reactions series is more compli-
ated. Another three steps could be proposed.

Above 250 ◦C and below 327 ◦C, katoite breaks apart. This is
indicated by a decrease in the neutron diffraction background,
a significant shift of katoite diffraction peaks towards higher
angles, and by a thermal event at 280 ◦C in the TG, DTA and
CHR curves. This effect could be attributed to a fast hydrother-
mal reaction of katoite with the unreacted ultrafine amorphous
silica to get an unstable katoite phase with higher content of
silicon.
Above 350 ◦C, possibly, the hydrothermal process continues
to yield this time Ca12Al14−ySiyO32(OH)2+y, a silicon-
substituted mayenite phase with an undetermined y value;
it could be as large as 6.
As the temperature is raised, the OH− groups leave progres-
sively the crystal structure as water, according to the equation,

Ca12Al14−ySiyO32(O, OH)1+y/2

→ Ca12Al14−ySiyO32O1+y/2 + nH2O

Nevertheless, it is possible that this hypothetical extreme
composition is not attained, and still some OH− groups co-
exist with oxygen anions, or even O2− species, according to
Hosono andAbe21 This mayenite phases were also observed
by Fujita et al.16,17,22 when preparing them by hydrothermal
synthesis and subsequent heating at 800 ◦C.
Above 500 ◦C the neutron in situ experiments did not reveal
any other crystalline phase. However under other conditions,
i.e. annealing the specimens at 500 ◦C, 700 ◦C and 800 ◦C in
open atmosphere for periods of ten hours, Ca3SiO5 is formed.
The reaction involved could be

Ca12Al14−ySiyO33+y/2

→ Ca12Al14O33 + nCa3SiO5 + mSiO2

This is just a simplified hypothesis; the crystal chemistry of
mayenite being so rich, other more complex compositions
could exist, since the site 24d could be populated by various
anionic species, as it has been explained earlier.
At 950 ◦C and above gehlenite, Ca2Al2SiO7, is formed.
break apart and at 1250 ◦C only gehlenite, Ca3Al2O6 and
Ca12Al14O33 remain, which means that thermodynamic equi-
librium has not been attained since the equilibrium phases at
T < 1265 ◦C are CaSiO3, Ca2Al2SiO7 and CaAl2Si2O8.23



1 urope

4

s
a
t
m

s
2
b

m
o
l
p
m
C
a

m
t
n

A

M
W
8
W
i
n

R

1

1

1

1

1

1

1

1

1

1

2

2

2
Controlling the quantity of radical oxygen occluded in a new aluminum
748 J.M. Rivas-Mercury et al. / Journal of the E

. Conclusions

The in situ evolution of hydrogarnet and katoite–amorphous
ilica mixtures has been studied by neutron diffractometry with
10 ◦C resolution up to 700 ◦C. These data combined to other

echniques such as DTA-TG, CHD and XRD have allowed deter-
ining the dehydration mechanism of both phases.
It has been possible to establish that the dehydration occurs in

uccessive stages: dehydration of hydrogarnet and katoite above
50 ◦C and direct nucleation of mayenite and Ca(OH)2 phases
etween 300 and 500 ◦C.

When amorphous silica was present the formation of a
ayenite phase with some silicon substituting aluminium was

bserved. Neutron thermodiffractometry revealed a progressive
oss of water manifested by a remarkable shrinking of its cell
arameter of almost 10% from 300 to 650 ◦C. Subsequent ther-
al treatments at higher temperatures revealed the presence of
a3SiO5. And finally above 800 ◦C the formation of gehlenite
lso was detected.

The cell parameters of hydrogarnet and katoite have been
easured from 25 to 350 ◦C and are practically linear, but at

emperatures above 250 ◦C the cell parameter diminishes sig-
ificantly due to the degradation of their crystal structure.
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