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KEYWORDSABSTRACT

Tobermorite (Ca5Si6O16(OH)2.4H2O) crystallites with various morpholo-
gies have been successfully synthesized via a hydrothermal process at
175°C for 4 and 24 hours and assisted by Fe2O3 and MgO as mineraliz-
ers. X-ray diffraction (XRD), scanning electron microscopy (SEM) and
Fourier infrared spectroscopy (FTIR) indicated that the mineralizers
played a key role in the crystallization and morphology-controlled syn-
thesis of  tobermorite crystallites. Mg2+ increase crystallinity of  tobermorite
and change its morphology from platy-shape at 4 hours curing time to
lamellar-shape at longer curing time. Fe3+ increases imperfection of
tobermerite at short curing time, however it increases crystallinity at
longer curing time and the morphology of  tobermorite change magnifi-
cently from reticulated-shape to fiber-shape. FTIR proved that MgO
and Fe2O3 increase silicate chains polymerization and increase the chain
cross-linkage, which is consistent with tobermorite lamellar and fibers
morphology that grow parallel to the b-axis (along the silicate chains).
MgO and Fe2O3 can be used as valuable additives in tobermorite syn-
thesis to tailor the crystal morphology for specific applications like heat
insulations with high mechanical properties or used as filters for removal
of  heavy metal or organic materials from different industrial processes.
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INTRODUCTION

Tobermorite, Ca5Si6O16(OH)2.4H2O, is an impor-
tant crystalline calcium silicate hydrate. The first in-
terest in tobermorite came from its importence in
autoclaved building materials[1-3] and from its resem-
blance of  calcium silicate hydrates (CSH) formed
on hydration of  Portland cement[1,4,5].

Tobermorite commonly synthesised under hydro-
thermal conditions at temperatures between 100 and
250°C from a silicate and calcium containing mate-
rials. Recently, a number of  industrial by-products[6-10]

were used for tobermorite synthesis. Microwave hy-
drothermal synthesis and mechanochemically syn-
thesis have also been investigated as a novel meth-
ods for repaid and economical industrial production
of  tobermorite powder[11,12].

Tobermorite has three polytypes; 1.4, 1.13 and
0.98 nm, whose names are derived from the approxi-
mate d-spacing values of  their (002) Bragg reflec-
tions (i.e. their basal spacings). The structural unit
of  all polytypes of  tobermorite is an infinite layer of
Ca-O polyhedra linked on both sides to infinite Q2

wollastonite-like silicate chains running parallel to
the b-direction[13-16]. The layers are stacked in the c-
direction creating an interlayer region, which accom-
modates water molecules. The differences between
these polytypes (d-spacing) are due to the difference
on the number of  water molecules per unit formula[1].
1.13 nm tobermorite, generally occurs in two variet-
ies; normal and anomalous. The difference between
the normal and anomalous types arises from the dif-
ference between their thermal behaviors. Both vari-
eties lose interlayer water upon heating to 300°C,
but the lattice of  normal type shrinks from 1.13 nm
to 0.98 nm. The anomalous variety does not shrink.
In anomalous tobermorite, the bridging silicate tet-
rahedra in one chain are bonded to those in the chain
across the interlayer region[17].

To facilitate the description of  the silicate struc-
ture, researchers[1,18] use Q0-Q4 notation, which refer
to the connectivity. Where Q represents tetrahedron
and superscript represents the number of other Q
units to which it is bonded. Q0 refers to isolated SiO4

4-

group, Q1 refers to end group in silicate chain, Q2

refers to middle group in chain, and so on.

Recently, tobermorite has been investigated for
other industrial applications, such as non-asbestos
heat insulations[19], adsorbent for organic or inorganic
effluent[20,21], radio active waste stabilization and cat-
ion exchanger[17,22-24]. Tobermorite used in non-asbes-
tos calcium silicate heat insulations must combine
high strength and excellent thermal insulating char-
acteristics. Thus, researchers give attention to syn-
thesis of  fibers tobermorite using novel techniques such
as Ca-EDTA complex precursor[25] or microemulsion
methods[26]. These techniques use diluted solutions,
high temperatures, long times and special chemicals
and instruments, which make them impractical for
industrial production.

In our previous study[2], we found that morphol-
ogy of  tobermorite formed in autoclaved aerated con-
crete affected markedly with slag additions. Slag con-
tains mainly beside SiO2 and CaO, Al2O3, MgO,
Fe2O3 and sulfate. Thus we concluded these compo-
nents induce a great morphology change in tobermorite.
Using Maessbauer spectroscopy, Thomas et al[27]

proved that Fe3+ substituted for silica in tobermorite
structure. Guangren et al[28] found in the system CaO-
MgO-SiO2-H2O at 180°C, tobermorite is the main
products. Tobermorite is the only products for
samples with MgO/CaO molar ratios less than 0.2.
Using EDAX, they give the idealized formula for Mg-
tobermorite as Ca4.36Mg0.6Si6.02 (OH)2×4H2O.

In previous research paper[29], the effect of Al3+

and SO4
2- substitution on tobermorite structure and

morphology was investigated. The present research
paper investigate the effect of substitution of Mg2+

and Fe3+ on tobermorite formation morphology un-
der saturated steam pressure.

MATERIALS AND METHODS

CaO was prepared by heating pure grade calcium
carbonate at 1100°C for 3 hours, and Min-U-Sil silica
is used as silica source (10 µm). All other chemicals
are analytical grade. For the preparation of  pure
tobermorite, calcium oxide (CaO) and silica, with
batch compositions of Ca/Si = 0.83 were used as
starting materials. This powder mix was added to
deionized water, and were quickly loaded into the
autoclave. For preparation of  Mg2+-substituted and
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Fe3+-substituted tobermorite MgO and Fe2O3 were used
to replaced 2% mole of  CaO and SiO2 respectively.

Teflon-lined steel autoclave 350 cm3 capacity
equipped with magnetic stirrer and heat controller,
was used in the preparation[29]. The hydrothermal
syntheses were done using water/solid ratio of 10 at
175°C and curing times 4 and 24 hours. After the
hydrothermal treatment, the samples were separated
by filtration, washed repeatedly with deionized wa-
ter, and then dried at 105°C for 24 hours.

XRD analysis were done using a Philips diffracto-
meter (Ni-filtered Cu-Ka radiation), at a step size of
0.02°, scan rate of 2° per min, and a scan range from
4° to 50° 2θ. The powders morphology were investi-
gated using SEM (JOEL, Model: JSM-5600, Japan.)
equipped with secondary electron detector and EDX.
All samples were coated with gold. FTIR spectro-
scopic measurements were conducted using a spec-
trometer (FTIR, JASCO 470). The samples were
mixed with KBr with a sample/KBr weight ratio of
~1/100 and compressed to give self-supporting pel-
lets.

RESULTS AND DISCUSSION

XRD analysis
The effect of  Fe3+ and Mg2+ substitutions was

investigated at curing time of  4 hours and 24 hours.
The products were all tobermorite with almost iden-
tical XRD pattern, as shown in figure 1 and figure 2,
with no detected quartz or Ca(OH)2 peaks even for
samples autoclaved for only 4 hours (Figure 1). All
XRD patterns are drawn with the same scale, thus
we can use the relative intensity and the relative
broadening in the peaks to compare tobermorite crys-
tallinity. Broadening of  002 peaks corresponds to
imperfection in the basial speacing between silicate
layers.

Mg2+ increases the crystallinity of  tobermorite
especially at longer autoclaving time (24 hours), as
shown in figures 1 and 2.

Figure 1, shows that, Fe2+ decrease the crystal-
linity of  tobermorite at short autoclaving time (4
hours). This is due to the increase of imperfection
along c-axes (interlayer distances) as indicated by
broadening of  002 and 0010 peaks. The same effect

was found previously[29] on substitution of Al3+ in
tobermorite structure. However, the crystallinity of
the same sample increases at longer autoclaving time
(24 hours), see figure 2. The increase of 002 diffrac-
tion intensity, of  both Mg-tobermorite and Fe-
tobermorite with respect to that of  tobermorite with-
out substitution at 24 hours autoclaving, indicates
preferred orientation along this crystal planes. This
will be explained later in morphology section. High
intensity of (00l), (k0l) diffraction and low intensity
of  (0k0) in the XRD patterns suggested that the
obtained tobermorite fibers grow in the b-axis direc-
tion.

FTIR spectra
The vibrational spectra of  different tobermorite

samples are shown in figure 4. Although no carbon-
ates detected by XRD analysis, CO3

2- bands appears
in all samples. This due to contamination with CO2
during samples preparations and drying. Asymmet-
ric stretching of CO3

2- appears as two bands at 1481-
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Figure 1: XRD patterns of  different tobermorite
samples, cured for 4 hours
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1414 cm-1.
The bending vibration band of molecular H2O

appears at 1632 cm-1. The stretching vibrations of
O-H groups in H2O or hydroxyls appear as a broad
band centered at 3442-3441 cm-1 in all tobermorite
samples. This broadening is due to the formation of
hydrogen bonding with a wide range of strengths[30-32].

The most intense spectral features of silicates,
appear as a complex group of bands in the range of
1100-900 cm-1, attributed to asymmetrical stretching
vibrations of SiO4 tetrahedra[33,34]. The second most
intense silicate bands are broadly characterized as
O-Si-O deformation or bending modes, which oc-
cur in the 556-400 cm-1 region and the band at ~672
cm-1 due to Si-O-Si bending vibrations.

Generally, Fe-tobermorite and Mg-tobermorite
show better resolved and will defined O-Si-O and
Si-O-Si bands than those of  pure tobermorite samples.
This confirms better crystallinity of  both substituted

tobermorite with respect to pure tobermorite sample.
Yu et al[35] was able to assign different stretching

bands of Si-O in calcium silicate hydrates by com-
paring results from 29Si MAS NMR[36] and FTIR for
the same set of  samples. Stretching modes of  termi-
nal Si-O bonds; n(Si-O) depends on the connectiv-
ity of the silicate tetrahedra[35]. They assigned band
at 811 cm-1 to Si-O stretching of Q1 sites (end chain
silicate tetrahedra). This band decreases in Fe-
tobermorite and Mg-tobermorite indicating increase of
polymerization of  silicate chains. These results are con-
sistence with previous investigation[29], since disordered
tobermorite structure contains substantial concentra-
tion of Q1 sites due to the rapture in the silicate chains[35].

Bands corresponding to Si-O stretching of Q2 sites
appears at 987 m-1, near 1057 cm-1 and 903 cm-1[35]. The
last band also appears more sharper in Fe-tobermorite
and Mg-tobermorite than in pure tobermorite without
substitution.

The tobermorite characherstic band near 1200-
1204 cm-1, this band is due to Si-O stretching of
vibrations in Q3 sites (silicate tetrahedra link two sili-
cate chain)[35] This increase with both Mg and Fe sub-
stitutions, indicating increase of cross-linkage.
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Figure 2: XRD patterns of  different tobermorite
samples, cured for 24 hours
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SEM photographs
SEM photographs of  tobermorite samples pro-

duced by hydrothermal curing for 4 and 24 hours are
shown in figures 4 and 5 for Mg-tobermorite and Fe-
tobermorite respectively. Pure tobermorite in our
pervious study[29] exhibited small platy crystallites,
which are the typical morphology tobermorite[37].
Tobermorite with Mg substitution exhibite the typi-
cal morphology of  platy-shape tobermorite at short
autoclaving time. This changes to larger lath-like
crystallites, at longer autoclaving time as shown in
figure 4 (b).

Fe3+ substituted tobermorite with reticulated
morphology is formed, at short autoclaving time, as
shown in figure 5 (a). This reticulated morphology
changes to a very crystalline fibers-like tobermorite
with increasing processing time up to 24 hours, as

shown in figure 5 (b).

CONCLUSION

Tobermorite (Ca5Si6O16(OH)2.4H2O) crystallites
with various morphologies have been successfully
synthesized under saturated steam pressure at 175°C
for 4 and 24 in stirred suspension. The reaction mix-
ture was modified by substitution of  SiO2 by Fe2O3
and CaO by MgO.

Mg2+ increase crystallinity of  tobermorite and
change its morphology from platy-shape at 4 hours
curing time to lamellar-shape at longer curing time.
Fe3+ increases imperfection of  tobermerite at short
curing time, however it increases crystallinity at
longer curing time and the morphology of  tobermorite
change magnificently from reticulated-shape to fi-
ber-shape. FTIR proved that MgO and Fe2O3 in-

(b)

(a)

Figure 4: SEM micrographs of Mg-substituted
tobermorite; (a) 4 hours (b) 24 hours

Figure 5: SEM micrographs of fe-substituted
tobermorite; (a) 4 hours (b) 24 hours

(b)

(a)
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crease silicate chains polymerization and increase the
chain cross-linkage, which is consistent with tober-
morite lamellar and fibers morphology that grow
parallel to the b-axis (along the silicate chains). MgO
and Fe2O3 can be used as valuable additives in
tobermorite synthesis to tailor the crystal morphol-
ogy for specific applications like heat insulations with
high mechanical properties or used as filters for re-
moval of heavy metal or organic materials from dif-
ferent industrial processes.
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