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Abstract

Recent Al MAS NMR studies of hydrated Portland cements and calcium-silicate-hydrate (C-S-H) phases have shown a resonance from
Al in octahedral coordination, which cannot be assigned to the well-known aluminate species in hydrated Portland cements. This resonance,
which exhibits the isotropic chemical shift §;,,=5.0 ppm and the quadrupole product parameter Po=1.2 MHz, has been characterized in
detail by ’Al MAS and *’Al{'"H} CP/MAS NMR for different hydrated white Portland cements and C-S-H phases. These experiments
demonstrate that the resonance originates from an amorphous or disordered aluminate hydrate which contains AI(OH)Z ™~ or O, AI(OH)& ™~
units. The formation of the new aluminate hydrate is related to the formation of C-S-H at ambient temperatures, however, it decomposes by
thermal treatment at temperatures of 70—90 °C. From the experiments in this work it is proposed that the new aluminate hydrate is either an
amorphous/disordered aluminate hydroxide or a calcium aluminate hydrate, produced as a separate phase or as a nanostructured surface
precipitate on the C-S-H phase. Finally, the possibilities of AI** for Ca®" substitution in the principal layers and interlayers of the C-S-H

structure are discussed.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Ordinary and white Portland cements typically have a
bulk Al,O5 content in the range 1—6 wt.% with aluminium
mainly present in the calcium aluminate (Caz;Al,O) and
aluminoferrite (Ca,Al,Fe,_,Os5, 0<x<1.4) phases [1].
Furthermore, it is well-known that a considerable fraction
of the aluminium is present as AI** guest-ions in the calcium
silicate phases alite and belite [1,2]. During hydration of
Portland cements the principal hydration products of the
calcium aluminate and aluminoferrite phases are the AFt
and AFm phases ettringite (Cag[Al(OH)s]2(SO4)3-26H,0)
and monosulphate (Cas[Al(OH)4],SO46H,0), while hydro-
garnet (Cas;[Al(OH)g],) may form with insufficiently added
gypsum. However, depending on the physical conditions
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and chemical environments during cement hydration, other
AFm and AFt phases such as Ca,[Al(OH)s]JOH:xH,0 (x=0,
2, 3, 6) [3], Friedels salt (Ca,[Al(OH)]¢sCI-2H,0), and the
carbonate analogues of ettringite and monosulphate can also
be formed [1]. A general feature for these aluminate
hydrates is that they all contain aluminium in octahedral
coordination. Moreover, a significant quantity of aluminium
is incorporated in the calcium-silicate-hydrate (C-S-H)
phase, where AlO,4 units take part in the tetrahedral chain
structure of SiOy tetrahedra [4—6]. For C-S-H phases with
high Ca/Si ratios, it has also been proposed that Al may be
incorporated in the interlayer region of the C-S-H structure,
potentially by substitution for interlayer Ca*" ions, forming
AlOg octahedra [7—10].

Considering the low Al,O5 content of Portland cements,
it can be hard to identify the abovementioned aluminate
phases, even though some of them are present in a
crystalline form, since they may be present in quantities
less than 1 wt.% of the hydrated Portland cement. For this
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purpose, 2’Al MAS NMR spectroscopy represents a unique
analytical tool because of the high sensitivity for the 2’Al
nucleus (e.g., 100% natural abundance and a high gyro-
magnetic ratio). The potential of A1 MAS NMR in studies
of Portland cements was demonstrated in a preliminary
investigation of a white Portland cement [11], where the
hydration of the calcium aluminate phase could be followed
by the distinction of tetrahedrally and octahedrally coordi-
nated Al species. In a subsequent investigation of synthetic
samples of the aluminate phases in Portland cements, the
*’Al quadrupole coupling parameters (Cq and 1) and
isotropic chemical shifts (J;,,) were determined for the
individual Al sites with good precision [12], thereby
providing the tool for detection and quantification of Al in
for example ettringite and monosulphate. ’Al MAS NMR
has also been widely used to characterize the incorporation
of Al in C-S-H samples [7,8,10,13,14], in C-S-H phases
resulting from activated slag cements [5,15], and in the C-S-H
of hydrated Portland cements [6,16]. The high sensitivity
of 2’A1 MAS NMR can be illustrated by the results from a
recent ’Al MAS NMR study of a white Portland cement
(1.74 wt.% Al,0O3) hydrated for 28 days, which was found to
contain 3.2 wt.% ettringite, 1.2 wt.% monosulphate, and a
quantity of tetrahedral Al incorporated in the C-S-H phase
corresponding to 0.12 wt.% Al,O5 [16].

In this work we investigate the origin of a third resonance
from Al in octahedral coordination which has recently been
observed in *’Al MAS NMR spectra of hydrated white
Portland cements [6,16] in addition to the resonances from
7 Al in ettringite and monosulphate. A similar resonance has
also been reported in *’Al MAS NMR spectra of Al-
substituted C-S-H samples [9,10,13] and tentatively
assigned to Al substituting for Ca in the principal layers
of composition CaO, in the C-S-H [10] or the incorporation
of Al in an octahedral site in the C-S-H interlayer [9,13].
However, the results in the present work show that the third
Alyq resonance originates from an amorphous or disordered,
nanoscale aluminate-hydrate which is formed either as a
separate phase or as a surface precipitate on the C-S-H
material. Thus, we have denoted this species as the third
aluminate hydrate (TAH), since it is formed in addition to
the ettringite (AFt) and monosulphate (AFm) aluminate
hydrates. The TAH species is formed in hydrated Portland
cements in very small quantities, corresponding to an
equivalent quantity of 0.1-0.5 wt.% Al,O;. This fact and
the amorphous/disordered nature of TAH may be the reason
that it has not been observed by other analytical techniques
such as X-ray diffraction. Because solid-state NMR spectra
primarily reflects the first- and second-coordination spheres
of the spin nucleus under investigation, it has at the present
time not been possible to obtain the constitutional formula
for TAH but only to establish the local environment of the
Al units and its thermal stability. Moreover, it is noted that
this study focuses on the formation of TAH in two white
Portland cements, having a low and high Al,O; content,
because the low quantities of paramagnetic ions (e.g., Fe*")

in these cements only result in minimal line broadening of
the NMR resonances caused by nuclear-electron dipolar
couplings between 2’Al (*°Si) and the unpaired electron of
the Fe*" ions.

2. Experimental
2.1. Materials and sample preparation

The white Portland cements were commercial cements
produced by Aalborg Portland A/S, Denmark and Sinai
White Cement Company, Egypt with the bulk metal oxide
compositions given in Table 1 and with a Blaine fineness of
424 m*/kg and 389 m?/kg, respectively. The main difference
between these cements is that the Aalborg cement contains a
small quantity of Al,O3 while the Sinai cement has a high
Al,O3 content for a white Portland cement. A sample of
white Portland clinkers from Aalborg Portland A/S, with the
oxide composition listed in Table 1, was also investigated.
Gypsum (CaSO42H,0, 99% purity) was obtained from
Merck (Darmstadt, Germany) and used as received.

Table 2 summarizes the composition of the eight series of
hydration which were prepared using the white Portland
cements/clinkers and in some cases gypsum as an additive.
All hydration mixtures employed a water/cement or water/
powder ratio of 0.50, triple distilled water, and a hydration
temperature of 20 °C. The cements and additives were
mixed with water by hand for about 5 min. Subsequently,
the samples were placed in open plastic bags in a desiccator
with a relative humidity of 100% at 20 °C. At specific
curing times a part of the pastes was ground to a fine
powder and the hydration process was stopped by stirring
the sample in acetone for 15 min. The powdered samples
were dried in a desiccator over silica gel at room temper-
ature and stored in airtight containers to prevent contami-
nation from atmospheric CO,. Four samples of C/_H
hydrated for 3 years were heated for 24 h at temperatures
from 70 to 200 °C.

The C-S-H samples were prepared from analytically pure
Ca(OH), (Riedel-de Haén), SiO, (Cab-osil, M5, Riedel-de
Haén), and NaAlO, (Strem Chemicals). The solids were

Table 1
Bulk oxide composition for the white Portland cements (wPc) and clinkers
produced by Aalborg Portland A/S and Sinai White Cement Company

Oxide (Wt.%) wPc-Aalborg wPc-Sinai white clinkers
(Aalborg)

CaO 69.13 67.10 70.43
SiO, 24.70 22.39 25.88
ALO; 1.74 428 1.97
Fe,04 0.31 0.30 0.33
MgO 0.56 0.19 0.59
SO; 1.97 2.72 0.17
K,0 0.05 0.02 -

Na,O 0.16 0.04 -

Loss on ignition 0.99 2.72 -
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Table 2
Series of hydration for the white Portland cements (wPc) and clinkers
studied in this work®

Index Cement type” Additive

CI_H wPc-Aalborg

C2_2G wPc-Aalborg 2.0 wt.% gypsum
C3_5G wPc-Aalborg 5.0 wt.% gypsum
C4_SH wPc-Sinai

CL5_H White clinker, Aalborg

CL6_2G White clinker, Aalborg 2.0 wt.% gypsum
CL7_5G White clinker, Aalborg 5.0 wt.% gypsum
CLS8_10G White clinker, Aalborg 10.0 wt.% gypsum

@ All series employed the water/powder ratio w/p=0.50 and were stored
at 20 °C and a relative humidity of 100% during hydration.
® The oxide composition of the cements/clinkers are given in Table 1.

mixed with triple distilled water, employing a water/solid
ratio of 50, and stored at room temperature for 3 weeks in
closed glass tubes with continuous stirring. The suspensions
were filtered and the precipitates were subsequently dried in
a desiccator over silica gel at room temperature. The
synthesis employed the initial ratio (Al/Si);=0.05 and initial
Ca/Si ratios of (Ca/Si);=0.66, 0.83, 1.00, 1.25, 1.50, and
1.75.

2.2. NMR measurements

Solid-state Al MAS NMR experiments were performed
on Varian Unity INOVA 300 MHz (7.05 T), 400 MHz (9.39
T), and 600 MHz (14.09 T) spectrometers using home-built
CP/MAS probes for 4 and 5 mm o.d. zirconia (PSZ) rotors.
The single-pulse ’Al MAS NMR spectra obtained at 7.05
and 9.39 T were acquired with a pulse width of 0.5 us for an
rf field strength of yB;/27=60 kHz (i.e., a flip angle<n/6
for 27Al, I=5/2, in a solid) to ensure quantitative reliability
of the intensities observed for the ?’Al central transition for
sites experiencing different quadrupole couplings. More-
over, the experiments employed 'H decoupling with
yB,/2n=175 kHz, spinning speeds of about vg = 10 kHz, a
2-s relaxation delay, and typically 10,000 scans. The 2’Al
MAS NMR spectra at 14.09 T were obtained in a similar
manner employing yB,/2n =50 kHz, yB,/2n=50 kHz, and
vr=13.0 kHz. At the three magnetic fields, the ’Al MAS
NMR spectrum of the probe itself with an empty spinning
(vg=10.0—13.0 kHz) PSZ rotor showed a broad resonance
of very low intensity. This spectrum was subtracted from the
27Al MAS NMR spectra of the cement samples prior to the
quantitative evaluation of the observed intensities. The
quantities of the different aluminate phases were determined
from 2’Al MAS NMR spectra of weighed samples using the
27Al MAS NMR spectrum of a weighed sample of a-Al,O4
as an external intensity reference. The ’Al MAS NMR
spectrum at 21.15 T was obtained on a Varian INOVA-900
spectrometer at Oxford Instruments, U.K., using a home-
built 900 MHz CP/MAS NMR probe [17] and a pulse width
of 7,=1.0 ps for yB,/2n=60 kHz. The 2TAI{"H} cross-
polarization (CP) MAS experiments (9.39 T) used high-

power 'H decoupling (yB,/2n=58 kHz), a fixed rf field
strength of v.('"H)=yB,/2n=56 kHz, and an array of *’Al
if field strengths in the range v.(*’Al)=yB,/2n=18-57
kHz during the CP contact time which was varied from 50
us to 5.0 ms.

Solid-state 2°Si MAS NMR spectra were recorded at 79.4
MHz on a Varian INOVA-400 (9.39 T) spectrometer using a
home-built CP/MAS probe for 7 mm o.d. PSZ rotors (220
puL sample volume) and a spinning speed of vg=6.0 kHz.
The 2°Si MAS experiments employed an rf field strength of
yB1/2n=40 kHz, a pulse width of 3 us, a relaxation delay
of 30 s, and typically 2048 scans. These conditions were
found to give quantitative reliable intensities in the *°Si
MAS NMR spectra of hydrated white Portland cements.
2°Si and *’Al chemical shifts are referenced to external
samples of tetramethylsilane (TMS) and a 1.0 M aqueous
solution of AICl;-6H,0, respectively. Simulations of the
27Al MAS NMR spectra employed the STARS solid-state
NMR software package, developed earlier in our laboratory
[18], while the deconvolutions of the 2°Si MAS spectra were
performed with the Varian Vnmr software.

3. Results and discussion
3.1. High-field ?” Al MAS NMR

The current status for >’Al MAS NMR spectroscopy in
studies of cementitious materials is that the highest degree
of resolution for resonances from different aluminate species
is achieved using the standard single-pulse MAS experiment
at high magnetic fields (Bg~ 14—21 T) combined with high-
power 'H decoupling (yB,/27>50 kHz) and high-speed
spinning (vg > 10 kHz). This is primarily due to the high
sensitivity of this experiment for low quantities of alumi-
nium as well as the increased chemical shift dispersion and
reduced second-order quadrupole broadening with increas-
ing magnetic field strength. It is noted that the two-
dimensional *’Al multiple-quantum (MQ)MAS experiment,
which removes the second-order quadrupole broadening in
one dimension, has only provided new information about
cementitious materials in a very few applications [14,19].

Fig. 1 illustrates *’Al MAS NMR spectra of the central
transition (m=1/2—m=—1/2), recorded under the above-
mentioned conditions, for two different white Portland
cements (C/_H and C4_SH) and white Portland clinkers
(CL5_H) hydrated for 2 weeks. The chemical shift region for
Al in tetrahedral coordination (50 <06 <100 ppm) displays
centerbands from (i) Al incorporated in alite/belite with a
center of gravity 0%, 1, = 86 ppm [2], (ii) Al in an impure
form of tricalcium aluminate (67%, 12~ 81 ppm [12]), and
(iii) Al substituting for Si in the C-S-H phase (6%, 1, ~75
ppm [5,6]). At lower frequency, a broadened resonance with
low intensity is observed at 0%, 1, ~35 ppm, which has
tentatively been ascribed to a five-fold coordinated Al site
that originates from AI*" substituting for Ca®" ions situated
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Fig. 1. ’A1 MAS NMR spectra (14.1 T, 13.0 kHz) obtained with high-
power 'H decoupling of the central transition for (a) C/_H, (b) C4_SH, and
(c) CL5_H all hydrated for 2 weeks. The asterisks (*) indicate spinning
sidebands whereas the filled diamond (#) and the open circle (O) show the
centerbands from Al incorporated in alite/belite and Al in the calcium
aluminate phase Ca3;Al,Og, respectively. The filled circle (@) indicates the
centerband for tetrahedrally coordinated Al incorporated in the C-S-H phase
while the centerbands from ettringite, monosulphate, calcium aluminate
hydrate, and the third aluminate hydrate (TAH) are denoted by E, M, A, and
T, respectively. A vertical expansion by a factor of two is employed for the
spectra in (a) and (c) as compared to the spectrum in (b).

in the interlayers of the C-S-H structure [10] (vide infra). The
spectral region for octahedrally coordinated Al (—10<
0 <20 ppm) exhibits three distinct resonances, where the
high-frequency peak (d;,,=13.1 ppm) can be unambig-
uously assigned to ettringite [12]. The second resonance has
a center of gravity 67% _1,~9.8 ppm, in accordance with
the quadrupole coupling and chemical shift parameters
reported for monosulphate [12]. However, other AFm
phases such as Ca,[AI(OH)s]JOH-6H,O and Friedels salt

have very similar quadrupole coupling and chemical shift
parameters [12,20] and thus, these phases cannot be
distinguished by Al MAS NMR under the actual
experimental conditions. Finally, a third resonance is
observed at 0% 1, ~5 ppm with a linewidth similar to
that for monosulphate. This resonance cannot be assigned
to any of the known aluminate phases, which may be
present in hydrated Portland cements and thus, we ascribe
this resonance to a hitherto unknown aluminate hydrate
(TAH) formed in hydrated Portland cements. Quantification
of the intensities in the *’Al MAS NMR spectra combined
with deconvolution of the spectral region for octahedrally
coordinated Al give equivalent quantities of Al,O3 of
0.32+0.05 wt.%, 0.19+0.05 wt.%, and 0.12+0.05 wt.% in
the third aluminate hydrate (TAH) for the CI_H, C4_SH,
and CL5_H samples, respectively, demonstrating that this
species is present in very small quantities. The Al,O3
quantities for TAH in the three cements do not show any
correlation with the bulk Al,O3 contents of the cements
(c.f., Table 1). Furthermore, the degree of hydration for alite
and belite, determined from *°Si MAS NMR, is quite
similar for the three cements, which shows the absence of a
direct relationship between the quantity of TAH and the
amount of C-S-H formed in the hydrated cements.
However, for each of the three cements, the quantity of
TAH increases with increasing hydration time (vide infra).

3.2. 274l quadrupole coupling and isotropic chemical shift

for the third aluminate hydrate

An unambiguous identification of an aluminate species
by *’Al MAS NMR requires a preknowledge of the
isotropic chemical shift (J;,) and at least the quadrupolar
product parameter (Pq = Cq./1+143/3), which governs
the degree of second-order quadrupolar shift of the center
of gravity (6°®) for the resonance at a particular magnetic
field. Even at a low magnetic field (7.05 T) the centerband
from the TAH species does not exhibit a well-defined
second-order quadrupolar lineshape but an asymmetric
lineshape with a tail to low frequency. This is a
characteristic feature for a small distribution in quadrupole
coupling parameters [2] which shows that the Al resonance
originates from an amorphous material or a disordered
crystalline phase. Furthermore, the asymmetric lineshape
prevents a direct determination of the quadrupole coupling
parameters (Cq and 7q) from lineshape simulations of the
central transition. Thus, d;5, and P are determined from the
center of gravity of the central transition (0% _15),
observed at four magnetic fields (7.05, 9.39, 14.09, and
21.15 T), using the relationship [21]

Ciph_
> Cia1p2
5?%2‘—1/2 = diso — PQ v%
3 I(I+1)-3/4
Cip12 Z—M (1)

40 p2r-1)7
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where /=5/2 for *’Al. Fig. 2 illustrates 015 _1n as a
function of Cyp. 1/ vi for the TAH species in CI_H
hydrated for 12 weeks, observed at the four different 2”Al
Larmor frequencies (v =78.16, 104.18, 156.32, and 234.52
MHz). Least-squares analysis to the data in Fig. 2 gives
0iso=5.0£0.1 ppm and Pq = Cq,/1+nr3/3 =1.20£0.10
MHz, where the latter correspond to a quadrupole coupling
constant of Cy=1.13£0.18 MHz. The small Cq value
indicates that the AlOg octahedron in TAH is highly
symmetric. Moreover, we note that Pq is larger than the
value reported for ettringite [12] but slightly smaller than the
P values reported for the AFm phases monosulphate [12],
Ca,[Al(OH)]OH-6H,O [12], and Friedels salt [20].

3.3. Characterization of the third aluminate hydrate by
27Al{'H} CP/MAS NMR

To investigate the local environment of the AI** ion in
TAH, the C/_H sample hydrated for 12 weeks is studied by
Z7Al{'"H} CP/MAS NMR. This sample is chosen because
ettringite, monosulphate, and TAH are all clearly observed in
the single-pulse 2’ Al MAS spectrum (Fig. 3a). The >’ Al{'H}
CP/MAS NMR spectrum, shown in Fig. 3b, exhibits
resonances from ettringite, monosulphate, and the TAH
phase. To verify that these resonances are a result of
"H—?"Al magnetization transfer, a “null experiment” is
also performed (Fig. 3¢), where the initial 90° "H pulse of the
CP sequence is omitted. The absence of resonances in this
spectrum confirms that the phase cycle of the CP experiment
cancels any build-up of magnetization from the long ?’Al
contact-time pulse. Thus, the 2’Al{'H} CP/MAS NMR
spectrum (Fig. 3b) demonstrates that 'H atoms are present in
close proximity to the Al site in the TAH species. The

6;JQZ,-:IJZ
5.0 A (ppm)
4.8;
4.6;
4.4—_
4.2—_
40-
3.8—_

3.6

2
Cl/Z,- ]JZ/ vl_
3.4 L e — T T 1>

—
0.0 0.20 0.40 0.60 0.80 1.0 1.2
(x10 ®MHz?)

Fig. 2. Plot of the center of gravity (67%,_ /) for the 27 Al central transition
for the TAH species in C/_H (hydrated for 12 weeks) observed at four
magnetic field strength (7.05, 9.39, 14.09 and 21.15 T) as a function of the
parameter C /z/sz (c.f., Eq (1)). The line corresponds to the result of
linear regression analysis of the data, which gives the Ji, and Pq
parameters for 27Al in TAH (see text).

relative enhancement of the resonances from monosulphate
and TAH relative to the peak from ettringite (Fig. 3b) reflect
the fact that the Hartmann-Hahn matching condition for a
quadrupole nucleus depends on the magnitude of the
quadrupole splitting (vo = 5 Cq for *’Al), the rf field
strengths (v,¢(*’Al) and v,¢('H)), and the spinning frequency
(vr) [22,23]. For CP from 'H to the 2’ Al central transition the
Hartmann-Hahn matching condition is [24]:

Vrf(lH) =V, (27Al) for  vo < (Z7Al) (2)

Vrf(lH) = 3vrf(27A1) for VQ>>Vrf(27A1) (3)
while the matching condition is not well defined in the
intermediate range vq~ vie(*Al) [23]. For strong quadru-
pole couplings (Eq. (3)), the parameter o=[v.:(*’Al)]*/
(vovr) also needs consideration, since Eq. (3) holds for
o >1 (slow-speed spinning) while the Hartmann-Hahn
condition must fulfill one of the sideband conditions
vee((H)=3v,¢C’Al)xnvg (n=1, 2) for « <1 (high-speed
spinning) [23]. The CP dynamics are investigated by
Y’Al{'"H} CP/MAS NMR in Fig. 4a, which displays the
intensity of the centerbands for ettringite, monosulphate, and
TAH observed for an array of 2’Al rf field strengths
(vsCTAD)=y 1B a1/27=18-57 kHz) and a constant 'H rf
field strength (v,.¢('"H)=yyBou/27=>56 kHz). In contrast to
cross-polarization from 'H to a spin /=1/2 nucleus (e.g., '*C,
29Si), the curves in Fig. 4a show that 'H polarization is
transferred to 2’Al for a range of ?’Al rf field strengths and
not only at the Hartmann-Hahn matching condition (Egs. (2)
and (3)). For ettringite the maximum transfer of magnet-
ization from 'H to the *’Al central transition is observed at
the highest v,¢(*’Al) field strength, in agreement with the
matching condition v.(‘"H)~v,¢(*’Al) for a quadrupole
nucleus experiencing a very small quadrupole coupling
(Eq. (2)). The magnetization transfers for monosulphate
and TAH as a function of v,¢(*’Al) are very similar (Fig.
4a) and exhibit maxima at v.('H)=~3v.(*’Al) and
vie("H) = v,¢(*’Al) for both phases. This may reflect the
fact that these phases possess quadrupole splittings,
vo=255 kHz (monosulphate [12]) and vo=180 kHz
(TAH, vide supra), which correspond to the intermediate
range where the Hartmann-Hahn match is not well-defined.

Further information about the 'H atoms in the *’Al
coordination sphere of the TAH species may be achieved
from the cross-relaxation rate (74;y) and rotating-frame
relaxation times (7' ’?,: and T pr) which describes the build-up
and decay of cross-polarized signal intensity. This is due to the
fact that the magnetization transfer is governed by 'H-*"Al
dipolar couplings (D o, ) which are inversely proportional to
the cube of the H-Al distances (D j_y ©° 1/ ri 11)- The build-
up and decay of cross-polarized magnetization (M,(¢)) as a
function of the contact time (f=1cp) is given by

H
() =2 ;V(O) exp( = /TH ) [1 = exp( = 2t/ Tam)]  (4)
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Fig. 3. *’Al MAS and CP/MAS NMR spectra (9.39 T, vg=5.0 kHz) of CI_H hydrated for 12 weeks. (a) Standard ’Al MAS NMR spectrum obtained with

high-power 'H decoupling. (b) ’Al{'H} CP/MAS NMR spectrum employing a C
vir ("H)=56 kHz. (c) A “null-experiment” using the same experimental conditions

P contact time of 7cp=0.2 ms, and the rf field strengths v ¢ (27A1): 18 kHz,
as in part (b) except for the initial 90° 'H pulse, which is omitted from the

pulse sequence (see insets). The asterisks (¥) indicate spinning sidebands from ettringite, while the filled circle (®) indicates the centerband for tetrahedrally
coordinated Al in the C-S-H phase. The centerbands from ettringite, monosulphate, and the TAH species are denoted by E, M, and T, respectively. A vertical
expansion by a factor of 10 is employed for the spectra in (b) and (c) as compared to the spectrum in (a).

where 2=1+(Tan/T1)) — (Taw/TY,) and M™(0) is the 'H
magnetization after the initial 90§ "H pulse [25]. This
relationship holds for '"H— 2”Al cross polarization [26] for
the spin systems studied and the present experimental
conditions. However, the T’ 11\01 and T flp relaxation times cannot
be determined independently from a fit of Eq. (4) to the
variation in M (¢) as a function of 7 p observed in CP contact-
time experiments. Thus, the T ‘{“,,1 values are determined from
separate 2’Al spin-lock experiments, employing the same rf
pulse sequence and approach as in an earlier *°Si{'H}
CP/MAS NMR study of thaumasite [27]. The *’Al sites in
ettringite, monosulphate, and TAH are studied by variable
contact-time 2’Al{'"H} CP/MAS NMR experiments for the
C1_H sample hydrated for 1 year. These experiments employ

27 Al 1f field strengths of 17 kHz for monosulphate and TAH
and v,+(*’Al)=53 kHz for ettringite and a fixed 'H field of
v.¢("H)=56 kHz. Deconvolution of these spectra gives the
signal intensities as a function of tcp shown in Fig. 4b for
ettringite, monosulphate, and TAH. The curves correspond to
the results from least-squares fits of Eq. (4) to the centerband
intensities, employing the T’ ’?pl values, determined from ’Al
spin-lock experiments (Table 3), as a fixed parameter in the
individual fits. The fits give the Ty;y and T ?p values listed in
Table 3 for ettringite, monosulphate, and TAH in the C/_H
sample hydrated for 1 year. For comparison, the cross-
relaxation and rotating-frame relaxation times are also
determined for a synthetic sample of ettringite (Table 3).
These values are observed to be very similar to those observed
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Fig. 4. (a) The variation in 2’Al centerband intensity in 2’ Al{'H} CP/MAS
NMR experiments (9.39 T, vg=5.0 kHz, tcp=0.4 ms) as a function of the
27Al tf field strength (v, (*’Al)) for a fixed 'H rf field (v,¢("H)=56 kHz) for
ettringite, monosulphate, and TAH in C/_H hydrated for 12 weeks. (b) The
variation in 2’ Al magnetization as a function of the contact time (t¢p) in
ZTAl{'"H} CP/MAS NMR spectra of C/_H hydrated for 1 year. The
experiments employed vrf(27Al): 16 kHz for monosulphate and TAH,
v C’Al)=57 kHz for ettringite, and v.('"H)=56 kHz for all three phases.
The curves show the results from least-squares fitting of the data to Eq. (4)
(see text). Open circles (O), ettringite; open triangles (A), monosulphate;
crosses (%), the TAH species.

for ettringite in the C/_H sample. The T ’?pl value for ettringite
is more than two orders of magnitude greater than T’ ’?pl for
monosulphate and TAH. This difference is ascribed to the
smaller quadrupole coupling for ettringite as compared to the
two other phases. More interestingly, the 7x;; and T ?,, values
are of the same order of magnitude for the three phases studied.
This demonstrates that the Al-H environments in these phases
are similar. From single-crystal XRD studies of ettringite [28]
and monosulphate [29], it is known that Al is octahedrally
coordinated to six OH ™ groups, however, the positions of the H
atoms were not reported in either of these investigations. The
A1(OH)?~ coordination is also observed for Al in Friedels salt,
for which the atomic H positions have been reported [30].
Examination of the A1(OH)? ™~ unit in the low-temperature o-
form of Friedels salt [20,30] shows Al-H distances in the
range 2.5-2.6A. Obviously, Al-H distances in a similar range
are expected for the A1(OH)?™ groups in ettringite and
monosulphate which may justify the small values observed for
the Thjy cross-relaxation time for these two phases. Since

significantly longer Al-H distances would result in longer
T Ay values, the similarity of the 75y value observed for TAH
with those for ettringite and monosulphate strongly indicates
that the local Al-H environment in TAH is very similar to the
octahedrally coordinated Al environment (A1(OH); ) in
ettringite and monosulphate. Thus, the observation of the
TAH species by *’Al{'"H} CP/MAS NMR (Fig. 3b) and the
close similarity in >’Al{'"H} CP behaviour for TAH and
monosulphate, strongly suggests that OH ™ groups are directly
bonded to aluminium in the TAH phase, most likely in the form
of AI(OH)Z ™~ or at least as O,A1(OH)S ™~ octahedra.

3.4. Formation of the third aluminate hydrate during
Portland cement hydration

The formation of the aluminium-containing hydration
products have been followed by quantitative >’Al MAS
NMR for C/_H from 6 h to 30 weeks of hydration. Fig. 5a
illustrates the equivalent quantities of Al,O; (wt.%) in
ettringite, monosulphate, and of tetrahedrally coordinated
aluminium (Alpy) incorporated in the chain structure of
silicate tetrahedra of the C-S-H phase. The evolution with
time for ettringite shows that the largest quantity of this
phase occurs after hydration for 1 day, in agreement with
earlier A1 MAS NMR studies of Portland cement
hydration [31]. The subsequent decrease in the amount of
ettringite is accompanied by an increase in the quantity of
monosulphate, which slowly increases with increasing
hydration time for the time of hydration studied. After 30
weeks of hydration the equivalent quantities of Al,Osz in
these phases are 0.21£0.05 wt.% (ettringite) and 0.25+0.05
wt.% (monosulphate), which correspond to 2.6 wt.%
ettringite (Cag[Al(OH)g]2(SO4)3-26H,0) and 1.5 wt.%
monosulphate (Cay[Al(OH)s],SO46H,0), assuming stoi-
chiometric compositions for these phases. Fig. 5b shows the
sum of Al,Ojz in ettringite and monosulphate and the
equivalent quantity of Al,Os; in TAH. The decrease of
Al,O5 in ettringite and monosulphate from 1 to 4 days of
hydration suggests that the amount of aluminium, released
by this decrease, contributes to the formation of the TAH
species. However, the Al,O3 content in ettringite and

Table 3

Time constants for the "H->’Al cross-relaxation (7x11;) and the 'H and ?’Al
rotation-frame relaxation (7' lflp and T ﬁ!) determined from *’Al{'H} CP/
MAS experiments for ettringite, monosulphate, and the third aluminate
hydrate (TAH) for C/_H hydrated for 1 year and for a synthetic sample of
ettringite

Phase Ta (ms)?® T, (ms)* T (ms)°
Synthetic ettringite 0.202+0.005 2.11+0.02 11.740.3
Ettringite 0.188+0.007 1.71£0.05 10.4£0.3
Monosulphate 0.09+0.02 1.61+0.05 0.072+0.005
TAH 0.19+0.03 1.19+0.03 0.076+0.005

@ Parameters determined from a fit of Eq. (4) to the signal intensities
observed in variable contact-time 2’ AI{'"H} CP/MAS experiments (Fig. 4b).

® Values obtained from 2’Al spin-lock CP/MAS experiments using the
approach in Ref. [27].
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Fig. 5. Graphs illustrating the equivalent quantities of AlL,O3 (wt.%) in
ettringite, monosulphate, TAH, and Al;y in the C-S-H phase following the
hydration of C/_H and determined from 2’Al MAS NMR. Part (a): open
circles (O), ettringite; open triangles (A), monosulphate; filled circles (@),
Alpy in the C-S-H phase. Part (b): filled triangles (&), the sum of Al,O3 in

ettringite and monosulphate; crosses (x), Al,O3 in the TAH species.

monosulphate is almost invariant from 4 days to 30 weeks
of hydration, while the quantity of Al,O; in TAH slowly
increases during this period of time. This demonstrates that
TAH is not only formed at the expense of ettringite but also
from another source of Al in the hydrating cement. This
source is most likely AI*" ions incorporated in alite and
belite, which are released during the prolonged hydration of
these phases. After 30 weeks of hydration the equivalent
quantity of Al,O5 is 0.41+0.05 wt.% in TAH, which is
about three times higher than the value (0.13£0.02 wt.%)
for Alyy incorporated in the C-S-H phase (Fig. 5a).
Deconvolution of the 2°Si MAS NMR spectrum of C/_H
hydrated for 30 weeks (not shown) gives the ratio
Al/Si=0.045 for the C-S-H phase, which is somewhat
smaller than the ratios Al/Si=0.095-0.129 determined by
energy dispersive X-ray spectroscopy (EDS) microanalysis
for the C-S-H in mortars prepared from an ordinary Portland
cement and hydrated for 28 and 300 days [32]. However, the
EDS method does not distinguish between Al in tetrahedral
and octahedral (Aly) coordination. Thus, if the TAH species
actually is octahedrally coordinated Al incorporated in the C-
S-H structure, the 2’ Al and 2°Si MAS NMR analyses would
result in the ratio (Al +Alyy)/Si=0.187 for the C-S-H in
CI_H hydrated for 30 weeks. This ratio is significantly
larger than the ratios determined by EDS/SEM for an

ordinary Portland cement with a higher bulk Al,O; content
(2.2 wt.% AlLO3 [32]), which strongly suggests that the
27Al resonance at d;,=5.0 ppm does not originate from
octahedrally coordinated Al in the C-S-H phase. Further-
more, the combination of 29Si MAS NMR and EDS/TEM
by Richardson and Lowe in a very recent study of the C-S-
H formed in a white Portland cement (Aalborg Portland)
activated with 5 M KOH shows that Al incorporated in
the silicate chain structure (*°Si NMR) accounts for the
total quantity of Al in the C-S-H as observed by EDS/
TEM [33]. In that work both *°Si MAS NMR and EDS/
TEM give Al/Si ratios around 0.06 for the C-S-H [33]
which is very similar to the Alyy/Si ratio determined by
2°Si MAS NMR for the C-S-H phase in C/_H hydrated
for 30 weeks. We note that the quantitative 2’Al MAS
NMR analysis of C/_H hydrated for 30 weeks gives the
sum of 1.05+0.10 wt.% Al,O5 for ettringite, monosul-
phate, TAH, the penta-coordinated Al site (0.05+0.01
wt.% Al,O3), and Alyy incorporated in the C-S-H phase,
which may be compared to the total Al,O; content
(1.16£0.05 wt.%) in the sample. The remaining part of
ALO; (<0.26 wt.%), which is not observed by ?’Al MAS
NMR, is expected mainly to be present in phases resulting
from hydration of the ferrite phase, where the strong
nuclear-electron dipolar couplings between 2’Al and the
unpaired electrons of Fe®" prevents observation of Al
atoms in the close proximity to Fe®" ions.

3.5. Effects of sulphate ions on the formation of the third
aluminate hydrate

To further investigate the formation of TAH, the
hydration series of white Portland cement and white
Portland clinkers containing additional quantities of gypsum
(c.f., Table 2) have been studied by >’Al MAS NMR. Fig. 6
illustrates 2’Al MAS NMR spectra of the samples hydrated
for 8 weeks for these series. These spectra clearly reveal that
the quantity of added gypsum affects the hydration products
containing Al in octahedral coordination. For the white
Portland cement (Fig. 6a—c), it is observed that the ettringite
to monosulphate ratio increases with an increasing amount
of added gypsum to the cement paste. Thus, the increased
quantity of sulphate ions stabilizes the sulphate-rich
ettringite phase and prevents its transformation into mono-
sulphate with a lower SO;~ content. From the *’Al MAS
NMR spectra (Fig. 6a—c) it is also apparent that the
quantity of TAH decreases with increasing gypsum content.
This supports the finding in the previous section that AI**
ions, released by the decomposition of ettringite, contribute
to the formation of the TAH species. Alternatively, AI**
ions released from other sources (e.g., alite and belite) may
form ettringite due to the excess of sulphate ions, thereby
preventing formation of TAH from these ions. The 2’Al
MAS NMR spectrum of the white Portland clinker
(CL5_H, Fig. 6d) exhibits no resonance from ettringite as
a result of the very low SO; content (0.17 wt.%) in the
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Fig. 6. ’Al MAS NMR spectra (14.1 T, vg=13.0 kHz) obtained with high-power 'H decoupling of the central transition after 8 weeks of hydration for (a)
CI_H, (b) C2_2G, (c) C3_5G, (d) CL5_H, (e) CL6_2G, (f) CL7_5G, and (g) CL8_10G. The filled circle (@) indicates the centerband for Alyy incorporated in
the C-S-H phase while the centerbands from the hydration products ettringite, monosulphate, an AFm calcium aluminate hydrate, and the TAH species are
denoted by E, M, A, and T, respectively. The spectra are shown on identical vertical scales, however, the centerband from ettringite is cut-off at 4/5 of its total

height in (f) and (g).

anhydrous clinkers. However, TAH is clearly observed in
this paste, demonstrating that this phase does not include
sulphate ions. The main resonance in the spectrum is
observed at 0%, 1,~9.5 ppm and assigned to an AFm
calcium aluminate hydrate (Ca,[Al(OH)s]OH-xH,O, x=0,
2, 3, 6), resulting from hydration of calcium aluminate
(Ca3Al,04). Addition of gypsum to the white Portland
clinkers (Fig. 6e—g) reproduces well the results derived for
the white Portland cement, since an increasing quantity of
ettringite is observed with increasing addition of gypsum.
An increasing amount of gypsum also results in a decrease
in the quantity of the AFm calcium aluminate hydrate,

which in these spectra cannot be distinguished from
monosulphate. Furthermore, the intensity of the resonance
from TAH is slightly reduced with increasing gypsum
content in accordance with the AI** ions being consumed by
ettringite formation at high concentrations of sulphate ions.

3.6. Thermal stability of the third aluminate hydrate

To investigate the thermal stability of TAH, samples of
CI_H hydrated for 3 years and subsequently heated at
ambient conditions at 70, 90 150, and 200 °C for 24 h have
been studied by 2’Al and ?°Si MAS NMR (Fig. 7). The 2’Al
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Fig. 7. *’Al MAS NMR spectra (14.1 T, vg=13.0 kHz, high-power 'H decoupling) and *’Si MAS NMR spectra (9.4 T, vg =6 kHz) of wPc hydrated in water
(C1_H) for 1080 days before heat treatment (20 °C) and after heating for 1 day at the temperatures 70, 90, 150, and 200 °C. The asterisk (*) indicates a
spinning sideband from ettringite, the filled circle (@) the centerband for tetrahedral Al incorporated in the C-S-H phase, while the diamond () indicates
tetrahedral Al species originating from the decomposition of ettringite, monosulphate, and TAH. These hydrates are denoted by E, M, and T, respectively.

MAS NMR spectra demonstrate that the heat treatment
significantly affects ettringite, monosulphate, and TAH. The
spectrum of the C/_H sample heated at 70 °C shows that
almost all ettringite and a major part of the TAH species
have decomposed and formed monosulphate and an
aluminate phase containing Al in tetrahedral coordination.
The observed decomposition of ettringite to monosulphate
after heat treatment at 70 °C is in accord with weight-loss
measurements [1], Raman scattering and XRD studies of
ettringite heated at ambient conditions [34], which indicate
that the onset of the dehydration/decomposition of ettringite
takes place at approx. 50 °C with a rapid loss of water.
However, the thermal decomposition of ettringite has also
been reported to occur at 114 °C from XRD and FTIR
studies of a slurry of ettringite and water contained in a
sealed capsule [35]. The increase in vapour pressure at

elevated temperatures, caused by the use of a sealed capsule,
may prevent the release of water at lower temperatures and
thereby explain the higher decomposition temperature. This
is in agreement with a recent weight-loss study of ettringite
as a function of water pressure and temperature [36]. A
significant decrease in intensity is also observed for TAH at
70 °C, demonstrating that this species decomposes at low
temperature. The decomposition of TAH results in the
formation of an amorphous aluminate phase containing Al
in tetrahedral coordination, which has a centerband that
cannot be resolved by *’A1 MAS NMR from the centerband
for Alpy incorporated in the C-S-H phase. The *°Si MAS
NMR spectra of the same samples (Fig. 7) show that the
amount of Alyy incorporated in the C-S-H phase, indirectly
observed by the resonance from Q*(1Al) SiOy species, does
not increase when the temperature is raised to 70 and
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90 °C. Thus, the increase in intensity for the Aljy center-
band at 6{%,_ 1, =70 ppm originates from the formation of
a new Alpy phase which, considering the width and
featureless appearance of this resonance in the ’Al MAS
NMR spectra (Fig. 7), is amorphous. The quantity of this
phase increases with increasing temperature and results also
from the decomposition of monosulphate, which is observed
in the temperature range 90—200 °C. The spectral region for
Aly; in the A1 MAS NMR spectrum of the sample heated
to 200 °C includes two minor resonances (0%, 1~ 10
ppm and 07% _1,~5 ppm), which are assigned to
amorphous Alyy species. These species are most likely also
present at lower temperatures (90 and 150 °C) and
subtraction of their resonances from the ’Al MAS NMR
spectra of the samples heated at 90 and 150 °C show that
nearly all of the TAH species has decomposed at 90 °C.
Examination of the 2°Si MAS NMR spectra for the
temperatures 90—200 °C shows an increased degree of
linebroadening of the Q', Q*(1Al), and Q? resonances from
the C-S-H phase. In this temperature range, the C-S-H phase
may loose some interlayer water molecules, resulting in a
more rigid C-S-H structure which may explain the increased
broadening of these resonances. Overall, the *°Si MAS
NMR spectra demonstrate that the calcium silicate layers of
the C-S-H phase remain intact when the pastes are heated to
200 °C. This observation and the fact that TAH decomposes
at temperatures below 90 °C strongly suggest that the
Jiso=5.0 ppm resonance in the >’ Al MAS NMR spectra does
not originate from Aly; incorporated in the C-S-H phase.

3.7. Formation of the third aluminate hydrate in C-S-H
phases

A number of C-S-H phases have been prepared from
Ca(OH),, SiO,, and NaAlO, at a curing temperature of 20 °C,
employing the initial molar ratio (Al/Si);=0.05 and initial
molar (Ca/Si); ratios in the range 0.66—1.75. The Ca/Si
ratio of 0.66 is the ideal ratio for a C-S-H with a
dreierketten structure of SiO4 tetrahedral chains on both
sides of the CaO, principal layer and the absence of Ca®"
ions in the interlayer space, while Ca/Si=0.83 is the ratio
for the 11-A and 14-A tobermorites, Cay sSig0;4(OH)-5H,0
[37] and CasSigO;4(OH), 7H,0 [38], respectively (c.f., Fig.
8). Jennite (CagSigO,5(OH)s'8H,0) [39] exhibits the ratio
Ca/Si=1.5. The largest value, (Ca/Si);=1.75, corresponds
to the ratio Ca/Si=1.7-1.8 found for C-S-H in cement
pastes [1]. The ?’Al MAS NMR spectra of the synthetic
C-S-H samples (Fig. 9) demonstrate the absence of a
resonance from TAH for the Ca/Si ratios (Ca/Si);=0.66 and
0.75 for which Al is only present as Al;y incorporated in the
silicate chain structure. For the higher Ca/Si ratios the
resonance from TAH is clearly observed and it is apparent
that the quantity of this species is almost identical for the
samples with (Ca/Si);=1.25—1.75. The corresponding *Si
MAS NMR spectra (not shown) clearly reveal that the
[Q*+Q?*(1A1)]/Q" ratio decreases with increasing Ca/Si

Fig. 8. Polyhedral model illustrating two principal layers of composition
Ca0, (dark polyhedra), surrounded by dreierketten of SiO, tetrahedral
chains (light-grey tetrahedra) on both sides, and one interlayer containing
octahedrally coordinated Ca>* ions (grey polyhedra) and water molecules.
The graphical representation is based on the most recent single-crystal XRD
structure reported for 14-A tobermorite [38] as seen along the [010]
direction. The chains of SiO, tetrahedra are observed along the b-direction,
i.e., perpendicular to the plane of the projection.

ratio and thereby also the average chain length of Si/Alpy,
tetrahedra (CL). Thus, the C-S-H phases with a low Ca/Si
ratio contain long average chains of SiO4/AlO, tetrahedra
(e.g., CL=16.4 for (Ca/Si);=0.66), while high Ca/Si ratios
result in a C-S-H dominated by Q' units and thereby dimers
of SiO, tetrahedra (e.g., CL=2.6 for (Ca/Si);=1.75). This
observation is in full accord with earlier *°Si MAS NMR
studies of synthetic C-S-H phases with different Ca/Si ratios
in the range Ca/Si~0.5-2.0 [40,41]. The observation of
TAH for (Ca/Si); > 0.83 indicates that the presence of Ca*"
ions in a significant concentration is required for the
formation of this phase. However, two additional syntheses
were performed, which employed the same recipe as for the
(Ca/Si);=1.00 sample but excluded either Ca(OH), or SiO,
from the synthesis mixture. The ’Al MAS NMR spectra of
these samples (not shown) show that TAH is not formed in
either of the samples. This observation along with those for
the samples with 0.66<(Ca/Si);<1.75 suggest that TAH is
only formed in the presence of a C-S-H phase. We note that
powder-XRD studies of the C-S-H samples include only
reflections which can be assigned to the C-S-H and small
quantities of portlandite (Ca(OH),), the latter observed only
for the samples with high (Ca/Si); ratios. The absence of
new reflections from TAH may be a sign of the amorphous/
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Fig. 9. >’Al MAS NMR spectra (14.1 T, vg=13.0 kHz, high-power 'H
decoupling) of C-S-H phases synthesized with initial Ca/Si ratios in the
range (Ca/Si);=0.66—1.75. The diamond illustrates the resonance (0 =~ 10
ppm) from an impurity of a calcium aluminate hydrate (CaAl,0410H,O
and/or an AFm phase) which is observed for all Ca/Si ratios. The broadened
resonance in the range 30—40 ppm originates from penta-coordinated Al.
The individual spectra are shown on identical intensity scales, corrected for
the actual sample weight used in the experiments.

disordered nature of this species combined with the
presence of TAH in very small quantities. The decrease in
average chain length of Si/Aljy tetrahedra with increasing
Ca/Si ratio results in a C-S-H with a larger number of
defects in the structure and on the C-S-H surface. This
suggests that TAH may be formed either on the surface of
the C-S-H or as a separate phase interstitified in the
interlayer structure of the C-S-H. However, the latter
hypothesis would result in a significant higher Al/Si ratio
for the C-S-H, in contrast to EDS/SEM and EDS/TEM
investigations of C-S-H phases [32,33]. This fact and the
observation of the thermal decomposition of TAH at about
70-90 °C favours the suggestion of TAH being formed on
the surface of the C-S-H grains, most likely physically
adsorbed on the grain boundary of the C-S-H as a surface
precipitate. Taylor has noted that the main layers in the

C-S-H and AFm phases are oppositely charged which may
produce strong mutual attractions that can physically
destroy the AFm crystals [42]. Thus, the constituent layers
of the AFm may be dispersed in the C-S-H, resulting in a
poorly crystalline phase which cannot be detected by XRD
or thermal methods. This proposal is compatible with the
observations in the present study for the TAH species.
Furthermore, the presence of such an AFm-type structure,
which on the nanoscale is a separate phase, was incorpo-
rated in the general model for the C-S-H by Richardson and
Groves [43] to account for trivalent cations (A13Jr and Fe’™)
in octahedral coordination. On the basis of these consid-
erations, we propose that TAH is either a nanostructured
amorphous/disordered aluminium hydroxide or a calcium
aluminate hydrate produced in a less ordered form as a
surface precipitate on the C-S-H phase.

3.8. The possibility of incorporation of octahedrally
coordinated Al in the C-S-H structure

Faucon et al. have studied the incorporation of Al in C-S-H
samples with different Ca/Si ratios [10]. For C-S-H
phases with initial molar Ca/Si ratios in the range 1.0—1.7
they also observe a resonance at ~5 ppm (J;s,=4.25 and
Po=1.83 MHz [10]), which they assign to AI** substituting
for Ca®" ions in the principal layers of the C-S-H structure. It
is well-known that the C-S-H exhibits diversity in both
structure and composition depending on the Ca/Si ratio.
Taylor distinguishes between C-S-H(I) and C-S-H(Il) and
proposes that these are structurally similar to 14-A tobermor-
ite (Ca/Si=0.83) and jennite (Ca/Si=1.5) [44]. Both of these
phases as well as the 11-A tobermorite contain a principal
layer (with the composition CaO,) of six- or seven-fold
coordinated Ca”*" ions surrounded by SiOy tetrahedra on both
sides (c.f., Fig. 8). The refined crystal structures for these
crystalline calcium silicate hydrates have recently been
reported and examination of the CaOg and CaO- polyhedra
in the principal layers of these structures gives Ca—O bond
lengths in the ranges: dc,_0=2.35-2.63A (11-A tobermor-
ite, CaO; [37]); dca_0=2.29-2.74A (14-A tobermorite,
Ca0; [38]); and dc,_0=2.33-2.54A (jennite, CaOg¢ [39]).
These bond distances are significantly longer than those
observed for AlOg octahedra in aluminate and calcium
aluminate hydrates (da;_o~ 1.80—1.95A), which strongly
suggests that AI>* for Ca®" substitution is not possible, since
it would entail excessively long Al-O bonds. Moreover, the
principal layers of the C-S-H structure are thermally stable to
temperatures well above 300 °C and thus, it is unlikely that an
Aly; site, obtained by substitution for Ca*" ions, would
decompose to Aljy by thermal treatment at 70—90 °C, as
observed for the TAH species.

3.9. Penta-coordinated Al in the C-S-H structure

The *’Al MAS NMR spectra of the hydrated white
Portland cements (Figs. 1 and 6) and the C-S-H samples
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(Fig. 9) include a low-intensity resonance from penta-
coordinated Al (0{%,_1,~35 ppm at 14.1 T). This
resonance has also been observed in recent *’Al MAS
NMR studies of similar materials, from which the follow-
ing ?’Al NMR parameters have been reported ;,=39.9+
0.3 ppm, Po=5.1+0.2 MHz (WPc [6]) and 5, =38.8 ppm,
Py=32+0.2 MHz (C-S-H [10]). Faucon et al. have
tentatively assigned this resonance to AI*" substituting for
Ca*" ions in the interlayers of the C-S-H [10]. The *’Al
MAS NMR spectra in Fig. 7 demonstrate that the
resonance originates from an Al site which is stable upon
heating to 200 °C. This thermal stability would be expected
for an Al site in the C-S-H structure. The interlayer Ca®"
ions are seven-fold coordinated in 11-A tobermorite [37]
and octahedrally coordinated in 14-A tobermorite [38] and
jennite [39], where these sites exhibit Ca—O bond lengths
in the ranges dc, o(11-A)=2.24-2.89 A, d¢,_o(14-A)=
2.26-2.69 A, and d¢, o(jen)=2.33-2.77 A. Obviously,
the formation of a penta-coordinated Al site by substitution
for interlayer Ca®" ions requires a reduction in coordination
environment by one or two oxygen atoms and that the
cation-oxygen bond lengths are reduced to typical Al-O
bond lengths in the range da;_o~1.80-1.95 A. The
presence of such an Al site may be justified by examination
of the local structure of the interlayer Ca®" ions in 11-A
tobermorite. Fig. 10a illustrates the local environment of
the interlayer Ca®" ion in this mineral, based on the most
recent XRD structure refinement [37], and shows that the
Ca”" ion is bonded to the oxygens of three interlayer water
molecules and four oxygen atoms that are part of the chains
of silicate tetrahedra. The water molecules are moderately
flexible indicating that A1-O bond lengths less than 2.0A
can be achieved by displacement of these units. On the
other hand, the oxygens of the silicate chains are part of a
rigid structure, implying that these atoms hardly can be
displaced in order to obtain Al-O bond lengths less than
2.0A. Consideration of the geometry for the O1, 02, 06,
and O7 atoms (Fig. 10a) shows that da;_o<2.0A can be
achieved only if the AI*" ion is coordinated to two of these
four oxygens, i.e., (02, Ol), (02, 0O6) or (02, O7). Of
these combinations the coordination of the cation to O2 and
06 seems most plausible, considering the fact that these
two oxygens exhibit the shortest Ca—O bond lengths of the
Ca0O; unit. Moreover, the Ca—O1 and Ca—O7 bonds
(dca_01=dca-07=2.89 A) are significantly longer than
the other five bonds (dca_0=2.24—2.41A) and these two
bonds are oriented in the same direction as the shortest Ca—
02 bond, the bond angles being <(02—-Ca—07)=58.0° and
<(02-Ca—01)=56.8°. This suggests that the effects from
the O1 and O7 oxygen atoms on the cation are shielded by
the O2 atom, resulting in an effective coordination environ-
ment which is close to a penta-coordinated site. This
“effective” coordination environment, illustrated in Fig.
10b, may justify the observation of an 2’Al NMR
resonance in the spectral region for AlOs sites, which
originates from AI** ions substituting for Ca®" ions in the

(@
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w3 w1

W2
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02 )

Fig. 10. (a) Structure of the CaO; unit in the interlayer of the 11-A
tobermorite obtained from data reported from single-crystal XRD [37]. W1,
W2, and W3 are oxygen atoms of interlayer water molecules while O1, O2,
06, and O7 are oxygen atoms of the silicate chains. (b) Proposed local
environment for the penta-coordinated Al site observed for C-S-H phases
and ascribed to AI** ions substituting for interlayer Ca®" ions.

C-S-H interlayer. However, it cannot be excluded that a
penta-coordinated Al site alternatively may arise from a
defect site in the interlayer of the C-S-H structure.

4. Conclusions

27Al MAS and ’AlI{'H} CP/MAS NMR spectroscopies
have been employed in the characterization of a new
aluminate hydrate produced in hydrated Portland cements
in addition to the AFt and AFm phases ettringite and
monosulphate. This species is denoted the third aluminate
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hydrate (TAH), and its formation and thermal stability have
been investigated for a number of different white Portland
cement mixtures and C-S-H samples. From these experi-
ments the following can be summarized about the TAH
species.

« 2”A1 MAS NMR spectra, recorded at different magnetic
fields, have demonstrated that TAH is an amorphous or
disordered species and that the Aly; site exhibits the
isotropic chemical shift d;,,=5.0 ppm and the quadrupole
product parameter Po=1.2 MHz.

The *’Al{'H} CP/MAS NMR experiments have revealed
that TAH contains an Aly; site with hydrogen atoms in its
nearest coordination sphere in the form of either
AI(OH)?~ or O,A1(OH)$"™Y units.

Quantitative >’Al MAS NMR of hydrated white Portland
cements has shown that the quantity of TAH increases
with increasing hydration time and that it is most likely
formed at the expense of ettringite, and from AI** ions
incorporated in alite and belite, which are released during
prolonged hydration of these phases. The equivalent
quantity of Al,O5 in TAH is very low (0.41 wt.% for a
white Portland cement hydrated for 30 weeks), which
may justify that it has not been observed earlier by other
techniques such as X-ray diffraction.

The TAH phase does not contain sulphate ions, however,
an increase in the quantity of sulphate ions in the
hydrating cement reduces the quantity of produced TAH.
The TAH species decomposes by thermal treatment at
70-90 °C and forms a new phase containing AlO4
tetrahedra.

The TAH species has been detected in C-S-H phases
synthesized at room temperature when the Ca/Si ratio is
above 0.83. For Ca/Si ratios in the range (Ca/Si);=1.25—
1.75 the quantity of produced TAH is almost constant.
Examination of the Ca—O bond lengths in the principal
layers of the structures for 11-A tobermorite, 14-A
tobermorite, and jennite has strongly suggested that
TAH does not originate from AI** for Ca*" substitution
in these layers of the C-S-H.

From these observations it is proposed that TAH is an
amorphous/disordered aluminium hydroxide or a calcium
aluminate hydrate produced as a separate phase or as a
nanostructured surface precipitate on the C-S-H phase.

Finally, it has been justified that the 27Al resonance,
observed for penta-coordinated Al in hydrated Portland
cements and C-S-H phases, may originate from AI’" ions
substituting for Ca®" ions in the interlayers of the C-S-H
phase.
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