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Abstract

Ettringite (the AFt CagAly(OH),'(SO4);:26H,0 compound) and monosulfoaluminate (the AFm CasAl,(OH),,-SO4-6H,0O
compound) phases were synthesised by the coprecipitation method and studied by micro-Raman spectroscopy. Hydro-
gen bond network, involving sulfate anions, ensures the cohesion of the structure of these two compounds; the columnar
struture of ettringite as well as the lamellar structure of monosulfoaluminate. Raman spectroscopy has been used as a
probe to investigate mainly the inter-columnar and the inter-lamellar regions of the structures. Raman spectra allowed
the characterization of the local environment of sulfate anions and the hydrogen bond networks. A significant asset
brought by Raman spectroscopy is the ability to work on hydrated cement products without specific sample preparation;
i.e. without a risk to dammage these hydrated compounds. Several examples of the possibilities brought by Raman
spectroscopy in cement chemistry are given in this paper. A space group redetermination of the ettringite structure was
performed on the basis of the point symmetry of sulfate tetrahedra. The inter-columnar region of ettringite was com-
pared to the inter-lamellar region of monosulfoaluminate as these two structural parts contain the same species. The
thermal behaviors at the beginning of the dehydration (up to 390 K) and the iron substitution in ettringite were also in-

vestigated.

1. Introduction

Up to now only few Raman spectroscopic studies have
been performed in cement chemistry as reported in the
reviews published by Ghosh and Handoo (1980), Ben-
sted (1999), Potgieter-Vermaak et al. (2006) and Skib-
sted and Hall (2007). Bensted was the pioneer in using
Raman spectroscopy (1976a) to characterize cement
minerals, following by Conjeaud and Boyer (1980).
Most of the papers devoted to the application of Raman
spectroscopy in cement chemistry concerns the charac-
terization of clinker anhydrous minerals (Bensted,
1976a — Conjeaud and Boyer, 1980 — Newman et al.,
2005), identification of the wvarious calcium sulfate
forms: gypsum CaSO42H,0, bassanite CaSO,2H,0
and anhydrite CaSO, (Bensted, 1976b — Prasad, 2001),
study of cement hydration by recording the decrease in
intensity of the signals from the anhydrous silicate
phases (Tarrida ez al., 1995) and the effects of carbona-
tion (Bensted, 1977 — Martinez-Ramirez, 2003). How-
ever some studies report the use of Raman spectroscopy
to investigate cementitious hydrates: namely to distin-
guish thaumasite CagSiy(OH);,'(CO;),'(SO,4),-24H,0
from ettringite CagAly(OH);,'(SO4)3:26H,0, (Brough
and Atkinson, 2001 — Jallad et al., 2001 — Sahu et al.,
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2002) and to characterize the C-S-H, calcium silicate
hydrate, phase (Kirkpatrick et al., 1997). The last two
years there has been an increasing interest in applying
Raman analyses on wet hydrating samples as mentioned
by Skibsted and Hall (2007) and indicating by the nu-
merous recent literature: hydration/carbonation of alu-
minate phases (Black et al., 2006a and 2006b), silicate
phases (Ibanez et al., 2007), portlandite (El-Turki et al.,
2007) and cement (Martinez-Ramirez et al., 2006 - Ga-
staldi et al., 2007), structural features of C-S-H (Garbev
et al., 2007 — Black et al., 2007), corrosion (Poupard et
al., 2006) and sulfate-attack (Ma et al., 2006) of con-
crete. The aim of our study was to use the well known
sulfated hydrated cementitious materials (ettringite and
monosulfoaluminate CayAl,(OH),'SO46H,0) to ex-
plore the possibilities given by Raman spectroscopy.
Not only the Raman shifts were examined, but also the
band broadening (i.e. the Full Width at Half Maximum,
FWHM) and the band profile fitting procedures associ-
ated with the corresponding irreducible representations.
Raman spectroscopy has been use to reinvestigate the
real space group of ettringite (as two models were pro-
posed in 1968; one trigonal P31¢ model by Moore and
Taylor, and one hexagonal P 62¢ model by Courtois et
al.) and to characterize its hydrogen bond network
which assumes the cohesion between the columns of the
structure. Our results are in perfect agreement with the
recent definitive structural characterization made by
Hartman and Berliner (2006) by Rietveld refinement on
a neutron diffraction pattern from a deuterated ettringite
sample. The sulfate local environment, the octahedral Al
vibration and the hydrogen bond network (of great im-
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portance in these hydrates) were compared in ettringite
and in monosulfoaluminate. The effects of heat treat-
ment and the effects of iron substitution were also inves-
tigated by Raman spectroscopy. These examples of local
environment information brought by Raman spectros-
copy combined with previously reported information on
long-range order from X-ray diffraction allowed us to
achieve a sharp description of the studied materials
namely in the case of disordered compounds as the AFm
phases (in which the crystallographic description of the
interlayer region shows a statistical occupancies disor-
der combined sometimes with an orientation disorder).

2. Methods and materials

2.1 Samples syntheses
The compounds were prepared by the coprecipitation
method at controlled pH. All syntheses were performed
at room temperature with deionized decarbonated water
under inert nitrogen atmosphere in order to avoid con-
tamination by COs> ions. Typically, 10 mL of a mixed
solution of CaCl, 0.66M and M3+Cl3 0.33M was added
dropwise to a reactor filled with 250 mL of 0.08M
Na,SO;, solution ; the pH was kept constant at 11.5 +
0.1 by the simultaneous addition of 2.0 M NaOH solu-
tion. After complete addition of the metallic salts, the
precipitate was aged in the mother solution for 24 hours.
The crystallites were isolated by two centrifugation cy-
cles in water then dried at room temperature under dy-
namic vacuum and finally stored in a CO,-free atmos-
phere.

Two commercial products have been used to validate
the profile fitting procedure on Raman spectra: gypsum
(CaS0O42H,0, Merk, for analysis, purity > 99%) and

thenardite (Na,SO,, Prolabo, normapur, purity > 99.9%).

These two sulfate containing products were chosen be-
cause of their well known crystallographic structures
and local sulfate environments.

2.2 Raman spectroscopy

Micro-Raman spectra were recorded at room tempera-
ture in the back scattering geometry, using a Jobin-Yvon
T64000 device. The spectral resolution obtained with an
excitation source at 514.5 nm (argon ion laser line,
Spectra Physics 2017) is about 1 cm”. The Raman de-
tector is a charge coupled device (CCD) multichannel
detector cooled by liquid nitrogen to 140 K. The laser
beam was focused onto the sample through an Olympus
confocal microscope with x100 magnification. Laser
spot was about 1 um’. Measured power at the sample
level was kept less than 15 mW (and less than 5 mW in
cases of iron substituted samples) in order to avoid any
damage to the material. The Raman scattered light was
collected with the microscope objective at 180° from the
excitation and filtered with an holographic Notch filter
before being dispersed by a single grating (1800
grooves per mm). Several spectra were recorded (by
accumulating ten spectra of 120s each) at different

points for the same sample in order to evaluate the ho-
mogeneity of the samples and the reproducibility of the
main spectral features. Spectra were analyzed by using
the profile fitting procedure with a Lorentzian function
of the program SPECTRAW (Lovy, 1996). Spectra were
recorded over the frequency ranges 200 cm™ — 1300 cm’!
and 2800 cm™ — 4000 cm™ in order to investigate re-
spectively the four Raman active vibration modes of
sulfate anions, the ‘Al(OH)s’ octahedron vibration and
the hydrogen bond network due to the water and hy-
droxyl symmetric stretching.

2.3 Powder X-rays diffraction

Powder X-ray diffraction patterns were recorded on a
X’Pert Pro Philips diffractometer equipped with a
PW3011/20 proportional detector and using Cu K, ra-
diation. Powder patterns were recorded at room tem-
perature in the diffraction interval 2° <26 < 80°, with a
step size of A28 = 0.03° and a counting time of 15 s per
step. Powder pattern were analyzed by Rietveld refine-
ment with FullProf (Rodriguez-Carvajal, 2005). Refined
lattice parameters of the synthesized samples were a =
11.254 (1) A and ¢ = 21.488 (4) A (P31c space group)
for ettringite, and a = 5.7609 (7) A and ¢ = 26.828 (2) A
for monosulfoaluminate sample. Lattice parameters of
monosulfoaluminate correspond to the usually named
AFm-12 phase (taken into account the effective water
content in the interlayer part of the structure, by com-
parison with AFm-14 and AFm-16) according to ICDD
pattern N° 45-0158. The two samples were single-phase.

3. Results and discussion

3.1 Hexagonal or trigonal structure of ettringite

revisited by Raman spectroscopy

Crystal structure of ettringite,
CagAly(OH)1,(S04)3:26H,0, has been subject of con-
troversy as one hexagonal P 62c¢ model was proposed
by Courtois et al. (1968) and one trigonal P31¢ model
was proposed by Moore and Taylor (1968, 1970). These
two models were an improvement of the first single-
crystal X-ray study performed by Bannister et al. in
1936 leading to a hexagonal P6s/mmc description.
Moore and Taylor (1968, 1970) attributed the hexagonal
P62c description of ettringite to twinning and gave a
P6s;/mcm average description in a pseudo-cell with a
half ¢/2 parameter. The main difference between the
trigonal P31c¢ and the hexagonal P 62c¢ models is the
number of independent crystallographic sites for the
sulfate anions: two independent SO4> tetrahedra with
two different multiplicity factors due to a statistical oc-
cupation disorder in the hexagonal description, or a
fully ordered trigonal description with three independent
SO,” tetrahedra which have the same multiplicity factor.
Distinguishing the two models by X-ray diffraction is
quite impossible without ambiguity. Then, the aim of
this first part of the present work was to use Raman
spectroscopy as a probe of local environment and point
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symmetry of sulfate groups to determine the real sym-
metry of ettringite. Recently a neutron powder diffrac-
tion investigation on deuterated ettringite has been pub-
lished by Hartman and Berliner (2006). Their Rietveld
refinement led to the definitive fully ordered trigonal
P31c description of ettringite structure in perfect
agreement with our spectroscopic results presented be-
low. Raman spectra have been measured with a high
counting rate in order to allow high quality line fitting.
Figure 1 shows the recorded spectrum of ettringite with
the assignments. Among the previously published Ra-
man spectra of ettringite, those from Jallad ez al. (2001),
Sahu et al. (2002), Deb et al. (2003) and Black et al.
(2006a and 2006b) are similar to our data, contrary to
the first reported spectra on ettringite by Myneni et al.
(1998) that differs significantly. Myneni et al. (1998)
indicated three bands for the sulfate v, mode with a
large split about 30 cm™. Only their v, band at 989 cm™
corresponds to our observation, while their supplemen-
tary components are close to the v, frequencies ob-
served for gypsum, bassanite, anhydride and free sol-
vated sulfate (respectively 1004, 1013, 1012 and 980
cm™ according to Myneni ef al., 1998).

3.1.1 The vibration modes of sulfate anion

Point symmetry of sulfate anion was probed to investi-
gate the space group of ettringite. Table 1 gives the cor-
relation diagrams for internal vibration of SO, tetrahe-
dra in the proposed hexagonal P 62c and trigonal P31c
descriptions. Correlation diagram corresponding to the

hexagonal P6;/mcm average model is also indicated, as
well as the two reference materials (gypsum and
thenardite) used to validate the method. The three pro-
posed models for ettringite give the same irreducible
representation of the internal SO,* vibrations. In all
cases the point symmetry of SO, tetrahedra is C;. This is
evident in the P 6 2c and P3lc (respectively D;‘h
and C3, ) cases. In the case of the P6s/mem (D}, ) aver-
age model, the actual D5 point symmetry becorzles GC;
when removing the mirror plane normal to the ¢ axis.
The incompatible D‘3 point symmetry for the tetrahe-
dral sulfate ion is due to its orientation disorder along
the ¢ axis (see Fig. 1 in Moore and Taylor, 1970). Re-
moving the m mirror normal to ¢ implies an effective
C; point symmetry for SO, tetrahedra. According to the
Cs point symmetry, the v; and v, modes are not split.
The v; and v4 modes degenerate into two components vj,
vy” and vy, v4°, respectively. In Fig. 1 the v3’ and v,
components are not mentioned because of the unre-
solved splitting of both v; and v, modes on the Raman
spectrum. Probably the band broadening masks the
presence of the two components. This irreducible repre-
sentation agreed well with our observed Raman spec-
trum and with all the previously published works. Only
the assignment given by Deb et al. (2003), with two
components for the v, mode (i.e. at 416 cm™ and 449
em™), is in discrepancy. However they studied an et-
tringite from a natural source. The splitting they men-
tioned for the sulfate v, mode and for the ‘Al(OH)¢’
vibration can be attributed to the presence of cationic
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—
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g
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O L) b L] L] L] v L]
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e /I\ -\D ~ .
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~ o 2% 3 (SO42)
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/./,\-:/VL_J Ettringite
rya
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Fig. 1 Main window: Raman spectra of ettringite in the ranges 200 cm™ = 1300 cm™ and 3000 cm™ — 4000 cm™ recorded
at room temperature. Inset window: Raman sulfate modes of vibration in ettringite (red; bottom), gypsum (blue; middle)

and thenardite (black; top).
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and anionic substitutions in their natural sample. The
irreducible representations of the reference materials we
used (gypsum and thenardite) are different from ettring-
ite. In gypsum, the point symmetry of sulfate is C,,
leading to the splitting of the v,, v; and v, modes into
two v, and v,’ components, three vs, v3” and v;”’ com-
ponents and three v,, v,’ and v,” components respec-
tively. The sulfate anion in thenardite, with the point
symmetry D,, showed the same splitting as gypsum
(Table 1). As can be seen in the inset of Fig. 1, split
modes were perfectly resolved in the case of thenardite:
one band for v; mode, two bands for v, mode, three
bands for v; and v4 modes. In the case of gypsum the
splitting of the v, mode was about 80 cm™, while the
splitting of the v; and v, modes was not resolved. In all
cases the v; mode was by far the less broad and particu-
larly the more intense vibration. According to these ex-
perimental observations the v, band has been chosen for
the profile fitting procedure. The aim of the profil fitting
was to find the number of components in this v; band,
which indicated the number of crystallographic inde-
pendent sites in the structure: one for the P6;/mcm aver-
age model, two for the P 62c hexagonal model and
three for the P31c trigonal model. The intensity ratio (i.e.
surface ratio) of the different components should corre-
spond to the number of sulfate anions in each crystallo-
graphic independent site (i.e. linked to the multiplicity
and the occupancy factor of each independent site). The
hexagonal P 62c description leads to a ratio of 2/1 (due
to the occupancy factors of 1 and '4 for the two sulfate
sites having the same multiplicity factor). The trigonal
P31c description leads to a ratio of 1/1/1 (due to the full
occupancy of the three sulfate sites having the same
multiplicity factor). In order to validate the method, the
band corresponding to the v; mode in the reference ma-
terials should be perfectly fitted by using a unique com-
ponent due to a unique sulfate site in both gypsum (Bo-
eyens and Ichharam, 2002) and thernardite (Rasmussen
et al., 1996) structures.

Figure 2 shows the profile fitting obtained for gyp-
sum and thernardite by using a unique component; in
agreement with the previously mentioned correlation
diagrams. Figure 3 and Table 2 indicate the results of
profile fitting of the v; band for ettringite performed
between 970 cm™ and 1010 cm™. Clearly the use of a
unique component, corresponding to the P6;/mcm aver-
age model led to a bad fit due to an evident asymmetri-
cal shape of the measured signal (Fig. 3, left). The use
of a Voigt function was not justified. It allowed only an
artificial improvement of the fit as the asymmetrical
feature of the peak was independent of the introduction
of a Gaussian contribution. The fit performed by using
two components was quite acceptable although the ap-
parent asymmetrical shape of the v, band was not fully
fitted (Fig. 3, middle). However the fitted surface ratio
of 1/1.25 (Table 2) between the two components dis-
agreed with the expected 1/2 ratio for the P 62c hex-
agonal model. Results obtained by using three compo-
nents indicated a perfect line fitting (Fig. 3, right) lead-
ing to a fitted surface ratio 1/1.07/1.16 (Table 2) close
to the 1/1/1 ratio expected for the P31c trigonal model.
This profile fitting procedure of Raman spectra indi-
cates the actual structure of ettringite is given by the
P31c trigonal description. Recent works of Hartmann
and Berliner (2006) led to the same conclusion. They
performed a Rietveld refinement on powder neutron
diffraction pattern from deuterated ettringite with the
P31c trigonal description allowing the localisation of
hydrogen (deuterium) positions. Their recent neutron
diffraction study gave a direct indication of the trigonal
symmetry of ettringite and validates our Raman spectro-
scopic method. The similarities observed between the
three v; components, i.e. Raman shift and FWHM (Ta-
ble 2), is also in agreement with their structural descrip-
tion including the hydrogen bond network description.
Indeed this means that the three crystallographically
independent sulfate anions have a similar environment

Table 1 Correlation diagrams for internal vibrations of SO4 tetrahedra in the different structural models for ettringite, and

in the two used reference materials (gypsum and thenardite):

Fundamental Site symmetry
modes Free ion Ettringite Gypsum Thenardite
P63/mcm P62¢ P3lc C2/c Fddd
3 2 6 24
- Dg, - D}, - G5, - Gy - Dy,
Td C3 ! C3 C3 Cz D2
1 site 2 sites 3 sites 1 site 1 site
2] Ay A A A A A
Vs E E E E 2A 2A
V3 T2 A+E A+E A+E A+2B A1+A2+A3
V4 T, A+E A+E A+E A+2B AtA+ As

: point symmetry D'3 with an orientation disorder due to the mirror normal to € axis lead to an effective site symmetry

C; for the sulfate tetrahedron.
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and only weak differences in the interatomic bond dis-
tances (sulfate to water distances) are observed. Each
sulfate is neighbored by twelve hydrogen atoms belong-
ing to twelve linked water molecules.

3.1.2 The hydrogen bond network vibrations

Micro-Raman spectra recorded in the range 2800 cm™ —
4000 cm™ were used to investigate the hydrogen bond
network. Figure 4 shows the fit performed over this
frequency range. The spectrum was mainly composed
by a broad band centred at 3440 cm” (FWHM of 173
cm’™) attributed to the water symmetric stretching mode
and a sharper signal centred at 3638 cm™ (FWHM of 33
cm™) attributed to the hydroxyl symmetric stretching
mode. The main features of the spectrum and the attri-

bution agreed with those from Deb et al. (2003) and
Black et al. (2006b). A third weak band was observed at
3165 cm” (FWHM of 30 cm™). Two shoulders at 3300
em™ and 3400 cm™ were observed on the broad vibra-
tion band of water molecules. The different components
of this broad signal were attributed to the presence of
different kinds of water (free and bound) in ettringite as
mentioned by Black er al. (2006b). The empirical Falk
law (Falk, 1975) can be used to deduce the lengths of
the hydrogen bonds (oxygen hydrogen bond donor to
oxygen hydrogen bond acceptor interatomic distances)
from the position of its corresponding stretching vibra-
tion. In the following Falk law AV is the Raman shift
of the stretching band and r is the hydrogen bond
length:

Table 2 Profile fitting results of sulfate vi mode from Raman spectra.

number of Raman FWHM * Surface Surface
Sample components shift (cm’l) area ratio
P (em™) (au.)
Gypsum 1 1009 4.54 1.56 10° -
Thenardite 1 994 4.12 1.28 10° -
Ettringite 1 990 6.12 2.3710° -
989 428 0.96 10°
2 991 5.40 121 10° 171.25
988 3.80 0.6110°
3 990 3.46 0.65 10° 1/1.07/1.16
992 4.74 0.71 10°

¥ Full Width at Half Maximum.

Raman intensity (a.u.)

2800 3000 3200

3400 3600 3800 4000

Raman shift (cm™!)

Fig. 4 Profile fitting (red curve) of the measured Raman spectra (black crosses) in the range 2800 cm™ - 4000 cm™ cor-

responding to the stretching of the hydrogen bonds in ettringite.
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exp(20.96 — 5.539 1) (1)

Av = 3707 - 3707
2727

The hydroxyl band centered at 3638 cm” has been
deconvoluted by bands ranging from 3626 cm™ to 3652
cm’' corresponding to hydrogen bond lengths from 3.05
A to 3.12 A. The broad band can be deconvoluted into
several bands ranging from 3303 cm™ to 3544 cm™ cor-
responding to hydrogen bond lengths from 2.76 A to
2.92 A. While the weak band at 3165 cm™ involved a
hydrogen bond length of 2.70 A. Applying a systematic
uncertainty about 0.1 A to these calculated interatomic
distances (due to the simplicity of the model used that
supposes linear hydrogen bonds) we can assumed that
hydrogen bonds from hydroxyl anions, and water mole-
cules respectively, have to be attributed for oxygen-
oxygen distances 2.95 A < doy-_o < 3.22 A, and 2.60
A < dy,0-0 <3.02 A respectively. To be considered as a
possible acceptor the neighboring oxygen atom cannot
participate to the same aluminum or calcium coordina-
tion polyhedron as the donor. In Table 3 are gathered all
these informations: the neighboring, the possibility to
form a hydrogen bond and the inter-oxygen distances
according to Moore and Taylor (1970) and Hartman and
Berliner (2006). Our Raman study on water and hy-
droxyl stretching allowed us to identify the hydrogen
bonds in the structure without knowing the hydrogen
positions. The hydrogen bond network deduced from
our spectroscopic study correspondes exactly to that
solved by Hartman and Berliner (2006). The only miss-
ing hydrogen bond in our study was O12-H12a---O10
(atom labels were taken from Hartman and Berliner,
2006) because of its weakness as indicated by the large
inter-oxygen distance of 3.12 A which was excluded
from our 2.60 A < dy; oo < 3.02 A range. A discrep-
ancy can also be observed on the O19 free water mole-
cule. That can be easily attributed to its half site occu-
pancy. In case of statistical disorder the refined intera-
tomic distances can be artificially decreased and this can
explains the short O19-H19b---O19 hydrogen bond ob-
tained (do1o.010 = 2.37 A). Such an inter-oxygen distance
should lead to a stretching band around 2940 cm’™. Ra-
man spectroscopy enables a full description of the hy-
drogen bond network. The hydroxyl groups involve
intra-columnar ~ hydrogen  bonds, along the
[C213A1(OH)6(H20)12]3+ columns. While linked water
molecules involve two kinds of hydrogen bonds; a small
part (i.e. one eighth) is intra-columnar perpendicular to
the columns, the others seven eighths give the inter-
columnar cohesion throught sulfate anions and free wa-
ter molecules.

3.2 Comparison of the Raman spectrum of et-
tringite and monosulfoaluminate

Raman spectroscopy is an adequate tool to compare the
local environment of sulfate anion and the hydrogen

bond networks in ettringite and monosulfoaluminate; i.e.

to compare the inter-columnar part of the former with
the inter-lamellar part of the latter. Figure 5 shows the

Raman spectra from both cementitious sulfated phases
(ettringite and monosulfoaluminate AFm-12). The spec-
trum from the monosulfoaluminate sample agrees with
that from Black et al. (2006a and 2006b); in which the
v, mode was indicated at 981 cm™ when hydrating pure
CsA in presence of sulfate (compared with our observa-
tion at 982 cm’', Table 4).

Raman spectra recorded on monosulfoaluminate in
the range 200 cm” — 1300 cm™ show great similarity
with the ettringite spectrum (Fig. 5a). We observed the
four active modes of sulfate anion and the vibration of
‘Al(OH)g’ octahedron. In spite of the different structural
features of ettringite and monosulfoaluminate, i.e. re-
spectively a columnar and a lamellar structure, Raman
spectra were quite similar in this frequencies range. Ta-
ble 4 gives the Raman frequencies and the full width at
half maximum of the vibration bands. A shift of about
17 em™ was observed for the ‘Al(OH)g’ vibration which
is attributed to the different environments. Al(OH)s oc-
tahedra are edge sharing with six in plane seven-fold
coordinated calcium atoms (Ca(OH)¢H,O polyhedron)
in monosulfoaluminate compounds (Allmann, 1977).
While Al(OH)s octahedra are edge sharing with six
eight-fold coordinated calcium atoms (Ca(OH)4(H,0),
polyhedron) with three above and three under each
Al(OH)¢ octahedron. These different neighbouring for
Al atoms (see insets in Fig. 5a) lead to different Al—
OH bonds constants resulting from the shift of the
‘Al(OH)4’ vibration frequency. Shifts were also ob-
served for the sulfate symmetric stretching (v; mode)
and bending (v; mode) although the asymmetric modes
(v, and v,) were not. The shift observed for the symmet-
ric modes has to be attributed to sulfate anions lying in
the different hydrogen bond networks. In the case of
ettringite assuming the inter-column cohesion through
sulfate anion the hydrogen bond network is well defined.
In comparison, the hydrogen bond network in monosul-
foaluminate is more flexible, namely due to a statistical
occupancy disorder (between sulfate anion and free wa-
ter molecules) and an orientation disorder of sulfate
tetrahedron in the interlayer part of the structure. The
presence of strong hydrogen bonds involving oxygen
atoms from sulfate groups delocalized the electronic
density from the anion resulting in a shift of the vibra-
tion frequency. The large FWHM observed for the v,
mode in monosulfoaluminate must also be attributed to
the disorder in the interlayer region. The important split-
ting of the vs and v;* components (about 60 cm™ for
monosulfoalumiante compared to a splitting of about 30
cem’ in case of ettringite) could not be explained in
terms of local symmetry as point symmetry for sulfate is
C; in both monosulfoaluminate and ettringite structures.
Yet these sulfate anions cannot be considered as similar
since in monosulfoaluminate an apical oxygen atom
from sulfate anion is directed to main layers and is
chemically different to the three other basal oxygen at-
oms located close to the centre of the interlayer part. In
the case of ettringite the four oxygen atoms from sulfate
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Table 3 Hydrogen bonds interpretation to the profile fitting results of the Raman spectra in the range 2800 cm™ - 4000
cm”in ettringite.

D (0] Possible Hydrogen bond
OOII;O; Neighbour acceptor length O-H---O Hydrogen bonds ¢
b H---O c d (A) e (A)
Hydroxyls:
(0] 03 - 3.07 2.98
012 - 3.08 3.06
010 - 3.11 3.09
05 Yes 3.19 3.27 O1-H1---O5
02 09 - 2.94 3.04
04 - 3.03 3.02
Ol11 - 3.07 3.27
06 Yes 3.17 3.06 02-H2---06
05 - 3.39 3.21
03 012 - 2.94 2.96
010 - 2.95 3.04
(0] - 3.07 3.07
o7 Yes 3.22 3.25 03-H3---07
04 02 - 3.03 3.04
08 Yes 3.12 3.10 04-H4---08
Ol11 - 3.12 2.93
09 - 3.24 3.00
Linked water:
05 018 Yes 2.82 2.79 05-H5a---018
016 Yes 2.98 2.85 05-H5b---016
06 018 Yes 2.65 2.70 06-H6b---018
016 Yes 2.70 2.70 06-H6a---016
010 - 3.08 2.99
o7 017 Yes 2.77 2.95 07-H7b---017
019 Yes 3.06 2.88 07-H7a---019
Ol11 - 3.10 2.92
08 019 Yes 2.50 2.64 08-H8a---019
017 Yes 2.83 2.80 08-H8b---017
012 - 291 2.95
09 016 Yes 2.60 2.81 09-H9b---016
017 Yes 2.82 2.55 09-H9a---017
Ol11 Yes 2.82 2.85 Ol11-Hl1a---09
02 - 2.94 3.02
04 - 3.24 3.00
010 014 Yes 2.90 2.87 010-H10a---014
018 Yes 2.95 2.87 010-H10b---018
03 - 2.95 3.07
06 - 3.08 2.99
Ol11 09 Yes 2.82 2.85 Ol11-Hl1a---09
015 Yes 2.88 2.90 O11-H11b---015
019 Yes 2.94 2.69 019-H19b---011
o7 - 3.10 2.92
04 - 3.12 2.93
012 013 Yes 2.82 2.76 012-H12b---013
08 - 291 2.95
03 - 2.94 3.04
Free water:
019 019 Yes 2.42 2.37 019-H19b---019
08 Yes 2.50 2.64
Ol11 Yes 2.94 2.69 019-H19b---011
o7 Yes 3.06 2.88

“ Atom labels are those from [6] and [1], ° Considered neighbour oxygen atoms are those involving an interatomic distance in rela-
tion with Falk law calculation (i.e. 2.60 A < dponor-Acceptor < 3.05 A for hydrogen bond from water molecule, and 2.95 A < dpnor.
Acceptor < 3-22 A for hydrogen bond from hydroxyl), ¢ Neighbour oxygen atom is considered as possible acceptor only if it does not
belong to the same coordination sphere as the donor. ¢ data from Moore and Taylor (1970), ¢ data from Hartman and Berliner (2006).
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are more similar, in correlation with the weak splitting
observed for the two v; and v;” components. The v,
mode of sulfate anion in the spectrum of monosul-
foaluminate shows a shoulder of weak intensity at 991
cm’ (in italic in Table 4) corresponding to the v; mode
frequency of sulfate in ettringite (990 em™).

The frequency range 2800 em” — 4000 cm™! (Fig. Sb)
shows clearly two different hydrogen bond networks.
Contrary to the case of ettringite (see 3.7.2), the spec-
trum of monosulfoaluminate was less resolved with an
extremely broad band from 3100 cm™ to 3500 cm™ cor-
responding to water stretching. This large unresolved
broad band is a consequence of the two kinds of disor-
der (as mentioned above) within the interlayer part of
the monosulfoaluminate structure. Hydroxyl stretching
appears at higher frequencies in monosulfoaluminate
(3688 cm™, close to the band at 3678 cm™ assigned to
the OH™ stretch of AFm-14 by Black ef al., 2006b)
which corresponds to weakest hydrogen bonds involv-
ing hydroxyl groups in monosulfoaluminate compared
to ettringite. In these two compounds hydroxyl groups
participate to different kinds of hydrogen bonds. Indeed
in monosulfoaluminate, hydroxyls are linked to the in-
terlayer region (free water molecules and sulfate anions)
and participate to the cohesion of the lamellar structure.
While in ettringite hydroxyls only make intra-columnar
hydrogen bonding and the cohesion of the structure is
ensured by the linked water molecules.

3.3 Thermal behavior of ettringite and monosul-
foaluminate

The thermal behavior of both samples were investigated
ex-situ. Samples were heated at 320 K (ettringite sam-
ple) and 390 K (ettringite and monosulfoaluminate

|

L_’QSO 975 1000 1025
——

Monosulfoaluminate

5 AN

Ettringite

Raman intensity (a.u.)
E

T T T T T T 1

600 800 1000 1200 1400
Raman shift (cm_l)

Raman intensity (a.u.)

samples) for two hours. Raman spectra were measured
at room temperature on the heat treated samples just
after their cooling down. Figure 6 shows the Raman
spectra (identical with those shown by Deb et al., 2003,
from room temperature up to 338 K). Frequencies and
FWHM of the vibrations are gathered in Table 4. The
dehydration of ettringite was clearly observed in the
frequencies range 2800 cm™ — 3800 cm™ (Fig. 6b) by
the progressive departure of water molecules (progres-
sive loss of the water stretching mode centred around
3440 cm’ and persistence of the hydroxyl stretching
mode centred around 3640 cm™). The dehydration,
without dehydroxylation, of ettringite is also indicated
in Table 4 by the surface ratio of the water/hydroxyl
stretching bands which decreases from 4.5 on the as
synthesised sample to 2.8 on the sample treated at 320
K, and to 0.9 on the sample treated at 390 K. The persis-
tence of the hydroxyl stretching mode is accompanied
with a large increase of its FWHM (from 33.2 cm™ on
the as synthesised samples to 38.1 cm™ and 49.9 cm™ on
the heat treated samples at respectively 320 K and 390
K). This is a consequence of the collapse of the ettring-
ite structure when water molecules are leaving the inter-
column region. The disruption of the ettringite structure
due to dehydration above 340 K, has been described by
Shimada and Young (2001). The same interpretation can
be made from the evolution of the sulfate vibration
bands: a considerable broadening of the vibration ac-
companied the heat treatment. Indeed the frequency of
the sulfate v; mode is shifted toward high frequencies,
indicating strongest internal S—O bonds (which means
that to sulfate anions are less implicated in the hydrogen
bonding). The spectrum from ettringite heat treated at
320 K shows two components for the v, mode: one at

(b)

Monosulfoaluminate

Ettringite

T
2800 3000 3200 3400 3600 3800 4000

Raman shift (cm'l)

Fig. 5 Raman spectra on as synthesised ettringite (black curves) and monosulfoaluminate (red curves) in the frequen-
cies ranges 200 cm™ = 1300 cm™ (a: sulfate and ‘Al(OH)e’ vibrations) and 2800 cm™ — 4000 cm” (b: hydrogen bond
stretching). In Figure 5a three insets show a zoom on the sulfate v1 mode (from 940 cm™ to 1040 cm'1) and the
neighbouring of Al(OH)s octahedron in ettringite and monosulfoaluminate structure (Al octahedron in green, Ca polyhe-
dron in pink, water molecules and hydroxyls are respectively represented by light blue and small dark blue spheres).
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Table 4 Raman frequencies (cm'1) and full width at half naximum (cm'1) of sulfate modes vibration, ‘Al(OH)s’ octahedron
vibration and hydrogen bond stretching from ettringite and monosulfoaluminate in as synthesised samples and samples

thermally treated at 320K and 390K.

Ettringite Monosulfoaluminate
As As

synthesised 320K 390K synthesised 390K
v; sulfate mode
Raman shift 990 988 / 1004 1003 982 /9915 98077993
FWHM © 6.2 11.6/27.8 33.70 7.4/10.2% 6.4516.0
v, sulfate mode
Raman shift 451 450 455 453 452
FWHM @ 24.6 46.8 70.2 18.8 322
v; sulfate mode
Raman shift 1087/ 1118 1123 1084 / 1147 1095 /1154 1105
FWHM @ 9.8/43.6 144.0 26.6/154.0 60.6/20.6 95.2
v, sulfate mode
Raman shift 615 623 626 615 -
FWHM @ 44.4 43 52.6 30.2 -
‘Al(OH)y’ vibration
Raman shift 549 541 543 532 532
FWHM 21.0 32.8 42.0 15.0 13.6
Water stretching
Raman shift 3440 3455 3515 - -
FWHM @ 173.4 298.8 209.0 - -
Hydroxyl stretching
Raman shift 3638 3628 3621 3688 3675
FWHM @ 33.2 76.2 99.8 24.7 24.6
Surface ratio (water band / hydroxyl band)
H,0 / OH | 4.5 2.8 0.9 | - -

) Full Width at Half Maximum.
St Shoulder of weak intensity.

988 cm’' (corresponding to the as synthesised sample)
and another at 1004 cm™ (corresponding to the col-
lapsed ettringite). The ettringite sample heat treated at
390 K showed only the v; mode at 1003 cm™ (corre-
sponding to the collapsed ettringite). These ex-situ
measurements gave evidence that the collapse of the
ettringite structure is initiated but remains reversible for
a thermal dehydration at 320K, and becomes irreversi-
ble for a thermal dehydration at 390 K (as the compo-
nent at 988 cm™ was not at all observed).

The case of monosulfoaluminate is different (Fig. 6¢
and 6d). In spite of a shift of the sulfate v; mode (from
982 cm™ to 993 cm™) when heated at 390 K, the fre-
quencies range 2800 cm™ — 4000 cm™ shows evidence
of the presence of water molecules (by the extremely
broad band from 3100 cm™ to 3600 cm™). Water mole-
cules are still present in the heat treated monosulfoalu-
minate sample but the hydrogen bond stretching bands
are modified compared to the as-synthesised sample
(the shape of the extremely broad band related to water
stretching is modified, and the position of the band of
the hydroxyl stretching is shift to lower wavenumber;
i.e. from 3688 cm™ to 3675 cm™). This could be attrib-

uted to a reconstruction phenomenon of the AFm phases
(already mentioned in case of the nitrated AFm phase by
Renaudin et al., 2000), confirmed by the presence of the
shoulder of the v; mode at 980 cm™ corresponding to
the as synthesised monosulfoaluminate phase. The col-
lapse of the monosulfoaluminate structure when dehy-
drated does not take place at 390K as inferred by the
absence of band broadening; the FWHM of the sulfate
v, mode of 7.4 cm™ on the as synthesised sample is
about the same order (6.0 cm™) for the sample treated at
390 K. In the same way, vibration of the ‘Al(OH)s’
polyhedra, still active for monosulfoaluminate heat
treated at 390 K, indicates the absence of disruption of
the main layer in the AFm structure. In the case of the
AFt phase, the ‘Al(OH)s’ vibration on sample heat
treated at 390 K disappears in agreement with the *’Al
NMR observation made by Shimada and Young, 2001
(change in the coordination number of aluminium from
6 to 4 in ettringite heat treated at 390 K).

3.4 Iron substitution in ettringite
The solid solution Cag(Al,.<Fe,)(OH),(SO4)3-26H,0,
corresponding to the substitution of aluminium by iron
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Fig. 6 Raman spectra on as synthesised (black curves) and thermally treated at 320 K (blue curves) and 390 K (red
curves) samples of ettringite and monosulfoaluminate in the frequencies ranges 200 cm™ = 1300 cm” (a and c: sulfate
and ‘Al(OH)g’ vibrations for respectively ettringite and monosulfoaluminate samples) and 2800 cm™ = 4000 cm” (b and d:
hydrogen bond stretching for respectively ettringite and monosulfoaluminate samples). Insets in Figure 6a and 6¢ show a

zoom on the sulfate v mode (from 950 cm” to 1030 cm'1).

in ettringite, has also been investigated. The replace-
ment of AI** by Fe*" in ettringite structure has already
been reported (Buhlert and Kuzel, 1971), as numerous
other possible substitutions (P6llmann et al., 1989). We
present in this paper (devoted to Raman use to charac-
terize sulfated cementitious hydrates) only our main
Raman spectroscopic results on this study. The complete
study on the iron substitution in ettringite will be pub-
lished elsewhere. Figure 7 shows the frequency range
corresponding to the sulfate and octahedral Al vibration.
The indicated Al/Fe ratios correspond to the ratio of the
mother solution during synthesis. Powder X-ray diffrac-
tion patterns indicated that samples were single-phase.
Figure 8 shows the Rietveld refinement, Profil Match-
ing procedure with FullProf (Rodriguez-Carvajal, 2005),
performed on the 50/50 substituted iron ettringite. The
refined lattice parameters, indicated in Table 5, confirm
that with increasing amounts of Fe in ettringite, there is

a progressive decrease of the a lattice parameter com-
bined with a progressive increase of the ¢ lattice pa-
rameter. The Raman spectra give evidence for the dete-
rioration of the ettringite structure due to iron substitu-
tion. This deterioration was not observed on the X-ray
diffraction patterns (as showing in Fig. 8). This indi-
cates that the ettringite structure is not modified at the
cristallite size, but at the sulfate molecular level: only
the environment of the sulfate anions (i.e. the hydrogen
bond network) is affected by the iron substitution. We
observed a fall of the ettringite characteristic signal;
only the v; mode of sulfate was still clearly visible. The
iron substitution led to a shift toward the high frequen-
cies (from 990 cm™ in pure ettringite to 1001 cm’ in the
90/10 substituted ettringite, and to 1008 cm” in the
50/50 substituted ettringite) and an increase of its
FWHM (from 6.2 cm™ in pure ettringite to about 40 cm™
in the substituted ettringites). This shift to higher
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wavenumber whit the iron substitution has not been
observed by Black et al., 2006a, during the hydration of
C4AF in presence of sulfate. They observed always the
v, sulfate band at 989 cm'l, but they have no indication
for the presence of iron in their ettringite. We observed
also a decrease in the water and hydroxyl stretching
signals in the range 2800 em’ — 4000 cm™ (not shown
here). Aluminium replacement by iron in ettringite led
to the same spectroscopic observations made by thermal

Raman intensity (a.u.)

/M o e i

treatment: a modification of the ettringite framework
due to an apparent disruption of the hydrogen bond
network.

4. Conclusions

This paper shows several examples illustrating the abili-
ties of Raman spectroscopy to study hydrated cementi-
tious phases. An important aspect is the investigation of

T T T
950 975 1000 1025

Al/Fe synthesis ratio: 50/50

Al/Fe synthesis ratio: 90/10

T T
400 600

T T
1000 1200

Raman shift (cm’l)
Fig. 7 Raman spectra on pure ettringite (black curve) and on iron substituted ettringite (introduced Al/Fe ratio in the syn-
thesis mother solution of 90/10 and 50/50 for respectively the blue and red curves) samples in the frequencies ranges
200 cm™ = 1300 cm™. Insets show a zoom on the sulfate vi mode (from 950 cm™ to 1030 cm'1).

I(a.u.)
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Fig. 8 Rietveld plot on the single phased 50/50 substituted iron ettringite sample: observed and calculated patterns (a:
black dot squares and red line respectively), Bragg peaks positions (b) and difference curve (c).
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Table 5 Refined lattice parameter of the different synthe-
sized ettringite samples (pure and iron substituted) of
composition Cag(Al2-xFex)(OH)12:(SO4)3:26H20 using the
trigonal P31c space group.

Synthesis Lattice parameters (A)
Pure ettringite ccl _ 2111 igg ((i))
90/10 iron substituted a=11.249 (4)
ettringite c=2149 (1)

50/50 iron substituted a=11.240(9)
ettringite c=21.55()

the local environment of the anionic species and the
hydrogen bond network through the measurement of the
water and hydroxyl stretchings. The work shown here
on sulfate anions can be performed on numerous
polynuclear anions encoutered in cement chemistry,
such as carbonate, nitrate, chlorate, arseniate, chromate,
phospate, silicate, efc... The profile fitting procedure on
a selected vibration provides information on point
symmetry which can be used to complete and/or con-
firm structural studies (see part 3.1.1). The profile fitting
of the broad bands in the range 3000 cm™ — 4000 cm™
allows us to identify and localise the hydrogen bonds
ensuring the structural cohesion of the hydrated phases
(see part 3.1.2). The environment of a selected anion in
different cementitious phases is also of interest (see part
3.2). Raman spectra on the heat treated samples provide
information on the thermal behavior of the compounds:
the deterioration of the hydrogen bond network, the
modification of the anionic environment, and the col-
lapse of the structural framework (see part 3.3). Effects
due to cationic substitution can also be investigated by
mean of Raman spectroscopy (see part 3.4). The studies
presented in this paper on single-phase samples can be
carried out more complex cement systems allowing a
deeper understanding of the underlying chemical
mechanisms, as indicated by the increasing number of
recent articles on this topic.
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