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Chapter 1

Introduction

1. 1 Calcium Silicate Hydrates

The Ca0O-Si0,-H,O system has around 25 kinds of crystalline calcium silicate
hydrates [1, 2]. Among them 21 kinds of the calcium silicate hydrates exist in nature
and most of them have been hydrothermally synthesized. In particular, 1.1 nm

tobermorite [Ca,(Si;0,H),]Ca.4H,0 and xonotlite [Cay(Si;O,,)(OH),] are industrially

produced by hydrothermal synthesis around at 200 °C and utilized as building materials
and thermal insulators. Moreover, there is a group of poorly crystalline calcium
silicate hydrates, which is called C-S-H. The C-S-H is the main component of cement
hydration products which bind concrete structure. Therefore, the calcium silicate

hydrate is the most important material in the cement chemistry.

1. 2 Xonotlite

Xonotlite [Cay(SigO,,)(OH),] is named after Xonotla, a place name in Mexico.
This is relatively abundant in nature among the calcium silicate hydrates and
hydrothermally synthesized below 250 °C under saturated steam pressure. The first
well established synthesis was by Nagai (3, 4].

Xonotlite decomposes topotactically to wollastonite [3-CaSiO;] at about 700 °C
[5, 6] and its volume change is so small that xonotlite can be used up to 1000 °C as a
building material. Xonotlite forms prismatic crystals or fibrous aggregates with
elongation parallel to 6. This fibrous aggregate makes a porous structure. Utilizing

the heat resistant property and the porous structure of the aggregate of xonotlite crystals,



a high-performance thermal insulating material was developed in Japan and has been
produced.

The crystal structure was determined by Mamedov and Belov [7] who found that
dreier double chains of empirical formula (SisO,,)'*” were present, together with Ca**
and OH™ ions. Figure 1.1 shows the one of these dreier double chains. Mamedov and
Belov concluded from their X-ray study that the formula of xonotlite is
Cag(Sig0,,)(OH),. Kalousek et al. [8] analyzed 15 natural and synthetic xonotlites by
the cell parameters, thermogravimetry and analytical electron microscopy. They
concluded that xonotlite tends to be defective in Ca, charge balance being maintained by
incorporation of additional H atoms, which are attached to silicate anion. This
tendency increases as the temperature of preparation decreases. Gard reported several
polytypic variants in xonotlite crystals by electron-diffraction study [9]. Kudoh and
Takéuchi [10] determined the exact crystal structure of xonotlite by X-ray diffraction
and discussed the polytypism of xonotlite, which is of particular interest because its
polytypic variants may occur in such a way that they vary both a and ¢ periodicities,
whereas wollastonite only the periodicity of a. The structure of xonotlite determined

by Kudoh and Takéuchi [10] is shown in Figure 1.2.

1.3 Formation of Xonotlite

Xonotlite is hydrothermally synthesized below 250 °C under saturated steam
pressure. Mitsuda et al. [11] studied the variation in the reaction sequence and kinetics
by using several starting materials with Ca/Si = 1.0 of xonotlite composition in stirred
suspension at 180 °C. They clarified that the formation of xonotlite from lime - silica
mixtures proceeds through intermediate phases such as C-S-H (poorly crystalline
calcium silicate hydrate), a-C,SH (dicalcium silicate hydrate) and tobermorite [11].
When quartz was used as siliceous materials, Ca-rich C-S-H was formed in the early
stage before quartz did not completely reacted, then tobermorite was formed from the
C-S-H as an intermediate phase and finally xonotlite was formed. While C-S-H
formed from amorphous silica directly changed to xonotlite.

In order to explain the slowness of tobermorite formation from the C-S-H using

amorphous silica, they suggested two explanations [12]. One is that the higher



concentration of silica in reaction solution may inhibit the tobermorite formation.
Another is that a type of C-S-H is structurally less readily converted into tobermorite.
They suggested the above explanations but these were not proved. The C-S-H is
poorly crystalline and shows only a few broad XRD peaks. The Ca/Si composition of
C-S-H varies from 0.5 to 1.7 but there is no clear difference in XRD patterns. This
inhibited the characterization of C-S-H.

The studies of the hydrothermal reaction kinetics of calcium silicate hydrates,
including xonotlite, tobermorite and so forth, are very few. The reaction proceeds in
an autoclave under high pressure and high temperatures, which causes experimental
difficulty. The reaction proceeds through intermediate phases, which makes the
reaction system complex. Quantitative analysis of the reaction products by XRD is
also difficult because XRD peaks of C-S-H overlapped those of the produced crystals.

Kondo et al. [13] first made the quantitative kinetic study of hydrothermal
reaction between lime and silica. In this study the reactivity of silica glass and quartz
in molded cylindrical specimens was compared. He defined the reaction conversion,
a, as

a = (combined CaO + combined SiO.,)/ (total CaO + total SiO,),
and applied the following reaction kinetics
(1-1-a)?)Y"= k2.

According to the value of the reaction index, N, he considered that N of 1
indicates that the reaction was dissolution-controlled and that N of 2 indicates diffusion-
controlled.

Chan et al. [14], Ishii et al. [15] and Mitsuda et al. [11] applied this Kondo’s
method to the suspension hydrothermal system of CaO and quartz and concluded that
the reaction was controlled by dissolution of quartz and lime.

I considered that the problem is that the above analysis of the reaction is treating
only the total reaction though the reaction is a multistep reaction and proceeds from
CaO and SiO, through intermediate phases to the final products. C-S-H seems to be
formed by the dissolution of CaO and silica according to the preceding works [13, 14,
15].  But the formation mechanism of xonotlite from C-S-H is still unclear: where

dose the nucleation occur and the crystal glow?



1.4 Poorly-Crystalline Calcium Silicate Hydrate (C-S-H)

C-S-H is a general term of poorly crystalline calcium silicate hydrates. C-S-H
has a wide range of Ca/Si molar ratios between 0.5 and 1.7 and shows only a few broad
XRD peaks [16].

The C-S-H phases can be divided into two categories: very poorly crystalline
phase and quasi-crystalline phases. The very poorly crystalline phase is called C-S-H
gel. The C-S-H gel [17, 18] is a main product of reaction of Portland cement with
water at ordinary temperature. The quasi-crystalline phases are divided into two
phases, C-S-H(I) and C-S-H(II) by Taylor [17, 18, 19, 20].

The C-S-H(I) has a Ca/Si molar ratio less than 1.5, while the C-S-H(II) has a
Ca/Si molar ratio greater than 1.5. Taylor first proposed that a clay-like layer structure
for both C-S-H(I) and C-S-H(II) in 1950 [19]. Bernal [21] suggested that the layer
structure be related to that of 1.1 nm tobermorite [Ca,(Si,0,H).]Ca.4H,0. Later,

Taylor and his colleagues proposed that C-S-H(I) has a structure similar to that of 1.4
nm tobermorite [Ca,(Si;0,H),]Ca.8H,0 and C-S-H(II) has a structure similar to that of

jennite Cagy(S1,0,H),(OH)s]Ca. 6H,0 [18, 20]. The proposed structures of single layer
of 1.4 nm tobermorite and jennite are shown in Figure 1.3 [18]. The 1.4 nm
tobermorite and jennite have a single chain structure with three Si-O tetrahedron units,
which is called a dreier single chain. There are two kinds of Si-O tetrahedra, paired
(P) and bridging (B). Paired Si-O tetrahedron links to Ca-O layer and no free bonds,
while bridging Si-O tetrahedron has two free bonds, which may link to H* or Ca**.
Taylor [17] further proposed that the structure model of C-S-H composed of
structurally imperfect 1.4 nm tobermorite and jennite with a defect of dreier single
chains of silicate anions. Its schematic model is shown in Figure 1.4. According to
this model, the bridging Si-O tetrahedra are sometimes missing, which causes the
variation of Ca/Si ratio and finite chain containing 2, S, 8..., 3n-1 tetrahedra. This
sequence of chain lengths agrees to an existence of a large amount of dimers and
pentamers in cement paste cured at room temperature [17, 18]. Unfortunately, the

crystal structure of jennite is unknown and many details of the model remained unclear.



1.5 Solid-State NMR of Calcium Silicate Hydrates

Nuclear magnetic resonance (NMR) is sensitive to the local environment around
the nuclei and shows the chemical shift due to difference in nature of the chemical
bonds, which are so much interesting to the chemists [23].  The NMR for liquids has
been utilized for more than 40 years by chemists to identify chemical compounds and
now one of the most powerful analytical methods in the chemistry [24]. However the
NMR of solid shows a very broad signal (wideline NMR) mainly due to a strong
magnetic dipolar interaction [25, 26], which is averaged and cancelled by rapid
molecular motion in the liquid. Therefore the information from the solid-state NMR
was limited and not interesting for most chemist.

Around 20 years ago, new methodological technologies were developed to obtain
high resolution NMR in solids [26, 27, 28, 29]. High-power dipolar decoupling (HD)
can cancel the heteronuclear dipolar interaction, in particular by the 'H nuclei. Magic
angle spinning (MAS) technique, spinning solid sample along the direction inclined by
the magic angle, 54.74°, against the magnetic field direction, can average the chemical
shift anisotropy. High-power dipolar decoupling with a magic angle spinning (HD-
MAS) technique has become available for chemists by commercially produced solid-
state NMR apparatus. The cross polarization (CP) technique is to obtain high sensitive
signals of rare spin nuclei such as "*C and *Si by transferring strong magnetism of the
abundant spins such as 'H to the rare spins. CP efficiency strongly depends on the
distance between the rare spins and the abundant spins. Therefore, the cross
polarization with a magic angle spinning (CP-MAS) technique is used to estimate the
existence of 'H near the rare spins.

The solid-state NMR is a powerful technique to study the structure of materials

a long-range order such as C-S-H. Useful nucleus for C-S-H are *Si and 'H.

Lippmaa et al. first applied *Si MAS NMR to silicates including xonotlite in 1980
[30]. They clarified the chemical shifts ranges of the Q% Q', Q% Q’ and Q* of Si-O
tetrahedron units; Q°: monomeric, Q' : end group of silicate chains, Q?: middle group of
silicate chains or cycles, Q° : chain branching site, Q* : three-dimensionally cross-linked
group [30, 31, 32]. Figure 1.5 shows the notation for building units and silicate anions

[32]. Figure 1.6 shows the ranges of chemical shifts of Q" units of solid silicates [31].



As shown in Figure 1.7, they [30] observed the *Si MAS NMR signals of
synthetic xonotlite. They reported the two signals at -86.8 ppm (Q°) and —97.8 ppm
(Q%) with a 2:1 intensity ratio [30], which reflect well the double chain structure of
xonotlite with a 2:1 ratio of the contents of Q* and Q* groups.

They applied this method to the cement science [33, 34, 35]. Lippmaa et al. [33]
observed *Si MAS NMR signals of hydration products of tricalciumsilicate (Ca,SiOx:
G,S), which is a main component of Portland cement. Two signals were observed at —
79 ppm in the end group (Q') rang and at -85 ppm in the middle group (Q°) range.
The Q° unit signal increased with an increase of reaction time. The silicate chain
length of C-S-H was first observed directly and semi-quantitatively. Wieker et al. [34]
observed the NMR signals of synthetic 1.4 nm, 1.1 nm and 0.9 nm tobermorites. The
NMR spectra of 1.4 nm tobermorite showed a Q° signal at —~85.3 ppm and a small Q'
signal at —79.7 ppm, while those of most of 1.1 nm and 0.9 nm tobermorites show Q at
-97 ppm in addition to Q* and Q' signals. They clarified that 1.4 nm tobermorite
consists predominantly of single chains and that 1.1 nm and 0.9 nm tobermorites
contain double chains and/or single chains depending on the preparation method.
Stande et al. [35] observed **Si HD-MAS and CP-MAS NMR of C-S-H, which were
synthesized at 80 °C and 150 °C with starting Ca/Si ratio from 1.0 to 2.0. They
discussed about contents of OH groups linked to Si-O tetrahedra of C-S-H. Thereafter
many NMR studies of the cement hydration and the structure of the calcium silicate
hydrates have been reported [36-48].

Grutzeck et al. [36], Okada et al. [44], Brough et al. [40], and Cong et al. [45, 47]
applied the *Si MAS NMR to study the C-S-H structure. Grutzeck et al. [36] analyzed
the C-S-H synthesized at room temperature from fumed silica and lime and concluded
that the two structurally distinct C-S-H phases exist. C-S-H with Ca/Si = 0.65 and 1.0
consists predominantly of long silicate anion chains similar to those found in 1.4 nm
tobermorite, while C-S-H with Ca/Si =1.1 to 1.3 consists of a mixture of dimer and
short chains similar to that reported for synthetic jennite. Okada et al. analyzed the C-
S-H hydrothermally synthesized with a starting Ca/Si between 0.3 and 2.0 and
evaluated the Q' and Q7 intensities quantitatively. C-S-H contained single silicate
anion chains, which became progressively longer as Ca/Si ratio decreased. ~ Brough et

al. [40] used the hydration mixture of isotropically enriched amorphous SiO, and C,S



(tricalcium silicate) at room temperature and observed an additional signal at -84 ppm,
which was assigned to bridging Q*. Cong et al. [47] analyzed the room-temperature
hydrated C-S-H with Ca/Si of 0.6 — 1.6 and proposed the defect-tobermorite model as a
structure model of C-S-H, in which individual layers have the basic structure of 1.4 nm
tobermorite but contain a significant concentration of defects and are more distorted.
They [45] concluded that C-S-H with Ca/Si > 1.0 have many dimers and relatively long
chains in the structure according to the analysis of CP-MAS spectra.

The formation process of xonotlite has not been studied by *Si MAS NMR yet
but that of tobermorite has been reported by Mitsuda et al. [41], Sato et al. [38] and
Okada et al. [43]. Tobermorite is hydrothermally synthesized from silica and lime
mixture in the same manner as xonotlite. The Ca/Si ratio of tobermorite is 0.83 lower
than that of xonotlite, 1.0, and the ordinary hydrothermal temperature for tobermorite is
about 180 °C lower than that for xonotlite, about 200 °C.

Mitsuda et al. [41] first applied ¥Si MAS NMR for the formation process of
tobermorite. When quartz was used as starting siliceous materis I, Ca-rich C-S-H with
Ca/Si ratio above 1.0 was formed initially, then the C-S-H changed to tobermorite.
When amorphous silica was used, C-S-H with Ca/Si ratio of 0.8 was formed rapidly
then this C-S-H was stable and very slowly converts to tobermorite. They confirmed
that 1.1 nm tobermorite consists of double chain silicate anions.  They observed the
Q°/Q’ ratio decreased with reaction time.

Sato et al. [38] paid attention to the structure of C-S-H initially formed from
different siliceous materials, quartz and amorphous silica. They clarified that the
structure of the C-S-H formed from quartz was different from that of the C-S-H formed
from amorphous silica. The C-S-H form quartz showed a low Q%Q' intensity ratio,
which suggested that the C-S-H contained short silicate chains and dimers. The C-S-H
formed from amorphous silica had a high Q*/Q' intensity ratio and a Q® peak, which
indicates the presence of long and cross-linked silicate chains. They concluded that
the C-S-H from amorphous silica was harder to crystallize to tobermorite due to the
presence of a long and cross-linked silicate chains and that the C-S-H from quartz easily
crystallized due to its short silicate chain structure. They observed the three Q* signals
at —82 ppm, -85 ppm, and —92 ppm on the process of tobermorite formation and finally

the signals at —82 ppm and —-92 ppm disappeared. The signal at —82 ppm was assigned



to bridging tetrahedra that have not yet bonded to other bridging tetrahedra. The signal
at -85 ppm was assigned to paired tetrahedra. The signal at —-92 ppm was assigned to
bridging tetrahedra that are connected by hydrogen bond. Okada et al. [43] studied the
similar system by **Si NMR and analytical TEM, and obtained the same conclusion that
C-S-H with higher than Ca/Si of 0.99 easily changed to tobermorite and that the C-S-H
from amorphous silica has partly cross-linked structure and hardly change to
tobermorite.

"H NMR was also applied to the calcium silicate hydrates. Grimmer and Wieker
[49] first observed the 'H wideline NMR of synthetic xonotlite and determined the H
types in xonotlite by analyzing the line shape. 'H MAS NMR signals of synthetic
xonotlite were reported by Rosenberger et al. [SO]. Heidemann [51] summarized the
application of '"H NMR to cement science. Rassem e al. [52] reported the CRAMPS
NMR of C,S hydration.

1.6 Summary

The formation of xonotlite proceeds from CaO and SiO, through intermediate
phases, such as C-S-H (poorly crystalline calcium silicate hydrate), a-C,SH (dicalcium
silicate hydrate) and tobermorite. The reaction process heavily depends on the starting
siliceous materials. To explain this dependence on the starting siliceous materials, the
effects of the differences of the concentration of dissolved silica in the hydrothermal
solution and the type of the C-S-H formed were suggested.

The reaction occurs in a suspension, which is composed of the mixture of the
starting materials, Ca(OH), and silica, intermediate phases and produced xonotlite.
Due to the complexity of the reaction system, the reaction mechanics has been still
unclear. Particularly the reaction process from C-S-H to xonotlite has not been studied
in detail.

In this thesis, 1 pay attention to the reaction step from poorly-crystalline calcium
silicate hydrate (C-S-H) to xonotlite and clarify the crystallization mechanism of
xonotlite using solid-state NMR as follows. This is the first application of NMR to the

xonotlite formation process.



1) To study the variation of C-S-H structure with Ca/Si ratio, the Ca/Si ratio of C-S-H is
changed by two methods. One is to vary the Ca/Si ratio of the starting materials. The
other is H-type ion exchange resin treatment of C-S-H with a high Ca/Si ratio. The
structural change of C-S-H is analyzed by NMR and discussed.

2) The formation of xonotlite is separated into two reaction steps, C-S-H formation and
xonotlite formation. The formation step of xonotlite from C-S-H is targeted and
investigated by TEM observation, the degree of formation (o) evaluated by
thermogravimetry, and *Si solid-state NMR spectroscopy. Using this step-by-step
method, the reaction system is simplified and its microstructural change is discussed more
directly.

3) The reaction process of formation of xonotlite heavily depends on the starting
siliceous material.  The structure of the C-S-H formed in the early stage might vary
according to the starting siliceous materials and that the structure of C-S-H affects the
stability of C-S-H and determine the next reaction step. The structure of the C-S-H in
the reaction process of xonotlite formation using the 4 kinds of siliceous materials is
analyzed by ®Si NMR and XRD. The influence of siliceous materials on the
crystallization of xonotlite is examined.

4) 1 observed the high-resolution *Si and 'H MAS NMR spectra of the natural xonotlite
and the synthetic xonotlite with high crystallinity.  The xonotlite crystal structure is

examined by the NMR signals in detail.



Figure 1.1 Dreier double chain of silicate anions of xonotlite from Mamedov and
Belov [7].
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Figure 1.2 The projection of xonotlite structure determined by Kudoh and Takéuchi
[10].  The Si-O bonds are shown by heavy lines.
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Figure 1.3 (A) and (B) Structure of a single layer of 1.4nm tobermorite in bc- and ac-
projection, respectively. (C) Suggested structure for a single layer of jennite in ac-
projection.  Full circles and ‘H’s denote calcium atoms and hydroxyl groups,
respectively. P and B denote pared and bridging tetrahedra, respectively. These
figures are from Taylor’s book [18].
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Figure 1.4 Dreier single silicate chain of the type present in 1.4 nm tobermorite and
jennite. The Si-O tetrahedra in the lower row are described as paired and those in the
upper row as bridging. A bridging tetrahedron is missing (at X). Suggested position

of hydrogen atoms and negative charges balanced by intermediate cations are included.
This figure is from Taylor’s book [18].
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Figure 1.5 Notation for building units and silicate anions. Top, Q" units of silicate;

center, examples of Q"(mAl) units of aluminosilicates; bottom, examples of silicate
anions [32].
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Figure 1.7 **Si MAS NMR signals of synthetic xonotlite [30].
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Chapter 2
»Si MAS NMR Spectroscopy of Poorly-Crystalline
Calcium Silicate Hydrates (C-S-H)

2.1 Introduction

Poorly-crystalline calcium silicate hydrate (C-S-H) is an important and interesting
material both as a main hydration product of cement and as an intermediate phase on the
hydrothermal synthesis of crystalline calcium silicate hydrate such as tobermorite and
xonotlite. Studying the hydrothermal formation of xonotlite from C-S-H, I observed
the variation in **Si NMR chemical shift of Q° for C-S-H in the induction period, which
reflects the local structural change of Si atom in C-S-H [53, 54, 55].  Although NMR
spectra of C-S-H have been observed by many researchers [33-48], most of the spectra
were roughly deconvoluted to only two signals assigned to Q' and Q* units. Based on
Taylor’s model structure of C-S-H as shown in Figure 1.4, Q' and Q* units must contain
different sites. It has been difficult to analyze the spectra of C-S-H in more detail
because of its poor-crystallinity, particularly for C-S-H cured at room temperature.

In this chapter, in order to elucidate the C-S-H structure | prepared homogeneous
C-S-H phases with different Ca/Si ratios by hydrothermal synthesis. The variation of
Ca/Si ratios must cause a variation of chemical shifts of the NMR signals because the
quantities of different sites vary even if the signals cannot be deconvoluted. H-type
ion exchange was also applied to change the Ca/Si ratio of C-S-H by using H-type ion
exchange resin. The H-type ion exchange resin treatment of C-S-H was first analyzed
by Nishino et al. [S6, 57] and their results indicated that Ca® ions were removed step by
step from non-reacted Ca(OH),, and then from Ca® ions in the interlayer sites, and
finally from Ca—-O polyhedra. Using this ion exchange treatment, I expected to

remove Ca®* ions in the interlayer site of C-S-H without destruction of Si-O tetrahedra

17



and Ca—O polyhedra, which affects the chemical shifts of Q' and Q* without change of

their quantities.

2.2 Experimental
2.2.1 Preparation of C-S-H

C-S-H was hydrothermally synthesized at 130°C for 2 hr from CaO and silica with
Ca/Si molar ratios between 0.6 and 2.0 in a stirred suspension of a water/solid weight
ratio of 40. CaO was obtained by heating reagent grade CaCO, at 1000°C for 4 hr.
The used silica was amorphous and its ignition loss was 50%. First, CaO was added
into 1/6 of total water and the suspension was vigorously stirred by a ultradisperser for 2
min. Then silica and the remaining water were added and the suspension was stirred
again before autoclaving. Using this method, I obtained a homogeneous C-S-H with a
spread thin foil-like morphology as shown in Figure 3.2 [53]. The products were
filtered and dried in vacuum at 60°C for 2 days and then characterized by XRD and
NMR.

2.2.2 Treatment by H-Type Ion Exchange Resin

Two types of H-type ion exchange resin (H-R) were used. One (H-R A) was a
strong acid type containing a sulfonic group (SO;H) [MCI GEL CKO08P from Mitsubishi
Chemical Corp.]. The other (H-R B) was a weak acid type containing a meta-acrylic
group (-CH,-C(CH;)COOH-), [DIAION WKI100 from Mitsubishi Chemical Corp.].
The size distribution of H-R A was between 75 and 150 um, while that of H-R B was
between 300 and 1200 um. Each H-R was washed well with distilled water until the
washing water showed no color and dried in vacuum at 60°C for 2 days. A total ion
exchange capacity of H-R A was 4.6 meq/g [57] and that of H-R B is estimated to be
about 4.2 meqg/g in the catalogue.

A suitable amount of H-R was added into 50 ml distilled water. After 10 min, 1
g of C-S-H with a starting Ca/Si ratio of 1.5 was added into the suspension and stirred
for different periods at ambient temperature. The samples were filtered and dried in

vacuum at 60°C for 2 days. H-R A was separated from the sample through 45 um
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sieve after drying. H-R B was separated from the sample through 297 um sieve at the
filtration. The quantities of H-R and the treatment time were varied.

The C-S-H with a starting Ca/Si of 1.5 contained 10 mmol Ca ions per 1 g, which
was calculated from the ignition loss, 22.5%, at 1000 °C of the C-S-H. The quantities
of H-R to exchange Ca ions from 1 g of C-S-H completely were estimated to be 4.5g of
H-R A and 5.0 g of H-R B, respectively, from their ion exchange capacities.

2.2.3 *Si NMR and XRD Measurements

*Si NMR spectra were recorded on a Bruker DSX300WB (7.05 T magnetic field)
at 59.6 MHz by use of high power decoupling (HD) or cross polarization (CP) with
magic angle spinning (MAS) of 5 kHz. HD-MAS spectra were acquired with a
repetition time of 40 s, the use of 7/4 pulses (2.5 us) and an accumulation number of
1024 and plotted with a line broadening factor of 20 Hz. For CP-MAS spectra, the
repetition time, the contact time (CT), the accumulation number and the line broadening
factor were 5 s, 2 ms, 1024 and 20 Hz, respectively. The chemical shifts were
referenced to TMS by use of 3-(trimethylsilyl)-propane sulfonic acid sodium salt (DSS)
as a secondary reference (+1.53 ppm). The line-shape of NMR spectra was analyzed
using a Bruker line-fitting program, WinFit, with 50% Gaussian and 50% Lorentzian
mixture functions.

XRD powder patterns were recorded with Cu Ka radiation on Rigaku RAD-II A.

A 0.02° 28 step size and 1-second count time were used.

2.3 Results and Discussion

23.1 XRD patterns of C-S-H

The XRD patterns of C-S-H are shown in Figure 2.1. The pattern exhibited
relatively sharp reflections at 0.18 nm (26 =49.7°), 0.28 nm (32.1°), and 0.30 nm (29.3°),
which is typical for C-S-H(I) [17]. The XRD results agreed well with those previously
observed by Okada et al. [42]. In the XRD pattern of C-S-H with near Ca/Si ratio of
0.8, a broad basal reflection was observed.

Non-reacted Ca(OH), was detected for the samples with Ca/Si 2 1.5. A broad

peak of amorphous silica near 26 of 23° was not detected for all samples. Because the
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concentrations of Ca** and silicate ions in the reaction solution were negligible [53],
therefore the Ca/Si ratio of C-S-H with a starting Ca/Si ratio < 1.5 were nearly equal to
the starting one, which was confirmed by chemical analyses in the previous work [56].
According to an evaluation of the quantity of non-reacted Ca(OH), from TG loss of the
dehydration of Ca(OH), near 450 °C [56], the Ca/Si ratio of C-S-H with a starting Ca/Si
ratio of 1.5 was estimated to be 1.44. The C-S-H phases with starting Ca/Si ratios =
1.5 were estimated to be a mixture of C-S-H with Ca/Si ~ 1.5 and non-reacted Ca(OH),.

The spacing of 0.18 nm did not change with composition and the spacing of 0.30
nm increased only by ca. 0.002 nm with a decrease of Ca/Si ratio. This indicates that
Ca-0O layer structure dose not change drastically with a Ca/Si ratio, because the
reflection peaks of C-S-H correspond to the important repeat distance of the Ca-O layer

structure [17].

2.3.2 NMR spectra of C-S-H

The *Si HD-MAS and CP-MAS NMR spectra of C-S-H hydrothermally
synthesized are shown in Figure 2.2. The typical deconvoluted lines of the HD-MAS
spectra of C-S-H with a starting Ca/Si ratio of 1.8 and 0.8 are shown in Figure 2.3.
The chemical shifts and relative intensities are summarized in Table 1.

At least five lines were needed to obtain a good line-fitting. I assigned them to
two kinds of Q' units (Q'y =79 ~ -80 ppm, Q'_—81 ppm) and three kinds of Q° units
(Q*,-82.5 ppm, Q*, -84 ~ -86 ppm, Q°, -91 ppm) as shown in Table 1. Q', between
-79 and —-80 ppm and QF, between -84 and —86 ppm are typical signals of C-S-H and
reported by many researchers [33, 35, 36, 40, 42, 45]. I succeeded in observing
additional three signals at =81, —82.5 and -91 ppm. One reason for this is that our C-S-
H was hydrothermally synthesized and its crystallinity was relatively higher than ordinary
C-S-H cured at room temperature. Another reason is that the Ca/Si ratio of C-S-H was
systematically varied from 0.6 to 1.5. The Q', signal at —81 ppm is first reported. The
Q?, signal at -82.5 ppm was observed and assigned to Q* unit by Brough [40] and Sato
[38], while Okada assigned it to Q' unit [42]. The broad signal Q* at -91 ppm was

observed for 1.1 nm tobermorite formation process and assigned to Q* by Sato [38] and
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Okada [42]. Its structure is not still clear but tentatively I also assigned this signal to Q*
unit.

The NMR spectra of C-S-H phases with starting Ca/Si ratios = 1.2 show almost
the same tendency, which supports that the real Ca/Si ratio of C-S-H with a starting
Ca/Si ratio = 1.5 is the same, as previously mentioned in 2.3.1. The Q'; signal at —
79.1 (45%) and the Q°, signal at -84.3 ppm (50%) are the main signals and about 3-6%
of Q', signal appeared. C-S-H with Ca/Si ratio < 1.0 has Q',;, Q%,, Q%, and Q%_signals
and their chemical shifts and relative intensities vary with Ca/Si ratios. With a
decrease of Ca/Si ratio, the intensities of the Q' signal decreased from 48 to 10%,
while the total intensities of signals of Q? units increased, which indicates an increase of
the mean chain length of silicate anion. The chemical shifts of Q°,, signal showed a
lower frequency shift from —84.2 to —85.6 ppm. The signals Q',, Q°; and Q°_ were
enhanced by CP-MAS.

233 Ion Exchange Resin Treatment

#Si HD-MAS and CP-MAS NMR spectra of C-S-H treated by strong acidic H-
type ion exchange resin (H-R A) are shown in Figure 2.4. The treatment time was 2 hr
and the quantities of H-R A added were 0, 1, 2, 3 g.

In Figure 2.4 (a), the Q' signal decreases and the Q signal becomes sharper with a
lower-frequency chemical shift by treatment with a larger amount of H-R A. By
addition of 3 g of H-R A, the signal Q*, at —82.5 ppm, which is a typical signal of C-S-
H with a lower Ca/Si ratio than 0.8 as mentioned above, and a broad signal from -90 to
-110 ppm appear. A part of the broad signal from —-90 to —110 ppm may be due to
silica gel (Q: ~-102 ppm, Q‘: ~ -112 ppm).

The spectra of C-S-H with a starting Ca/Si ratio of 1.5 seems to change to those of
C-S-H with lower Ca/Si ratios. The Ca/Si ratios of C-S-H treated by H-R A have not
been analyzed yet. But these Ca/Si ratios can be estimated from the ion exchange
capacity, 4.6 meq/g, of H-R A. The Ca/Si ratios of C-S-H treated by H-R A are
estimated to be 1.17 for addition of 1 g of H-R A, 0.83 for 2 g, 0.5 for 3 g, respectively.
When the spectra of C-S-H with the same Ca/Si ratios are compared, the HD-MAS and
CP-MAS spectra in the Figure 2.2 agree well with those in Figure 2.4. It is concluded
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that Ca** ions of C-S-H with Ca/Si of 1.5 were leached and C-S-H with lower Ca/Si was
formed by this H-R treatment.

Using the ion exchange treatment, I expected to remove Ca™ ions in the interlayer
site of C-S-H without destruction of Si—O tetrahedra and Ca-O polyhedra structures,
which affects the chemical shift of Q' and Q* without change in their quantities. But
the same C-S-H with a lower Ca/Si ratio was obtained. Considering the hydration time
of C-S-H cured at room temperature, I thought the treatment of 2 hr was not enough for
the rearrangement of Si—O tetrahedra and Ca—O polyhedra structure. To examine the
process of H-R treatment in detail, the treatment time was varied and a weak acid type
resin (H-R B) was also applied.

The **Si HD-MAS NMR spectra of C-S-H treated for various treatment time by 3 g
of H-R A and 6 g of H-R B are shown in Figure 2.5. The treatment time was varied
from 2 min to 20 min.

In Figure 2.5 (a), the signals abruptly change at only 2 min of treatment time of H-R
A. The Q' signal abruptly decrease. The Q" signal become sharp and its chemical shift
shows a lower-frequency shift from —84.3 ppm to —85.5ppm. A broad signals near —100
and —110 ppm, which are assigned to Q* and Q* of silica gel respectively, appear. By
longer than 5 min treatment, the broad signals near —100 and —110 ppm decrease, Q'
decreases and Q° becomes sharper. In Figure 2.5 (b), the variation of Q' and Q” signals
of C-S-H treated by H-R B shows the similar tendency but is much slower compared with
H-R A. By a longer treatment of H-R B, Q' signal decreases and Q° signal becomes
sharper with lower-frequency shift. The broad signals near —100 and —110 ppm due to
silica gel appears only after 10 min and their intensities are much smaller than those of H-
RA.

It is found out that the decrease of Q' signals occurred rapidly (2 min) for both H-R
A and H-R B treatment. By the H-R A treatment, a large amount of silica gel was
formed at the same time. Therefore, the destruction of C-S-H silicate structure also
occurred. On the other hand, by the H-R B treatment silica gel was formed after 10 min
and its quantity was very small. Therefore the treatment of H-R B is considered to
remove preferably the Ca** ions in the interlayer sites without destruction of C-S-H

structure at least in the early stage.
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2.3.4 Structure Model of C-S-H

The structure model of C-S-H with a defect of single dreier chain of silicate
anions was proposed by Taylor [17] and its schematic model was shown in Figure 2.6
(a). According to this model, there are two types of Q* units, paired (P) and bridging
(B). Paired Q° links to Ca-O layer and has no free bonds, while bridging Q* has two
free bonds, which may link to H* or Ca**. The bridging Q° are sometimes missing,
which causes the variation of Ca/Si ratio and finite chain containing 2, 5, 8..., 3n-1
tetrahedra. This sequence of chain lengths agrees to an existence of a large amount of
dimers and pentamers in cement paste cured at room temperature [17].

The variety of Q° in this model can explain the variation of the chemical shifts of Q*
units.  The signal at -85.6 ppm for C-S-H with Ca/Si ratio = 0.8 can be assigned to
paired Q° because the chemical shift agrees well with that of 1.1 nm tobermorite
containing only paired Q® [34]. The chemical shift of bridging Q* bound by Ca™* is
considered to be near -84 ppm because C-S-H with Ca/Si ratio = 1.5 must have only
bridging Q* with Ca** and paired Q°. With a decrease of Ca/Si, the amount of bridging
Q® bound by H* increases and the chemical shift of bridging Q* must be different from
that of paired Q>. According to Janes and Oldfield [58], a signal of **Si NMR shifts
toward higher frequency by 0.43 ppm when Si-OCa changes to Si-OH. Therefore the
signal Q°;, at -82.5 ppm can be assigned to bridging Q° bound by H*. The enhancement
of this signal by CP also supports this assignment. The intensity of Q°, signal was
nearly a half of that of Q% signal for C-S-H with Ca/Si ratio < 0.7, which corresponds
well to the ratio 1:2 of bridging Q° units to paired ones. The structure due to the broad
signal Q*_ at —91 ppm is not clear though Sato et al. assigned —91 ppm signal to bridging
Q° units connected each other by hydrogen bonds [38]. With a decrease of Ca/Si ratio
the intensity of Q' units decreased, which can be explained by the decrease of defects of
silicate anions. The mean chain length increased with a decrease of Ca/Si ratio.

H-R treatment results indicate that the removal of Ca** ions from C-S-H causes an
abrupt decrease of Q' units in a very short time (2 min). A strong acid type H-R A
partially destroyed the structure of C-S-H but a weak acid type H-R B did not damage
the structure. According to Taylor’s model, silicate chains are separated by defect of

bridging Q* as shown in Figure 2.6 (a). Although Ca* ions are removed from bridging

23



Q% or Q', it does not automatically cause the decrease of Q' on this model. The Si-O
tetrahedra linking to the Ca-O polyhedra destroyed by the attack of H* may move to the
defects of bridging Q* and connect the silicate chains. This mechanism may occur but
the treatment time was too short compared with hydration time of cement cured at room
temperature. I have to consider the structure that automatically increases the silicate
chain length by removing Ca*. If silicate chains were separated by insertion of Ca™
ions between Si-O tetrahedra as shown in Figure 2.6 (b), the removal of Ca** ions will
increase the silicate chain length. The separation of silicate chain by insert of Ca** can
occur only when there are a large amount of Ca*™ ions in the interlayer sites. The Q',
signal at —81 ppm, which appeared only for C-S-H with a Ca/Si ratio = 1.2, may be
assigned to Q' units separated by Ca** ions though its intensity was smaller than
expected. Q' signal at —79 ppm is assigned to paired Q' caused by the defects of
bridging Q.

2.4 Conclusions

C-S-H phases were prepared hydrothermally at 130°C for 2 hr with Ca/Si ratios
between 0.6 and 2.0. H-type ion exchange was also applied to change the Ca/Si ratio
of C-S-H by using H-type ion exchange resin. The structural change of C-S-H with
Ca/Si molar ratio was studied by **Si NMR.

1) The NMR spectra of hydrothermally synthesized C-S-H were deconvoluted to 5
signals, which were assigned to two kinds of Q' units (Q', =79 ~-80 ppm, Q', -
81 ppm) and three kinds of Q° units (Q%, -82.5 ppm, Q°y -84 ~ -86 ppm, Q*, —91
ppm). With a decrease of Ca/Si ratio, the intensity of Q' unit signals decreased,
the position of Q7 signal shifted from -84.2 ppm to -85.6 ppm. Q% at —82.5
ppm appeared for C-S-H with Ca/Si < 1.0. The Q',, Q% and Q°,_ signals were
enhanced by CP.

2) The signals were assigned on the basis of Taylor’s structure model. The Q7
signal at -85.6 ppm and the Q7 signal at -82.5 ppm are assigned to the paired Q*
and the bridging Q* with OH, respectively. Bridging Q° bound by Ca** ions is

considered to be near -84 ppm.
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3) The C-S-H phase with Ca/Si of 1.5 was treated by H-type ion exchange resin at
room temperature. Ca** ions of C-S-H with Ca/Si of 1.5 were leached and C-S-H
with lower Ca/Si was formed. It was found out that the Q' units decrease rapidly
(2 min) by this treatment. To explain this abrupt decrease of Q', the separation
model of silicate anions by insertion of Ca** ions was proposed. The Q', signal at

—81 ppm was assigned to Q' units separated by Ca** ions.
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Table 2.1 Chemical shifts (8) and relative intensities (/) of *Si HD-MAS NMR signals
of C-S-H synthesized hydrothermally at 130°C.

Initial O O Q% &, @

Ca/Si 8 d] 8 I 3 I ) 5 ® I
(ppm) (%) (Ppm) (%) (pm) (%) (Ppm) (%) (ppm) (%)

20 -79.0 474 -81.0 44 -84.2 483

18- 791 432" -813. 455 -84.4 51.3

1.5 -792 480 -81.0 34 -84.3 486

12 =791 392 -81.6 3.3 -843 575

1.0 -793 261 -823 107 -84.8 63.2

0 “e=797, 155 -829 181 -854 535 -909 129

0.7 -799 10.7 -83.0 235 -85.6 526 -90.6 13.3

0.65 -79.7 10.3 -83.1 229 -85.6 528 -914 140

06 -79.4 108 -824 222 -855 491 -92.1 179
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Figure 2.1 XRD patterns of C-S-H synthesized hydrothermally at 130°C for 2 hr with
different starting Ca/Si ratios.
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81 0-84.2
-79.0
Ca/Siratio Ca/Si ratio
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(a) *Si HD-MAS (b) Si CP-MAS

Figure 2.2 *Si MAS NMR spectra of C-S-H synthesized hydrothermally at 130°C for
2 hr with different starting Ca/Si ratios. (a) HD-MAS, (b) CP-MAS.
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= /.0 =80 10 =ElEls O =200 ©
(b) Ca/Si = 0.8

Figure 2.3 Line-fitting of *Si HD-MAS NMR spectra of C-S-H synthesized hydro-
thermally at 130°C for 2 hr.  Upper lines are simulation lines.
(a) Ca/Si=1.8, (b) Ca/Si=0.8.
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Ca/Si=1.5 Ca/Si=1.5
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2 o .
(a) ’Si HD-MAS (b) *’Si CP-MAS

Figure 2.4 Variation of **Si MAS NMR spectra of C-S-H with a starting Ca/Si ratio of
1.5 treated by various quantities of H-R A for 2 hr. (a) HD-MAS, (b) CP-MAS.
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-70 -80 -90 -100 -110 -120  -70 -80 -90 -100 -110 -120
ppm from TMS ppm from TMS
(@) H-R A (b) H-R B

Figure 2.5 Variation of *Si HD-MAS NMR spectra of C-S-H with treatment time of
H-type ion exchange resins. (a) H-R A, (b) H-R B.
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(a) Taylor’s model

(b) Separation model by Ca**

Figure 2.6 Schematic structure models of C-S-H with a defect of dreier chain silicate
anions. Shadowed plates denote Ca—O polyhedra, P and B denote paired and bridging
Si-O tetrahedra, respectively. (a) Taylor’s model [17], (b) Separation model by Ca®*.
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Chapter 3
Formation Mechanism of Xonotlite from

Poorly-Crystalline Calcium Silicate Hydrate (C-S-H)

3.1 Introduction

Xonotlite [Caq(Sis0,,)(OH),] is of interest as a binder in thermal insulator and
building materials. Its formation from lime and silica mixtures proceeds through
intermediate phases such as C-S-H (poorly-crystalline calcium silicate hydrate) and
tobermorite [11]. The formation mechanism of xonotlite is still unclear because of the
complexity of multistep reaction. It is unknown where nucleation occurs and how the
crystals grow. Reaction kinetics has been discussed only on the total rate derived from
a decrease of quantities of starting materials. The total rate depends on both
formations of intermediate phases and of xonotlite. In this study, I have separated the
reaction into C-S-H formation and xonotlite formation. The formation step of
xonotlite from C-S-H was targeted and investigated by TEM observation, the degrees of
formation (o) evaluated by thermogravimetry, and *Si solid-state NMR spectroscopy
[53, 54]. Using this step-by-step reaction method, the reaction system has been

simplified and its microstructural change discussed more directly.

3.2 Experimental
3.2.1 Preparation of C-S-H

C-S-H was hydrothermally synthesized at 130 °C for 2 hr from CaO and silicic
acid with a Ca/Si molar ratio of 1.0 in stirred suspension of a water/solid ratio of 40.
The CaO was prepared by heating reagent grade CaCO, at 1000 °C for 4 hr.  The silicic
acid was amorphous silica of reagent grade with 20.8% ignition loss. First the CaO

was added into 1/5 of total water and the suspension was vigorously stirred by a
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ultradisperser for 2 min. Then silicic acid and the remaining water was added and

stirred by the same manner again before autoclaving.

3.2.2 Formation of Xonotlite

After the preparation of C-S-H, the reaction temperature of an autoclave was
increased in 15 min from 130 °C to 180, 200 or 220 °C, respectively and kept for certain

times. Then the autoclave was quenched by a dip into water.

3.2.3 Examination of Products

The products were identified by XRD and TG (thermogravimetry) and the
morphologies of the products were observed by TEM (transmission electron
microscope). The products were filtered and dried under vacuum at 60°C for 2 days
and then examined by XRD and TG. Specimens for TEM observation were prepared
by rapid drying from methanol suspension of wet products just after filtration. This

special drying method retains sample morphology well as shown in Figure 3.2.

3.2.4 Evaluation of Degrees of Formation

The degree of formation of xonotlite () was determined from TG loss around

800°C on the dehydration to wollastonite in terms of the following equation.
a = (AW -AWq, )/ (AW, —AW,)

AW, AW, and AW, indicate TG losses (%) of the products, C-S-H and
xonotlite, respectively. TG analyses were measured for 50 mg of a specimen by
Rigaku TAS100 with a macro TG holder at 10°C/min. To neglect turbulence of TG at
high temperatures, AW was identified as a difference at 700°C between the TG value
and the value extrapolated from a straight line connecting TG points at 850 and 900°C,
as illustrated in Figure 3.1. A mean value of 7 specimens containing only C-S-H,
AW, was 1.24%. Although the theoretical value of AWy, is 2.52%, AWy, was

assumed to be 2.30%, the value of a specimen formed at 200°C for 12 hr.
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3.2.5 ¥Si NMR Measurement

All *Si NMR spectra were recorded on a Bruker AC200 (4.7 T magnetic field) at
39.7 MHz using cross polarization (CP) and magic angle spinning (MAS). The
repetition time, the contact time (CT) and the spinning rate were 5 s, 4 ms and 3250 Hz,
respectively. CP-MAS spectra of C-S-H and xonotlite were measured over the range
of CT0.5t0 Sms. It was confirmed that Q', Q° and Q’ signal intensities of CP-MAS
at CT of 4 ms were almost equal to those of HD (high power decoupling) -MAS spectra

within errors.

3.3 Results and Discussion
3.3.1 Characterization of C-S-H

The XRD of C-S-H exhibited relatively sharp reflections at 0.31, 0.28 and 0.18
nm. The TEM micrographs showed a homogeneous spread thin foil-like morphology
(Figure 3.2 (a)), while crumpled foils (Figure 3.2 (b)) were observed by the vacuum-
drying. These crumpled foils have been observed by many researchers but must be
caused by drying. The spread foils are considered to be the real morphology in the
reaction suspension. The concentrations of Ca and silicic acid in the quenched solu-
tion were 1.5 and 0.3 mmol'dm™, respectively. The Ca/Si molar ratio of C-S-H was

estimated to be 0.99 from these concentrations.

3.3.2 TEM Observation

Figure 3.3 shows TEM micrographs and selected-area electron diffraction (SED)
of the products formed in the process of formation of xonotlite at 200°C. There were
stripes in the foils in the product (a) at reaction time of 45 min. The SED patterns (b)
and (c) indicate the foils are C-S-H and the stripes are xonotlite. The stripes grew
longer and thicker in foil-like C-S-H in (d) at 75 min. The foils disappeared in (e) and
(f) at 2 hr. The TEM observation confirms that C-S-H prepared hydrothermally shows
homogeneous foil-like morphology and the nucleation of xonotlite and its

one-dimensional crystal growth occur in C-S-H.
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3.3.3 Reaction Kinetics

The degrees of formation of xonotlite (a) were plotted against reaction time in
Figure 3.4. Xonotlite was formed rapidly after a definite induction period at every
reaction temperature.

The following general kinetic equation on the nucleation and growth model [59]
was applied.

-In(1-a) = k(t-t)"
where a: degree of formation, t: reaction time, t,: induction period, N :kinetic index.

From a plot of logarithms of each side of the above equation, the N value was
obtained. It was near unity at every temperature as shown in Table 1. On the
assumption N=1, the plots was obtained in Figure 3.5. From these plots, the kinetic
parameters (to, k) and the correlation coefficients (y) were obtained by the least-squares
method as shown in Table 1. Apparent activation energy of nucleation [60] and that of
growth in Table 1 were estimated by the Arrhenius's plots of 1/t; and k, respectively.
Nearly equal values indicate the similarity of the microstructural change of nucleation
and that of growth.

According to Brown et al. [61], N=1 indicates one-dimensional phase-boundary
controlled growth or two-dimensional diffusion-controlled growth with saturation of

nucleation sites. The TEM observation supports one-dimensional crystal growth.

33.4 ”Si NMR Spectra

CP-MAS NMR spectra of C-S-H and the products treated at 200°C are shown in
Figure 3.6. C-S-H had only two signals, an end group Q' (=79.5 ppm) and a middle
group Q* (=84.3 ppm), which corresponds to the single chain structure of silicate anions.
After an induction period of 58 min, Q° signal became sharper and a signal of Q* (-97.6
ppm) appeared and, which corresponds to the formation of the double chain structure of
xonotlite. The chemical shifts of Q', Q* and Q® of xonotlite were —79.6, —-86.6 and —
97.6 ppm, respectively. The variation of distribution of Q', Q*, and Q* was plotted
against the reaction time in Figure 3.7. Q' increased during the temperature increase
and the induction period, while it decreased with the formation of xonotlite. Q°is a

main component over the whole process. Q’ increased with the formation of xonotlite.
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3.3.5 Chemical Shift of Q

The chemical shift is caused by the variation of the electronic structure around *’Si
nucleus. Every remaining two bonds of Q* in xonotlite link to the Ca-O layer, while
C-S-H has Si-OH groups.  According to Janes and Oldfield [58], a signal shifts toward
low-frequency by 0.43 ppm when Si—OH changes to Si-OCa. The chemical shift of
Q® of C-S-H changed from —84.3 to —85.3 ppm during the induction period, which
suggests some of Q° became well bonded to Ca—O layer and provides the origin of
nuclei of xonotlite. The broadening of Q signal during the same period indicates that
the Si environment began to be inhomogeneous by the nucleation in C-S-H before

developing the xonotlite structure.

3.3.6 Silicate Anion Chain Length

Variations of Q%/Q', (Q*+Q%)/Q' and Q’/Q" intensity ratios and the degrees of
formation of xonotlite are shown in Figure 3.8. The mean chain length of silicate
anions by Si—O tetrahedra unit can be estimated from 2x(1 + Qz/Ql) for C-S-H and 2x{1
+ (Q°*+Q%/Q'} for xonotlite. The mean silicate chain length was estimated to be 8 for
the original C-S-H, decreased to S during the induction period and increased to 17 at 12
hr of reaction time. The Q'/Q” ratios corresponded well to the degrees of the forma-
tion. The decrease of chain length during the induction period corresponds to the

structural change of C-S-H due to nucleation of xonotlite.

3.4 Conclusions

Homogeneous C-S-H with a Ca/Si molar ratio of 1.0 was prepared hydrothermally
at 130°C.  Xonotlite is formed from C-S-H at 180, 200 and 220°C after a rapid increase
of the reaction temperature. The formation process of xonotlite from C-S-H was
investigated by TEM observation, the degree of formation (a) evaluated by
thermogravimetry, and *Si solid-state NMR spectroscopy.

1) The TEM observation confirms that C-S-H prepared hydrothermally shows
homogeneous foil-like morphology and the nucleation of xonotlite and its

one-dimensional crystal growth occurs in the C-S-H.
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2)

3)

4)

The analysis of the formation rate based on the nucleation and growth model
suggests that the one-dimensional phase-boundary controlled growth be in accord
with the TEM observation.

The apparent activation energy of nucleation and that of growth were almost the
same values, 118 and 111 kJ-mol™’, respectively.

The chemical shift of *Si NMR of middle groups Q* of C-S-H changed from —
84.3 to —85.6 ppm during the induction period of xonotlite formation, which
suggests some of Q® became well bonded to Ca—O layer and is the origin of nuclei
of xonotlite crystals. The mean chain length of silicate anions was estimated
from Q%/Q' and (Q°+ Q%)/Q' intensity ratios. ~The mean silicate chain length

decreased during the induction period and increased with formation of xonotlite.
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Table 3.1 N (kinetics index), induction periods (t,), rate constants (k), correlation

coefficients (y) and apparent activation energies of nucleation (AE,") and growth (AE,°).

Temp,/ “C N
180 0.82 199 6.11 0.985
200 0.89 57.6 234 0.997 118 118
220 il 15.8 67.1 0.989
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Figure 3.1 Thermogravimetry of C-S-H , sample and xonotlite. C-S-H was prepared
at 130°C for 2 hr.  Xonotlite was synthesized at 130°C for 2 hr and 200°C for 12 hr.
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(a)

Figure 3.2 TEM photographs of C-S-H.
(a): sample rapidly dried, (b): sample vacuum-dried for 2 days at 60°C.
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[4%

Figure 3.3

TEM and SED ( Selected-area Electron Dillraction ) photographs of the products in the process of formation ol xonotlite at

200°C.  (a): sample at reaction time of 45 min, (b): SED pattern of toil-like part of (a), (¢): SED pattern of lath-like part of (a), (d):

sample at reaction time of 75 min,  (e), (1): sample at reaction time of 12 hr.
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Figure 3.4  Variation of the degree of formation of xonotlite determined by

thermogravimetry.
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Figure 3.6 CP-MAS NMR spectra of C-S-H and the products treated at 200°C from
0 to 720 min.
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Figure 3.7 Variation of distribution (%) of Q', Q% and Q’ from CP-MAS NMR spectra
of C-S-H and products at 200°C with reaction times.
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Figure 3.8 Variation of NMR signal intensity ratios and degrees of formation of
xonotlite at 200°C with reaction times.
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Chapter 4
Influence of Siliceous Materials

on Crystallization of Xonotlite

4.1 Introduction

The formation of xonotlite from lime and silica mixtures proceeds through
intermediate phases such as C-S-H (poorly crystalline calcium silicate hydrate), a-C,SH
(dicalcium silicate hydrate) and tobermorite [11, 62]. The reaction process of xonotlite
formation is influenced by the starting siliceous materials. When quartz was used as
siliceous materials, tobermorite was formed from C-S-H as an intermediate phase, while
C-S-H directly changed to xonotlite by use of amorphous silica.

In order to explain the difference due to different siliceous materials, the
difference in the structure of C-S-H formed in the early reaction stage has been
suggested [12] but C-S-H is poorly crystalline and only shows a few broad XRD peaks,
which inhibited the characterization of C-S-H. The solid-state NMR is a powerful
technique to study the structure of materials lacking a long-range order such as C-S-H.

Mitsuda et al. [41], Sato et al. [38] and Okada et al. [43] studied the influence of
siliceous materials on tobermorite formation by *Si MAS NMR and found the C-S-H
phases initially formed from different siliceous materials have different silicate anion
structures each other. According to Sato et al. [38] and Okada et al. [43], the C-S-H
form quartz showed a low Q%Q' intensity ratio, which suggested that the C-S-H
contained short silicate chains and dimers. The C-S-H formed from amorphous silica
had a high Q*/Q" intensity ratio and a Q> peak, which indicates the presence of long and
cross-linked silicate chains. They concluded that the C-S-H from amorphous silica

was hard to crystallize to tobermorite due to the presence of a long and cross-linked
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silicate chains and that the C-S-H from quartz easily crystallized due to its short silicate
chain structure.

Tobermorite is hydrothermally synthesized from silica and lime mixture in the
same manner as xonotlite. The Ca/Si ratio of tobermorite is 0.83 lower than that of
xonotlite, 1.0, and tobermorite is hydrothermally synthesized ordinarily at lower
temperatures, about 180 °C, than xonotlite, about 200 °C. The difference in the
hydrothermal reaction conditions between formations of xonotlite and tobermorite may
affect the structure of C-S-H as an intermediate phase.

The xonotlite formation process using various siliceous materials have not been
analyzed by *Si MAS NMR. In this chapter, I applied the *Si MAS NMR to
determine the early intermediates in the xonotlite formation and clarified the influence
of starting siliceous materials on the xonotlite formation using 4 kinds of siliceous

materials.

4.2 Experimental
4.2.1 Raw Materials

As for siliceous materials, two kinds of rice husk ashes with different crystallinity
(RHA-amorphous and RHA-crystal) and two kinds of quartz sand with different particle
size distribution (Quartz-fine and Quartz-coarse). The physico-chemical properties of
the siliceous materials are summarized in Table 4.1 [62].

RHA-amorphous was prepared by burning rice husk produced in Saga prefecture
on an iron plate and heating in an electric furnace at 600 °C. RHA-amorphous was
gray and composed of amorphous silica. It was very porous because it maintained the
morphology of the cell structure of rice husk, which was confirmed by the SEM
observation [62]. RHA-crystal was obtained by burning rice husk piled up in open-
field in Malaysia [63]. RHA-crystal was pinkish and composed of cristobalite and
tridymite. The porous structure of rice husk was destroyed and its BET specific
surface area (2.5 m%g) was much smaller than that of RHA-amorphous (20.5 m?/g).
The rice husk ashes were crashed by a ball-mill with cyclohexane and dried. The

quartz sands were crashed by a boll mill under a dry condition and their particle sizes

49



were controlled with a time of milling. The Blaine specific surface areas of Quartz-
fine and Quartz-coarse were 6770 and 3190 cm®/g, respectively.

CaO was obtained by heating reagent grade CaCQO, at 1100 °C for 4 hours.

4.2.2 Formation of Xonotlite

CaO and siliceous material with Ca/Si molar ratios of 1.0 were mixed with water
at a water/solid ratio of 40 in an autoclave. The autoclave was heated up to 190 °C at 2
°C/min and then kept at this temperature from O to 8 hr with stirring at 200 rpm.  After
quenching the autoclave, the products were filtered and vacuum-dried at 60 °C for 2

days.

4.23 *Si NMR and XRD Measurements

All *Si NMR spectra were recorded on a Bruker AC200 (4.7 T magnetic field) at
39.7 MHz by use of high power decoupling (HD) or cross polarization (CP) with magic
angle spinning (MAS) of 3250 Hz. HD-MAS spectra were acquired with a repetition
time of 10 s, the use of w/4 pulses (2.5 us) and an accumulation number of 4096 and
plotted with a line broadening factor of 30 Hz. For CP-MAS spectra, the repetition
time, the contact time (CT), the accumulation number and the line broadening factor
were 5 s, 2 ms, 1024 and 30 Hz, respectively. The chemical shifts were referenced to
TMS by use of 3-(trimethylsilyl)-propane sulfonic acid sodium salt (DSS) as a
secondary reference (1.53 ppm).

XRD powder patterns were recorded with Cu Ka radiation on Rigaku RAD-II A.

A 0.02° of 26 step size and 1-second count time were used.

4.3 Results and Discussion
43.1 XRD Patterns

The XRD patterns of the products formed from RHA-amorphous are shown in the
Figure 4.1. The pattern of the product at 0 hr consists of relatively sharp reflections at
0.18 nm (26 =49.6°), 0.28 nm (31.9°) and 0.30 nm (29.3°). This is the same pattern of
C-S-H at C/S ratio of 1.0 shown in Figure 2.1. Non-reacted Ca(OH), and silica were
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not detected. This C-S-H was stable and showed the same XRD pattern below the
reaction time of 4hr. The peaks of xonotlite appeared only after 4 hr. The results in
Chapter 3 suggest that C-S-H change directly to xonotlite. In Chapter 3, C-S-H was
synthesized from amorphous silica.

The XRD patterns of the products from RHA-crystal are shown in the Figure 4.2.
At a reaction time of O hr, only the pattern of C-S-H is observed just like RHA-
amorphous. The peaks were, however, very broad compared with those of C-S-H from
RHA-amorphous. The broadness of the peaks indicates the distortion of the Ca-O
layer, because the reflection peaks of C-S-H correspond to the important repeat distance
of the Ca-O layer structure [17]. Therefore, the C-S-H from RHA-crystal must have a
more distorted structure compared with the C-S-H from RHA-amorphous. The
structure of C-S-H depends on the starting siliceous materials. 1.1 nm tobermorite was
formed at 2 hr and disappeared at 6 hr.  On the other hand, xonotlite was formed after 4
hr.  Taylor [64] reported that the topotactic transformation of natural 1.1 nm
tobermorite into xonotlite using single crystal X-ray method. Mitsuda et al. [11]
confirmed by the TEM observation that the plate- or lath-like tobermorite decomposed
into fibrous xonotlite. Therefore, xonotlite is considered to be directly changed from
tobermorite.

The XRD patterns of the products from Quartz-fine are shown in the Figure 4.3.
At the reaction time of O hr, there remained a large amount of non-reacted Ca(OH), and
quartz. A broad peak near 30 © was also observed at O and 1 hr. This indicates the
formation of C-S-H. At the reaction time of 1 hr, the pattern of C-S-H becomes clear
with a small amount of quartz. The C-S-H pattern is the same as the C-S-H obtained
from RHA-crystal. After the reaction time of 2 hr, the XRD pattern changed in the
same manner as RHA-crystal. The similarity of the reaction processes between
Quartz-fine and RHA-crystal must be caused by the similarity of the structure of the C-
S-H formed from both siliceous materials in the early stage.

The XRD patterns of the products from Quartz-coarse are shown in the Figure
4.4. At the early reaction stage, o-C,SH (a-dicalcium silicate hydrate)
Ca,(SiO,H)(OH) was formed instead of C-S-H and remained until 6 hr. C-S-H was

formed after a reaction time of 4 hr. Because plate-like a-C,SH crystals was covered
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by fibrous C-S-H at 4 hr according to SEM observation [62], a-C,SH seems to
decompose to form C-S-H as the dissolution of quartz proceeded. Finally a small
amount of xonotlite was formed only at reaction time of 8 hr. There remained non-
reacted quartz until a reaction time of 4 hr.

The reaction process of each siliceous material is summarized in Table 4.2.
Using RHA-amorphous as siliceous material, C-S-H was formed and directly changed
to xonotlite in the same manner as described in Chapter 3. The reaction for RHA-
crystal and Quartz-fine proceeded the same manner. The C-S-H formed in the early
stage from both crystalline siliceous materials has distorted Ca-O structure compared
with the C-S-H from RHA-amorphous. The C-S-H changed to 1.1 nm tobermorite and
then tobermorite decomposed to form xonotlite. The product first formed from
Quartz-coarse was a-C,SH and decomposed to C-S-H and finally xonotlite was formed.
Therefore, it is concluded that the products formed in the early stage determine the

reaction process.

43.2 *Si NMR Spectra

The *Si HD-MAS and CP-MAS NMR spectra of the products from RHA-
amorphous are shown in Figure 4.5. A relatively sharp Q' and Q° signals were
observed at the reaction time of 0O hr when only C-S-H was produced. These signals
were in accord with the signals of C-S-H with Ca/Si ratio of 1.0 formed from
amorphous silica in Figure 2.2 in Chapter 2. The Q® signal showed a shoulder at —82
ppm, which is the Q*; shown Figure 2.3. During the reaction time from 0 to 6 hr, the
Q" signal becomes broader and shows lower-frequency shift. These variations of Q°
signal were also observed in Figure 3.6 in Chapter 3.  After 4 hr the Q’ signal at -97.5
ppm appeared with xonotlite formation.

The *Si HD-MAS and CP-MAS NMR spectra of the products from RHA-crystal
are shown in Figure 4.6. In the HD-MAS spectrum at the reaction time of 0 hr, Q' at —
79 ppm and Q° at -85 ppm and a broad signal between —90 and -100 ppm were
observed. The broad signal was considered to be the Q° signal in Figure 2.3, which
was observed for C-S-H with Ca/Si ratio < 1.0. At the reaction time of 2 hr, when

tobermorite was formed, the Q° signal of HD-MAS shows a higher frequency shift and
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the broad line between —-90 and —100 ppm increases. The Q' signal of 1.1 nm
tobermorite in the range between —96 and —97 ppm [34, 41] was not detected. At a
longer reaction time than 4 hr, when xonotlite also formed, the Q" signal of xonotlite at
-97.5 ppm appeared in both the HD-MAS and the CP-MAS spectra.

The HD-MAS spectra at the reaction time of O hr in Figures 4.5 and 4.6 were
much different. Only C-S-H was detected by XRD in Figures 4.1 and 4.2 and neither
non-reacted Ca(OH), nor silica was observed. Therefore, the total Ca/Si ratios of both
C-S-H from RHA-amorphous and RHA-crystal must be 1.0. The dif..rence in HD-
MAS NMR signals in Figures 4.5 and 4.6 corresponds to the difference observed in
XRD patterns in Figure 4.1 and 4.2.

The *Si HD-MAS and CP-MAS NMR spectra of the products from Quartz-fine
are shown in Figure 4.7. At the reaction time of O hr, a large amount of non-reacted
Ca(OH), and quartz remained as mentioned earlier. A large signal intensity of Q' in
HD-MAS and CP-MAS was observed. This indicates that the silicate chains of the C-
S-H formed are shorter than those of C-S-H from RHA-amorphous. The Ca/Si ratio of
the C-S-H from Quartz-fine is higher than 1.0 because the remaining of a large amount
of non-reacted quartz. This remaining quartz was not observed in HD-MAS and CP-
MAS spectra because a repetition time of 10 s of HD-MAS is too short for a relaxation
of *’Si nuclear spins in quartz and quartz has no protons which are necessary for CP
enhancement. After the reaction time of 1 hr, the HD-MAS and CP-MAS spectra
becomes similar to those of the products from RHA-crystal shown in Figure 4.6. Q'
becomes smaller and a broad signal between —90 and —100 ppm was observed. The
similarity of the NMR signal of both C-S-H from RHA-crystal and Quartz-fine in
Figure 4.6 and 4.7 corresponds to the similarity of those XRD patterns in Figure 4.2 and
4.3. At the reaction time of 2 hr, the broad signal of HD-MAS increased and two sharp
signals at —=92 ppm and —-96 ppm appeared in CP-MAS. The signal at =92 ppm had
been observed in the process of tobermorite formation and assigned to Q° by Sato et al.
[38] and Okada et al. [43] and the signal at —96 ppm is the Q' of 1.1 nm tobermorite.
After 4 hr, when tobermorite changed to xonotlite, the broad signal in HD-MAS and the
signal at -92 ppm in CP-MAS disappeared and the signal at <97 ppm of Q" of xonotlite
increased in both HD-MAS and CP-MAS.
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The *Si HD-MAS and CP-MAS NMR spectra of the products from Quartz-coarse
are shown in Figure 4.8. At a reaction time of 2 hr, only one sharp signal at —=72.1 ppm
was observed. This signal is assigned to the Q° unit of a-C,SH (a-dicalcium silicate
hydrate) [37]. The remaining quartz was not observed in HD-MAS and CP-MAS
spectra because of the above-mentioned reason. After 4 hr, the signals of a-C,SH
decreased and the signals of Q' and Q* of C-S-H appeared. The signal at —97 ppm of

Q’ signal of xonotlite first appeared at 8 hr.

4.3.3 Reaction Mechanism

The reaction process varies with siliceous materials as summarized in Table 4.2.
The C-S-H formed in the early stage from RHA-crystal and Quartz-fine shows the much
different XRD pattern and NMR signals from those of C-S-H formed from RHA-
amorphous. The C-S-H from RHA-crystal and Quartz-fine changed to tobermorite and
then xonotlite was formed, while the C-S-H from RHA-amorphous directly changed to
xonotlite in the same manner of the reaction process examined in detail in Chapter 3.
The product formed in the early stage from Quartz-coarse was a-C,SH. This changed
to C-S-H and finally xonotlite was formed. In conclusion, the products formed in the
early stage are considered to determine the next reaction stage.

I considered that the rate of dissolution of each siliceous material is important to
determine the reaction process [62]. The reaction of CaO and silica proceeds in the
inhomogeneous system of solid and solution. CaO change to Ca(OH), and the
solubility of Ca(OH), is much higher than that of silica below 100 °C. Therefore, the
rate of dissolution of the siliceous materials determines the products in the early stage of
the reaction. Considering the difference in the processes from Quartz-fine and Quartz-
coarse, it is clear that not only the solubility of the siliceous materials but the rate of
dissolution is important.

The solubility of silica in water at 200 °C is 949 ppm for amorphous silica [65],
454 ppm for cristobalite [66], 265 ppm for quartz [66]. The order of the BET specific
surface areas of the siliceous materials used in this study is RHA-amorphous > RHA-

crystal ~ Quartz-fine > Quartz-coarse as show in Table 4.1. Therefore, the order of the

rate of dissolution of the silica is considered to be RHA-amorphous > RHA-crystal >
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Quartz-fine > Quartz-coarse. RHA-crystal and Quartz-fine have the similar rate of
dissolution and they showed the same reaction process. This indicates that the reaction
process highly depends on the rate of dissolution of the siliceous materials.

Considering the difference in the rate of dissolution of the siliceous materials, the
difference in the products formed in the early stage can be understood as follows.

RHA-amorphous is expected to have the highest rate of dissolution. Silica was
dissolved easily and the product at the reaction time of O hr had non-reacted silica.
The C-S-H produced from RHA-amorphous must be homogeneous as shown in the
Chapter 3. The C-S-H has relatively long silicate chains and non-distorted Ca-O
layers. This kind of C-S-H was relatively stable even at 190°C where xonotlite must
be the most stable phase with Ca/Si ratio of 1.0. According to Sato et al. [38] and
Okada et al. [43], the C-S-H formed in the early stage from amorphous silica had a high
Q*/Q' intensity ratio and a Q® peak, which indicates the presence of long and cross-
linked silicate chains. They concluded that the C-S-H from amorphous silica was hard
to crystallize to tobermorite due to the presence of a long and cross-linked silicate
chains. In our system the C-S-H formed in the early stage showed the sharp Q' and Q°
signals but did not show the broad Q* signal. It is mainly because the Ca/Si ratio of
xonotlite formation system is higher than that of tobermorite formation. On the
contrary to the results of Sato et al. [38] and Okada et al. [43], the C-S-H in our system
did not have cross-linked silicate chains. Therefore, tobermorite formation was not
inhibited due to the cross-linked silicate chains.

RHA-crystal and Quarts-fine has a medium rate of dissolution among those
siliceous materials. In the earliest stage, C-S-H with Ca/Si ratio > 1.0 was formed,
which has a large amount of Q' as shown in Figure 4.7. The chain length is shorter
than the C-S-H from RHA-amorphous. Later the Ca/Si ratio of C-S-H becomes 1.0
but its structure was much different from the C-S-H from RHA-amorphous. It is
mainly because that the Ca-O layer of the C-S-H formed in the early stage was much
distorted. The Q' signal was small and a broad signal between —90 and —100 ppm
(Q°) was observed. This broad signal changed to Q° signal of tobermorite as seen in

Figure 4.6 and 4.7. Therefor, this broad signal must be closely related to the structure
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of tobermorite. Sato et al. assigned this signal to the bridging tetrahedra that are
connected by hydrogen bonding and change to Q* of tobermorite [38].

The rate of dissolution of amorphous silica like RHA-amorphous is so fast.
Therefore, most of silica is consumed before the temperature of an autoclave reaches the
temperatures where tobermorite is more stable than C-S-H. While a part of silica of
RHA-crystal and Quartz-fine remains at these temperatures. It is considered that this
remaining silica tends to make a tobermorite-like structure.

The rate of dissolution of Quartz-coarse is slow. Therefore, the Ca/Si ratio of the

hydrothermal solution must be appropriate for the formation of a-C,SH.

4.4 Conclusions

The influence of the siliceous materials on the xonotlite formation was studied
using 4 kinds of siliceous materials.  The siliceous materials were two kinds of rice
husk ash with different crystallinity (RHA-amorphous, RHA-crystal) and two kinds of
silica sand with different particle size distribution (Quartz-fine, Quartz-coarse).
RHA-amorphous was composed of amorphous silica and RHA-crystal was composed of
cristobalite and tridymite. The Blaine specific surface areas of Quartz-fine and
Quartz-coarse were 6770 and 3190 cm?/g, respectively.  To study the reaction process,
the reaction time was changed from O to 8 hr at 190°C. The products were identified
by XRD and analyzed by **Si MAS NMR.

1) The order of the rate of dissolution of siliceous materials was considered in terms

of solubility and specific surface area as follows; RHA-amorphous > RHA-

crystal > Quartz-fine > Quartz-coarse. The reaction process was highly
dependent on the rate of dissolution of siliceous materials.

2) The products formed in the early stage of the reaction vary with siliceous materials
and determine the reaction process.

3) The C-S-H formed from RHA-amorphous has relatively sharp XRD peaks and
NMR signals of Q' and Q°. This C-S-H directly changes to xonotlite.

4) The C-S-H formed from RHA-crystal and Quartz-fine has a broad XRD pattern
and a broad Q° signal between —90 and —100 ppm in addition to the Q' and Q°
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signals observed in the C-S-H from RHA-amorphous. This C-S-H easily
changed to tobermorite and next xonotlite is formed.

5) a-C,SH is formed from Quartz-coarse and changed to C-S-H and to xonotlite.
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Table 4.1 Physico-chemical properties of siliceous materials.

Siliccous ) BET Blaine Ig.
' crystallinity . I Si0z2  Al:03  K-:20
material m°/g cm’/g loss
RHA-amorphous  amorphous 20.5 -- 4.18 91.69 0.14 2.54
RHH-crystal Eyeshniliic 25 s 094 9564 0.4  1.87
trydimite
Quartz-fine 29 6770
a-quartz 0.38 98.13 1.16 0.14
Quartz-coarse 0.5 3190




Table 4.2 Reaction process of xonotlite formation from siliceous materials

Slllcegus Phase formed
material
CSH
RHA-amorphous CSH » X0 Xo
Xo
CSH To
RHA-crystal CSH Xo
ilio Xo
CSH To
Quartz-fine CSH Xo
To Xo
RS CSH
Quartz-coarse C,SH Xo
CSH Xo

CSH: C-S-H, C,SH: a-C,SH, Xo: xonotlite, To: 1.1 nm tobermorite.
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RHA-amorphous

Xo: xonotlite Reaction Time

10 20 30 40 50
26, CuKa

Figure 4.1 XRD patterns of the products hydrothermally synthesized from
RHA-amorphous.
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RHA-crystal

Xo: xonotlite R

To: tobermorite

10 20 30 40 50
26, CuKax

Figure 4.2 XRD patterns of the products hydrothermally synthesized from
RHA-crystal.
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Quartz-fine

Xo: xonotlite

To: tobermorite Reaction Time

Xo 8 hr
L
Q: quartz Q
L: Ca(OH),
10 20 30 40 50
206, CuKa

Figure 4.3 XRD patterns of the products hydrothermally synthesized from

Quartz-fine.
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Quartz-coarse

Reaction Time

2hr &

15 25 35 45
20, CuK«

Figure 4.4 XRD patterns of the products hydrothermally synthesized from

Quartz-coarse.
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RHA-amorphous

Q 3
8hr
-70 -80 -90 -100 -110 -70 -80 -90 -100 -110
ppm from TMS ppm from TMS

Figure 4.5 »Si HD-MAS and CP-MAS NMR spectra of the products
hydrothermally synthesized from RHA-amorphous.
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RHA-crystal

Q2
HD-MAS
-70 -80 -90 -100 -70 -80 -90 -100 -110
ppm from TMS ppm from TMS

Figure 4.6 *Si HD-MAS and CP-MAS NMR spectra of the products
hydrothermally synthesized from RHA-crystal.
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Quartz-fine Q*

CP-MAS
HD-MAS
=70 -80 —80F =300 =110 -70 -80 -90 =100 =110
ppm from TMS ppm from TMS

Figure 4.7 *Si HD-MAS and CP-MAS NMR spectra of the products

hydrothermally synthesized from Quartz-fine.
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Quartz-coarse

Q 1

-70 -80 -90 -100 -110 -70 -80 -90 -100 -110
ppm from TMS ppm from TMS

Figure 4.8 *Si HD-MAS and CP-MAS NMR spectra of the products

hydrothermally synthesized from Quartz-fine.
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Chapter 5

High Resolution *Si and 'H MAS NMR Spectra of
Natural and Synthetic Xonotlite Crystals

5.1 Introduction

Xonotlite [Cay(SisO,,)(OH),] has a double-chain structure of silicate anions,
branched at every third Si-O tetrahedron, which is called a dreier double chain.
Xonotlite is an interesting crystal because of its unique chain-structure and its industrial
utilization as building insulation materials. The crystal structure was first determined
by Mamedov and Belov [7] who found that dreier double chain of empirical formula
(Si0,,)'*" were present, together with Ca™ and OH™ ions. Mamedov and Belov
concluded from their X-ray study that the formula of xonotlite is Ca4(SisO,,)(OH),.
Kalousek et al. [8] analyzed 15 natural and synthetic xonotlites by the cell parameters,
thermogravimetry and analytical electron microscopy. They concluded that xonotlite
tends to be defective in Ca, charge balance being maintained by incorporation of
additional H atoms, which are attached to silicate anion. Kudoh and Takéuchi [10]
determined the exact crystal structure of xonotlite by X-rays as shown in Figure 1.2 and
discussed the polytypism of xonotlite.

The **Si MAS NMR of synthetic xonotlite has been reported by Lippmaa et al.
[30], Bell et al. [37] and Cong et al. [46]. They reported the two signals at —86.8 ppm
(Q%) and -97.8 ppm (Q%) with a 2:1 intensity ratio as shown in Figure 1.7, which
reflected well the double chain structure of xonotlite with a 2:1 ratio of the contents of

Q® and Q* groups. Grimmer and Wieker [49] first observed the 'H wideline NMR of
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synthetic xonotlite and determined the H types in xonotlite by analyzing the line shape.
The '"H MAS NMR of synthetic xonotlite was reported by Rosenberger et al. [50].

The preceding NMR studies of xonotlite have been only for synthetic xonotlite.
The reported **Si MAS NMR signals of synthetic xonotlite were broad as shown in
Figure 1.7. 1 also observed the *Si MAS NMR signals of only synthetic xonotlites,
which were synthesized at 200 °C and 190 °C in Chapters 3 and 4, respectively.
Xonotlites can be and are industrially synthesized at around 200 °C. However, the
crystallinity of synthetic xonotlites heavily depends on the hydrothermal reaction
temperature and tends to improve with increased temperature [8]. The synthetic
xonotlites showed the poorer XRD patterns than those of the natural xonotlites [8].
When the crystallinity of the samples decreases, the MAS NMR signals become
broader. Therefore, high resolution NMR signals will be obtained by using the natural
xonotlites and the synthetic xonotlite synthesized at higher temperatures.

Rosenberger et al. [50] obtained the chemical shift of the 'H MAS NMR of
synthetic xonotlite, 2 ppm, but did not deconvolute the signal. Xonotlite has not only
structural OH in the crystal but also molecular water and Si-OH [8]. Grimmer et al.
[49] deconvoluted the 'H wideline NMR signals of synthetic xonotlite and determined
the H types in xonotlite. The wideline NMR signals are much broader than the MAS
signals so that the deconvolution of wideline signals is more difficult than that of MAS
signals. If the high resolution 'H MAS NMR of xonotlite is obtained, H types in
xonotlite can be determined much more quantitatively.

In this chapter, I prepared the natural xonotlite and the synthetic xonotlite with
high crystallinity and tried to observe the high-resolution **Si and 'H MAS NMR
spectra. The xonotlite crystal structure is examined by these NMR signals. [ first
observed the splitting of the Q* signal into two signals with a 1:1 intensity ratio for both
natural and synthetic xonotlites. The assignment of these two Q* signals is discussed
based on the xonotlite structure determined by XRD. I first succeeded in the
quantitative deconvolution of the 'H MAS NMR signals into three signals. The signal

assignment is established by comparison with the TG analysis results.
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5.2 Experimental
5.2.1 Preparation of Xonotlites

The natural xonotlite was collected from Ohmi-machi, Keijoh-gun, Nihgata
Prefecture, Japan. The synthetic xonotlite was hydrothermally synthesized at 250 °C
for 60 h from CaO and silicic acid. The starting Ca/Si molar ratio was 1.0 and the
water/solid ration was 40. CaO was prepared by heating reagent grade CaCO, at 1000°C
for 4 hours. The silicic acid was amorphous silica of reagent grade with 20.8% ignition
loss. The products were filtered and dried in a vacuum at 60°C for 2 days and then
examined by XRD and TG (thermogravimetry). The TG was measured at the hcating

rate of 5°C/min with N, gas flowing at 100 ml/min.

5.2.2 NMR Measurement

NMR spectra were obtained using a Bruker AC200 (4.7 T) and a Bruker DSX300
(7.5 T). The *Si NMR was recorded using a Bruker AC200 (4.7 T) with a MAS rate
of 3.25 kHz. The *Si high power decoupling (HD-MAS) spectra were obtained using
a /4 pulse (2 ps) with a repetition time of 1000 s and 128 pulses for the natural one and
with that of 30 s and 1024 pulses for the synthetic one. The *Si cross polarization
(CP-MAS) spectra were obtained with a repetition time of 20 s, a contact time of 4 ms
and 1024 pulses. The '"H NMR was acquired using an ordinary single-pulse sequence
with a 7t/2 pulse (4.6 us), a repetition time of 25 s and 16 pulses on a Bruker DSX300
(7.05 T) with a MAS rate of 12 kHz. The *Si chemical shift of 3-(trimethylsilyl)-
propane sulfonic acid sodium salt (DSS) was 1.534 ppm [67] and the 'H shift of water
was 4.877 ppm [67].

5.3 Results and Discussion
53.1 Chemical Compositions and XRD

The results of the wet chemical analysis of the natural and synthetic xonotlites are
summarized in Table 5.1. The XRD of natural and synthetic xonotlites are shown in

Figure 5.1.  According to their XRD patterns, the natural xonotlite did not contain any
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mineral impurities and the synthetic one contained unreacted neither Ca(OH), nor silica.
The XRD patterns of both natural and synthetic xonotlites in Figure 5.1 are much
sharper than those of xonotlites synthesized at 190 °C in Figures 4.1, 4.2, 4.3, and 4.4.

This fact indicates that both natural and synthetic xonotlites are much highly crystalline.

53.2 *Si NMR Spectra

The HD-MAS and CP-MAS spectra of natural xonotlite are shown in Figure 5.2.
Only the Q* and Q® signals were observed while Q' was not detected. Q® was clearly
split with an intensity of 1:1, contrary to the previous reports [30, 37, 46]. The HD-
MAS and CP-MAS spectra of synthetic xonotlite are shown in Figure 5.3. The
chemical shifts of the natural and synthetic crystals showed almost the same values.
The chemical shifts and relative intensities are summarized in Table 5.2. The Q' signal
is clear and enhanced particularly in the CP-MAS spectrum. The Q signal was split
like natural one.  The NMR signals of the synthetic xonotlite are broader than those
of the natural one. This indicates the higher crystallinity of the natural one than the

synthetic one.

53.3 Q'Site of Synthetic Xonotlite

Q' is an end site of the silicate anion chain and a defect in the xonotlite crystals.
This was not observed for natural xonotlite with higher crystallinity. The enhancement

of the Q' signal by CP indicates the existence of protons such as Si-OH near Q' [54].

5.3.4 Splitting of Q* Signals

The two signals of Q° at —86.3 ppm and —87.1 ppm were observed for both the
natural and synthetic xonotlites and their intensity ratio was near 1:1, which indicates
the two signals are caused not by contamination but by its proper crystal structure.
While only one Q° signal was observed at —86.8 ppm in the previous studies [30, 37, 46]
and its signal was much broader than our signals. The specimens of the previous

studies [30, 37, 46] were synthetic and they showed a large amount of Q' signal, which
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indicates poor crystallinity of the specimens [54]. It might be the reason why the split
of Q° signal could not be detected.

According to the analysis of the xonotlite crystal structure by Kudoh et al. [10],
the two Q° sites have different mean Si—O bond lengths and mean Si—O-Si bond angles
as shown in Figure 5.4.

Wollastonite [-CaSiO,], which has dreier single chains similar to the dreier
double chains of xonotlite, was expected to show three different **Si NMR signals
according to the crystal structure [58]. Wollastonite has three different Si sites of Q°
with mean Si-O bond lengths of 1.623, 1.621 and 1.633 A and mean Si-O-Si angles of
144.95, 145.32 and 139.72° [68, 69]. Sebald et al. [68] first observed three different
signals of natural wollastonite at —87.7, —88.9 and —89.3 ppm with a signal intensity
ration of 1:1:1. Sebald et al. discussed the assignment of these signals to the three Si
sites. They assigned the signal at —87.7 ppm to the Si site with mean Si-O bond
lengths of 1.633 A and mean Si-O-Si angles of 139.72°.  However they concluded that
the other two signals with a chemical shift difference of only 0.4 ppm cannot be
assigned by the empirical correlations between a chemical shift and simple crystal
structure criteria.

The Q% and Q7 in Figures 5.2 and 5.3 must correspond to Si(1) and Si(2) in
Figure 5.4. The *Si signal shifts toward the lower frequency with a decrease in the
mean Si—O bond lengths [70] or with an increase in the mean Si—O-Si bond angles [71].
According to the above empirical correlations, the signal at —=87.1 ppm is ascribed to the
Si site having the shorter mean Si—O bond length and the larger mean Si—O-Si bond
angle. As shown in Figure 5.4, Si(1) has a shorter mean Si—-O bond length while Si(2)
has a larger mean Si—O-Si bond angle. Consequently, it is difficult to assign these two

signals using the above empirical correlations.

53.5 'HMASNMR

Figure 5.5 shows the 'H MAS NMR spectra of the natural and synthetic
xonotlites. A sharp signal at 2.2 ppm with a shoulder and a broad signal at 5.0 ppm

were observed for both samples. The signals were deconvoluted into three lines at
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2.19, 1.86 and 5.26 ppm. The relative intensities of these signals were summarized in

Table 5.3.

5.3.6 Assignment of 'H MAS NMR Signals

Xonotlite has not only structural OH in the crystal but also molecular water and
Si-OH [8]. The TG losses from the specimens were analyzed and could be divided
into three parts, room temperature — 200 °C — 700 °C — 850 °C. The ratios of the TG
losses in each temperature range were summarized in Table 5.4.  These results are in
good agreement with the 'H NMR signal intensities if the TG losses in the ranges of
room temperature — 200 °C — 700 °C — 850 °C correspond to the signals at 5.16 ppm,
1.86 ppm and 2.19 ppm, respectively. Moreover the signal at 5.26 ppm disappeared by
vacuum-drying at 80 °C for 1 d. The chemical shift of 1.86 ppm is very near to 1.7
ppm assigned to isolated (non-H-bonded) Si-OH of silica gel by Bronnimann et al [72].
Kudoh et al.” estimated the location of structural OH at the central Ca—O among the four
Q* units of the double chain [10]. Rassem [52] summarized the 'H NMR chemical
shifts of calcium silicate hydrates and assigned the OH of xonotlite (2.0 ppm) [46] as
Ca-OH. Consequently, the signals at 5.26, 1.86 and 2.19 ppm can be assigned to the

molecular water, Si-OH and structural Ca-OH, respectively.

5.4 Conclusions

The high resolution *Si and 'H MAS NMR spectra of natural and synthetic
xonotlites with high crystallinity were observed. The xonotlite structure was examined
by these NMR signals. The results are as follows.

1) The Q' site, which is a defect of xonotlite silicate chains, was observed only for the
synthetic xonotlite. 'H nuclei are localized near Q' sites because the Q' signal was
enhanced by the CP.

2) It was first observed that two **Si-NMR signals (-86.3, -87.1 ppm) of Q° of the
natural and synthetic xonotlites were clearly split. ~ This result indicates that Q has two
crystallographically different sites, which is in accord with the crystal structure study of

Kudoh et al [10].
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3) 'H MAS NMR spectra of the natural and synthetic xonotlites show a sharp signal at
2.2 ppm with a shoulder and a broad signal at 5.0 ppm. The signals can be deconvoluted
into three lines at 2.19, 1.86 and 5.26 ppm. The TG losses from the specimens were
analyzed and divided into three parts, room temperature — 200 °C — 700 °C - 850 °C.
The ratios of the TG losses in each temperature range are in good agreement with the 'H
NMR signal intensities.  Therefore, the signals at 2.19, 1.86 and 5.26 ppm are assigned

to structural Ca-OH, Si-OH and molecular water, respectively.

74



SL

Table 5.1 Chemical compositions of natural and synthetic xonotlites.

Ig.
Sample Si0, ALO; Fe,0, TiO, CaO Na,0 K,O MnO total
Loss
Natural 3.18 50.80 0.38 0.05 tr 4470 0.78 0.02 0.01 59:92
Synthetic .05 49.51 0.36 0.07 0.01 4554 0.76 0.03 tr 99.33




Table 5.2 Relative intensities (%) of Q', Q* and Q’ of *Si HD-
MAS and CP-MAS spectra of natural and synthetic xonotlites.

QI QZH QZL QB

Chemical shift
emical shif 196 5868 “WET1 <913

(ppm from TMS)

Natural | HPD 0 39 29 32
Cp 0 37 34 29

. 4 36 30 30
Shinshetic 17 43 21 19

Q°,, Q%.: higher- and lower-frequency signals of Q.
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Table 5.3 Relative intensities (%) of '"H MAS NMR signals
of natural and synthetic xonotlites.

Chemical shift

.16 el 1.86
(ppm from TMS) ?
Natural . 73 18
Synthetic 11 65 24
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Table 5.4 Ratios (%) of TG losses in three temperature ranges of
natural and synthetic xonotlites.

room

- 200°C - 700°C - 850°C
temperature

Natural 10 17 78

Synthetic 10 24 66
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Natural

Synthetic

10 20 30 40
20, CuKa

Figure 5.1 XRD patterns of the natural and synthetic xonotlites.
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Natural xonotlite

Q%
Q’
(a) HD-MAS
(b) CP-MAS
-80 -90 -100
ppm from TMS

Figure 5.2 *Si (a) HD-MAS and (b) CP-MAS NMR spectra of natural xonotlite
measured at 39.7 MHz. The repetition time is 1000 s for (a), and 20 s for (b). The
number of pulses, the spinning rate of the sample, and the line broadening factor are 128,
3.25 kHz, and 1 Hz, respectively. The contact time of cross polarization is 4 ms for

(b)-
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Synthetic xonotlite

Q%
. QzL
(a) HD-MAS
(b) CP-MAS
-80 -90 -100
ppm from TMS

Figure 5.3 *Si (a) HD-MAS and (b) CP-MAS NMR spectra of synthetic xonotlite
measured at 39.7 MHz. The repetition time and the number of pulses are 30 s and
4096 for (a), and 20 s and 1024 for (b). The spinning rate of the sample and the line
broadening factor are 3.25 Hz and 1 Hz, respectively. The contact time of cross

polarization is 4 ms for (b).
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Si(2)
1.635 A
141.0°

Figure 5.4 Schematic diagram of a double-chain structure of silicate anions in
xonotlite consisting of two Si sites of Q7 Si(1) and S(2), and one Si site of Q°, Si(3).
a) mean Si—O bond length, b) mean Si—O-Si bond angle from Kudoh et al.’
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Zeld

(a) Natural xonotlite

5.0

(b) Synthetic xonotlite

10 5 0
ppm from TMS

Figure 5.5 'H MAS-NMR spectra of natural and synthetic xonotlite measured at 300
MHz. The ordinary single-pulse sequence is used. The repetition time, the number
of pulses, the spinning rate of the sample, and the line broadening factor are 20 s, 16, 12
kHz, and 0 Hz, respectively.



Chapter 6

Summary

This thesis investigates the crystallization of xonotlite from poorly crystalline
calcium silicate hydrate (C-S-H), using primarily **Si and 'H high-resolution solid-state
NMR, XRD, TEM and TG (thermogravimetry).

Chapter 1 reviews the preceding studies of the structure of xonotlite and C-S-H,
the hydrothermal reaction process of xonotlite formation and the application of solid-
state NMR to this field.

Chapter 2 studies the structure change of C-S-H hydrothermally synthesized at
130°C for 2 hr with Ca/Si ratios between 0.6 and 2.0 by **Si NMR. The spectra of C-
S-H were deconvoluted into 5 signals, which were assigned to two kinds of Q' units
(Q'y =79 ~ -80 ppm, Q', —81 ppm) and three kinds of Q° units (Q%, -82.5 ppm, Q*,
-84 ~ -86 ppm, Q°, -91 ppm). With a decrease of Ca/Si ratio, the intensity of Q'
signals decreased and the position of Q°,, signal shifted from -84.2 ppm to -85.6 ppm.
The Q°,, signal at -85.6 ppm and the Q°, signal at —82.5 ppm are assigned to the paired
Q’ and the bridging Q* with OH, respectively. The C-S-H phase with Ca/Si of 1.5 was
treated by H-type ion exchange resin at room temperature and changed to C-S-H phases
with lower Ca/Si ratios. It was found out that the Q' units decrease in a short time (2
min) by this treatment. To explain this abrupt decrease of Q', the separation model of
silicate anions by insertion of Ca™ ions was proposed. The Q', signal at —-81 ppm was
assigned to Q' units separated by Ca** ions.

Chapter 3 studies the formation process of xonotlite from C-S-H, using TEM
observation, the degree of formation (a) evaluated by thermogravimetry, and *Si solid-
state. NMR. The TEM observation confirms that C-S-H prepared hydrothermally

shows homogeneous foil-like morphology and the nucleation of xonotlite and its
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one-dimensional crystal growth occurs in C-S-H. The analysis of the formation rate
on the nucleation and growth model suggests that the one-dimensional phase-boundary
controlled growth be in accord with the TEM observation. The apparent activation
energy of nucleation and that of growth were almost the same alues, 118 and 111
kJ'mol™, respectively. The chemical shift of **Si NMR of middle groups Q° of C-S-H
changed from —84.3 to —85.6 ppm during the induction period of xonotlite formation,
which suggests some of Q became well bonded to Ca—O layer and is the origin of
nuclei of xonotlite crystals. The mean chain length of silicate anions was estimated
from Q%Q" and (Q*+Q?%)/Q’ intensity ratios. The mean silicate chain length decreased
during the induction period and increased with formation of xonotlite.

Chapter 4 studies the influence of the siliceous materials on the xonotlite
formation using 4 kinds of siliceous materials.  The siliceous materials were two
kinds of rice husk ash with different crystallinity (RHA-amorphous, RHA-crystal) and
two kinds of silica sand with different particle size distribution (Quartz-fine, Quartz-
coarse). The order of the rate of dissolution of siliceous materials was considered in
terms of solubility and specific surface area as follows; RHA-amorphous > RHA-
crystal > Quartz-fine >Quartz-coarse. The reaction process was highly dependent on
the rate of dissolution of siliceous materials. The products formed in the early stage of
the reaction vary with siliceous materials and determine the reaction process. The C-
S-H formed from RHA-amorphous has relatively sharp XRD peaks and NMR signals of
Q'and Q°. This C-S-H directly changes to xonotlite. The C-S-H formed from RHA-
crystal and Quartz-fine has a broad XRD pattern und a broad Q* signal between —90 and
—100 ppm in addition to the Q' and Q° signals observed in the C-S-H from RHA-
amorphous. This C-S-H easily changed to tobermorite and next xonotlite is formed.
a-C,SH is formed from Quartz-coarse and changed to C-S-H and to xonotlite.

Chapter 5 studies the structure of xonotlite by the high resolution **Si and 'H
MAS NMR spectra of natural and synthetic xonotlites. The Q' site, which is a defect
of xonotlite silicate chains, was observed only for the synthetic xonotlite. It was first
observed that two *Si-NMR signals (-86.3, -87.1 ppm) of Q® of the natural and
synthetic xonotlites were clearly split.  This result indicates that Q* has two

crystallographically different sites, which is in accord with the crystal structure study of
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Kudoh et al [10]. 'H MAS NMR spectra of the natural and synthetic xonotlites show a
sharp signal at 2.2 ppm with a shoulder and a broad signal at 5.0 ppm. The signals can
be deconvoluted into three lines at 2.19, 1.86 and 5.26 ppm, which are assigned to

structural Ca-OH, Si-OH and molecular water, respectively.
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