
Introduction

Poly(acrylic acid) (PAA), a carboxylic acids polymer,

is known to react with multivalent metal cations and

forms cross-links with metals, which are insoluble in

water and most of the organic solvents. For such poly-

mers Coulomb force, the strongest interaction, works

between molecules and metal ions, hence it is consid-

ered to have an excellent potential as materials with

high modulus, high strength and high heat resistance

in the solid-state [1]. Therefore, selected PAA was

used to synthesize C–S–HPN materials with im-

proved properties. C–S–H is the main hydrated (bind-

ing) phase in cement pastes. It has a nanocrystalline

structure and possesses hydraulic properties. Nano-

composite materials consisting of inorganic nano-

layers of C–S–H and organic polymers have evoked

intense research interest lately because their unique

characteristics create many potentially commercial

applications. The synthesis of C–S–H-based nano-

composites using a number of organic polymers was

recently reported in [2–6].

We defined nanocomposites as a new class of

composites, that are particle-filled polymers for

which at least one dimension of the dispersed parti-

cles is in the nanometer range. Three types of nano-

composites, depending on how many dimensions of

the dispersed particles are in the nanometer range can

be distinguished [7]. Particles with three dimensions

in the order of nanometers are typically isodimen-

sional, such as spherical silica nanoparticles obtained

by in situ sol–gel methods [8, 9] or by polymerization

promoted directly from their surface [10]. They also

include semiconductor nanoclusters [11] and oth-

ers [9]. Nanotubes or whiskers (with dimensions in

the nanometer scale and the third forming a larger

elongated structure), for example, carbon nano-

tubes [12] or cellulose whiskers [13, 14] are exten-

sively studied as reinforcing phases yielding materi-

als with exceptional properties. The third type of

nanocomposites is characterized by only one dimen-

sion in the nanometer range. In this case, the material

is present in the form of sheets of one to a few nano-

meters thick and hundreds to thousands nanometers

long. This family of composites is referred to as poly-

mer-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-

posites may be obtained when a layered structure is as-

sociated with a polymer [7]. If the polymer is unable to

intercalate between the layered sheets, a phase-sepa-

rated composite is obtained, whose properties stay in

the same range as traditional microcomposites. Beyond

this classical family of composites, two types of nano-

composites can be distinguished. An ‘intercalated’
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structure in which a single (and sometimes more than

one) extended polymer chain is intercalated between

the inorganic layers resulting in a well-ordered

multilayer morphology built up with alternating poly-

meric and inorganic layers. When the layers are com-

pletely and uniformly dispersed in a continuous poly-

mer matrix, an ‘exfoliated or delaminated’ structure is

obtained. XRD together with TEM, SEM and AFM are

usually used to identify intercalated 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 being related through the

Bragg’s relation: �=2dsin�, where � corresponds to the

wavelength of the X-ray radiation used in the diffrac-

tion experiment, d is the spacing between diffractional

lattice planes and � is the measured diffraction angle or

glancing angle). As far as exfoliated structure is con-

cerned, no more diffraction peaks are visible in the

XRD diffractograms either because of a much too large

spacing between the layers (i.e. exceeding 8 nm in the

case of ordered exfoliated structure) or because the

nanocomposite does not present ordering anymore.

Other intermediate organizations can exist presenting

both intercalation and exfoliation. In this case, a broad-

ening of the diffraction peak is often observed [7].

Organic-inorganic hybrid materials, composed

of layered inorganic matrix with organic poly-

conjugated macromolecules in the interlayer space,

have been the subjects of thorough attention of re-

searchers for the past 5–15 years [15–47]. Poly-

mer-clay nanocomposite materials are reported to

promote thermal [48, 49], mechanical [50], molecular

barriers [51], flame retardant behavior [52–59] and

corrosion protection properties [60–62]. Therefore,

the systematic investigation of the reaction possibility

of PAA with synthetic C–S–H at low Ca/Si ratio (0.7)

as well as to characterize the composite materials by

nanotechnological methods are the main interests of

this contribution.

Experimental

Materials

Poly(acrylic acid)-partial Na-salt ([–CH2CH(CO2R)–]n,

R=H or Na), (MW=5000 (Aldrich Chemical Company,

Inc., Milwaukee, WI, USA), Na2SiO3�9H2O (National

Silicates, Toronto Canada), Ca(NO3)2�4H2O and NaOH

(Fisher Scientific, Fair Lawn, New Jersey, USA) were

used to synthesize C–S–H and C–S–HPN materials.

Synthesis of C–S–HPN materials

C–S–H and C–S–HPN materials with PAA contents

of (0.0 and 0.05, 0.15, 0.3 or 0.5 g/g Ca salt) were

synthesized by gradually adding calcium nitrate solu-

tion (1 mol L
–1

) with continual stirring under nitrogen

to sodium silicate solution, which was pre-dissolved

with PAA (only for the synthesis of C–S–HPN mate-

rials) in CO2 – free de-ionized 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 13.2–13.4 by

adding NaOH solution (4.0 M) during the precipita-

tion of C–S–H. After aging the suspension at 60°C for

7 days with continuous stirring, the precipitate was

separated by vacuum filtration and washed with

CO2 – free de-ionized water to remove sodium and ni-

trate ions and any residual PAA. The precipitates

were then washed with acetone and dried at 60°C in a

vacuum oven for 7 days. The synthetic C–S–H and

C–S–HPN materials are summarized in Table 1.

Methods

The powder X-ray diffraction (XRD) patterns were

performed on a Scintag XDS 2000 X-ray diffracto-

meter using CuK� radiation at 45 kV and 35 mA be-

tween 4 and 65° (2�) with a graphite secondary mono-

chromator.

XRF analysis was performed on fusion beads

made of 10 g of flux with a 66% lithium tetraborate

33% lithium metaborate fusion matrix and 1 g of sam-

ple. Beads were mounted into a Brukar

AXS S4 Pioneer automated XRF machine and ana-

lyzed for all elements as oxides. Samples were run un-

der vacuum and using the default peak fitting pro-

gram. Results were presented as percentages by

weight of the oxide version of each element detected

and normalized to 100%. Loss on ignition or material

loss during the fusion process was ignored during the

analysis of the results due to the highly variable

polymer content of the materials being tested.

FTIR spectra were collected on a

Bomem MB 100 spectrometer in direct transmission

mode between 4000 and 400 cm
–1

as the average of

50 scans and a 4 cm
–1

resolution. Samples were

ground to a fine powder with KBr and pressed into a

disk with a 10-ton ring press. Air was used as a back-

ground for all measurements.
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Table 1 Synthetic C–S–H and C–S–HPN materials

(Ca/Si=0.7)

Materials PAA content (g/g Ca salt)

C–S–H (0.7) 0.0

C–S–H–PAA (0.7–0.05) 0.05

C–S–H–PVA (0.7–0.5) 0.50



SEM images were acquired on a Hitachi S-4800

Field Emmission Scanning Electron Microscope. Sur-

face structure images were taken using a beam current

of 3.2�10
–16

J at 10 �A. Images were acquired using an

integrated frame capture with 32 frames to reduce

random noise. Images were acquired at a working dis-

tance of 8 mm and each area of interest was captured a

series of field magnifications from 5000 to 80000×

magnification.

Energy dispersive spectrometry (EDS) was used

to determine the elemental content of areas of interest.

The EDS spectra were captured using a beam current

of 3.2�10
–15

J at 10 �A. Spectral images and data were

performed at a working distance of 15 mm. Semi-

quantitative results were based on ZAP software data-

base reference values and are an indication of relative

elemental content rather than absolute values as no

reference standards were used.

Thermal analyses (TG, DTG and DSC) on pow-

der samples (�20 mg) were carried out using a simul-

taneous SDT Q600 T.A.I. instrument at 10°C min
–1

from room temperature (rT) to 1000°C under nitrogen

atmosphere using a flowing rate 100 mL min
–1

.

Results and discussion

X-ray diffraction analysis

The most important powder XRD peaks have been ex-

hibited at 2�=5–9° (XRD patterns have not shown

here) (interlayer spacing d=1.22 nm for C–S–H and

1.26–1.48 nm for C–S–HPN materials). The XRD

peaks of C–S–HPN materials not only shifted to the

lower angles but also broadened. This behavior sug-

gests the intermediate organizations presenting both

intercalation and exfoliation. The overall C–S–H lay-

ers expansion was small compared to PAA molecules

diameter. The formation of these nanocomposites de-

pends 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 explained by a single linear

extension conformation of PAA molecules [2, 4]. The

intermediate organizations, which presents both inter-

calation and exfoliation, has also been confirmed by

SEM. The highest intercalation of PAA into the

C–S–H layer has been achieved for C–S–HPN materi-

als with PAA content of 0.5 g/g Ca salt.

SEM analysis

The SEM images of C–S–H and C–S–HPN materials

are shown on Figs 1–3. Figure 1 represents a SEM

image of pure C–S–H. The particles display a sinu-

ous surface, typical for C–S–H [63]. A SEM image

of a C–S–HPN material, which highlights the layer

structure, has been presented in Fig. 2 (PAA=

0.05 g/g Ca salt).

A unique example of intercalation of PAA into

the C–S–H layers is presented in Fig. 3. The image

exhibits a layered organization of C–S–HPN materi-

als. The lighter phase has a lower carbon content than
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Fig. 1 SEM micrographs of synthetic C–S–H

Fig. 2 SEM micrographs of a C–S–HPN material

(CSH–PAA (0.7–0.05))

Fig. 3 SEM micrograph of a typical intercalated C–S–HPN

material (CSH–PAA (0.7–0.5)): PAA (dark area) has

been intercalated between the C–S–H layers



the darker phase. It can be concluded on the basis of

SEM, carbon content and XRD results that the lighter

phase is C–S–H and the darker phase is PAA in the

C–S–HPN materials.

FTIR spectral analysis

The most important FTIR spectral bands of C–S–H,

bulk PAA and selected C–S–HPN materials have

been summarized in Table 2 and the spectra has been

shown in Fig. 4. All spectra of C–S–H and C–S–HPN

materials contain a characteristic set of bands at the

range 973–978 cm
–1

. These are the most intensive

bands in all spectra and can be assigned to Si–O

stretching vibration of the Q
2

tetrahedra. The weak

band at about 811 cm
–1

is missing in all C–S–HPN

materials suggesting the only polymeric structure.

The Si–O–Si bands are present at 669–677 cm
–1

.

The stretching bands at 3300–3700 cm
–1

can be attrib-

uted to water molecules in C–S–H and C–S–HPN ma-

terials. This observation is consistent with the ob-

served decrease in water content with increasing

polymer contents for these samples. At higher PAA

contents, less H2O molecules can be accommodated

within the layer. The bands in the range of

1550–1750 cm
–1

are due to H–O–H bending vibra-

tions of H2O molecules. Other bands at 400–495 cm
–1

are due to the internal deformation of SiO4 tetrahe-

dra [64]. The characteristic vibration bands of

PAA [65] in C–S–HPN materials are shown at

1423–1494 cm
–1

(O=C–OR). The presence of PAA

bands in C–S–HPN materials is the indication of the

presence of PAA molecules.

TG and DTG studies of C–S–H, PAA and C–S–HPN

materials

The most important thermoanalytical (TG, DTG and

DSC) data of C–S–H, representative C–S–HPN mate-

rials and bulk PAA are presented in Table 3. Figure 5

shows the TG thermal curves of mass loss as a func-

tion of temperature of the C–S–H, PAA and represen-

tative C–S–HPN materials in the same figure. There

are significant differences in the thermal decomposi-

tion properties of C–S–H, PAA and C–S–HPN mate-

rials. C–S–HPN materials have exhibited higher ther-

mal stability compare to starting materials (C–S–H

and PAA). This property of C–S–HPN materials con-

firms the flame retardant behavior [51–58] of these
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Table 2 The most important FTIR spectral peak maxima

(4000–400 cm
–1

) of C–S–H and C–S–HPN materials

Assignments

C–S–H/

cm
–1

C–S–H–PAA

(0.7–0.05)/

cm
–1

C–S–H–PAA

(0.7–0.5)/

cm
–1

Si–O 987 984 978

Si–O–Si 681 689 677

H–O–H 1658 1655 1654

O–H 3454 3455 3465

C=O – 1425 1494

Other bands 453 455 457

Fig. 4 FTIR spectra of C–S–H and C–S–HPN materials with

different polymer contents

Table 3 Summary of thermal analysis data for C–S–H, PAA,

and C–S–HPN materials

Compound Td/°C DTG peak/°C Tg/°C

C–S–H
225,

over 550
86, 645 87

C–S–H–PAA

(0.7–0.05)

250, 550,

over 550

125, 480,

672, 761
139

C–S–H–PAA

(0.7–0.5)

375, 550,

over 550

156, 218, 375,

437, 689
161

PAA
100, 250,

414, 500

60, 108, 235,

401, 486
106

Td=decompositon temp., Tg=glass transition temp.

Fig. 5 TG curves of C–S–H, PAA and C–S–HPN materials

with different polymer contents



types of nanomaterials. In general, three significant

temperature regions on the TG curves of PAA and

C–S–HPN materials have been observed:

• Region I (rT–347°C): this is the region of absorbed

and bound water removal [61–66] due to the loss of

molecular water with DTG peaks at 86–235°C (Ta-

ble 3, Fig. 6). In the case of C–S–HPN materials,

the decomposition temperature (Td) in this region is

variable depending on the synthesis and material

compositions (Table 3, Fig. 5). In the case of PAA,

this temperature region has divided into three re-

gions. These are rT–100 and 100–250°C with one

and two DTG peaks at 60, 108 and 235°C, respec-

tively. The first and second temperature regions

and DTG peaks are due to the absorbed and bound

water removal, respectively [67, 68].

• Region II (250–550°C): this temperature region is

attributed mainly to the polymeric material decom-

position [66–72]. For C–S–HPN material (with

higher PAA contents), two decomposition steps are

observed, similar to the decomposition of pure PAA,

(Table 3, Fig. 5). DTG curves of C–S–HPN material

as well as PAA exhibit two DTG peaks at the tem-

perature range 375–486°C (Table 3, Fig. 6). The

first and second temperature regions and DTG peaks

are due to the decomposition of carboxyl groups and

rupture of the polymer chain [68]. However,

C–S–HPN material with PAA content of 0.05 g/g Ca

salt, exhibits one decomposition step and one DTG

peak. Since the content of PAA is very low, the PAA

characteristic is very weak and/or undetectable. The

greater the polymer contents, the larger the mass

losses on the TG curve in this region and the closer

characteristics of PAA have been observed. This

fact strongly suggests the presence of a higher per-

centage of PAA in the C–S–HPN materials pro-

duced with higher PAA contents. The shift of DTG

peak to lower temperature (from 401 to 375°C) in

C–S–HPN materials compared to pure PAA is due

to the environmental changes of PAA, which has

been resulted by the influence of C–S–HPN material

environments. These findings are similar to those of

in MDF materials [69, 70].

• Region III (over 550°C): this temperature region is

characteristic for structural water and CaCO3 de-

composition [69–76]. Since the amount of struc-

tural water and CaCO3 (which may formed during

the synthesis of C–S–H and C–S–HPN materials) is

very low, DTG peaks corresponding to the release

of H2O, and CO2 from CaCO3 are very weak or in-

significant. The atmospheric moisture and CO2

causes the formation of Ca(OH)2 and CaCO3 ac-

cording to the reactions (1) and (2).

CaO(s) + H2O(l) = Ca(OH)2(s) (1)

Ca(OH)2(s) + CO2(g) = CaCO3(s) + H2O(l) (2)

DSC studies of C–S–H, PAA and C–S–HPN materials

DSC traces of C–S–H, PAA and C–S–HPN materials

are presented in Fig. 7. PAA exhibits an endotherm at

106°C corresponding to the glass transition tempera-

ture (Tg) of PAA. Tg depends on the molecular struc-

ture of the polymer (chain stiffness, number, and

bulkiness of the side groups, and the inter- and intra-

molecular interactions) and on the cross-link density

of the polymer [77]. All C-S-HPN materials are found

to have higher Tg compared to that of bulk PAA, as

shown in Table 3 and Fig. 7. This is tentatively attrib-

uted to the confinement of the intercalated polymer

chains within the C–S–H galleries that prevent the

segmental motions of the polymer chains. The DSC

peaks of C–S–HPN materials shift to higher tempera-

tures suggesting the intercalation of PAA into

C–S–H. The largest shift of the endothermic peaks

(toward the higher temperature) occurs in the DSC

curve of C–S–HPN material containing PAA

0.5 (g/g Ca salt). This fact suggests the greatest inter-
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Fig. 6 DTG curves of C–S–H, PAA and C–S–HPN materials

with different polymer contents

Fig. 7 DSC curves of C–S–H, PAA and C–S–HPN materials

with different polymer contents



calation of the PAA molecules. This fact is also con-

firmed by XRD results (d=1.48 nm).

Conclusions

New calcium silicate hydrate/poly(acrylic acid)

nanocomposites (C–S–HPN) have been prepared and

characterized. Synthetic C–S–H and C–S–HPN materi-

als have been analyzed by XRD, SEM-EDS, TG, DTG,

DSC and FTIR spectra. The XRD and SEM results sug-

gest the occurrence of intermediate organizations repre-

senting 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 PAA

contents have been observed in SEM micrographs. The

influence of the material compositions on the thermal

decomposition of C–S–HPN materials, pure PAA and

synthetic C–S–H has been studied by TG, DTG and

DSC. Three significant decomposition temperature re-

gions were observed on the TG curves of different

C–S–HPN materials corresponding to the decomposi-

tion temperature of C–S–H structure, polymeric entities,

and structural water and CaCO3.

This investigation opens up new routes to de-

velop cement-based nanocomposites with various

polymers for future potential applications in the con-

struction field, such as coatings for corrosion protec-

tion and for fire retardancy. A study to elucidate the

effect of PAA molecules intercalation on Ca/Si ratio

of C–S–HPN materials by means of MAS NMR spec-

tra, TEM and AFM microscopy will be presented in a

future article.
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