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Abstract

X-ray diffraction, compositional analysis, and 2°Si and 2’ Al MAS NMR spectroscopy of Al-substituted tobermorite-type C—S—H made by
precipitation from solution provide significant new insight into the structural mechanisms of Al-substitution in this important and complicated
phase. Al occurs in 4-, 5-, and 6-coordination (Al[4], Al[5], and Al[6]) and plays multiple structural roles. Al[4] occurs on the bridging
tetrahedra of the drierkette Al-silicate chains, and Al[5] and Al[6] occur in the interlayer and perhaps on particle surfaces. Al does not enter
either the central Ca—O sheet or the pairing tetrahedra of the tobermorite-type layers. Al[4] occurs on three types of bridging sites, Q° sites
that bridge across the interlayer; Q7 sites that are charge balanced by interlayer Ca*?, Na*, or H'; and Q7 sites that are most likely charge
balanced by interlayer or surface Al[5] and Al[6] through Al[4]-O—Al[5,6] linkages. Although the data presented here are for relatively well-
crystallized tobermorite-type C—S—H with C/S ratios < 1.2, comparable spectral features for hydrated white cement pastes in previously
published papers [30—32] [M.D. Andersen, H.J. Jakobsen, J. Skibsted, Incorporation of aluminum in the calcium silicate hydrate (C—S—H) of
hydrated Portland cements: a high-field >’Al and 2°Si MAS NMR investigation Inorg. Chem. 42 (2003) 2280—2287; M.D. Andersen, H.J.
Jakobsen, J. Skibsted, Characterization of white Portland cement hydration and the C—S—H structure in the presence of sodium aliminate by
27A1 and #°Si MAS NMR spectroscopy, Cem. Concr. Res. 43 (2004) 857—868.; M.D. Andersen, H. J. Jakobsen, J. Skibsted, A new
aluminum-hydrate phase in hydrated Portland cements characterized by >’Al and 2°Si MAS NMR spectroscopy, Cem. Concr. Res., submitted
for publication.] indicate the presence of similar structural environments in the C—S—H of such pastes, and by implication OPC pastes.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction reactions that occur during delayed ettringite formation. The

C—S—H of slag- and fly ash-based cements is often high in

Aluminum readily enters the calcium silicate hydrate
phase (C—S—H) of Portland cement, and this substitution is
expected to play a significant role in many aspects of the
chemical behavior of cement paste, including the cation and
anion exchange behavior, solubility, and the progress of the
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Al, and this can have a significant effect on its suitability in,
for instance, hazardous waste applications [1—6]. Despite
considerable study, the structural mechanisms of this
substitution and its effect on the chemical behavior of
cement systems remain a topic of considerable discussion
(see Refs. [7-9] for reviews of the C—S—H structure).
Kalousek [10] first demonstrated that Al enters the structure
of tobermorite (the structural model for many C-S-H
samples), suggested that it occurs primarily in the tetrahedral
sites substituting for Si, and discussed possible solid solution
mechanisms. Copeland et al. [11] demonstrated that the
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aluminous phases of hydrated Portland cement, ettringite
(AFt), and the hexagonal hydrates (AFm phases), do not
account for all of the Al in the cement paste. They also
showed that grinding C—S—H with AFm results in dis-
appearance of the AFm and apparent entry on the Al into the
C—S—H. More recently, spectroscopic studies have greatly
advanced understanding of the role of Al in C—S—H and its
model compounds, tobermorite, and jennite [12—33]. There
have also been extensive structural studies of the behavior of
Al in solutions, aluminate cements, Al-free C—-S—H,
tobermorite, jennite, and other relevant model materials that
help interpret the data for aluminous C—S—H [34—54].

For tobermorite, Komarneni and co-workers [12—15]
demonstrated that Al enters primarily tetrahedral coordina-
tion (Al[4]), occurs in both Q? chain sites and Q° sites that
link across interlayers, and significantly affects its cation
exchange properties. These results and structural interpre-
tations will be key to interpreting the data presented here.
Stade and Miiller [16] showed that Al occurs as both Al[4]
and Al[6] synthetic C—S—H and that the Al[6]/Al[4] ratio
increases with increasing Ca/(Si+ Al). Kirkpatrick and Cong
[17] showed that both Al[4] and Al[6] occur in the C—S—H
of hydrated white and ordinary cement pastes, and Skibsted
et al. [18,19] showed that Al in both ettringite and AFm
phases can be resolved in such pastes. Lognot et al. [20]
confirmed that both Al[4] and Al[6] occur in precipitated
C—S-H and suggested a structural model that includes
Al[6] in the interlayer and Al[4] in both the bridging and
pairing tetrahedra of the chains. They also proposed that Na
plays an important role in charge balancing the Al[4] for
Si[4] substitution.

Faucon et al. [21-25] used MAS and multiple quantum
(MQ) *’Al NMR to provide more detailed information
about the number and spectroscopic characteristics (iso-
tropic chemical shifts and quadrupolar frequencies) of Al in
precipitated, tobermorite-like C—S—H. They resolve two
Al[4] sites, one Al[5] site and one Al[6] site that they assign
to C—S—H. Their structural model involves Al[4] on both
the pairing and bridging tetrahedra of the drierkette
tetrahedral chains, AI[5] in the interlayer, and AIl[6]
substituting for Ca in the central Ca—O sheet. They propose
that Al[4] is charge balanced predominantly by H'(Al-OH
groups) and interlayer Na', that its abundance decreases
with increasing Ca/(Si+Al[4]) ratio, and that it does not
occur in tetrahedral dimers that are the dominant tetrahedral
sites at high Ca/Si ratios. Schneider et al. [4] confirmed the
presence of two Al[4] sites in C—S—H from slag cements,
but did not assign the observed Al[6] to the C—S—H phase.
Richardson and co-workers [1,2,26—29] used *’Al and *°Si
NMR and trimethylsilylation (TMS) to confirm that Al
occurs as both Al[4] and Al[6] in C—S—H of slag-
containing cement pastes. In their data, the absence of Q'
sites with 1 Al[4] next-nearest neighbor (Q'(1Al)), the
relative intensities of the *°Si NMR resonances for different
sites, and the relative abundances of the silicate polymers of
different lengths observed in the TMS data are all consistent

with Al[4] occupying only the bridging tetrahedral sites of
the drierkette chains. Based on AI-EELS, Brydson et al. [28]
and Richardson et al. [1] proposed that Al in the outer-
product C—S—H of a slag cement occurs primarily as Al[4]
but that in the inner product it occurs as both Al[4] in C—S—
H and as Al[6] in a Mg,Al-rich phase similar to hydrotalcite.

More recently, Andersen and co-workers [30—32] have
used °Si NMR, 27A1 NMR at multiple fields, and "H-27Al
cross-polarization MAS NMR (CPMAS) to confirm the
presence of Al[4], Al[5], and Al[6] in both precipitated C—
S—H samples and white cement pastes hydrated for different
lengths of time. They also examine the same samples heated
to temperatures as high as 200 °C. Their results confirm the
conclusion of Richardson and co-workers that Al[4] occurs
on only the bridging tetrahedra of the drierkette Al-silicate
chains. They propose that the AI[5] occurs in the C—S—H
interlayers and that the Al[6] occurs in a hydrous aluminate
or Ca-aluminate phase associated with the C—S—H particle
surfaces. Based on structural—chemical considerations, they
argue that the AI[6] cannot occur on the Ca-sites of the
central Ca—O sheet.

Here, we use powder X-ray diffraction (XRD), composi-
tional analysis, and >’ Al and *°Si MAS NMR spectroscopy
to investigate the structural role of Al in a series of 36
samples of semi-crystalline, precipitated, tobermorite-type
C—S—H samples with varying compositions and synthesis
times. The ’Al NMR spectra were collected at Hy=17.5 T
(corresponding 'H frequency=750 MHz), providing good
spectral resolution. The relatively small quadrupolar cou-
plings observed by Faucon et al. [21-25] and Andersen et
al. [30—-32] suggest that the peak maxima observed at
Ho=17.5T are displaced only 1-2 ppm from their isotropic
chemical shifts. The spectral resolution is fully adequate to
unambiguously relate the resonance to those of Faucon et al.
[21-25] and Andersen et al. [30—32]. Thus, we will use
these peak maxima for discussion. We have chosen to focus
on just the 17.5 T 2’ Al MAS spectra, because the isotropic
chemical shifts and quadrupolar parameters of most of these
sites have been previously characterized by the authors cited
above, because the resolution in our MAS spectra is very
good, and because MQ spectra are very time consuming to
acquire, cannot be relied on to assist with determination of
quantitative peak intensities, and do not provide additional
structural insight [32].

2. Experimental procedure

The Al-substituted C—S—H samples were prepared by
precipitation from solution at a water/solid ratio of 50.
Na,Si05-9H,0 (Fisher Chemicals, Certified) was dissolved
in deionized water and stoichiometric amounts of Ca(NO3),-
4H,0O (Fisher Chemicals, Certified) and AI(NOs);'9H,O
(Aldrich Chemical Company, Inc., A.C.S. reagent) were
dissolved together in a separate solution. The nitrate
solution was then added drop by drop into the sodium
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silicate solution to give the desired starting composition.
The pH of the resultant solution was adjusted to > 12 and
maintained at that level by adding NaOH pellets. Main-
tenance of the high pH is essential to avoid the structural
changes that can occur at lower values [34—37]. Precip-
itation occurred immediately, but the solution mixtures were
allowed to react for 1 week, 4 weeks, and 4 months while
being continuously rotated at 90 or 105 rpm. The solids
were separated with a centrifuge and then washed with
deionized water three times with centrifuging between
washings. They were then washed once more with acetone
and again centrifuged. The samples were then placed in an
evaporating dish and kept in a box with flowing N, to
remove acetone. After most of the solvent was removed, the
samples were dried in a vacuum desiccator overnight. They
were then stored in flowing N,. All the above operations
except centrifuging were carried out in a N, atmosphere to
minimize CO, contamination. During centrifuging, the
samples were in capped conical vials.

The initial atomic Ca/Si ratios of the starting solutions
were 0.86, 1.18, and 1.40, and for each Ca/Si ratio, Al was
added to replace 0, 7.5, 15, and 30 at.% of the Si. Bulk
chemical analysis was done by X-ray fluorescence (XRF) at
the Illinois State Geological Survey, Champaign, IL, USA.
The small amount of Al,O5 reported for the samples with no
Al input is analytical error. No 2’Al NMR signal could be
detected for these samples. Analyses are not available for
the 4-month samples, because they could not be fully
dissolved in the borate flux used for XRF analysis.

Powder XRD patterns were collected on a Rigaku
Geigerflex D/Max II diffractometer using the summation
of, typically, four scans to improve the signal-to-noise ratio.

2%Si NMR spectra were recorded under MAS at 59.5
MHz (Hy=7.05 T) using a General Electric Model GN-300
WB spectrometer. MAS spinning frequencies were approx-
imately 4.5 kHz. Chemical shifts were measured relative to
the peak for tetra(trimethylsilyl)silane (TMSS) at —9.9 ppm.
Typical *Si T, relaxation times measured using a standard
inversion-recovery pulse sequence were approximately 70 s.
Thus, about 70 transients were acquired for each spectrum
using a pulse recycle delay of 350 s to ensure full relaxation.

*’Al NMR spectra shown were acquired under MAS
conditions at 195.5 MHz using a Varian Unity 750
spectrometer (Ho=17.5 T). MAS spinning frequencies were
9.8 kHz. Chemical shifts are reported with respect to 1 M
[AI(H,0)]*" as an external standard. Pulse lengths were 1
us, and recycle times 2 s, adequate for full relaxation in
these hydrous samples.

3. Results and structural interpretations

3.1. Chemical compositions and XRD data

The analyzed bulk chemical compositions are in the
range expected for C—S—H and show that the Ca/(Si+Al)

ratios parallel the initial batched compositions but deviate
progressively from them with increasing Ca content
(Table 1). The analyzed Al/(Si+Al) ratios are very close
to the batched compositions. The three compositional series
will be referred to here by their average analyzed atomic Ca/
(Si+Al) ratios of 0.86, 1.1, and 1.2. Na contents are
significant, ranging from 0.49 to 6.63 at.%, and are
generally largest at Ca/(Si+Al)=0.86 and for the samples
with no Al. Na content generally decreases with increasing
Al/(Si+Al) at a given Ca/(Si+Al) ratio.

The XRD patterns of all the synthesized samples show
typical tobermorite-type C—S—H (/) [7,8] with strong (hk0)
peaks or (hk.) band heads at 5.3, 3.07, 2.80, 1.83, and 1.67
A (Fig. 1) that can be readily assigned to C—S—H-I (101),
(110), (200), (020), and (310) diffractions [8]. Additional
phases detected include stratlingite (C,ASHg), the dicalcium
aluminate hexahydrate AFm phase (C,AHg), and the zeolite
heulandite. With one exception, these additional phases
occur only in the samples with the largest Al for Si
replacement (30%). At Ca/(Si+Al)=0.86, stritinglite occurs
in the 4-week and 4-month samples with 30% Al for Si
replacement. At Ca/(Si+Al)=1.1, C,AHg occurs in the 1-
week and 4-week samples with 30% Al for Si replacement,
but it disappears except for a very low peak at about 23° 26
in the 4-month sample, paralleling the loss of AFm phases
due to grinding observed by Copeland et al. [12]. At Ca/
(Si+Al)=1.2, C,AHg occurs in all the samples with 30% Al
for Si replacement and is joined by heulandite (CAS;H, ;)
in the 4-month sample. C;AHg also occurs in the 1-week
sample with Ca/(Si+Al)=1.2 and 15% Al substitution, but
again it disappears at longer reaction times and is not
present in the 4-week and 4-month samples at this
composition. The C,AH¢ probably formed by dehydration
of the more hydrated AFm phase C,AHjg originally present
in the samples [8], indicating that the samples are well dried.

The XRD data for the C—S—H of all the synthesized
samples demonstrate that, as expected, it has a layered,
tobermorite-like, Ca-silicate structure consisting of a central
Ca—O sheet and partial or complete tetrahedral silicate
chains on either side [7,8,34,37]. One of the key observa-
tions is that the positions of the (hk0) peaks do not change
significantly with composition, and thus that the (200) and
(020) dimensions do not deviate significantly from the
ranges of 0.280 to 0.283 nm and 0.182 to 0.184 nm,
respectively, observed for Al-free tobermorite-type C—S—H
[34,37]. Because Si—O-T (T=Si,Al) intra-tetrahedral bond
angles are relatively compliant [38], the (hkO) dimensions
are controlled primarily by the central Ca—O sheet of the
layer structure [7,8]. Thus, the constant (100) and (010) cell
dimensions support the conclusions of Andersen et al.
[30—-32] that Al does not substitute significantly for Ca in
the Ca—O sheet. Ca and Al have very different ionic radii
(0.99 ? and 0.50 ?, respectively). As discussed by Andersen
et al. [32], disordered Al for Si substitution is unlikely on
structural chemical grounds. Ordered Al for Ca substitution
would cause large changes in the (hkO) dimensions. For
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Table 1
Compositional analyses for the C—S—H samples reacted for 1 week and 4 weeks obtained by X-ray fluorescence
Name 8-1 8-2 8-3 8-4 11-1 11-2 11-3 11-4 14-1 14-2 14-3 14-4
Ca/(Al+Si)=0.86 Ca/(Al+Si)=1.18 Ca/(Al+Si)=1.4
A/(AL+Si) AV/(AL+Si) Al/(AL+Si)
0.00 0.08 0.15 0.30 0.00 0.08 0.15 0.30 0.00 0.08 0.15 0.30
1 week oxide weight %
SiO, 46.12 42.41 39.51 32.96 42.09 39.65 36.37 28.64 40.96 38.07 33.06 25.60
ALO; 0.94 3.63 6.39 11.17 0.75 3.29 5.87 9.88 0.50 3.24 5.34 9.39
CaO 37.39 37.05 36.87 36.27 43.55 43.97 42.79 41.33 45.69 45.08 44.65 42.71
Na,O 3.20 2.69 2.10 1.80 1.02 0.49 0.46 0.40 0.38 0.52 1.08 0.50
Sum 87.65 85.78 84.86 82.20 87.40 87.41 85.50 80.26 87.54 86.90 84.14 78.20

1 week percentage of atoms

Si 49.34 46.31 43.61 37.27 45.95
Al - 4.66 8.30 14.86 0.96
Ca 42.85 43.34 43.60 43.94 50.94
Na 6.63 5.68 4.49 3.94 2.16

1 week atomic ratios

Ca/(Si+Al) 0.85 0.85 0.84 0.84 1.09
(Ca+Na)/(Si+Al) 0.98 0.96 0.93 0.92 113
AI/(AI+Si) - 0.09 0.16 0.29 0.02

4 weeks oxide weight %

Si0, 43.40 42.40 38.93 32.15 40.97
AlLO4 0.49 3.47 5.90 11.45 0.46
CaO 36.50 37.36 37.00 36.98 44.36
Na,O 2.49 1.96 1.43 1.24 0.64
Sum 82.88 85.19 83.26 81.82 86.43

4 weeks percentage of atoms

Si 49.37 46.95 44.10 36.68 4538
Al - 4.52 7.86 15.37 0.60
Ca 44.49 4433 44.90 45.21 52.65
Na 5.48 4.20 3.14 2.74 1.37

4 weeks atomic ratios

Ca/(Si+Al) 0.89 0.86 0.86 0.87 1.14
(Ca+Na)/(Si+Al) 1.00 0.94 0.92 0.92 1.17
AV/(Al+Si) - 0.09 0.15 0.30 0.01

43.30 40.41 33.57 44.89 41.75 37.03 30.70

4.23 7.67 13.62 0.64 4.18 7.04 13.25
51.44 50.93 51.90 53.66 52.97 53.59 54.89
1.04 0.99 091 0.81 1.10 2.34 1.16
1.08 1.06 1.10 1.18 1.15 1.22 1.25
1.10 1.08 1.12 1.20 1.18 1.27 1.28
0.09 0.16 0.29 0.01 0.09 0.16 0.30

39.07 35.92 27.30 38.03 38.02 34.11 25.64

3.26 5.22 9.91 0.25 3.32 5.29 9.75
43.51 42.56 40.80 45.14 4491 43.58 42.12
0.37 0.33 0.43 0.84 0.23 0.31 0.24

86.21 84.03 78.44 84.26 86.48 83.29 77.75

43.30 40.68 32.66 43.06 42.02 38.93 31.00

4.25 6.95 13.96 0.33 4.32 7.10 13.87
51.66 51.64 52.35 54.76 53.18 53.29 54.57
0.79 0.72 1.00 1.84 0.49 0.68 0.56
1.09 1.08 1.12 1.26 1.15 1.16 1.22
1.10 1.10 1.14 1.30 1.16 1.17 1.23
0.09 0.15 0.30 0.01 0.09 0.15 0.31

Data for the 4-month samples are not reported, because these samples could not

instance, the main hydroxide layer of AFm phases can be
thought of as an ordered replacement of 1/3 of the Ca by Al
in the Ca-hydroxide structure [8], resulting in substantial
decreases of the (hk0) cell dimensions (ca. 9% in
rhombohedral coordinates). Such large changes would be
readily observed by XRD.

The resolution of, especially, the (200) XRD peak
decreases with increasing Al-content in each series, indicat-
ing decreased in-plane order. This decreasing order suggests
significant Al-incorporation in the C—S—H.

The C—S—H samples also yield strong basal (002) peaks
at 20 values less than 10° (Fig. 1; Table 2), demonstrating
good layer-stacking order relative to many C—S—H sam-
ples. The basal spacings of the Al-free samples decrease
with increasing Ca/Si ratio and are in the known range for
dried C—S—H, varying from 12.87A to 10.18A. This trend
has been previously observed for many C—S—H samples

be fully dissolved in the borate flux.

and is due to loss of the bridging tetrahedra in the silicate
chains of the C—S—H structure [8,34,37,39]. The basal
spacings increase substantially with increasing Al-content at
a given Ca/(Si+Al) ratio (Fig. 1; Table 2), with values as
large as 16.41A for Al-rich samples. To our knowledge,
basal spacings this large have never been observed for Al-
free C—S—H or tobermorite. For a given Ca/(Si+Al) ratio
and reaction time, the increase between the basal spacing of
the Al-free sample and the most Al-rich one varies from
1.15A to 3.96A, and is greatest for the 4-month samples.
These increases are much too large to be due to tetrahedral
Al for Si substitution, which would have at most an effect of
0.1-0.2A. This observation, coupled with the conclusion
that the fundamental tobermorite-like Ca-silicate structure
does not change, indicates that the increased basal spacings
for the Al-rich samples must be due to a significant amount
of Al in the interlayer. The increased basal spacings are not
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Fig. 1. Powder X-ray diffraction patterns of C—S—H samples with the indicated compositions and reacted for the indicated times.

due to increased interlayer water contents, because the XRD
data were collected for well-dried samples.

3.2. %°Si NMR

As in previous studies of Al incorporation into C—S—H,
the °Si MAS NMR spectra clearly show significant
occupancy of tetrahedral chain sites by Al, and the
changes in the 2°Si MAS NMR spectra of our samples
(Fig. 2) with changing Al-content and Ca/(Si+ Al) ratio are
very similar to those of previous studies [1,2,4,20—
23,26,27,30—33]. The Al-free samples yield peaks for Q'

Si-sites at about —79.7 ppm and Q® Si-sites at about
—84.5 ppm, and the relative intensity of the Q' peak is
much greater at Ca/(Si+Al)=1.1 and 1.2 than at 0.86. This
is the trend expected with decreasing polymerization of the
silicate chains, and has been observed many times. With
increasing Al/(Si+Al) ratio, the relative intensity of the Q'
peak decreases, and a peak with a maximum of about
—81.5 ppm grows in intensity. Many of the spectra also
contain poorly resolved intensity in the —85 to —90 ppm
range that is clearly not present for the Al-free samples.
Reaction time has little effect on the relative intensities.
There is no 2°Si NMR signal for the stratlingite and
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Table 2
Basal lattice spacings (A) for the C—S—H samples in this study obtained by powder X-ray diffraction
Al/(Si+Al) Ca/(Si+Al)=0.86 Ca/(Si+AD=1.1 Ca/(Si+Al)=1.2

0 0.09 0.16 0.29 0 0.09 0.16 0.29 0 0.09 0.16 0.29

1-week 12.27 13.1 13.8 14.67 11.53 13.3 13.84 14.15 10.88 133 13.41 13.41
4-week 12.87 12.87 13.27 14.02 10.44 13.1 13.36 14.12 10.18 13.54 13.96 13.75
4-month 12.65 13.08 - 16.41 12.07 13.8 14.17 15.28 11.21 13.54 14.29 15.17

heulandite above the noise level. The peak for a small
amount of stratlingite at —86.7 ppm [40,41] would be lost
in the main C—S—H peaks.

For both tobermorite and C—S—H, the peak at about
—81.5 ppm has been well assigned to Si on Q? sites with 1
tetrahedral Si next-nearest neighbor (NNN) and 1 tetrahe-
dral Al NNN (Q*[1Al] sites). Its increase in intensity with
increasing Al/(Si+Al) ratio and the simultaneous loss of
intensity for the Q' peak indicate that Al enters the
tetrahedral chain sites and that the alumino-silicate chains
become progressively more polymerized with increasing Al/
(Si+Al), as suggested by previous workers [1,26,30,32].
The tobermorite structures contain 3-repeat tetrahedral
chains (drierkette) in which the two non-bridging oxygen
atoms of pairing tetrahedra are part of the central Ca—O
sheet [8,39,53]. In contrast, the bridging tetrahedra expose
their two non-bridging oxygens to the interlayer, in which
they play a range of structural roles including cross-linking

4 months

across the interlayer. In tobermorite-like C—S—H, decreas-
ing occupancy of the bridging tetrahedral sites leads to
increasing Ca/Si ratios and increasing intensity of the Q'
29Si resonance. Increasing occupancy of bridging tetrahedral
sites by Al[4] decreases the Ca/(Si+Al[4]) ratio, connects
chain segments, changes Q' Si-sites to Q? (1Al) sites, and
increases the average polymerization of the tetrahedral
chains [1,26,30,32]. Many tobermorites and low Ca/Si
tobermorite-like C—S—Hs also contain Q° sites due to
cross-linking of bridging tetrahedra across the interlayer. In
Al-free tobermorites, these resonate near —96 ppm
[12,13,15], and in Al-free C—S—H, they result in a band
of intensity from about —89 to —97 [34,37]. In cross-linked
tobermorites, Al[4] for Si substitution causing Al[4]-O-Si
linkages results in 2°Si NMR signal for Q*(1Al) sites
between about —91 and —94 ppm [12,13,15]. Our spectra
contain significant intensity in this range, indicating the
occurrence of comparable sites.

4 weeks

-80
1.1

Cal(Si+Al)

-100 -120 -40 -60 -80
1.2

-100 -120 ppm

Fig. 2. 2°Si MAS NMR spectra of C—S—H samples with the indicated compositions and reacted for the indicated times.
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As discussed above, there has been considerable con-
troversy in the literature about whether Al[4] occupies only
the bridging tetrahedral sites or also the pairing sites. The
absence of *’Si NMR signal in the —75 to —80 ppm range
that would suggest significant concentrations of Q'[1Al] Si-
sites that are chain-ending or in dimers supports the
conclusions of Richardson and co-workers [1,26—28] and
Andersen et al. [30—32] based on TMS and NMR data that
Al does not significantly occupy the pairing tetrahedra.
Structurally, it is more likely that Al will enter the bridging
tetrahedra, because Al[4]—O bonds are typically about 0.1
A longer than Si—O bonds, and the larger Al-O tetrahedra
have more room to fit into the structure at the bridging sites.
This is because the positions of the two non-bridging
oxygens pointing into the interlayer are less constrained
than those of the non-bridging oxygens of the pairing
tetrahedra, which are coordinated to the Ca’s of the
structurally constrained central Ca-layer [8]. The reduced
constraint on the bridging tetrahedra is probably the reason
that Al[4] occurs in tobermorites and C—S—H, but not in
denser chain silicates with drierkette tetrahedral chains, such
as wollastonite, in which the bridging tetrahedra are
coordinated to Ca’s with well-defined structural positions.
Al[4] for Si substitution also requires additional positive
charge for local and overall charge balance, and in C—S—H,
it is more difficult to charge balance Al[4] on the pairing
sites than on the bridging sites. The only location for
additional positive charge on next-nearest neighbor posi-
tions to Al[4] on the pairing tetrahedra is in the main layer.
Al for Ca™ substitution there would provide this charge,
but is ruled out by the XRD data and the structural chemical
considerations of Andersen et al. [30—32]. In contrast, the
non-bridging oxygens of the bridging tetrahedra, that are
surface sites or on the walls of the interlayer space, can be
coordinated to additional charge balancing alkali cations,
Ca'?, AI"?, or H'(to form OH-groups) [20].

3.3. %741 NMR

The 2’ Al NMR spectra of our samples show signal that is
readily assignable to Al[4], Al[5], and Al[6] with peak
maxima near, respectively, 58 to 74 ppm, 35 ppm, and 4
ppm [4,12—-19,30-32,42—-48] (Fig. 3). Those samples that
contain stratlingite or C,AHg as detected by XRD also yield
?7Al signal assignable to that phase. The stratlingite yields
narrow peaks for Al[4] at 62 ppm and Al[6] at 10 ppm
[40,41], and the C,AHg yields the narrow Al[6] peak near
10 ppm [19,30-32,45,46]. The heulandite (CAS;H; 7) may
cause the Al[4] peak near 63 ppm for the high Al-content 4-
month samples at Ca/(Si+Al)=1.1 and 1.2, although a
minor amount of Si in the AFm phase (stratlingite solid
solution) may also cause this signal.

Because there is no chemical, XRD, or *°Si NMR
evidence for phases other than tobermorite-type C—S—H,
stratlingite, CAHg, and heulandite, it is likely that all the
other Al[4], Al[5], and Al[6] resonances are due to Al

associated with the C—S—H. Indeed, all of them have been
previously observed for C—S—H or tobermorite. For our C—
S—H, there is one Al[6] peak with a maximum at 4 ppm,
one Al[5] peak with a maximum at 36 ppm, and three Al[4]
peaks or shoulders with maxima at 58, 66, and 74 ppm.
Although there are clear changes in the relative intensities of
these resonances, the positions of the peak maxima do not
vary, indicating that the local structural environments of the
Al causing these resonances are similar in all the samples.
The 4 ppm peak is well resolved from the Al[6] resonances
for C,AHg and stratinglite. It corresponds to the Al[6]
resonances observed for precipitated C—S—H by Faucon et
al. [25] (isotropic chemical shift (6;)=~4.5 ppm) and for
hydrated white cement pastes and precipitated C—S—H by
Andersen et al. [30—32] (6;=~5.0 ppm). The 36 ppm peak
corresponds to the AI[5] resonances of C—S—H observed
for precipitated C—S—H by Faucon et al. [25] (6;=~38.5
ppm) and for hydrated white cement pastes and synthetic
C-S—H by Andersen et al. [30-32] (6;=~39.9 ppm).
These Al[6] and Al[5] peaks are not observed for aluminous
tobermorites [12,13,15]. The 58, 66, and 74 ppm resonances
for our samples correspond to Al[4] resonances observed by
Faucon et al. [25] with the following parameters: J; about
58—60 ppm and v about 0.33, §; about 67 ppm and vq
about 0.46, and ¢; about 75 ppm and vq about 0.45. vq is
the quadrupolar frequency, which has units of MHz and is
related to the quadrupole coupling constant (Cq), quadru-
pole asymmetry parameter (1), and nuclear spin (/) as
described in Ref. [23]. The 58 and 66 ppm resonances are
also observed for tobermorites, but the 74 ppm resonance is
not [12,13,15]. The peak maxima reported for the tobermor-
ites occur at slightly less positive peak maxima than the
isotropic chemical shifts, due to the relatively low Hy field
available for the tobermorite studies. The 14.1 T *’Al NMR
spectra for hydrated white cement pastes shown by
Andersen et al. [30—32] do not contain resolvable multiple
Al[4] resonances, but their spectra for synthetic C—S—Hs
clearly show an Al[4] resonance with a center of gravity
near 75 ppm that dominates at Ca/Si ratios > 1.25 and a
second one centered near 66 ppm that is prominent at Ca/Si
ratio of 0.75 and 0.83. In addition, their Ca/Si=0.66 sample
yields a broad Al[4] resonance centered near 61 ppm.
Faucon et al. [25] grouped the 58 and 66 ppm resonances
together, but our spectra and the data for tobermorites
clearly show that they are different.

Because of peak overlap and likely asymmetrical peak
shapes [21-25,30—-32], we have chosen not to curve fit
individually the intensities of the three Al[4] peaks in our
spectra, but the following points are clear. The 58 ppm
resonance is present for many samples and is most intense
for those with the smallest Ca/(Si+ Al) ratios and the least
Al[5]+Al[6] intensity. The 66 ppm resonance is present as a
peak or shoulder for all the samples and has the highest peak
maximum for many of them. The 74 ppm resonance is also
present for all the samples and is most intense for those with
relatively large Al[5]+ Al[6] intensities.
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As previously observed by Stade and Miiller [16] and
Richardson et al. [1,26,27], the Al[4]/(Al total) ratios for
our samples decrease with increasing Ca/(Si+Al) ratio
(Fig. 4). The quantitative analyses of Andersen et al.
[30—32] suggest that quadrupolar effects probably do not
significantly influence the observed relative *’Al NMR
peak intensities for the different sites at the high field
used here. For our samples, the Al[4]/(Al Total) ratios are
quite variable for the 1-week samples (especially at Ca/
(Si+Als=1.1 and 1.2), suggesting that the initial, rapid
precipitation leads to a wide variety of local structures. At
4 weeks, Al[4]/(Al Total) ratios are generally larger and

become less scattered, and at 4 months, they again
decrease. These observations, together with the observed
loss of C,AHg with increasing reaction time and the
generally increasing XRD basal spacings especially at
large Al-contents discussed above, demonstrate that the
rapidly precipitated, initial C—S—H continues to react
over periods of weeks to months and that the Al-
environments associated with the C—S—H are chemically
quite labile during this time. The insolubility of the 4-
month samples in the borate flux used for XRF chemical
analysis indicates the formation of a chemically quite
recalcitrant and probably more stable material containing



26

-

G.K. Sun et al. / Cement and Concrete Research 36 (2006) 18—29

Al[4]/Total Al versus Ca/(Si+Al)

o
©
o

o
©

o
©
a

Al[4]/Total Al
o
[e¢]

o
3
ol

o 1-week

= 4-week

o
3

A 4-month

o
o
a

>
o

0.6

0.8 0.85 0.9 0.95 1

14'05 l'.l 1.'15 1'.2 l.'25

Cal(Si+Al)

13

Fig. 4. Al[4]/(Al Total) in C—S—H obtained by curve fitting of the observed ’Al MAS NMR spectra plotted versus analyzed Ca/(Si+Al) atomic ratio. NMR

signal for secondary phases is not included.

relatively more AI[S] and Al[6] than the early-formed
material.

4. Structural model

The compositional, XRD and NMR data presented here
together with the published NMR and TMS data for C—S—
H and NMR data for tobermorites discussed above support
a structural model for Al incorporation into tobermorite
type C—S—H the involves Al[4] occupancy of three types
of bridging tetrahedral sites and Al[5] and Al[6] occupancy
of interlayer sites. Andersen et al. [30—32] have suggested
that the AI[5] occurs in the interlayers and that the Al[6]
occurs on the surfaces of C—S—H particles. Our results do
not preclude surface precipitates, and because the silicate
sites exposed on C—S—H surfaces are likely to be similar
to those on the walls of the interlayer, such surface
precipitates are likely to be present. Key points in support
of our conclusions are the following. (1) The XRD data
show no significant change in the (hk0) dimensions of our
samples with Al content, precluding significant Al
occupancy of the central Ca—O sheet and supporting the
structural chemical arguments of Andersen et al. [30—32].
(2) The XRD data do show large increases in the (002)
basal spacing with increasing Al-content, with spacings as
large as 16.4 A. These spacings are strong evidence for
incorporation of significant amounts of Al in the inter-
layers of at least these preparations. (3) In tobermorite type
C—S—H, tetrahedral chain sites are available for occupancy
by Al[4], and all available *°Si NMR and TMS data
support Al occupancy of principally the bridging tetrahe-
dra. (4) There are three Al[4] sites in aluminous C—S—H,
two of which are present for aluminous tobermorites. (5)
Aluminous tobermorites do not contain Al[5] or Al[6], and
the Al[4] resonance at 74 ppm that is not present for

tobermorites increases in intensity with increasing Al[5]+
Al[6] content of the C—S—H.

Assignment of the three Al[4] resonances can be
confidently made based on the spectra presented here, the
known structural chemical controls on *’Al chemical shifts
[17—19,42—50], and the results for aluminous tobermorites
of Komernani and coworkers [12,13,15]. From the literature,
it is well known that ’Al NMR chemical shifts have more
positive values with decreasing polymerization and increas-
ing linkage to other Al-sites (see Ref. [48] for a compre-
hensive compilation of NMR chemical shifts). For
aluminous tobermorites, Komernani et al. [12,13,15] have
reported Al[4] on both chain (Q?) and branching (Q) sites,
and the well known effects of polymerization on 2’Al
chemical shifts lead to assignment of the peak near 66 ppm to
Q7 sites and the peak near 58 ppm to Q’ sites. Structurally,
the Q sites link tetrahedra across the interlayer. We make
these two assignments for tobermorite-type C—S—H because
of their clear connections to the known structures of
tobermorites, the known structural controls on 2’ Al chemical
shifts, and the dominance of the 58 ppm peak for our samples
with the lowest Ca/(Si+Al) ratios, which are expected to
have the highest concentration of Q3 sites [1,34—37,39,
53,54]. We assign the 27Al[4] resonance with a peak
maximum of 74 ppm to Al on bridging tetrahedra that is
charge balanced by interlayer or surface Al[5] and Al[6] and
linked to them through Al-O-Al bonds. Formation of
Al[4]-0-Al[5,6]-O—Al[4] linkages across the interlayer
would add as much as 3—4A to the basal spacing, depending
on the local structural configuration, in good agreement with
the maximum observed change basal spacings as large as
16.4A. This increase is non-collapsible on drying, in contrast
to what would happen if the expansion was due to additional
interlayer water molecules. The more positive chemical shift
of 74 ppm is also consistent with this assignment. Most Al[4]
in Ca-aluminates with Al-O—-Al linkages has chemical
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shifts between 75 and 86 ppm, and Al[4] on Q” sites in K and
Ba aluminates with Al-O—Al linkages has chemical shifts
between 80 and 83 ppm [48]. Linkage to neighboring Si-
tetrahedra would cause increased shielding (less positive
chemical shifts) into the range observed for the C—S—Hs
[48]. Faucon et al. [25] have assigned the 2’Al resonances
with isotropic chemical shifts from ca. 58 to 67 ppm to Al[4]
on the pairing tetrahedra (non-bridging tetrahedra in their
nomenclature) and the resonances with isotropic chemical
shifts of ca. 74—75 ppm to Al[4] on the bridging tetrahedra.
These assignments fail to take into account the presence of
three resolvable Al[4] resonances and the results for the
aluminous tobermorites. They are unlikely to be correct for
the reasons described above.

In tobermorite-like models of C—S—H, all Al[4] must be
charge balanced with an additional net+1 charge, because
of the difference in charge between Al™ and Si.** The Al on
the bridging tetrahedral sites responsible for the 58 ppm
(Q*) and 66 ppm (Q%) peaks could be charge balanced by
interlayer (or surface) Na*, Ca™, or H" (OH-groups). All
our samples have significant levels of Na that cannot be
removed by washing in water, indicating that Na plays an
important charge balancing role for our samples, as
suggested by previous workers [20—25]. Preliminary **Na
MAS NMR spectra for some of our samples show that Na
occurs on sites that allow it to become mobile (solution-like)
when the sample is wet (probably surface sites) and also on
sites that are rigidly held in the structure (probably interlayer
sites; data not shown). Charge balancing of Al[4] (here the
74 ppm peak) by Al[5] and Al[6] is well known in many
compounds, including a wide range of Al-silicates (silli-
manite, Al-rich pyroxenes) and is also consistent with the
structures of amorphous alumina and silico-aluminate
phases and many Al-rich glasses [47-52]. Al[5] is well
known to occur in many of the amorphous phases. Bunker
et al. [51] describe many potentially stable nearest neighbor
and next-nearest neighbor structural configurations involv-
ing Al[4], Al[5], and Al[6]. The 'H-?’Al CPMAS NMR
data of Andersen et al. [32] demonstrate that H is likely to
occur in the next-nearest neighbor structural environment of
the Al[6] associated with C—S—H, and their data also show
that these Al[6] structural environments begin to decompose
to Al[4] and Al[5] at temperatures as low as 70 °C. These
observations clearly demonstrate that the Al[6] associated
with C—S—H occurs in hydrous environments involving
H,0 or OH-groups coordinated to the Al. The Al[5] and
Al[6] environments may also involve additional charge
balancing species such as Na” and Ca'?, and Bunker et al.
[51] describe many possible nearest- and next-nearest-
neighbor configurations.

The results described here, the recent results of Andersen
et al. [30-32], and the previous results for aluminous
tobermorites and C—S—H discussed above lead to an overall
model for incorporation of Al in tobermorite-type C—S—H
with the following features. (1) The structural core of the
tobermorite-type layers, consisting of the central Ca—O

sheet and the pairing tetrahedra, is essentially unmodified by
Al incorporation. (2) Al[4] occurs on the bridging tetrahedra
of the drierkette chains with both Q* and Q° linkages, and is
charge balanced by alkali cations, Al[5] and Al[6], and
possibly Ca*? and H'. (3) The Al[5] and Al[6] occur in
hydrous aluminate, Ca-aluminate, or Na-aluminate environ-
ments associated with C—S—H in the interlayer galleries
and/or on particle surfaces.

For our samples, the Al occurs primarily as Al[4] on Q?
and Q° sites at relatively low Ca/(Si+ Al) ratios in the range
of crystalline tobermorites (here 0.86), and there is a small
amount of Al[5] and Al[6]. The Al[4] is charged balanced
by interlayer and surface Na*, possibly by Ca*? and OH ",
and to some extent by interlayer or surface Al[5] and Al[6].
At higher Ca/(Si+ Al) ratios (here 1.1 and 1.2), Al[4] occurs
primarily on Q” bridging sites and a greater fraction of the
total Al occurs as Al[5] and Al[6]. Thus, more of the Al[4] is
charged balanced by interlayer and surface Al[5] and Al[6].
The polymerization of the alumino-silicate drierkette chains
increases with increasing Al/(Si+Al) ratio as Al enters the
bridging tetrahedral sites and links portions of alumino-
silicate chains that are disconnected at lower Al-contents.

The compositional data in Table 1 together with curve
fitting of our Al MAS NMR spectra (data in Fig. 4) show
that the maximum total Al/(Si+Al) ratio in the C—S—H of
our samples is about 23%, and typical values are about 21%.
Based on these values and the Al[4]/(Al Total) ratios in
Fig. 4, the maximum substitution of Al[4] for Si[4] in the
chains (Al[4]/Si+ Al[4]) is about 0.22. This value is slightly
lower than the value of 0.26 determined by Faucon et al.
[22], but the estimates are in reasonably good agreement.
The comparable Al[4]/(Si+Al[4]) ratios for the 4-month
samples, that may be closer to equilibrium than those
reacted for shorter times, are about 0.17, reflecting increased
relative abundances of AI[5] and Al[6]. This value is
approximately 1/6 of all tetrahedra, or 1/2 of the bridging
tetrahedra for a fully polymerized structure.

The substantial remaining challenge concerning alumi-
nous C—S—H is to better define the compositions and
structures of the interlayer and surface environments that
involve Al[5] and Al[6]. The presence of these environ-
ments is likely to lead to quite different chemical behavior
than for Al-free C—S—H. The alteration of the ion exchange
properties of tobermorite by Al-substitution [14,15], the
effects of Al on the chemical behavior of modified cements
for waste applications [5,6], the low temperatures of
thermal breakdown of the Al[6] environments [32], and
increased chemical durability such as the insolubility of our
4-month samples in the borate XRF flux illustrate only a
few of the properties that may be affected by Al-
incorporation in C—S—H. Unfortunately, definitive under-
standing of the local and extended structures involved is
likely to be quite difficult. It appears that the AI[S] and
Al[6] environments do not occur in tobermorites, and they
will thus be difficult to investigate by diffraction methods.
Additional spectroscopic methods, such as the NMR
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dipolar recoupling technique known as REDOR and
computational molecular modeling approaches may prove
to be useful. Understanding the similarities and differences
in the structural and chemical roles of Al in precipitated
C—S-H and in the C—S—H of hydrated cement paste and
the time evolution of these roles is also a central issue.
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