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The calcium silicate hydrate (C—S—H) phase resulting from hydration of a white Portland cement (wPc) in water
and in a 0.3 M NaAlO, solution has been investigated at 14 and 11 hydration times, respectively, ranging from 6
h to 1 year by ?’Al and #Si MAS NMR spectroscopy. 2’Al MAS NMR spectra recorded at 7.05, 9.39, 14.09, and
21.15 T have allowed a determination of the ?’Al isotropic chemical shift (Jis,) and quadrupolar product parameter

(Po=Cqy/ 1+77Q2/3) for tetrahedrally coordinated Al incorporated in the C—S—H phase and for a pentacoordinated
Al site. The latter site may originate from AI** substituting for Ca?* ions situated in the interlayers of the C—S—H
structure. The spectral region for octahedrally coordinated Al displays resonances from ettringite, monosulfate, and
a third aluminate hydrate phase (dis, = 5.0 ppm and Pq = 1.20 MHz). The latter phase is tentatively ascribed to
a less-crystalline aluminate gel or calcium aluminate hydrate. The tetrahedral Al incorporated in the C—S—H phase
has been quantitatively determined from 2’Al MAS spectra at 14.09 T and indirectly observed quantitatively in 2°Si
MAS NMR spectra by the Q?(1Al) resonance at —81.0 ppm. A linear correlation is observed between the #Si MAS
NMR intensity for the Q%(1Al) resonance and the quantity of Al incorporated in the C—S—H phase from 2’Al MAS
NMR for the different samples of hydrated wPc. This correlation supports the assignment of the resonance at
0iso(*Si) = —81.0 ppm to a Q?(1Al) site in the C—S—H phase and the assignment of the 27Al resonance at diso(>'Al)
= 74.6 ppm, characterized by Po(*’Al) = 4.5 MHz, to tetrahedrally coordinated Al in the C—S—H. Finally, it is
shown that hydration of wPc in a NaAlO, solution results in a C—S—H phase with a longer mean chain length of
SiO, tetrahedra and an increased quantity of Al incorporated in the chain structure as compared to the C-S—H
phase resulting from hydration of wPc in water.

Introduction in the structuré. From thermal analysis, microanalytical
techniques (e.g., SEM, TEM, and EPMA), affi$i MAS
The principal binding phase responsible for the strength NMR spectroscopy it is well-known that the nanostructure
development in hydrated Portland cements is a poorly of the G-S—H depends strongly on the Ca/Si ratio and the
crystalline calcium silicate hydrate ((Ca(Bi0;),(H20), water content and that domains with different structures may
shorthand notation €5—H). The C-S—H phase is formed  pe present in the cement pastBurthermore, it is known
by hydration of the calcium silicates, alite (§5#0s) and  that the G-S—H phase has a layer structure which ideally
belite (CaSiO4), which along with calcium aluminate (&2  resembles the layer structure of the crystalline 11- and 14-A
Al;0g) and ferrite (CaAlFe;-Os) are the main phases in  tobermorites with the expected constitutional formulas
Portland cements. The structure of the-&-H phase is Cau 5Si016(OH)-5H,0? and CaSisO1¢(OH),*8H,0 2 respec-
difficult to study using conventional X-ray diffraction tively. Several models for the formation of the-S—H and
techniques as a result of the lack of long-range order and

the incorporation of guest ions, (e‘g., MgA| 3+' and Fé+) 1) Iayljor, F::_ggF7 W. Cement Chemistry2nd ed.; Thomas Telford:
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Figure 1. Schematic representation of a single layer in the crystal structure
for a 14-A tobermorite. The upper part shows a pentameric silicate chain
which is a characteristic feature for the “dreierketten”-based models for
the C-S—H phase. The lower part illustrates the incorporation of Al in the
bridging site of the pentameric silicate chain. Interlayer water molecules
and C&" ions are not included in this representation.

its microstructure in cement pastes have been prop&sed.
Most recently, it has been suggested that-aSSH phase
with a sorosilicate-like structure (i.e., including {S})¢~

sites (@?). The presence of dimeric or end-groupt(@nd
chain (@) SiO, tetrahedra and the absence of GO,
tetrahedra (i.e., double chains of gitetrahedra) have been
demonstrated b§*Si MAS NMR in a number of studies of
C—S—H phases in hydrating Portland cements (see refs 10
and 11 and references therein). Although the paired and
bridging SiQ tetrahedra have not been distinguished so far
by 2°Si MAS NMR, this technique allows quantification of
the fractions of @ and @ SiO, tetrahedra, implying that
the mean chain length of SiQetrahedra in the €S—H

can be calculated.

On the basis of°Si and 'O MAS NMR studies in
combination with X-ray diffraction and chemical analysis
of a number of synthetic (aluminum free)-G—H phases
with different Ca/Si ratios (0.411.85), Cong and
Kirkpatrick!>~14 have proposed a defect tobermorite structural
model for the C-S—H phase. This model is based on the
structure of the 14-A tobermorite but includes stacking
disorder among adjacent Ca@ayers, structural disorder
within these layers, and a significant concentration of defects
in the chains of SiQtetrahedra. The latter types of defects
are proposed to be vacancies of bridging S&rahedra (i.e.,
Qg? units), resulting in many dimers in a broken chain
structure of SiQ tetrahedra connected to the Galayer.
Subsequent Ca X-ray absorptifrRamant® and infrared’
spectroscopic studies of the same-&-H samples and
hydrothermally prepared €5—H phases by Kirkpatrick,

ions) is formed soon after setting of the cement paste andCong, and co-workers are all in overall agreement with this
that this phase on a longer time scale becomes unstable a”%roposed defect tobermorite structural model.

transforms into a tobermorite-like-€S—H structuret

A common structural feature for the tobermorites is a layer
structure consisting of CaQayers, with 7-fold coordinated
C&" ions, where the oxygens are shared with" $i chains
of SiO, tetrahedra in a “dreierketten” arrangement on both
sides of the Calayer38 as illustrated in Figure 1. Water
molecules and additional €aions are present between these
layers, which are separated by either 11 or 14 A. The 11-A
tobermorite includes SiQtetrahedra in double chains
(“dreierdoppelketten”, & and G units in a 2:1 ratio)
whereas the 14-A tobermorite only contains Si€rahedra
in “dreierketten” chains (i.e., Qunits)! A major difference
between tobermorites and the—G—H, resulting from
Portland cement hydration, is that the chains of SiO
tetrahedra are broken. Studies of-6-H phases by the
trimethylsilylation (TMS) technique have shown that the
C—S—H contains dimeric, pentameric, and higher polymeric
species of SiQtetrahedra, resulting in chains of 2, 5, 8, ...,
(3n — 1) SiOy tetrahedrd:® The chain of SiQtetrahedra in

The?°Si NMR resonances originating from thé end G
(i.e., @? and @) sites are observed as broadened resonances
at about—79.5 and—84.5 ppm, respectivel£1®24 In a
295i MAS NMR investigation of a hydrated synthetic slag
glass, Richardson et &#lalso observed a resonance-0.5
ppm, which they assigned to Z(QAl) site, i.e., a SiQchain
unit connected to one SiOand one AIlQ tetrahedron,
employing earlier results from®Si MAS studies of Al-
substituted tobermorité$ Moreover, they suggested that Al

(10) Richardson, I. GCem. Concr. Resl999 29, 1131.

(11) Skibsted, J.; Hall, C.; Jakobsen, H. J.Stiucture and Performance
of Cements2nd ed.; Bensted, J., Barnes, P., Eds.; Spon Press:
London, 2002; pp 457476.

(12) Cong, X.; Kirkpatrick, R. JAdv. Cem. Res1995 7, 103.

(13) Cong, X.; Kirkpatrick, R. JAdv. Cem. Based Materl99§ 3, 144.

(14) Cong, X.; Kirkpatrick, R. JJ. Am. Ceram. Sod 996 79, 1585.

(15) Kirkpatrick, R. J.; Brown, G. E.; Xu, N.; Cong, XAdv. Cem. Res
1997 9, 31.

(16) Kirkpatrick, R. J.; Yarger, J. L.; McMillan, P. F.; Yu, P.; Cong, X.
Adv. Cem. Based Materd 997, 5, 93.

(17) Yu, P.; Kirkpatrick, R. J.; Poe, B.; McMillan, P. F.; Cong, X.Am.
Ceram. Soc1999 82, 742.

the upper part of Figure 1 illustrates a pentameric unit where (1g) Lippmaa, E.: Mgi, M.; Tarmak, M.; Weiker, W.; Grimmer, A.-R.

a bridging SiQ tetrahedron (@) connects two dimers,
resulting in two SiQ end-groups (§ and two “paired” SiQ
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can only substitute for Si in the bridging &) site. The lower prior to the NMR investigations to prevent atmospheric ,CO
part of Figure 1 illustrates a pentameric unit, where Al is contamination.

incorporated in the bridging site. The tetrahedral environment NMR Measurements. The solid-state’Al MAS experiments
for aluminum in the G-S—H was supported by the observa- were performed on Varian INOVA-300 (7.05 T), INOVA-400 (9.39
tion of a broad resonance at about 70 ppm in2é¢ MAS T), and INOVA-600 (14.09 T) spectrometers using home-built
NMR spectrum of the hydrated slag gl#8s-aucon et al. C_P/MAS probes for 4 and_5 mm o.d. zirconia (PSZ) rotors. The
have studied the dependency of the Ca/Si ratio on the&_ngle-pulseWAl MAS experlments at 7.05 and 9.39 T used a pulse
incorporation of Al in the &-S—H by 27Al MAS NMR25 width of 1 us for a rf field strength .ofy.81/2:z = 60 kHz, 'H
and multiple-quantum (MQ) MAS NMR They proposed decoupling withyB,/2r = 75 kHz, spinning speeds of about 10

h lumi f iall bsti bridai 0 kHz, a 2-s relaxation delay, and typically 10 000 scans. FAé
that aluminum preferentially substitutes a nonbridging.Si MAS spectra at 14.09 T were obtained in a similar manner for

te_trahedron for €S—H _phases \_/vith_ polymeric _chains of yBu/27 = 50 kHz, yB,/27 = 50 kHz, and a spinning speed o
SiOq tetrahedra. For a high Ca/Si ratie-G—H, which only = 13.0 kHz. At the three magnetic fields, tR&Al MAS NMR
includes dimers of Si@tetrahedra, they suggested that a spectrum of the probe itself including an empty zirconia rotor
limited degree of Al can substitute for €aions in the showed a broad resonance of very low intensity. This spectrum
interlayer or in the Ca@layer on the basis of the observation was subtracted from th&#Al MAS NMR spectra of the cement
of resonances from pentacoordinated and octahedrally co-samples prior to the quantitative evaluation of the observed
ordinated Al, respectivel§ﬁ. intensities. The AlO; contents of the samples were determined from
This work presents the results of%i MAS and high- the 27Al MAS NMR spectra recorded at 14.09 T and e_mployed a
field (14.09 and 21.15 T¥Al MAS NMR investigation of PS¢ W'd:D oft, = 0.5us foryB,/2 = 50 kHz (i.e., a flip angle
the C-S—H resulting from hydration of a white Portland < 71/6 f_or AI_, _I =5/2, in a solid) to ensure quantlt_a_tlve rella_blllty
cement (wPc) using water and a 0.3 M aqueous solution of of the intensities observed for t#éAl central transition for sites

experiencing different quadrupole couplings. Moreover, these
NaAlO,. The*’Al MAS spectra demonstrate that tetrahedral easurements employed weighed samples artiAh&IAS NMR

Alin the C—S—H can be distinguished (and quantified) from  gpectrum ofa-Al,0; as an external intensity reference. A single
the resonances for the Al guest ions in the anhydrous alite27a] MAS NMR spectrum was obtained on a Varian INOVA-900
and belite phases. Quantitative information about Al incor- spectrometer (21.15 T) at Oxford Instruments, U.K., using a home-
porated in the €S—H is also obtained b¥°Si MAS NMR built 900 MHz CP/MAS NMR prob# and a pulse width of, =

for the two series of hydrated wPc by the observation of the 1.0us foryBy/2z = 60 kHz. The solid-stat€’Si MAS NMR spectra

Q2(1Al) resonance. The linear correlation between 3g: were obtained on a Varian INOVA-400 (9.4 T) spectrometer using
intensities for the @1Al) resonance with the quantities of @ home-built CP/MAS probe for 7 mm o.d. zirconia rotors, a
tetrahedral Al in the €S—H, observed by’Al MAS NMR spinning speed of 6.0 kHz, single-pulse excitation with a pulse width

of 3 us for a rf field strengthyB,/27 = 40 kHz, a relaxation delay

gives improved evidence for the correct assignment of theseOf 30 s, and typically 2048 scarf@Si and?’Al chemical shifts are

i i 27 .
resonances in thSi and*’Al MAS NMR spectra. Further referenced to external samples of tetramethylsilane (TMS) and a

more, it is show_n that mformatlon about ettrmglte,_mono- 1.0 M aqueous solution of AlG#H,0, respectively. The decon-

sulfate, and a third aluminum hydrate phase, resulting from \6jytions were performed on a SUN Ultra 5 computer using the

hydration of the calcium aluminate phase in the WPC, is |east-squares fitting routine of the Varian software and the method

readily achieved from high-field’Al MAS NMR spectra.  for deconvolving2°Si MAS NMR spectra of anhydrous and
hydrated Portland cements described elsewffeie.

Experimental Section

Materials. The white Portland cement (wPc) was a commercial Results and Discussion

cement from Aalborg Portland A/S, Denmark, with the following High-Field Al MAS NMR. The analysis and interpreta-

. i . . o o
metal oxide composition: 69.13 wt % Ca0; 24.7 wt % §if 74 tion of 2Al MAS NMR spectra of hydrated Portland cements

wt % Al;Oz; 0.31 wt % FgOs; 0.56 wt % MgO; 1.97 wt % S@ i d by th d-ord d | i
Blaine fineness of 424 #kg. Two series of hydrated samples were are complicate y the second-order quadrupolar line

prepared using this cement. The first series corresponds to hydratiorProadening which may result in a severe overlap of broad-
of the wPc in demineralized water employing a water/cement ratio €ned resonances in the case of multiple sites. A significant
of 0.50 whereas the second series is the wPc mixed with a 0.30 Mimprovement in resolution of several resonances may be
solution of NaAIQ in demineralized water using a solution/cement achieved by performing the MAS NMR experiments at a
ratio of 1.0 to prevent “flash setting” of the cement. The wPc was very high magnetic field as a result of the inverse propor-
added to the water/NaAlolution and mixed by hand for 5 min.  tionality of the second-order quadrupole interaction with the
After mixing, the cement pastes were placed in open plastic bags magnetic field and the increased chemical shift dispersion.

in a closed desiccator with a relative humidity of 100% at°20 Most recently, this has been demonstrated by very high-field
At appropriate time intervals, samples were ground to a powder 2ZIAI MAS NMF’Q in the characterization of multiple aluminum
and the hydration process was stopped by suspending the powder

sample in acetone under stirring for about 15 min. After drying at
o i i in Airti i (27) Jakobsen, H. J.; Daugaard, P.; Hald, E.; Rice, D.; Kupce, E.; Ellis, P.

20°C in a desiccator, the samples were kept in airtight containers D. J. Magh. Resar2002 156 152

(28) Skibsted, J.; Jakobsen, H. J.; Hall,LJCChem. Soc., Faraday Trans.

(25) Faucon, P.; Delagrave, A.; Petit, J. C.; Richet, C.; Marchand, J. M; 1995 91, 4423.
Zanni, H.J. Phys. Chem. B999 103 7796. (29) Skibsted, J.; Mejlhede Jensen, O.; Jakobsen, Prateedings of the
(26) Faucon, P.; Charpentier, T.; Bertrandie, D.; Nonat, A.; Virlet, J.; Petit, 10th International Congress on the Chemistry of Cem@nthenburg,
J. C Inorg. Chem 1998 37, 3726. Sweden, 1997; Vol. 2, paper 2ii056.
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Figure 2. 27Al MAS NMR spectra of the central transition for wPc
hydrated for 12 weeks recorded at (a) 7.05 T, (b) 14.09 T, and (c) 21.15 T,
employing'H decoupling and spinning speedsiaf= 13.0 kHz (7.05 and
14.09 T) andvg = 9.5 kHz (21.15 T). The asterisks indicate spinning

sidebands whereas the centerbands from ettringite, monosulfate, and the

third aluminate hydrate phase are indicated by E, M, and T, respectively.

environments in zeolite US¥,in aluminum orthovanadaté,
and in an aluminoboraf@ The advantages of employing very
high magnetic fields if’Al MAS NMR studies of cemen-
titious materials are illustrated in Figure 2, which compares
2TAI MAS NMR spectra of the central transition for the wPc

(Ca[Al(OH)¢].SOs:6H,0), respectively, employing earlier
reported?’Al quadrupole coupling and isotropic chemical
shift parameters for synthetic samples of these aluminate
hydrates’® The centerband at lowest frequency has at the
moment not been assigned to a specific type of aluminum
species but arises most likely from a third aluminate hydrate
phase. From the relationsfp

C1/2,—1/2

2
VL

cg __ _ 2
61/2,71/2 - 6iso PQ

_31(+1)-3/4

40 1221 — 172 @)

12-1/27 40

between the center of gravity for the central transition
(01/2-12°9 and the Larmor frequency(), diso = 5.0+ 0.1
ppm and the quadrupolar product parametes =

CQ«/1+17Q2/3 = 1.20+ 0.10 MHz are determined for the
third aluminate hydrate phase from linear regression analysis
of d1p-12°9 as a function ofv. 2 obtained at the Larmor
frequencies 78.1 MHz (7.05 T), 104.2 MHz (9.39 T), 156.3
MHz (14.05 T), and 234.5 MHz (21.15 T). For-G—H
phases synthesized in the presence of aluminum, Faucon et
al?® observed an?’Al resonance corresponding to the
parametersis, = 4.25 ppm andPq = 1.83 MHz, which they
assigned to At substituting C&" in the CaQ layer of the
C—S—H structure (cf. Figure 1). For synthetic Al-substituted
11-A tobermorites, Klimesch and R&pbserved a resonance
for octahedrally coordinated Al at approximately3 ppm,
which they ascribed to substitution of Al in an octahedral
site of the tobermorite structure. At the moment, we believe
that the low-frequency resonance in Figure 2, observed for
the hydrated wPc, does not arise from Al incorporated in
the C-S—H phase but more likely from a less-crystalline
alumina gel or calcium aluminate hydrate phase. This belief
is due to the fact thafAl{*H} cross-polarization (CP) MAS
NMR experiments demonstrate that Al is coordinated to a

hydrated for 12 weeks in water recorded at 7.05, 14.09, andnumber of OH groups in the third aluminate hydrate phase

21.15 T. At 7.05 T (Figure 2a) the spectral region for
octahedrally coordinated Al (20 t&-10 ppm) includes a

either as AI(OHE~ or QAI(OH)s*™~ octahedra?’Al-
{H} CP/MAS NMR spectra, recorded for an array of CP

narrow centerband at 13.0 ppm and two peaks with lower contact times or for differert’Al rf field strengths with a

intensity at 8.6 and 4.0 ppm, which arise from either a
second-order quadrupolar line shape from a siftésite

or from two different Al species, possessing rather small
quadrupole couplings. Th&AI MAS spectra recorded at
higher magnetic fields clearly demonstrate a significant

fixed H rf field, show very similar cross relaxation behavior
for the third aluminate hydrate and monosulfate. This
strongly indicates bonding of OH groups directly to
aluminum in the third aluminate hydrate phase and most
likely in the form of AI(OH)®" units as for monosulfate.

increase in resolution of these two peaks, and from theseFurthermore,?’Al MAS NMR experiments for a wPc

spectra it is apparent that the two peaks originate from two hydrated in the presence 0f20 wt % gypsum demonstrate
distinct Al environments in the sample. that an increasing quantity of gypsum results in a decrease

The centers of gravity for the central transitions reveal in the quantity of the third aluminate hydrate phase and an
that the narrow centerband at 13.0 ppm and the slightly increase in the quantity of ettringite formed after hydration
broader resonance at 9.8 ppm (1409 T) originate from for 8 weeks. It is also noted that the third aluminate hydrate

ettringite (Ca[AI(OH)¢]2(SOn3+26H,0) and monosulfate  Phase has not been observed in an eafliéf MAS NMR
study of the hydration (10 min28 days) of an ordinary

(30) Fyfe, C. A,; Bretherton, J. L.; Lam, L. YChem. Commur200Q 1575.

(31) Nielsen, U. G.; Skibsted, J.; Jakobsen, HCem. Commur2001,
2690.

(32) Gan, Z.; Gor’kov, P.; Cross, T. A.; Samoson, A.; Massiot,) DAm.
Chem. Soc2002 124, 5634.

(33) Skibsted, J.; Henderson, E.; Jakobsen, Hindrg. Chem.1993 32,
1013.

(34) Samoson, AChem. Phys. Letfl985 119, 29.

(35) Klimesch, D. S.; Ray, A. SAdv. Cem. Res1999 11, 179.
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Portland cemer® Thus, the?’Al NMR resonance abiso =

5.0 ppm hardly originates from an octahedrally coordinated
Al site in the CG-S—H phase. Further studies aimed at

elucidating the structure and composition of the third

aluminate hydrate phase are in progress.

In the spectral region for tetrahedrally coordinated Al, the
27Al MAS NMR spectra in Figure 2 display a rather broad
resonance with the center of gravity of 69.5 and 72.3 ppm
at 14.09 and 21.15 T, respectively. The line shape of this
resonance indicates that it does not originate from a single
well-defined aluminum environment but more likely an Al
site in a less-crystalline structure. Employing eq 1, the centers
of gravity for the central transition at the two magnetic fields,
and the valu&y,-1/*9 = 63.2 ppm determined at 9.39 T

gives the parameters, = 74.6+ 0.2 ppm andPq = 4.5+ (b)

0.2 MHz, which should be considered mean valuestar

in this environment. Following th&€ Al MAS NMR studies *

of a hydrated synthetic slag gldésand of Al-substituted °

tobermorite$? this resonance is assigned to tetrahedrally
coordinated Al incorporated in the-€5—H. The high-field
27Al MAS NMR spectra (Figure 2b,c) allow a straightforward
quantification of the intensity for this resonance and thereby
of the quantity of aluminum incorporated in the-G—H,
employing the?’Al MAS NMR spectrum ofo-Al Oz as an
external intensity reference. For the wPc hydrated for 12
weeks, this procedure gives an equivalent quantity e©Al
of 0.14 wt % in the hydrated wPc, which is incorporated in
the C-S—H. Finally, the high-field /Al MAS spectra
recorded at 14.09 and 21.15 T also includes a minor e
resonance with the centers of gravity of 33.5 and 37.1 ppm, 100 80 60 40 20 0 (ppm)
respectively. These values results in the paramefeys= Figure 3. 27Al MAS NMR spectra (14.09 T) of the central transition for
30.9: 0.3 ppm andP = 5.1:+ 0.2 MHz. Theogo value MRS ies nwale 7 051, (0Ll ane (0 ysr, e
indicates that this resonance originates from a pentacoordi-ingicate spinning sidebands from ettringite, whereas the filled diamond and
nated AIG site, since 5-fold-coordinated Al in minerals and the open circle show the centerbands from Al incorporated in alite/belite
aluminates exhibits isotropic chemical shifts in the range 18 ﬁlrl‘g dfrg:zl é'i:"ég‘;;:"tﬂg”geﬂt“emif #g‘;ﬁﬁﬁ?{gg&:@%ﬁ"{%ﬁe
52 ppm¥* A resonance from pentacoordinated Al, cOrre- phase, while the centerbands from the hydration products ettringite,
sponding to the parametedg, = 38.8 ppm and?q = 3.2 monosulfate, and the third aluminate hydrate phase are denoted by E, M,
+ 0.2 MHz, has also been observed by Faucon éf alho and T, respectively.
tentatively assigned this resonance té*Asubstituting for aluminate (CaAl.0s, 81 ppm). The?’Al MAS NMR
Ca' ions situated in the interlayers of the-S—H structure. spectrum of wPc after 1 week of hydration shows that nearly
27A1 MAS NMR of White Portland Cement Samples. all Al'in the calcium aluminate phase and in alite/belite have
With the aim of quantifying Al incorporated in the-€S—H reacted and mainly formed ettringite, monosulfate, and the
phase, the Samp|es of wPc hydrated in water and in a 0.3 Mthlrd aluminate hydrate phase. Thus, the centerband from
solution of NaAIQ have been investigated BYAl MAS Al incorporated in the €S—H phase dominates the spectral
NMR at 14.09 T. lllustrativé’Al MAS NMR spectra of the region for tetrahedrally coordinated Al and allows a straight-
wPc hydrated in water for 6 h, 1 week, and 1 year are shown forward quantification of Alin the €S—H. After hydration
in Figure 3. After hydration for 6 h, the spectral region for for 1 year, the intensity for the centerband from Al in the
tetrahedrally coordinated Al displays two overlapping reso- C—S—H has increased and the resonance from pentacoor-
nances with maximun peak intensities at 86 and 81 ppm. dinated Al is clearly observed.
With employment of the results from an earlf@Al MAS The hydration of wPc in water and 0.3 M NaAiSolution
study of anhydrous Portland cemefitthese resonances are has been studied BYAl MAS NMR at 14 and 11 different
assigned to Al incorporated in the calcium silicates alite and hydration times, respectively, ranging ffino6 h to 1lyear.
belite (86 ppm) and Al in the impure form of calcium From these spectra the equivalent quantities @OAIn the
hydrated wPc samples, which are incorporated in th&€
(36) Jansen, S. R Hintzen, H. T.; Metselaar, R.; de Haan, J. W.; van de H, areé determined. Values for the different hydration times

\B/elnéng Jlbl\zfl-ggggtgens, A. P. M.; Nachtegaal, G.HPhys Chem. are listed in Table 1 for the two series of hydration. Figure
(37) Skibsted, J.; Jakobsen, H. J.; Hall, XChem. Soc., Faraday Trans. 4 displays these quantities of A in the C-S—H as a

1994 90, 2095. function of the hydration time for both series of hydration

2284 Inorganic Chemistry, Vol. 42, No. 7, 2003



Hydrated Portland Cements

Table 1. Quantities of Al Incorporated in the-€5—H Phase and
Fractions of°Si NMR Intensities for the &1Al) Resonance for 12
Hydration Times for the White Portland Cement Hydrated in Water and
in a 0.3 M NaAIQ Solution

wPc hydrated in
wPc hydrated in water 0.3 M NaAlOy(aq)

Al20z 1(Q*(LA) Al203  1I(QX1Al)
hydration time ~ (wt %)? (%)° (wt %)2 (%)P
12h 0.02 1.8 0.09 5.2
1 day 0.05 3.1 0.12 6.5
2 days 0.05 4.4 0.13 7.4 (a)
4 days 0.07 5.0 0.14 8.2
1 week 0.09 51 0.16 8.8
2 weeks 0.10 5.5 0.17 9.5
4 weeks 0.12 7.1 0.19 10.1
8 weeks 0.13 7.3 0.20 11.1
12 weeks 0.14 7.5 0.21 11.3
18 weeks 0.14 7.4 0.22 11.6
30 weeks 0.13 8.0 c 11.9 (b)
1year 0.15 8.6 0.24 13.7

aEquivalent quantities of ADs in the hydrated cements which are
incorporated in the €S—H determined fron?’Al MAS NMR spectra of
the central transition at 14.09 T, employing thé&l MAS spectrum of
o-Al;03 as an external intensity reference. The total quantity eOAIn
the wPc before hydration is 1.74 wt %. The error limits are estimated to (C)
+0.02 wt % for all hydration times Relative intensity of the &1Al)

Ql
resonance determined from computer deconvolutions P8ieMAS NMR 5
spectra. The error limits are estimated6.5% for all hydration times. Q
¢Not determined.
wt% AlOz
0254 )

020 Q1A
0.15 (e
0.10_ r—rrrrrrrrrrrrrrrrrrr7UrrTrT T TTT
] -66 70 -74 78 -82 -86 -90 (ppm)
0.05
] . . Figure 5. 29Si MAS NMR spectra (9.39 Ti;r = 6.0 kHz) of wPc hydrated
0,008 e T in a 0.3 M NaAIQ solution after (a) 1 day, (b) 2 weeks, and (c) 1 year of
0.1 1.0 10.0 100.0 (days) hydration. Parts d and e illustrate simulated resonances forth@*and
A e b ; o i
Figure 4. Graphs illustrating the equivalent quantities 0f®4 (wt %) in \(/gol(jtiAcl)n scl)}e;] (Ienst[?:ct(r:uﬁq :ﬁgrﬁflzyrz;teigrgIg‘gglfr;(grtr(]s) optimized decon
the hydrated wPc samples which are incorporated in th&&€H as a '

function of the logarithm to the hydration time for the wPc hydrated in

water (filled circles) and in a 0.3 M NaAlsolution (open circles). The  intensity is observed for the resonances @@ and—85 ppm,
quantities of A}Oz in the G-S—H phase are determined froffAl MAS originating from the @and @ (i.e., @2 and Q2 cf. Figure
NMR spectra at 14.09 T by employing tRéAl MAS NMR spectrum of

o-Al,03 as an external intensity reference (see also Table 1). 1) sites of the €S—H phase, respectively. Furthermore, a

low-frequency shoulder to the'@esonance becomes visible,
studied at 11 and 14 different hydration times. The graphs especially after prolonged hydration. This resonance, with

in Figure 4 clearly reveal an increasing quantity of Al the chemical shiftdis, = —81.0 ppm, is ascribed to a?Q
incorporated in the €S—H with increasing hydration time  (1Al) site in the C-S—H, following the studies of Richardson
for both series of hydration. Furthermore, it is evident that et al?® With the aim of quantifying the relative intensity of
hydration of wPc in a NaAl@solution results in an increase this resonance, the individu#si MAS NMR spectra of the
in the incorporation of Al in the €S—H. wPc hydrated in water and in a 0.3 M NaAl€blution have
295i MAS NMR of White Portland Cement Samples. been deconvolved using the method described earlier for
29Si MAS NMR spectra of the wPc hydrated in a 0.3 M anhydrous and hydrated Portland cem@ht8This method
NaAlO, solution for 1 day, 2 weeks, and 1 year are illustrated employs separate peaks from Si in alite, belite, and the Q
in Figure 5. In accord with earliet®Si MAS studies of @2, and G(1Al) resonances from the-€S—H. Although the
anhydrous and hydrated white Portland cem&is?82%hese results from these deconvolutions contain valuable informa-
spectra include a narrow resonance from the unique Sition about the hydration kinetics for alite and belite, we only
environment in belitediso = —71.3 ppm), which is super-  focuss on the relative intensity for the(@QAl) resonance in
imposed on a number of broadened resonances in the rangéhis work. Relative intensities for the?QAl) resonance are
—68 to—76 ppm, originating from the monoclinic Mform summarized in Table 1 for different times of hydration
of alite. As the hydration proceeds, the intensities of these for the wPc hydrated in water and in the NaAl€blution.
resonances decrease while a corresponding increase imhese data, along with those determined for the remaining
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I (QZ(IAI)) Table 2. Mean Chain Lengths of SiCand AlO, Tetrahedra and Al/Si
Ratios for the G-S—H Phase for 12 Hydration Times for the White

14.0 Portland Cement Hydrated in Water and in a 0.3 M NaA8Dlution
12.0 wPc hydrated in
. wPc hydrated in water 0.3 M NaAlOx(aq)
10.0 hydration ime ~ CL2 Al/Si ratioP CLe  AlSiratio®
8.0 12h 2.67 0.043 3.19 0.084
1 day 2.95 0.045 3.28 0.068
6.0 2 days 3.08 0.050 3.16 0.065
4 days 3.03 0.048 3.23 0.064
4.0 1 week 291 0.044 3.27 0.065
2 weeks 3.00 0.043 3.35 0.064
2.0 4 weeks 3.10 0.048 3.31 0.062
So wt% Al,O; 8 weeks 3.27 0.047 341 0.062
0.0 > 12 weeks 3.35 0.047 3.50 0.061
0.00 0.05 0.10 0.15 020 025 18 weeks 3.41 0.045 3.53 0.059
Figure 6. Graph illustrating the fraction d®Si NMR intensities for the 30 weeks 3.49 0.045 3.80 0.061
Q?(1Al) resonance as a function of the equivalent quantities eDA(wt 1year 3.49 0.046 4.07 0.069
%) in the hydrated wPc samples which are incorporated in th&-€H a ) . ) e
phase and determined BSAl MAS NMR. The data for the white Portland Mean chain length of Siand AlQu in the C-S—H phase calculated

cement hydrated in water and in a 0.3 M NaAl§blution are shown by using eq 3 and the results from deconvolution of4& MAS NMR spectra.

filled and open circles, respectively. Linear regression analysis of the data The error limits are estimated #0.15 for all hydration times? A/Si ratio
] ’ : : for the C-S—H calculated from eq 3 using the results from deconvolution
for both series of hydrated wPc results in eq 2. of the 2°Si MAS NMR spectra. The error limits are estimated40.004
. . . ) . for all hydration times.
samples in each series of hydration, reveal an increase in

the relative intensity for the QLAl) resonance with increas-  tetrahedra and the Al/Si ratio for these chains by employing
ing hydration time. Furthermore, it is apparent that hydration the equatior®
of wPc in a NaAIQ solution results in a higher degree of
Al for Si substitution in the &S—H phase. 1 5 3 5
Correlation between the Results from?’Al and 2°Si Qe +Q +§Q (1AD

MAS NMR. The fact that the quantity of Al incorporated - ot

in the C-S—H can be determined directly from tHéAl 1.

MAS NMR spectra and indirectly from the intensity of the ) §Q (1A1)

Q¥(1Al) resonance in th&®Si MAS spectra points toward a Al/Si = O 1 O 1 C(IA) 3)
correlation between the results from these two techniques.

Fizgure 6 displays the fraction_ éPSi NMR intgnsity in the _ whereQ@? = Q¥0AI). Mean chain lengths and Al/Si ratios
Q*(1Al) resonance as a function of the equivalent quantity ¢, ye hydration times, calculated using eq 3, are listed in

of Al20s in the wPc samples, which is incorporated in the 516 5 for the wPc hydrated in water and in a 0.3 M NaAIO
C—S-H and megsured b9,7AI MAS NMR. This graph solution. These data reveal that the average chain length
demonstrates a linear relationship between the results fromj, . eases with increasing hydration time whereas the Al/Si
Al ar_1d #Si MAS NMR where linear regression gives the ratios for the C-S—H phase are independent of the hydration
equation time at least within the estimated error limits for the
calculated Al/Si ratios. Furthermore, the hydration of wPc
in a NaAlQ, solution results in longer chains of Sj@nd
AlO, tetrahedra and in a larger degree of Al for Si
This linear relationship demonstrates that #i8i NMR substitution in the tetrahedral chains of the &H structure
resonance abis, = —80.5 ppm is correctly assigned to a a5 compared to the-€S—H resulting from wPc hydration
SiG, unit connected to an Algxetrahedron and another SiO iy water. The mean chain lengths after prolonged hydration

unit in the C-S—H phase, i.e., a QLAI) site. Similarly,  (T3pje 2) are very similar to the vall@L = 4.05, reported
the centerband in thAI MAS spectrum corresponding to ¢4 4 hydrated 1/1 mixture of wPc and a blast furnace &ag.
the mean parametedg, = 74.6 ppm andPq = 4.53 MHz

is correctly assigned to tetrahedrally coordinated Al incor- Conclusions
porated in the chains of Si@etrahedra in the €S—H phase.
Thereby, our results support the assignments of these
resonances proposed by Richardson é¢ &lom 2°Si and

27Al MAS NMR studies of a synthetic glass slag.

From Figure 6 (and Table 1) it is also apparent that
hydration of wPc in a NaAl@solution results in a larger
quantity of Al incorporated in the €5—H phase. Improved
information about the €S—H structure can be obtained
from the deconvolutions of th&Si MAS NMR spectra by

calculation of the mean chain lengtBl() of SiO, and AlO, (38) Richardson, I. G. Groves, G. W. Mater. Sci.1997, 32, 4793.

I(QX(1Al)) = 51.77 wt % (ALO,) + 0.64, R=0.993 (2)

27Al MAS NMR at very high magnetic fields can

advantageously be employed in studies of hydrated Portland
cements, allowing detection and quantification of a number
of different Al species in these materials. From such spectra
the 27Al isotropic chemical shift and quadrupolar product
parameter Rg) have been determined for Al incorporated
in the C-S—H phase, for a pentacoordinated Al site, which
most likely results from Al substituting for C& ions in
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the interlayer structure of the-€5—H, and for an unknown increasing hydration time. Furthermore, it has been shown
aluminate hydrate phase. The latter phase has been describetthat hydration of wPc in a NaAl©solution results in a
for the first time and tentatively assigned to a less-crystalline C—S—H with longer average chain lengths as compared to
alumina gel or calcium aluminate hydrate, which includes the C-S—H resulting from hydration of wPc in water. On
Al(OH)6*~ or OAI(OH)sx™~ octahedra in its structure. the contrary, the Al/Si ratio for the chain structure of the
Quantification of tetrahedral Al incorporated in the-6—H C—S—H is independent of the hydration time for both series
phase has demonstrated that the quantity of Al in the of hydration with a larger Al/Si ratio for wPc hydrated in
C—S—H increases with increasing hydration time and when 0.3 M NaAIQ; solution as compared to the wPc hydrated in
the white Portland cement (wPc) is hydrated in a NaAlO pure water.

solution. The tetrahedral Al sites in the-G—H have also
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