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PREPARATION AND PROPERTIES OF CALCIUM SILICATE
HYDRATE-POLY(VINYL ALCOHOL) NANOCOMPOSITE MATERIALS

S. C. Mojumdar” and L. Raki

Institute for Research in Construction, National Research Council of Canada, M-20, 1200 Montreal Road, Ottawa
Ontario K1A OR6, Canada

A series of calcium silicate hydrate (C—S—H)-polymer nanocomposite (C—S—HPN) materials were prepared by incorporating
poly(vinyl alcohol) (PVA) into the inorganic layers of C—S—H during precipitation of quasicrystalline C—S—H from aqueous solu-
tion. The as synthesized C—S—HPN materials were characterized by Fourier-transform infrared photoacoustic (FTIRPAS) spectros-
copy, X-ray diffraction (XRD), scanning electron microscopy/energy dispersed spectroscopy (SEM/EDS), thermogravimetric anal-
ysis (TG), differential thermogravimetry (DTG) and differential scanning calorimetry (DSC). The XRD peaks of C—S—-HPN
materials suggest the intermediate organizations presenting both intercalation of PVA and exfoliation of C—S—H. The SEM micro-
graphs of C-S-H, PVA and C-S—-HPN materials with different PVA contents exhibit the significant differences in their
morphologies. Effects of the material compositions on the thermal stability of a series of C—S—HPN materials along with PVA and
C—S-H were studied by TG, DTG and DSC. Three significant decomposition temperature ranges were observed in the TG curves of

all C-S—HPN materials.
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Introduction

Nanocomposites are a new class of composites, that
are particle-filled polymers for which at least one di-
mension of the dispersed particles is in the nanometer
range. Three types of nanocomposites, depending on
how many dimensions of the dispersed particles are in
the nanometer range can be distinguished [1]. Parti-
cles with three dimensions in the order of nanometers
are typically isodimensional, such as spherical silica
nanoparticles obtained by in situ sol-gel methods
[2, 3] or by polymerization promoted directly from
their surface [3, 4]. They also include semiconductor
nanoclusters [5] and others [3]. Nanotubes or whis-
kers (with dimensions in the nanometer scale and the
third forming a larger elongated structure), for exam-
ple, carbon nanotubes [6] or cellulose whiskers [7, 8],
are extensively studied as reinforcing phases yielding
materials with exceptional properties. The third type
of nanocomposites is characterized by only one di-
mension in the nanometer range. In this case the mate-
rial is present in the form of sheets of one to a few
nanometers thick and hundreds to thousands nano-
meters long. This family of composites is referred to
as polymer-layered crystal nanocomposites.
Depending on the nature of the components used
(layered structure, organic ions/polymer matrix) and
the method of preparation, three main types of com-
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posites may be obtained when a layered structure is
associated with a polymer [1].

If the polymer is unable to intercalate between the
layered sheets, a phase-separated composite is ob-
tained, whose properties stay in the same range as tra-
ditional microcomposites. Beyond this classical family
of composites, two types of nanocomposites can be
distinguished. An ‘intercalated’ structure in which a
single (and sometimes more than one) extended poly-
mer chain is intercalated between the inorganic layers
resulting in a well-ordered multilayer morphology
built up with alternating polymeric and inorganic lay-
ers. When the layers are completely and uniformly dis-
persed in a continuous polymer matrix, an ‘exfoliated
or delaminated’ structure is obtained. XRD together
with TEM/SEM are usually used to identify interca-
lated structures. In such nanocomposites, the repetitive
multilayer structure is well preserved, allowing the
interlayer spacing to be determined. The intercalation
of the polymer chains usually increases the interlayer
spacing, in comparison with the spacing of the host
used, leading to a shift of the diffraction peak towards
lower angle values (angle and layer spacing values be-
ing related through the Bragg’s relation: A=2d sin6,
where A corresponds to the wave length of the X-ray
radiation used in the diffraction experiment, d is the
spacing between diffractional lattice planes and O is the
measured diffraction angle or glancing angle).

Akadémiai Kiado, Budapest, Hungary
Springer, Dordrecht, The Netherlands



MOJUMDAR, RAKI

As far as exfoliated structure is concerned, no
more diffraction peaks are visible in the XRD
diffractograms either because of a much too large spac-
ing between the layers (i.e. exceeding 8 nm in the case
of ordered exfoliated structure) or because the nano-
composite does not present ordering anymore. Other
intermediate organizations can exist presenting both
intercalation and exfoliation. In this case, a broadening
of the diffraction peak is often observed [1].

Organic—inorganic hybrid materials, composed of
layered inorganic matrix with organic polyconjugated
macromolecules in the interlayer space, have been the
subjects of thorough attention of researchers for the
past 5—15 years [9-39]. One of the very important ma-
terials of this type is so called macro-defect-free
(MDF) material at microscopic and nanometric levels
[40]. Polymers are very important additives in the man-
ufacture and processing of various materials, where the
modification of interfaces and particles surface func-
tionalisations are largely influenced by the model of
functional polymer. The theory of functional polymer,
modification of a surface by grafting/reaction of poly-
mer chains to/with the surface of and inorganic materi-
als are discussed in [41, 42].

Calcium silicates hydrates (C—S—H) are the main
hydrated phases in cement paste. They have a nano-
crystalline structure and possess hydraulic properties.
Nanocomposite materials consisting of inorganic
nanolayers of C—S—H and organic polymers have
evoked intense research interest lately because their
unique characteristics create many potentially com-
mercial applications. The synthesis of C—S—H-based
nanocomposites using a number of organic polymers
was recently reported in [19, 21, 23]. Poly(vinyl alco-
hol) (PVA) was intercalated into C—S—H structure at
higher Ca/Si ratio mainly as this polymer showed less
affinity to low Ca/Si ratios.

Polymer-clay, nanocomposite materials are re-
ported to promote thermal [43, 44], mechanical [45],
molecular barriers [46], flame retardant behavior
[47-54] and corrosion protection properties [55-57].
Therefore, their systematic investigation of the reac-
tion possibility of PVA with synthetic C—S—H at low
Ca/Si ratio (0.7) as well as to characterize the com-
posite materials by nanotechnological methods are
the main interests of this contribution.

Experimental
Materials

Poly(vinyl alcohol) (Sigma Chemical Co., St. Louis,
USA), Na,Si0;-9H,0 (National Silicates, Toronto
Canada), Ca(NOs),-4H,0 and NaOH (Fisher Scien-
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tific, Fair Lawn, New Jersey, USA) were used to syn-
thesize C—S—H and C—S—HPN materials.

Synthesis of C—-S—-HPN materials

C—S—-H and C—S—-HPN materials with PVA content of
(0.0 and 0.05, 0.15, 0.5 and 0.75 g g ' Ca salt) were
synthesized by gradually adding calcium nitrate solu-
tion (1 mol L™") with continual stirring under nitrogen
to sodium silicate solution, which was pre-dissolved
with PVA (only for the synthesis of C—S—HPN mate-
rials) in CO,-free deionized water. The initial Ca/Si
molar ratio was 0.7 for C—S—H and all C—-S—HPN ma-
terials. The pH value was kept between 13.1-13.4 by
adding NaOH solution (4.0 M) during the precipita-
tion of C—S—H. After aging the suspension at 60°C for
seven days with continuous stirring, the precipitate
was separated by vacuum filtration and washed with
CO,-free deionized water to remove sodium and ni-
trate ions and any residual PVA. The precipitates
were then washed with acetone and dried at 60°C in a
vacuum oven for 7 days. C—S—H and C—S—HPN mate-
rial samples are summarized in Table 1.

Table 1 Synthetic C—S—-H and C—S—HPN materials (Ca/Si=0.7)

Materials P;;lcggt:;tt/
C-S-H (0.7) 0.00
C-S-H-PVA (0.7-0.05) 0.05
C-S-H-PVA (0.7-0.15) 0.15
C-S-H-PVA (0.7-0.3) 0.30
C-S-H-PVA (0.7-0.5) 0.50
C-S-H-PVA (0.7-0.75) 0.75
Analytical procedure

The powder X-ray diffraction (XRD) patterns were per-
formed on a Scintag XDS 2000 X-ray diffractometer us-
ing CuK,, radiation at 45 kV and 35 mA between 4 and
65° (20) with a graphite secondary monochromator.

FTIRPAS spectra were recorded by using a MTEC
Model 200 photoacoustic detector. Thermal analyses on
powder samples (~20 mg) were carried out using a si-
multaneous SDT Q600 T.A.L instrument at 10°C min ™'
from room temperature (RT) to 1000°C under nitrogen
atmosphere using a flowing rate 100 mL min "

Scanning electron microscopic and chemical
analyses (SEM/EDS) were conducted using a Cam-
bridge Systems Stereoscan 250 instrument equipped
with an Oxford Instruments Inca 200 EDS.

J. Therm. Anal. Cal., 82, 2005
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Results and discussion
X-ray diffraction analysis

The powder XRD patterns of C—S—H and a series of
C—S—HPN materials are presented in Fig. 1. The pow-
der XRD patterns exhibit diffraction peaks at
26=5-9° (interlayer spacing d=1.26 nm for C—S-H
and 1.27-1.40 nm for C—S—HPN materials). The
XRD peaks of C—S-HPN materials (Fig. 1) not only
shifted to the lower angle but also broadened. This be-
havior suggests the intermediate organizations pre-
senting both intercalation and exfoliation. The overall
C-S—H layers expansion was small compared to PVA
molecules diameter (0.45 nm). The formation of these
nanocomposites depends on the structure of the host
material itself, the charge density on the surface (here
the Ca/Si ratio), the method of preparation (in-situ or
exchange), and the type of organic polymers. The
small expansion upon intercalation could only be ex-
plained by a single linear extension conformation of
PVA molecules [19, 21, 23].

The intermediate organizations presenting both
intercalation and exfoliation are also confirmed by
SEM. The highest intercalation of PVA into the
C—S—-H was achieved for C—S—-HPN materials with
PVA 0.5 (g g Ca salt) (Fig. 1).

700 A

CSH-PVA (0.7-0.75)
600 4

500 4

CSH-PVA (0.7-0.5)
400

Intensity

300 A

wl

0 T T T T T T

10 20 30 40 50 60
20/degree

Fig. 1 Powder XRD patterns of C—S—H and C—S—HPN materi-
als with various PVA (g g' Ca salt) contents

CSH-PVA (0.7-0.3)
g T

CSH (0L.7)

SEM analysis

The SEM images of bulk PVA, C—S—H and C—-S—-HPN
materials are shown on Figs 2—4. Figure 2 represents
SEM images of C—S—H (top) and PVA (bottom). For
C—S-H, the particles display a sinuous surface, typical
of this material [58]. In the case of PVA, the matrix im-
age shows a semi-amorphous character, as it has been
confirmed by XRD results (not shown).

A unique example of intercalation of a PVA into
the C—S—H layers is presented in Fig. 3. The image
exhibits a layered organization of PVA molecules and
C—S—H particles. EDS analyses were carried out on

J. Therm. Anal. Cal., 82, 2005

1.00 pm

ARC 2.0kV 8.0 mm x40.0k SEM 9/1/2004

2.0 Kv 8.0 MM =40.0K SEM 9/16/2004

Fig. 2 SEM micrographs of a — synthetic C—S—H and
b — pure PVA

Fig. 3 SEM micrograph of a typical C-S—HPN material: an
intercalated PVA fiber between the C—S—H layers

several different zones of C—S—H and C—S—HPN. The
Ca/Si ratios of C—S—H and C—S—HPN materials con-
firmed the theoretical expectation.

A clear example of two phases C—S—HPN mate-
rials is presented in Fig. 4. The light phase has a lower
carbon (PVA) content than the dark phase that con-
tains as much as 4x more carbon, as analyzed by EDS.
It can be concluded on the basis of SEM, carbon con-
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o
(a
10.0 um

<3.00k SEM 9/8/2004

IRC 20,0 kV 15.0 mm

Fig. 4 SEM micrographs of two separate phases: left — inter-
calated and right — exfoliated of C—S—HPN materials

tent and XRD results that the light phase is the inter-
calated and the dark phase is the exfoliated C—S—HPN
materials. Interfaces of C—S—HPN materials do not
exhibit radial boundaries. Significant differences in
SEM micrographs of C-S—H, PVA and C-S-HPN
materials with different polymer ratios are observed.
The result is consistent with the powder XRD results.

FTIRPAS spectral analysis

The most important FTIRPAS spectral bands of C—S—H,
bulk PVA and selected C—S—HPN materials are summa-
rized in Table 2. All spectra of C—S—-H and C-S—-HPN
materials contain a characteristic set of bands at the
range 972-977 cm . These are the most intensive bands
in all spectra and can be assigned to Si—O stretching vi-
bration of the (O tetrahedra. The weak bands in the
range 811-816 cm™' are present in C-S—-H and
C—S-HPN materials, and are assigned to Si—O stretch-
ing vibrations of the Q' tetrahedra. The Si-O-Si bands
at 666-673 cm™' have decreased in intensity and in-

creased in width with increasing polymer contents. The
bands at 37413745 cm ™' are due to Si—OH stretching in
the isolated Si—OH species. The most striking feature of
the C—S—H spectra (not shown) is the decreasing inten-
sity of the bands with increasing polymer contents, sug-
gesting a progressively decreasing concentration of
Si—OH group. These are the key information of the
structure of C—S—-H and C-S-HPN materials. The
stretching bands at 3339-3422 cm™' can be attributed to
water molecules. This observation is consistent with the
observed decrease in water content with increasing
polymer contents for these samples. At higher PVA con-
tents, less H,O molecules can be accommodated within
the layer. The bands in the range of 1643—1651 cm ' are
due to H-O-H bending vibrations of H,O molecules.
Other bands at 447-474 cm ™' are due to the internal de-
formation of SiOy tetrahedra. The bands in the range of
1410-1439 cm ™' correspond to the asymmetric stretch-
ing (v3) of CO? (it is not possible to prevent incorpora-
tion of CO, during sample preparation) [59].

The characteristic vibration bands of PVA and
C-S-HPN materials are shown at 3240-3337 cm'
(-OH), 2925-2936 cm ' (—CHj;), 2857-2891 cm'
(-CH,), 14101445 cm™' (O=C-OR), 1035-1093 cm '
(C-0-C) and 831-844 cm’! (—CH) [60]. Since the
stretching vibrations of (O=C-OR) and CO?" appear at
very close region, these two bands overlapped and be-
come one peak in the spectra of C—S—HPN materials.
The presence of PVA bands in C—S—-HPN composites
is indicative of PVA molecules intercalated between
C—S-H sheets, as it is also supported by XRD and
SEM results.

Thermal properties of C—S—-H, PVA and C-S—-HPN
materials

The most important thermoanalytical (TG, DTG and
DSC) data of C—S—H, representative C—S—HPN mate-

Table 2 Selected FTIRPAS spectral data (4000-400 cm™') of C—S—H, PVA and C—S—HPN materials

Assigments C-sHem ! (N GTE 02 00! (070syem!  O7075yem!  TVAem!
Si-0 973, 811 974, 812 972, 813 978, 815 977, 816 -
Si-0-Si 670 673 672 666 673 -
Si-OH 3742 3741 3742 3745 3744 -
H-O-H 1645 1643 1650 1651 1651 -
OH 3390 3422, 3240 3394, 3241 3375, 3268 3339, 3281 3337
CH; - 2936 2933 2933 2925 2934
CH, - 2857 2858 2859 2876 2891
0=C-OR - 1410 1439 1433 1434 1445
C-0-C - 1036 1035 1038 1039 1093
CH - 831 841 842 843 844
cor 1431 1410 1439 1433 1434 -
other bands 448 460 474 448 447 -

92 J. Therm. Anal. Cal., 82, 2005



CALCIUM SILICATE HYDRATE-POLY(VINYL ALCOHOL) NANOCOMPOSITE MATERIALS

Table 3 Summary of thermal analyses data for C-S—H, PVA and C—S—-HPN materials

Compound Ty/°C DTG peak/°C Ty/°C T/°C
C-S-H 250, over 600 86, 645 87 -
C-S-H-PVA (0.7-0.05) 225, 350, 650, over 650 95, 238, 432, 709 98 246
C-S-H-PVA (0.7-0.5) 170, 399, 550, over 550 80, 190, 430 77 199
C-S-H-PVA (0.7-0.75) 195, 250, 550, over 550 95, 223,431 104 229
PVA 250, 370, 500 278, 431 60 230

T4 — decomposition temperature; T, — glass transition temperature; Tp,, — melting temperature

rials and bulk PVA are presented in Table 3. Figure 5
shows the TG curves of mass loss as a function of
temperature, under nitrogen, of the C—-S—H, PVA and
representative C—S—HPN materials in the same figure.
There are significant differences in the thermal de-
composition properties of C-S-H, PVA and
C-S—HPN materials. The mass loss curves of
C—S—-HPN materials generally lie between C—S—-H
and PVA; however, with the increasing polymer con-
tents, the TG curves of the C—S—HPN materials shift
toward the PVA curve. In general three temperature
regions on the TG curves of C—S-H and C—S-HPN
materials were observed:

* Region I (T — 250°C): this is the region of C—-S—H
decomposition [60—65] due to loss of molecular wa-
ter with DTG peaks at 80-95°C. In the case of
C—S—HPN materials, the decomposition temperature
(Ty) in this region is variable depending on the syn-
thesis and material compositions (Table 3, Fig. 5).

» Region II (150-550°C): this temperature region is
attributed mainly to the polymeric material decom-
position [60-63]. For C-S—HPN materials, two de-
composition steps are observed, similar to the de-
composition of pure PVA, (Table 3, Fig. 5). DTG
curves of C—S—HPN materials as well as PVA ex-
hibit two DTG peaks at the temperature range
190-432°C (Table 3, Fig. 6). The greater the poly-
mer content, the larger the mass losses on the TG

100 4

e
&*Kx‘k_.__
i _ CSH(0.7)
<0 4 e
_ CSH-PVA (0.7-0.05)
% 601 Ny | GSHEYA (07-0)
< CSH-PVA (0.7-0.75)
40
20 4
PVA (Rep).0.001
0 T T T T —
0 200 400 600 800 1000 1200

Temperature/°C

Fig. 5 TG curves of C—S—H, PVA and C—S—HPN materials
with different polymer contents
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curve in this region. This fact strongly suggests the
presence of a higher percentage of PVA in the
C—S—HPN materials produced with higher polymer
contents. The shift of DTG peak to lower tempera-
ture (from 278 to 190-238°C) in C—S—HPN materi-
als compared to pure PVA is due to the environ-
mental changes of PVA, which has been resulted
from intercalation. Relatively constant DTG peaks
temperature at about 431°C corresponds to the
thermal decomposition of polymeric structure.
These findings are similar to those of MDF materi-
als [62, 63].

» Region III (over 550 °C): this temperature region is
characteristic for CaCO; decomposition [62—69].
Since the amount of CaCO; (which may formed
during the synthesis of C—S—H and C—S—HPN ma-
terials) is very low, DTG peaks corresponding to
the release of CO, from CaCO; is very weak or in-
significant. The atmospheric moisture and CO,
causes the formation of Ca(OH), and CaCO; ac-
cording to the reactions 1 and 2.

CaO(s)+H,0(/)=Ca(OH)y(s) (1
Ca(OH),(s)+CO(g)=CaCOs(s)tH,0()  (2)

DSC traces of C—S—H and C—S—HPN materials
are presented in Fig. 7. PVA exhibits an endotherm at
60°C corresponding to the glass transition tempera-
ture (1) of PVA [60-62]. All the C—S—HPN materials

L PVA (Rep).0.001
10
L
i 6
g B
a 4 1
o CSH-PVA ((.7-0.75)
= ."’1 T T
3 e i \J:L_‘_‘J/'.{. (._.?I”-P\':\ (0.7-0.05)
4 o —
CSH(0.7)
5 CSH-PVA (0.7-0.5)
& 0 200 400 600 800 1000 1200

Temperature/°C

Fig. 6 DTG curves of C—S—H, PVA and C—S—-HPN materials
with different polymer contents

93



MOJUMDAR, RAKI

PVA (Rep).0.001 |

+Endo

CSH-PVA (0.7-0.75)

|

|
-
g

o

CSH {IJ.TIl%

CSH-PVA(0.7-0.05)~ "/

Heat flow/W

L U T ] T T
0 200 400 600 800 1000 1200
Temperature/°C

Fig. 7 DSC curves of C-S-H, PVA and C—S—HPN materials
with different polymer contents

are found to have a higher (7;) compared to the bulk
PVA, as shown in Table 3 and Fig. 7. This is tenta-
tively attributed to the confinement of the intercalated
polymer chains within the C—S—H galleries that pre-
vent the segmental motions of the polymer chains.
Another endotherm of bulk PVA at higher tempera-
ture (ca. 230°C), corresponding to the crystalline
melting point (7)) of PVA, is also found in DSC
curves [60]. This endotherm is absent in the DSC
curve of C—S—H but is present in all the DSC curves
of C—S—HPN materials. The DSC peaks of C—S—HPN
materials shift to lower temperatures suggesting the
intercalation of PVA into C—S—H. The larger shift of
the endotherm (toward the lower temperature) occurs
in the DSC curve of C—S—-HPN material containing
PVA 0.5 (g g Ca salt). This suggest the greatest in-
tercalation of the PVA molecules. This fact is also
confirmed by XRD results (d=1.4 nm).

Conclusions

New calcium silicate hydrate/poly(vinyl alcohol)
nanocomposites (C—S—HPN) have been prepared and
characterized. Synthetic C—S—H and C—S—-HPN mate-
rials were analyzed by XRD, SEM/EDS, TG, DTG,
DSC and FTIRPAS spectra. The XRD and SEM re-
sults suggested the occurence of intermediate organi-
zations representing both intercalation and exfoliation
in C—S—HPN materials. Significant differences in the
morphologies of C—S—H and C—S—HPN materials with
different PVA contents have been observed in SEM
micrographs. The influence of the material composi-
tion on the thermal decomposition of C—S—HPN mate-
rials along with the pure PVA and synthetic C—S—H
have been studied by TG, DTG and DSC. Three signif-
icant decomposition temperature regions were ob-
served in the TG curves of different C—-S-HPN sam-
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ples, corresponding to the decomposition temperature
of C—S—H structure, polymeric entities, and CaCQO;.

This investigation opens up new routes to de-
velop cement-based nanocomposites for future poten-
tial application in the construction field, such as coat-
ings for corrosion protection and for fire retardancy.
A study to elucidate the effect of PVA molecules in-
tercalation on Ca/Si ratio of C—S-HPN by means of
XRF, MAS NMR and AFM spectroscopy will be pre-
sented in a future article.
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