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This study aims to obtain a fundamental understanding of the effect of polymeric 

materials with distinct functional groups on the nanostructure and nanomechanical 

response of calcium-silicate-hydrate (C-S-H). Nature has created biological materials with 

hierarchical microstructure and superior mechanical and functional properties. This is 

achieved in nature through certain biopolymers with specific structures and functionalities 

directing growth, microstructure and macroscopic performance of biological materials. C-

S-H comprises the primary component of the cement hydration product and plays a 

fundamental role in determining the mechanical and long-term characteristics of cement-

based materials. The different size and molecular structure of polymers, and the complex 

structure and chemical functionalities of biopolymers permit a wide range of interactions 

including electrostatic, hydrogen bonding and hydrophobic with C-S-H. The ability to 

modify the characteristics of C-S-H through a specific combination of interactions with 

biopolymers permits a pathway to manipulate the structure, and the physical and 

mechanical properties of C-S-H. The primary contribution of this study is to explore a bio-

inspired approach as a new paradigm in controlling microstructure design to achieve 
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desired properties in infrastructure materials. In pursuit of the objectives of this study, this 

dissertation aims to obtain a fundamental understanding of the interaction of polymers and 

biopolymers with C-S-H, to discover the effect of polymers and biopolymers on the atomic 

structure and morphology of C-S-H, and to elucidate how polymers and biopolymers affect 

the Young’s modulus of C-S-H. This study shows that C-S-H can be used in biomimetic 

nanocomposites made of inorganic and organic compounds. For the first time a C-S-

H/polymer nanocomposite with the aim of investigating the mechanical properties was 

fabricated using the layer-by-layer (LBL) technique. Because of the presence of inorganic 

compounds in the structure of the C-S-H/polymer nanocomposite, it has the potential to 

exhibit much more flexibility than pure C-S-H which is highly desired in construction 

materials. The outcome of this study can be seen as a first step towards the formation of 

bio-inspired construction materials. 

 



www.manaraa.com

iii 
 

Acknowledgment 

 
I would like to thank my dissertation advisor Dr. Ghahremaninezhad for his academic 

guidance. He was with me at every phase of the learning process, patiently watching over 

my progress. The door to his office was always open whenever I had a question about my 

research. I would also like to thank the members of my doctoral committee for their advice 

on my dissertation.  

The XRD experiments were carried out in the Advanced Materials Engineering 

Research Institute (AMERI) at Florida International University. The FTIR experiments 

were performed in the Chemistry Department at University of Miami. Patricia Blackwelder 

is acknowledged for taking the SEM images.  

I would like to thank my lab mates Khashayar Farzanian and Jessica Flores for their 

assistance and support throughout the past years. 

I must express my very profound gratitude to my parents and my friends, Maryam 

and Donia for their unfailing emotional support. This accomplishment would not have 

been possible without them.  



www.manaraa.com

 

iv 
 

Table of Content 
 
List of Figures .............................................................................................................. vi 

List of Tables ................................................................................................................ x 

Chapter 1 ....................................................................................................................... 1 

1. Introduction ........................................................................................................... 1 

1.1. Objectives ....................................................................................................... 3 

1.2. Structure of C-S-H .......................................................................................... 3 

1.3. Microstructural Modifications Using Polymers ............................................. 5 

1.4. Microstructural Modifications Using Biomolecules .................................... 11 

1.5. Microstructural Modifications Using Nanomaterials ................................... 12 

1.6. Layer by Layer Assembly ............................................................................. 14 

1.7. Chapters Overview ....................................................................................... 15 

Chapter 2 ..................................................................................................................... 18 

2. Experiments ........................................................................................................ 18 

2.1. Test Methods ................................................................................................ 18 

2.2. Materials ....................................................................................................... 26 

2.3. Sample Preparation ....................................................................................... 33 

Chapter 3 ..................................................................................................................... 37 

3. C-S-H/Polymer and C-S-H/Copolymer Nanocomposites .................................. 37 

3.1. XRD Results ................................................................................................. 37 

3.2. FTIR Results ................................................................................................. 43 

3.3. Morphology .................................................................................................. 50 

3.4. Mechanical Properties .................................................................................. 50 

Chapter 4 ..................................................................................................................... 55 

4. C-S-H/Biomolecule Composites ......................................................................... 55 

4.1. TOC .............................................................................................................. 55 

4.2. XRD Results ................................................................................................. 56 

4.3. FTIR Results ................................................................................................. 62 

4.4. Morphology .................................................................................................. 68 

4.5. Mechanical Properties .................................................................................. 71 

Chapter 5 ..................................................................................................................... 75 

5. Layer By Layer Fabrication of C-S-H/Polymer Composites .............................. 75 

5.1. Characterization ............................................................................................ 75 



www.manaraa.com

 

v 
 

5.2. Morphology Examination ............................................................................. 81 

5.3. AFM Nanoindentation .................................................................................. 93 

5.4. GO/C-S-H/Polymer Nanocomposite ............................................................ 95 

Chapter 6 ..................................................................................................................... 99 

6. Conclusions and Future Work ............................................................................ 99 

References ................................................................................................................. 104 

Appendix ................................................................................................................... 118 

 
 
 
 
 

  



www.manaraa.com

 

vi 
 

List of Figures 

Figure 1.1 The oldest concrete street in America built in 1891 by George Bartholomew in 

Bellefontaine, Ohio (Image from www.trover.com). ......................................................... 2 

Figure 1.2 Heterogeneity in the structure of concrete from macro scale to nano scale. ..... 4 

Figure 1.3 The lamellar microstructure of nacre (images from hiveminer.com). ............... 5 

Figure 1.4 Different mechanisms of interaction between polymers and C-S-H 

nanoparticles. ...................................................................................................................... 6 

Figure 1.5 Schematic of micellization in amphiphilic block copolymers. ......................... 8 

Figure 1.6 The structure of amino acids. .......................................................................... 11 

Figure 1.7 Fabrication of thin film using layer by layer assembly. .................................. 14 

Figure 2.1 X-ray diffraction for crystalline materials. ...................................................... 19 

Figure 2.2 XRD spectrum of a cement paste powder after 28 days of aging. .................. 20 

Figure 2.3 Middle chain silicate tetrahedra (Q2) and end chain silicate tetrahedra (Q1) in 

C-S-H. ............................................................................................................................... 21 

Figure 2.4 Emitted signals once an electron beam interacts with the surface of the sample.

........................................................................................................................................... 23 

Figure 2.5 Basic components of light lever AFM detection system. ................................ 24 

Figure 2.6 (a) Interaction of the cantilever tip with the surface of the sample in AFM 

nanoindentation, (b) image of the AFM device. ............................................................... 26 

Figure 2.7 Chemical structure of (a) PVA, (b) PDDA and (c) PAA.                                                            

(Structures are from SigmaAldrich website). ................................................................... 27 

Figure 2.8 Chemical structure of (a) PEG-PPG-PEG, (b) PPG-PEG-PPG, (c) 

Aminopropyl PPG-PEG-PPG and (d) PVP-DMEMA (Structures are from 

www.sigmaaldrich.com). .................................................................................................. 29 

Figure 2.9 Structure of (a) arginine, (b) glutamine, (c) leucine and (d) glutamic acid. .... 30 

Figure 2.10 Percentage of ionizable amino acid residues with different pKa values in the 

structure of the proteins. ................................................................................................... 31 

Figure 2.11 AFM scan of GO nanosheets adsorbed on the mica substrate. ..................... 32 

Figure 2.12 (a) Synthesis of C-S-H samples in a CO2 free glove box, (b) C-S-H pellet set 

in epoxy for nanomechanical testing and AFM scanning. ................................................ 33 



www.manaraa.com

 

vii 
 

Figure 3.1 XRD spectra of the Control C-S-H and C-S-H samples modified with 

polymers at C/S of (a) 0.8 and (b) 1.5............................................................................... 39 

Figure 3.2 XRD spectra of the C-S-H samples modified with copolymers at C/S of (a) 0.7 

and (b) 1.5. ........................................................................................................................ 41 

Figure 3.3 FTIR spectra of the control C-S-H and C-S-H samples modified with polymers 

at (a) C/S of 0.8 and (b) C/S of 1.5. .................................................................................. 45 

Figure 3.4 FTIR spectra of the C-S-H samples modified with amphiphilic copolymers at 

C/S of 0.7. ......................................................................................................................... 48 

Figure 3.5 FTIR spectra of the C-S-H samples modified with amphiphilic copolymers at 

C/S of 1.5. ......................................................................................................................... 49 

Figure 3.6 AFM morphology of the modified C-S-H with (a) PVA, (b) PDDA and (c) 

PAA at C/S of 1. ............................................................................................................... 50 

Figure 3.7 Multi-peak fitting of nanoindentation results for the control C-S-H samples at 

(a) C/S = 0.7, (b) C/S = 1 and (c) C/S = 1.5. .................................................................... 52 

Figure 3.8 Elastic modulus values of the control C-S-H and C-S-H samples modified with 

polymer at C/S of 1. .......................................................................................................... 54 

Figure 3.9 Elastic modulus values of the C-S-H samples modified with copolymer at C/S 

of 0.7. ................................................................................................................................ 54 

Figure 4.1 Percentage of adsorption of biomolecules onto C-S-H measured by TOC. (The 

values for glutamic acid and albumin were not valid). ..................................................... 56 

Figure 4.2 XRD spectra of C-S-H modified with the amino acids at C/S of (a) 0.7 and (b) 

1.5...................................................................................................................................... 59 

Figure 4.3 Schematic of how proteins undergo conformational changes with increasing 

pH ...................................................................................................................................... 61 

Figure 4.4 XRD spectra of C-S-H modified with the proteins at C/S of (a) 0.7 and (b) 1.5.

........................................................................................................................................... 62 

Figure 4.5 FTIR spectra of the C-S-H samples modified with amino acids. .................... 66 

Figure 4.6 FTIR spectra of the C-S-H samples modified with proteins. .......................... 67 

Figure 4.7 The morphology of the (a) control and modified C-S-H with (b) arginine, (c) 

glutamine, (d) leucine and (e) glutamic acid at C/S of 0.7. .............................................. 69 



www.manaraa.com

 

viii 
 

Figure 4.8 The morphology of the modified C-S-H with (a) albumin at C/S 0f 0.7, (b) 

albumin at C/S of 1.5, (c) lysozyme at C/S of 0.7, (d) lysozyme at C/S of 1.5, (e) 

hemoglobin at C/S of 0.7 and (f) hemoglobin at C/S of 1.5. ............................................ 70 

Figure 4.9 An agglomerated C-S-H particle in the C-S-H sample modified with 

hemoglobin at C/S of 0.7. ................................................................................................. 71 

Figure 4.10 Elastic modulus values of the control C-S-H and C-S-H samples modified 

with amino acids at (a) C/S of 0.7 and (b) C/S of 1.5. ...................................................... 73 

Figure 4.11 Elastic modulus values of the control C-S-H and C-S-H samples modified 

with proteins at (a) C/S of 0.7 and (b) C/S of 1.5. ............................................................ 74 

Figure 5.1 AFM scans of the (a), (b) calcite substrate in early stages of exposure to 

sodium silicate solution, (c), (d) C-S-H particles grown on the calcite substrate after a 

week of exposure to sodium silicate solution, (e) and (f) C-S-H particles formed on 

PEI/PSS-20 samples after assembling 3 bilayers using LBL method. ............................. 77 

Figure 5.2 XRD spectrum of the PEI/PSS-20 sample with 3 bilayers assembled on a 

silicon wafer substrate....................................................................................................... 78 

Figure 5.3 FTIR spectra of the PEI/PSS-20 samples with 3 bilayers assembled on a 

hydrolyzed PAN substrate after assembling of each bilayer. ........................................... 79 

Figure 5.4 AFM scans of the (a) PEI/PSS-Polymer, (b) PDDA/PAA-Polymer, (c) 

PEI/PAA-Polymer, (d) PEI/PSS-20, (e) PDDA/PAA-20 and (f) PEI/PAA-20 samples 

made of 3 bilayers. ............................................................................................................ 83 

Figure 5.5 Segmenting the AFM scan of PEI/PSS-10min sample using watershed 

algorithm. .......................................................................................................................... 84 

Figure 5.6 Morphology and diagonal cross section of the (a), (d) PEI/PSS-10, (b), (e) 

PEI/PSS-20 and (c), (f) PEI/PSS-40 samples made of 3 bilayers. .................................... 85 

Figure 5.7 Morphology and diagonal cross section of the (a), (d) PDDA/PAA-10, (b), (e) 

PDDA/PAA and (c), (f) PDDA/PAA samples made of 3 bilayers. .................................. 86 

Figure 5.8 Morphology and diagonal section profile of the (a), (c) PDDA/PAA-20 and 

(b), (d) PDDA/PAA-High pH samples made of 3 bilayers. ............................................. 88 

Figure 5.9 Morphology and diagonal section profile of the (a), (d) PEI/PSS-0.00514, (b), 

(e) PEI/PSS-20 and (c), (f) PEI/PSS-0.1028 samples made of 3 bilayers. ....................... 90 



www.manaraa.com

 

ix 
 

Figure 5.10 Morphology and diagonal cross section of the (a), (b) PEI/PSS-CS0.7, (c), (d) 

PEI/PSS-20 and (e), (f) PEI/PSS-CS1.5and (g), (h) PEI/PSS-CS2.3 samples made of 3 

bilayers. ............................................................................................................................. 92 

Figure 5.11 Morphology of the PEI/PAA-20 sample made of 25 bilayers (a) before and 

(b) after heat treatment. ..................................................................................................... 94 

Figure 5.12 Thickness measurement of the PDDA/PAA-20 sample made of 25 bilayers 

after heat treatment. .......................................................................................................... 95 

Figure 5.13 AFM scan of a GO nanosheet in the PEI/PSS-GO sample made of 3 trilayers.

........................................................................................................................................... 97 

Figure 5.14 (a), (b) AFM scans and (c) topography of the PEI/PSS-GO sample made of 

25 trilayers. ....................................................................................................................... 98 

 

  



www.manaraa.com

 

x 
 

List of Tables 

Table 2.1 List of cationic, anionic and polar polymers used in this study. ....................... 27 

Table 2.2 List of copolymers used in this study. .............................................................. 28 

Table 2.3 List of biomolecules used in this study. ............................................................ 30 

Table 2.4 Specification of the proteins used in this study. ............................................... 31 

Table 3.1 The basal diffraction angle and interlayer distance detected in the XRD spectra 

of the control C-S-H powders and the samples modified with polymers. ........................ 38 

Table 3.2 The basal diffraction angle and interlayer distance detected in the XRD spectra 

of the C-S-H modified with amphiphilic copolymers. ...................................................... 43 

Table 3.3 The wavelength numbers corresponding to Q2 silicates in the FTIR spectra of 

the control sample and C-S-H samples modified with polymers. .................................... 44 

Table 3.4 The wavelength numbers corresponding to Q2 and Q1 silicates in the FTIR 

spectra of the C-S-H powders modified with the copolymers. ......................................... 47 

Table 3.5 The average elastic modulus values of the peaks corresponding to different 

phases in the control C-S-H samples at different C/S rates. ............................................. 51 

Table 4.1 The basal diffraction angle and interlayer distance detected in the XRD spectra 

of the control C-S-H sample and C-S-H samples modified with biomolecules. .............. 60 

Table 4.2 The wavelength numbers corresponding to Q2 and Q1 silicates in the FTIR 

spectra of the control and modified C-S-H powders. ....................................................... 65 

Table 4.3 The electrical resistivity (Ω) of 0.35 M and 0.70 M solutions of Ca2+ with and 

without proteins. ............................................................................................................... 65 

Table 5.1 List of the samples and their consisting polymers, dipping time, C/S and 

calcium salt concentration. ................................................................................................ 76 

Table 5.2 pH, Zeta potential value and size of the polymers and polymer/ion solutions. 80 

Table 5.3 Roughness value of the samples made with just polymers and polymer 

complexes. ........................................................................................................................ 82 

Table 5.4 Roughness values and number of the C-S-H particles of the PEI/PSS and 

PDDA/PAA samples with different dipping times made of 3 bilayers. ........................... 84 

Table 5.5 Roughness values and number of the C-S-H the PDDA/PAA-20 and 

PDDA/PAA-HighpH samples made of 3 bilayers. ........................................................... 88 



www.manaraa.com

 

xi 
 

Table 5.6 Roughness values and number of the C-S-H particles the PEI/PSS samples with 

different calcium salt and sodium silicate concentrations made of 3 bilayers. ................. 89 

Table 5.7 Roughness values and number of the C-S-H particles of the PEI/PSS samples 

with different C/S values made of 3 bilayers. ................................................................... 93 

Table 5.8 Average Young’s modolus value and thickness of the samples made with 

different polymer complex sets and consisting of 25 bilayers. ......................................... 95 

Table A.1 Significantly different values compared to the control sample determined by 

statistical testing on the XRD results. ............................................................................. 119 

Table A.2 Significantly different values compared to the control sample determined by 

statistical testing on the FTIR results.. ............................................................................ 120 

 
 



www.manaraa.com

 
 

1 
 

Chapter 1 

1.  Introduction 

Concrete is the most widely used infrastructure material and its production is expected 

to increase at a rate of 5% annually [1]. Concrete is traditionally made of aggregates, 

cement and water. Portland cement was invented in 1824 by Joseph Aspdin and since then 

it started to be widely used in concrete construction materials. Reinforcing with 

reinforcing-bars (re-bars), and introducing chemical admixtures to the concrete are the two 

great breakthroughs in the history of concrete after the invention of Portland cement. 

Concrete is the only building material that in the journey of its development in the twentieth 

century, not only transformed the lives of human beings, but also represented the needs of 

society for change [2]. Now, more than ever, we need to make a difference in the way that 

we treat the environment. Taking immediate action to manage environmental resources is 

necessary in order to build a future that ensures both human progress and human survival 

[3]. The term “sustainable development” was defined to help to address the global 

challenge of building the future of the earth, which is the future of human beings. 

Sustainable development is defined as meeting the needs of the present without 

compromising the ability of future generations to meet their own needs [3]. The concept of 

sustainability is incorporated in different aspects of development. In the area of 

construction, increased demand makes it necessary to look for sustainable solutions for the 

future of the construction industry [4]. As developments in concrete have always 

represented the needs of society [2], it is not surprising to see the footprints of sustainability 

in the concrete industry. Among the numerous paths to achieve sustainability, because it 

provides a different perspective, nanotechnology is gaining increased attention [5–10]. In 
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concrete, nanotechnology is used to develop innovative approaches to manipulate the 

structure of cementitious materials at the nano to microscale as a way to improve the 

macroscale properties [11–19]. Improving the mechanical and durability performance of 

concrete is a way to increase sustainability in infrastructure [20,21]. Cement acts as a 

binder in concrete, and controls its mechanical properties. At a smaller scale, calcium 

silicate hydrate (C-S-H) is the primary product of cement hydration and provides the 

binding strength; thus, it plays a crucial role in the mechanical properties and durability of 

concrete [22–25]. Modifications on the microstructure of cementitious materials affect the 

nucleation and structure of C-S-H. Researchers have employed several strategies to modify 

the microstructure of cementitious materials. The incorporation of nanoparticles [20,26–

29] and the introduction of polymeric additives to cementitious materials [14,30,31] are 

two different approaches of particular interest. 

 

Figure 1.1 The oldest concrete street in America built in 1891 by George Bartholomew in Bellefontaine, 
Ohio (Image from www.trover.com). 
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1.1.  Objectives 

The objective of this study is to explore the effect of polymers and biomolecules on the 

microstructure and nanomechanical properties of C-S-H. The fundamental findings of this 

study can set the stage for an innovative approach to engineer modern infrastructure 

materials. In pursuit of the objective of this study, this dissertation aimed: 

 To obtain a fundamental understanding of the interaction between organic 

compounds with different functional groups and C-S-H.  

 To explore the effect of the interactions between the organic compounds and C-S-H 

on the atomic structure and morphology of C-S-H. 

 To elucidate how the microstructural modification of C-S-H with organic compounds 

influences its nanomechanical properties. 

 To fabricate C-S-H/polymer nanocomposites using the layer-by-layer technique and 

investigate their morphology, and measure their elastic modulus using 

nanoindentation. 

1.2.  Structure of C-S-H 

The heterogeneity in the microstructure of concrete ranging from macroscale to 

nanoscale is shown in Figure 1.2. At the macroscale, concrete consists of aggregates, 

macropores, and a cement paste binder (Figure 1.2a). At the microscale, the cement paste 

binder is a multiphase system consisting of unhydrated cement, capillary pores and 

hydrated cement primarily made of calcium-silicate-hydrate (C-S-H) and calcium 

hydroxide (Ca(OH)2) (Figure 1.2b). At the mesoscale, the C-S-H composite is comprised 

of disordered stacks of up to ten or even hundreds of nanolayers, and pores, referred to as 
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gel pores [23,32,33] (Figure 1.2c and Figure 1.2d). There are several studies on the 

stoichiometry of C-S-H, suggesting various models to describe its chemical structure 

[25,34,35]. However, it is generally acknowledged that C-S-H in hydrated cement systems 

does not have a specific chemical formula and its stoichiometry varies in a range of calcium 

to silicate ratio (C/S ratio) of 0.6 to 2.3. In low C/S ratios, each C-S-H nanolayer is 

composed of a CaO sheet sandwiched between silicate chains. Ideally the repeating unit of 

the silicate chain consists of three silicate tetrahedra, two facing the CaO sheet (pairing 

tetrahedra), and one facing the interlayer region (bridging tetrahedron). This type of 

structure is similar to that of a natural mineral called tobermorite; however, in the structure 

of C-S-H some of the bridging tetrahedra are missing (Figure 1.2e). 

 

 

(a) (b)

(c) (d)

Aggregate 

Cement paste 
binder 

Capillary 
pores 

Macropores 

Hydration 
products 

Unhydrated 
cement 

C-S-H 
stack 

Silicate 
tetrahedron

Ca atoms 

Ions and water in interlayer space

Low C/S 

High C/S 

(e)

Gel 
pore 

Figure 1.2 Heterogeneity in the structure of concrete from macro scale to nano scale. 
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1.3.  Microstructural Modifications Using Polymers 

In nature, certain nanocomposites with superior mechanical properties, such as nacre, 

are composed of inorganic pellets bound together with an organic glue, forming a layer-

by-layer structure. The lamellar microstructure of nacre is shown in Figure 1.3. The 

inorganic aragonite (a crystallographic form of calcium carbonate) pellets are glued 

together by proteins and polysaccharides in a brick-and-mortar structure [36]. The 

hierarchical microstructure of nacre - consisting of 95% hard aragonite and 5% organic 

compound – is responsible for enhanced mechanical properties achieving a fracture 

toughness value of 3 to 9 times higher than that of aragonite [36]. 

 

 

The idea of modifying C-S-H nanoparticles with polymers is inspired by the structure 

of nacre and other biological nanocomposites in order to learn from millions of years of 

evolution and achieve new perspectives to design new materials with superior engineering 

properties [37]. As for the first step, a deep understanding of the different mechanisms by 

which polymers interact with C-S-H is necessary. Several interaction mechanisms have 

been suggested among which surface adsorption and intercalation are the most common 

ones [16]. These two mechanisms are depicted in Figure 1.4. In surface absorption, the 

polymer is grafted at the surface of the C-S-H stack. This mechanism does not change the 

Organic 
glue  

Inorganic 
pellet 

Figure 1.3 The lamellar microstructure of nacre (images from hiveminer.com). 
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structure of C-S-H. The adsorbed polymer decreases the packing density of the system and 

consequently, affects its mechanical properties [15]. In intercalation, however, polymers 

intercalate into the interlayer space of C-S-H layers and increase the interlayer distance. 

Intercalation is expected to affect the mechanical properties of the C-S-H system. As 

suggested by previous studies, the interaction mechanism between C-S-H and polymers 

depends on both C-S-H stoichiometry and polymer structure [11,13,38]. The C/S ratio of 

C-S-H, the functional groups present in the structure of polymer, and the conformation of 

the polymer molecule and its molecular weight, are determining factors that need to be 

investigated. 

 

 

Polymers, both synthetic and natural, are composed of repeated molecules with 

different structures. The variation in the number and chemical structure of the monomers 

provides polymers with a broad range of physical and chemical properties that make them 

suitable for a variety of applications [39]. The functional groups in the structure of 

polymers determine the way they interact with inorganic materials. These functional 

groups are classified into three categories: charged, polar, and non-polar. The nature of 

interaction between charged functional groups and inorganic materials is electrostatic. 

 Increased interlayer distance 

Surface adsorbed polymer

Intercalated polymer 

C-S-H nanosheet 

Figure 1.4 Different mechanisms of interaction between polymers and C-S-H nanoparticles. 
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Polymers with polarized functional groups are capable of forming secondary bonds with 

inorganic solids. These secondary bonds are stronger when the functional group is N-H or 

O-H and are called hydrogen bonds. The intermolecular bonds in polymers with non-polar 

functional groups are extremely weak and limited to occasional polarity due to valence 

electrons movements [40]. These polymers are generally hydrophobic.  

Block copolymers are a class of polymers where two or more different blocks of 

monomers unite together in a linear and/ or radial order to form the polymer molecule. 

Copolymers can have any of the charged, hydrogen bonding and hydrophobic functional 

groups in their structure which provide them with an ability to interact with various types 

of materials. Amphiphilic copolymers possess both hydrophilic and hydrophobic 

properties and have the ability to be used as surfactants. This makes them a good candidate 

as a structural-directing agent for synthesis of inorganic structures where a high level of 

control on the shape and size of the particles is desired [41–44] . The self-assembly of the 

block copolymers both in bulk and in solution has been the focus of many studies [45–47]. 

Block copolymers can aggregate into various complex and hierarchical structures and 

morphologies including spheres, hexagonally packed cylinders, lamellae and etc. [45,48]. 

When the concentration of the amphiphilic block copolymers in the solvent is higher than 

a critical concentration – called the critical micellization concentration (CMC) – the block 

copolymers undergo a micellization process in which the polymer chains assemble 

themselves in the form of micelles, vesicles or cylinders [48,49]. A schematic of micelle 

formation in amphiphilic block copolymers is shown in Figure 1.5. 
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The addition of polymeric additives to cementitious materials can affect their 

microstructure and can influence their physical and chemical properties by changing the 

interfaces and surface chemistry of cement particles during the hydration process 

[31,50,51]. The use of organic materials to modify the microstructure of cementitious 

materials can also be studied in the concept of organic/inorganic nanocomposites. This 

approach is inspired by the microstructure of biomaterials. Certain biological 

nanocomposites, such as bones, teeth, nacre of abalone shells, exhibit superior mechanical 

and physical performance unmatched by engineering materials [11,15,17,19,52,53]. 

Inspired by nature, there have been intense research efforts to understand the underlying 

mechanisms for high mechanical and physical properties of biological nanocomposites. A 

major goal of these studies is to enable synthesis of materials with improved mechanical 

and functional properties exceeding those of the traditional materials. It has been shown 

that the high mechanical performance of bio-composites is attributed to the interaction 

between organic and inorganic materials governing their microstructure [52,54–56]. The 

intricate microstructure of certain bio-composites achieved when inorganic reinforcements 

are glued together by an organic polymeric compound results in a combination of high 

Hydrophilic 
Micelles 

Hydrophilic 

Hydrophobic 

Figure 1.5 Schematic of micellization in amphiphilic block copolymers. 



www.manaraa.com

9 
 

 
 

strength and high toughness for bio-composites [52]. Verho et al. [55] produced a bio-

inspired nanocomposite of nanoclay and poly(vinyl alcohol) and investigated its 

mechanical response in different humidity levels. Wang et al. [57,58] reported an 

improvement in mechanical properties of a polymer matrix when it was reinforced with 

nanolayered silicate clays to form nanocomposites with intercalated or exfoliated 

structures. Rodríguez Hernández et al. [59] used nanosilica with different weight 

percentages in a polymer matrix and reported an improvement in the stiffness value of the 

matrix.  In cementitious materials, the incorporation of polymers as an organic compound 

is promising because it has the potential to enhance the mechanical performance of C-S-H. 

However, there has been differences of opinion over the feasibility of intercalating the 

polymers between the C-S-H stacks. Matsuyama et al. [11–13] were the first to investigate 

the possibility of intercalation of polymers with different charges into the structure of C-S-

H with various calcium to silicate ratios. Although they did not report a successful 

intercalation of small sized polymer molecules, they claimed that polymers with higher 

molecular size can intercalate between the C-S-H layers. Based on their findings, the 

intercalation of cationic polymers between C-S-H layers are more favorable at low C/S 

ratios. However, anionic polymers are more likely to intercalate at high C/S ratios. They 

also reported a possible intercalation of non-ionic poly(vinyl alcohol) which was related to 

the interaction of the polymer with C-S-H, facilitated though the partial ionization of the 

polymer molecule at the high pH of the synthesis. Merlin et al. [17] claimed that the 

intercalation of the polymer between the C-S-H stacks is hard to achieve. They did not 

have any success in intercalation of polymers into C-S-H structure by pozzolanic reaction 

method or precipitation method. However, they reported the interaction of polymers with 
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the C-S-H stacks which facilitated the adsorption of the polymer onto the surface of the 

stacks or in the void space between the stacks. According to Popova et al. [30] large amount 

of polymers can be adsorbed onto the C-S-H particles. However, the adsorbed polymer 

does not change the structure of C-S-H through intercalation. Pelisser et al. [19] claimed 

that a lower molecular weight poly(vinyl alcohol) has the potential to intercalate between 

the C-S-H layers. In another study, Pelisser at al. [15] investigated the interaction of  

poly(diallyldimethylammonium chloride) with C-S-H. According to their findings, at C/S 

of 0.8, some poly(diallyldimethylammonium chloride) intercalated between the C-S-H 

layers. However, the rest of the polymer was adsorbed on the surface of C-S-H and 

decreased the elastic modulus and hardness of the C-S-H complex by decreasing its 

packing density. Alizadeh et al. [16] synthesized C-S-H with aniline and then polymerized 

the monomer to achieve C-S-H/polyaniline nanostructures. They reported a potential 

increase in the silicate polymerization at various C/S levels in polyaniline modified C-S-

H. Khoshnazar et al. [18] investigated the effect of low molecular size nitrobenzoic acid 

on the structure of C-S-H and reported a possible intercalation at a low polymer 

concentration. Minet at al. [60] showed that small molecular sized organic molecules are 

able to intercalate between the C-S-H layers without changing the structural framework of 

C-S-H. However, phase separation occurred for the C-S-H/polymer complexes when the 

polymer molecule was large in size or highly hydrophobic. In another study [61], they 

reported a successful synthesis of C-S-H with polymers directly bonded to its structure via 

covalent bonds.  
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1.4.  Microstructural Modifications Using Biomolecules 

Biomolecules are the organic compound in certain biological nanocomposites that 

exhibit enhanced engineering properties and therefore they can be used as promising 

compounds to modify the microstructure of bio-inspired materials. The ability to achieve 

biomaterials with superior mechanical properties in nature is facilitated by the interactions 

between biopolymers, such as amino acids and their polymers, and inorganic materials 

[53,62]. Nature has mastered biopolymer sequencing to provide complex interactions 

between biopolymers and inorganic materials; it is this complexity in the structure and 

functionality of biopolymers that controls biomineralization in a specific direction.  

Amino acids are natural compounds that contain both amine and carboxyl functional 

groups as well as a side chain (except glycine) that is unique for each amino acid. The 

structure of amino acids is shown in Figure 1.6. Amino acids based on the functional group 

of their side chain are classified into three different categories: charged, polar (hydrogen 

bonding) and non-polar (hydrophobic) [63,64]. A chain of amino acids are joined together 

to form peptides through peptide bonds. Peptide bonds are covalent bonds formed by the 

reaction between the amino group of one amino acid and the carboxylic group of another 

amino acid. Peptides are the building block of proteins [65].  

Side chain

Amino group 

Carboxylic acid 
group 

Figure 1.6 The structure of amino acids. 
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Picker et al. [66] performed phage display on C-S-H samples with different calcium to 

silicate ratios and pH levels providing various interacting surface properties to shed light 

on the possible interactions occurring between the C-S-H and peptides in the multi-

component system of cement during the hydration. Phage display is a screening technique 

to study proteins and other macromolecules. In this method large random sequences of 

peptides or proteins are expressed to a chosen surface. Libraries of a large number of 

members are studied to specify the sequences that strongly bind to the surface [67]. The 

outcomes of their study [66] revealed the role of hydrophobic functional groups of 

biomolecules in interaction with C-S-H. They showed that an organic additive should 

contain all three charged, H-donating and hydrophobic functional groups to adsorb strongly 

onto C-S-H. This suggests that proteins with their ability to interact with other molecules 

through different functional groups can be considered a promising organic compound to 

manipulate the properties of C-S-H/polymer systems. 

1.5.  Microstructural Modifications Using Nanomaterials 

Nanomaterials have the potential to revolutionize the construction industry by 

enhancing the performance of construction materials and introducing new properties to 

construction materials [26–29]. Some of the applications of nanotechnology in 

cementitious materials are listed as follows [68]:  

 Improving the mechanical properties through microstructural densification, enhancing 

the cement hydration, improving the aggregate-paste bonding strength, self-healing of 

micro-cracks, and developing stress-sensing properties in concrete. 

 Enhancing the durability properties by reducing the permeability and improving the 

shrinkage properties. 
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 Developing sustainable and safe concrete materials such as self-cleaning concrete and 

sustainable cement. 

 The addition of nanomaterials with high surface/volume ratios to cementitious 

materials improves their microstructural characteristics, and as a result, their performance 

and durability properties [20]. Nanoparticles improve the performance of cementitious 

materials through various mechanisms. One mechanism is that the uniformly dispersed 

nanoparticles in the cement paste provide nucleation sites for deposition of cement 

hydration products. Thus the incorporation of nanoparticles in the cementitious matrix 

improves and accelerates the cement hydration process [68–70]. Some nanoparticles such 

as carbon nanofibers and carbon nanotubes with a high aspect ratio can uniformly disperse 

in the cement mixture and interrupt the microcracks during the propagation with a bridging 

mechanism [71]. Another mechanism is that the nanoparticles with pozzolanic properties 

react with calcium hydroxide and produce more C-S-H [68,72–74]. Researchers have 

previously studied the use of silica nanoparticles [75–77], carbon nanotubes [71,78–80], 

TiO2 nanoparticles [81–87], and clay nanoparticles [88–91] in cementitious materials.  

Lackhoff et al. [81], Lee et al. [85] and Zhang et al. [86] reported an increase in the 

compressive strength of cementitious materials containing TiO2. Graphene oxide (GO) 

nano platelets which have a sheet-like structure and obtain functional groups during the 

oxidation process are also a promising additive for cementitious materials and polymers 

[20]. Previous studies have shown that the use of GO nanosheets can improve the 

mechanical properties of cement paste at macroscale by modifying the formation and 

regulating the microstructure of C-S-H [92–94]. 
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1.6.  Layer by Layer Assembly 

Layer-by-Layer (LBL) assembly is a widely used “bottom-up” nanofabrication 

technique that has applications in fabrication of various types of coatings and free standing 

thin films and hierarchical nanostructures [95–100]. Bottom-up nanofabrication is a novel 

manufacturing strategy in which the component molecules are self-assembled to build the 

desired nanostructure [101].  LBL assembly technique allows different types of polymers 

and nanoparticles to be incorporated in the structure of thin films through electrostatic and 

other interaction [102]. The mechanism of LBL assembly is depicted in Figure 1.7. In this 

technique, the thickness of the layers can be highly controlled, and this facilitates tailoring 

the structure of composites at a small scale. The continuous assembly of the layers 

facilitated through the charge reversion after the deposition of each layer, makes it possible 

to fabricate thin films with desired number of layers [101]. LBL has numerous applications 

in the design of light-emitting diodes [103,104], non-linear optics [105], metal composites 

[106,107], biomedical microcapsules [108,109] and tissue engineering [110,111]. 

Inorganic materials such as colloidal particles, graphene oxide [112] and nanoclay have 

been successfully incorporated in LBL fabricated thin films. 

 

Figure 1.7 Fabrication of thin film using layer by layer assembly. 
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Guo et al. [98,99] used C-S-H as the inorganic unit in LBL assemblies to fabricate 

super-hydrophilic and antireflective coatings. Two polymer/ion complexes, one with 

calcium ions and one with silicate ions, were deposited layer by layer on a substrate. 

Precipitation of C-S-H between the layers was provided through the reaction of calcium 

and silicate ions.  

Due to the ability of the LBL method to produce nanocomposites with a nanoscale 

control, this technique is useful in the fundamental study of C-S-H/polymer 

nanocomposites. This technique permits to investigate the effect of various relevant 

parameters including the polymer molecular structure and charge, C-S-H composition, pH, 

and others on the microstructure and mechanical properties of C-S-H/polymer 

nanocomposites at the nanoscale. In addition, since the surface characteristics including 

surface roughness of C-S-H/polymer nanocomposite can be tuned to achieve a very low 

roughness suitable for nanoindentation, the LBL technique can provide an alternative 

approach to fabricating samples for use in nanomechanical characterization of this kind of 

nanocomposites. 

1.7.  Chapters Overview 

In chapter 2 of this dissertation, a detailed description of the experimental methods used 

for characterizing the structure, investigating the morphology, and elucidating the 

mechanical properties of the composites is provided. Different materials used in this study 

including polymers, copolymers and biomolecules, are introduced, and sample preparation 

procedures for different test methods are described in this chapter. 
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In order to investigate the feasibility of using copolymers with distinct functional 

groups to manipulate the structure and mechanical performance of cementitious systems, 

Chapter 3 examines the composition-structure-property relations of C-S-H/polymers and 

C-S-H/copolymers systems. In this chapter, polymers with different charges and 

copolymers, with various structures, molecular sizes and functionalities are used to 

synthesize C-S-H/polymers and C-S-H/copolymers complexes. The characterization 

methods are used to study the structure and morphology of the complexes and the 

mechanical properties are examined using AFM nanoindentation. 

Chapter 4 aims to investigate the effect of biomolecules on the microstructure and 

nanomechanical behavior of C-S-H. Amino acids with different functional groups, and 

proteins with different sizes and structures are used to synthesize C-S-H/biomolecules 

complexes. Experimental methods are utilized to investigate the possibility of adsorption 

of biomolecules onto C-S-H. Characterization methods are used to study the atomic 

structure of the complexes. Nanomechanical properties are examined using AFM 

nanoindentation. 

In Chapter 5, C-S-H/polymer composites are synthesized using the LBL method and 

their morphology and mechanical properties are investigated. Nanocomposites are made 

using different sets of polymers to produce different morphologies and properties. In 

addition, GO nanosheets are used in the LBL assembly to elucidate the interaction between 

GO nanosheets and C-S-H/polymers and their effects on the morphology of the 

nanocomposites. GO nanosheet with a sheet like structure and functional groups obtained 

during the oxidation process are considered a promising additive for cementitious materials 

[20,113]. It is shown that use of GO nano sheets can improve the mechanical properties of 
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cement paste at macroscale by modifying the formation and regulating the microstructure 

of C-S-H [92–94]. Therefore, GO nanosheets are incorporated in the LBL fabricated C-S-

H/polymer nanocomposite to obtain insight into their effect on the nanocomposite. The 

planar shape of GO is well suited to study its interaction with C-S-H in LBL fabricated 

nanocomposites.  

The fundamental knowledge obtained from this research can set the stage for a new 

design paradigm to engineer innovative infrastructure materials. The primary hypothesis 

pursued here is based on the premise that polymers and biomolecules can provide diverse 

interaction pathways with the nanostructure of C-S-H, which, in turn, can be exploited to 

direct the microstructure and mechanical properties of C-S-H. The ability to tune the 

properties of C-S-H by the means of versatile polymers and biomolecules will open a new 

paradigm in the design of bio-inspired cementitious materials with superior mechanical 

properties to address critical needs for innovation in civil infrastructure materials. The 

cement and concrete industry is entitled to new developments and inventions in order to 

preserve the progressive nature of concrete [2]. Concrete continues to reflect the needs of 

society and in the present our need is to implement strategies for achieving sustainable 

developments in order to build our prosperous, just and secure future [3]. 
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Chapter 2 

2. Experiments 

In this chapter some of the test methods used to study the atomic structure, morphology 

and mechanical properties of the C-S-H complexes are introduced. It is important to note 

that a combination of these test methods are often required to obtain a conclusive 

understanding of the structure and properties of the complexes, as each test method has its 

own limitations.  The materials used in this study as well as synthesis procedures followed 

to prepare the C-S-H composites are also described in this chapter. 

2.1. Test Methods 
2.1.1. Total Organic Carbon (TOC) Measurement 

TOC is an analytical technique that measures the amount of organic molecules and 

contaminants in water, and can be used as an indicator of water quality [114]. There are 

two types of TOC analyzers. One type measures the amount of organic carbon by the 

differential method and the other type works by the direct method. In the differential 

method, the amount of both inorganic carbon and total carbon is measured. Then the 

amount of organic carbon is calculated by subtracting the organic carbon from the total 

carbon. In the direct method, solutions are acidified with a concentrated H3PO4 to convert 

all inorganic carbon to carbon dioxide. The carbon dioxide is removed from the sample by 

purging the solution using a purified gas. Then, the sample is injected into a combustion 

tube and the amount of total carbon present in the solution is measured by the device. In 

this study the TOC method was used to measure the amount of adsorption of the 

biomolecules onto C-S-H. A Shimadzu TOC5000 Analyzer was used for TOC 

measurements. 
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2.1.2.   X-Ray Diffractometry (XRD) 

XRD is an analytical technique which is used to characterize crystalline materials. X-

ray diffractometers consist of an X-ray tube, a sample holder and an X-ray detector. X-rays 

are generated in a cathode ray tube by heating a filament to produce electron beams. These 

beams are filtered and directed toward the sample. Diffracted beams are collected and 

analyzed to investigate the structure of the sample. In a crystalline material, the atoms are 

located in a repeating order as is shown in Figure 2.1. Since the wavelength of X-ray is the 

same order of magnitude as the spacing between the planes in crystals, a significant 

diffraction is produced once the X-ray beams hit the parallel layers. This facilitates the 

measurement of the distance between the planes in the structure of a crystalline material. 

The interlayer distance of samples is calculated using Bragg’s equation [115]: 

 ndSin 2                                                                                                                                      (2.1) 

where d is the interlayer distance (Å), θ is the peak angle (degrees), n equals 2 and λ is 

1.5418 (Å) for the Cu source . 

 

 

X-ray beams 

θ 

dSinθ 

d 

Figure 2.1 X-ray diffraction for crystalline materials. 
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XRD which is particularly effective in characterizing materials with a layered structure 

has been successfully utilized in studying cement-based materials [16,25,116]. The XRD 

spectrum of a cement paste powder after 28 days of aging is shown in Figure 2.2. 

In this study, the change in the interlayer distance of C-S-H nanolayers was evaluated 

by measuring the change in the reflection peak corresponding to the 002 basal spacing in 

the XRD spectrum. A Siemens XRD was used to conduct the experiments. 

 

 

2.1.3.   Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectroscopy is an analytical method for detecting functional groups and 

characterizing chemical bonds, and has a variety of applications in chemistry, especially in 

the field of polymers and organic compounds. In this technique, an infrared spectrum of 

absorption or emission of the sample is produced. The chemical bonds in molecules of the 

sample can be identified by analyzing this spectrum. The produced infrared spectrum is a 

distinctive molecular fingerprint which is unique to each material [117]. 
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Figure 2.2 XRD spectrum of a cement paste powder after 28 days of aging. 
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In this study, FTIR was used to study the polymerization of silicate chains in C-S-H 

nanolayers. In this method, the characteristic stretching vibrations of Si-O bonds was used 

to identify different silicate bonds present in C-S-H [15,16,118]. The presence and intensity 

of the middle chain silicate tetrahedra (Q2) and end chain silicate tetrahedra (Q1) can be 

detected using the FTIR spectra (Figure 2.3). An increase in the (Q2/Q1) ratio is usually an 

indication of an increase in the polymerization of silicate chains. The degree of silicate 

chain polymerization is dependent on the composition and C/S ratio [119]. The FTIR 

analysis was conducted using a Perkin Elmer Paragon 1000 FTIR. 

 

 

2.1.4.   Zeta Potential 

Zeta potential is defined as the electrokinetic potential in colloidal dispersions. There 

is no direct method of measuring zeta potential but it can be calculated using indirect 

methods. When an electric field is applied to the electrically charged particles of a colloidal 

suspension, they exhibit different effects called the electrokinetic effects [120]. For 

example, the applied electric filed can affect the movement of colloidal particles in the 

suspension. Under the influence of an applied electric filed, the charged particles in the 

liquid move toward the electrode of opposite charge. Once the electric forces on the 

particles are in balance with the viscous forces, particles move with a constant velocity. 

Q2 Q1

Figure 2.3 Middle chain silicate tetrahedra (Q2) and end chain silicate tetrahedra (Q1) in C-S-H.
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The velocity of the colloidal particles under the influence of the electric field is called the 

electrophoretic mobility. The zeta potential can be calculated by determining the 

electrophoretic mobility and applying Henry equation as follows [120]: 




3

)(2 azf
UE                                                                                                                                       (2.2) 

where, z is the zeta potential, UE is the electrophoretic mobility, ε is the dielectric constant, 

η is the viscosity and f(κa) is the Henry’s function which is approximated to be either 1 or 

1.5. 

In this study, a Malvern Zetasizer was used to measure the charge and size of polymers, 

polymer complexes and C-S-H particles.  

2.1.5.   Scanning Electron Microscopy (SEM) 

A scanning electron microscope is a type of electron microscope that uses a focused 

high-energy beam of electrons to scan the surface of a solid sample. Once the beam hits 

the sample, electrons interact with atoms in the surface of the sample, and electrons and X-

rays are ejected by the sample as is shown in Figure 2.4. Secondary electrons, backscattered 

electrons and X-rays ejected from the sample are detected by the microscope detector and 

converted into signals. These signals are analyzed to obtain information about the 

morphology and composition of the sample. Secondary electrons are emitted when atoms 

on the surface of the sample are excited by the electron beam. Secondary electrons are 

detected to provide information about the morphology and topography of the sample. Once 

excited electrons return to lower energy shells, they emit X-rays. Wavelengths of the X-

rays are dependent on differences between energy levels of electrons which is unique to 

each element. The emitted X-rays are detected by the microscope to characterize 
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component elements of the sample. Backscattered electrons provide information regarding 

the composition of multiphase systems. They are detected and analyzed to illustrate the 

variation in the composition by a varying contrast. In this study, the morphological 

characteristics of C-S-H was examined using a FEI XL-30 Field Emission ESEM/SEM. 

 

 

2.1.6.   Atomic Force Microscopy 

An atomic force microscope is a type of scanning probe microscope which is primarily 

designed for imaging at the nano and micro scale and measuring the fundamental 

interaction forces between different materials [121]. In AFMs, a sharp probe assembled on 

a cantilever raster scans a small area of the sample. The vertical and lateral deflections of 

the cantilever are measured by an optical lever which collects a laser beam reflected off the 

back of the cantilever as is shown in Figure 2.5. AFMs can operate in contact or non-

contact mode. The morphology of the samples were studied using a TT-AFM from 

AFMWorkshop. A silicon probe from AppNano with a cantilever length and width of 225 

X-ray 
characteristic 

Backscattered 
electrons 

Secondary 
electrons 

Electron beam 

Figure 2.4 Emitted signals once an electron beam interacts with the surface of the sample.
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μm and 40 μm, a tip radius of less than 10 nm and spring constant of 36-90 N/m was used 

for imaging. Images of each sample were taken in the non-contact mode 

 

 

AFM is shown to be useful in the determination of the Young’s modulus of materials 

with mechanical properties changing over a nanoscale [24,122] making it a promising 

method for mechanical characterization of cementitious materials [24].  

In AFM indentation test a probe with a known cantilever stiffness comes into contact 

with the material, indents up to a certain depth and then retracts from the surface as is 

shown in Figure 2.6a. The deflection of the beam versus vertical position of the tip is 

recorded by the instrument. Deflection data is logged as an electrical signal in volts units 

that needs to be converted to length unit using a sensitivity factor. Sensitivity is calculated 

as the slope of a linear fit to voltage-distance curve when the same probe is pushed against 

a relatively hard surface compared to the material to be tested so that the indentation depth 

can be assumed to be negligible. Deflection is converted to force using the spring constant 

of the cantilever and Hooke’s law to obtain the force-distance curves. The amount of 

deflection corresponding to the cantilever response obtained from the test on the hard 

Cantilever 

Laser beam 

Detector 

Probe Tip 

Figure 2.5 Basic components of light lever AFM detection system. 
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surface with no penetration is subtracted from the total deflection to generate force-

indentation distance curves.  

In this study, the force-indentation distance of the unloading curves were fitted to Hertz 

model using the following formula [123] in a Matlab code: 

5.15.0

3

4 MRF                                                                                                                                             (2.3)  

where F is the force in nN, R is the tip radius in nm and M is calculated with the following 

expression: 

2

2
2

1

2
1 111

EEM

 



                                                                                                             (2.4) 

where ν1 and E1 are the Poisson’s ratio and Young’s modulus (GPa) of the material and ν2 

and E2 are the Poisson’s ratio and Young’s modulus (GPa) of the AFM tip. Since a diamond 

probe was used in this study and the value of the Young’s modulus of diamond is much 

higther than that of the material being tested, the above-mentioned expression was 

simplified as follows: 

1

2
111

EM


                                                                                                                        (2.5) 

In this study, a cube corner diamond probe (DNISP from Bruker) with a spring constant 

of 291 N/m and a tip radius of 40 nm based on the specification provided by the 

manufacturer was used for AFM indentation. The deflection sensitivity was calibrated 

using a sapphire substrate purchased from Bruker.  
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2.2. Materials 
2.2.1. C-S-H Composites 

In this study, a set of cationic, anionic and polar polymers, a set of amphiphilic 

copolymers, four types of amino acids and three types of proteins were used. The name 

and properties of the polymers are listed in Table 2.1. The structure of these polymers is 

depicted in Figure 2.7. Polyvinyl alcohol (PVA) is a water-soluble polymer that has 

hydroxyl groups in the monomers and capable of hydrogen bonding. 

Poly(diallyldimethylammonium chloride) (PDDA) contains strong cationic groups. 

Because of its charge stability at high pH, PDDA is used to stabilize the negatively charged 

matters in waste water [124]. Poly(acrylic acid) (PAA) is an anionic polymer that has 

carboxyl groups on every two carbon atoms of the main chain. PAA is one of the most 

commonly used water-soluble anionic polymers for different applications such as 

dispersing agent, superabsorbent polymer, ion-exchange resin and etc. [125–127]. 

Approach 
Retract 

Displacement 

F
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ce
 

(a) (b)

Figure 2.6 (a) Interaction of the cantilever tip with the surface of the sample in AFM nanoindentation, (b) 
image of the AFM device. 
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Name Abbreviation 
Mw 

(g/mol) 
Charge 

Polyvinyl alcohol PVA 1900 Non-charged 

Poly(diallyldimethylammonium chloride) PDDA 8000 Positive 

Poly(acrylic acid) PAA 16000 Negative 

Table 2.1 List of cationic, anionic and polar polymers used in this study. 

 

 

The name and properties of copolymers are listed in Table 2.2. The structure of the 

copolymers is shown in Figure 2.8. Poly(ethylene glycol) (PEG) is a polymer with unique 

properties that has numerous applications in polymer and surfactant technology. PEG with 

1 oxygen atom and 2 methylene groups in the backbone is water-soluble. However, 

structurally similar polymers with 1 or 3 methylene groups in their backbone are 

hydrophobic and insoluble in water. The properties of PEG have been shown to be 

dependent on molecular weight of the polymer [128]. Triblock copolymers of PEG and 

poly(propylene glycol) (PPG) are one group of extensively used polymeric surfactants. 

PPG acts as the hydrophobic part in the amphiphilic structure of PEG-PPG block 

copolymers. The mass ratio of PEG to PPG as well as the sequence of the blocks play an 

important role in the way they behave in water [129]. PEG-PPG-PEG block copolymers 

(a) (b) (c)

Figure 2.7 Chemical structure of (a) PVA, (b) PDDA and (c) PAA.                                 
(Structures are from SigmaAldrich website). 
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and PPG-PEG-PPG block copolymers are two groups of PEG-PPG block copolymers that 

have been studied by researchers [129–132] . 

PEG-PPG-PEG with three different molecular weights was used to elucidate the effect 

of size of copolymers on the structure and properties of C-S-H. PPG-PEG-PPG and O,O′-

Bis(2-aminopropyl) PPG-PEG-PPG are two other copolymers of PEG and PPG with the 

comparable molecular sizes. The latter has 2 polar functional groups of aminopropyl 

groups at two ends of its chain while the former has no any additional functional groups. 

Poly(1-vinylpyrrolidone-co-2-dimethylaminoethyl methacrylate) was used as the very 

high molecular weight amphiphilic copolymer. 

 

Name Abbreviation 
Mn    

(g/mol) 
PEG 

Content (%)

Poly(ethylene glycol)-block-
poly(propylene glycol)-block-
poly(ethylene glycol) 

PEG-PPG-PEG1900 1900 50 

Poly(ethylene glycol)-block-
poly(propylene glycol)-block-
poly(ethylene glycol) 

PEG-PPG-PEG8000 8000 80 

Poly(ethylene glycol)-block-
poly(propylene glycol)-block-
poly(ethylene glycol) 

PEG-PPG-PEG16000 16000 82.5 

Poly(propylene glycol)-block-
poly(ethylene glycol)-block-
poly(propylene glycol) 

PPG-PEG-PPG 3300 10 

O,O′-Bis(2-aminopropyl) 
poly(propylene glycol)-block-
poly(ethylene glycol)-block-
poly(propylene glycol) 

Aminopropyl PPG-PEG-PPG 2100 50 

Poly(1-vinylpyrrolidone-co-2-
dimethylaminoethyl methacrylate)

PVP-DMEMA 1000000 - 

Table 2.2 List of copolymers used in this study. 
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Biomolecules used in this study including four amino acids with different functional 

groups and proteins are listed in Table 2.3. Because of their small size as well as their 

simple chemical structure, the possible interactions between amino acids and C-S-H is 

anticipated to be only related to their functional groups. Charged amino acids included 

arginine and glutamic acid, H-bonding amino acid was glutamine, and hydrophobic amino 

acid was leucine. The structure of the amino acids is shown in Figure 2.9. 

 

 

 

 

(a) (b)

(c) 

(d) 

Figure 2.8 Chemical structure of (a) PEG-PPG-PEG, (b) PPG-PEG-PPG, (c) Aminopropyl PPG-PEG-PPG 
and (d) PVP-DMEMA (Structures are from www.sigmaaldrich.com). 
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Name Charge Description 
Arginine Positive Natural amino acid 

Glutamine Polar Natural amino acid 
Leucine Nonpolar Natural amino acid 

Glutamic acid Negative Natural amino acid 
Lysozyme - From chicken egg white 
Albumin - Bovine serum albumin (BSA) 

Hemoglobin - Human hemoglobin 

Table 2.3 List of biomolecules used in this study. 

 

 

Three proteins including lysozyme, albumin, and hemoglobin were also studied. The 

structure and estimated isoelectric point (PI) of the proteins are shown in Table 2.4. The 

structure is extracted from an online resource powered by the Protein Data Bank Archive 

[133–141]. The PI value is estimated using H++ 3.0, an automated system that computes 

PI values of ionizable groups in biomolecules at a specified pH [142–145]. Albumin has 

the largest size among the proteins. The percentage of amino acid residues with different 

pKa values present in the structure of the proteins is shown in Figure 2.10. pKa is an index 

that determines the acidity of materials. It is evident that a higher number of amino acid 

residues with higher pKa values are present in the structure of lysozyme. 

 

(a) (b) (c) (d) 

Figure 2.9 Structure of (a) arginine, (b) glutamine, (c) leucine and (d) glutamic acid. 
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Name Lysozyme Albumin Hemoglobin 

Structure 

 
 

 

Diameter (nm) 4 5.5 5 

Number of ionizable 
amino acid residues 

86 440 87 

PI 10.6 5.47 7.96 

Table 2.4 Specification of the proteins used in this study. 
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Figure 2.10 Percentage of ionizable amino acid residues with different pKa values in the structure of the 
proteins. 
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2.2.2. Layer-by-Layer Fabrication 

To prepare the C-S-H/polymer composite using LBL method, calcium acetate, sodium 

silicate, two types of cationic polymer, and two type of anionic polymer were used. 

Cationic polymers were poly(ethyleneimine) (PEI) with a molecular weight of Mw = 750 k 

g/mol and poly(diallyldimethylammonium chloride) (PDDA) with a molecular weight of 

Mw = 200-350 k g/mol. PEI contains amino groups but PDDA is a quaternary ammonium 

polyelectrolyte [146]. Anionic polymers included poly(sodium 4-styrenesulfonate) (PSS) 

with Mw = 70 k g/mol and poly(acrylic acid) (PAA) with Mw = 250 k g/mol. 

Graphene oxide (GO) was used in preparing GO/C-S-H/polymer composites and 

purchased in the form of a dispersion with a concentration of 5 mg/ml. To measure the 

thickness and size of the GO nanosheets a diluted solution of the dispersion was placed on 

the surface of a freshly cleaved mica and rinsed after a few minutes. The surface of the 

mica was scanned by AFM. The AFM scan of the mica surface is shown in Figure 2.11. It 

is seen that the GO nanosheets are about 1 nm in thickness and 1-2 μm in the planar 

dimensions.  

 

 

2 μm X (μm) 

Y
 (

nm
) 

1 nm

Figure 2.11 AFM scan of GO nanosheets adsorbed on the mica substrate. 
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2.3. Sample Preparation 

C-S-H can be produced from the direct reaction of lime and silica in an excess of water 

through pozzolanic reaction [11]. Another way to synthesize C-S-H is through 

precipitation, when a calcium salt and silicate solution react with each other [147]. The 

amount of crystalline C-S-H produced in pozzolanic method is more than that of 

precipitation method. However, the pozzolanic reaction has been observed to be slower 

than precipitation. In this study, C-S-H with varied C/S ratios was synthesized in the form 

of powder using direct precipitation by the reaction of calcium and silicate ions in an 

aqueous solution. A 1 M CaCl2 solution was gradually added to a 0.22 M Na2SiO3 solution 

and stirred for seven days on a hot plate at 60ºC in a CO2 free glovebox in order to prevent 

carbonation. The synthesis set up is shown in Figure 2.12a. The solutions were filtered and 

washed with deionized water and acetone and then dried under vacuum for three days and 

then passed through a #60 sieve to obtain a fine powder. The fine powders were stored in 

the CO2 free glovebox and were only taken out for performing experiments to minimize 

the amount of exposure to air. The sample powders for SEM, XRD and FTIR were 

transferred in sealed glass vials. 

 

(a) (b)

Figure 2.12 (a) Synthesis of C-S-H samples in a CO2 free glove box, (b) C-S-H pellet set in epoxy for 
nanomechanical testing and AFM scanning. 

10 mm 
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The preparation of the C-S-H samples modified with organic compounds was the same 

as the control C-S-H sample, except that the organic compounds were pre-dissolved in the 

Na2SiO3 solution before the addition of CaCl2 solution. Polymers with concentrations 

corresponding to 0.5 g of polymer to 1 g of calcium salt, copolymers with concentrations 

corresponding to 0.025 g of copolymers to 1 g of calcium salt, and biomolecules with 

concentrations corresponding to 0.025 g of biomolecule to 1 g of calcium were added to 

the Na2SiO3 solution. The pH value of the Na2SiO3 and polymer, and Na2SiO3 and 

copolymer solutions was increased to 13.3 by addition of the required amount of a 5 M 

NaOH solution. In preparation of C-S-H samples with biomolecules the pH was not 

increased with NaOH in order to avoid deprotonation of the biomolecules. 

 For mechanical testing the C-S-H powder was placed into a stainless steel mold and 

compacted using a loading machine to a pressure of 30 ksi to obtain a pellet with a diameter 

of 0.5 in. The pellets were cast in epoxy and then the surface of the samples were polished 

using SiC sand papers with grit numbers of 80, 180, 320, 600 and 1200, respectively. 

Isopropyl alcohol was used as a lubricating medium instead of water. Final polishing was 

performed using a diamond paste containing abrasive particles with a size of 1 μm. Samples 

were ultrasonically cleaned in isopropyl alcohol for 30 min to remove the polishing 

residues. The polished samples were used in performing nanoindentation and AFM 

scanning (Figure 2.12b). 

For total organic carbon (TOC) measurement 6.66 ml of a 1g/l amino acid or protein 

solution was mixed with 31.5 ml of a 3.7 mM sodium silicate solution. 4 ml of a 30 mM 

calcium chloride solution was added gradually to the continuously stirring biomolecule and 

sodium silicate solution. The resulting solution had a C to S ratio of 1, and grams of 
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biomolecule to grams of calcium salt ratio of 0.5. The solutions were stirred for 3 days and 

then filtered. Reference samples containing only amino acids or proteins were also 

prepared and used in determining the amount of adsorption of the biomolecules onto C-S-

H. 

To prepare the C-S-H/polymer composite using LBL method, 0.4 g of polymer was 

dissolved in 200 g of deionized (DI) water. The various amounts of sodium silicate and 

calcium acetate were added to the negatively charged polymer solutions and positively 

charged polymer solutions, respectively, to achieve the desired C/S ratios and calcium ion 

concentrations. A glass slide was used as the substrate for LBL deposition. Substrates were 

cleaned with acetone and treated with a hot piranha solution until they stopped bubbling 

followed by rinsing with DI water. Piranha solution wipes off any organic residues and 

provides a negatively charged surface on glass slide. First, the substrate was dipped into a 

solution of positively charged polymer without calcium acetate for 20 min and then rinsed 

with DI water. Second, the substrate was dipped into a solution of negatively charged 

polymer without sodium silicate for 20 min followed by rinsing with DI water. These two 

layers served as a cap layer to facilitate the adhesion of the following layers. The LBL 

deposition was followed by dipping the substrate in the positively charged polymer 

solution with calcium acetate, rinsing with DI water, dipping the substrate in the negatively 

charged polymer solution with sodium silicate, rinsing with DI water and repeating these 

steps until the desired number of bi-layers formed on the substrate. Samples with three bi-

layers were made for morphological study. For the nanomechanical testing, samples with 

25 bi-layers were made to provide sufficient thickness for AFM nanoindentation. For the 

FTIR scanning, a polyacrylonitrile (PAN) substrate was used rather than a glass slide. No 
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piranha solution was used for preparing the PAN substrate. Instead, it was hydrolyzed in a 

2 M NaOH solution for an hour and then rinsed thoroughly with deionized water before 

the layer by layer assembly. 

For the nanocomposites made with GO, a 166 mg/l solution of GO in DI water was 

prepared. The solution was ultrasonicated for an hour to ensure the dispersion of GO 

nanosheets. After assembling the cap layer as previously explained, the substrate was 

dipped in the positively charged polymer solution with calcium acetate for 20 min, rinsed 

with DI water, dipped in the GO solution for 20 min, rinsed with DI water, dipped in the 

negatively charged polymer solution with sodium silicate for another 20 min and rinsed 

with DI water to form a trilayer. This procedure was repeated until the desired number of 

trilayers were assembled. 
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Chapter 3 

3. C-S-H/Polymer and C-S-H/Copolymer Nanocomposites 

In this chapter, cationic, anionic and polar polymers and amphiphilic copolymers were 

used to synthesize C-S-H. The effect of these polymers and copolymers on the structure 

and mechanical properties of C-S-H was investigated. Characterization methods including 

XRD and FTIR were used to study the structure of C-S-H. Morphological examination was 

performed using AFM. AFM indentation technique was used to investigate the 

nanomechanical properties of the C-S-H samples. 

3.1. XRD Results 

The XRD spectra for the control C-S-H and C-S-H samples modified with PVA, PDDA 

and PAA at a C/S of 0.8 and 1.5 are shown in Figure 3.1a and Figure 3.1b, respectively. 

The 2θ range of 3º to 10º corresponds to the peak of the d002 basal spacing reflection. As 

explained in Chapter 2, Bragg’s equation was used to calculate the interlayer distance of 

the samples. The calculated interlayer distance for different C-S-H samples modified with 

the polymers is shown in Table 3.1. 

At C/S of 0.8, it can be observed that in the C-S-H samples modified with PVA and 

PDDA the interlayer distance has increased compared to the control C-S-H sample. 

However, the change for the sample modified with PAA is insignificant. Statistical testing 

cannot be performed to confirm this statement because just one data point for each sample 

was obtained. The XRD results indicate the intercalation of PVA and PDDA into the C-S-

H layers at this C/S ratio. At low C/S ratios each C-S-H nanolayer is composed of a CaO 

sheet sandwiched between silicate chains. Ideally the repeating unit of the silicate chain 

consists of three silicate tetrahedra, two facing the CaO sheet (pairing tetrahedral) and one 
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facing the interlayer region (bridging tetrahedron) similar to the structure of a natural 

mineral called tobermorite; however, in the structure of C-S-H some of the bridging 

tetrahedra are missing. C-S-H particles carry a negative net charge at C/S lower than 0.83 

[11]. By increasing the C/S bridging tetrahedral are removed from the structure changing 

the charge of the C-S-H particles. The variability in the charge and structure of C-S-H as 

the C/S ratio changes, is responsible for the different mechanisms of interaction between 

polymers and C-S-H. The intercalation of the cationic PDDA between the negatively 

charged C-S-H layers at C/S of 0.8 can be explained by the electrostatic interaction in 

presence of silanol groups in the interlayer region. In case of PVA, hydrogen bonding to 

Ca-OH groups is the underlined mechanism of interaction [11]. At C/S of 1.5, no 

significant change was observed in the interlayer distance of the samples modified with 

PVA and PDDA. Statistical testing cannot be performed to confirm this statement because 

just one data point for each sample was obtained. The basal reflection peak in the sample 

modified with PAA is almost missing. The broad and flattened basal reflection peak in C-

S-H sample modified with PAA has been observed in previous studies [11]. The binding 

of Ca2+ ions present in the C-S-H solution due to the complex formation in presence of 

anionic PAA has a retardation effect of the C-S-H formation [147]. The steric effect of the 

carboxylate groups in PAA keeps the particles apart from each other. It is expected for C-

S-H to partially precipitate with a poorly crystalline structure in the presence of PAA. 

 

  
C/S = 0.8 C/S = 1.5 

2θ d (Å) 2θ d (Å) 
Control 5.8 15.3 6.2 14.3 

PVA 5.4 16.4 6.3 14.1 
PDDA 5.3 16.7 6.2 14.3 
PAA 5.7 15.5 - - 

Table 3.1 The basal diffraction angle and interlayer distance detected in the XRD spectra of the control C-
S-H powders and the samples modified with polymers. 
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The XRD spectra for the control C-S-H and C-S-H samples modified with the 

amphiphilic copolymers at a C/S of 0.7 and 1.5 are shown in Figure 3.2a and Figure 3.2b, 

respectively. The calculated interlayer distance for different C-S-H samples is shown in 

Table 3.2. At C/S of 0.7, no significant difference is observed in the interlayer distance of 

the C-S-H samples modified with three types of PEG-PPG-PEG. The statistical testing to 

2 3 4 5 6 7 8 9 10

Control

PAA

PDDA

PVA

C/S = 0.8

2 3 4 5 6 7 8 9 10

Control

PAA

PDDA

PVA

C/S = 1.5(a) (b)

2θ (º) 2θ (º)

Figure 3.1 XRD spectra of the Control C-S-H and C-S-H samples modified with polymers at C/S of (a) 0.8 
and (b) 1.5. 
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confirm this statement is provided in Table A.1. At C/S of 1.5, an increase in the interlayer 

distance can be observed for the C-S-H samples modified with lower molecular weight of 

PEG-PPG-PEG indicating the interaction of the copolymers with C-S-H particles and 

possible intercalation of them between the C-S-H layers. An increase in the interlayer 

distance of the C-S-H samples modified with PPG-PEG-PPG and aminopropyl PPG-PEG-

PPG was observed at C/S of 0.7 indicating the intercalation of the polymers between the 

C-S-H layers. Such an increase in the interlayer distance is seen to be less pronounced at 

C/S of 1.5. This trend is the opposite of the trend observed in the C-S-H samples modified 

with PEG-PPG-PEG. The increased influence of PPG-PEG-PPG on the interlayer distance 

of C-S-H seems to be related to higher concentration of hydrophobic PPG block in PPG-

PEG-PPG compared to PEG-PPG-PEG copolymers. The properties of the PEG-PPG-PEG 

copolymers consisting of the two blocks of PEG and one block of PPG are mainly governed 

by the polar PEG segment. The lone pair electrons on the oxygen atom in PEG can 

electrostatically bind to positively charged Ca2+ [148]. However, in PEG-PPG-PEG 

copolymers the hydrophobic PPG segment is dominant.  

At low C/S ratio, the silanol groups of C-S-H are deprotonated and gain negative 

charges on C-S-H surface. With an increase in C/S ratio, Ca2+ are attracted to the negatively 

charged surface of C-S-H during nucleation and growth of C-S-H shielding the C-S-H 

surface. The presence of Ca2+ on the C-S-H surface provides an interaction pathway with 

PEG block through electrostatic interactions. The ability of PEG to form a complex with 

Ca2+ has been proposed in previous studies [148]. The above explanation provides a 

rationale for the increased influence of PEG-PPG-PEG on the atomic structure of C-S-H 

at high C/S ratio. The more pronounced effect of PPG-PEG-PPG with a higher 
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concentration of hydrophobic block at lower C/S highlights the importance of other 

interaction mechanisms other than electrostatic interaction in polymer/C-S-H systems. As 

shown later in Chapter 4, the interaction between hydrophobic functional groups and C-S-

H is also evident in the amino acids/C-S-H systems. A more detailed discussion of the 

effect of amino acids with distinct functional groups on C-S-H is provided in Chapter 4.  

 

Figure 3.2 XRD spectra of the C-S-H samples modified with copolymers at C/S of (a) 0.7 and (b) 1.5.
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The amount of intercalation and consequently the increase in the interlayer distance of 

C-S-H in the sample modified with aminopropyl PPG-PEG-PPG was observed to be higher 

than that of PPG-PEG-PPG at low C/S. This can be attributed to presence of the polar 

functional groups of aminopropyl in aminopropyl PPG-PEG-PPG that can interact through 

H-bond as well as ionic exchange with the negatively charged silanol groups of C-S-H at 

low C/S [149].  

It is seen the samples with PVP-DMEMA show a modest increase in the interlayer 

distance at C/S of 0.7, but this increase becomes more at the higher C/S ratio. It is also 

observed that XRD spectra of the C-S-H samples modified with PVP-DMEMA have a 

broader and less intense basal reflection peak compared to the control sample. (2-

dimethylamino) ethyl methacrylate becomes hydrophobic in the temperature range of 32-

53 °C, which is below the temperature used for sample preparation of C-S-H powders 

[150]. Thus, PVP-DMEMA is expected to behave as an amphiphilic copolymer in the C-

S-H/copolymer system being studied here. The main motivation to study this amphiphilic 

copolymer was to investigate the effect of a high molecular weight copolymer on C-S-H 

characteristics. The observed effect of this amphiphilic copolymer on increasing the 

interlayer distance is not agreement with the trend observed in PEG-PPG-PEG triblock 

copolymers where the influence of the copolymers with higher molecular weight appeared 

to be negligible. Thus, this indicates that the size of amphiphilic copolymers is not 

necessary the main factor affecting the influence of these polymer on C-S-H. More 

investigations are necessary to decouple the effect of size and hydrophobic/hydrophilic 
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compositions in the amphiphilic copolymers on the behavior of C-S-H/polymer 

nanocomposites. 

  
C/S = 0.7 C/S = 1.5 

2θ d (Å) 2θ d (Å) 

Control 6.55 13.5 6.6 13.4 

PEG-PPG-PEG1900 6.4 13.8 6 14.8 

PEG-PPG-PEG8000 6.5 13.6 6.2 14.3 

PEG-PPG-PEG16000 6.5 13.6 6.5 13.6 

PPG-PEG-PPG 6.3 14.1 6.5 13.6 

Aminopropyl PPG-PEG-PPG 6 14.8 6.5 13.6 

PVP-DMEMA 6.3 14.1 6.1 14.5 

Table 3.2 The basal diffraction angle and interlayer distance detected in the XRD spectra of the C-S-H 
modified with amphiphilic copolymers. 

 

3.2. FTIR Results 

The FTIR spectra for the control C-S-H and C-S-H samples modified with polymers at 

C/S of 0.8 and 1.5 are shown in Figure 3.3a and Figure 3.3b, respectively. The location of 

Si-O stretching vibrations of the Q2 tetrahedra is listed in Table 3.3. Q2 corresponds to the 

bridging silicate tetrahedral.  

According to Table 3.3, the shifts in the FTIR bands corresponding to Q2 cannot be 

observed for PVA and PDDA at C/S of 0.8. However at C/S of 1.5, there is a shift to higher 

frequencies for the PVA sample and to lower frequencies for the PDDA sample. As 

explained in XRD section, the mechanism of reaction between the polymers and C-S-H is 

different for PVA and PDDA. The presence of cationic PDDA at C/ S of 1.5 where the C-

S-H particles carry a positive net charge keeps the particles away from each other and leads 

to depolymerization of the C-S-H.  
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The significant change in FTIR spectra can be seen in the sample modified with PAA. 

The Si-O stretching band at 780 cm-1 corresponding to Q1 is clearly seen in the samples 

with PAA but it is almost missing in other samples. Q1 represents the end silicate 

tetrahedra. The sharper Q1 band in samples with PAA compared to the other samples 

indicates the lower degree of polymerization in this mix design. In samples with PAA, Q2 

bands occur at higher frequencies. This difference can be attributed to presence of SiO2 gel 

in this mixture. As mentioned before, PAA has a retarding effect on the nucleation of C-S-

H. The silicate solution mixed with PAA requires more calcium salt solution and more time 

in order to facilitate C-S-H nucleation, otherwise the sample would be a mix of silicate gel, 

C-S-H in early polymerization stage and surface adsorbed polymer [147]. Other bands in 

PAA samples at 1408 cm-1, 1562 cm-1 and 1453 cm-1 correspond to PAA at high pH [151]. 

The presence of polymer in the sample after multiple times washing with water and acetone 

can be because of surface adsorption on the particles. 

 

  
Q2 (cm-1) 

C/S = 0.8 C/S = 1.5 

Control 985 996 

PVA 984 1000 

PDDA 985 975 

PAA 1034 1068 

Table 3.3 The wavelength numbers corresponding to Q2 silicates in the FTIR spectra of the control sample 
and C-S-H samples modified with polymers. 
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Figure 3.3 FTIR spectra of the control C-S-H and C-S-H samples modified with polymers at (a) C/S of 
0.8 and (b) C/S of 1.5. 
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The FTIR spectra for the C-S-H samples modified with copolymers at C/S of 0.7 and 

1.5 are shown in Figure 3.4 and Figure 3.5, respectively. The location of Si-O stretching 

vibrations of the Q1 and Q2 tetrahedra for different C-S-H samples are listed in Table 3.4. 

The intensity ratio of Q2 to Q1 is a measure of polymerization of silicate chains in C-S-H 

which is shown in Table 3.4. It is seen that samples modified with PEG-PPG-PEG all 

experienced an increase in Q2/Q1 indicating increased silicate polymerization compared to 

the control samples. In the samples modified with PEG-PPG-PEG, increasing the C/S from 

0.7 to 1.5, resulted in a small decrease in the C-S-H silicate polymerization, which is in 

agreement with the prior studies in  literatures [119].  It is noted that PEG-PPG-PEG16000 

sample, exhibited a lower Q2/Q1 value than PEG-PPG-PEG1900 and PEG-PPG-PEG8000. 

The reduced influence of PEG-PPG-PEG copolymers with increasing molecular weight 

appears to be in general agreement with the influence of these polymers on the interlayer 

distance of C-S-H as evidenced from the XRD results presented in Figure 3.2. It is also 

observed that the C-S-H samples modified with lower molecular weight of PEG-PPG-PEG 

has a broader and less intense basal reflection peak compared to the control sample. It 

should be noted that the length of PEG block in the PEG-PPG-PEG with the lowest 

molecular weight is much smaller than that of PEG-PPG-PEG with higher molecular 

weights. It has been observed that the lower molecular weight PEG at lower concentration 

rates facilitates particle adhesion while the higher molecular weight PEG makes the 

particles repel [128,152]. Thus, it is expected to see intercalation and increased silicate 

polymerization in the C-S-H samples modified with smaller PEG-PPG-PEG and decreased 

silicate polymerization in the C-S-H samples modified with higher molecular weight PEG-

PPG-PEG. 
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It is seen that Q2/Q1 ratio in both samples with PPG-PEG-PPG and aminopropyl PPG-

PEG-PPG showed an increase compared to the control sample and this increase is slightly 

higher in PPG-PEG-PPG than aminopropyl PPG-PEG-PPG copolymers.  The FTIR results 

of the sample modified with PVP-DMEMA also show an increase in polymerization at 

both C/S of 0.7 and C/S of 1.5. The increase in Q2/Q1 is more noticeable at C/S of 0.7 than 

at C/S of 1.5 as seen from Table 3.4. It should be noted that the more pronounced effect of 

this copolymer on silicate polymerization of C-S-H at the higher C/S ratio differs from the 

effect of this copolymer on interlayer distance. This highlights the different ways in which 

copolymers can affect the atomic structure of C-S-H.  

 

  

C/S = 0.7 C/S = 1.5 

Q2  
(cm-1) 

Q1  

(cm-1) Q2 / Q1 Q2  

(cm-1) 
Q1  

(cm-1) Q2 / Q1 

Control 996 779 3.70 1000 776 3.58 

PEG-PPG-PEG1900 996 782 3.86 1004 779 3.83 

PEG-PPG-PEG8000 997 776 3.99 1009 778 3.86 

PEG-PPG-PEG16000 996 782 3.83 1002 779 3.78 

PPG-PEG-PPG 996 781 3.91 1005 785 3.89 

Aminopropyl PPG-PEG-PPG 995 778 3.85 998 778 3.78 

PVP-DMEMA 996 778 3.98 1008 783 3.73 

Table 3.4 The wavelength numbers corresponding to Q2 and Q1 silicates in the FTIR spectra of the C-S-H 
powders modified with the copolymers. 
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Wavelength number (cm-1)

650750850950105011501250135014501550165017501850

PEG-PPG-PEG1900 - C/S=0.7

PEG-PPG-PEG8000 - C/S=0.7

PEG-PPG-PEG16000 - C/S=0.7

PPG-PEG-PEG - C/S=0.7

Aminopropyl PPG-PEG-PPG - C/S=0.7

PVP-DMEMA - C/S=0.7

Q2

Q1

Figure 3.4 FTIR spectra of the C-S-H samples modified with amphiphilic copolymers at C/S of 0.7.



www.manaraa.com

49 
 

 
 

 

Wavelength number (cm-1)

650750850950105011501250135014501550165017501850

PEG-PPG-PEG1900 - C/S=1.5

PEG-PPG-PEG8000 - C/S=1.5

PEG-PPG-PEG16000 - C/S=1.5

PPG-PEG-PEG - C/S=1.5

Aminopropyl PPG-PEG-PPG - C/S=1.5

PVP-DMEMA - C/S=1.5

Q2

Q1

Figure 3.5 FTIR spectra of the C-S-H samples modified with amphiphilic copolymers at C/S of 1.5.
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3.3. Morphology 

The AFM images of the C-S-H samples modified with PVA, PDDA and PAA at C/S 

of 1 are shown in Figure 3.6. There is no noticeable difference in the morphology of the C-

S-H samples modified with different polymers. The globular morphology with a size of 20 

nm to 100 nm can be observed in all C-S-H samples.  

 

 

3.4. Mechanical Properties 

3.4.1. Effect of C/S Ratio on Mechanical Properties of C-S-H 

It has been shown that the intrinsic elastic modulus of C-S-H is independent of C/S 

ratio and degree of silica polymerization [153]. However, the packing density of the 

particles is a determining factor in calculation of mechanical properties. It has been 

confirmed that two types of C-S-H with different density levels and consequently different 

elastic modulus values tend to form in cementitious materials [154]. The volume fraction 

of these two types of C-S-H determines the overall mechanical properties of the C-S-H. 

The multi-peak analysis of the nanoindentation results of the control C-S-H samples 

with C/S of 0.7, 1 and 1.5 are shown in Figure 3.7a, Figure 3.7b and Figure 3.7c, 

(a) (b) (c)

0.2 μm 0.2 μm0.2 μm 

Figure 3.6 AFM morphology of the modified C-S-H with (a) PVA, (b) PDDA and (c) PAA at C/S of 1.
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respectively. The average value corresponding to each peak is calculated in Table 3.5. The 

peaks with an average value of 15.4 GPa and 15.2 GPa for C/S or 1 and 1.5, respectively, 

are attributed to the very low density C-S-H. The peaks with an average value of 21.2 GPa 

and 23.2 GPa for C/S or 0.7 and 1.5, respectively, are attributed to the low density C-S-H. 

In the sample with C/S of 1, the peak for low density C-S-H is missing giving a lower 

average value for the elastic modulus of C-S-H at this C/S rate compared to C/S of 0.7 and 

1.5. These results are comparable to the previous studies [155]. The increased volume of 

low density C-S-H in the C-S-H sample with C/S of 1.5 compared to the one with C/S of 

1 is attributed to the higher water content of the C-S-H at higher C/S. The higher water 

content increases the compatibility of the C-S-H and consequently the packing density of 

the particles [155]. The explanation for higher fraction of low density C-S-H at C/S of 0.7 

compared to C/S of 1 is yet to be investigated. Some studies attributed that to the higher 

degree of polymerization of C-S-H at low C/S ratio [155]. However, it is established in 

other studies that the mechanical properties of C-S-H is independent of C/S ratio [153]. 

 

  Average Young's Modulus (GPa) 

C/S Very Low Density C-S-H 
(VLD) 

 Low Density C-S-H 
(LD)

Calcium Hydroxide 
(CH) 

0.7 - 21.2 37.7 52.2 

1 15.4 - - - 

1.5 15.2 23.2 37.3 - 

Table 3.5 The average elastic modulus values of the peaks corresponding to different phases in the control 
C-S-H samples at different C/S rates. 
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Figure 3.7 Multi-peak fitting of nanoindentation results for the control C-S-H samples at (a) C/S = 0.7, 
(b) C/S = 1 and (c) C/S = 1.5. 
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3.4.2. Effect of Polymers and Copolymers on Mechanical Properties of C-S-H 

The elastic modulus values of the control C-S-H and C-S-H samples modified with 

PVA, PDDA and PAA at C/S of 1 are shown in Figure 3.8. At C/S of 1, the C-S-H modified 

with polymers showed lower values of Young’s modulus compared to that of the control 

sample. The decrease in the value of elastic properties indicates the presence of these 

polymers adsorbed on the surface or in the voids between the C-S-H particles and 

consequently the less dense packing of the C-S-H sample. These results are comparable 

with previous studies [15,19]. The C-S-H sample modified with PDDA showed multiple 

peaks which is attributed to existence of different phases in the sample. 

The elastic modulus values of the C-S-H samples modified with copolymers at C/S of 

0.7 is shown in Figure 3.9. The Young’s modulus value for the sample modified with PEG-

PPG-PEG8000 was observed to be higher than that of the samples modified with PEG-

PPG-PEG1900 and PEG-PPG-PEG16000. As explained before the mechanism of 

interaction of PEG polymer is highly dependent of the molecular weight and observed to 

be different in the PEG-PPG-PEG1900 and PEG-PPG-PEG16000 samples. The higher 

elastic modulus value of the PEG-PPG-PEG8000 sample might be attributed to the 

transitional properties which facilitate the optimum compaction in the C-S-H sample. More 

in depth investigation is needed to elucidate the underlying mechanism of interaction of 

the PEG-PPG-PEG copolymers. The C-S-H modified with PVP-DMEMA showed lower 

values of Young’s modulus compared to the other samples. This is attributed to the 

decreased packing density of the particles in presence of adsorbed high molecular weight 

copolymer molecules.  
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Figure 3.8 Elastic modulus values of the control C-S-H and C-S-H samples modified with polymer at C/S 
of 1. 

Figure 3.9 Elastic modulus values of the C-S-H samples modified with copolymer at C/S of 0.7.
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Chapter 4 

4. C-S-H/Biomolecule Composites 

Inspired by nature, this chapter investigates the effect of biomolecules, such as amino 

acids and proteins, on the atomic structure and mechanical stiffness of C-S-H. Amino acids 

with distinct functional groups, and proteins with different structures and compositions 

were used in the synthesis of the C-S-H nanocomposite. The atomic structure was 

examined using XRD and FTIR. The adsorption of biopolymers onto C-S-H particles was 

examined using TOC measurement. The morphology was investigated using SEM. Atomic 

AFM nanoindentation was used to evaluate the Young’s modulus of modified C-S-H. 

4.1. TOC 

The percentage of adsorption of amino acids and proteins onto C-S-H measured by 

TOC are shown in Figure 4.1. The values for glutamic acid and albumin were not valid and 

thus are not included. It is observed that the amount of adsorption for amino acids is one 

order of magnitude lower than that of proteins. Amino acids molecules are smaller in size 

compared to proteins. Therefore at the same concentration of biomolecules, the TOC 

sample solution of the amino acids contain higher number of biomolecules compared to 

that of protein samples. This explains the lower amount of adsorption for amino acids. 

Another potential explanation is that the proteins molecules are comprised of numerous 

amino acids which provides them with various functional groups and a larger molecular 

size. This facilitates the adsorption of proteins onto C-S-H particles through multiple 

binding mechanisms which could result in a higher rate of adsorption for proteins compared 

to amino acids. The larger size of proteins compared to amino acids could also contribute 

to increased adsorption of proteins than amino acids. This is supported by previous studies 
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where larger molecular sized polymers were shown to have a higher adsorption to C-S-H 

particles compared to polymers with smaller molecular sizes [11].  

 

 

4.2. XRD Results 

There are several studies on the stoichiometry of C-S-H, suggesting various models to 

describe its chemical structure [25,34,35]. It is generally acknowledged that C-S-H does 

not have a specific chemical formula and stoichiometry [11,13,17,30]. However, C-S-H 

stacks with their limited lateral extension, follow an ordered structure in localized regions. 

In this type of structure, the volume fraction of interlayer distance is significantly lower 

than that of the pores between the C-S-H stacks referred to as gel pores [17]. The XRD 

spectra for the control C-S-H and C-S-H samples modified with amino acids at a C/S of 
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Figure 4.1 Percentage of adsorption of biomolecules onto C-S-H measured by TOC. (The values for 
glutamic acid and albumin were not valid). 
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0.7 and 1.5 are shown in Figure 4.2a and Figure 4.2b, respectively. The 2θ range of 3º to 

10º correspond to the peak of the d002 basal spacing reflection. The interlayer distance for 

all the samples is calculated using Bragg’s equation as explained in Chapter 2. 

The calculated interlayer distance for different C-S-H samples is shown in Table 4.1. At 

C/S of 0.7, C-S-H samples modified with arginine (positively charged), leucine (non-polar) 

and glutamine (H-bond forming) show a broader and less intense peak compared to that of 

the control sample. In the spectra of arginine and leucine multiple peaks (marked with * in 

Figure 4.2a) are observed. There is no change in the intensity of the peak in the C-S-H 

sample modified with glutamic acid. The presence of other peaks at lower angles in 

addition to the main peak in the spectra of C-S-H samples modified with leucine and 

arginine can be attributed to a partial intercalation of amino acids between the C-S-H layers 

increasing the interlayer distance in some of the C-S-H stacks. It is noted that the interlayer 

distance has slightly increased in the C-S-H samples modified with glutamine which could 

be attributed to possible adsorption of glutamine between C-S-H layers. It is seen that there 

is no indication of intercalation in the C-S-H samples modified with glutamic acid 

(negatively charged) as the interlayer distance has not increased compared to the control 

sample. This is in general agreement with the results of adsorption using phage display of 

peptides performed by Picker et al. [66] on C-S-H sample with C/S of 0.66. Based on their 

results at low C/S, positively charged, polar (H-bond forming) and hydrophobic amino 

acids adsorb onto the C-S-H. Their study showed that negatively charged amino acids have 

the lowest adsorption at this C/S ratio. The deprotonated silanol groups of C-S-H with 

negative surface charges favor the electrostatic interactions with the positively charged 
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amino acid arginine, H-bond formation with the polar amino acid glutamine and van der 

Waals interaction with hydrophobic amino acids [66].  

The interlayer distance of the control C-S-H sample with C/S of 1.5 is lower than that 

of the control sample with C/S of 0.7. This is due to the decreased polymerization of silicate 

chains at higher C/S and  is in agreement with previous studies [11,115]. At C/S of 1.5, the 

C-S-H samples modified with glutamine (H-bond forming) and glutamic acid (negatively 

charged) show broader peaks compared to that of the control sample. It is seen that the 

interlayer distance increased in the samples modified with arginine and leucine indicating 

the intercalation of amino acids in C-S-H. In the C-S-H sample modified with glutamine 

the interlayer distance has slightly increased compared to the control sample indicating the 

potential intercalation of glutamine in the interlayer space of C-S-H. In the sample 

modified with glutamic acid another peak in addition to the main peak appeared at a lower 

angle. This could imply the intercalation of glutamic acid at this C/S ratio, compared to 

C/S of 0.7, where no such adsorption was observed. An explanation for the increased 

influence of negatively charged glutamic acid on the C-S-H structure can be sought in the 

structural properties of C-S-H. As mentioned previously at low C/S of 0.7, the surface of 

C-S-H carries negative charges due to the deprotonation of silicate groups; the negatively 

charged glutamic acid is less likely to interact with C-S-H. With increasing C/S to 1.5, the 

concentration of Ca2+ is increased and as a result, Ca2+ bonds to negatively charge surface 

of C-S-H and shields the surface against positively charged amino acids. In this case, the 

adsorption of negatively charged amino acid, glutamic acid, onto C-S-H surface is 

facilitated through bridging with Ca2+ [66,147]. 
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The XRD spectra of the control C-S-H and C-S-H samples modified with different 

proteins are shown in Figure 4.4a and Figure 4.4b. There is no significant change in the 

interlayer distance of the samples modified with proteins at C/S of 0.7. The statistical 

testing to confirm this statement is provided in Table A.1. However, at C/S of 1.5, the peak 

corresponding to the C-S-H sample modified with lysozyme has broadened and shifted 

toward lower angles. As shown in Table 4.1 the interlayer distance of the C-S-H samples 

2 3 4 5 6 7 8 9 10

Control

Leucine

Glutamine

Arginine

C/S = 1.5

Glutamic acid

2 3 4 5 6 7 8 9 10

Control

Leucine

Glutamine

Arginine

C/S = 0.7

Glutamic acid

(a) (b)

*

2θ (º) 2θ (º)

*

* **

*

Figure 4.2 XRD spectra of C-S-H modified with the amino acids at C/S of (a) 0.7 and (b) 1.5. 
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modified with lysozyme has increased compared to the control sample. There is not a 

significant change in intensity of the basal reflection peak and interlayer distance of the 

samples modified with albumin and hemoglobin. The statistical testing to confirm this 

statement is provided in Table A.1. The observed influence of lysozyme can be attributed 

to the specific conformation and composition of this protein.  

The pH value of the C-S-H solutions right after mixing was measured to be 11.0 and 

10.0 at C/S of 0.7 and 1.5, respectively. The proteins at their stable and active state (called 

the native state) fold into the most thermodynamically favorable structure and tend to take 

a globular shape [156]. In this state, the hydrophobic residues tend to be located in the 

interior of the protein molecules and the hydrophilic residues are exposed at the exterior of 

the protein molecule. The hydrophobic interaction at the interior and hydrophilic 

interaction at the exterior are both responsible for stabilizing the protein molecules at their 

native stage. 

 

Table 4.1 The basal diffraction angle and interlayer distance detected in the XRD spectra of the control C-
S-H sample and C-S-H samples modified with biomolecules. 

 

  
C/S = 0.7 C/S = 1.5 

2θ d (Å) 2θ d (Å) 

Control 6.55 13.5 6.6 13.4 

Arginine 6.4 13.8 6.2 14.3 

Glutamine 6.3 14.1 6.4 13.8 

Leucine 6.5 13.6 6.3 14.1 

Glutamic acid 6.6 13.4 6.4 13.8 
          

Lysozyme 6.4 13.8 6.2 14.3 

Albumin 6.4 13.8 6.5 13.6 

Hemoglobin 6.6 13.4 6.5 13.6 
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 The change in the pH interferes with the stabilizing interactions and forces the protein 

molecules to unfold [157–161]. A schematic of how the proteins unfold at high pH is 

shown in Figure 4.3. This makes the hydrophobic residues to become exposed and as a 

result allows additional mechanisms of interaction through hydrophobic functional groups 

of the protein molecule and C-S-H. Lysozyme with the highest value of PI can bind to the 

C-S-H particles with a different mechanism compared to albumin and hemoglobin. The 

observed influence of lysozyme on the interlayer distance of C-S-H at C/S of 1.5 indicates 

the specificity of this biomolecule to affect C-S-H. The specificity of biomolecules in their 

interaction with inorganic surfaces has been observed and studied in prior investigations 

[162,163]. In albumin and hemoglobin most of the functional groups have deprotonated at 

the pH level of the C-S-H solution, leaving the structure with a high negative net charge. 

However, at C/S of 1.5 where the pH of the freshly mixed solution is around 10, lysozyme 

with a PI value of 10.6 can adsorb onto the forming C-S-H particles with the un-

deprotonated functional groups. 

Folded 
Globular

Unfolded

Figure 4.3 Schematic of how proteins undergo conformational changes with increasing pH
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4.3. FTIR Results 

The FTIR spectra for the control C-S-H and C-S-H samples modified with amino acids 

and proteins at C/S of 0.7 and 1.5 are shown in Figure 4.5 and Figure 4.6, respectively. The 

frequencies of the Si-O stretching vibrations of the Q1 and Q2 tetrahedra for different C-S-

H samples are listed in Table 4.2. Q1 represents the end silicate tetrahedra and Q2 

2 3 4 5 6 7 8 9 10

Control

Hemoglobin

Lysozyme

Albumin

C/S = 1.5

2θ (º)
2 3 4 5 6 7 8 9 10

Control

Hemoglobin

Lysozyme

Albumin

C/S = 0.7
(a) (b)

2θ (º) 

Figure 4.4 XRD spectra of C-S-H modified with the proteins at C/S of (a) 0.7 and (b) 1.5. 
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corresponds to the bridging silicate tetrahedra. The intensity ratio of Q2 to Q1 is a measure 

of polymerization of silicate chains in C-S-H and is shown in Table 4.2. 

It is observed that the location of the Q2 band is shifted towards higher frequencies in 

the control sample with a reduction in C/S. This is an indication of increased 

polymerization in the control sample with a C/S of 0.7 compared to the sample with C/S 

of 1.5 as it is also evident from the higher intensity ratio of Q2 to Q1 at the lower C/S ratio 

[16,119]. It is seen that the location of the Q2 band in arginine sample at C/S of 0.7 is lower 

than that of the control C-S-H, suggesting a reduction in polymerization as a result of 

interaction between arginine and C-S-H at this C/S ratio. The intensity ratio of Q2/Q1 in the 

sample modified with arginine is also lower than that of the control C-S-H. The Q2 peak 

frequency of the C-S-H with other amino acids except arginine did not change at C/S of 

0.7. At C/S of 1.5, the Q2 peak of arginine shows a similar frequency to the control C-S-H. 

It is interesting to note the shift to higher frequencies of Q2 in the C-S-H modified with 

glutamic acid at this C/S ratio, which indicates the interaction of glutamic acid with C-S-

H and maybe the increased polymerization in C-S-H modified with glutamic acid; however 

the intensity ratio Q2/Q1 appears to remain unchanged in this sample. The reduction in the 

influence of arginine and an increase in influence of glutamic acid with increasing C/S ratio 

is consistent with the XRD results discussed earlier.  

In the samples modified with proteins, at C/S of 0.7 there is a shift to lower frequencies 

in the Q2 peak of the C-S-H modified with hemoglobin. The corresponding Q2 peak 

frequency of the C-S-H modified with albumin and lysozyme is unchanged. With 

increasing C/S from 0.7 to 1.5 the Si-O stretching band corresponding to Q2 shifted to 

higher frequencies in C-S-H samples modified with proteins. This trend is not similar to 
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that of the control C-S-H sample and C-S-H modified with amino acids. One explanation 

is the calcium binding effect of proteins. The proteins can bind the added calcium ions so 

the actual C/S ratio is lower than what is expected [12,164]. To investigate the calcium 

binding effect of proteins, electrical resistivity measurement was utilized. The binding 

between proteins and Ca2+ reduces the concentration of free Ca2+ in the solution, which 

results in an increase in electrical resistivity of the solution. A solution of 0.2 gr of each 

protein in 40 ml of DI water was prepared. The pH of the solution was increased by adding 

a 5 M NaOH solution to account for the effect of high pH on the interaction between the 

proteins and Ca2+. Required amounts of a 4.7 M solution of CaCl2 solution was added to 

the protein solutions to obtain solutions with calcium ion concentrations of 0.35 M and 0.7 

M which approximately represent the concentration of Ca2+ in prepared solutions of C-S-

H with C/S of 0.7 and 1.5. Control solutions of calcium chloride were also prepared for 

comparison. Two electrodes consisting of stainless steel strips with a width of 10 mm were 

inserted inside a glass beaker with a dimeter of 25 mm. In each measurement 10 ml of the 

solution was placed in the beaker. The electrical resistivity of the solution was measured 

using a Reference Gamry 600 potentiostat/galvanostat with a 20 mV AC signal and a 

frequency range of 106 to 10 Hz. The electrical resistivity of 0.35 M and 0.70 M solutions 

of Ca2+ with and without proteins are shown is Table 4.3. The difference between the 

electrical resistivity values of the control solution and the solution with the proteins is less 

than 8%. This observation may be used to hint that the Ca2+ binding effect of the proteins 

used in this study is not significant. The second explanation for the notable shift in the Q2 

frequencies of C-S-H with all proteins at C/S of 1.5 could be the incomplete nucleation of 

C-S-H particles at C/S of 1.5. Consequently, the solution has a high content of unreacted 
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silicate gel and surface adsorbed proteins [147]. The presence of the bands corresponding 

to amide I and amide II at around 1640 cm-1 and 1530 cm-1 respectively, indicates the high 

content of protein in the modified C-S-H samples [165,166]. The shift in the Q2 frequencies 

of C-S-H with all proteins, can also be viewed as an indication of increased polymerization 

in the C-S-H samples and suggest the influence of the proteins on silicate polymerization 

of C-S-H. While the influence of lysozyme on C-S-H is also observed from the XRD 

results, such an influence of albumin and hemoglobin on C-S-H structure is not evident 

from the XRD analysis. 

 

  
C/S = 0.7 C/S = 1.5 

Q2  
(cm-1) 

Q1

 (cm-1)
Q2 / Q1 Q2 

(cm-1)
Q1  

(cm-1) Q2 / Q1 

Control 1004 778 3.70 999 777.5 3.58 

Arginine 999.5 779.5 3.55 999.5 777 3.51 

Glutamine 1003 782.5 3.77 999.5 777.5 3.42 

Leucine 1004 781 3.85 999.5 777.5 3.41 

Glutamic acid 1003.5 781.5 3.57 1004 780 3.46 
              

Lysozyme 1003 779 3.59 1008 775 3.62 

Albumin 1003 779 3.7 1015.5 775.5 3.68 

Hemoglobin 999 779 3.41 1004 776.5 3.44 

Table 4.2 The wavelength numbers corresponding to Q2 and Q1 silicates in the FTIR spectra of the control 
and modified C-S-H powders. 

 

  Control Lysozyme Albumin Hemoglobin 

0.35 M Ca2+ 23.6 23.1 23.1 25.1 

0.70 M Ca2+ 13.8 13.8 14.1 14.9 

Table 4.3 The electrical resistivity (Ω) of 0.35 M and 0.70 M solutions of Ca2+ with and without proteins. 
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Figure 4.5 FTIR spectra of the C-S-H samples modified with amino acids. 
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Hemoglobin - C/S=0.7

Hemoglobin - C/S=1.5

Figure 4.6 FTIR spectra of the C-S-H samples modified with proteins. 
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4.4. Morphology 

The SEM images of the control C-S-H and C-S-H samples modified with arginine, 

glutamine, leucine and glutamic acid at C/S of 0.7 are shown in Figure 4.7. There is no 

noticeable difference in the morphology of the control sample and the C-S-H samples 

modified with amino acids as seen from SEM images. The globular morphology with a 

size of 20 nm to 100 nm can be observed in all C-S-H samples, which is in agreement with 

the previous studies [25,167].  

The SEM images of the C-S-H samples modified with albumin, lysozyme and 

hemoglobin at C/S of 0.7 and 1.5 are shown in Figure 4.8. The morphology of the albumin 

and lysozyme modified C-S-H is comparable to the control sample. The C-S-H sample 

modified with hemoglobin at both C/S ratios showed a slightly different morphology. The 

C-S-H particles in these samples are observed to exhibit a platelet morphology. In this 

structure, the network is built of pores and building blocks of nano-platelets. This type of 

structure has been previously observed by researchers in hierarchically nanostructures 

mesoporous spheres of C-S-H [168]. An agglomerated C-S-H particle of the sample 

modified with hemoglobin at C/S of 0.7 is shown in Figure 4.9. The stacks of nanosheets 

constructing the C-S-H network are clearly observed in the agglomerated sample. 

Considering the fractal morphology and the arrangement of C-S-H structure in several 

hierarchical levels [169–173], the bird-nest structure of the agglomerated C-S-H particle 

can confirm the morphology of C-S-H particles in smaller scale.  

 



www.manaraa.com

69 
 

 
 

 

Figure 4.7 The morphology of the (a) control and modified C-S-H with (b) arginine, (c) glutamine, (d) 
leucine and (e) glutamic acid at C/S of 0.7. 
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Figure 4.8 The morphology of the modified C-S-H with (a) albumin at C/S 0f 0.7, (b) albumin at C/S of 
1.5, (c) lysozyme at C/S of 0.7, (d) lysozyme at C/S of 1.5, (e) hemoglobin at C/S of 0.7 and (f) 

hemoglobin at C/S of 1.5. 

(a) (b)

(c) (d)
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4.5. Mechanical Properties 

The elastic modulus measurements of the control C-S-H and C-S-H samples modified 

with amino acids at C/S of 0.7 and 1.5 are shown in Figure 4.10a and Figure 4.10b. 

Comparing the elastic modulus value of the control samples with C/S of 0.7 and 1.5, it is 

noted that no significant difference can be observed. Excluding the values more than 45 

GPa which is attributed to calcium hydroxide [44], an average Young’s modulus of 

24.9±1.9  GPa for the control C-S-H with C/S of 0.7 and 25.2±1.9 GPa for the control C-

S-H samples with C/S of 1.5 was obtained. These values are consistent with the values 

obtained in previous studies [154,155,174]. It is shown by Beaudoin and Feldman [153] 

that the intrinsic elastic properties of C-S-H are not dependent on the C/S ratio. This 

indicates that the decrease in the Young’s modulus of C-S-H, observed in nanoindentation 

test results, is because of an increase in the packing density of C-S-H [154]. 

Figure 4.9 An agglomerated C-S-H particle in the C-S-H sample modified with hemoglobin at C/S of 0.7.
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At C/S of 0.7, the C-S-H modified with arginine, leucine and glutamic acid showed 

lower values of Young’s modulus compared to that of the control sample. The decrease in 

the value of Young’s modulus may be due to the presence of these amino acids adsorbed 

on the surface or in the voids between the C-S-H particles resulting in a lower packing of 

C-S-H sample compared to the control C-S-H sample [15,19]. However, no noticeable 

change was observed in the sample modified with glutamine. At C/S of 1.5, all the samples 

modified with amino acids have average values comparable to that of control sample. 

However, the arginine sample has its higher intensity peak at lower values compared to the 

other samples potentially related to a reduction in the packing density in C-S-H modified 

with arginine.  

The elastic modulus values of the control C-S-H and C-S-H samples modified with 

proteins at C/S of 0.7 and 1.5 are shown in Figure 4.11a and Figure 4.11b. At C/S of 0.7, 

the C-S-H modified with lysozyme is comparable to the control sample. However, albumin 

and hemoglobin showed lower values of Young’s modulus compared to that of the control 

sample.  

At C/S of 1.5, all the C-S-H samples modified with proteins had lower values of 

Young’s modulus compared to that of the control sample. In addition, the Young’s modulus 

of C-S-H with proteins seems to be slightly lower at C/S of 1.5 than at C/S of 0.7. This can 

be related to a change in silicate polymerization of C-S-H, as seen from the FTIR results 

shown in Figure 4.6, as well as a change at the mesoscale in terms of increased occupation 

of gel pores by the proteins thereby reducing packing density of C-S-H. It is noted that the 

sample modified with lysozyme has still higher values of Young’s modulus compared to 

samples modified with albumin and hemoglobin at C/S of 1.5. 



www.manaraa.com

73 
 

 
 

 

0

10

20

30

40

50

60

0 10 20 30 40 50 60

F
re

qu
en

cy
 (

%
)

E (GPa)

Ctrl-C/S=1.5

Arginie-C/S=1.5

Glutamine-C/S=1.5

Leucine-C/S=1.5

Glutamic acid-C/S=1.5

0

10

20

30

40

50

60

0 10 20 30 40 50 60

F
re

qu
en

cy
 (

%
)

E (GPa)

Ctrl-C/S=0.7

Arginie-C/S=0.7

Glutamine-C/S=0.7

Leucine-C/S=0.7

Glutamic acid-C/S=0.7

(a) 

(b) 

Figure 4.10 Elastic modulus values of the control C-S-H and C-S-H samples modified with amino acids at 
(a) C/S of 0.7 and (b) C/S of 1.5. 
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Figure 4.11 Elastic modulus values of the control C-S-H and C-S-H samples modified with proteins at (a) 
C/S of 0.7 and (b) C/S of 1.5. 
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Chapter 5 

5. Layer By Layer Fabrication of C-S-H/Polymer Composites 

In this chapter, C-S-H/polyelectrolyte nanocomposites were synthesized with the layer-

by-layer (LBL) method and their morphology and mechanical properties were investigated 

using AFM imaging and AFM nanoindentation. Different sets of polymers were used to 

produce C-S-H/polyelectrolytes nanocomposites. Effect of different factors including 

dipping time, C to S ratio and pH on the properties and structure of the nanocomposite was 

also investigated. To further elucidate the possibility of improving nucleation of C-S-H and 

mechanical properties of the composite, GO nanosheets were used in the LBL assembly. 

The list of the samples and their consisting polymers, dipping time, C/S ratio and calcium 

salt concentration are included in Table 5.1. 

5.1. Characterization 

According to Guo et al. [99], during the LBL process, calcium and silicate ions in 

polymer solutions meet each other and form C-S-H. The C-S-H particles formed in each 

layer define the morphology of the surface [98,99]. The morphology obtained during LBL 

assembly is compared with C-S-H particles grown on a calcite substrate as is shown in 

Figure 5.1. A freshly cleaved calcite crystal was immersed in a sodium silicate solution for 

one week to obtain a surface covered with C-S-H particles [175,176]. The AFM scans of 

the calcite substrate at early stages of formation of C-S-H and after growth of C-S-H 

particles is shown in Figure 5.1a, Figure 5.1b, Figure 5.1c and Figure 5.1d, respectively. 

The AFM scan of the PEI/PSS-20 sample made of 3 bilayers is shown in Figure 5.1e and 

Figure 5.1f. In both samples C-S-H particles can be identified with their globular shape. In 

the sample grown on calcite, the aggregation has occurred during a longer period of time. 



www.manaraa.com

76 
 

 
 

Thus, it is evident that the C-S-H particles in this system are larger in size compared to the 

C-S-H particle formed during the short duration of LBL assembly. The size of the particles 

in the LBL sample is about 20-50 nm which is in line with the previous studies [99]. 

 

Sample                  
label 

Positive   
polymer 

Negative   
polymer 

Positive    
(complex)  
solution 
dipping 

time        
(min) 

Negative 
(complex) 
solution 
dipping 

time    
(min) 

C/S 

Calcium acetate 
concentration  

in positive 
complex 

solution (M) 

PEI/PSS-Polymer PEI PSS 20 20 - - 

PEI/PSS-10 PEI PSS 10 20 1 0.0514 

PEI/PSS-20 PEI PSS 20 20 1 0.0514 

PEI/PSS-40 PEI PSS 40 20 1 0.0514 

PEI/PSS-Ca0.00514 PEI PSS 20 20 1 0.00514 

PEI/PSS-Ca0.1028 PEI PSS 20 20 1 0.1028 

PEI/PSS-0.7 PEI PSS 20 20 0.7 0.0514 

PEI/PSS-1.5 PEI PSS 20 20 1.5 0.0514 

PEI/PSS-2.3 PEI PSS 20 20 2.3 0.0514 

PDDA/PAA-Polymer PDDA PAA 20 20 - - 

PDDA/PAA-10 PDDA PAA 10 20 1 0.0514 

PDDA/PAA-20 PDDA PAA 20 20 1 0.0514 

PDDA/PAA-40 PDDA PAA 40 20 1 0.0514 

PDDA/PAA-HighpH PDDA PAA 20 20 1 0.0514 

PEI/PAA-Polymer PEI PAA 20 20 - - 

PEI/PAA-20 PEI PAA 20 20 1 0.0514 

PEI/PSS-GO PEI PSS 20 20 1 0.0514 

Table 5.1 List of the samples and their consisting polymers, dipping time, C/S and calcium salt 
concentration. 
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Figure 5.1 AFM scans of the (a), (b) calcite substrate in early stages of exposure to sodium silicate solution, 
(c), (d) C-S-H particles grown on the calcite substrate after a week of exposure to sodium silicate solution, 
(e) and (f) C-S-H particles formed on PEI/PSS-20 samples after assembling 3 bilayers using LBL method. 

 

The formation of C-S-H particles during the LBL assembly was further confirmed 

using XRD as shown in Figure 5.2. Three bilayers of PEI/PSS-20 sample were assembled 

on a silicon wafer prepared with the same method explained for glass slide. Silicon wafer 

was used because of its smoother surface compared to glass slide so the amount of noise 

(a) (b)

(c) (d)

(e) (f)

2 μm

2 μm

2 μm
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was reduced significantly and the thin layer of C-S-H was detected by XRD. The peak 

corresponding to C-S-H can be observed at 29.1º [115] indicating the formation of C-S-H 

in the nanocomposite. It should be noted, according to available literature, the XRD 

spectrum of C-S-H exhibits other peaks with the strongest peak typically occurring at 29.1º 

[177]. Due to very thin layer of C-S-H/polymer, other peaks are not evident in the XRD 

spectrum shown in Figure 5.2. 

 

 

The FTIR scans for the hydrolyzed PAN substrate and PEI/PSS-20 sample after 

assembling each bilayer are shown in Figure 5.3. The O-H band at 3390 cm-1 and C=O 

band at 1632 cm-1 in hydrolyzed PAN decreased in intensity as more layers were assembled 

on the sample. The C-H band of polymers at 2980 cm-1 and the band at 1178 cm-1 

corresponding to sulfonate moiety of PSS [98] appeared after depositing the first bilayer 

and increased in intensity as the number of layers increased. The peak at 968 cm-1 is 

detectable after assembling the second bilayer and increased in intensity by assembling the 

third bilayer. This peak corresponds to Si-O stretching band in C-S-H [119] and indicates 

Figure 5.2 XRD spectrum of the PEI/PSS-20 sample with 3 bilayers assembled on a silicon wafer substrate.
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the increased formation of C-S-H particles as the number of bilayers increased. The peak 

at 1071 cm-1 in hydrolyzed PAN is attributed to the blending vibration of C-N group [178]. 

It is observed that the broad peak in 1000-1200 cm-1 region which is the characteristic 

absorption band of Si-O-Si asymmetric stretching [179] increased by increasing the 

number of layers which provides evidence for the formation of C-S-H in the sample. 

 

 

The pH, zeta potential value and size of the polymers and polymer/ion solutions are 

shown in Table 5.2.The concentration of polymers and salts in these solutions was the same 

as that of the solutions used to prepare the PEI/PSS-20 and PDDA/PAA-20 samples. 

Solutions containing C-S-H nanoparticles were also made by mixing equal amount of 

positively charged and negatively charged polyelectrolyte complex solutions and their pH, 

zeta potential and size were measured. It is seen that the solution of PEI-Ca2+ and PSS-

SiO3
2- have a zeta potential of 10 mV and -42.9 mV indicating the positive and negative 

5001000150020002500300035004000

  Hydrolyzed PAN

  PEI/PSS-20-Layer1

  PEI/PSS-20-Layer2

  PEI/PSS-20-Layer3

Wavenumber (cm-1)   

Si-O 

Figure 5.3 FTIR spectra of the PEI/PSS-20 samples with 3 bilayers assembled on a hydrolyzed PAN 
substrate after assembling of each bilayer. 
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charge of the polymer solution after addition of salts, respectively. By mixing the PEI-Ca2+ 

and PSS-SO3
2- solutions, the size of the particles was increased to 205 nm which indicates 

the formation of C-S-H nanoparticles in the aqueous solution. The charge of PEI/PSS/CSH 

solution is seen to be negative and slightly lower than that of PSS- SO3
2- due to strong 

anionic character of PSS. The size of particles in PEI/PSS/CSH is also larger than that of 

PEI/PSS without Ca2+ or SO3
2-, which provides evidence for agglomeration of C-S-H 

particles in this solution. The negative charge of the particles in PEI/PSS/CSH was 

measured to be higher than that of PEI/PSS; this indicates the negative charge of the silicate 

chains in C-S-H formed in-situ during LBL deposition.  

 

Table 5.2 pH, Zeta potential value and size of the polymers and polymer/ion solutions. 

 

The device was not able to measure the size of particles after mixing the PDDA-Ca2+ 

and PAA-SO3
2- solutions. This might be because of formation of large agglomerated C-S-

H particles. It is noted that the agglomerated particles were clearly observed in the mixed 

  pH Zeta potential (mV) Size (nm) 

PEI 10.1 19.1 96.8 

PEI-Ca2+ 10.5 10 85.7 

PSS 8.4 -34.8 110 

PSS-SO3
2- 11.7 -42.9 63.4 

PEI/PSS 10.5 -28.3 60.9 

PEI/PSS/CSH 10.8 -39.3 205 

PDDA 9.8 51.8 431.4 

PDDA-Ca2+ 8.7 44 482.7 

PAA 3.8 -16.5 59.6 

PAA- SO3
2- 11.5 -53.5 20.1 

PDDA/PAA 2.9 70.4 323.9 

PDDA/PAA/CSH 10.1 -15.4 ? 
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solution. The large size of particles in PDDA/PAA/CSH could be partially due to the large 

molecule size of PDDA. The charge of particles in PDDA/PAA/CSH is also negative.  

5.2. Morphology Examination 

The AFM images of PEI/PSS-Polymer, PDDA/PAA-Polymer and PEI/PAA-Polymer 

samples are shown in Figure 5.4a, Figure 5.4b and Figure 5.4c, respectively. Figure 5.4d, 

Figure 5.4e and Figure 5.4f show the AFM scans of the PEI/PSS-20, PDDA/PAA-20 and 

PEI/PAA-20 samples. The LBL assembly of different sets of polymers revealed different 

types of morphologies. However, when Ca2+ and SiO3
2- ions were added to the different 

polymer sets in order to facilitate C-S-H formation, globular features were detected in all 

the samples. The size and density of these globules were different in the samples. The 

roughness values of the samples are shown in Table 5.3. Globules in PDDA/PAA-20 

sample were smaller and denser compared to the other samples and the roughness value 

was also the smallest among the samples. Globules in the PEI/PAA-20 sample appeared 

larger, which is also reflected in increased roughness value of the sample. These 

observations indicate the important role of the different polyelectrolytes on the formation, 

growth, and assembly of C-S-H globules. One explanation for this observation can be 

related to the conformation of polymers molecules in the layered structure of the samples. 

In PDDA/PAA-20, the polymer molecules adopt a flat conformation and provide a 

template for growth and assembly of C-S-H particles. This can be attributed to the strong 

cationic PDDA, which maintains high positive charge density even at pH of the solution, 

which is measured to be 10 to 11. On the other hand, PEI is a weak cationic polymer and 

is partially charged at the pH of the solutions and it adopts a coil like conformation. Thus, 

it is expected that the growth and assembly of C-S-H in the coil like template results in a 
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larger C-S-H aggregate and increased porosity and less packing density of the 

nanocomposites, as demonstrated by increased roughness in PEI/PSS-20 and PEI/PAA-20 

samples. It is seen that the roughness of PEI/PSS-Polymer and PEI/PAA-Polymer is lower 

than that of PEI/PSS-20 and PEI/PAA-20, respectively. It is interesting to note an opposite 

trend in the case of PDDA and PAA, where there is a reduction in roughness in 

PDDA/PAA-20. PAA is a weak electrolyte and is partially ionized below a pH of 6.5 [180]. 

Thus, at pH of 2.9, which corresponds to the solution of PDDA and PAA, its molecular 

structure consists of segmental population of loops and tails at this pH [180]. Thus, this 

promotes formation of large island like features on the surface of the PDDA/PAA-Polymer 

sample, which also leads to elevated roughness, as seen in Table 5.3. 

 

Sample                    
label 

Ra (nm)                 
5 μm × 5 μm   

Ra (nm)                 
1 μm × 1 μm 

PEI/PSS-Polymer 1.47 1.18 

PEI/PSS-20 4.77 4.1 

PDDA/PAA-Polymer 7.95 6.85 

PDDA/PAA-20 0.85 0.873 

PEI/PAA-Polymer 8.12 9.75 

PEI/PAA-20 23.2 19.7  

Table 5.3 Roughness value of the samples made with just polymers and polymer complexes. 
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Gywddion software was used to apply watershed algorithm on AFM scans in order to 

locate the particles, and segment the images. The segmented image for one of the AFM 

scans is shown in Figure 5.5 Segmenting the AFM scan of PEI/PSS-10min sample using watershed 

algorithm.. The number of the particles as well as their mean area was obtained using this 

method. The AFM images of the PEI/PSS-10, PEI/PSS-20 and PEI/PSS-40 samples and 

their diagonal line profiles are shown in Figure 5.6. As mentioned previously, the last 

number in the sample designation corresponds to the duration of dipping during the 

fabrication of the samples. The roughness values of the samples and the number and mean 

area of globules in the 1 μm by 1 μm scan are shown in Table 5.4. By increasing the dipping 

time the number of globules slightly increased and the roughness value of the samples 

0.2 μm

0.2 μm0.2 μm

0.2 μm 

0.2 μm 

(a) (b) (c)

(d) (e) (f)

0.2 μm

Figure 5.4 AFM scans of the (a) PEI/PSS-Polymer, (b) PDDA/PAA-Polymer, (c) PEI/PAA-Polymer, (d) 
PEI/PSS-20, (e) PDDA/PAA-20 and (f) PEI/PAA-20 samples made of 3 bilayers. 
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decreased. The increase in dipping time, allowed more globules to form, and the denser 

morphology of the layers decreased the roughness value. 

 

 

 

The AFM images of the PDDA/PAA-10, PDDA/PAA-20 and PDDA/PAA-40 samples 

and their diagonal line profiles are shown in Figure 5.7. The roughness values of the 

samples and the number and mean area of globules in the 1 μm by 1 μm scan are shown in 

Table 5.4. A similar observation to PEI/PSS system can be made here. However, the height 

of the particles in PDDA/PAA samples is an order of magnitude smaller than that of 

Sample          
label 

Ra (nm)        
5 μm × 5 μm  

Ra (nm)        
1 μm × 1 μm 

Number of  
particles in         

1 μm × 1 μm  scan 

Mean area of      
the particles      

(nm2) 

PEI/PSS-10 7.5 6.13 720 1000 

PEI/PSS-20 4.77 4.1 770 980 

PEI/PSS-40 4.42 3.82 791 950 

PDDA/PAA-10 1.03 1 640 1190 

PDDA/PAA-20 0.85 0.873 678 1110 

PDDA/PAA-40 0.91 0.99 709 1060 

Table 5.4 Roughness values and number of the C-S-H particles of the PEI/PSS and PDDA/PAA samples 
with different dipping times made of 3 bilayers.

0.2 μm 

Figure 5.5 Segmenting the AFM scan of PEI/PSS-10min sample using watershed algorithm. 
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PEI/PSS samples. This explains the smaller roughness value of the PDDA/PAA samples 

compared to that of PEI/PSS samples. 
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Figure 5.6 Morphology and diagonal cross section of the (a), (d) PEI/PSS-10, (b), (e) PEI/PSS-20 and (c), 
(f) PEI/PSS-40 samples made of 3 bilayers. 
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PDDA/PAA-High pH sample was made same as the PDDA/PAA-20 sample. However, 

in this sample the pH of the complex solutions was increased to 12.5 by addition of a 5 M 
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Figure 5.7 Morphology and diagonal cross section of the (a), (d) PDDA/PAA-10, (b), (e) PDDA/PAA and 
(c), (f) PDDA/PAA samples made of 3 bilayers. 
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NaOH solution. PDDA has a high positive charge density which is reported to be 

unaffected by pH variation [124]. Its resistance to pH, makes PDDA a good candidate for 

preparing the C-S-H/Polymer nanocomposites at high pH. The AFM images of the 

PDDA/PAA-20 and PDDA/PAA-High pH samples and their diagonal line profiles are 

shown in Figure 5.8. The roughness values of the samples and the number and mean area 

of globules in the 1 μm by 1 μm scan are shown in Table 5.5. It is seen that the PDDA/PAA-

High pH sample exhibits a noticeably higher roughness and larger globules compared to 

PDDA/PAA-20. The effect of pH increase on C-S-H precipitation from an aqueous 

solution was studied and shown to influence the structure and composition of C-S-H [181]. 

Prior work has also indicated the dependence of C-S-H nanoparticle aggregation on the pH 

of the solution [147][175]. The increase in pH influences the nucleation of C-S-H and also 

increases the negative charge density of C-S-H, which affects the interaction forces 

between the C-S-H nanoparticles and also between the C-S-H nanoparticles and polymer. 

These processes are expected to be responsible for increased roughness and almost two 

fold larger area of the globules in PDDA/PAA-High pH compared to PDDA/PAA-20. It 

should be noted that PAA is fully ionized above pH of 6.5 [180] and is not expected to 

undergo conformational changes when pH increases from about 10 to 12.5 as is the case in 

our study. In addition, as mentioned previously, PDDA is a strong polyelectrolyte and its 

charge density does not change with pH. Thus, it is unlikely that the conformational change 

of the polyelectrolyte contributes to the observed change in the roughness and globule area 

in the sample with increased pH.   
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Sample                
label 

Ra (nm)       
5 μm × 5 μm  

Ra (nm)       
1 μm × 1 μm 

Number of 
particles in         

1 μm × 1 μm scan 

Mean area of 
the particles 

(nm2) 

PDDA/PAA-20 0.85 0.873 678 1110 

PDDA/PAA-High pH 1.46 1.39 394 2060 

Table 5.5 Roughness values and number of the C-S-H the PDDA/PAA-20 and PDDA/PAA-HighpH 
samples made of 3 bilayers. 
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Figure 5.8 Morphology and diagonal section profile of the (a), (c) PDDA/PAA-20 and (b), (d) 
PDDA/PAA-High pH samples made of 3 bilayers. 
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PEI/PSS-Ca0.00514 and PEI/PSS-Ca0.1028 samples were made same as the PEI/PSS-

20 sample. However, in these sample the concentrations of calcium acetate and sodium 

silicate were changed to one tenth and twice of that of the PEI/PSS-20 sample. The AFM 

images of the PEI/PSS-Ca0.00514, PEI/PSS-20 and PEI/PSS-Ca0.1028 samples and their 

diagonal line profiles are shown in Figure 5.9. The roughness values of the samples and 

the number and mean area of globules in the 1 μm by 1 μm scan are shown in Table 5.6. It 

can be observed that the morphology and the roughness value of the PEI/PSS-Ca0.00514 

sample is comparable to those of the PEI/PSS-Polymer sample shown in Figure 5.4 and 

Table 5.3. This shows that the low concentration of the calcium salt did not form enough 

polymer complex to facilitate the nucleation of the C-S-H particles. On the other hand, 

larger and more agglomerated C-S-H particles were formed on the PEI/PSS-Ca0.1028 

sample compared to the PEI/PSS-20 sample. 

 

Sample                
label  

Ra (nm)       
5 μm × 5 μm  

Ra (nm)       
1 μm × 1 μm 

Number of 
particles in        

1 μm×1 μm scan 

Mean area of 
the particles 

(nm2) 

PEI/PSS-Ca0.00514 1.14 1.01 980 760 

PEI/PSS-20 4.77 4.1 770 980 

PEI/PSS-Ca0.1028 4.4 4.05 576 1370 

Table 5.6 Roughness values and number of the C-S-H particles the PEI/PSS samples with different calcium 
salt and sodium silicate concentrations made of 3 bilayers. 
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Figure 5.9 Morphology and diagonal section profile of the (a), (d) PEI/PSS-0.00514, (b), (e) PEI/PSS-20 
and (c), (f) PEI/PSS-0.1028 samples made of 3 bilayers. 
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PEI/PSS-CS0.7, PEI/PSS-CS1.5 and PEI/PSS-CS2.3 samples were made same as 

PEI/PSS-20 sample. However, in these samples the concentration of sodium silicate was 

changed to provide calcium to silicate ratios of 0.7, 1.5 and 2.3, respectively. The AFM 

images of PEI/PSS-CS0.7, PEI/PSS-20, PEI/PSS-CS1.5 and PEI/PSS-CS2.3 samples and 

their diagonal line profiles are shown in Figure 5.10. The roughness values of the samples 

and the number and mean area of globules in the 1 μm by 1 μm scan are shown in Table 

5.7. No significant difference in the size of the particles, roughness value and morphology 

of the samples can be observed. Statistical testing cannot be performed to confirm this 

statement because in roughness measurement just one data point for each sample was 

obtained. Also the raw data and standard deviation for the particle area measurement was 

not provided by the software. One possible explanation for not observing any difference is 

that the change in the concentration of the silicate ions in the PSS-SO3
2- solution does not 

lead to formation of more PSS-SO3
2- complex in the range of silicate concentrations used 

in the experiment. In this case, the formed C-S-H particles on the surface would have a 

similar chemical structure and calcium to silicate ratios regardless of the concentration of 

sodium silicate in the solution. The other possibility is that the samples have different 

calcium to silicate ratios but the morphology of the C-S-H particles is not dependent on the 

C/S ratio in the nanocomposite studied here. It should be mentioned that a morphology 

dependence on C/S ratio could exist in nanocomposites with other polymers and this needs 

further investigations. The effect of C/S ratio on the atomic structure and mechanical 

properties of synthetic pure C-S-H powder has been studied in the past and C/S ratio has 

been shown to influence these characteristics of C-S-H [182]. However, direct morphology 

studies of synthetic C-S-H with varied C/S ratios are currently scarce. Transmission 
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electron microscopy images of C-S-H powder with two different C/S ratios were presented 

in [183]. However, no comparison in regard to the difference in morphology was made 

between the C-S-H samples with different C/S ratios studied in their paper. 

(f)
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Figure 5.10 Morphology and diagonal cross section of the (a), (b) PEI/PSS-CS0.7, (c), (d) PEI/PSS-20 
and (e), (f) PEI/PSS-CS1.5and (g), (h) PEI/PSS-CS2.3 samples made of 3 bilayers. 
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Table 5.7 Roughness values and number of the C-S-H particles of the PEI/PSS samples with different C/S 
values made of 3 bilayers. 

 

5.3. AFM Nanoindentation 

To perform nanoindentation, the PEI/PSS-20, PDDA/PAA-20 and PEI/PAA-20 

samples were made with deposition of 25 bilayers to provide a sufficient thickness for 

indentation. To investigate the amount of C-S-H in the nanocomposites, a heat treatment 

at 350º C for 3 hours was performed on the samples. The polymer portion of the samples 

was burned out during the heat treatment and C-S-H particles were left on the substrate. 

The morphology of the PEI/PAA-20 sample before and after heat treatment is shown in 

Figure 5.11. The roughness value of the sample before and after heat treatment was 9 nm 

and 8.5 nm, respectively. No significant change was observed in the morphology of the 

samples before and after heat treatment. The thickness of the deposited layers was 

measured before and after heat treatment. A grove was made on the surface of the sample 

using the AFM probe to scratch the deposited layers. Then, the area around the grove was 

scanned by AFM and the thickness of the sample was measured. The AFM scan for the 

grove made on the PDDA/PAA-20 sample after the heat treatment is shown in Figure 5.12. 

The results of the nanoindentation and thickness measurement for the samples made with 

different polymer complex sets are shown in Table 5.8. The thickness has decreased to 

Sample          
label 

Ra (nm)         
5 μm × 5 μm   

Ra (nm)        
1 μm × 1 μm 

Number of 
particles in         

1 μm × 1 μm scan 

Mean area of the 
particles (nm2) 

PEI/PSS-0.7 4.42 4.33 800 980 

PEI/PSS-20 4.77 4.1 770 980 

PEI/PSS-1.5 4.35 4.08 717 1060 

PEI/PSS-2.3 4 4.03 711 1070 



www.manaraa.com

94 
 

 
 

about half of the initial value after performing the heat treatment for all the samples. 

However, the surface of the samples is mostly composed of C-S-H particles. The Young’s 

modulus of the PEI/PSS-20 and PEI/PAA-20 samples increased modestly after heat 

treatment. The increase in the Young’s modulus after removal of polymers can be 

explained from the mixing rule [184] as the phase fraction of hard C-S-H is increased. 

However, an increase of less than 8% was observed in the Young’s modulus value of the 

PDDA/PAA-20 sample after performing the heat treatment. The value of Young’s modulus 

of C-S-H/Polymer nanocomposite after removal of polymer is comparable to that of C-S-

H/polymer nanocomposite powder reported in the literature [15,118,155]. It should be 

noted that it is possible for the polymers to be incorporated in the atomic structure of C-S-

H stacks in the form of surface adsorption or intercalation in the interlayer space [11]. It is 

shown in the literatures that the removal of the polymer interacted with C-S-H happens at 

a temperature range of 250ºC to 550ºC [118]. Thus, the polymers incorporated in the 

atomic structure of C-S-H is not likely to be completely removed at the temperature used 

in the heat treatment. This is reflected from the lower values of Young’s modulus of C-S-

H after polymer removal compared to C-S-H powder without modification with polymer 

as reported in the literature [15,118]. 

2 μm

(b)

2 μm

(a) 

Figure 5.11 Morphology of the PEI/PAA-20 sample made of 25 bilayers (a) before and (b) after 
heat treatment. 
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Sample label E (Gpa)       
before burning 

Thickness 
(nm) 

E (Gpa)        
after burning 

Thickness 
(nm) 

PEI/PSS-20 10.9 200 14.3 80 

PDDA/PAA-20 11.9 180 11 80 

PEI/PAA-20 10.4 190 15.3 100 

Table 5.8 Average Young’s modolus value and thickness of the samples made with different polymer 
complex sets and consisting of 25 bilayers. 
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Figure 5.12 Thickness measurement of the PDDA/PAA-20 sample made of 25 bilayers after heat 
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5.4. GO/C-S-H/Polymer Nanocomposite 

To elucidate the effects of GO on C-S-H/polymer systems, the PEI/PSS-GO sample 

containing 3 trilayers of PEI-Calcium acetate, GO and PSS-Sodium silicate was prepared. 

The surface of the sample was scanned by AFM. The AFM scans of a probed GO particle 

in the nanocomposite in shown in Figure 5.13. It can be observed that the concentration of 

the C-S-H globules on the surface of the GO nanosheet is higher than the other areas. This 

can be attributed to increased nucleation sites for the formation of C-S-H on the surface of 

GO. This observation can provide evidence for increased hydration in cementitious 

materials as a result of addition of GO. Care should be taken in the interpretation of this 

observation as the effect of polymers is not decoupled. An ideal situation would be to 

examine the nucleation of GO in LBL fabricated C-S-H/GO systems without the presence 

of polymers, which seems impractical as the polymers are needed for the LBL deposition 

method. 

The morphology of the PEI/PSS-GO samples made of 25 trilayers of GO, PEI-Ca2+ and 

PSS-SiO3
2- is shown in Figure 5.14. The surface of the sample appears to be rougher and 

irregular compared to that of the samples without GO. The surface roughness of the sample 

with GO is measured to be one order of magnitude higher than that of the sample without 

GO. The increase in roughness could be because the GO nanosheets are not deposited in a 

completely planar position and are folded or take a wavy form within the layers, as seen in 

Figure 5.14a. The C-S-H globules can be observed in the Figure 5.14b. It is observed that 

the GO nano sheets are folded in the composite and are not smoothly distributed as they 

did in the sample with 3 trilayers.  
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AFM nanoindentation was performed on the PEI-PSS/GO and the average value of the 

Young’s modulus was calculated to be 5.7 GPa which is lower than the value 

corresponding to C-S-H/Polymer samples. A potential reason for this could be increased 

roughness of the sample with GO resulting in a reduction in the measured Young’s 

modulus. The effect of surface roughness on measured Young’s modulus using 

nanoindentation has been studied in the past [185]. It is also worth mentioning that although 

GO nanosheets seem to increase the nucleation of C-S-H particles, the adopted morphology 

of GO, such as folding and waviness, could result in a loosely packed structure of the 

nanocompsites contributing to a lower Young’s modulus. More investigations are 

necessary to obtain more detailed insight in the CSH/Polymer/GO systems.  

 

1 μm 0.2 μm

nm 

Figure 5.13 AFM scan of a GO nanosheet in the PEI/PSS-GO sample made of 3 trilayers.
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Figure 5.14 (a), (b) AFM scans and (c) topography of the PEI/PSS-GO sample made of 25 trilayers.
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Chapter 6 

6. Conclusions and Future Work 

This project was designed to improve the current understanding about the interaction 

of polymers and biomolecules with C-S-H in order to discover the effect of polymers and 

biomolecules on the atomic structure and morphology of C-S-H, and to elucidate how 

polymers and biomolecules affect the Young’s modulus of C-S-H. A comprehensive 

research study was planned in order to examine the key features of the C-S-H systems 

modified with polymers and biomolecules at the nano level. Several advanced analytical 

tools were used in order to corroborate the observations in each section. This study 

presented new evidence for the potential of biomolecules to manipulate the structure of 

bio-inspired materials. Biomolecules which are known to play a crucial role in the growth 

and microstructure formation of some biological nanocomposites that exhibit superior 

mechanical properties were studied in the structure of C-S-H and were shown to have the 

potential to manipulate the structure of C-S-H. The other fundamental achievements of the 

current work was to successfully incorporate C-S-H as the inorganic compound of 

biomimetic nanocomposites. For the first time a C-S-H/polymer nanocomposite with the 

aim of investigating the mechanical properties was fabricated using the bottom up LBL 

technique and its Young’s modulus was measure using nanoindentation. The promising 

mechanical properties of the C-S-H modified systems such as more flexibility is highly 

desired in construction materials. The outcome of this study can be seen as a first step 

towards the formation of construction materials using bio-inspired approaches. The 

detailed observations in each chapter are described in this section. 
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In Chapter 3, the effect of cationic, anionic and polar polymers and amphiphilic 

copolymers on the nanostructure and nanomechanical properties of C-S-H was 

investigated. The findings of this section can be summarized as follows: 

 At C/S of 0.8, the intercalation of the cationic PDDA between the negatively 

charged C-S-H layers was facilitated by electrostatic interactions. Hydrogen 

bonding to Ca-OH groups was the underlying mechanism of interaction between 

the polar PVA and C-S-H. At C/S of 1.5, no hint of interaction between PVA and 

PDDA, and C-S-H was observed. 

 PAA has a retarding effect on the nucleation of C-S-H. This effect was confirmed 

by both XRD and FTIR results. The binding of Ca2+ ions present in the C-S-H 

solution due to the complex formation in presence of anionic PAA was responsible 

for the retardation in the C-S-H formation. 

 The effect of amphiphilic PEG-PPG-PEG block copolymers on the structure of C-

S-H was observed to be highly dependent on the molecular size of the copolymer. 

 The interaction of the PEG-PPG-PEG copolymers with C-S-H was more 

pronounced at C/S ratio of 1.5, while PPG-PEG-PPG copolymers interacted with 

C-S-H at C/S of 0.7. The properties of the PEG-PPG-PEG copolymers are mainly 

governed by the polar PEG segment. However, in PEG-PPG-PEG copolymers the 

hydrophobic PPG segment is dominant. 

 

In Chapter 4, the effect of biomolecules with distinct functional groups and various 

molecular sizes on the structure, morphology and Young’s modulus of C-S-H was 

investigated. The finding of this chapter are as follows: 
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 The XRD analysis showed a change in the atomic structure, in the form of 

intercalation or surface adsorption, of C-S-H modified with the H-bond forming, 

hydrophobic and positively charged amino acids at both C/S=0.7 and 1.5. With 

increase in C/S ratio, the influence of negatively charged amino acid became more 

pronounced. Among the protein studied here, lysozyme appeared to show 

intercalation in C-S-H only at high C/S of 1.5. This could be related to the 

composition and conformation of this protein facilitating intercalation of this 

protein in C-S-H at this C/S ratio.  

 The FTIR results indicated the effect of arginine on the silicate polymerization of 

C-S-H at low C/S ratio and increased influence of glutamic acid at higher C/S of 

1.5. A noticeable increase in the silicate polymerization of samples modified with 

proteins at C/S of 1.5 was observed. 

 The control C-S-H and the C-S-H modified with amino acids used in this study 

demonstrated a globular morphology of C-S-H nanoparticles. C-S-H modified with 

lysozyme and albumin also showed a globular morphology. The C-S-H samples 

modified with hemoglobin showed a platelet morphology in contrast to a globular 

morphology of the C-S-H modified with other proteins.  

 A decrease in the Young’s modulus of the C-S-H samples modified with amino 

acid was observed at lower C/S ratio. However, the effect of amino acid in altering 

the Young’s modulus of C-S-H system was not significant at high C/S ratio. 

 The Young’s modulus of C-S-H with proteins was lower that of the control C-S-H 

at both C/S values. The reduction in the Young’s modulus was slightly increased at 
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high C/S ratio. C-S-H modified with lysozyme was shown to exhibit a higher 

Young’s modulus than C-S-H modified with albumin and hemoglobin. 

 

In Chapter 5, C-S-H/polymer composites were synthesized with LBL method and their 

morphology and mechanical properties were investigated using AFM scanning and AFM 

nanoindentation. To further elucidate the possibility of improving the nucleation of C-S-H 

and mechanical properties of the composite, GO nano sheets were used in the LBL 

assembly. The findings of this chapter are as follows: 

 Different sets of cationic and anionic polymers show different morphological 

shapes after LBL assembly. However, the C-S-H/Polymer composites made of 

different sets of polymers reveal the same globular shape attributed to C-S-H 

particles. The density and size of the globules were different in the samples. 

 An increase in the pH level facilitate the nucleation of larger C-S-H particles. 

 The surface of the C-S-H/Polymer composites is mainly consisted of the C-S-H 

particles which does not change in morphology after removing the polymers by 

heat treatment. 

 The role of polymers in the elastic modulus of the C-S-H/Polymer composites 

obtained by AFM indentation method is negligible so that there is no significant 

difference in the value of their elastic modulus before and after heat treatment. 

 The functionalized surface of the GO nano sheets helps with formation of C-S-H 

particles by providing a nucleation site for the particles. 

 In the GO/C-S-H/Polymer composites made of 25 trilayers, the GO nano sheets are 

not placed in a well ordered structure and folded GOs can be probed in the sample. 
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Thus, the GO/C-S-H/Polymer composite showed a lower mechanical properties 

than the C-S-H/Polymer composite made of the same number of bilayers. 

 The outcomes of this study show that C-S-H can be used as the inorganic part of 

organic/inorganic nanocomposites which is a promising approach in producing bio-

inspired cementitious materials with superior mechanical properties. 

 

The areas that deserve further investigations are suggested as follows: 
 

 An investigation on the effect of polymer concentration as well as other C/S ratios 

will provide further information about the interaction between the polymeric 

compounds and C-S-H.  

 Use of biological recombinant methods such as phage display permits identifying 

biomolecules with strong binding to C-S-H. Such studies have the potential to 

increase our understanding of the relation between biomolecule characteristics, 

such as composition and sequences, and C-S-H binding. 

 Utilizing other analytical methods such as nuclear magnetic resonance (NMR), 

small angle X-ray scattering (SAXS) and transmission electron microscopy (TEM) 

will provide more valuable insights into the nanostructure of modified C-S-H. 

 Future studies are needed to examine the time dependent mechanical response such 

as creep of C-S-H. This is particularly important as C-S-H is considered to play a 

direct role in the creep of cementitious materials [1,186].  
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Appendix 

Statistical testing 
 
The mean and standard deviation of the control samples including two replicates were 

measured. A confidence interval of 95% was chosen to detect the values significantly 

different with the control measurement.  

Significantly different values are highlighted: 

 

 

 
C/S = 0.7 C/S = 1.5 

d (Å) d (Å) 
PEG-PPG-PEG1900 13.8 14.8 
PEG-PPG-PEG8000 13.6 14.3 
PEG-PPG-PEG16000 13.6 13.6 
PPG-PEG-PPG 14.1 13.6 
Aminopropyl PPG-PEG-PPG 14.8 13.6 
PVP-DMEMA 14.1 14.5 
Arginine 13.8 14.3 
Glutamine 14.1 13.8 
Leucine 13.6 14.1 
Glutamic acid 13.4 13.8 
Lysozyme 13.8 14.3 
Albumin 13.8 13.6 
Hemoglobin 13.4 13.6 

Table A.1 Significantly different values compared to the control sample determined by statistical testing on 
the XRD results. 
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C/S = 0.7 C/S = 1.5 

Q2/Q1 Q2/Q1 
PEG-PPG-PEG1900 3.86 3.83 
PEG-PPG-PEG8000 3.99 3.86 
PEG-PPG-PEG16000 3.83 3.78 
PPG-PEG-PPG 3.91 3.89 
Aminopropyl PPG-PEG-PPG 3.85 3.78 
PVP-DMEMA 3.98 3.73 
Arginine 3.55 3.51 
Glutamine 3.77 3.42 
Leucine 3.85 3.41 
Glutamic acid 3.57 3.46 
Lysozyme 3.59 3.62 
Albumin 3.7 3.68 
Hemoglobin 3.41 3.44 

Table A.2 Significantly different values compared to the control sample determined by statistical testing on 
the FTIR results. 
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