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CHAPTER 1. INTRODUCTION

1 Introduction

CO; emissions from cement production are generated from the decarbonation of limestone
(CaCOs), the calcination, and the milling process. About 900 kg of CO; are released for every
ton of clinker produced, thus producing approximately 5 - 7 % of global anthropogenic
carbon dioxide emissions [1-3]. In order to reduce the environmental impact of CO,
emissions from cement production, a part of the clinker can be substituted with
supplementary cementitious materials (SCMs) such as fly ash, blast furnace slag, limestone,
etc. These are known as blended cements (CEM I1/111) that are more environmentally more
friendly than Portland cement. However, the disadvantage of blended cements is their slow
early strength development, owing to a reduced rate of cement hydration and the slow
pozzolanic reaction of SCMs.

Generally, calcium based salts such as calcium chloride, nitrate or formate are used as
accelerators to increase the rate of hydration and to boost the early strength of Portland
cement [4]. In blended cements, many reports showed an increase of early strength through
addition of accelerating admixtures, such as calcium chloride, calcium formate, sodium
sulfate, sodium thiocyanate, alkanolamines, and glycerol [5-8]. However, those admixtures
sometimes lead to a decreased final strength.

Calcium silicate hydrate (C-S-H) is well-known as the main hydration product of ordinary
Portland cement. The layered structure of C-S-H consists of linear silicate chains which are
aligned in “dreierketten” sequences and share oxygen atoms with calcium ions in plane [9].
Recently, synthetic C-S-H has been introduced as a seeding material for acceleration of
cement hydration [10-12]. However, only a minor acceleration can be observed from C-S-H
due to rapid agglomeration and/or OSTWALD ripening of the initially formed nanofoils. In

order to maximize acceleration, the size of the C-S-H particles has to be controlled to their
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original nanoscale by adding polymeric dispersants such as polycarboxylate (PCE)
superplasticizers [13-16].

PCE copolymers are known as high-range water-reducing admixtures for concrete. They
are structured in a comb-like shape that consists of a backbone grafted with side chains. The
backbone contains carboxylate anchor groups that are negatively charged and responsible for
the adsorption onto the positively charged surface of e.g. cement particles. The non-ionic side
chains made of polyethylene glycol (PEG) promote dispersion via a steric hindrance effect.
Based on this specific molecular structure, PCEs can be applied to adsorb on freshly formed
C-S-H and to produce C-S-H particles of particularly large surface area which is very
beneficial for effective acceleration of cement hydration [17,18].

In this thesis, C-S-H — PCE nanocomposites were synthesized and used as seeding
materials for the purpose of early strength enhancement in Portland cement and blended
cements. Four main studies were carried out to obtain the superior C-S-H — PCE crystal seeds
and to understand their mode of action. First, the influence of different molecular structures
of PCEs, such as the side chain lengths and the grafting density, on the size of the C-S-H
particles and their ability to accelerate the early strength development of mortar was
investigated. Second, the impact of composition, structure and morphology of the synthesized
C-S-H — PCE nanocomposites on their strength enhancement in Portland cement was studied
mechanistically. Third, the effectiveness of the C-S-H — PCE nanocomposite on the early
strength development of mortar and concrete made from fly ash and slag blended cements
was determined. Based upon these investigations, a model for the interaction between PCE
and C-S-H was proposed and the mechanism of the C-S-H — PCE seeding admixture in
cement was revealed. Finally, the nucleation and crystallization of C-S-H in the presence and

absence of a PCE superplasticizer were investigated.
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2 Aims and scope

This PhD work aims to study and optimize C-S-H — PCE nanocomposites as seed crystals
for the hydration of silicate phases in cement; to achieve the strongest seeding effect in
cement hydration, as demonstrated by the largest gain in early strength of mortar and
concrete; and to measure the key parameters controlling the size and the characteristics of the
C-S-H — PCE nanocomposites.

Therefore, the process variables during the synthesis of C-S-H — PCE, such as the
molecular structure of PCE, pH value, Ca/Si ratio, temperature and ageing time, were looked
at. The characteristics of the synthesized C-S-H — PCE nanocomposites were determined in
the context of their ability to accelerate the early strength development of mortar and concrete
made from Portland or blended cements. Moreover, the mode of action of the C-S-H — PCE
nanocomposite in cement was elucidated. Finally, the study on the nucleation and
crystallization of C-S-H in the presence and absence of PCE is of relevance to understand the

development of C-S-H in actual cement.

2.1 Influence of different PCE structures on the strength enhancing effect of C-S-H

particles

The aim of this part is to use PCE superplasticizers of different molecular structures to
stabilize and control the size of the C-S-H particles. This part describes the effect of side
chain length and grafting density of MPEG PCEs on the size and characteristics of C-S-H
particles. The effectiveness of the synthesized C-S-H — PCE nanocomposites in Portland
cement was determined by 16 hour mortar strength tests. The impact of the C-S-H — PCE
nanocomposites in cement was investigated based on heat flow calorimetry and %Si MAS

NMR spectroscopy.
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2.2 Effect of synthesis conditions on the effectiveness of C-S-H — PCE nanocomposites as

accelerators in Portland cement

The impact of several process parameters during the C-S-H synthesis on the characteristics
and performance of the C-S-H — PCE nanocomposites was investigated. A design of
experiments (DOE) was used to determine the relationship between process parameters (e.g.
pH value, Ca/Si ratio and temperature) and early strength of mortar. After that, the dominant
parameter impacting the early strength of mortar was identified with regard to the structure,
composition and morphology of C-S-H — PCE nanocomposites by using XRD, FT-IR, *°Si
MAS NMR, TOC, TEM, etc. measurements. Additionally, a structural model for the C-S-H —

PCE nanocomposite was proposed.

2.3 Application of the C-S-H — PCE nanocomposite as an accelerator in blended

cements

Blended cements have a relatively slow early strength development. The first objective of
this section was to study the effectiveness of the C-S-H — PCE nanocomposite on early
strength development of mortar and concrete made from fly ash, slag and calcined clay
blended cements. Secondly, the behavior of the C-S-H — PCE seeding admixture in the

blended cements was studied via in-situ XRD and calorimetric measurements.

2.4 Nucleation and growth of C-S-H — PCE nanocomposites

The very early nucleation and subsequent crystallization of C-S-H in the presence and
absence of an IPEG PCE was monitored via transmission electron microscopy (TEM).
Moreover, the effectiveness of C-S-H — PCE nanocomposites prepared at different ageing

times on the early strength development of mortar was determined.
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3 Theoretical background and state of the art

3.1 Calcium silicate hydrate (C-S-H)

Calcium silicate hydrates (C-S-H) consist of CaO, SiO, and H,O in different
stoichiometry. Their structures are variable in the range from crystalline to semicrystalline
and nearly amorphous [9,19]. Generally, more than 30 crystalline minerals of C-S-H are
known such as tobermorite, jennite, wollastonite, xonolite, etc. The semicrystalline phases
have been reported as imperfect forms of 1.4-nm tobermorite; C-S-H (I) and jennite; C-S-H
(IT). Poorly ordered C-S-H (which mistakenly is also called “C-S-H gel”) is the main
hydration product of Portland cement. It forms up to 60 % of hardened cement and presents
the binding phase which is responsible for the strength properties and durability in hardened

cement.

3.1.1 Formation of calcium silicate hydrate

a) Nucleation theories

Nucleation is the most important stage to create the first tiny solid aggregates. It includes
the conglomeration of atoms, ions or molecules to form the first sub-microscopic cluster or
nucleus of the solid crystal [20,21].

i. The classical nucleation theory (CNT) distinguishes between two main processes:
primary and secondary nucleation. Primary nucleation involves the formation of the
first nucleus which occurs in the absence of a solid interface in the solution
(homogeneous nucleation) or in the presence of a solid interface of a foreign seed
(heterogeneous nucleation). Opposite to this, crystal nuclei produced from a pre-
existing crystal is known as secondary nucleation [21].

The classical nucleation theory considers the formation of a molecular or ionic

-5-
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cluster [22]. The rate of nucleation (J) is given by a simple Boltzmann approach
(Equation 1).

J =K exp(%) Equation 1

where k is the Boltzmann constant, 4G is the change in Gibbs free energy, and K
is the kinetic prefactor.

The Gibbs free energy change (barrier height) resulting from cluster formation is
expressed in the CNT as the sum of surface and volume energies (Equation 2). It is

associated with the formation of a spherical cluster of radius “r” that is given by

Equation 3.
AGy = AGs + AGy Equation 2
3
AGr = 4mlo — To-Au Equation 3

where o is the interfacial free energy based on a unit surface area between the
forming phase and the metastable phase, and Ay is the difference in the specific free
energy between liquid and solid.

The growth of a cluster to achieve a stable nucleus depends on the competition
between the surface and volume energies. The surface term, which hinders the
formation of a new phase, increases with r* whereas the volume energy term which
typically drives nucleation decreases with r’. The net free energy change (4Gy)
increases with the increase in the cluster size until it reaches a maximum, then the net
free energy decreases at further growth (Figure 1). The size of the cluster

corresponding to the maximum free energy change is known as the critical nucleus

-6-
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size (r*) that is the smallest crystalline unit capable of growing further into a larger
crystal. From the critical nucleus size the clusters can overcome the nucleation barrier
energy, form a stable crystal nucleus and grow further. Therefore, at a high level of
supersaturation the rate at which clusters reach the critical nucleus size increases and

nucleation occurs more rapidly.

Surface energy:

AGg = 4nrc AGs
'
> .7
> PR
) .
[ o= 5 &
L P
o) -7
2 z-
Ll
L = = '\ :; AGT
0 === —L
=~10 T 20 Cluster
S radius
Volume energy: i
AG, = - 4nr3Ap 13V, N
AG,

Figure 1: Graphical representation of the free energy change of a cluster as a function of its

radius (redrawn after [22])

Non-classical nucleation theory

This concept presents that the morphology of the precritical clusters can differ
significantly from that of the final bulk crystal (Figure 2) [23-25]. The mechanisms
can involve formation of liquid droplets [26,27] or amorphous nanoparticles (possibly
formed after aggregation of stable prenucleation clusters) as precursors [28,29]. The
nucleated amorphous solid phase subsequently crystallizes to generate the final stable

crystal product.
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Figure 2: Known pathways to crystallization by particle attachment (from [24])

b) Formation of C-S-H in cement

Ordinary Portland cement (OPC) consists of four main compounds including the two
silicate phases; tricalcium silicate (C3;S) and B-dicalcium silicate (C,S); and two aluminate
phases; tricalcium aluminate (C3A) and tetracalcium aluminoferrite (C4AF) [9]. Yet, the main
component of cement is C3S representing ~ 50 - 70 %.

When the cement grains make first contact with water, C-S-H is produced together with
Portlandite (Ca(OH),) as a by-product during the hydration of the C;S and C,S phases via
dissolution-precipitation reaction, as originally proposed by Le Chatelier [30]. This reaction
proceeds in several steps (Equations 4-6 for C;S hydration), including the dissolution of the
silicate phases, the nucleation of metastable and stable forms of C-S-H, and the growth of the
stable C-S-H precipitates [31-33]. So far, it was believed that the C-S-H precipitation follows

a classical nucleation process [34].
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C;S dissolution

CasSiOs + 3H,0 — 3Ca*™ + 40H + H,Si04” Equation 4

C-S-H precipitation

1.7Ca*" + 1.40H + H,Si0;5 — (CaO);—( Si0,)—(H,0), 7 Equation 5
Ca(OH); precipitation

1.3Ca*" + 2.60H — 1.3Ca(OH), Equation 6
- Dissolution

The reaction between C;S and water starts immediately after wetting. At first, Ca*" ions
are extracted from the surfaces of C;S and C,S while the silicate anions remain in the solid
phases, thus signifying a rare incongruent dissolution behavior. After several hours (~ 2 - 3
hrs), the silicate anions start to dissolve as well until the concentrations of calcium and
silicate in the pore solution reach an equilibrium (Equation 4). The dissolution rates can be
monitored by analyzing the evolution of the ionic concentrations in the pore solution over
time. The dissolution rate of C3;S at undersaturated condition has been tracked by analyzing
the Si concentration in the pore solution [35-38]. Generally, the dissolution rate in
undersaturated condition depends on the solubility of the ionic species, specific surface area,
structure of the crystalline lattice, temperature, ionic concentration in solution [39], and
crystallographic defects [40-42]. Over time, the solution gets more enriched with calcium and
silicate ions and then supersaturated with respect to C-S-H which consequently precipitates.
However, the formation of a protective layer of hydration products [43,44], or the presence of
aluminum [42] on the surface of the C;S particles limit the dissolution, leading to delayed

nucleation and growth of C-S-H.
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- Nucleation

Currently it is believed that the precipitation of C-S-H in cement follows a classical
nucleation process (heterogeneous nucleation). C-S-H can nucleate and grow on the C3S
grains after the concentrations of calcium and silicate in solution increase until reaching the
level of supersaturation. It has been reported that the lime (Ca(OH),) concentration in
solution is the most important parameter to control the heterogeneous nucleation process
during the hydration of C3;S and C,S [34]. The number of C-S-H nuclei formed in the first
minutes controls the hydration kinetics of the induction period. It depends on the dissolution
rate of CsS, the volume of the solution (w/c ratio) and the initial concentration of calcium,
silicate and hydroxide in the solution. A higher number of precipitated C-S-H nuclei implies a

faster hydration [45,46].

- Growth of C-S-H

The growth mode of C-S-H mainly controls the acceleration period of cement hydration.
Nuclei of stable C-S-H continue to grow around the alite grains until complete coverage of
the surface is reached. The C-S-H growth is anisotropic which occurs at two different rates
parallel and perpendicularly to the surface [46]. The rate of growth depends on the number of
active growth sites on the cement grains and the lime concentration in solution [47]. The
growth mechanism of C-S-H has been described via two structural developments such as the
defective sheets of silicate and aggregation of nanoparticles. In the first scenario, Gartner et
al. [48,49] proposed a mechanism whereby C-S-H grows as branching sheets from localized
nanocrystalline regions of existing C-S-H (Figure 3). These sheets grow in two dimensions
and can build a defect into the layer. This leads to a distorting of the sheets and a disordering
of the crystalline structure. According to the second model, the initial C-S-H nanoparticles

aggregate. As such, the growth of C-S-H is limited until their size reaches a few nanometers.
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These C-S-H nanoparticles can provide new sites for further heterogeneous nucleation or the

agglomeration with previously precipitated C-S-H nanoparticles [50-54].

/ ) \h\_ wl-lé.rdl(:c’rystm\

region

Figure 3: Schematic representation of the nanocrystalline region in C-S-H (from [49])

C) Synthetic C-S-H

C-S-H can be synthesized via a silica-lime reaction, co-precipitation and other processes.
The precipitation of C-S-H from aqueous supersaturated solution is described as a sequence
of nucleation and growth processes. First, the nucleation of C-S-H in aqueous solution
(Equation 7) occurs at conditions in which the degree of supersaturation exceeds a critical

value. Once the C-S-H nucleus has reached the supercritical size, it can grow.
Ca™(aq) + H2Si04%aq) — CaH,SiOu Equation 7

The homogeneous nucleation of C-S-H has been studied from different supersaturated
solutions by mixing solutions of lime and silica, or — more preferably — calcium salts (e.g.
Ca(NO3),) with a soluble silicate (e.g. Na,SiO3-5H,0). The degree of supersaturation is the
main parameter to control the homogeneous nucleation rate. High levels of supersaturation
lead to a reduction in the time required to induce C-S-H nucleation (induction time);

however, nucleation at very low supersaturation becomes heterogeneous [34]. Moreover, it
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has been reported that the pH value plays an important role in the kinetics relative to the
formation of C-S-H precipitates. An increase in pH value (e.g. from 10 to 12) at constant
supersaturation can slow down the rate of precipitation and produces C-S-H crystallites of

larger size [55].

3.1.2 Types of calcium silicate hydrate

a) Crystalline C-S-H

Among the various crystalline calcium silicate hydrates, the structures of 1.4-nm
tobermorite and jennite are best characterized.

The crystal structure of 1.4-nm tobermorite, CasSicO;6(OH),-8H,0, consists of a central
Ca—O layer with attached linear silicate chains on both sides. These silicate chains are aligned
in sequences of “dreierketten” which present a repeating unit of three silica tetrahedra. Two
of the silica tetrahedra (pairing tetrahedra) are linked to the calcium oxide layer, while the
third silica tetrahedron is bridged two pairing tetrahedra (Figure 4). 1.4-nm tobermorite
exhibits a layered structure which has a layer thickness of 1.4 nm, as determined by XRD.
The interlayer spaces of tobermorite contain water molecules and additional calcium cations

[9,19,56,57].

Dreierkette

Figure 4: Schematic diagram of dreierketten chains present in 1.4-nm tobermorite

(redrawn after [19])
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The layered structure of jennite, Cao(SisO;5)(OH)s-8H,O, contains ribbons of edge-sharing
calcium octahedra flanked on both sides by silicate tetrahedra (Figure 5). These main layers
are linked by additional calcium octahedra on inversion centers. The hydroxyl groups are
bonded to three calcium cations while no SiOH groups are observed [58]. Thus, jennite has a

much higher Ca/Si ratio of ~ 1.5 vs. 0.83 in tobermorite and its layer thickness is 1.05 nm.

Figure 5: Schematic diagram of the silicate chains present in jennite (from [58])

b) Less crystalline C-S-H

“C-S-H gel”

The C-S-H present in hardened Portland cement is poorly crystalline. Many reports have
described the structure of C-S-H in hardened cement using a defect tobermorite structure
[9,19,59] where some of the silicate tetrahedra are missing.

Generally, C-S-H 1s composed of silicate tetrahedra which are aligned in a dreierketten
structure [60-63]. These silicate tetrahedra share oxygen atoms with calcium in plane and are
stacked in a layer structure (Figure 6). The mean silicate chain length of C-S-H obtained

during the hydration of Portland cement is in the range of 5-8 tetrahedra only [61,64]. The
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interlayer of C-S-H is also occupied by water, calcium ions and other ions which influence

the distance of the interlayer space.

. Interlayer

—V VVAV <— Silicate chain

4— CaO plane

~4| O

Figure 6: Schematic structure of C-S-H (from [9]). Triangles: silica tetrahedra; black circles:
calcium atoms/ions in CaO planes and calcium ions; empty circles: species in the
interlayer (water). Q,: n represents the number of SiO4 units attached to an

individual silicate tetrahedron, p: pairing units, b: bridging sites

The composition of C-S-H in hardened cement is variable and depends on the water-to-
cement (w/c) ratio, ageing time, concentration of calcium and silicate in solution, etc.
Moreover, Ca*" is the main parameter controlling the hydration kinetics, stoichiometry and
structure of C-S-H. Generally, the Ca/Si molar ratio of C-S-H formed in cement hydration is
greater than 1.5, with a mean of ~ 1.7 [62,63,65-69]. In hardened cement, C-S-H occurs in
various morphologies, namely as small globular particles with diameters of ~ 6 - 8 nm in the
inner product (Ip), and with fibrillar morphology in the outer product (Op) (Figure 7)

[19,65,70,71].
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¢ '1,-Op, boundary

Figure 7: TEM micrograph showing the inner product (Ip) and the outer product (Op) of

C-S-H present in a hardened CsS paste (from [71])

- Synthetic C-S-H

Most studies focus on the variations of composition, structure and morphology of
synthetic C-S-H produced by controlled C3;S hydration, silica-lime reaction, co-precipitation,
etc.

Synthetic C-S-H has been categorized in several systems including semicrystalline C-S-H
which exhibits an intermediate structure between 1.4-nm tobermorite, jennite and C-S-H gel.

The semicrystalline C-S-H formed at room temperature has been classified as C-S-H (I) and
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C-S-H (II) [9,72,73]. They are known as an imperfect version of 1.4-nm tobermorite and
jennite, respectively. Additionally, Nonat et al. have proposed three types of C-S-H including

C-S-H (o), C-S-H (B) and C-S-H (y) [74,75].

Composition

The composition of C-S-H is typically characterized by the molar ratio of calcium to
silicon in its structure (Ca/Si ratio). The Ca/Si ratio can vary from 0.7 to 2.0 [70]. Generally,
specific compositions of C-S-H can be found in crystalline phases such as 1.4-nm tobermorite
(CasSig016(OH),8H,0; Ca/Si = 0.83) and jennite (Cay(SisO;5)(OH)s-8H,O; Ca/Si = 1.5) [9].
For semicrystalline C-S-H, the Ca/Si ratios of the C-S-H (I) vary in the range from 0.67 to 1.5
while the Ca/Si ratios of C-S-H (II) are nearly 2.0 [9,72,73]. Furthermore, for C-S-H (a) a
Ca/Si ratio of 0.7 - 1.0, for C-S-H () a Ca/Si of 1.0 - 1.5 and for C-S-H (y) a Ca/Si > 1.5
have been reported [74,75].

The Ca/Si ratios depend on several factors such as the initial mixture of raw materials, the
activity of the ions in the equilibrium solution, pH value, temperature, synthesis approach,
etc. Also, the correlation between the concentrations of calcium and silicate ions in the
solutions and the Ca/Si ratio has been highlighted [76]. There, a decreased silicate
concentration and rise in the calcium concentration in solution led to an increased Ca/Si ratio
of the C-S-H products. The lowest and highest Ca/Si ratios found in C-S-H were at ~ 0.7 and
~ 1.45, respectively. Amorphous silica and calcium hydroxide were also detected in C-S-H
with Ca/Si ratios lower than 0.7 and greater than 1.45, respectively. Recently, a uniform C-S-
H (without contamination by calcium hydroxide phase) possessing controlled Ca/Si ratios up
to 2.0 was produced using a micro mixer system [77]. Moreover, strongly alkaline solutions

led to an increase in the Ca/Si ratios in the C-S-H [78-81].
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Composition of the silicate chain

2%Si MAS NMR presents a very useful technique for the characterization of silicate chains
present in C-S-H precipitated during cement hydration or in synthetic C-S-H. Evidence from
»Si NMR spectroscopy suggests linear silicate chains for the synthetic C-S-H arranged in
dreierketten. The silicate chains generally contain terminal silicate groups (Q', & = -79 ppm)
and chain members linked to two neighboring silicate units (Qz), as shown in Figure 8. The
Q7 silica tetrahedra positioned in the middle of the chains can arrange in a “dreierketten”
structure whereby a dimer of silicate tetrahedra (paring tetrahedra; sz, d = -85 ppm)
connects to the bridging tetrahedron (Q%, & = -83 ppm) [82-87]. It has been shown that the

number of bridging tetrahedra decreases when the Ca/Si ratio increases [80,88,89].

Q1 sz Q2 sz Q!

OH

N/

N,
\/\/ \/\/

/\ /\ /\ /\

Figure 8: Schematic representation of a pentameric silicate chain of the type present in the

dreierketten-based model for the structure of C-S-H

Deconvolution of the spectrum in terms of three resonances allows an estimation of the
mean chain length (MCL) that can be calculated by following Equation 8 [89]. It has been
observed experimentally that the silicate chain in C-S-H contains 3n-1 tetrahedra, where 7 is
an integer [19]. When all bridging tetrahedra are missing in the silicate chain, then the chain

represents a series of dimeric anions thus giving the shortest MCL.
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2(Q+Q%+Q% Q)

MCL = :
Q

Equation 8

The MCL of silicate chains in C-S-H depends on the degree of polymerization (Q*/Q"). An
increase in the mean chain length reflects a higher degree of polymerization. Moreover, the
mean chain length increases with decreasing Ca/Si ratio, particularly Ca/Si ratios of
~ 1.1 - 1.3 [80,84,88-94]. High pH conditions lead to an increase in Q' units and a decrease in
the MCL of the silicate chains [80,81,86,95,96]. Furthermore, several reports have revealed
that the substitution of Si by aluminium AI(IV) in the bridging positions of the silica

dreierketten structure [97-103] increases the mean chain length of the silicate chain [95].

Surface charge of C-S-H

Generally, the external surfaces of C-S-H contain silanol groups attached to the bridging
tetrahedra (Q%) and the end-chain tetrahedra (Q') (Figure 8). These silanol groups are
ionized in highly alkaline condition and result in a negatively charged surface (Equation 9).
However, most often this charge is changed via complexation by dissolved calcium ions
(Equation 10). Consequently, in cement the surfaces of C-S-H exhibit a slightly positive
charge as determined by zeta potential measurement [104-106]. Several factors affect the
surface charge of C-S-H such as Ca/Si, pH value, calcium concentration, type of alkaline
cations, etc. A negative zeta potential of C-S-H is measured at very low calcium
concentrations and low Ca/Si ratios. While at higher calcium concentrations and high Ca/Si
ratios, sorbed calcium overcompensates the negatively charged surface, resulting in an
apparent charge reversal [105,107,108]. Moreover, a reduction in the zeta potential of C-S-H
in the presence of various alkaline cations such as Na*, K*, Cs", etc. has been reported. This
indicates that these monovalent ions partially replace the calcium ions in the interlayer and on

the surfaces of C-S-H (Equation 11) [95,105,109,110].
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SiOH — SiO + H' Equation 9
=Si-0" + Ca”” — =Si-OCa” + H’ Equation 10
=Si-O" + M" - =Si-OM + H’ Equation 11

(where M is a monovalent ion)

Morphology

The morphology of C-S-H has been studied via transmission electron microscopy (TEM).
Various morphologies have been reported for synthetic C-S-H (Figure 9) which depend on
the Ca/Si ratio, pH value, synthesis method, and temperature.

The morphology of C-S-H changes from foils at low Ca/Si ratio to fibres at high Ca/Si
[89,111]. At high Ca/Si ratios, a mixture of C-S-H and a fibrous lime-rich phase is observed
[112]. At low Ca/Si ratio of 1.0, a globular-like morphology of C-S-H is found at low pH
values < 10.9 while a foil-like morphology of C-S-H is always observed at pH values > 11.7
[81].

The synthetic C-S-H fabricated via silica-lime reaction attains a foil-like morphology at
Ca/Si ratios of ~ 0.7 - 1.5, whereas a fibrillar morphology is observed at higher lime
concentrations of CaO > 22 mmol/L and Ca/Si ratios > 1.58 in the controlled C;S hydration
method [89]. Additionally, the C-S-H samples prepared by mechano-chemical reaction show
a coarser foil-like morphology when compared to the C-S-H obtained from the silica-lime
reaction. Under hydrothermal conditions of the silica-lime reaction, the morphologies of C-S-
H can vary from sheet to long reticular fibers as the Ca/Si ratios increase from 1.0 to 1.7

[114,115].
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Globular Foil-like Fibrillar

Figure 9: TEM images of various morphologies of synthetic C-S-H observed at ambient

temperature (from [81,89])

3.1.3 Structure of C-S-H

a) Structural models for C-S-H

Several papers have presented models for the mesostructure of C-S-H. These concepts rely
on two different theories, namely the colloidal model and the layer model.

The first model was developed by Power and Brownyard which is known as the P-B
model [116]. They assumed that the C-S-H gel is as a colloidal structure made of small bricks
with interstitial gel pores.

On the other side, Feldman and Sereda (F-S) presented a model of the C-S-H network as
formed by irregular C-S-H layers with adsorbed and interlayered water molecules (Figure
10). They suggested that the interlayered water can be reversibly removed upon drying, thus
instead of using water as a medium in the sorption isotherms, they studied the diffusion of
helium into the C-S-H structure to provide evidence for the layered structure of the C-S-H gel

[117].
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Physically adsorbed
H:0

Tobermorite sheets

Interparticle bonds

Disordered layers

Figure 10: Schematic representation of the Feldman and Sereda model (from [118])

Afterward, the colloidal model I (CM-1) which combined the F-S and P-B concepts was
developed by Jennings. This model defines the size, density, and packing efficiency of C-S-H
basic building blocks. Moreover, the structure of calcium silicate hydrate between 1 and 100
nm was described through a series of SANS and SAXS analyses. The basic units of C-S-H
are small spheres with a diameter of ~ 2.2 nm that flocculate to form larger globules (= basic
building block) of ~ 5.6 nm diameter. The globules pack together to form low density (LD)
and high density (HD) C-S-H depending on the packing densities [119]. The combination of
these units leads to a formation of the microstructure of C-S-H.

According to Jennings’ colloidal model-11 (CM-II) [120], the nanostructure of C-S-H can
be described based on the analysis of water sorption isotherms. The C-S-H gel is assumed as
a fractal structure consisting of an assembly of C-S-H flocs formed as globules (not identical
with the globules shown later in this work here) with a cross section of ~ 5 nm. These
“globules” are multilamellar objects and contain interlayer spaces and intraglobular spaces
(IGP) in which water can be located. The stacking of the “globules” can create two types of

pores: the small gel pores (SGP) of 1 - 3 nm and the large gel pores (LGP) of 3 - 12 nm.
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Saturated - early age

LGP=3-12nm SGP=1-3nm

) 50 nm ] %

Figure 11: Schematic presentation of the nanoscale structure of C-S-H according to the

CM-11 model (from [120])

b) Molecular models for C-S-H

Most models proposed for the nanostructure of C-S-H are based on linear silicate chains,
similar to those which are present in 1.4-nm tobermorite, the known dreierkette-based
models.

The first dreierkette-based model for C-S-H was proposed by Bernal et al. [121]. The
crystallographic tests were performed on two synthetic C-S-H products; C-S-H (I) and C-S-H
(1) produced by hydration of C3S. It was found that C-S-H (1) had a layer structure, similar to
the natural mineral 1.1-nm tobermorite (Ca/Si = 0.83) that contains infinite linear silicate
chains of dreierketten (bridging tetrahedron which link to paired tetrahedra) in which the
paring silicate tetrahedra share O—O edges with the CaO plane.

The structure of poorly crystalline and amorphous C-S-H phases is described as a layered

structure built up from CaOx polyhedra sandwiched between two dimeric or polymeric
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silicate chains [122]. The layers of C-S-H are separated by an interlayer which contains H,O,
Ca®*, OH", and other ions.

Taylor’s model [61] revealed that the structures of C-S-H containing Ca/Si ratios above
0.83 are characterized by the removal of some bridging tetrahedra which are substituted by
calcium ions. The Ca/Si ratios of the C-S-H gels were in the range of 0.83 - 2.25 as present in
1.4-nm tobermorite and jennite at low and high Ca/Si ratios, respectively. The silicate chains
in their structures are aligned in dreierketten with the length of 3n-1 tetrahedra (where n = 1,
2, 3, ...). The dimeric structural units representing the shortest silicate chains are obtained
from omission of all bridging tetrahedra from the tobermorite and jennite structures.

Richardson and Groves proposed models for C-S-H which were classified into two
different combinations of structures such as the T/J (tobermorite/jennite) and T/CH
(tobermorite/calcium hydroxide) structure [123]. These models have been applied to describe
the nanostructure of C-S-H in real cement pastes. There, the Ca/Si ratios of C-S-H were
extended to the range of 0.67 - 2.5. The tobermorite-like core is the part of the braces which
consists of a highly disordered layer structure containing finite silicate chains at a length of
3n - 1. The Ca®" ions are in the main layer and the interlayer which is required for charge-
balance. The position of Ca®" ions in the T/J and T/CH structures is different: in the T/J
structure, the Ca>" ions form part of the main jennite-based layers, as Si-O—Ca—OH, while on
the T/CH structure the Ca>" ions are present in layers of CH which occupy the space between
the silicate layers of the tobermorite-like structure. Moreover, the model was also applied to
the C-S-H structure present in blended cements [124] where bridging Si*" was substituted by

AP’ in the silicate chains, resulting in C-A-S-H.
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3.2 Polycarboxylate based superplasticizers

Polycarboxylate (PCE) superplasticizers are known as high-range water-reducing
admixtures in concrete [125], such as ready-mix concrete, self-compacting concrete (SCC),
ultra-high strength concrete (UHPC) [126-128], etc. PCEs improve the rheology of concrete
through the dispersion of particles [129,130]. Consequently, the water consumption in the
mix proportion of concrete is reduced, leading to an improvement of compressive strength

and durability of hardened concrete [131,132].

3.2.1 Molecular structure of PCEs

The structure of comb-like PCE copolymers generally consists of a main chain (backbone)
to which side chains are attached. The backbone carries carboxylate anchor groups (COO")
that have a negative charge and are responsible for adsorption of the polymer onto the
positively charged surface sites of cement particles and hydration products like ettringite
[133-136]. The non-ionic side chains grafted to the backbone of PCEs are normally made
from polyethylene glycol (PEG) which is accountable for the dispersing ability via a steric
hindrance effect [130,137,138].

Currently, several types of PCE superplasticizers are used in the concrete industry,
including MPEG-type PCEs, APEG-type PCEs, VPEG-type PCEs, HPEG-type PCEs, IPEG-

type PCEs, and PAAM-type PCEs [139] (Figure 12).
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3.2.2 Preparation of PCEs

There are two main synthetic routes used for producing PCEs (Figure 13) [139,140]:

(@)

(b)

Esterification of carboxylic groups in polyanionic trunk chains with poly(ethylene
glycol) can be used to synthesize MPEG-based PCEs. This procedure produces a
highly uniform PCE with statistical distribution of the side chains along the backbone.
However, this method is less popular in the industry because of high cost, long
reaction time, and low conversion rate.

Free radical copolymerization of a monomer carrying carboxylic groups and a
monomer bearing the side chain (macromonomer) is normally used in the industry
due to its simpler procedure and higher cost-effectiveness. This process produces a
gradient polymer with non-homogeneous distribution of the side chains along the
main chain. Recently, reversible addition-fragmentation chain-transfer or RAFT
polymerization technique has been used for the production of specific gradient
polymers such as MPEG PCEs with a well-controlled structure [141], and MPEG
PCEs with large anionic blocks that can adsorb more strongly on cement [142].

Several kinds of PCE can be synthesized via free radical copolymerization such as:

MPEG-type PCEs are prepared from ®-methoxy poly(ethylene glycol)

methacrylate ester macromonomer with methacrylic acid [143].

- APEG-type PCEs are made from a-allyl-o-methoxy or w-hydroxy poly(ethylene
glycol) ether and maleic anhydride or acrylic acid [144].

- VPEG-type PCEs are synthesized by aqueous free radical copolymerization of 4-
hydroxy butyl-poly(ethylene glycol) vinyl ether and maleic anhydride or acrylic
acid [145].

- HPEG-type PCEs are made from the macromonomer a-methallyl-o-methoxy or

wo-hydroxy poly(ethylene glycol) with e.g. acrylic acid [146].
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- IPEG-type PCEs (also called TPEG-PCE) are prepared from isoprenyl oxy

poly(ethylene glycol) ether as macromonomer by copolymerization with e.g.

acrylic acid [147].

a) Esterification

AT

& HO{—CHZ—CHZ—oach3

n acid catalyst
-H,0

T T
CHZ—(I: HZC—(I:
CIZO Cy:o
OH o)
/‘l‘\
CH,
MPEG-PCE <|:H2
!
b) Free radical copolymerization \iH/"
3
THs THs T
HZC:(‘: + HzC:T
T:O cC—0
OH (‘)
[
[
o)
\_‘_/ﬂ
CHs

Figure 13: Two synthetic methods for producing MPEG-type PCEs
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3.2.3 Impact of PCE structure on adsorption and dispersion

The adsorption of PCE copolymers on the surfaces of cement particles is one of the most
important parameters influencing the rheological properties such as fluidity and slump loss of
concrete. The charged surfaces of the particles, as measured by zeta potential, are a key factor
for PCE adsorption via electrostatic interaction. A highly positive zeta potential leads to a
high PCE adsorption [135,136,148].

The various architectural structures in PCE superplasticizers control their adsorption and
dispersing effect [139,149-155] which include:

- length of the backbone

- chemical composition of the backbone (acrylic, methacrylic, maleic etc.)
- length of side chains

- grafting density of side chains (polyether/ester to carboxylate ratio)

- distribution of the side chains along the backbone (random, gradient)

The density of ionic groups in the polymer backbone relates to the anionic charge density
of a PCE which can be determined experimentally by titration with a cationic polyelectrolyte
such as polydadmac, etc. The anionic charge density of the PCE plays a vital role for its
adsorption behavior and, consequently, its dispersing power. Generally, PCE adsorption
increases with an increase in the density of ionic groups on the backbone [149,154].
However, a decreased PCE adsorption can be observed for PCE copolymers possessing a
long side chain at the same grafting density [149,152]. Moreover, the pH value of the
aqueous solution and calcium ions present in the cement pore solution affect the anionic
charge of the PCE [156]. The anionic charge of PCEs increases with increasing pH values
due to a deprotonation of the carboxylate (—COQ") groups in the polymer backbone.
However, a reduction in anionic charge results from the presence of calcium ions that can

coordinate with the carboxylate groups, both through complexation and counter-ion
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condensation. Generally, the —COO™ groups can coordinate Ca®* as a monodentate or
bidentate ligand (Figure 14) which depends on the architecture of the PCE. In PCEs
possessing a high side chain density, the —COQO" group is shielded by the side chains and
preferably coordinates with Ca?* as bidentate ligand, producing a neutral Ca**~PC complex.
Consequently, this type of PCE shows almost no anionic charge in cement pore solution.
PCEs exhibiting a high density of —COO" possess anionic character in pore solution due to

monodentate complexation of Ca*.

PCE trunk chain PCE side chain

1

Figure 14: Schematic illustration of monodentate (left) and bidentate (right) complexation of

Ca®* by PCEs possessing different molecular structures (redrawn after [156])

The different side chain lengths (ngo) of PCE copolymers lead to different molecular
conformations in solution such as flexible backbone worm (FBW), stretched backbone worm
(SBW), stretched backbone star (SBS), etc. which are derived from the model of Gay and

Raphéel [157] (Figure 15).
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be FBW | SBW
Rr=Rc
IRr= Re SBS

Figure 15: Behavior of a non-ionic comb-like polymer in a good solvent (from [157])

The molecular conformations of PCEs affect the adsorbed amount of PCE on cement
particles [152,153]. There, the worm-like copolymers with ngo < 7 adsorb flat (“train type”)
and form a densely packed layer leading to higher adsorbed amounts of the copolymer.
Whereas star copolymers possessing long side chains (ngo > 34) prefer perpendicular
adsorption on the cement surfaces (“tail” type) resulting in the higher surface occupancy via

their extended graft chains (Figure 16). Consequently, a lower amount of PCE adsorbed can

be observed.

Figure 16: Adsorbed conformations of PCEs on a cement grain (redrawn after [152])
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The different distribution of the negatively charged groups and side chains along the PCE
backbone like in gradient or random copolymers influences the dispersing behavior of these
comb copolymers. A gradient polymer can adsorb on cement surfaces stronger than the
random polymer, leading to a higher dispersing effect [142].

The PEG side chain is the most important part to disperse cement particles via a steric
hindrance effect (Figure 17). It has been reported that the steric repulsion originating from
the graft chains correlates to the adsorbed layer thickness (ALT) of the adsorbed polymer.
Generally, the steric repulsion originating from PCESs increases with increased adsorbed layer
thickness of the PCE [137,158,159]. Moreover, assuming full coverage of the cement surface
by PCEs, the dispersive power of PCEs possessing long side chains is higher than that from

PCEs having short side chains [160].

Figure 17: lllustration of the dispersion mechanism via steric hindrance effect of PCEs

Several authors have also studied PCE adsorption on supplementary cementitious
materials and inert materials such as calcite, fly ash, silica fume, clays, slag, etc. [148,161-
167]. Moreover, PCEs are applied in other significant applications such as iconic concrete
structures, shotcrete for high speed railway tracks, gypsum wallboard, cement grinding agent,
etc. [139]. Recently, another attractive application of PCEs includes their use for the

preparation of C-S-H — PCE nanocomposites as seeding materials to enhance the early
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strength development of concrete [13,17,18,168]. To better understand the role and the
relevance of PCE adsorption on C-S-H to achieve a superior seeding material, the effect of
PCE superplasticizer structure on properties of the C-S-H — PCE nanocomposites was

investigated. This topic will be discussed in the next section.
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3.3 C-S-H-based nanocomposites

The improvement of properties (e.g. modulus of elasticity and compressive strength) and
durability of concrete have been studied for a long time via the modification of C-S-H by
using organic compounds such as anionic, cationic, non-ionic polymers etc. Moreover, PCE
superplasticizers present essential components and are widely used to improve the fluidity of
concrete. So far, only few reports have described the interaction between PCE copolymers
and C-S-H. Importantly, the mode of interaction between C-S-H and the organic component

depends on the characteristics of C-S-H and type of the organic compound.
3.3.1 Mode of interaction between C-S-H and organic compounds

a) Surface adsorption via calcium complexation

As presented before, C-S-H formed at Ca/Si ratios above 1.0 attains a positively charged
surface due to an overcompensation of the deprotonated silanol groups by adsorbed calcium
ions (Equation 9) [110,111,169]. This way, anionic organic compounds such as PCEs, amino
acids, PAAm-co-PAA,; poly(acrylamide-co-acrylic acid) are able to adsorb on these surfaces
via the complexation of calcium ions [13,81,170-174].

In such a PCE copolymer, the carboxylate groups present on the backbone of the polymer
can coordinate via monodentate complexation of calcium species in solution (Figure 18)
[81,172,173]. The various architectural structures of PCEs [13-16,175,176] control their
adsorption on the C-S-H surfaces. The PCEs possessing low grafting density show an
increased anionic charge density leading to a higher amount of adsorbed PCE on C-S-H
particles. However, a lower adsorbed amount of PCE on C-S-H can be observed at low pH
values such at pH = 10.4 as a result of a lower specific anionic charge density of PCE and a
less positively charged surface of C-S-H [81]. The molecular structure of PCEs also affects

the conformation and the layer thickness of adsorbed PCEs on C-S-H [159]. It was observed
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that the conformation of PCEs with very long side chains corresponds to a flexible backbone
star (FBS). Furthermore, the layer thickness of PCEs adsorbed onto C-S-H surfaces increases
with increased side chain length and the grafting ratio (C/E; carboxylate to ester groups) of
the PCE copolymer.

The surface chemistry of C-S-H also depends on the Ca/Si ratio and the pH value. It has
been reported that at low Ca/Si ratio of 0.66 and pH = 10.3, the zeta potential value of C-S-H
IS negative because the silanol groups on the C-S-H surfaces are partially deprotonated and
poorly compensated by calcium ions. Thus, electrostatic interactions between the

deprotonated silanol groups and positively charged organic compounds are favored [171].

PCE

Figure 18: Model illustrating the electrochemical double layer formed on the surface of
C-S-H at high pH value resulting from interaction between PCE, Ca** and the

chains of C-S-H

b) Grafting at the defect sites on the silicate chains

The number of missing bridging silica tetrahedra on the silicate chains of C-S-H generally
increases with an increase in Ca/Si ratio (Ca/Si > 1.0). These defect sites can provide the
possibility of adsorption of organic compounds such as poly(ethylene glycol), poly(acrylic

acid), methylene blue, hexadecyltrimethylammonium, etc. [177-180] via H-bonds or Van der
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Waals interactions (Figure 19). These evidences have been investigated via 2Si MAS NMR
spectroscopy which indicated a rise in the number of Q? sites leading to an increase in the
Q?/Q" ratio and the mean chain length of the silicate chains in the structure of C-S-H
modified with organic/polymer molecules.

Organic
compound

M~

W

AAA%A&

Figure 19: Schematic representation of an organic compound adsorbed at a defect site of the

C-S-H surface

c) Intercalation into the interlayer galleries of the C-S-H

Generally, the interlayer spaces of C-S-H contain water molecules and additional calcium
ions which balance the negatively charged sites of the C-S-H. The distance between the
interlayers of C-S-H can be retrieved from the basal spacing (d002) as evidenced in the XRD
pattern [9].

Charged linear polymers can intercalate into the interlayer spaces of C-S-H (Figure 20)
leading to an increase in the interlayer spacing. The degree of expansion depends on several
factors such as chemical composition and structure of C-S-H, type of polymer, concentration
of used polymer, etc. [181-185].

It has been reported that the Ca/Si ratio of C-S-H limits the extent of intercalation of

polymer. Anionic polymers such as poly(methacrylic acid), poly(acrylic acid) and nonionic
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polymers like poly(vinyl alcohol) preferably intercalate into C-S-H structures containing
Ca/Si ratios > 0.7 [181,183-185], whereas the intercalation of cationic polymers into the
galleries of C-S-H such as poly(diallyl dimethylammonium chloride), poly(4-vinylbenzyl
trimethylammonium chloride), etc. were favored at Ca/Si ratios < 1.0 [182,183]. Moreover, a
shift of the d002 basal spacing to smaller angles (larger d-spacing) was found in the C-S-H

synthesized at high concentrations of polymers.

Low CalSi (<1) High Ca/Si (>1.3)
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Figure 20: Schematic representation of the intercalation of cationic, anionic or nonionic

polymers into the C-S-H nanostructure

d) Covalent bonding of organic compounds with C-S-H

Novel hybrid organic-inorganic calcium silicate hydrate materials were synthesized via a
sol-gel process from a mixture of organo trialkoxy silane and tetraethoxy silane with calcium
salt in alkaline media. The organic compounds covalently bonded at the end and in the
middle of the C-S-H chains (Figure 21) as evidenced by NMR measurements. Moreover, the
organic compounds can incorporate into the interlayer space of C-S-H depending on the
length of the alkyl chains. In the case of highly hydrophobic organic groups, a phase

separation was observed [186,187].
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Additionally, some reports have described the interaction via covalent bonds between
PCEs containing silyl functionalities (PCE-Sil) and the surfaces of C-S-H. This covalent
bond occurs through siloxane bridges between silanol groups of silylated PCE and the silanol

groups in dimers of C-S-H [173,188].

; g ; : Polymer

AAA%A&

Figure 21: Schematic representation of polymers bonded to silicate tetrahedra in C-S-H
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3.4 Hydration Kkinetics of Portland cement

Ordinary Portland cement contains four major components including CsS, C,S, C;A, and
C4AF. The chemical reactions between anhydrous cement, or one of its constituent phases,
and water begin immediately after wetting, which is known as hydration. The rate of
hydration of Portland cement can be tracked by using isothermal heat flow calorimetry. The
overall progress of hydration at ambient temperature is divided into five stages (Figure 22),
which include pre-induction, induction, acceleration, deceleration, and final hydration period

[31,32,189-192].

m i v o v

Heat flow (mWI/g)
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Figure 22: Rate of cement hydration as a function of time as evidenced by isothermal

calorimetry measurement
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I. Pre-induction period (Initial dissolution and nucleation)

The first, highly exothermic signal in isothermal calorimetry signifies the rapid dissolution
of the anhydrous phases in clinker such as C3A and C3S, and the precipitation of hydration
products such as ettringite and metastable C-S-H. This period lasts only slowly (a few
minutes) and is then followed by induction period.

CsA is the most reactive phase in cement leading to flash set. For this reason, calcium
sulfate like gypsum is always added to Portland cement clinker during the grinding process.
The high heat release from the hydration of C3A in the presence of calcium sulfate indicates
the dissolution of C3A and the rapid precipitation of ettringite (CsA$3Hs;) on the anhydrous
grains (Equation 12). It has been reported that the rate of C3A dissolution can be slowed

down by adsorption of sulfate ions on reactive sites [192].

C3A + 3C$H, — 26H + CsA$:H2 Equation 12

The rapid dissolution of CsS contributes an increase of the Ca?*, H,Si0,%, and OH’
concentrations in the liquid phase and a thin, metastable layer of C-S-H precipitates on the
cement grains. After that, the dissolution rate of C3S decelerates. The mechanism of this early
deceleration of C3S hydration has been discussed. For its explanation, two hypotheses
including the metastable barrier hypothesis and the slow dissolution step hypothesis have

been proposed [31,32].

Il. Induction period

In this stage, the hydration of all clinker phases is very slow. For the hydration of C3S, the

metastable C-S-H phases still form during the induction period. The termination of this
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period can be detected once the C-S-H nuclei reach a certain critical size and start to grow

[193].

I11. Acceleration period

The main peak of heat release stems from a heterogeneous nucleation and growth of the
C-S-H, and the precipitation of Portlandite. Moreover, the calcium sulfate completely
dissolves and the concentration of sulfate decreases due to the formation of AF; and possibly
the adsorption of sulfate on the C-S-H surfaces. Accelerating admixtures or mineral
admixtures such as limestone powder, clay minerals etc. [194-196] can affect the hydration
kinetics of cement; for example, by shifting the onset of the acceleration period to earlier

times, and increasing the total heat released during the accelerating period.

IV. Deceleration period

Here, the hydration rate slows down and is controlled by a diffusion process. The C-S-H
phase continuously precipitates at the interface between non-hydrated cement grains and
originally formed C-S-H. Moreover, a second peak representing the sulfate depletion point
occurs during this deceleration. This peak corresponds to a higher dissolution of C3A and a

faster precipitation of AF.

V. Final hydration period

The last stage of heat release shows a low activity due to the slow diffusion of species in
the hardened cement. Furthermore, a third peak corresponding to the precipitation of
monosulfoaluminate (AF,; C4A$H;;) from the reaction between ettringite and Cs3A is

observed (Equation 13).

2C3A + CsA$3H3, — 4H + 3C,A$Hp» Equation 13
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3.5 Hardening accelerators

An accelerating admixture is a material that is normally used in concrete for improving the
development of early strength and increasing the rate of cement hydration at early ages
[4,194]. Various admixtures are used in various applications such as in blended cements,
urgent repair works, concrete works performed in cold climates, or speeding up the

production in precast concrete plants etc.
3.5.1 Accelerating chemicals

The American Concrete Institute (ACI) Manual of Concrete Practice (Committee 212.3R-
10) [197] has divided accelerators into four groups as follow:

I. Soluble inorganic salts such as chlorides, bromides, fluorides, carbonates,
thiocyanates, nitrites, nitrates, thiosulfates, silicates, aluminates, and alkaline
hydroxides can accelerate the setting of Portland cement.

ii. Soluble organic compounds consisting of triethanol amine (TEA), calcium formate,
calcium acetate, calcium propionate, and calcium butyrate.

iii. Quick setting admixtures are used in shotcrete applications which promote setting in
a few minutes. These admixtures contain sodium silicate, sodium aluminate,
aluminum chloride, sodium fluoride, and calcium chloride.

iv. Miscellaneous solid admixtures include calcium aluminate, silicate minerals, finely
ground magnesium carbonate and calcium carbonate.

Among those admixtures, calcium chloride (CaCl,) is most widely used in concrete
because of its ready availability, low cost, and high performance. However, it is not
recommended for use in reinforced or prestressed concrete because of its tendency to
promote the corrosion of steel. According to the mechanism of acceleration with calcium

chloride [198], it acts as catalyst and mainly affects the hydration of C3S phase leading to an
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increase in the rate of C-S-H formation, thus increasing the early strength. While a minor
accelerating effect on early hydration is obtained from the reaction between C3A and calcium
chloride is observed. In the presence of gypsum, calcium chloride has an accelerating effect
on the reaction between C3;A and gypsum resulting in a series of hydration products. The

sequence of reactions possible in the system C3A/CaCl,/CaSO4/H,0 is shown in Equations

14-16.
CsA + 3CaSO4 + 32H,0O —  Cs3A - 3CaSO, - 32H,0 Equation 14
CaCl, + C3A + 10H,0 — CsA - CaCl, - 10H,0 Equation 15

CsA - 3CaSO; - 32H,0 + 2CsA - Ca(OH), - 12H,0

— 3C3A - CaSOy - 12H,0 + 20H,0 + 2Ca(OH); Equation 16

Non-chloride accelerating admixtures have been commercially used such as calcium
formate, calcium nitrate, sodium aluminate, triethanol amine, etc. Calcium formate
(Ca(HCOO0),) acts as an accelerator [199] in the same manner as calcium chloride, but higher
dosages (~ 3 - 5 times) are required and its solubility is limited. Calcium nitrate (Ca(NOs3),)
can also be used for shortening the time of setting and hardening for concrete, and it is also a
very effective corrosion inhibitor for metal imbedded in concrete [200]. Furthermore, there
have been many studies on alkanolamine-based additives such as triethanol amine (TEA),
triisopropanol amine (TIPA), etc. TEA is well-known as an effective grinding aid, and also
used as an accelerator in cement [201,202]. It accelerates the hydration of C;A and the
formation of ettringite during the induction period. However, higher dosages of TEA (> 0.5
% by weight of cement) lead to retardation of the C3S phase. Recently, binary and ternary

hardening accelerating admixtures have been studied in Portland cement and blended
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cements; for example, calcium nitrate and TEA, CaCl, and diethanol-isopropanol amine
(DEIPA), sodium thiocyanate (NaSCN), diethanol amine (DEA) and glycerol, etc. [203-205].
However, the gain in early strength by using those admixtures is limited and sometimes leads

to a decreased final strength.

3.5.2 C-S-H as an accelerator

Several authors have reported that synthetic C-S-H particles can be used as an accelerator
in cement [10-12,206]. C-S-H can serve as a seeding material to reduce the activation energy
barrier which needs to be overcome to initiate the nucleation of C-S-H gel in hydrated cement

(Figure 23).
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Figure 23: Schematic illustration of the reduction of the energy barrier height (AG*originm)

after adding conventional accelerators (AG sa) and seed crystals (AG  seeq)

C-S-H seeds can provide new nucleation sites in the capillary pores of the cement paste for

generating the C-S-H gel (Figure 24) [10]. This way, hydration of the silicate phases C3S and
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C,S is initiated much earlier and leads to an increase in the degree of hydration, as detected
via isothermal heat flow calorimetry and **Si NMR spectroscopy [10,11]. The influence of
addition of the synthetic C-S-H particles on the acceleration effect on cement depends on the
particle size, surface area, composition and the dosage of C-S-H, the characteristics of
cement, etc. Importantly, a high surface area of the C-S-H seeds is necessary to provide a
massive number of seeds for the formation of C-S-H. This promotes the nucleation of C-S-H
and accelerates the rate of hydration in cement. However, the C-S-H seeds produced
according to [206] produce only a minor accelerating effect, owed to their relatively large
size, possibly due to agglomeration and/or OSTWALD ripening. To avoid these effects, the
size of the C-S-H seeds must be stabilized to their original nanosize by addition of polymeric

dispersants such as polycarboxylate (PCE) based superplasticizers [13-16,207].
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Figure 24: Schematic illustration of the hydration of C3S or cement particles with and

without C-S-H seeds (from [10])

In 2011, BASF invented finely dispersed C-S-H particles that have been commercialized

under the trade name of X-SEED® [168,208-211]. In this product, the C-S-H particles are
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stabilized by the addition of PCE comb copolymers. These C-S-H particles exhibit a high
surface area and low aggregation and turned out to be a highly effective cement hardening
accelerator [17,18,212-214]. However, intensive scientific studies are still required to
improve the effectiveness of this admixture, and to further understand how the accelerating

mechanism relates to the material characteristics. These are resolved by this thesis.
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4 Materials and methods

This chapter provides an overview of all materials and essential techniques used in this
thesis. The preparation steps to obtain C-S-H — PCE nanocomposites and the principals of the

techniques used in this work are also described.

4.1 Materials

4.1.1 Chemicals for the synthesis of C-S-H

The starting materials used in the synthesis of C-S-H were Ca(NOs), - 4H,0 (PanReac
AppliChem, Germany) and Na,SiO; - SH,O (VWR Prolabo BDH Chemicals, Germany).
Moreover, HNO;s 65 wt. % (VWR Prolabo BDH Chemicals, Germany) and NaOH (Merck

KGaA, Germany) were used to adjust the pH value during the synthesis.

4.1.2 Polycarboxylate superplasticizers (PCEs)

MPEG PCEs

A series of methacrylate based polycarboxylate superplasticizers with varying side chain
lengths and molar ratio of methacrylic acid (MAA) to o-methoxy polyethylene glycol
methacrylate ester (MPEG-MA) were used for the synthesis of the C-S-H — PCE
nanocomposites (Section 5.1). Their general chemical structure is shown in Figure 25.

Five methacrylic acid—co—m—methoxy poly(ethylene glycol) (MPEG) methacrylate ester
polymers possessing different side chain lengths were synthesized by aqueous free radical
copolymerization [133]. The samples were denoted as xPC6, whereby 6 refers to the molar
ratio between methacrylic acid and w—methoxy poly(ethylene glycol) methacrylate ester,
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while x corresponds to the side chain length which varied from 8, 17, 25, 45 to 114 ethylene
oxide (EO) units.

Furthermore, another three MPEG PCEs were synthesized with side chains made of 45
ethylene oxide (EO) units and molar ratios of methacrylic acid (MAA) to w-methoxy
polyethylene glycol methacrylate ester (MPEG-MAA) between 2:1, 6:1 and 8:1. The

properties of all synthesized MPEG PCE samples are listed in Table 1.

CHs
‘:3'*2 a =2-8
0 b =1

Ly " peo=8- 114

Figure 25: Chemical structure of the methacrylic acid—co—w—methoxy poly(ethylene glycol)

(MPEG) methacrylate ester based PCE superplasticizers used in the study

IPEG PCE

A commercial isoprenyl oxy poly(ethylene glycol) based superplasticizer (IPEG PCE) was
employed in the synthesis (Section 5.2 and 5.3). The solid content of this PCE solution was
40 % by weight and the chemical structure of this PCE polymer is presented in Figure 26. Its
molecular properties and anionic charge amount measured at different pH values are

summarized in Table 2.
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Table 1

Molecular properties and specific anionic charge density of the MPEG PCE samples

PCE Property
polymer MAA : Ethylene oxide Molar mass, Molar mass, Polydispersity Specific anionic Solid
sample
MPEG-MA (EO) units M, M, index charge density content
(a:b) (ngo) (g/mol) (g/mol) (PDI) in NaOH (peq/g) (%)
8PC6 6:1 8 14,250 6,425 22 9,014 31.7
17PCé6 6:1 17 15,290 7,601 2.0 5,119 353
25PC6 6:1 25 16,820 8,750 1.9 4,036 375
45PC6 6:1 45 26,060 14,900 1.7 3,641 18.4
114PC6 6:1 114 65,730 35,390 1.9 1,734 36.0
45PC2 2:1 45 43,410 23,020 1.9 1,320 36.4
45PC6 6:1 45 26,060 14,900 1.7 3,641 18.4
45PC8 8:1 45 28,860 15,130 1.9 4,098 20.2
I,
CH,—CH CH,—C
oG oot
COOH (|3H2
CH,

+ Neo
H

Figure 26: Chemical structure of the isoprenyl oxy poly(ethyleneglycol) (IPEG) based PCE

superplasticizer used in the study
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Table 2
Molecular properties and pH-dependent specific anionic charge density of the IPEG PCE

sample used in the study

Molar masses Polydispersity Specific anionic charge density in NaOH Solid content
(g/mol) index (peq/g) at pH value (%)
M, M, (PDI) 10.4 11.7 12.4 13.8
35,100 15,700 2.2 1,800 2,750 2,140 - 40.0

*No stable value obtained

4.1.3 Cement
Ordinary Portland cement

An ordinary Portland Cement (OPC) sample (Type CEM | 42.5R) obtained from Schwenk
Cement Company (Allmendingen, Germany) was used in this study. Its phase composition
was determined by quantitative XRD including Rietveld refinement and thermogravimetric
analysis of the calcium sulfate hydrates. The results are listed in Table 3. Its specific surface
area (Blaine) and mean particle size (dso value) were found at 2,990 cm?g and 17 pm,
respectively.

A slowly hydrating Ordinary Portland Cement (OPC) sample (API Class G oil well
cement, corresponding to a CEM | 32.5N) obtained from Dyckerhoff GmbH (Germany) was
used for testing the early strength development of mortars. This cement was selected for its
particularly slow development in early strength. Its phase composition was determined by
quantitative XRD including Rietveld refinement and thermogravimetric analysis of the
calcium sulfate hydrates. The results are listed in Table 3. Its specific surface area (Blaine)

and mean particle size (dso value) were found at 3,000 cm?/g and 17 um, respectively.
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Table 3
Phase composition of the OPC samples as determined by quantitative XRD using Rietveld

refinement and thermogravimetry

Phase CEM 142.5 R cement API Class G cement

(Wt.%) (Wt.%)
CsS 54.7 59.3
C,S 16.2 19.5
CA 6.7 1.7
C4AF 11.3 14.1
free CaO 0.8 <03
CaSOy - 12H,0 " 0.1 0.2
CaSO;, - 2H,0" 4.7 4.6
Anhydrite 1.4 <0.1
Arcanite <0.1 <0.1
Calcite 1.7 -
Dolomite 1.3 -
Quartz 0.4 -
Total 99.3 99.7

" Determined by thermogravimetry

Blended cement

A fly ash-blended cement (Type IP according to ASTM C595, corresponding to a CEM
[I/B-V) containing 35 wt. % of fly ash Class F was used in the tests. Oxide composition
(determined by XRF), density and specific surface area (Blaine) of this cement are listed in
Table 4.

The slag-blended cement was prepared from 35 wt. % of ground granulated blast-furnace
slag (GGBFS) that was obtained from Schwenk Cement Company, Karlstadt, Germany.
Mineralogical composition of the slag sample was investigated by XRD measurement and the

XRD spectrum is exhibited in Figure 27.
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The calcined clay-blended cement was prepared from 35 wt. % of a calcined clay that was

obtained from Bavaria/Germany. The oxide composition (determined by XRF), specific

surface area (Blaine), mean particle size (dsy value) and density of the slag and calcined clay

samples are listed in Table 4.

Table 4

Chemical composition and physical properties of fly ash-blended cement, GGBFS and

calcined clay samples

Composition (%) Fly ash-blended cement GGBFS Calcined clay
SiO, 24.9 35.9 52.6
CaOo 50.8 42.8 5.7
Al,O3 9.9 11.4 22.2
MgO 1.7 6.4 2.2
TiO, 0.3 0.8 1.0
K,0 0.9 0.3 2.8
Na,O 1.1 0.3 0.3
Fe O3 7.1 0.5 8.4
Mn3O4 - 0.3 -
SO; 24 24 14
SrO - 0.1 -
ZrO, - <01 -
BaO - 0.1 -
LoI’ 0.9 - 2.9
Blaine value (cm?/g) 4,100 4,000 -
dso value (um) 12.0 13.2 14.2
Density (g/cm®) 3.0 2.9 2.6

*Loss on ignition
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Figure 27: XRD spectrum of the GGBFS used in the slag-blended cement

4.2 Methods

This section, the preparation of the C-S-H — PCE nanocomposites, their characterization,
performance testing, and investigations relating to their mode of action in cement are

described.

4.2.1 Preparation and characterization of C-S-H — PCE nanocomposites

An overview of the preparation and characterization of the C-S-H — PCE nanocomposites
is presented in Figure 28.

The C-S-H — PCE nanocomposites were prepared by the co-precipitation method. The
general setup of this synthesis is shown in Figure 29. First, agueous Ca(NOs), and Na,SiO3
solutions were prepared in a water bath at 75 ° C to achieve fast and complete dissolution and
were then cooled to ambient. After that, both solutions were continuously added at a constant
dosing rate to the PCE solution while stirring at 20 ° C under N, atmosphere. Moreover, the

pH of the reaction solution was continuously monitored using a pH electrode submerged in
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the solution and was adjusted to 10.4 or 11.7 by the addition of 1M HNOsg, or to 12.4 and
13.8 by adding 30 wt. % NaOH as needed. When the addition of Ca(NOs), and Na,SiO3 was
finished, the white suspensions were stirred for another 24 hours at room temperature.
Detailed process parameters used in the synthesis of the C-S-H — PCE nanocomposites are
listed in Table 5.

The C-S-H — PCE nanocomposites were then characterized by several techniques
including XRD, FT-IR, ?°Si MAS NMR spectroscopy, TEM, particle size analysis, TOC
measurement, etc. Moreover, their effectiveness in cement was tested in mortar and concrete.
The working mechanism of these nanocomposites in cement was investigated via isothermal

heat flow calorimetry, in-situ XRD and ?°Si MAS NMR spectroscopy.

~ Ca(NO,), '-Q r Na,SiO; ‘

PCE solution
N
’ C-S-H - PCE

suspension
Characterization Performance and mode of action
« XRD « Cement hydration
* FT-IR - Isothermal calorimetry
+ 29Gi MAS NMR - In-situ XRD
« Particle size analysis - 295j MAS NMR
- TEM » Mortar testing
« Total organic carbon content » Concrete testing

Figure 28: Sequence of steps performed in the preparation and characterization of the

C-S-H — PCE nanocomposites
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Figure 29: Experimental setup for the synthesis of the C-S-H — PCE nanocomposites
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Table 5

Process parameters used in the synthesis of the C-S-H — PCE nanocomposites

Experiment *

Parameters
Al A2 A3 A4 ** A5

Mode of addition Drop wise Drop wise Drop wise Drop wise Drop wise
Ca/Si ratio 1.5 15 1.0 1.0 1.0
Type of PCE MPEG MPEG IPEG IPEG IPEG

- 8PC6 - 45PC2

- 17PC6 - 45PC6

- 25PC6 - 45PC8

- 45PC6

- 114PC6
Concentration (wt. %)
- Ca(NOs), 42.4 42.4 42.6 42.6 42.6
- NasSiO; 15.1 15.1 20.0 20.0 20.0
- PCE 3.85 mM 9.1% 6.7 % 6.7 % 6.7 %
Dosing rate (mL/min)
- Ca(NOy), 0.52 0.52 0.61 6.8 0.61
- Na,SiO3 1.16 1.16 1.16 13.0 1.16
- HNO; - - 0.51 6.3 0.51
pH 11.3 11.3 10.4-13.8 11.7 11.7
Temperature (°C) 20 20 20 20 20
Mixing speed (rpm) 300 300 300 300 300
Atmosphere N, N, N, N, N,
Reaction time
- Addition time (min) 8 8 8 18 8
- Ageing time (hrs) 24 24 24 24 0-24

* Experiment: Al in paper #1, A2 in paper #2, A3 in paper #3 - #5, A4 in paper #6 and

Ab5 in paper #7
** This was a 1 L batch; all other batches 20 mL only.
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4.2.2 Principal techniques

Specific charge amount

The anionic charge amount of the PCE polymers was measured by polyelectrolyte titration
using a particle charge detector PCD 03 pH (BTG Miitek GmbH, Herrsching, Germany).

The principle of this method is based on the measurement of a streaming current generated
by charged polymer molecules which adsorb via van der Waals forces on a moving surface.
Charge neutralization is achieved by addition of an oppositely charged polyelectrolyte which
can form a polyelectrolyte complex and leads to a zero streaming current (isoelectric point).

First, the aqueous anionic polymer is filled into the plastic measuring cell with a fitted
piston. Dissolved polymer molecules adsorb on the surface of the piston and on the wall of
the cell. The piston is vertically oscillated in the cell by a motor leading to separation of the
free counter-ions from the adsorbed polymer. At the Platinum electrodes, the counter-ions
induce a current which is amplified and finally shown on the display. During the
polyelectrolyte titration, a standard solution of 0.001 N cationic poly-DADMAC (polydiallyl
dimethyl ammonium chloride) was dropped continuously to the PCE solution until the
isoelectric point was reached [156]. The titration of each sample was done three times and the

average of the specific charge amount was calculated as follows Equation 17.

Equation 17

where V: consumption of poly-DADMAC (L)
c¢: concentration of poly-DADMAC (eq/L)
m: mass of PCE in the aqueous solution (g)

q: specific anionic charge density (eq/g)
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Particle size analysis

The particle size of the C-S-H or C-S-H — PCE nanocomposites was determined via
dynamic light scattering (DLS) which is a technique for measuring the random changes in the
intensity of light scattered from a suspension or colloidal solution. Generally, particles
suspended in solution undergo a random motion known as Brownian motion. A
monochromatic light source, typically a laser, is shot into a sample and then the molecules
scatter the light in all directions. The Brownian motion of particles or molecules in
suspension leads to different intensities of the scattered light. Analysis of these intensity
fluctuations is detected at a known scattering angle 6 by a fast photon detector and from this

the particle size is calculated by using the Stokes-Einstein equation (Equation 18).

D, = BT Equation 18
3nnD¢

where Dy, is the hydrodynamic diameter
D: is the translational diffusion coefficient
ks is Boltzmann’s constant

T is thermodynamic temperature

n is dynamic viscosity

X-ray diffraction

X-ray diffraction (XRD) is a powerful technique for characterizing crystalline materials. It
provides information on the crystal structure, crystal orientation and other structural

parameters such as grain size, crystallinity, strain and crystal defects.

-58 -



CHAPTER 4. MATERIALS AND METHODS

X-ray diffraction peaks are produced by constructive interference of a monochromatic
beam of X-rays diffracted at specific angles from each set of lattice planes in a sample which
is described by Bragg’s law (Equation 19). The peak intensities are determined by the
distribution of atoms within the lattice. Consequently, the X-ray diffraction pattern is the
fingerprint of the periodic atomic arrangements in a given material. Comparison with spectra
from the ICDD (International Centre for Diffraction Data) database of X-ray diffraction
patterns enables the phase identification of a large variety of crystalline samples. The XRD
patterns of C-S-H and C-S-H — PCE nanocomposites obtained from a BRUKER AXS D8

diffractometer are shown in chapter 5.
nA = 2dsind Equation 19

where d refers to the spacing between the atomic planes in the crystalline phase and 4 is the

X-ray wavelength.

Fourier-transform infrared spectroscopy

Fourier-transform infrared (FT-IR) spectroscopy is an analytical technique used to identify
organic, polymeric, and in some cases inorganic materials (e.g. silica polymorphs).
Moreover, IR is most useful in providing information about the presence or absence of
specific functional groups. This technique measures the infrared radiation absorbed by a
material at resonant frequencies which is a characteristic of its molecular component and
structure.

Generally, a beam of the middle infrared light (400 - 4,000 cm™) is generated by an IR
source and passed through the sample. The IR radiation induces stronger molecular vibrations
in covalent bond of the material including stretching, bending, scissoring, rocking and

twisting. The absorption occurs when the frequency of the IR is the same as the vibrational
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frequency of a bond or collection of bonds in a molecule. The signal of the transmitted light
obtained from the detector is an interferogram which can be Fourier transformed to get the
actual spectrum. The FT-IR spectrum is basically presented as a plot of intensity of the

transmission versus transmitted frequency or wavenumber.

Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) is a physical phenomenon in which nuclei in a
magnetic field (Bo) absorb and re-emit electromagnetic radiation. This energy is at a specific
resonance frequency which depends on the strength of the magnetic field and the magnetic
properties of the isotope of the atoms.

Solid-state °Si NMR spectroscopy is a nondestructive technique and powerful tool for
investigating the structure and dynamics of crystalline and amorphous silicate materials. In
silicates, the 2Si chemical shifts reflect the degree of polymerization of the SiO, tetrahedra.
In cement-based systems, this technique has played an important role in the characterization
of the silicate chain structure in calcium silicate hydrate (C-S-H) which is the main hydration
product of Portland cement.

The binding motif of silicate present in the synthesized C-S-H and C-S-H — PCE
nanocomposites was identified by 2°Si MAS NMR spectroscopy using a Bruker Avance 300
MHz instrument operating at a resonance frequency of 59.595 MHz. The powder samples
were sifted into a 7 mm zirconia rotor and spun at 5 kHz. All spectra were recorded with a
relaxation delay of 45 seconds, and tetrakis(trimethylsilyl)silane was used as external
standard. The °Si NMR spectra were analysed by deconvolution of the different signals for
the Q" species using Origin93 software. The linewidth and lineshape of the spectra were fit

according to the Voigt model.
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Total organic carbon content

The total organic carbon (TOC) content of the C-S-H — PCE nanocomposites was
determined using a High TOC Il instrument (Elementar, Hanau, Germany). First, the total
organic carbon present in the PCE polymer and the non-adsorbed part of PCE remaining in
the aqueous phase after 24 hours of stirring were measured. From this, the amount of PCE
adsorbed on C-S-H surfaces was calculated from the difference between the amount of PCE
added and the amount remaining in the filtrate (depletion method).

In the High TOC Il apparatus, the sample containing organic carbon is oxidized in a
combustion tube packed with a platinum catalyst at 900 °C in synthetic air. The concentration
of the carbon dioxide generated from the oxidation process is measured via a non-dispersive
infrared (NDIR) detector. The amount of organic carbon present in the sample is calculated
based on the values obtained for mono potassium phthalate which is used as calibration

standard.

Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopic technique used to observe
features such as structure, crystallization, morphology and stress of very small specimens.
This technique uses an accelerated beam of electrons which is transmitted through an ultra-
thin specimen (less than 100 nm thick) or a suspension on a grid to form an image. The
lighter areas of the image represent the places where a greater number of electrons are able to
pass through the sample and the darker areas reflect the denser areas of the object.

A transmission electron microscope is composed of several components such as an
electron gun, electromagnetic lenses, vacuum chamber, condensers, specimen stage and
phosphorescent screen. An electron gun creates electrons which are accelerated to extremely

high speeds using electromagnetic coils. The electrons are focused into a small beam by a
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condenser lens and passes through the specimen. Then, the objective lens focuses the portion
of the beam that is emitted from the sample into an image. The image produced by TEM is
called a micrograph which is observed onto a phosphorescent screen.

In this thesis, morphology of the C-S-H — PCE samples was captured by TEM performed
on a JEOL JEM 2011 instrument (JEOL, Japan) equipped with a LaBg cathode. The C-S-H —
PCE suspensions were diluted with water or isopropanol and dispersed in an ultrasonic bath
for 5 minutes. After plasma surface treatment, the dispersed samples were dropped on a 300

Cu mesh with carbon support films (Quantifoil Micro Tools GmbH, Germany).

Isothermal heat flow calorimetry

Isothermal heat flow calorimetry is a powerful technique used for measurement of heat
production during the hydration of cement which is exothermic and for monitoring the
hydration kinetics of cement at a constant temperature. The heat production in a sample is
detected by a heat flow sensor as heat is conducted to a heat sink (surrounding) that is in
contact with the air thermostat. For each sample, it is necessary to have a reference sample
that is on a parallel heat flow sensor. This arrangement reduces the noise in the measurements
from temperature fluctuations entering the instrument. The output from the calorimeter is the
difference between the sample signal and the reference signal which is recorded continuously
and in real time.

The determination of heat flow relies on the so-called Seebeck effect which is the direct
conversion of temperature differences to electric voltage. Then, the thermal power is

calculated by the following Equation 20.

P = g(U-Up) Equation 20

-62 -



CHAPTER 4. MATERIALS AND METHODS

where P is the thermal power (in watts), € is the calibration coefficient (in watts/volt), U is

the voltage (in volts) and Uy is the baseline voltage (in volts).

Hydration kinetics of cement paste in this study was tracked by isothermal heat flow
calorimeter (TAM AIR, Thermometric, Jarfilla, Sweden) at 20 ° C. A cement paste was
prepared from 4 g of (blended) cement and 1.8 g of DI water (w/c = 0.45), mixed in a glass
ampule for 2 minutes and placed into the calorimeter. Dosages of the C-S-H and C-S-H-PCE

nanocomposites were 0.35 - 2.0 % (as solid) by weight of cement (bwoc).

Mortar testing

The method for determination of the compressive and flexural strengths of mortar was
according to DIN EN 196-1.

The mortar consisted of 450 g of cement, 1,350 g of standard CEN sand and 225 g of
water (w/c = 0.5 for CEM I 42.5R) or 198 g of water (w/c = 0.44 for API Class G cement).
Moreover, the C-S-H — PCE suspensions were used in a standard mortar at the dosage of 0.35
— 2.0 % (as solid) by weight of cement (bwoc). The mixing operation was carried out
automatically as follows:

Amounts of DI water and cement were placed into the mixing bowl and then the mixer
was immediately started at low speed. After 30 sec of mixing, the sand was added and
steadily stirred for 30 sec. Then, the mixer was switched to high speed and mixing continued
for additional 30 sec. After that, the mixer was stopped for 90 sec and a plastic scraper was
used to homogenize the mortar adhering to the wall and bottom part of the bowl. Then
mixing was continued again at high speed for 60 sec.

The spread flow of fresh mortar was measured via flow table test. After that, the mortar

was cast into 40 x 40 x 160 mm prism steel molds and compacted on a vibrating table for 2
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minutes. The specimens were then covered with a plate of glass and cured for 6, 8, 12, 16 and
24 hours in a climate chamber at a temperature of 20 = 1 ° C and 90 % relative humidity. To
obtain the strength values after 28 days, the specimens were demolded after 1 day and then
cured in water at 20 £ 1 ° C. After curing, the compressive and flexural strengths were
measured using an instrument from Toni Technik, Berlin, Germany (Figure 30). The
compressive and flexural strengths were calculated by following Equations 21 and 22,

respectively.

Re = Equation 21

1600

where R is the compressive strength (MPa), F. is the maximum load at fracture (N), and

1600 is the area of the auxiliary plates; 40 mm x 40 mm (mm?).

1.5%F pxl

Rf = 53

Equation 22

where R; is the flexural strength (MPa), b is the side of the square section of the prism (mm),
F+ is the load applied to the middle of the prism at fracture (N), and | is the distance between

the supports (mm>).

Figure 30: Test apparatus used to determine the compressive and flexural strengths of mortar
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Concrete testing

Concrete was prepared in a 30 L pan-type mixer according to ASTM C192 at 23 £ 2 ° C.
The mix proportion of concrete is listed in the paper in section 5.3. The fly ash blended
cement was used at 400 kg/m?, the ratio of aggregates-to-cement was 4.5 and the w/c ratio
was fixed at 0.41. IPEG-PCE superplasticizer was used to adjust the workability of the fresh
concrete to a slump value of 16 £ 0.5 cm. The dosages of the C-S-H — PCE composite tested
were 0.8 % and 2.0 % bwoc. Additionally, a defoamer (DOWFAX DF141 from Dow
Chemical, USA) was used to achieve a constant fresh concrete density of 2,420 + 10 kg/m?®.

First, dried aggregates including gravel and sand were put to the pan-type mixer and
soaked with half the amount of water for 5 min. After that, cement was added to the mixer
and the rest of water and other admixtures were continuously added into the concrete mixture
during the mixing process. The total mixing time was 5 min. From the fresh concrete, the
temperature was measured and tested for slump, density and air content. Moreover, concrete
samples were cast into 100 x 100 x 100 mm molds and cured for 6, 8, 10, 12, 16 and 24 hours
in a climate room at 23 + 2 ° C and a relative humidity > 95 %. To obtain the 7 and 28 day
values, the specimens were removed from the molds after 1 day and then cured in a saturated
lime solution. The compressive strength data were collected from an UH-2000kNI instrument

from Shimadzu Corporation, Kyoto, Japan (Figure 31).
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Figure 31: Compressive strength test apparatus for concrete
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5 Results and discussion

This chapter presents the main results which are presented in the publications organized
in four main topics:
5.1 Influence of different PCE structures on the properties of C-S-H particles and their
effectiveness as strength accelerators in ordinary Portland cement
5.2 Effect of synthesis parameters on the accelerating effectiveness of C-S-H — PCE
nanocomposites in Portland cement
5.3 Application of the C-S-H — PCE nanocomposite as an accelerator in blended cements

5.4 Mechanism of the nucleation and growth of C-S-H — PCE nanocomposites
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5.1 Influence of different PCE structures on the strength

enhancing effect of C-S-H particles

This section describes the role of the molecular architecture of PCE superplasticizers on
the size of the C-S-H particles and their strength enhancing effect. Moreover, the structures of
the C-S-H — PCE nanocomposites were studied. A special focus was placed on MPEG PCE
superplasticizers possessing different side chain lengths and grafting density (molar ratio of

methacrylic acid to methoxy polyethylene glycol methacrylate ester).

5.1.1 Effect of the side chain length of PCE

C-S-H — PCE nanocomposites were synthesized by the co-precipitation method from
Na,SiO3 and Ca(NOs3), in the presence of the MPEG PCE copolymers. The molar ratio of
CaO/SiO; present in the starting materials was 1.5. Here, five MPEG PCEs possessing the
same grafting density (MAA : MPEG-MA molar ratios of 6:1), but different side chain
lengths (8, 17, 25, 45 and 114 ethylene oxide (EO) units) were employed in the precipitation.

For the structure of the synthesized products, a semi-crystalline composition like in C-S-H
() was determined via XRD. Moreover, evidence from FT-IR and TOC measurements
suggested that the PCE polymers were adsorbed onto the surface of the C-S-H particles.
More bulky PCEs such as those exhibiting long side chains occupied the surfaces of the
initial C-S-H foils more densely which better prevented the further growth of C-S-H. This led
to smaller sizes of the C-S-H particles as detected by dynamic light scattering (DLS). The
PCE polymer with the longest pendant groups (114 EO units) produced the smallest particle
sizes of the C-S-H — PCE composite and exhibited the strongest seeding effect for the
hydration of the silicate phases in cement, as was observed via isothermal heat flow

calorimetry. Accordingly, this nanocomposite achieved the largest gain in early compressive
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and flexural strengths of mortar, with an ~ 80 % increase over that of the neat OPC sample

(Figure 32).
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Figure 32: Compressive strength of mortars cured for 16 hours and admixed with 0.35 % wt.

of the C-S-H — PCE nanocomposites synthesized by using different PCE

polymers
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Paper #1

C-S-H - PCE nanocomposites for enhancement of early strength
of Portland cement

(Effect of the side chain length of PCE)

V. Kanchanason, J. Plank

Proceedings of the 14™ ICCC International Congress on the Chemistry of Cement,

Abstract book p. 326, Proceedings CD, Section 4: Admixtures, Beijing, China 2015.
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C-S-H - PCE Nanocomposites for Enhancement
of Early Strength of Portland Cement

Kanchanason, V. *®and Plank, J. **

“Technische Universitit Miinchen, Chair of Construction Chemistry, 85747 Garching, Germany
?Siam Cement Group, 1 Siam Cement Road, Bangsue, Bangkok, 10800, Thailand

Abstract

Common cement hydration accelerators such as e.g. calcium or aluminium salts achieve higher early
strength at the sacrifice of final strength which is undesirable. In this study, the effectiveness of C-S-H —
polycarboxylate (PCE) nanocomposites as strength enhancing admixtures was studied. Different MPEG-PCE
copolymers exhibiting side chain lengths from 8, 17, 25, 45 to 114 ethylene oxide (EO) units were used to
prepare the nanocomposites by precipitating C-S-H from Na,SiO; and Ca(NQjs), in the PCE solution. It was
Jound that the longer the side chain of the PCE, the smaller is the particle size of the precipitated C-S-H, and the
higher is the strength enhancing effect. Thus, the MPEG PCE sample possessing a side chain made of 114 EO
units produces C-S-H particles of ~ 30 nm, as was measured via dynamic light scattering, and increases early
strength (16 hrs) up to 80 %. Opposite to this, the C-S-H particle size obtained from a PCE possessing only 8
EO units in the side chain was ~600 nm, and it showed only minimal effect on early strength.

Structural investigation of the C-S-H — PCE nanocomposites via X-ray diffraction revealed a semi-crystalline
composition like in C-S-H (I). Moreover, from FT-IR spectroscopy and total organic carbon (TOC)
measurements, a structural model was developed which suggests that in the nanocomposite the PCE polymers
are adhered the surface of C-S-H particles. Furthermore, TEM imaging revealed a layered structure of
individual C-S-H nanofoils with an approximate length of 100 nm and a basal spacing of 2.1 nm, thus signifying
a relatively narrow interlayer distance. Apparently, the PCE polymer is entrapped between individual C-S-H
nanofoils and perhaps also became incorporated into its lamellar structure.

Finally, the mode of action of the C-S-H — PCE nanocomposite was assessed. When dispersed in highly
alkaline cement pore solution, the aggregated C-S-H particles disintegrate into individual nanofoils which then
effectively initiate the nucleation of C-S-H from the pore solution. Accordingly, the effect of the C-S-H — PCE
nanocomposite relies on eliminating the activation energy barrier for the C-S-H crystallization which in normal
cement has to be overcome to initiate C-S-H crystallization from the dissolved clinker phases C;S and C,S,
respectively.

Originality

C-S-H — PCE nanocomposites were synthesized which can greatly enhance the early strength (from 6 to ~ 24
hrs) of Portland cement without sacrifice on the final strength. Dependence of their effectiveness on PCE
molecular structure (particularly the length of the side chain), as well as a model for the C-S-H — PCE
nanocomposites is presented. Furthermore, the mechanism for the nucleation enhancing effect of the C-S-H
PCE composites is elucidated.

Keywords: C-S-H; polycarboxylate; early strength; nanocomposite; nucleation

* Corresponding author: Email sekretariat@bauchemie.ch.tum.de; Tel +49 89 289 13151, Fax +49 89 289
13152
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1. Introduction

CO, emission from cement production is generated from the calcination and milling processes
(WBCSD and IEA., 2009). Clinker substitution with supplementary cementitious materials (SCMs)
like in blended cements (CEM II/III) is highly advantageous from an environmental point of view
because in their production, less CO, is released compared to Portland cement. However, their
drawback is a reduced rate of hydration leading to slow development of early strength. As a potential
cure, accelerators based on calcium salts (e.g. Ca nitrate or formate) have been applied to enhance
early strength, but at the same time they also significantly reduce the final strength which is
undesirable.

Calcium silicate hydrate (xCaO-ySiO, zH,0, C-S-H) is well known as the main hydration product
of Portland cement. Various types of crystalline calcium silicate hydrates (1.4 nm tobermorite, jennite,
etc.) and less crystalline hydrates (C-S-H (I), C-S-H (II) and C-S-H gel) can form under hydrothermal
conditions and near room temperature. Both tobermorite and jennite exhibit layered structures
whereby the tetrahedrons of silicate present in the “dreierketten” share oxygen atoms with calcium in
plane (H.E.W. Taylor., 1997). For the size of synthetic, disk-like C-S-H which was synthesized from
C;S at different concentrations in water, diameters between 13 nm and 19 nm and thicknesses from 4
to 12 nm signifying stacks of 4 - 11 layers were found by small-angle neutron scattering (SANS)
technique (Chiang W-S. er al., 2012). Such nano-scale discs are thought to present subunits which
make up the larger C-S-H foils.

In the past, numerous attempts have been made to promote cement hydration via addition of
synthetic crystalline C-S-H particles. It was thought that the addition of well-dispersed C-S-H as
seeding material can increase the early hydration rate and generally accelerate the hydration of cement
(Thomas J.J. et al., 2009). However, it was found that the accelerating effect of C-S-H at early age
either was only minor or did not show at all, possibly due to agglomeration and OSTWALD ripening
which leads to C-S-H particles which are too large to enact sufficient nucleation seeding. To avoid
these effects, the C-S-H particles have to be stabilized in their original nanosize by addition of
polymeric dispersants. The external surface of C-S-H contains silanol groups ionized in high alkaline
solution which chelate calcium ions from the pore solution (Viallis-Terrisse H. ef al., 2001 and
Nonat A., 2004). Consequently, C-S-H exhibits a slightly positive surface charge, thus allowing
stabilization with anionic polymers such as superplasticizers.

Polycarboxylate (PCE) superplasticizers are also known as high range water reducers. They
improve the flow property of concrete via an electrosteric effect (Uchikawa H. et al., 1997). C-S-H
stabilized by the addition of such comb copolymers demonstrated low aggregation and turned out to
be a highly effective cement hardening accelerator (Nicoleau L. ef al., 2011 and 2013).

In this study, the impact of different PCE structures (here: the side chain lengths) on the size of the
C-S-H particles and their strength enhancing effect was investigated. Moreover, a model for the
interaction between PCE and C-S-H is proposed and the strength enhancing effect is explained
mechanistically.

2. Experimental
2.1. Raw Materials

The compounds used for C-S-H preparation were Ca(NQOs;), - 4H,0 (PanReac AppliChem) and
Na,SiO; - 5SH,0 (Prolabo Chemicals).

As PCE superplasticizers, five methacrylic acid—co—o—methoxy poly(ethylene glycol) (MPEG)
methacrylate ester polymers possessing different side chain lengths were synthesized by aqueous free
radical copolymerization (Plank J. et al., 2008). Their general chemical structure is shown in
Figure 1. The samples were denoted as xPC6, whereby 6 refers to the molar ratio between methacrylic
acid and o—methoxy poly(ethylene glycol) methacrylate ester, while x corresponds to the side chain
length which varied from 8, 17, 25. 45 to 114 ethylene oxide (EO) units. The properties of the
synthesized MPEG PCE samples are listed in Table 1.

Moreover, Ordinary Portland Cement (OPC) type CEM 142.5 R obtained from Schwenk Zement
KG (Germany) was used for testing the early strength. Its phase composition (determined by XRD
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with RIETVELD refinement, acid titration according to FRANKE for free lime and DSC/TG for the
calcium sulfate hydrates) is presented in Table 2. Deionized water obtained from a Millipore Synergy
apparatus was used for all tests.
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Figure 1. Chemical structure of the methacrylic acid—co—o-methoxy poly(ethylene glycol) (MPEG)
methacrylate ester based superplasticizers used in the study

Table 1 Molecular properties and specific anionic charge density of the MPEG PCE samples used in
the study

PCE Property
polymer Molar mass, Molarmass, Polydispersity  Ethylenc oxide Specific anionic
sample M, (g/mol) M, (g/mol) index (PDI) (EO) units charge density (ueq/g)
8PC6 14,250 6.425 2.2 8 9,014
17PC6 15,290 7.601 2.0 17 5,119
25PC6 16,820 8.750 1.9 25 4,036
45PC6 26,060 14,900 1.7 45 3,641
114PC6 65,730 35.390 1.9 114 1,734

2.2. Experimental Procedures
Synthesis of C-S-H — PCE nanocomposites

The C-S-H — PCE particles were synthesized by the co-precipitation method (Matsuyama H. et al.,
2000). The molar ratio of CaO/SiO, present in the starting materials was 1.5. First, 0.0285 mmol of
individual PCE were dissolved at room temperature in 7.4 mL of water (3.85 mM) and the pH of the
solution was adjusted to 7 + 0.5 by using aqueous 30 wt % NaOH. Next, solutions of 1.7 g of sodium
silicate in 4.8 mL of water (0.008 mol) and 2.8 g of calcium nitrate in 1.8 mL of water (0.012 mol)
were prepared and then pumped to the PCE solution at a speed of 1.16 mL/min and 0.52 mL/min,
respectively while stirring under N, atmosphere. The pH of the suspension was kept at 11.3
(Matsuyama H. et al., 2000 and Garcia-Lodeiro 1. ef al., 2008). After 24 hours of stirring, the resulting
suspensions were either used as is, or transformed into powder by centrifugation until a clear solution
was obtained, followed by washing with CO,-free de-ionized water and freeze drying. The powders
were utilized for XRD and FT-IR analysis. In all other experiments, the liquid suspensions from above
were used without any further treatment.

Table 2 Phase composition of the CEM 142.5 R sample, as determined via Q-XRD including Rietveld
refinement

Content (wt.-%)
CS.m C,S.m C;A.c C;A,0 C,AF Lime Periclase Arcanite Gypsum Anhydrite  Calcite Quartz Total

55.1 15.9 4.5 2.0 102 0.1 0.4 1.4 35 2.3 4.0 0.5 100
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Characterization techniques

Particle sizes of the C-S-H — PCE nanocomposites were determined by dynamic light scattering
(DLS) using a Zetasizer Nano ZS apparatus (Malvern Instruments, Workestershire, UK).
Nanocomposite concentration was 0.1 g/L. Powder x-ray diffraction (XRD) patterns were acquired
from a BRUKER AXS D8 diffractometer (Karlsruhe, Germany) operating at 30 kV and 30 mA with
Cu Ko radiation. The patterns were obtained in the range of 26 angles between 0.6° and 60°.
Furthermore, the C-S-H — PCE composites were characterized by Fourier Transform Infrared
Spectroscopy (FTIR) using the BRUKER Vertex 70 spectrometer (Bruker, Ettlingen, Germany) with
ATR cell in the range of 400 - 4000 cm . The amount of PCE adsorbed on C-S-H was determined via
total organic carbon (TOC) content on a High TOC II instrument (Elementar, Hanau, Germany). Here,
at first the organic carbon present in the PCE used in the reaction and the non-adsorbed PCE
remaining in the filtrate after the reaction were measured. After that, the adsorbed amount of PCE was
calculated from the difference between the organic carbon resulting from the PCE present in the
filtrate. Morphology of the C-S-H — PCE nanocomposites was observed by transmission electron
microscopy (TEM) performed on a JEOL JEM 2011 instrument (JEOL. Japan) equipped with a LaBg
cathode.
Mortar test

The C-S-H - PCE precipitates were tested for their effectiveness as strength enhancing admixture
in a standard mortar prepared according to DIN EN 196-1. The dosage of the C-S-H — PCE suspension
was 0.35 % (as solid) by weight of cement (bwoc). The water to cement (w/c) ratio of the mortar was
0.5. The mortar was cast into 40 x 40 x 160 mm prism steel molds and cured at 20 + 1 ° C and 90 %
relative humidity for 6, 8 and 16 hours. After curing, the compressive and flexural strengths were
measured on a test apparatus provided by Toni Technik (Berlin, Germany).
Calorimetry
Hydration kinetics was tracked by isothermal heat flow calorimetry. A cement paste was prepared from
4 g of cement and 2 g of DI water (w/c = 0.5), mixed in a glass ampule and placed into the calorimeter
(TAM AIR, Thermometric, Jarfilla, Sweden) at 20°C. Dosages of the C-S-H — PCE suspensions were
the same as in the mortar tests.

3. Results and discussion
3.1. Characterization of C-S-H — PCE nanocomposites

Fig. 2 shows the X-ray diffraction patterns of the synthesized products obtained in the
co-precipitation process. Pure C-S-H and the C-S-H — PCE nanocomposites exhibit the diffraction
pattern of semi-crystalline C-S-H (I) which represents an imperfect version of 1.4 nm tobermorite. For
pure C-S-H, the main hkO reflections (100, 110, 200, 020) appear at 16.7, 29.0, 31.9 and 49.7 © 20,
respectively. The 002 reflection observed at 7.0 © 20 signifies a basal spacing between the silicate
layers of 1.2 nm. In contrast, for the C-S-H — PCE nanocomposites no such reflections indicating the
basal spacing were detected in the range of 5 - 10 © 20. Thus, it is possible that the interlayers of the
C-S-H - PCE crystallites are disturbed by the incorporation of PCE. Furthermore, considering the
bulky nature of the PCE molecules, the interlayer distances might be such wide that the corresponding
reflection appears at very low 26 angles which are not detectable by our instrument. Several authors
have reported about the expansion of the interlayer spacing of C-S-H resulting from the intercalation
of anionic polymers (Matsuyama H. et al., 1999a and Matsuyama H. et al., 1999b).

Next, the FT-IR spectra of pure C-S-H, of PCE polymer 114PC6 and of all synthesized C-S-H —
PCE nanocomposites were recorded (Fig. 3). In pure C-S-H and the C-S-H nanocomposites, a broad
peak of valence vibration from the crystal water can be observed between 3700 and 3200 cm™. It can
be related to the stretching modes of hydroxyl groups present in the interlayer region of C-S-H as
physically bound water. The absorbances of the alkyl C—H stretches of PCE are found at 2875 cm™.
Furthermore, the characteristic bands at ~ 1560 and ~ 1465 cm™ correspond to the asymmetric and
symmetric vibrations of the COO group present in the main chain of PCE. The peaks of the C-O
valence vibration of the ether bond present in the side chain of PCE are detected at 1100 cm™. For the
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C-S-H - PCE composites, the stretching and vibrational bands of the silicate sheets appear at 960 cm™
(v Si-0) and at 665 cm™ (& Si-O-Si), respectively. Thus, appearance of the bands characteristic for
PCE provides assertive evidence for the presence of PCE in the synthesized precipitates. However, the
spectra do not provide information about whether the PCE polymers are only surface-adsorbed or
perhaps even chemically incorporated into the C-S-H structure.
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Figure 2: XRD patterns of synthesized pure C-S-H and of the C-S-H — PCE nanocomposites obtained
from different PCE superplasticizers
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Figure 3: FT-IR spectra of pure C-S-H, of PCE polymer 114PC6 and of the synthesized C-S-H — PCE

nanocomposites

3.2. Effect of side chain length on particle size of C-S-H

The particle size distributions of the C-S-H — PCE composites as measured by dynamic light
scattering (DLS) in term of number and intensity are presented in Fig. 4. In term of intensity, bimodal
particle size distributions were found for all C-S-H — PCE composites. This implies that the C-S-H —
PCE composites contain a mixture of small and large particles. However, when presented by intensity,

-76 -



CHAPTER 5. RESULTS AND DISCUSSION

the larger particles appear grossly overrepresented, because they scatter light much stronger than
smaller particles. When looking at the particle size in terms of number it becomes clear that only the
nanocomposites prepared from PCE polymers possessing side chain lengths of 8 and 17 EO units
exhibit bimodal particle size distributions. Whereas all other composites show monomodal
distributions. Generally, the C-S-H particle size (in term of number) decreases with increased side
chain length of the PCE polymer. The MPEG PCEs possessing a side chain made of 8 or 17 EO units
produce C-S-H particles with a bimodal particle size distribution, with an average particle size for the
fraction of small size at ~ 100 and ~ 90 nm, and for the large size fraction at ~ 600 and ~ 500 nm,
respectively. The latter is nearly the same as the particle size of pure C-S-H shown at ~ 530 nm. In
case of 25 EO units in the pendant groups. the mean particle size is smaller than in C-S-H — 17PC6
and displays at ~ 80 nm. In comparison, the average C-S-H particle sizes obtained from the PCEs
possessing 45 and 114 EO units in their side chains are ~ 60 and ~ 30 nm, respectively. This signifies
that PCEs can effectively modulate the particle size of C-S-H, and that PCEs possessing longer side
chains (45-114 EO units) produce particularly small C-S-H particles, as is desirable for a strong
seeding effect.
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e
-l 201 . C.SHATPCE
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Figure 4: Particle size distributions (left : number-based : right : intensity-based) of pure C-S-H and of
the synthesized C-S-H — PCE nanocomposites

3.3. PCE sorption on C-S-H

The amount of PCE sorbed on C-S-H was quantified (Fig. 5). After 24 hours of reaction, the molar
amounts of PCEs sorbed on C-S-H increase slightly with increased side chain length of the PCE.
However, when the mass sorbed on C-S-H is looked at, then the differences between the PCE
polymers become even were pronounced, i.e. from PCE polymer 114PC6, ~ 550 mg sorb per g of
C-S-H while from the short-chain polymer 8PC6. only ~ 110 mg/g C-S-H are consumed. This
observation explains why the more bulky PCE 114PC6 leads to smaller C-S-H composites. It occupies
the surfaces of the initial C-S-H foils more densely, and this prevents their further growth.
3.4. Effect on early strength

Mortars admixed with 0.35 wt % of the C-S-H — PCE nanocomposites were tested after 16 hours of
curing, and the compressive and flexural strengths were determined. The results are displayed in
Fig. 6. It was found that the enhancement in early strength clearly depends on the C-S-H particle size
which is controlled by side chain length (EO units) of the PCE polymers. Consequently, the
compressive strength of the mortar prepared from the nanocomposite with the smallest particle size
(C-S-H — 114PC6) reaches ~ 7.0 N/mm’ which presents an 80 % increase over the neat OPC sample.
Whereas the C-S-H — 45PC6 nanocomposite exhibits a compressive strength of 5.7 N/mm” or a 50 %
increases., only over the neat CEM 142.5 R. Furthermore. the C-S-H composites exhibiting larger
particle sizes (> 60 nm) including C-S-H — 25PC6, C-S-H — 17PC6 and C-S-H — 8PC6 arc even less
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effective and increase compressive strengths only between 35 and 15 %. For the flexural strengths of
the mortars, a similar trend was found. For example, the C-S-H — 114PC6 nanocomposite produces the
highest flexural strength of 2.1 N/mm” whereas the others show values between 1.3 and 1.6 N/mm”’.
Furthermore, the compressive strengths after 12 hours of curing were investigated (individual data not

shown here). Again, a much superior strength development was found for the C-S-H — 114PC6
nanocomposite.
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Figure 5: Molar (left) and mass amounts (right) of PCE polymers sorbed by the C-S-H
nanocomposites
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Figure 6: Compressive and flexural strengths of mortars cured for 16 hrs and admixed with 0.35 %
bwoc of the synthesized C-S-H — PCE nanocomposites

3.5. Calorimetric investigation

The impact of the C-S-H — PCE nanocomposites on cement hydration was studied via isothermal
heat flow calorimetry. As examples, the curves obtained for the two extremes in PCE composition,
8PC6 and 114PC6, are displayed in Fig. 7. Generally, addition of the C-S-H — PCE nanocomposites
increases the peak assigned to the silicate reaction, indicating enhanced hydration of the clinker phases
C;S and C,S. Even for the C-S-H — 8PC6 nanocomposite which consists of large particles, a
noticeable increase in hydration is observed. The most effective composite, C-S-H — 114PC6 modified
the shape of the silicate hydration curve whereby the peak commonly assigned to the conversion of

AF, to AF,, has disappeared. Instead, a very pronounced peak is observed which possibly subsumes
both the late silicate reaction and the AF, = AF,, conversion.

3.6. Structural model of C-S-H — PCE

TEM imaging clearly revealed a foil-like morphology for the C-S-H — PCE nanocomposites. The
sizes of individual foils vary between 100 and 300 nm. As an example, the images from C-S-H —
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114PC6 are shown in Fig. 8. Furthermore, a lamellar structure was observed for this composite
whereby a d spacing of approximately 2.1 nm was found which is higher than that for pure C-S-H
which was at 1.2 nm as determined by XRD (Fig. 2). This suggests that the polymer not only is
adsorbed onto the surfaces of individual C-S-H foils, but also became chemically incorporated into the
interlayer region of C-S-H, hence resulting in a C-S-H — PCE composite on the nano scale.

Based on the integrated XRD, FT-IR, sorption and TEM results first a model for the formation of
the C-S-H — PCE nanocomposites as shown in Fig. 9 can be presented. During the precipitation of
C-S-H, the anionic comb polymers occupy the surfaces of individual C-S-H foils. PCE polymers
possessing long pendant groups such as in 114PC6 prevent the further growth of the early C-S-H foils
and thus keep their size small. Whereas short-chain PCEs are less effective and produce significantly
larger C-S-H particles. TEM imaging provided a clear evidence that in the nanocomposites the PCE
polymer is not only surface adsorbed. but becomes even chemically incorporated into the C-S-H
layered structure. This finding is highly important and requires further study, e.g. using SAXS
analysis.
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Figure 7: Heat evolution during hydration of pure CEM 142.5 R (w/c = 0.5) and admixed with 0.35 %
bwoc of the C-S-H — PCE nanocomposites, determined via isothermal calorimetry

Figure 8: TEM micrographs of the C-S-H — 114PC6 nanocomposite : (a) overview displaying the
particle morphology and (b) image revealing the lamellar nano structure of the foils
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Figure 9: Illustration of the effect of different PCE molecules in modulating the size of the C-S-H —
PCE nanocomposites

4. Conclusion

C-S-H - PCE nanocomposites were successfully synthesized by co-precipitation of Na,SiO; and
Ca(NOs;), in the presence of anionic MPEG PCE copolymers. Using different PCE molecules with
varied side chain lengths, it is possible to control the average size of the C-S-H — PCE composites. A
PCE polymer with very long pendant groups was found to produce the smallest particle sizes for the
C-S-H — PCE composite and exhibited the strongest seeding effect for the hydration of the silicate
phases C;S and C,S. Accordingly, this nanocomposite achieved the largest gain in early compressive
and flexural strengths of mortar.

Future studies should focus on the impact of chemically different PCE copolymers (e.g. MPEG-
versus IPEG-type PCEs) and on the nano structure of the C-S-H — PCE composites. Furthermore,
interaction of nano C-S-H with polymers other than PCEs (¢.g. polyethylene imines, phosphated
polymers, etc.) should be looked at.
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5.1.2 Effect of the grafting density of PCE

As mentioned before, anionic PCE copolymers can adsorb on the C-S-H surfaces and the
length of side chains of the PCE polymers presents the key to restrict the C-S-H particles to
their original nanosize, as is desirable for a strong seeding effect in cement.

In this part, three PCE superplasticizers possessing different grafting densities (the molar
ratio of methacrylic acid (MAA) to methoxy polyethylene glycol (MPEG) methacrylate ester
was varied between 2:1, 6:1 and 8:1), yet exhibiting the same side chain lengths of 45 EO
units were employed in the precipitation of C-S-H. The C-S-H — PCE nanocomposites were
successfully synthesized as confirmed by XRD and FT-IR measurements.

It was found that, the amount of the PCEs adsorbed on C-S-H increased with increasing
anionic character of the PCE resulting from a higher MAA content in the PCE. Here, higher
molar ratios of MAA : MPEG-MA (> 6:1) led to a higher adsorbed amount of PCE on C-S-H
and produced a larger portion of small size C-S-H particles (dso ~ 100 nm).

These particularly small C-S-H — PCE nanocomposites are most advantageous to boost the
early compressive strength of mortar after 12 and 16 hours which increased about 60 % over
the neat cement (Figure 33).

The mechanism behind is that the C-S-H — PCE nanocomposites accelerate the
polymerization of the mono silicates to polysilicates in cement, as was found by °Si MAS

NMR spectroscopy.
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V. Kanchanason and J. Plank

C-S-H - PCE Nanocomposites for Enhancement of Early
Strength of Cement

1. Introduction

Carbon dioxide which is responsible for the greenhouse effect is emitted from the
calcination and grinding processes in cement manufacture. A potential way to reduce
the environmental impact from cement is the replacement of clinker by using
Supplementary Cementitious Materials (SCMs) such as fly ash, blast furnace slag,
limestone etc. in blended cements (CEM II/Ill). However, a more widespread use of
blended cements is limited especially by their low early strength.

Generally, cement hydration can be accelerated by using synthetic calcium silicate
hydrate (C-S-H) crystals as seeding material. The accelerating effect is influenced by
the size of the C-S-H particles and is lost when particle agglomeration occurs. To
prevent this deleterious effect, the size of the C-S-H particles has to be controlled and
stabilized by addition of polymeric dispersants such as anionic polycarboxylate (PCE)
superplasticizers.

In this study, the influence of PCE superplasticizers possessing different grafting
density (molar ratio of methacrylic acid (MAA) to methoxy polyethylene glycol (MPEG)
methacrylate ester) and anionic character on the particle size of C-S-H - PCE
nanocomposites and their strength enhancing effect was investigated. Apparently, the
C-S-H — PCE nanocomposites reduce the activation energy (AG) necessary to initiate
C-S-H nucleation to zero and thus allow much faster hydration of the silicate phases
CsS and C,S, as was evidenced by isothermal heat flow calorimetry and 2GS MAS
NMR spectroscopy.

2. Experimental program
2.1. Raw Materials

The chemicals used for C-S-H synthesis were Ca(NO;), - 4H,O (PanReac
AppliChem, Darmstadt, Germany) and Na,SiO; - 5H,0 (VWR Prolabo Chemicals,
Leuven, Belgium). The PCE superplasticizers were synthesized in our laboratories and
contained side chains made of 45 ethylene oxide (EO) units and the molar ratio of
methacrylic acid (MAA) to o-methoxy polyethylene glycol methacrylate ester (MPEG-
MAA) were varied between 2:1, 6:1 and 8:1. The properties of the MPEG PCE samples
are shown in Table 1. Furthermore, Ordinary Portland Cement (OPC) type CEM | 42.5
R obtained from Schwenk Zement KG (Germany) was used for testing the strength
development. The main phase composition (wt. %) of the OPC consisted of 55.1 %
CsS, 15.9 % C,S, 6.5 % C,A and 10.2 % C,AF.
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Table 1:

Molecular properties and specific anionic charge density of the MPEG PCE samples
PCE Molar mass, Molar mass, Polydispersity | Specific anionic
polymer | M,, (g/mol) M, (g/mol) index charge density
sample (PDI) (peq/g)
45PC2 43,410 23,020 1.9 1,320
45PC6 26,060 14,900 1.7 3,641
45PC8 28,860 15,130 1.9 4,098

2.2. Experimental Procedures

Synthesis of C-S-H — PCE nanocomposites

The C-S-H - PCE nanocomposites were prepared by precipitating C-S-H from
Na,SiO; and Ca(NOs), in the presence of PCE. Firstly, 0.7 g of PCE powder were
dissolved in 7.4 mL of water and the pH of the solution was controlled at 7 £ 0.5 by
using 30 wt. % NaOH. After that, solutions of 1.7 g of Na,SiO; - 5H,O (0.008 mol) in
4.8 mL of water and 2.8 g of Ca(NOs3), - 4H,0O (0.012 mol) in 1.8 mL of water were
prepared and then added simultaneously to the PCE solution while stirring under N,
atmosphere to prevent carbonation of the Ca(OH),. After 24 hours of stirring, the pH of
the suspension had dropped from ~ 11.6 to 11.3 and the resulting precipitates were
centrifuged, washed with deionized (DI) water, transformed into a powder by freeze
drying and then characterized by XRD and FT-IR analysis. Furthermore, the liquid
suspensions of the nanocomposites as obtained in the synthesis were directly used in
other measurements such as particle size analysis, heat flow calorimetry and mortar
tests.

Characterization techniques

Particle size of the C-S-H — PCE nanocomposites (c = 0.1 g/L) were determined by
dynamic light scattering (DLS) using a Zetasizer Nano ZS apparatus (Malvern
Instruments, Workestershire, UK). Powder x-ray diffraction (XRD) patterns (26 = 0.6 ° -
60 °) were obtained from a BRUKER AXS D8 diffractometer (Karlsruhe, Germany)
operating at 30 kV and 30 mA with Cu Ka radiation. Furthermore, the C-S-H — PCE
composites were characterized by Fourier Transform Infrared Spectroscopy (FTIR)
using the BRUKER Vertex 70 spectrometer (Bruker, Ettlingen, Germany) with ATR cell
in the range of 400 - 4000 cm . The amount of PCE adsorbed on C-S-H was
investigated by total organic carbon (TOC) content on a High TOC Il instrument
(Elementar, Hanau, Germany).

Mortar test

The C-S-H - PCE precipitates were measured for their efficiency as strength
enhancer in a standard mortar prepared from CEM | 42.5 R (w/c = 0.5) at a cement-to-
sand ratio of 1 : 3 according to DIN EN 196-1. The dosage of the C-S-H — PCE
suspension was 0.35 % (as solid) by weight of cement (bwoc). The compressive and
flexural strengths were measured after curing for 12 and 16 hours (Toni Technik,
Berlin, Germany).

Cement hydration

Hydration kinetics was investigated by isothermal heat flow calorimeter (TAM AIR,
Thermometric, Jarfalla, Sweden) at 20°C. A cement paste was prepared from 4 g of
cement and 2 g of DI water (w/c = 0.5). Dosage of the C-S-H — PCE suspensions was
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0.35 % (as solid) bwoc. To study the structure of the hydration products, hydration of
the cement paste was stopped after 16 hours by addition of acetone, the residue was
dried overnight in an oven at 50 ° C and *°Si MAS NMR spectra were recorded on a
Bruker Avance 300 instrument. There, powder samples of the composite were filled
into a 7 mm Zirconia rotor and spun at 5 KHz. Tetrakis(trimetylsilyl)silane was used as
external standard.

3. Results and Discussion

3.1 Characterization of the C-S-H — PCE nanocomposites

The XRD patterns of the synthesized products are exhibited in Fig. 1. Pure C-S-H
and the C-S-H — PCE nanocomposites show the diffraction pattern of semi-crystalline
C-S-H (I) which constitutes an imperfect version of 1.4 nm tobermorite. The main hkO
reflections (100, 110, 200, 020) appear at 16.7, 29.0, 31.9 and 49.7 ° 206, respectively.
Only in pure C-S-H, the 002 reflection can be observed at 7.0 ° 20 which signifies a
d spacing between the silicate layers of 1.2 nm.

Fig. 2 shows the FT-IR spectra of pure C-S-H, of PCE polymer 45PC6 and of the
C-S-H - PCE nanocomposites obtained in the co-precipitation process when PCE
samples 45PC2, 45PC6 and 45PC8 were present. In pure C-S-H, a broad, weak band
of the stretching modes of hydroxyl groups from the crystal water can be observed
between 3700 and 3200 cm™. In pure PCE polymer 45PC8, the absorbances of the
alkyl C—H stretches of PCE polymer are found at 2875 cm™. Moreover, the peaks of the
asymmetric and symmetric vibrations of the COO™ group present in the main chain of
PCE are detected at ~ 1565 and ~ 1460 cm™, respectively. The characteristic bands at
~ 1100 cm™ correspond to the C-O valence vibration of the ether bond present in the
side chain of PCE. For the C-S-H — PCE composites, the stretching and vibrational
bands of the silicate chains appear at 963 cm™ (v Si-0), 664 cm™ (5 Si—-O-Si) and 448
cm™ (8 Si-0), respectively. Furthermore, display of the characteristic bands of the PCE
copolymers in the spectra of the C-S-H — PCE nanocomposites confirms the presence
of PCE in the synthesized C-S-H precipitates.

|
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—~ C-S-H-45PC8
-
8
2
B C-S-H-45PC6
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£

C-S-H-45PC2
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T T T T T 1
0 10 20 30 40 50 60
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Figure 1: XRD patterns of synthesized pure C-S-H and of the C-S-H — PCE nanocomposites
precipitated in the presence of PCE polymers 45PC2, 45PC6 and 45PC8
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Figure 2: FT-IR spectra of synthesized pure C-S-H, of pure PCE copolymer 45PC6 and of the
synthesized C-S-H — PCE nanocomposites

3.2 Effect of molar ratio in PCE on particle size of C-S-H — PCE

The particle size distribution in pure C-S-H and in the synthesized C-S-H
composites is presented in Fig. 3. The particle size of C-S-H decreases with increased
ratio of MAA to MPEG-MAA of the PCE polymer. The MPEG PCE possessing a low
ratio of MAA to MPEG-MAA of 2 : 1 produces C-S-H particles with a monomodal
particle size distribution and an average particle size at ~ 400 nm which is nearly the
same as the particle size of pure C-S-H (~ 530 nm). In contrast, the other composites
show bimodal particle size distributions. For the PCEs made of MAA : MPEG-MAA at
molar ratios of 6 : 1 and 8 : 1, a small particle fraction shows at ~ 100 nm, while the
large size fraction is observed at ~ 400 nm. The latter is similar to the size of the C-S-H
composites obtained in the presence of 45PC2. This indicates that from PCEs
possessing the optimum molar ratio of MAA : MPEG-MAA of > 6 : 1, a larger portion of
small size C-S-H particles is obtained which is advantageous for the seeding effect in
cement.

3.3 Sorption of PCE on C-S-H

Normally, in the highly alkaline pore solution loaded with calcium ions, the external
surface of C-S-H particles exhibits a positive surface charge, thus allowing adsorption
and stabilization by highly anionic PCE molecules. The amount of PCE sorbed on C-S-
H was investigated by TOC (Fig. 4). The mass amount of the PCEs sorbed on C-S-H
increases with increased anionic character of the PCE resulting from an increase of the
MAA content in the PCE. For PCE polymer 45PC2 exhibiting the lowest anionic
charge, ~ 180 mg sorb per g of C-S-H while from the PCEs of higher anionic charge
density, ~ 200 mg/g C-S-H are consumed. However, when the molar amount of sorbed
PCEs on C-S-H is considered, then a district difference in PCE sorption between low
and high anionic charge densities of PCE is observed. This result suggests that PCEs
of higher anionic charge density sorb in slightly higher amount on C-S-H and
presumably lead to a smaller size of the C-S-H composites.
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Figure 3: Particle size distribution of pure C-S-H and of the C-S-H — PCE nanocomposites
obtained in the synthesis
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Figure 4: Mass amounts (left) and molar amount (right) of the PCE polymers sorbed by C-S-H

3.4 Effect on early strength of mortar

Mortars admixed with 0.35 wt % of the C-S-H — PCE nanocomposites were
prepared and their compressive and flexural strengths were measured after 12 and 16
hours of curing. The results (Fig. 5) indicate that the improvement in early strength
clearly depends on the particle size of the C-S-H — PCE nanocomposites which again
is controlled by the amount of PCE sorbed on C-S-H. As a result, the compressive
strengths of the mortar admixed with nanocomposite C-S-H — 45PC8 containing the
smallest particle size (~ 100 nm) reach 2.4 and 6.0 N/mm? after 12 and 16 hours,
respectively. These values signify an enhancement of ~ 60 % over the neat CEM | 42.5
R. Similar values were found for the C-S-H — 45PC8 nanocomposite (2.2 and 5.9
N/mm? for 12 and 16 hours, respectively). However, the compressive strengths of the
mortars prepared from nanocomposite C-S-H — 45PC2 holding only a large size
fraction (~ 400 nm) is comparable with that of the neat Portland cement. A similar trend
was found for the flexural strengths of the mortars after 16 hours of curing. In case of
the nanocomposites C-S-H — 45PC6 and C-S-H — 45PCS8, the flexural strengths show
at 1.6 and 1.7 N/mm?, respectively whereas that of C-S-H — 45PC2 exhibited a value of
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1.2 N/mm? only. The final strengths of the mortars (28 days) admixed with C-S-H —
45PC6 and C-S-H — 45PC8 were still the same as for the neat OPC sample (~ 58 and
~ 8 N/mm? for compressive and flexural strengths, respectively).

70 18 7
012 hours 6.0 012 hours 1.6 ]

@16 hours =] 2 @16 hours
D e —

16 |

6.0

5.0

41
40 24 * {
30 54 |
22 : |
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CEMI425R C-S-H-45PC2 C-S-H-45PC6 C-S-H-45PC8

Compressive strength (N/mm?)
Flexural strength (N/mm?)

CEM1425R C-S-H-45PC2 C-S-H-45PC6 C-S-H-45PC8

Figure 5: Compressive and flexural strengths of mortars cured for 12 and 16 hrs and admixed
with 0.35 % bwoc of the synthesized C-S-H — PCE nanocomposites

3.5 Effect on cement hydration

The effect of the synthesized C-S-H — PCE nanocomposites on cement hydration
was studied via isothermal heat flow calorimetry (Fig. 6). Addition of the C-S-H — PCE
nanocomposites increases the heat flow during the acceleration period which is
dominated by the nucleation and growth of the C-S-H phases, indicating enhanced
hydration of the clinker phases C,;S and C,S. Furthermore, the peak generally assigned
to the conversion of AF; to AF,, occurs at earlier hydration times. These effects are
most pronounced for those composites (C-S-H — 45PC6 and C-S-H — 45PC8) which
contain small particle size fractions and enhance mortar strength considerably.

The degree of condensation of C-S-H formed in cement after 16 hours of hydration
was studied via 2°Si MAS NMR spectroscopy. As examples, the 2°Si MAS NMR spectra
from the pure cement paste and from OPC admixed with C-S-H - 45PC6
nanocomposite are shown in Fig. 7. In the pure paste of CEM | 42.5 R, the signal at
- 71 ppm corresponds to Q° of non-hydrated C,S and C,S while at - 79 ppm a Q' signal
signifying an end chain silicate appears. In principle, these two signals are also
observed in the OPC hydrated with nanocomposite C-S-H — 45PC6. However, there
the Q' signal is stronger than in the neat OPC; and two small signals located at about
- 82 and - 84 ppm corresponding to Q? groups (bridging silicate unit) are detectable
now. They signify that when the nanocomposite C-S-H — 45PC6 containing the small
size particle fraction is admixed, then the polymerization of the mono silicates to
polysilicates present in C-S-H is greatly accelerated which leads to a significantly
higher early strength of the mortar.
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Figure 6: Heat evolution during hydration of neat CEM | 42.5 R (w/c = 0.5) and the pure cement
admixed with 0.35% bwoc of C-S-H — PCE nanocomposites
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Figure 7: #si MAS NMR spectra of neat CEM | 42.5 R (w/c = 0.5) and of the pure cement
admixed with 0.35% bwoc of nanocomposite C-S-H — 45PC6

4. Conclusions

C-S-H — PCE nanocomposites were prepared by co-precipitation from Na,SiO; and
Ca(NO,), in the presence of anionic MPEG PCE copolymers. Using different PCE
molecules with varied grafting density (molar ratio of MAA to MPEG-MAA), it is possible
to control the average particle size of the C-S-H — PCE composites. Therefore, a PCE
polymer with high molar ratio of MAA : MPEG-MAA (> 6 : 1) produces particularly small
particle sizes of C-S-H — PCE nanocomposites and shows the strongest seeding effect
on the hydration of C5;S and C,S. Accordingly, this nanocomposite achieves a higher
degree of polymerization of the mono silicates to C-S-H and achieves the largest gain
in early strengths of the mortar.
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5.2 Effect of synthesis conditions on the effectiveness of C-S-H —

PCE nanocomposites as accelerators in Portland cement

This section describes the influence of process parameters during the synthesis of the C-S-
H — PCE nanocomposites on their characteristics and performance. A commercial isoprenyl
oxy poly(ethylene glycol) based superplasticizer (IPEG PCE) possessing very long side chain
lengths (93 EO units) was employed in the synthesis of C-S-H. Moreover, various factors
such as pH value, Ca/Si ratio and temperature were adjusted during the preparation of the C-
S-H — PCE nanocomposites to achieve a 100 % increase over the neat OPC sample for the 16

hour compressive strength of mortar.

5.2.1 Effectiveness of C-S-H — PCE nanocomposites in Portland cement

First, the experiments were designed via a tool called Box-Behnken Design (BBD) by
using the MINITAB software. C-S-H — PCE nanocomposites synthesized under 16 different
conditions were admixed at 0.35 wt. % to mortar which was then tested for compressive
strength after 16 hours of curing. Thereafter, the relation between the synthetic variables and
the resultant mortar strengths was analyzed via the regression equation.

The strength results are presented in Figure 34. It was found that addition of the C-S-H —
PCE compounds synthesized under different conditions clearly promoted the early strength
development of mortars. The highest compressive strength value was obtained from a C-S-H
— PCE nanocomposite synthesized at a Ca/Si ratio of 1.0, at pH = 11.7 and a temperature of
50 ° C. The increase was ~ 10 N/mm? which represents a 100 % increase over that of the
control sample. In comparison, the C-S-H — PCE compound prepared at the low pH value of
10.9 and high temperature (75 ° C) did not show an accelerating effect in cement. It produced

a compressive strength value which was comparable to that of the neat cement.
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Figure 34: Compressive strengths of mortars cured for 16 hours and admixed with 0.35 %

bwoc of C-S-H — PCE nanocomposites synthesized under various conditions

To quantify the dominant control factor, the response surface regression was analyzed and
the results are shown in Table 6. According to the theory, the p-values of factors less than
0.05 are most effective and should be considered. It was observed that only the pH value
played a dominant role during the synthesis of the nanacomposite and significantly impacted
the early strength of mortar, while the Ca/Si ratio and temperature were less important
factors. According to this, the optimum condition to achieve the largest gain in compressive
strength as obtained from the regression equation (Equation 23) was: pH = 12.3, Ca/Si = 1.0
and 20 ° C, as is shown in Figure 35.

To verify this result, the effect of pH values (pH = 10.4 - 13.8) during the synthesis on

structure, composition and morphology of C-S-H — PCE compounds and their effectiveness
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on early strength of mortar was studied in another series of experiments. This is presented in

the following section 5.2.2.

Strength = -283.244 + 46.6676a - 0.0146972b + 14.7106c - 1.84971(a*a) - 1.28125(a*c)
Equation 23

Table 6
Variance analysis according to the BBD model relating to the compressive strengths of

mortars admixed with differently synthesized C-S-H — PCE nanocomposites

Parameter Compressive strengths of mortar samples
P T Coefficient
Constant 0.000 29.123 8.4412
pH (a) 0.000 5.217 1.1700
Temp (b) 0.101 -1.804 -0.4042
Ca/Si (c) 0.546 -0.624 -0.1400
pH*pH (a*a) 0.009 -3.231 -1.1838
pH*Ca/Si (a*c) 0.068 -2.044 -0.5125
Optimal . . pH Temp C/S
o I 359 58 8
1.0000 |ow 10.90 20.0 1.0
SUength \
Maximum
y = 9.5831
d = 1.0000

Figure 35: Finding the optimal condition for the synthesis of the C-S-H — PCE

nanocomposite
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5.2.2 Effect of pH on the composition, structure and morphology of
C-S-H — PCE nanocomposites

As was shown in section 5.2.1, the pH value during the synthesis had the strongest effect
on the performance of the synthesized C-S-H — PCE nanocomposite used as a strength
enhancer in cement. For this reason, studies on the influence of the pH conditions on the
characteristic properties of the C-S-H — PCE nanocomposite were performed. The results are
presented in three papers that follow this section.

First of all, C-S-H — PCE was precipitated from Na,SiO3 and Ca(NOgz), solutions in an
isoprenolether (IPEG) - based PCE solution at pH values of 10.4, 11.7, 12.4 and 13.8. It was
confirmed that the pH value plays a critical role for the nanostructure, composition (Ca/Si
ratio) and morphology of the C-S-H — PCE products obtained. Furthermore, it influences the
PCE adsorption on C-S-H.

An increase of pH value from 10.4 to > 11.7 changed the C-S-H structure from amorphous
to semi-crystalline, as was evidenced by XRD measurement. A decrease in the basal spacing
in the semi-crystalline structure was also found when the pH increased. However, no
evidence from XRD supported the intercalation of the IPEG-PCE into the C-S-H lamellar
structure.

Furthermore, the silicate chains present in the C-S-H — PCE nanocomposites were
investigated via °Si MAS NMR spectroscopy. According to this, branched silicate chains in
C-S-H — PCE developed only at the low pH of 10.4. At higher pH values, no more bridging
sites occurred and the degree of polymerization of the silicate chains decreased, leading to
shorter chain lengths in C-S-H.

The composition of C-S-H is typically described by the Ca/Si ratio. The Ca/Si ratio of the
nanocomposites increased with a rise in pH and reached a value close to the initial ratio of

1.0.

-909 -



CHAPTER 5. RESULTS AND DISCUSSION

The morphology of the C-S-H — PCE nanocomposites was also affected by the pH. It was
found that at pH = 10.4, globular, agglomerated C-S-H particles were precipitated which at
pH 2 11.7 transformed to a foil-like morphology.

Additionally, the pH value influenced PCE adsorption on C-S-H which controls the
particle size of the product. The results revealed a reduction in the amount of PCE adsorbed
on the C-S-H foils at pH above 11.7, resulting from the decreased anionic charge of PCE
owed to counter-ion condensation. The highest PCE adsorption was observed at pH = 11.7,
leading to the highest amount of ultra-small nanofoils.

In summary, it became apparent that the pH value during the synthesis of C-S-H — PCE
nanocomposites besides the PCE composition presents the most important factor to control
the nanostructure, morphology and particle size of the nanocomposites. The C-S-H — PCE
nanocomposite obtained at pH = 11.7 consisted of the smallest foil-like particles, performed
the strongest seeding effect on cement hydration, and produced the largest gain in the early
strength of mortar. In comparison, globular C-S-H — PCE particles prepared at pH = 10.4

exhibited only a minor accelerating effect on cement hydration.
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ARTICLE INFO ABSTRACT

Keywords:

C-S-H (B)
Polycarboxylate (D)
Nanocomposite

pH (A)

Early strength (C)

Synthetic C-S-H-PCE nanocomposites are known to act as seeding material in Portland cement. Here, C-S-H-PCE
was precipitated from Na,SiO3 and Ca(NO3), solutions in an isoprenolether (IPEG)-based PCE solution at pH
values of 10.4, 11.7, 12.4 and 13.8. It was found that at pH = 10.4 the C-S-H-PCE precipitate is amorphous,
possesses a disordered structure, consists of partially branched silicate chains and exhibits a globular mor-
phology. At pH = 11.7, the precipitate is semi-crystalline and consists of shorter, non-branched silicate chains.
Moreover, it contains the highest amount of ultra-small nanofoils (< 50 nm) and can sorb the largest amount of

PCE (~ 250 mg/g C-S-H). It shows optimal seeding effect in cement when compared with globular or foils of C-S-
H-PCE exhibiting larger size (> 200 nm) obtained at pH = 12.4 and 13.8, respectively.

1. Introduction

Clinker substitution with supplementary cementitious materials
(SCMs), like in blended cements (CEM I1/111), presents an attractive way
to reduce the environmental impact of CO, emission from cement
production. However, the disadvantage of blended cements is a slow
development of early strength. Additionally, when concrete is used in
cold climates, such condition delays its hydration leading to a decrease
in early strength. In recent years, synthetic calcium silicate hydrate (C-
S-H) has been introduced as a potential accelerator to speed up cement
hydration [1-7].

Calcium silicate hydrate (xCaO-ySiO,zH,0, C-S-H) is well known as
the main hydration product of Portland cement. It presents the binding
phase and is responsible for the strength properties of hardened cement.
The C-S-H generated in hydrated Portland cement is of low crystallinity,
has a Ca/Si molar ratio of ~1.6-1.9 which depends on the water-to-
cement (w/c) ratio and other parameters [8-11]. It also occurs in
various morphologies such as small globules in the inner product (I,)
and fibrous particles in the outer product (O,) C-S-H [12-14].

Generally, C-S-H is composed of silicate tetrahedra which are
aligned in a dreierketten structure. They share oxygen atoms with
calcium in plane and are stacked in a layer structure [15] (Fig. 1).
However, for synthetic C-S-H, a huge number of variations in compo-
sition, structure and morphology are possible. They depend on many

* Corresponding author.
E-mail address: sekretariat@bauchemie.ch.tum.de (J. Plank).

http://dx.doi.org/10.1016/j.cemconres.2017.09.002

factors such as the initial Ca/Si ratio, pH value, the preparation method
etc. For example, the C-S-H synthesized via silica-lime reaction using
the controlled C3S hydration method [16] attained a foil like mor-
phology at Ca/Si molar ratios of ~0.7-1.5 whereas a fibrillar mor-
phology was observed at higher lime concentrations (Ca/Si > 1.58). In
another experiment, nanofoils of C-S-H were detected upon dropwise
addition of calcium nitrate into a sodium silicate solution at a high Ca/
Si ratio of 2.0 and pH = 13.3 [17,18]. Many reports based on evidence
from 2°Si NMR spectroscopy describe linear silicate chains for synthetic
C-S-H which contains terminal silicate groups (Q') and chain members
linked to two neighboring silicate units (Q?). The Q? silica tetrahedra
positioned in the middle of the chains can arrange in a dreierketten
structure whereby a dimer of silica tetrahedra (paring tetrahedra)
connects to the bridging tetrahedron.

The chain length of C-S-H depends on its composition relative to the
Ca/Si ratio. At Ca/Si ratios > 1.0, short silicate chains and no more
bridging tetrahedra were found [19,20]. Moreover, strongly alkaline
conditions and high pH values caused an increase in Q' units and a
reduction in the mean chain length of the silicate chains [20-23].
Furthermore, for this C-S-H, a decreased interlayer space and Ca/Si
ratio were observed [24].

Synthetic C-S-H can serve as a seeding material in cement. The in-
fluence of the size of the C-S-H particles on their seeding efficiency has
been considered and can be controlled by the addition of polymeric
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Fig. 1. Schematic structure of C-S-H. Triangles: silica tetrahedra; black circles: calcium
atoms/ions in CaO planes and calcium ions; empty circles: species in the interlayer
(water). Q™ n represents the number of SiO,4 units attached to an individual silicate
tetrahedron, p: pairing units, b: bridging sites.

(Adapted from [15])

dispersants such as polycarboxylates (PCEs). Generally, the external
surfaces of C-S-H contain silanol groups which are ionized in high al-
kaline condition and are able to complex with dissolved calcium ions
[25-27]. Consequently, the surfaces of C-S-H exhibit a positive charge
which can facilitate the adsorption of anionic comb-like copolymers
such as PCE superplasticizers [28,29]. Based on this mechanism, meso
crystals composed of C-S-H nanofoils occupied with adsorbed PCE
polymers are formed which represent a nanocomposite [30]. The var-
ious architectural structures possible in PCEs [31] control their ad-
sorption on the C-S-H surfaces which in turn affects the size of the C-S-H
particles. As such, specific PCE molecules result in C-S-H particles ex-
hibiting a huge surface area which is highly beneficial for effective
cement acceleration [4,30,32,33]. Moreover, the impact of anionicity
and type of PCE on the composition and the length of the silicate chains
in C-S-H have been reported [28,29,34,35]. However, so far the cor-
relation between the composition, structure, morphology and particle
size of individual C-S-H-PCE nanocomposites and their seeding effi-
ciency in cement has not yet been disclosed.

In this paper, the effect of pH varied between 10.4 and 13.8 during
the co-precipitation of calcium nitrate and sodium silicate (molar ratio
Ca/Si = 1.0) on the composition, structure and morphology of pure C-
S-H and C-S-H-PCE nanocomposites was investigated using XRD, FT-IR,
2%S5i MAS NMR spectroscopy, XRF and TEM measurements.
Additionally, the amount of PCE adsorbed on C-S-H obtained at dif-
ferent pH values which strongly affects the size of the C-S-H particles
was measured via total organic carbon (TOC) method. Based upon these
findings, a mechanism of interaction between PCE and C-S-H is pro-
posed for the different pH conditions. Finally, those results are linked
with the effectiveness of the synthesized C-S-H-PCE nanocomposites
relative to their ability to accelerate the early strength development of
mortar. The correlation between structure, morphology and particle
size of the C-S-H-PCE nanocomposites and their strength enhancing
effect is revealed.

2. Materials and methods
2.1. Raw materials

The starting materials used in the synthesis of C-S-H were Ca
(NO3)»4H,0 (PanReac AppliChem, Germany) and Na,SiO3-5H,0 (VWR
Prolabo BDH Chemicals, Germany). Moreover, HNO3; 65 wt% (VWR
Prolabo BDH Chemicals, Germany) and NaOH (Merck KGaA, Germany)
were used to adjust the pH values during the synthesis.

A commercial isoprenyl oxy poly(ethylene glycol) based super-
plasticizer (IPEG PCE) was employed in the synthesis. The solid content
of this PCE solution was 40% by weight and the chemical structure of
this PCE polymer is presented in Fig. 2. Its molecular properties and
anionic charge amount at different pH values are summarized in
Table 1.

Furthermore, a slowly hydrating Ordinary Portland Cement (OPC)

N

- 103 -

Cement and Concrete Research 102 (2017) 90-98

CH,

—|—CH,—c]:H—|j—CH,—c:—lb—

COOH CH,

CH,

O

o—0
b 1 I
5 N

I;+O—

Fig. 2. Chemical structure of the isoprenyl oxy poly(ethylene glycol) (IPEG) based PCE
superplasticizer used in the study.

Table 1
Molecular properties and pH-dependent specific anionic charge densities of the IPEG PCE
sample.

Molar masses (g/mol) Polydispersity Specific anionic charge density in
index NaOH (peq/g)
M, M, (PDI) At pH value
10.4 11.7 12.4 13.8
35,100 15,700 2.2 1800 2750 2140 =

 No stable value obtained.

sample (API Class G oil well cement, corresponding to a CEM I 32.5 N)
obtained from Dyckerhoff GmbH (Germany) was used for testing the
early strength development of mortars. This cement was selected for its
particularly slow development in early strength. Its phase composition
was determined by XRD including Rietveld refinement and thermo-
gravimetric analysis of the calcium sulfate hydrates. The results are
listed in Table 2. Its specific surface area (Blaine) and mean particle size
(dso value) were found at 3000 cmz/g and 11 pm, respectively.

2.2. Preparation of C-S-H and C-S-H-PCE nanocomposites

The C-S-H and C-S-H-PCE nanocomposites were prepared by the co-
precipitation method. Aqueous Ca(NO3), and Na,SiO5 solutions were
fed into water or the IPEG-PCE solution to obtain pure C-S-H or C-S-

Table 2
Phase composition of the OPC sample as determined by
XRD using Rietveld refinement and thermogravimetry.

Phase [wt%]
C3s 59.3
c2s 19.5
C3A, cubic 1.7
C4AF 14.1
free CaO <03
CaS041/2H,0" 0.2
CaSO42H,0" 4.6
Anhydrite < 0.1
Arcanite < 0.1
Total 99.7

# Determined by thermogravimetry.
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H-PCE nanocomposites. The initial molar ratio of CaO/SiO, based on
the starting materials was 1.0. In preparation of the C-S-H-PCE nano-
composite, 4.2 g of the IPEG-PCE solution were diluted with 20.8 mL of
water (resulting in a 6.7 wt% PCE solution) and the pH of this PCE
solution was adjusted to 8.5 = 0.1 by using aqueous 30 wt% NaOH.
Next, solutions of 4.2 g (18 mmol) of Ca(NO3)»4H,0 in 2.7 mL of water
(Ca(NO3), concentration 42.6wt%) and 3.8g (18 mmol) of
Na,Si035H,0 in 7.2 mL of water (sodium silicate concentration 20 wt
%) were prepared in a water bath at 75 °C to achieve fast and complete
dissolution and were then cooled to ambient. After that, both solutions
were continuously added at 0.61 mL/min and 1.16 mL/min, respec-
tively, to 23.3 mL of DI water or 24.3 mL of PCE solution while stirring
at 20°C under N, atmosphere. Total addition time was 8 min.
Moreover, the pH of the reaction solution was continuously monitored
using a pH electrode submerged in the solution and was adjusted to
10.4 or 11.7 by the addition of 1 M HNO;, or to 12.4 and 13.8 by
adding 30 wt% NaOH as needed. When the addition of Ca(NOs3), and
Na,SiO; was finished, the white suspensions were stirred for another
24 h at room temperature and then used as is in TEM measurement,
particle size analysis and mortar testing. Additionally, part of the
samples were transformed into a powder by centrifugation, washing
with CO,-free de-ionized water and freeze drying for 24 h. The powders
were characterized by XRD, FT-IR and 2°Si MAS NMR spectroscopy and
XRF. Furthermore, the white suspensions were centrifuged by using a
filter tube with an inset membrane with a nominal molecular weight
limit of 100 kDa (Merck Millipore, Cork, Ireland). From the clear fil-
trate, the PCE and Ca®* contents were determined by TOC and ICP-OES
measurements, respectively.

2.3. Characterization techniques

The anionic charge amount of the PCE was measured by polyelec-
trolyte titration using a particle charge detector PCD 03 pH (BTG Miitek
GmbH, Herrsching, Germany). First, the anionic PCE was dissolved in
NaOH solution at different pH values of 10.4, 11.7, 12.4 and 13.8 (PCE
concentration 0.2 mg/mL). Then, the PCE solution was titrated with a
standard solution of 0.001 N cationic poly-DADMAC (polydiallyl di-
methyl ammonium chloride) until charge neutralization was obtained
[36].

Powder X-ray diffraction (XRD) patterns were obtained from a
BRUKER AXS D8 diffractometer (Karlsruhe, Germany) with Bragg -
Brentano geometry working at 30 kV and 35 mA with Cu Ka radiation
between 3.0° and 60° 26.

FT-IR spectra of the C-S-H-PCE nanocomposites were recorded on a
BRUKER Vertex 70 spectrometer (Bruker, Ettlingen, Germany)
equipped with ATR cell in the range of 400-4000 cm ™.

The binding motif of silicate present in the synthesized C-S-H and C-
S-H-PCE nanocomposites was identified by °Si MAS NMR spectro-
scopy using a Bruker Avance 300 MHz instrument operating at a re-
sonance frequency of 59.595 MHz. The powder samples were sifted into
a7 mm zirconia rotor and spun at 5 kHz. All spectra were recorded with
arelaxation delay of 45 s, and tetrakis(trimethylsilyl)silane was used as
external standard. The 2°Si NMR spectra were analysed by deconvolu-
tion of the different signals for the Q" species using Origin93 software.
The linewidth and lineshape of the spectra were fit according to the
Voigt model.

The molar ratios of CaO/SiO, and Na,0/SiO, present in the C-S-H
and C-S-H-PCE samples were assessed by X-ray fluorescence (XRF)
using a BRUKER S8 TIGER (Karlsruhe, Germany) instrument with
rhodium X-ray tube. The C-S-H powders were molten in a mixture of
lithium tetraborate and lithium metaborate as a fluxing agent and
pressed into a tablet before measurement.

Morphology of the C-S-H and C-S-H-PCE samples was captured by
transmission electron microscopy (TEM) performed on a JEOL JEM
2011 instrument (JEOL, Japan) equipped with a LaBg cathode. The C-S-
H or C-S-H-PCE suspensions were diluted with water and dispersed in
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an ultrasonic bath for 5 min. After plasma surface treatment, the dis-
persed samples were dropped on a 300 Cu mesh with carbon support
films (Quantifoil Micro Tools GmbH, Germany). The size of the C-S-H
and C-S-H-PCE nanoparticles were measured by using ImageJ software.

The total organic carbon (TOC) content of the C-S-H-PCE nano-
composites was determined using a High TOC II instrument (Elementar,
Hanau, Germany). First, the total organic carbon present in the PCE
polymer and the non-adsorbed part of PCE remaining in the aqueous
phase after 24 h of stirring were measured. From this, the amount of
PCE sorbed on C-S-H was calculated from the difference between the
amount of PCE added and the amount remaining in the filtrate (de-
pletion method). Furthermore, the concentration of free, non-reacted
Ca®* ions present in the filtrate was measured using an inductively
coupled plasma optical emission spectrometer (ICP-OES; iCAP 7000
Series, Thermo Scientific, Waltham, USA).

Particle size of C-S-H or C-S-H-PCE nanocomposites was measured
via dynamic light scattering (DLS) using a Zetasizer Nano ZS apparatus
(Malvern Instruments, Worcestershire, UK). The samples were sus-
pended in water at a concentration of 0.1 g/L. An ultrasonic bath was
used to disperse the particles for 15 min prior to measurement.

Zeta potential of the C-S-H suspensions was captured on an elec-
trophoretic instrument (Zetasizer Nano ZS apparatus from Malvern
Instruments, Worcestershire, UK). The samples were diluted to a liquid/
solid ratio (wt/wt) of 500 using filtrate obtained via centrifugation of
the suspension produced in the synthesis. Prior to measurement, the
diluted suspensions were sonicated in an ultrasonic bath for 15 min.

2.4. Mortar tests

The C-S-H-PCE suspensions precipitated at different pH values were
tested for their effectiveness as strength enhancers in a standard mortar
prepared according to DIN EN 196-1. The dosage of the C-S-H-PCE
nanocomposite was 0.35% (as solid) by weight of cement (bwoc). The
water to cement (w/c) ratio of the mortar was set at 0.44. The mortar
was cast into 40 X 40 x 160 mm prism steel molds and cured at
20 = 1°C and 90% relative humidity for 16 h. After curing, the
compressive and flexural strengths were measured using an instrument
from Toni Technik, Berlin, Germany. To ensure comparable results, all
mortar specimens were adjusted to the same fresh mortar density of
2310 kg/m® by applying a defoamer, and the density was checked for
each sample to be within + 10 kg/m?® deviation.

3. Results and discussion

3.1. Nanostructure and composition of C-S-H and C-S-H-PCE
nanocomposites

3.1.1. XRD analysis

The XRD patterns of the synthesized products obtained at different
pH values are shown in Fig. 3.

At pH = 10.4, a broad peak indicating a highly disordered structure
was detected for both C-S-H and C-S-H-PCE, suggesting amorphous
character. While at pH values above 10.4, for both species semi-crys-
talline C-S-H was observed, with the main hkO reflections (100, 110,
200 and 020) at 16.7, 29.0, 31.9 and 49.7° 20, respectively [15,24,37].

The (002) reflection of the C-S-H occurring between 7.0 and 9.0° 20
allows to determine the basal spacing between silicate layers in the C-S-
H structure. According to this analysis, the d spacing of pure C-S-H
decreased from 1.28 to 1.05 nm when the pH value was increased to
13.8. This reduction can be explained by the absence of bridging silica
units in the dreierketten structure [24] or the substitution of charge
balancing calcium ions by sodium ions from the NaOH solution [38]. To
compare, in the C-S-H-PCE nanocomposites the (002) reflections sig-
nifying the basal spacing were also observed at pH = 11.7, 12.4 and
13.8, and the same d spacing as in pure C-S-H was found.

This result implies that at all pH values studied and using our
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Fig. 3. XRD patterns of C-S-H and C-S-H-PCE nanocomposites synthesized at different pH
values.

synthesis method always structurally similar C-S-H products are
formed, independent of whether the PCE is present or not, and that the
comb-shaped PCE copolymer does not intercalate into the C-S-H
structure, as was recently reported for silylated PCEs [39]. This dis-
tinguishes our method from other works which reported an expansion
of the interlayer spacing of C-S-H resulting from the intercalation of
linear anionic polymers such as poly(methacrylic acid), poly(acrylic
acid) etc. However, these experiments were performed at an initial Ca/
Si ratio of 1.3 and at pH ~ 13 [37,40].

3.1.2. FT-IR analysis

The FT-IR spectra of the pristine IPEG PCE polymer and the C-S-
H-PCE composites obtained at different pH values are shown in Fig. 4.
The broad peaks characteristic for hydroxyl groups present as crystal
water in C-S-H which occur between 3700 and 3200 cm™ ' and at
~1640 cm™ ! were found for all C-S-H-PCE samples. The absorbance
band signifying the alkyl (C—H) stretches in PCE was observed at
~2875 cm™ !, Additionally, the bands at ~1560 and ~1460 cm ™'
correspond to the asymmetric and symmetric vibrations of the COO ™
groups present in the main chain of PCE while the peak assigned to the
ether bonds (C—0) in the PCE side chain was detected at ~1100 cm ™ '.
As expected, in the C-S-H-PCE composites, the absorbances for the
carboxylate (COO ™) and the ether (C—O) groups (the latter visible as a
shoulder only) appear much weaker than in the pristine PCE polymer,
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Fig. 4. FT-IR spectra of the pristine IPEG PCE polymer and of the C-S-H-PCE nano-
composites synthesized at various pH values.

especially in the composites obtained at pH = 10.4 and 13.8, respec-
tively, thus signifying lower polymer contents in these two composites.
This finding was confirmed later by adsorption measurements pre-
sented in Section 3.4. To conclude, the presence of PCE superplasticizer
in the synthesized C-S-H precipitates is confirmed by the display of the
characteristic bands of PCE in the spectra of the C-S-H-PCE nano-
composites.

Relative to the C-S-H skeleton, the stretching and vibrational bands
of the silicate units appeared at ~1010 cm ™~ ! (v Si—O of Q? sites, only
observed in the sample obtained at pH = 10.4, reflecting a higher de-
gree of silicate polymerization due to the presence of Q® sites in the
silica-rich C-S-H gel [41]), ~960cm™' (v Si—O of Q2 sites),
~815em™ ' (v Si—O of Q' sites), ~663cm™' (8§ Si—0—Si) and
~445 cm ™! (8 Si—0 of Si0,), respectively. As alkalinity increased, the
band of the Si—O asymmetric stretching vibrations of Q? tetrahedra
shifted to lower frequencies, indicating a lower degree of polymeriza-
tion of the silicate chains [42]. Moreover, the band of Si—O stretching
of Q' tetrahedra increased in intensity with increasing pH values. These
trends were confirmed later using 2°Si MAS NMR spectroscopy (see
Fig. 5).

3.1.3. Analysis of the silicate chain

From 2°Si MAS NMR measurements, the different coordination
species of the silicon atoms occurring in the chains of C-S-H can be
identified and assigned as terminal chain unit (Q', 8§ ~ —79.5 ppm),
bridging unit (Qf at § ~ — 83.5 ppm) or a unit connected to two pairing
sites (QZ at 8 ~ — 85.3 ppm) [21,24,43,44] (Fig. 1).

The 2°Si MAS NMR spectra of pure C-S-H and the C-S-H-PCE na-
nocomposites synthesized at various pH values are presented in Fig. 5.
At pH = 10.4, the spectra for both C-S-H and C-S-H-PCE showed a
broad peak covering the entire range for Q', Q2 and Q2 species, thus
suggesting coexistence of silica units positioned as terminal, chain
member and branching site [24,43].

However, at higher pH values (> 10.4), the spectra of both C-S-H
and C-S-H-PCE clearly suggest that with increasing pH value, the
branching units disappear and the average chain length is reduced, as is
evidenced by the rise of the Q' signal as pH increases. Furthermore, a
slight shift of the Q' and Q? signals for the C-S-H synthesized at the
highly alkaline pH value of 13.8 to a less negative value was found. A
similar downfield shift for the silica sites has been reported for C-S-H in
alkali hydroxide solution. It resulted from differences in the shielding of
the silicate units [21,22,45]. Generally, a lower shielding effect for the
silica tetrahedra by alkalis leads to a downfield chemical shift when
compared to calcium [19,46]. This suggests that sodium ions which are
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Fig. 5. >’Si MAS NMR spectra of C-S-H and C-S-H-PCE obtained at various pH values.

Table 3
Oxide compositions of C-S-H and C-S-H-PCE nanocomposites precipitated at different pH
values.

pH Ca0/Si02 Na0/Si0,
C-S-H C-S-H-PCE C-S-H C-S-H-PCE
10.4 0.48 0.45 0.01 0.01
11.7 0.83 0.89 0.03 0.03
124 0.91 0.94 0.03 0.05
13.8 0.91 0.95 0.05 0.09

increasingly present in our synthesis at pH = 12.4 (at such conditions
the Ca®* concentration decreases) are able to compete with and sub-
stitute calcium ions bound to deprotonated silanol groups present along
the C-S-H chain. This concept is supported by the increasing Na>0/SiO»
ratios displayed in Table 3.

According to spectra deconvolution (one example exhibited in
Fig. 6), Q2 signals at 8§ ~ — 83 ppm were observed in both C-S-H and C-
S-H-PCE nanocomposites at pH > 10.4. The relative population of the
silicate species (Q*/Q") and the mean chain length (MCL, calculated
according to Eq. (1) [16]) are tabulated in Table 4.

2Q'+Q% +Q%+Q)
Q' (D
There, the percentage of Q' units increased significantly at higher

pH values (> 10.4) while the total amount of Q? units decreased ac-
cordingly. This reduction in the fraction of Q? resulted from both

MCL
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Fig. 6. Example of a deconvoluted *’Si MAS NMR spectrum presented for the C-S-H-PCE
nanocomposite synthesized at pH = 11.7.

Table 4
Chemical shift, percentages of the silicate species and mean silicate chain length (MCL) of
the C-S-H and C-S-H-PCE samples, respectively.

pH values
Q Q: Q*Q"' MCL (silica
units)
(ppm) (%) (ppm) (%) (ppm) (%)

C-SH

10.4 - - - - - - - -

11.7 -79.2 282 -83.4 144 —855 547 25 7.1

12.4 -79.2 451 -83.1 120 -850 429 12 4.4

13.8 -788 595 - - ~845 405 07 3.4

C-S-H-PCE

10.4 - - - - - - - -

11.7 -79.6 270 -835 171 -853 559 27 7.4

12.4 -79.7 338 -837 181 -857 481 20 5.9

13.8 -79.1 453 -83.4 122 -854 425 12 4.4

absence of bridging sites (Q%) and fewer pairing units (Q3).
Consequently, the degree of polymerization (Q/Q") and the MCL of the
silicate chains decreased which reflects a lower degree of polymeriza-
tion. Furthermore, the reduced amount of Q7 sites led to a decrease in
the basal spacing between the silicate layers which is in agreement with
the XRD results as mentioned before (see Fig. 3).

The highest degree of polymerization and mean chain length were
found in the C-S-H sample synthesized at pH = 11.7. Its MCL was ~7
which signifies that the average silicate chain consists of five Q% and
two Q’ units. Shorter silicate chains (3-4 units) were found at pH values
above 11.7.

In the presence of the IPEG PCE, the mean chain length of C-S-H
increased as is evidenced by a lower proportional amount of Q' and a
higher occurrence of Q2 units, (Table 4). This increment in the MCL of
C-S-H-PCE nanocomposites is probably owed to the polymer being at-
tached to the C-S-H at sites where the bridging silica tetrahedra are
missing [34]. Within the series of C-S-H-PCE nanocomposites, a higher
pH value led to a decreased amount of Q? sites, Q?/Q" ratios and MCL
of the silicate chains, thus showing the same trend as in pure C-S-H. As
such, the highest degree of polymerization for the C-S-H-PCE nano-
composites again was observed at pH = 11.7 representing a chain of
~7 silica units while the shortest chain was found at pH = 13.8.

This implies that the chain length of both the C-S-H and C-S-H-PCE
nanocomposite depend on the pH value present during the synthesis
whereby higher pH values lead to shorter silicate chains (Fig. 7). In
addition, the presence of the PCE polymer favors the polymerization of
the mono silicate, thus leading to longer C-S-H chains which has been
observed before in other studies [35,39].
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Fig. 7. Schematic representation of the silicate chains pre-
sent in C-S-H and C-S-H-PCE nanocomposites synthesized
at different pH values (triangles: silica tetrahedron; black
circles: calcium atoms in CaO planes).
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3.1.4. C-S-H composition

The CaO/SiO, and Na,0/SiO,, ratios of the synthesized C-S-H and C-
S-H-PCE nanocomposites are displayed in Table 3.

The results signify that the Ca/Si ratios of the C-S-H and C-S-H-PCE
samples rise with increased pH values. The Ca/Si ratios were generally
lower than the molar ratio of 1.0 present in the feeding components Ca
(NO3)2/Na5Si0;. The lowest value for the CaO/SiO, ratio was recorded
for both systems at pH = 10.4. This reflects the dominant amount of
silicate species present in these C-S-H structures. The difference in the
Ca/Si ratios between C-S-H and C-S-H-PCE was only minor. The highest
Ca/Si ratios were found at pH = 12.4 and 13.8, respectively. This
suggests that high alkaline condition leads to more CaO planes in the C-
S-H structure. Additionally, at pH = 13.8 more sodium ions occupy the
coordination sites of CaO in C-S-H and C-S-H-PCE as has been pre-
sented before (Table 3).

Quantification of the residual calcium ions present in the aqueous
phase of the C-S-H and C-S-H-PCE suspensions as measured by ICP
(Fig. 8) clearly revealed a significant reduction in free calcium at pH
values between 10.4 and 12.4. This implies that calcium ions might be
consumed for the formation of CaO planes in C-S-H and for the com-
plexation of silanol groups present in C-S-H surfaces (see Section 3.4).

250
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Fig. 8. Concentration of free calcium ions present in the aqueous phase of the C-S-H and
C-S-H-PCE nanocomposites synthesized at various pH values.

95

- 107 -

3.2. Morphology of C-S-H and C-S-H-PCE nanocomposites

TEM images of the synthesized C-S-H and C-S-H-PCE nanocompo-
sites obtained at pH = 10.4, 11.7, 12.4 and 13.8 respectively are pre-
sented in Fig. 9. The results clearly reveal differences in the morphology
of the samples in dependence of the pH value.

Remarkably, at pH = 10.4 numerous globular and agglomerated
particles were observed in both the C-S-H and C-S-H-PCE suspensions,
suggesting a non-classical nucleation mechanisms via droplet formation
[47,48]. The globules showed a diameter of ~50 nm for individual
particles and of 200-800 nm for the agglomerates.

However, a foil-like morphology was always observed when C-S-H
and C-S-H-PCE were synthesized at pH values of =11.7. Generally, for
C-S-H-PCE smaller and thinner foils were recorded than for pristine C-
S-H. According to the TEM images, the shortest C-S-H-PCE nanofoils
resulted at pH = 11.7 (foil length ~ 50 nm). At higher pH values, their
size increased and became > 100 nm at pH = 13.8.

3.3. Effect of PCE on particle size of C-S-H-PCE

The size distribution of the synthesized C-S-H-PCE particles is il-
lustrated in Fig. 10. It is evidenced that the pH value adjusted during
the preparation significantly affects the particle size of the nano-
composites. Generally, bimodal particle size distributions were ob-
served for all C-S-H-PCE compounds, independent of pH value. This
implies that the C-S-H-PCE composites contain a mixture of small and
large particles which exhibit an average size of ~50 to ~200 nm, re-
spectively. At pH = 13.8, even a trimodal size distribution comprising
particles of ~50 nm, ~300 nm and ~1 pm was captured. Most im-
portant, the small size fraction (< 100 nm) of the C-S-H-PCE compo-
sites was highest at pH = 11.7 while the large particle fraction
(> 100 nm) was highest at pH = 10.4. This suggests that using the
proper pH condition during the synthesis such as pH = 11.7, a high
amount of particularly small C-S-H particles providing C-S-H of parti-
cularly large surface area can be obtained. Exactly this kind of particle
size is assumed to work best as seeding material in cement.

Apparently, the C-S-H particles are stabilized best by PCE when a
particularly high amount of these superplasticizers are adsorbed. Thus,
to achieve a high amount of sorbed PCE on the C-S-H particles which is
controlled by the overall architecture and microstructure of the PCE
molecule (side chain length, side chain density, repartition of side
chains etc.) [49], presents a key parameter to produce particularly
small C-S-H precipitates [32,33]. Accordingly, when only a low amount
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Fig. 9. TEM images of C-S-H and C-S-H-PCE precipitated at different pH values.

of PCE is sorbed on C-S-H such as at pH = 13.8 (see Section 3.4), then
predominantly larger size fractions occur. This result corroborates that
higher amounts of PCE sorbed on C-S-H surfaces generate and maintain
smaller C-S-H particles.

3.4. Adsorption of PCE on C-S-H

When present in a highly alkaline solution containing Ca® * ions, C-
S-H attains a positively charged surface (Eq. (2)) [25-27]. This way,
anionic organic compounds such as PCEs or amino acids are able to
adsorb on these surfaces via the complexation of calcium ions [50,51].

=§i—0~ + Ca’*—»>=Si—0Ca* 2

To account for this interaction, the amount of PCE sorbed on C-S-H
was quantified using TOC measurements (Fig. 11). It was found that the
adsorbed amount of PCE increased from pH = 10.4 to 11.7. However,
when the pH value rose further, PCE sorption declined. At pH = 10.4
the sorbed amount of PCE was ~170 mg/g whereas at pH = 11.7,
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Fig. 10. Particle size distribution by number of C-S-H-PCE synthesized at pH values from
10.4 to 13.8.
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Fig. 11. Amount of PCE polymer contained in the C-S-H-PCE composites at various pH
values.

~250 mg/g of PCE were consumed which represents the highest value.
At pH = 12.4 and 13.8, the sorbed amounts decreased to ~220 and
~140 mg/g, respectively.

The low sorbed amount of PCE at pH = 10.4 might be owed to the
lower specific anionic charge density of the PCE measured at this pH
value (~1800 peq/g versus 2750 peq/g recorded at pH = 11.7, see
Table 1). Additionally, a less positively charged surface was detected
for C-S-H at pH = 10.4 (Fig. 12), presumably from fewer deprotonated
silanol groups present on the C-S-H surfaces. As a consequence, fewer
Ca®™* ions can bind to this surface which reduces the number of posi-
tively charged sites on C-S-H which facilitate PCE adsorption.

At pH = 12.4, a slight decline in the sorbed amount of PCE was
observed (~220 mg/g C-S-H) which continued at the higher pH value
of 13.8 (~140mg/g C-S-H). Presumably, this effect is owed to the
decreased concentration of free dissolved Ca®* at such high pH values
which reduces the surface charge of C-S-H to less positive until it even
turns negative (see zeta potential curve of C-S-H suspension displayed
in Fig. 12).

A conceptual sketch of the electrochemical double layer formed as a
result of PCE adsorption on the surface of C-S-H is presented in Fig. 13.
The model illustrates how the carboxylate groups present on the
backbone of the PCE polymer coordinate via monodentate complexa-
tion of Ca®* with the silanolate groups at bridging sites of the silicate
chain.
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Fig. 12. Zeta potential of the synthesized C-S-H particles at pH = 10.4-13.8.
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Fig. 13. Model illustrating the electrochemical double layer formed on the surface of C-S-
H resulting from interaction between PCE, Ca®* and the chains of C-S-H; note that the
PCE molecule shown is not to scale.

3.5. Effectiveness of C-S-H-PCE as hydration accelerator

The 16 hour compressive and flexural strengths of mortars admixed
with 0.35 wt% of the C-S-H-PCE particles prepared at pH = 10.4-13.8
are shown in Fig. 14. It was found that the C-S-H-PCE nanocomposites
can significantly increase the early strength of mortar. Generally, the
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Fig. 14. Compressive strengths of mortars cured for 16 h and admixed with 0.35% bwoc
of the C-S-H-PCE composites synthesized at different pH values.
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compressive strength values were higher for mortars seeded with foil-
like C-S-H-PCE (pH = 11.7-13.8) than with globular C-S-H-PCE
(pH = 10.4). The C-S-H-PCE compounds precipitated at pH = 11.7
which contained the highest fraction of small nanofoils (~50 nm)
showed superior strength development (R. = 11.7 N/mm?). When the
pH value was increased further, the compressive strengths of the mor-
tars decreased and attained values of 10.5 and 8.8 N/mm? representing
pH conditions of 12.4 and 13.8, respectively. Apparently, the higher
number of large particles (> 100 nm) produces an adverse effect. Least
effective were the globular C-S-H-PCE particles obtained at pH = 10.4
(Re = 7.6 N/mm?). The same trend was obtained for the flexural
strengths (R¢ = 1.9, 2.8, 2.6 and 2.2 N/mm? at pH = 10.4, 11.7, 12.4
and 13.8, respectively).

To conclude, the effectiveness of C-S-H-PCE nanocomposites for
early strength enhancement of mortar depends on both morphology
and particle size, and these parameters are influenced by the pH value
adjusted during the synthesis. The seeding effect of C-S-H-PCE appears
to rely on nanofoils which act as a template for the growth of fibrillar C-
S-H from cement. Apparently, this seeding effect increases with the
number (and thus smaller size) of the C-S-H-PCE nanofoils generated in
the synthesis.

4. Conclusions

C-S-H-PCE nanocomposites were successfully prepared by co-pre-
cipitation from Na,SiO3 and Ca(NO3); in the presence of an IPEG PCE
copolymer. It was found that the pH conditions existing during the
synthesis strongly affect the nanostructure, composition (Ca/Si ratio)
and morphology of the C-S-H-PCE products.

An increase of pH value from 10.4 to 11.7 and higher changes the C-
S-H structure from amorphous to semi-crystalline. There, the PCE
polymer is entrapped between individual C-S-H foils via interaction
with calcium ions coordinating to silanolate groups present at the
bridging or terminal silica units.

295i MAS NMR spectroscopy indicates the presence of branched si-
licate chains in C-S-H-PCE to occur only at the low pH value of 10.4. At
higher pH values, no more bridging sites are present and a decline in
the number of pairing silica tetrahedra leads to a reduction in the de-
gree of polymerization and shorter chain lengths in C-S-H. The Ca/Si
ratio of the C-S-H-PCE composites also increases with a rise in pH and
attains a value close to the initial ratio of 1.0 present in the starting
components.

The morphology of the C-S-H-PCE nanocomposites is also affected
by the pH value. It was found that at pH = 10.4, globular, agglomer-
ated C-S-H particles are precipitated which at pH = 11.7 transform to a
foil-like morphology.

Additionally, the pH value plays an important role for PCE sorption
on C-S-H which generally controls the particle size of the C-S-H-PCE
product. The amount of PCE sorbed on the C-S-H foils decreases from
pH > 11.7. The highest amount of PCE sorbed on C-S-H was found at
pH = 11.7, resulting from the anionic charge amount of PCE being
highest at this pH value and the large number of bridging sites (Qf) of
silicate units present in C-S-H. As a result, the C-S-H-PCE nano-
composite synthesized at pH = 11.7 consists of the smallest foil-like
particles and exercises the strongest seeding effect in cement hydration,
as documented by the largest gain in early (16 h) strength of mortar. In
comparison, globular C-S-H-PCE products show only a minor accel-
erating effect in cement hydration.
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Abstract

C-S-H - PCE nanocomposites are known to accelerate the
hydration of Portland cement. It was found that the pH conditions
during the synthesis strongly affect the structure, morphology and
particle size of the C-S-H — PCE composites which impact the early
strength of cement. The results show that at pH = 11.7 the
C-S-H - PCE precipitate is semi-crystalline and contains non-branched
silicate chains with the mean chain length of ~ 7. Moreover, it consists
of the smallest foil-like particles (< 50 nm) and provides the strongest
seeding effect in cement. In comparison, the C-S-H globules obtained
at pH = 104 show only a minor accelerating effect in cement
hydration.

Introduction

Clinker substitution with SCMs, like in blended cements (CEM
[I/111), allows the reduction of CO, emission. However, the drawback of
these cements is too slow development of early strength. It has been
reported before that synthetic nanoscale C-S-H can accelerate cement
hydration /1/. However, the accelerating effect is dependent on the
size of the C-S-H particles controlled by the addition of
polycarboxylates (PCEs)/2-3/. Furthermore, the structure and
morphology of C-S-H depend on many factors such as Ca/Si ratio,
temperature, etc. /4/. Until now, the correlation between the structure
and morphology of C-S-H — PCE nanocomposites and their seeding
performance in cement has not yet been revealed. This study
investigates the effect of pH values present during the precipitation of
C-S-H on the structure, morphology and particle size of C-S-H — PCE
nanocomposites and their influence on early strength enhancement of
cement.

Experimental
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The C-S-H - PCE nanocomposites were synthesized by
co-precipitation method from aqueous 61.3 wt. % Ca(NO3), . 4H,0 and
34.8 wt. % of Na,SiO; . 5H,0 solutions in the presence of 6.7 wt. % of
a commercial IPEG-PCE solution. The pH value of the C-S-H
suspensions was controlled at 10.4 and 11.7 by addition of 1 M HNO;
and at 12.4 and 13.8 by adding 30 wt. % NaOH. After stirring for 24
hours, the suspensions were directly used in the particle size analysis,
TEM, and mortar testing. Moreover, the C-S-H — PCE samples were
centrifuged, washed with DI water and freeze dried, and then the
C-S-H powder was investigated by XRD and ?°Si MAS NMR
measurements. The amount of PCE adsorbed on C-S-H particles was
examined via TOC analysis.

Results and Discussion

The XRD patterns of the C-S-H — PCE nanocomposites are
illustrated in Fig. 1. The result shows a broad peak at pH = 10.4
signifying an amorphous phase. While at pH values 2 11.7, semi-
crystalline C-S-H was observed with the main hkO reflections of 100,
110, 200 and 020 at 16.7, 29.0, 31.9 and 49.7 ° 20, respectively.
Moreover, the (002) reflection signifying the basal spacing between
silicate layers in the C-S-H structure was found only in the C-S-H —
PCE synthesized at pH = 13.8 where the same d spacing as in pure
C-S-H (d = 1.05 nm) was observed. This probably reveals no
incorporation of PCE into the interlayers of the C-S-H at pH = 13.8.

XRD spectra 29g5i MAS NMR spectra

Q @ @
QYQ'McL

.

‘W pH=13.8 _1;1’__,4-,4_./\/\_;_‘ pH 13.8
W_L"J M./L pH 11.7
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Figure 1: XRD patterns and °Si MAS NMR spectra of the C-S-H — PCE
nanocomposites synthesized at different pH values

Intensity (a. u.)

In ?°Si MAS NMR spectroscopy (Fig. 1), the spectrum of C-S-H —
PCE nanocomposite synthesized at pH = 10.4 shows a broad peak
covering the range for Q', Q? and Q° sites, signifying terminal, middle
and branching silicate, respectively. However, at higher pH values
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(> 10.4), the spectra illustrate only the Q' and Q? signals and a
reduction in the fraction of Q? was detected. This led to a decrease in
the degree of polymerization (Q%Q’) and the mean chain length (MCL)
of the silicates which reflect a lower degree of polymerization. The
highest MCL of ~ 7 was found in the C-S-H sample synthesized at pH
=11.7.

Figure 2: TEM images of C-S-H — PCE particles obtained at pH values from
10.4t0 13.8

TEM images of the synthesized C-S-H — PCE nanocomposites
obtained at different pH values are presented in Fig. 2. Globular and
agglomerated C-S-H particles were clearly found at pH = 10.4.
Diameters of globules were ~ 50 nm for single particles and ~ 500 nm
for the agglomerates. Foil-like morphology was observed at pH values
of 2 11.7. The smallest C-S-H — PCE nanofoils with lengths of ~ 50 nm
resulted at pH = 11.7. At pH = 13.8, the size of C-S-H foils raised to
> 100 nm. Furthermore, DLS analysis (Fig. 3a) of the C-S-H — PCE
particles prepared at pH 10.4, 11.7 and 12.4 revealed bimodal particle
size distributions which contain an average size of ~ 50 to ~ 200 nm.
However, at pH = 13.8, a trimodal size distribution consisting of
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particles ~ 50 nm, ~ 300 nm and ~ 1 um was detected. The small size
fraction (< 100 nm) of the C-S-H — PCE composites was highest at pH
= 11.7, while the larger particle fraction (> 100 nm) was highest at pH
= 10.4. The smaller size of C-S-H particles is required for a seeding
effect in cement.

Generally, C-S-H attains a positively charged surface when it is
applied in a highly alkaline solution containing calcium ions. This
allows PCEs to adsorb on their surfaces via calcium complexation.
Thus, the main function of PCEs is to stabilize the C-S-H particles into
a particular small size. Even, the pH values during the synthesis
affected the amount of sorbed PCE on C-S-H (Fig. 3b). At pH = 10.4,
the sorbed amount of PCE was ~ 170 mg/g, whereas at pH = 11.7,
~ 250 mg/g C-S-H were consumed. Then at pH =12.4 and 13.8, the
sorbed amounts decreased to ~ 220 and ~ 140 mg/g, respectively.
This result suggests that a higher amount of PCE adsorbed on C-S-H
led to a smaller size of the C-S-H composites.

300

16 - (a) i pH=104

250 4

b |

pH 10.4 pH 117 pH 12.4 pH 13.8

Number (%)

Sorbed mass of PCE
(mglg C-S-H)

Particle size (nm)

Figure 3: Particle size distribution of the C-S-H — PCE nanocomposites (a)
and the amount of PCE sorbed on C-S-H (b) prepared at various
pH values

The 16 hours compressive strength of mortar admixed with 0.35 %
bwoc (as solid) of C-S-H suspension (pH = 11.7) containing the
highest fraction of small nanofolis (~ 50 nm) was found at 11.4 N/mm?,
representing a 100 % increase over the neat cement (Fig. 4).
However, a higher amount of the large size fraction of C-S-H — PCE
nanofoils obtained at pH = 124 and 13.8 affected the seeding
efficiency in cement, leading to an increase in the compressive
strengths of 10.5 and 8.8 N/mm?, respectively. While, the globule-like
C-S-H — PCE nanocomposite (pH = 10.4) consisting of abundant
agglomerated particles was less effective as a seeding material,
leading to the lowest compressive strength of 7.6 N/mm?. Thus, the
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effectiveness of C-S-H — PCE nanocomposites for early strength
enhancement of mortar depends on both morphology and particle size
which are influenced by the pH value during the synthesis.
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Figure 4. Compressive strength of mortars cured for 16 hrs at 20 ° C,
> 95 % RH and admixed with 0.35 % bwoc of the C-S-H — PCE
nanocomposites synthesized at different pH values; cement: oil
well cement API Class G (Dyckerhoff)

Conclusions

C-S-H — PCE nanocomposites were prepared by co-precipitation
from Na,SiO; and Ca(NOs), solutions in the presence of an IPEG PCE
copolymer. Different pH conditions existing during the synthesis affect
the nanostructure, morphology and the average particle size of the
C-S-H - PCE composites. It was found that the C-S-H - PCE
nanocomposite synthesized at pH = 11.7 is the semi-crystalline
structure and it contains the smallest foil-like particles. As a result, it
shows an extreme accelerating effect in cement hydration and
achieves the largest gain in early strength of mortar.
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Effectiveness of C-S-H — PCE
Nanocomposites Possessing Globular and
Foil-Like Morphology on Early Strength
Development of Portland Cement

V. Kanchanason and J. Plank
Technische Universitat Munchen, Garching, Germany

Abstract

Nanosized C-S-H - PCE nanocomposites can act as seeding
material for Portland cement. It was found that the pH value during the
synthesis strongly affects particle size and morphology of the C-S-H —
PCE composites. Furthermore, the influence of different particle size
and morphology of C-S-H on the early strength of cement was
investigated. The results reveal that the nanofoil morphology of C-S-H
obtained at pH values > 11.6 consistently provide a superior seeding
effect in cement when compared with C-S-H globules obtained at pH =
10.4.

Introduction

Blended cements (CEM II/lll) or concrete works performed in cold
climates face the problem of too slow development of early strength. It
has been established before that synthetic nanoscale C-S-H can
accelerate cement hydration /1/. However, the accelerating effect
greatly depends on the size of the C-S-H particles and the prevention
of C-S-H particle agglomeration controlled by the addition of
polycarboxylates (PCEs) /2/. Furthermore, the structure and
morphology of C-S-H depends on the process parameters during the
synthesis such as pH, molar ratio CaO/SiO,, temperature, etc. /3-4/.

In this study, the effect of pH present during the precipitation of
C-S-H on the particle size and morphology of C-S-H - PCE
nanocomposites and their effect on early strength of cement was
investigated. Moreover, a mechanism explaining their seeding
efficiency in cement based on heat flow calorimetry and *°Si MAS
NMR spectroscopy is presented.

Experimental

The C-S-H — PCE nanocomposites were precipitated from aqueous
61.3 wt. % Ca(NO:;)z . 4H,0 and 34.8 wt. % of Na,SiO; . 5H,0
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solutions in the presence of 6.7 wt. % of an IPEG-PCE (VIVID® 710,
Shanghai Sunrise Polymer Material Co., Ltd.). The pH value of the C-
S-H suspensions was controlled at 10.4 and 11.6 by addition of 1 M
HNO; and at 12.4 by adding 30 wt. % NaOH. After stirring for 24
hours, the suspensions were directly used in the measurements such
as particle size analysis, TEM, heat flow calorimetry, ?°Si MAS NMR
spectroscopy and mortar testing.

Results and Discussion

DLS analysis (Fig. 1) of the C-S-H — PCE particles revealed a
bimodal particle size distribution. The larger size fraction (> 100 nm) of
the C-S-H composites was lowest at pH = 11.6 and highest at pH =
10.4. Furthermore, a TEM image (Fig. 2) of the C-S-H - PCE
nanocomposite prepared at pH = 10.4 shows globular morphology with
a diameter of ~ 50 nm for individual particles and ~ 200 nm for
agglomerates. Whereas at pH = 11.6 and 12.4, a foil-like morphology
of the particles with lengths of ~ 50 nm and 5 nm thickness is
observed.

124
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Figure 1: Particle size distribution of the C-S-H — PCE nanocomposites
synthesized at different pH values

pH =10.4

100 nm

Figure 2: TEM images of C-S-H — PCE particles prepared at different pH
values
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The 16 hours compressive strengths of mortars admixed with foil-
like C-S-H particles (pH = 11.6) which contain the largest amount of
the small size fraction (~ 50 nm) were found at 10 N/mm?, representing
a 100 % increase over the neat cement (Fig. 3). Furthermore, the
C-S-H — PCE nanocomposite synthesized at pH = 12.4 shows a
compressive strength of 9 N'mm?. Whereas, the globule-like C-S-H —
PCE nanocomposites (pH = 10.4) containing numerous agglomerated
particles are less effective as seeding material and increase the
compressive strength only by ~ 30 %. For the flexural strengths of the
mortars, the same trend as for the compressive strengths was found.
Thus, the enhancement in early strength depends on both morphology
and particle size of the C-S-H — PCE nanocomposites which are
controlled by the pH during the synthesis.
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Figure 3: Compressive and flexural strengths of mortars cured for 16 hrs
and admixed with 0.35 % bwoc of the C-S-H — PCE nanocomposites
synthesized at different pH values; cement : Oil well cement API Class G
(Dyckerhoff)

The addition of C-S-H — PCE nanofoils (pH = 11.6 and 12.4) to
cement can accelerate and enhance C;S and C,S hydration which
was also observed via isothermal heat flow calorimetry (Fig. 4a). Even
for the nanocomposite synthesized at pH = 10.4 which consists of
large globules, a slight increase in heat flow during the acceleration
period was noticed.

In ?°Si MAS NMR spectroscopy, the silicate present in C-S-H
produced from cement hydration (Fig. 4b) shows signals at - 71 ppm
(Q° of non-hydrated C3S and C,S), at - 79 ppm (Q' of terminal silicate)
and at - 82 and - 84 ppm (Q? Si in the middle of silicate chain). The
Q?%/Q" ratios of the cement paste admixed with C-S-H — PCE nanofoils
(pH = 11.6 and 12.4) are higher than those for globular C-S-H (pH =
10.4) and the pure cement paste. The higher Q%Q’ ratio indicates a
higher condensation of mono silicates to polysilicates in C-S-H and
explains the higher early strengths of the mortars. The mechanism
behind is that nanofoils present a much more adopted template for the
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growth of fibrillar C-S-H in cement which requires a linear arrangement
of ions. Furthermore, the foils possess a much higher surface area
than the globules and therefore are more effective as seeding material.
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Figure 4: Heat evolution during cement hydration (left), *°Si MAS NMR
spectra (right) of pure API class G cement (w/c = 0.44) and admixed with
0.35 % bwoc of the C-S-H — PCE nanocomposites obtained at different pH
values

Conclusions

C-S-H - PCE nanocomposites were synthesized by co-
precipitation from Na,SiO; and Ca(NO,), solutions in the presence of
an IPEG PCE copolymer. Different pH values during the synthesis
affect the morphology and the average particle size of the C-S-H —
PCE composites. As a result, the C-S-H — PCE nanocomposite
prepared at pH = 11.6 consists of the smallest foil-like particles and
exhibits the strongest seeding effect for the hydration of cement.
Accordingly, such nanofoils achieve the largest gain in early strength
of mortar.
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5.3 Application of the C-S-H - PCE nanocomposite as an

accelerator in blended cements

The previous studies have demonstrated that the C-S-H — PCE nanocomposite can act as
an excellent seeding material for Portland cement and enhances the early strength of e.g.
mortar. Here, the effectiveness of a C-S-H — PCE nanocomposite on the early strength

development of blended cements made from fly ash, slag and calcined clay was investigated.
5.3.1 Fly ash blended cement

In this publication, the effectiveness of a C-S-H — PCE nanocomposite on the early
strength development of mortar and concrete produced from a fly ash blended cement was
addressed. Additionally, the mechanism of using the C-S-H — PCE seeding admixture in the
blended cement was studied via in-situ XRD and calorimetric measurements.

It was found that the C-S-H — PCE nanocomposite drastically enhanced the early strength
of mortar and concrete, particularly at 6 - 24 hours of hydration, without any adverse effect
on final strength at 28 days. Furthermore, this admixture improved the workability of fresh
mortar and concrete, leading to a significant reduction in the dosage of superplasticizer in the
mix design.

The hydration of the silicate phases (C3S/C,S) present in the clinker was extremely
accelerated by the C-S-H — PCE nanocomposite, as monitored by isothermal heat flow
calorimetry. Moreover, a continuous consumption of Portlandite starting at ~ 9 hours of
curing was observed via in-situ XRD measurement. This indicated that the C-S-H — PCE
nanocomposite can even stimulate the pozzolanic reaction of the fly ash in the blended
cement, an extremely important result, as it makes the use of such low CO, cements more

practical.
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Based on these results it can be concluded that the C-S-H — PCE nanocomposite can
accelerate both the hydration of cement and the pozzolanic reaction of the fly ash, leading to

exceptionally high early strength values.
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duced, thus producing approximately 5% of global anthropogenic
carbon dioxide emissions [1,2]. Clinker substitution with supple-
mentary cementitious materials (SCMs) such as fly ash, blast fur-
nace slag, limestone etc. such as in blended cements (CEM II/III)
allows to reduce CO, emission from cement production, making
these cements more environmentally friendly. However, the draw-
back of blended cements is their slow development of early
strength owed to the slow pozzolanic reaction of SCMs.
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Generally, calcium based salts such as calcium chloride, nitrate
or formate are used as accelerators to increase the rate of hydration
and to boost the early strength of Portland cement [3]. In fly ash
blended cements, several studies reported an increase of early
strength through addition of accelerating admixtures such as
sodium sulfate (Na,SO4;) [4,5] or alkanolamines (e.g. tri-
ethanolamine, TEA; diethanolamine, DEA; tri-isopropanolamine,
TIPA etc.) [6,7]. However, those admixtures sometimes led to a
decreased final strength.

Recently, several organic-inorganic or pure inorganic nanocom-
posites have been introduced for the purpose of improving the
properties of concrete. Typical examples include polycarboxylate/-
graphene oxide nanocomposites [8], polycarboxylate/SiO, core
shell particles [9], TiO,-coated nano-SiO, [10] and SiO,/TiO,
nanocomposites [11]. The main effects sought from them were
higher compressive and/or tensile strength and anti-bacterial
action.

Calcium silicate hydrate (xCaO - ySiO, - zH,0, C-S-H) is well
known as the primary hydration product of Portland cement. It
acts as the binding phase and is accountable for the strength devel-
opment and durability of hardened cement. Recently, synthetic C-
S-H particles have been used as an accelerator to enhance early
cement hydration [12-16]. However, they produce only a minor
accelerating effect owed to their relatively large size, possibly
due to agglomeration and/or OSTWALD ripening. To avoid these
effects, the size of the C-S-H particles can be controlled to nanos-
cale by the addition of polymeric dispersants such as polycarboxy-
lates (PCEs) [17-19]. Such particularly small C-S-H particles
achieved by specific PCE molecules exhibit a huge surface area
which produces an extremely strong seeding effect for the hydra-
tion of C3S/CS [20,21], leading to significantly higher early
strength of Portland cement [22-25]. Consequently, such admix-
tures based on C-S-H-PCE nanocomposites allow increased pro-
duction rates e.g. in the manufacturing of precast or prestressed
concrete. The improvement of early strength is even more desir-
able for concrete products made from blended cements. However,
so far no report on the effectiveness of C-S-H-PCE nanocomposites
on the strength development of a fly ash blended cement has been
presented.

In this paper, the effectiveness of a C-S-H-PCE nanocomposite
on the development of early strength (6-24 h) of mortar and con-
crete produced from a fly ash blended cement is investigated.
Additionally, the impact of the C-S-H-PCE admixture on the work-
ability of mortar and concrete in terms of superplasticizer con-
sumption to achieve a specific fluidity was addressed. Finally, the
working mechanism of the C-S-H-PCE seeding admixture in the
blended cement was studied via in-situ X-ray diffraction (XRD)
measurements and isothermal heat flow calorimetry.

2. Materials and methods
2.1. Materials

The chemicals used for the preparation of the C-S-H-PCE seed-
ing admixture were Ca(NO3); - 4H,0 (PanReac AppliChem, Ger-
many) and Na,SiO; - 5H,0 (VWR Prolabo BDH Chemicals,
Germany). Moreover, NaOH (Merck KGaA, Germany) and HNO3
(65 wt%; VWR Prolabo BDH Chemicals, Germany) were used to
adjust the pH values of the PCE solution and during the synthesis,
respectively. As PCE superplasticizer, a commercial IPEG-PCE
(“VIVID" from Sunrise Co., Ltd., Shanghai/China) was used. Its
chemical structure is presented in Fig. 1 and the properties of the
IPEG-PCE polymer sample are listed in Table 1.

A fly ash-blended cement (Type IP according to ASTM C595, cor-
responding to a CEM II/B-V) [ 26] containing 35 wt% of fly ash Class
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Fig. 1. Chemical structure of the isoprenyl oxy poly(ethyleneglycol) (IPEG) based
PCE superplasticizer used in the study.

Table 1
Molecular properties and specific anionic charge density of the IPEG-PCE sample.

Molar masses Polydispersity  Specific anionic charge density in NaOH
(g/mol) index atpH=11.7

M., M, (PDI) (neq/g)

35,100 15,700 2.2 2,750

F was used in the tests. Oxide composition (determined by XRF),
density and specific surface area (Blaine) of this cement are listed
in Table 2.

For mortar preparation, a standard graded sand according to
ASTM C778 (particle size of 150-600 um) was employed. As to
concrete, the gradation of the aggregates was based on ASTM
C33 [27] and is listed in Table 3.

2.2. Synthesis of C-S-H-PCE nanocomposite

The C-S-H-PCE nanocomposite was prepared by the co-
precipitation method whereby aqueous Ca(NOs3), and Na,SiO3;
solutions were fed into a solution of the IPEG-PCE. First, 625.8 g
of the IPEG-PCE solution (solids content 6.7 wt%) were placed in
a 2 L flask and the pH of this PCE solution was adjusted to 8.0 +
0.1 by using aqueous 30 wt% NaOH. Next, solutions of 105.0g
(0.45 mol) of Ca(NOs), - 4H,0 in 66.4 mL of water (Ca(NOs), con-
centration 42.6 wt%) and 95.9 g (0.45 mol) of Na,SiO3 - 5H,0 in
179.8 mL of water (Na,SiO3 concentration 20 wt%) were prepared
in a water bath at 75°C and then cooled to ambient. After that,
both solutions were constantly fed at 6.8 mL/min (Ca-nitrate)
and 13.0 mL/min (Na-silicate) to the PCE solution while stirring
at 300 rpm under N, atmosphere and at 20 °C. Total addition time
was 18 min. Moreover, the pH of the suspension was controlled at
11.7 £ 0.1 by the addition of 1 M HNO3 as needed. Once the addi-
tion of Ca(NO3), and Na,SiO; was finished, the white suspension
was stirred for another 24 h at room temperature and then used
as is in the tests.
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Table 2
Chemical composition and physical properties of the fly ash blended cement.

Composition (%)

Density (g/cm?) Blaine value (m?/kg)

Ca0 Si0 Al;03 SO3 Fe;04 MgO K20

Na;O TiO, LOI

50.8 249 99 24 71 157 0.9

11 03 0.9 3.0 410

" Loss on ignition.

Table 3

Gradation of the aggregates used in the concrete mix.
Sand Gravel
Size (mm) wit% Size (mm) wit%
4.75 2 25.00 -
236 7 19.00 8
1.18 16 12.50 45
0.60 28 9.50 22
0.30 27 4.75 20
0.15 20 236 5

2.3. Test methods

2.3.1. Characterization techniques for C-S-H-PCE nanocomposite

Powder X-ray diffraction (XRD) patterns were obtained from a
BRUKER AXS D8 diffractometer (Karlsruhe, Germany) with Bragg
- Brentano geometry working at 30 kV and 35 mA with Cu Ko radi-
ation between 3.0° and 60° 26.

FT-IR spectra of C-S-H, PCE and the C-S-H-PCE nanocomposite
were recorded in the range of 400-4000 cm~' on a BRUKER Vertex
70 spectrometer (Bruker, Ettlingen, Germany) equipped with an
ATR cell.

Particle size of C-S-H-PCE nanocomposite was measured via
dynamic light scattering (DLS) using a Zetasizer Nano ZS apparatus
(Malvern Instruments, Workestershire, UK). The sample was sus-
pended in water at a concentration of 0.1 g/L.

Morphology of the C-S-H-PCE nanocomposite was captured on
a transmission electron microscopy (TEM) performed on a JEOL
JEM 2011 instrument (JEOL, Japan) equipped with a LaBg cathode.

2.3.2. Mortar testing

The C-S-H-PCE seeding admixture was tested for its effective-
ness as a strength enhancer in a standard mortar prepared from
the fly ash blended cement according to ASTM C109 at a water-
to-cement (w/c) ratio of 0.41 [28]. Dosages of 0.8%, 1.4% and 2.0%
(as solid by weight of cement; bwoc) of the C-S-H-PCE nanocom-
posite were applied. Moreover, the workability of the mortar was
controlled at 20.0 + 1.0 cm by using the IPEG-PCE superplasticizer.
A defoamer (DOWFAX DF141, Dow Chemical, USA) was applied to
keep the fresh mortar density at 2300 + 10 kg/m>. The freshly pre-
pared mortar was cast into 50 x 50 x 50 mm molds and cured for
6, 8,12, 16 and 24 h in a climate chamber at a temperature of 23 +
2°C and a relative humidity >95%. For each formulation, three
cubes were prepared and the values shown later for their compres-
sive strength present the average for the three specimens. The
mortar cubes were demolded after 1 day and then cured in satu-
rated lime solution until 28 days. The compressive strength data
were collected from an UH-2000kNI instrument from Shimadzu
Corporation, Kyoto, Japan (Fig. 2).

2.3.3. Concrete testing

Concrete was prepared in a 30 L pan-type mixer according to
ASTM C192 [29] and its mix proportion is listed in Table 4. The
fly ash blended cement was used at 400 kg/m®, the ratio of
aggregates-to-cement was 4.5 and the w/c ratio was fixed at
0.41. IPEG-PCE superplasticizer was used to adjust the workability
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Fig. 2. Compressive strength test apparatus used in the experiments.

of the fresh concrete to a slump value of 16 + 0.5 cm. The dosages
of the C-S-H-PCE nanocomposite tested were 0.8% and 2.0% bwoc.
Additionally, a defoamer (DOWFAX DF141) was used to achieve a
constant fresh concrete density of 2420 + 10 kg/m®. Concrete sam-
ples were cast into 100 x 100 x 100 mm molds and cured for 6, 8,
10, 12, 16 and 24 h in a climate room at 23 +2 °C and a relative
humidity >95%. Again, three cubes were prepared for each formu-
lation, and the averages were reported later as compressive
strengths. To obtain the 7 and 28 day values, the specimens were
removed from the molds after 1 day and then cured in saturated
lime solution.

2.3.4. Isothermal heat flow calorimetry

Hydration kinetics was tracked by isothermal heat flow
calorimetry. A cement paste was prepared from 40 g of cement
and 16.4 g of water (w/c = 0.41). Both components were mixed in
a plastic container under stirring with a mechanical stirrer (IKA-
Werke GmbH & Co. KG, Germany) at 300 rpm for 1 min which
was then increased to 600 rpm for another 1 min. From this paste,
3g were transferred to a glass ampule and placed in a calorimeter
(TAM AIR, Thermometric, Jarfdlla, Sweden) equilibrated to 20 °C.
Dosages of the C-S-H-PCE nanocomposite were 0.8%, 1.4% and
2.0% (as solid) bwoc.
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Table 4
Mix proportions of the concrete samples.

Mixes Proportion (kg/m?) PCE (wt%) C-S-H-PCE (wt%) w/c Slump (cm)

Cement Gravel Sand Water

Blended cement 400 1100 710 164 0.21 - 0.41 155

+0.8% C-S-H-PCE 400 1100 710 164 0.16 0.8 0.41 16.0

+2.0% C-S-H-PCE 400 1100 710 164 0.08 20 0.41 16.5

2.3.5. In situ XRD

The development of phases during the hydration of cement was
investigated by in-situ XRD using a BRUKER AXS D8 diffractometer
(Karlsruhe, Germany) with Bragg - Brentano geometry working at
40 kV and 30 mA with Cu Ko radiation (reflexes between 8° and
44° 20 evaluated). Total measuring time was 48 h. A cement paste
was prepared from 8 g of the blended cement, 3.28 g of water
(w/c=0.41) and optionally 0.79 g (equivalent to 2.0% bwoc) of
the C-S-H-PCE nanocomposite, and mixed for 2 min. After that,
4.3 g of this paste were placed on the metal holder and covered
with a Kapton foil (7.6 um thick polyimide) supplied by VHG Labs
(Manchester, USA) to minimize carbonation and dehydration
during measurement.

3. Results and discussion
3.1. Properties of the C-S-H-PCE nanocomposite

In the following, the composition and some physical properties
of the synthesized nanocomposite will be discussed.

(@)

(10),_

T T T T T

10 20 30 40 50 60

Angle [20]

(€)1 dsp ~ 50 nm

N o 50

10
g 6 dsp ~ 200 nm
z | /

2]

o

10 100 1000

Particle size (nm)

The XRD pattern of the C-S-H-PCE nanocomposite (see Fig. 3a)
reveals a semi-crystalline material with the main hkO reflections of
100, 110, 200 and 020 at 16.7, 29.0, 31.9 and 49.7° 20, respectively.
Moreover, the (002) reflection signifying the basal spacing between
individual silicate layers in the C-S-H structure was found to be the
same as in pure C-S-H (d = 1.28 nm), thus indicating that the PCE
polymer has not been incorporated into the C-S-H structure [25].

Fig. 3b composes the FT-IR spectra of the C-S-H, the pristine PCE
polymer and the C-S-H-PCE nanocomposite obtained in the co-
precipitation process. The occurrence of absorptions in the
nanocomposite which are characteristic for the PCE polymer (e.g.
the asymmetric and symmetric vibrations of the COO~ group pre-
sent in the main chain of PCE at 1565 and 460 cm ', respectively,
or the C-O valence vibration of the ether bond present in the side
chain of PCE at 1100 cm ') confirm the formation of a nanocom-
posite whereby the PCE polymer has only adsorbed onto the sur-
faces of the C-S-H particles and is not chemically incorporated
into the structure of C-S-H.

Particle size analysis (Fig. 3¢) of the C-S-H-PCE nanocomposite
via dynamic light scattering revealed a bimodal particle size
distribution. According to this, the C-S-H-PCE precipitate contains
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Fig. 3. (a) XRD pattern, (b) FT-IR spectra, (c) particle size distribution and (d) TEM image of the synthesized C-S-H-PCE nanocomposite.
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Fig. 4. Compressive strength of mortar samples after 6, 8, 10, 12, 16,24 h, 7 and 28
days of curing at 23 °C and >95% relative humidity.

a larger fraction of small particles (dsp ~ 50 nm) and a minor frac-
tion of particles with dso ~ 200 nm. Presumably, the small particle
fraction is responsible for the seeding (strength accelerating) effect
in cement. Moreover, a TEM image (Fig. 3d) reveals a foil-like mor-
phology for the synthesized C-S-H-PCE nanocomposite, with an
average length of ~50 nm and a thickness of ~5 nm.

3.2. Early strength development of mortar

Mortars admixed with 0.8, 1.4 and 2.0 wt% of the C-S-H-PCE
nanocomposite were prepared, and their compressive strengths
were determined after 6, 8, 10, 12, 16, 24 h, 7 and 28 days of
curing.

The results displayed in Fig. 4 and Table 5 demonstrate that
addition of the C-S-H-PCE compound clearly promotes the
strength development, in particular after 6-24 h of curing. Also, a
higher dosage (2.0 wt%) of the accelerating admixture increased
the compressive strength significantly. Most impressively, the 6 h
compressive strength values of 9.5, 11.2 and 13.1 N/mm? obtained
from 0.8, 1.4 and 2.0 wt% respectively of C-S-H-PCE were 470-
690% over that of the control sample. Thereafter, the difference
between the control sample and the admixed samples decreased.
For example, at 8 h the increase in compressive strength of the
mortar containing the nanocomposite had dropped to 220-300%
over the control sample. Generally, higher C-S-H-PCE dosages
resulted in higher strength values, albeit the increase was rela-
tively minor, considering the extra cost involved. Interestingly,
even after 28 days of curing the compressive strength of the mortar
specimens containing the C-S-H-PCE accelerator still exhibited
15-22% higher strength than the control sample.

Table 5

V. Kanchanason, J. Plank / Construction and Building Materials 169 (2018) 20-27

The results clearly demonstrate that even in highly blended (e.g.
35 wt% fly ash) cements the C-S-H-PCE nanocomposite can boost
the early strength considerably, in spite of the low clinker factor
of such cements. However, for such blended cements higher
dosages (0.8-2.0 wt%) of the nanocomposite are required com-
pared to pristine OPC where 0.3-0.6 wt% appear to be sufficient
[19].

3.3. Effectiveness in concrete

3.3.1. Properties of fresh concrete

All concrete samples prepared were adjusted to a slump value
of 16 + 0.5 cm (Table 4). The slump of the control sample (no C-
S-H-PCE nanocomposite present) was adjusted to 16 £ 0.5 cm by
using the IPEG-PCE superplasticizer (SP). Addition of the C-S-H-
PCE nanocomposite to the concrete always increased concrete flu-
idity (presumably because of free dissolved PCE polymer present in
the nanocomposite) and allowed to decrease the dosage of the
IPEG-PCE required to achieve the slump of ~16 cm. With increas-
ing dosage of the nanocomposite the SP consumption decreased
even further. For instance, in the concrete sample holding 2.0 wt
% of the C-S-H-PCE compound, the required dosage of SP was only
0.08 wt% which presents a 62% decrease compared to the control
sample without the C-S-H-PCE (Table 4). This result indicates that
the C-S-H-PCE nanocomposite not only enhances the early
strength of concrete (see section below), but also significantly
improves its workability.

3.3.2. Early strength development

The results on the compressive strength development of the
concrete samples with and without the C-S-H-PCE nanocomposite
are displayed in Fig. 5 and Table 5.

At first, the effect of dosage of the C-S-H-PCE nanocomposite
(0.8 wt% or 2.0 wt%) on the strength development of concrete after
6-12 h of curing was studied. Like in mortar, it was found that the
concrete samples holding nanocomposite always produced consid-
erably higher compressive strengths compared to the control sam-
ple. Furthermore, again only a slight improvement in compressive
strength at higher dosages of the C-S-H-PCE nanocomposite was
found. Thus, based on more favorable cost-effectiveness, all further
tests were conducted using exclusively 0.8% bwoc of the
nanocomposite.

Fig. 6 presents the compressive strength results for concretes
containing 0.8% wt C-S-H-PCE nanocomposite cured over a time
period from 6h to 28 days. The results demonstrate that the
nanocomposite provides its most pronounced effect in the first
hours of cement hydration (especially at 6-12 h). For example, at
6 h the compressive strength of the concrete holding the nanocom-
posite was 600% higher than that of the control. Interestingly, and
different to common salt-based accelerators such as e.g. CaCl,, the
28 day compressive strength still was ~9% higher than that of the

Compressive strength enhancement (%) of mortar and concrete samples at different curing times.

Sample Compressive strength enhancement (%)" at

6h 8h 10h 12h 16 h 24h 7 days 28 days
Mortar
0.8% C-S-H-PCE 460 220 48 22 24 23 16 15
1.4% C-S-H-PCE 560 290 80 25 32 39 25 20
2.0% C-S-H-PCE 670 310 90 38 52 50 30 22
Concrete
0.8% C-S-H-PCE 600 230 155 90 34 24 6 9

* Strength enhancement = SenEth of sample_tenath of ool cement 10y
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Fig. 5. Compressive strength of concrete specimens holding 0%; 0.8% or 2.0% bwoc

of the C-S-H-PCE nanocomposite, measured after 6-12 h of curing at 23 °C, >95%
relative humidity.
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Fig. 6. Compressive strength of concrete specimens holding 0% or 0.8% bwoc of the
C-S-H-PCE nanocomposite, cured from 6 h to 28 days.

control sample. Obviously, there is no penalty for the superior early
strength gained by the C-S-H-PCE accelerating admixture.

These results imply that the C-S-H-PCE nanocomposite pre-
sents a superior seeding material which can drastically enhance
the early strength of concrete based on a fly ash blended cement,
especially during the first 12 h of hydration, without any negative
effect on the final strength (28 days). This finding makes a more
widespread use of such blended cements considerably more
attractive and can help to reduce the negative environmental
impact from cement production.

Table 6

—— Blended cement
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Fig. 7. Time - dependent heat evolution of the fly ash-blended cement admixed
with 0.8, 1.4 and 2.0% bwoc of the C-S-H-PCE nanocomposite.

3.4. Mechanistic investigations

3.4.1. Calorimetry

The impact of the C-S-H-PCE nanocomposite on the hydration
of the fly ash blended cement was observed via isothermal heat
flow calorimetry (Fig. 7 and Table 6).

It was observed that addition of the C-S-H-PCE nanocomposite
significantly accelerated cement hydration by shifting the peak
assigned to the silicate hydration to earlier times. At the same time,
the total heat released during the accelerating period increased.
This main peak stems from the nucleation and growth of the C-
S-H and Portlandite phases, indicating enhanced hydration of the
silicate phases [30].

Like in the test on compressive strengths (Figs. 4-6), the
accelerating effect was dependent on the dosage of the C-S-H-
PCE compound. And, again similar to the strength tests, also here
in the calorimetry higher dosages of the additive produced only a
relatively minor improvement.

The cumulative heat flow of the cement pastes with and with-
out C-S-H-PCE nanocomposite are illustrated in Table 6 and Fig. 8.

The results clearly show an increased heat flow for the blended
cement admixed with the nanocomposite starting after ~1.5 h. A
larger dosage of the additive achieved only a slightly higher total
heat release. For example, the cumulative heat released during
the first 6 h was 58.0]/g for the reference cement, and 95.7,
103.5 and 108.7 /g at 0.8, 1.4 and 2.0 wt% addition of C-S-H-PCE,
respectively.

As can be seen, the C-S-H-PCE admixture acts as a seeding
material and greatly reduces the activation energy barrier which
needs to be overcome to initiate C-S-H nucleation [22,25]. This
way, hydration of the silicate phases C3S and C,S commences much
earlier. In view of the low clinker content of the cement used in the
study here (only 65 wt%), the pronounced accelerating effect of the

Maximum rate of heat flow and cumulative heat of the fly ash cement admixed with C-S-H-PCE nanocomposite.

Samples Maximum rate of heat flow Cumulative heat (J/g)

tmax (h) Qmax (MW/g) 6h 10h 12h 24h
Blended cement 6.2 40 58.0 108.2 125.6 171.2
+0.8% C-S-H-PCE 39 53 95.7 1359 146.6 184.2
+1.4% C-S-H-PCE 3.6 5.6 103.5 140.4 151.3 187.5
+2.0% C-S-H-PCE 34 58 108.7 144.2 155.2 189.3
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nanocomposite is surprising. It gave rise to speculations as to
whether the nanocomposite can even promote the pozzolanic
reaction of fly ash. This was investigated in the following
experiments.

3.4.2. Effect on pozzolanic reaction

In-situ XRD was carried out of the hydrating fly ash cement
with and without C-S-H-PCE nanocomposite to track the silicate
hydration via the amount of Portlandite produced during the first
48 h of hydration [31]. In our evaluation, the strong reflection sig-
nifying Portlandite at 18° 20 (ICDD: 44-1481) was used [32]
(Fig. 9).

It was found that when the cement was admixed with the
nanocomposite, the reflection assigned to Portlandite was much
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200 -
5
2
© 150
@
=
o
2
§ 100 ~
3
£
8 i Blended cement
50 -l fiees eoooooo.. === +0.8% C-S-H - PCE
+1.4% C-S-H - PCE
--------- +2.0% C-S-H - PCE
0 T T T T T
0 8 16 24 32 40 48

Time (h)

Fig. 8. Cumulative heat of hydration of the fly ash cement admixed with 0.8, 1.4
and 2.0% bwoc of the C-S-H-PCE nanocomposite.
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more pronounced and appeared very early (after ~2 h). This indi-
cates again that the C-S-H-PCE nanocomposite strongly promotes
the silicate hydration.

Moreover, the relative intensities of the Portlandite reflections
appearing at 18° 20 were plotted over time (Fig. 10). For the neat
cement, an increase in intensity was clearly observed during the
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Fig. 9. In situ XRD patterns over 48 h of hydration of (a) fly ash cement paste and (b) this cement admixed with 2.0 wt% of C-S-H-PCE nanocomposite. P represents the

reflections for Portlandite at 18° and 34.1° 20 (ICDD: 44-1481), respectively.
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Fig. 10. Intensity of Portlandite reflections at 187 26 from in-situ XRD measurements of fly ash cement hydrated with and without C-S-H-PCE nanocomposite.

-132 -



CHAPTER 5. RESULTS AND DISCUSSION

V. Kanchanason, J. Plank / Construction and Building Materials 169 (2018) 20-27 27

first 12 h until it leveled out to a constant value. However, when
the seeding admixture was used, the increase occurred signifi-
cantly earlier, was much more pronounced and already peaked at
~9 h of curing. Most remarkably, after that the amount of Port-
landite decreased slightly, but steadily. This observation suggests
that Portlandite is consumed over time through another reaction,
presumably the pozzolanic reaction of fly ash which also produces
C-S-H [32]. For fly ash cements, it is well established that the
decrease in Portlandite resulting from the pozzolanic reaction typ-
ically commences only after 28 days of curing [33-35]. Whereas
here, in this fly ash cement admixed with 2.0 wt% of C-S-H-PCE,
this decrease already shows at about 15 h of hydration, and thus
much earlier than in the non-seeded cement (see insert in Fig. 10).

These findings infer that the C-S-H-PCE nanocomposite acceler-
ates both the hydration of the silicate phases present in the clinker,
and - most interestingly - even the pozzolanic reaction of the fly
ash.

4. Conclusions

A C-S-H-PCE nanocomposite was successfully synthesized via
co-precipitation of aqueous Na,SiO3; and Ca(NOs), in an IPEG-PCE
solution. The C-S-H-PCE nanocomposite promotes the early
strength development of mortar or concrete prepared from a fly
ash blended cement considerably, particularly in the first 12 h of
hydration, without reducing final strength (28 days). Furthermore,
the C-S-H-PCE accelerating admixture improves the workability of
fresh mortar and concrete and allows to reduce the superplasti-
cizer dosage required to achieve a certain spread flow or slump
value.

Moreover, in situ XRD measurements revealed that the C-S-H-
PCE nanocomposite not only accelerates the hydration of the sili-
cate phases present in the clinker, but also promotes the poz-
zolanic reaction of the fly ash substantially, as was evidenced by
a continuous consumption of Portlandite starting at ~9 h of curing.
This effect distinguishes the C-S-H-PCE nanocomposite from all
other salt-based accelerators such as calcium nitrate or formate
which stimulate the silicate reaction, but have no impact at all
on the pozzolanic reaction.
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5.3.2 Slag blended cement

In this part, the performance of a C-S-H — PCE nanocomposite on the strength
development of mortar made from slag blended cement (35 wt. % slag) was studied.
Moreover, the working mechanism of the C-S-H — PCE composite which nanocomposite was
used in the slag blended cement was elucidated via in-situ XRD and calorimetric
measurements.

It was found that the C-S-H — PCE nanocomposite considerably improved the strength
development of mortar, particularly within the first 24 hours, without a decrease in the final
strength at 28 days of hydration (Figure 36).

Interestingly, the nanocomposite also improved the strength development of the mortar
during all stages of hydration (6 hrs - 28 days). While, the compressive strength of the mortar
prepared from slag cement without nanocomposite showed lower strength values than the

OPC.
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Figure 36: Compressive strength of mortar samples prepared from slag cement (w/b = 0.45)
after 6, 10, 16, 24 hours, 7, 14 and 28 days of curing at 20 ° C and > 95 % relative

humidity
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Hydration of the slag blended cement was tracked by isothermal heat flow calorimetry
(Figure 37). The results revealed that addition of the C-S-H — PCE nanocomposite to the slag
cement significantly accelerated cement hydration and increased the total heat released
during the accelerating period which can be assigned to the nucleation and growth of the C-S-

H and Portlandite phases from the silicate phases (CsS, C,S) in cement.

[ — Slag cement
=i +2.0% C-S-H-PCE

Normalized heat flow (mW/g)

Time (h)
Figure 37: Heat evolution of the slag-blended cement (w/b = 0.45) admixed with 2.0 % bwoc

of the C-S-H — PCE nanocomposite

The hydration products such as hemi carboaluminate (Hc) and Portlandite were monitored
via in-situ XRD measurement. The relative intensities of the Hc and Portlandite reflections
appearing at 10.8 and 18 ° 26 were plotted over time (Figure 38). A continuous consumption
of Portlandite starting at ~ 12 hours of curing was found. Additionally, an increase in the
amount of Hc generated in the slag cement admixed with the C-S-H — PCE nanocomposite
was observed after ~ 12 hours of curing, while the formation of Hc in the neat slag blended

cement was detected only after 24 hours. These evidences suggest that Portlandite is
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consumed over time through two reactions; presumably the pozzolanic reaction of slag which

also produces C-S-H, and the formation of Hc.
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Figure 38: Intensity of hemi carboaluminate (top) and Portlandite (bottom) reflections at 10.8
and 18 ° 20 respectively from in-situ XRD measurements of the slag cement,

hydrated with and without C-S-H — PCE nanocomposite
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5.3.3 Calcined clay blended cement

In this section, the effectiveness of a C-S-H — PCE nanocomposite on the strength
development of mortar produced from a calcined clay-blended cement (35 wt. % calcined
clay) is reported. Furthermore, the impact of the nanocomposite on the pozzolanic reaction in
the blended cement was studied via in-situ XRD and calorimetric measurements. As C-S-H —
PCE, the product described in paper #6 was selected (Ca/Si = 1.0, pH = 11.7 and 20 ° C).

It was observed that the C-S-H — PCE nanocomposite significantly improved the strength
development of a mortar without a reduction in the final strength after 28 days of curing
(Figure 39). Most impressively, after the first 24 hours the increase was ~ 100 % over that of
the control sample. Thereafter, the difference between the control sample and the admixed

samples decreased, but still were ~ 10 - 20 % higher than that of the control sample.

80

- Clacined clay cement

7071 I ciacined ciay + 2.0% C-S-H-PCE

50_. _________________________________________________
50_- _______________________________________________
W0
30_- ________________________________ e —

1

Compressive strength (N/'mm?)

;118 S —

1 aad

6hrs 10hrs 16 hrs 24 hrs 7 days .14 days'28 days

Curing time

Figure 39: Compressive strength of mortar samples made from a calcined clay-blended
cement (w/b = 0.5) after 6, 10, 16, 24 hours, 7, 14 and 28 days of curing at 20 ° C

and > 95 % relative humidity

-137 -



CHAPTER 5. RESULTS AND DISCUSSION

Hydration of the calcined clay blended cement was monitored by isothermal heat flow
calorimetry (Figure 40). It was found that addition of the C-S-H — PCE nanocomposite to the
clacined clay-blended cement considerably accelerated the hydration of the silicate phases
present in the clinker and also increased the total heat released during the accelerating period.

This behavior was nearly the same as observed in the hydration of the slag blended cement.

—— Calcined clay cement
- +2.0% C-S-H-PCE

Normalized heat flow (mW/g)

Time (h)

Figure 40: Heat evolution of the calcined clay-blended cement (w/b = 0.5) admixed with

2.0 % bwoc of the C-S-H — PCE nanocomposite

Furthermore, the impact of the nanocomposite on the pozzolanic reaction was studied via
XRD measurements. These experiments were conducted to find an explanation for the
superior early strength development observed for the calcined clay-blended cement as shown

in Figure 39.

Figure 41 shows the XRD plot of the relative intensities of the hemi carboaluminate (Hc)
and Portlandite reflections appearing at 10.8 and 18 ° 26 over time, respectively, as

monitored via in-situ XRD measurement. An extremely early and strong formation of Hc in
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the clacined clay cement admixed with the C-S-H — PCE nanocomposite was observed after ~
8 hours of curing, while the amount of Hc generated in the neat calcined clay cement
increased only after ~ 24 hours. Moreover, a very early consumption of Portlandite starting at
~ 18 hours was detected in the calcined clay cement with the nanocomposite (Figure 41).
This indicates that the C-S-H — PCE nanocomposite can also accelerate the pozzloanic

reaction of calcined clay and stimulate the formation of Hc in the calcined clay cement.

-139 -



CHAPTER 5. RESULTS AND DISCUSSION

Hemi carboaluminate

1400
A Clacined clay cement
120011 @ +2.0%C-S-HPCE |-~ i
L of
= ° L
THE | » t.-o.g-':t‘.f-'-.-
o ® o ‘-.1.
et & 0.\'0 [)
b 800— """"""""""" """ """"""""""""""""
4 oo
] ®¢ "o
E 6004---co-oooooaios B
4 * o° &
> A
S 4004-----omooe- @ - %’&A‘Q‘A
% L pad A A‘:
14 o A A
B I Y v o AU
200 . o 2 I
T —

Curing time (h)
Portlandite
6000
________________ +2.0% C-S-H-PCE
' .‘;.;'- e S
6000 =nmsnas K ;N'“"‘ SRS ’-“A.-o?ﬁ’.‘ﬁq,"‘.\‘ah’-
@ ”
[3) L ]
=~ 4000 —+------ - cmmmmmmmmmmmmmd [ ] bee--o
> . [ |
g ®. B A T |
- -, ot
£ 30004 R —— e S Al |-
= . ‘
2 [ |
B 2000 f---g--ooema e R R R SRR
)
[1'4 .
4000 b - - oo e Calcined clay cement
~P PPN,
: ..n.'hﬁ".p'.mﬂw e Sy *
0 M T T T ] T B T T
0 6 12 18 24 30 36 42 48

Curing time (h)
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5.4 Nucleation and growth of the C-S-H — PCE nanocomposites

This part describes the effect of an isoprenyl oxy poly(ethylene glycol) (IPEG) based PCE
on the nucleation and crystallization of C-S-H nanofoils.

First, the early nucleation and crystallization of C-S-H between 12 seconds and 24 hours
precipitated from Ca(NOs3), and Na,SiO3 solutions at a Ca/Si ratio of 1.0 in the presence of an
IPEG-PCE superplasticizer was investigated by capturing the initial precursors of C-S-H via
transmission electron microscopy (TEM). Moreover, the effectiveness of the C-S-H — PCE
nanocomposites prepared at different ageing times on the early strength development of
mortar was measured.

It was observed that in this precipitation reaction, at first a metastable precursor of C-S-H
formed at the beginning exhibits a globular morphology and later converts to C-S-H
nanofoils following a non-classical nucleation mechanism. The presence of the IPEG-PCE
strongly delays the transformation from globular to nanofoil-like C-S-H for several hours
because of a layer surrounding the globules. Because of this slow conversion, particularly
small C-S-H nanofoils are produced with excellent seeding effect. Furthermore, the C-S-H
nanofoils prepared after 24 hours of ageing exhibit a stronger seeding effect for the hydration

and early strength development of cement than those taken from shorter ageing times.
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ABSTRACT

The influence of an isoprenyl oxy poly(ethylene glycol) (IPEG) based PCE on the nucleation
and crystallization of C-S-H precipitated from aqueous solutions of Ca(NO3); and Na,SiOs
was investigated. It was found that in the absence of IPEG-PCE, globular nanoparticles of
C-S-H with a diameter of ~50 nm are formed. Subsequently, within an hour the globules
convert to C-S-H nanofoils with ~150 nm length following a non-classical nucleation

mechanism. In the presence of the PCE, the initial globules show a core-shell structure
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whereby a layer; presumably PCE polymer, coats the C-S-H core. The shell around the
C-S-H globules delays the conversion to the nanofoils for several hours and leads to

significantly smaller foils and a superior seeding material in cement.

Keywords: calcium silicate hydrate; polycarboxylate; non-classical nucleation; globules;

nanofoils; early strength

INTRODUCTION

The nucleation and crystallization of inorganic minerals is described by two theories. The
first, classical nucleation theory is based on the formation and growth of nuclei [1]. The
second, non-classical nucleation concept presents that the morphology of the precritical
clusters can differ significantly from that of the final bulk crystal [2,3].

Calcium silicate hydrate (C-S-H) is well-known as the main hydration product of ordinary
Portland cement. C-S-H presents ~ 60 % of hardened cement and results from the hydration
of the tricalcium silicate (C3S) and dicalcium silicate (C,S) phases via dissolution-
precipitation steps [4]. It presents the binding phase and is also responsible for the strength
properties and durability of hardened cement. Generally, C-S-H exhibits low crystallinity and
in concrete typically exhibits a Ca/Si molar ratio of ~ 1.6 [5]. The layered structure of C-S-H
consists of linear silicate chains which are aligned in segments of “dreierketten” and share
oxygen atoms with calcium ions in plane [6].

Polycarboxylate (PCE) superplasticizers are known high range water reducing admixtures for
concrete. PCEs improve the rheology via an electrosteric dispersing effect [7]. The structure
of anionic comb-like PCE copolymers consists of carboxylate anchor groups at the backbone

which are a negatively charged and responsible for the adsorption onto the positively charged
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surface sites of cement particles such as from hydration products like ettringite [8-12]. While
the non-ionic side chains of PCEs are normally made of polyethylene glycol (PEG) which is
accountable for the steric effect promoting dispersing ability [8]. It has been found that
specific PCE polymers can exert a noticeable retarding effect on the hydration of the calcium
silicates, C3S and C,S. Some studies even suggest that these admixtures can induce changes
to the nanostructure of C-S-H which can negatively impact the mechanical properties of
concrete [13].

Generally, the external surfaces of C-S-H contain silanol groups which are ionized in high
alkaline condition and are able to complex with dissolved calcium ions [14]. Consequently,
the surfaces of C-S-H exhibit a slightly positive charge which can facilitate the adsorption of
anionic comb-like copolymers such as PCE superplasticizers [15].

Synthetic C-S-H — PCE nanocomposites are well-known seeding materials to enhance the
early strength of Portland cement and blended cements [15]. They are composed of C-S-H
nanofoils which are dispersed via PCE polymers adsorbed onto their positively charged
surfaces [16]. A particularly small size of the C-S-H seeds is required to achieve such
superior seeding efficiency and consequently, a much enhanced early strength development
of concrete [17,18]. In previous works, we have investigated the effect of pH on the structure,
composition and morphology of the nanocomposites [17]. However, the effect of reaction and
ageing time on the composition and performance of these nanocomposites has not yet been
disclosed.

Thus, in this study the very early nucleation and subsequent crystallization of C-S-H (12
seconds - 24 hours) precipitated from Ca(NO3), and Na,SiOj3 solutions at a Ca/Si ratio of 1.0
in the presence of an IPEG-PCE superplasticizer was investigated by capturing the initial

precursors of C-S-H via transmission electron microscopy (TEM). Moreover, the
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effectiveness of the C-S-H — PCE nanocomposites prepared at different ageing times on the

early strength development of mortar was determined.

RESEARCH SIGNIFICANCE

C-S-H — PCE nanocomposites are being used for early strength enhancement of concrete.
However, the formation of these nanocomposites is not yet completely understood and the
time-dependence of their effectiveness has not been revealed so far. The ultimate purpose of
our study was to explain why the C-S-H — PCE nanocomposites is so much superior over

conventional C-S-H nanofoils prepared according to exactly the same method.

EXPERIMENTAL PROCEDURE

Materials

The starting materials used in the synthesis of C-S-H were Ca(NO3),"4H,0O (PanReac
AppliChem, Germany), Na,SiO3'5SH,O (VWR Prolabo BDH Chemicals, Germany) and
HNO; (65 wt. %; VWR Prolabo BDH Chemicals, Germany). As PCE superplasticizer, a
commercial [PEG-PCE (Sunrise Co., Ltd., Shanghai, China) was used and the pH value of
the PCE solution was adjusted by using NaOH (Merck KGaA, Germany). The chemical
structure of the IPEG-PCE is presented in Fig. 1 and its properties are listed in Table 1.

Furthermore, a slowly hydrating Ordinary Portland Cement (OPC) sample (API Class G oil
well cement, corresponding to a CEM 1 32.5R) obtained from Dyckerhoff GmbH (Germany)
was used for testing the early strength development of mortars. Its phase composition was
determined by quantitative XRD including Rietveld refinement and thermogravimetric

analysis. The results are listed in Table 2. Its specific surface area (Blaine) and mean particle
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size (d50 value) were found at 3,000 cm?/g and 11 pum, respectively.
Preparation of C-S-H and C-S-H - PCE

The C-S-H and C-S-H — PCE nanocomposite were prepared by the co-precipitation method.
Aqueous Ca(NO3), and Na,SiO; solutions were combined in water or the IPEG-PCE solution
to obtain either pure C-S-H or the C-S-H — PCE nanocomposite. The initial molar ratio of
CaO/SiO, based on the starting materials was 1.0. First, 4.2 g of the IPEG-PCE solution
(concentration 40 wt. %) were diluted with 20.8 mL of water resulting in a 6.7 wt. % PCE
solution which was adjusted to pH = 8.5 + 0.1 by using aqueous 30 wt. % NaOH. Next,
solutions of 4.2 g (18 mmol) of Ca(NOs), - 4H,0 dissolved in 2.7 mL of water and 3.8 g (18
mmol) of Na,SiO;3 - 5SH,0O in 7.2 mL of water were prepared in a water bath at 75 ° C. After
that, both solutions were added continuously and at a constant dosing rate to water or the
PCE solution within 8 minutes while stirring at 20 ° C. Morphologies of the resulting C-S-H
and C-S-H — PCE respectively were monitored over time via TEM microscopy, first during
addition of the Ca(NO3),/Na,SiO;5 solutions (at 12 sec and 2 min), and then O h, 3 h, 6 h and
24 h after completion of the addition of the Ca(NOj3),/Na,Si03 solutions.
Characterization techniques

Micrographs of the C-S-H and C-S-H — PCE samples were collected by transmission electron
microscopy (TEM) performed on a JEOL JEM 2011 instrument (JEOL, Japan) equipped with
a LaBg cathode. Suspensions of pure C-S-H and the C-S-H — PCE nanocomposite
respectively were diluted with isopropanol and dispersed in an ultrasonic bath for 2 minutes.
After that, 4 pL of the dispersed samples were dropped on a 300 mesh Cu grid with carbon
support films (Quantifoil Micro Tools GmbH, Germany) with a plasma-treated surface. The
size of the C-S-H and C-S-H — PCE nanofoils and the thickness of the PCE layer on the

C-S-H particles were assessed by using ImagelJ software.
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Mortar testing

The C-S-H — PCE precipitates were tested for their effectiveness as strength enhancing
admixture in a standard mortar prepared according to DIN EN 196-1. The dosage of the
C-S-H - PCE nanocomposite was 0.35 % (as solid) by weight of cement (bwoc). The water-
to-cement (w/c) ratio of the mortar was 0.44. The mortar was cast into 40 x 40 x 160 mm
steel prism molds and cured at 20 + 1 ° C and 90 % relative humidity for 16 hours. After
curing, the compressive strengths were measured on a test apparatus provided by Toni

Technik (Berlin, Germany).

EXPERIMENTAL RESULTS AND DISCUSSION
Nucleation and crystallization of C-S-H

The early nucleation and crystallization of C-S-H synthesized from Na,SiO3 and Ca(NO3) in
the absence and presence of an IPEG-PCE copolymer were observed via TEM imaging.
Samples taken during the synthesis at 12 seconds and 2 minutes from the beginning of the
combination of Ca(NO3)»/Na,SiO3 reveal polydisperse C-S-H and C-S-H — PCE particles
exhibiting globular morphology with diameters in the range of ~ 30 — 60 nm (Fig. 2). Most
interestingly, a thin layer (thickness ~ 5 — 7 nm) surrounding the C-S-H globules was
observed on the C-S-H — PCE precipitates, resulting in a core-shell structure. When addition
of the raw materials was finished (0 hour of ageing), the C-S-H formed in water only (no
PCE present) exhibits a mixture of globules and nanofoils while the C-S-H precipitated in the
presence of the IPEG-PCE consists of globules only (Fig. 3).

Furthermore, the appearance of the globular C-S-H and C-S-H — PCE precursors was

monitored over time via TEM imaging (Fig. 3). For the pure C-S-H, the transformation from
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globular to foil-like morphology had immediately started after the combination of the
Ca(NO3),/Na,SiO3 solutions was completed. At 3 hours, the initial C-S-H globules had
entirely disappeared while a network of C-S-H nanofoils with lengths of > 150 nm was
observed. However, TEM imaging of the C-S-H — PCE precipitates revealed a delayed
transformation from the initial globules to the nanofoils. At 3 hours of ageing, still a mixture
of globules and foils was present while after 6 hours of ageing, the C-S-H globules had
completely transformed to foils with lengths of ~ 30 — 50 nm (and thus much smaller than for
C-S-H).

The results suggest that following a non-classical nucleation mechanism, early on C-S-H is
formed as a metastable droplet which then transforms to the thermodynamically more stable,
foil-like morphology. Apparently, the IPEG-PCE delays the conversion of the globules to the
nanofoils significantly.

Effectiveness of C-S-H — PCE as strength enhancer

The 16 hour compressive strengths of mortars admixed with 0.35 wt. % of the C-S-H — PCE
particles obtained at various ageing times are shown in Fig. 4. It was found that the C-S-H —
PCE nanocomposites generally increased the early strength of mortar. Moreover, the
compressive strength values were significantly higher for mortars seeded with foil-like
C-S-H — PCE prepared after 3 hours of ageing than with globular C-S-H — PCE particles
obtained at 0 hour. The C-S-H — PCE nanofoils precipitated after 24 hours of ageing showed
the best strength development and achieved ~ 10 N/mm?, representing an 84 % increase over
the neat cement. Whereas, the globule-like C-S-H — PCE nanocomposites (prepared at 0 hour
of ageing) containing numerous agglomerated droplets were less effective as seeding material
and increased the compressive strength only by ~ 25 %. Thus, the enhancement in early

strength of mortar depends on the morphology of the synthesized C-S-H — PCE
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nanocomposites which is controlled by the ageing period following the combination of the

Ca(NO3),/Na,SiOs3 solutions.

CONCLUSIONS

The early nucleation and crystallization of C-S-H prepared by co-precipitation from
Ca(NO3), and Na,SiO; in the absence and presence of an IPEG-PCE superplasticizer was
studied. It was found that the initially formed, metastable precursor of C-S-H exhibits a
globular morphology and later converts to C-S-H nanofoils following a non-classical
nucleation mechanism. The presence of the IPEG-PCE strongly delays the conversion from
globular to nanofoil-like C-S-H for several hours because of a layer surrounding the globules.
The foil-like particles prepared after 24 hours of ageing exhibit the strongest seeding effect

for the hydration and early strength development of cement.
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Table 1 — Molecular properties and specific anionic charge density of the IPEG-PCE

sample
Molar masses Polydispersity Specific anionic charge density in
(g/mol) index NaOH at pH = 11.7
M, M, (PDI) (neq/g)
35,100 15,700 2.2 2,750

Table 2 — Phase composition of the OPC sample as determined by quantitative XRD
using Rietveld refinement

Content (wt.-%)
CS,m C,S,m C3A, ¢ C,AF  Lime Arcanite Hemihydrate® Gypsum® Anhydrite Total

59.3 19.5 1.7 14.1 <0.3 <0.1 0.2 4.6 <0.1 99.7

“Determined by thermogravimetry
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Fig. 1 — Chemical structure of the IPEG PCE sample used in the study.

Fig. 2 — TEM images of C-S-H particles formed in the absence (left) and presence (right) of
an IPEG-PCE polymer; images taken from samples acquired after addition of the

Ca(NO;3)y/Na,SiO; solutions over 12 seconds and 2 minutes, respectively.
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C-S-H - PCE

Fig. 3 — TEM images of C-S-H and C-S-H — PCE precipitates after 0, 3, 6 and 24 hours of

ageing, respectively.
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Fig. 4 — Compressive strengths of mortars cured for 16 hours and admixed with 0.35 % bwoc

of the C-S-H — PCE nanocomposites collected after different ageing times.
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6 Summary and outlook

This thesis focused on the synthesis of C-S-H — PCE nanocomposites that are used as
seeding materials to accelerate the hydration of cement, resulting in enhanced early strength
of Portland cement and blended cements. The mode of action of these nanocomposites in
cement was also highlighted.

C-S-H — PCE nanocomposites were successfully synthesized by the co-precipitation
method from Na,SiO3; and Ca(NOs), solutions in the presence of PCE copolymers. It was
observed that the particle size and the characteristics of the synthetic C-S-H — PCE
compounds are the key to obtain a strong seeding effect in cement.

In the first part of this thesis, the size of C-S-H particles was controlled using PCE
copolymers of specific molecular structure. A PCE polymer possessing very long pendant
groups (114 EO units) and low grafting density (molar ratio of MAA : MPEG-MA =6 : 1)
can produce the smallest particle sizes for the C-S-H — PCE composite, which exhibit the
strongest seeding effect for the hydration of cement. Consequently, this nanocomposite
achieves the largest gain in the early strength of mortar.

In the second part of this thesis, among the various conditions used for the synthesis of C-
S-H — PCE nanocomposites, the pH value was found to play the most important role in
obtaining a superior seeding material. The reason is that the pH value strongly affects the
nanostructure, composition and morphology of the C-S-H — PCE products, and also impacts
the PCE adsorption on C-S-H which generally controls the particle size of the C-S-H — PCE
product. Furthermore, the structure of C-S-H — PCE nanocomposite precipitated at the
optimal pH value (of 11.7) is semi-crystalline and consists of shorter, non-branched silicate

chains. Moreover, this nanocomposite contains the highest amount of ultra-small nanofoils,
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which shows an optimal seeding effect in cement and the highest early strength development
of mortar.

In the third part of this thesis, effectiveness of the C-S-H — PCE admixture on early
strength development of fly ash and slag blended cements was investigated. It was found that
addition of the C-S-H — PCE nanocomposite drastically increases the early strength
development of mortar and concrete, particularly during the first 24 hours of hydration,
without a decrease in final strength (28 days). A mechanistic study revealed that the C-S-H —
PCE nanocomposite greatly accelerates the reaction of the silicate phases present in the
clinker. Moreover, it can also stimulate the pozzolanic reaction of fly ash, slag and calcined
clay, consequently leading to higher early strength values there as well.

In the last part of this thesis, the effect of an IPEG PCE on the time-dependent nucleation
and crystallization of C-S-H was studied via TEM. The results reveal that the initial
precipitation product consists of a metastable C-S-H precursor which exhibits a globular
morphology and then converts to C-S-H nanofoils, following a non-classical nucleation
mechanism. In the presence of the IPEG-PCE, the conversion from C-S-H globules to the
nanofoils is delayed for several hours because a layer, presumably of PCE polymer, coats the
globules. Moreover, it was found that the C-S-H — PCE nanofoils aged for 24 hours show the
strongest seeding effect for the hydration and early strength development of cement.

The work documented in this thesis includes a study on the effect of various parameters
during synthesis of C-S-H — PCE nanocomposites and their effectiveness in cements. Further
studies are suggested to improve the performance of this nanocomposite and to investigate
other beneficial points, as follow:

- Use of other PCEs (e.g. amphoteric PCEs, star-shaped PCE) to stabilize the C-S-H

particles
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Study of the interaction of C-S-H with polymers other than PCEs such as
phosphated comb polymers, polyethylene imines, polyamidoamines,
polyvinylalcohol, etc.

Further control of the size of the C-S-H particles by adjusting process parameters
such as the droplet size of the raw material solutions, by using a high speed mixer
(e.g. homogenizer) or micro reactor.

Application of the C-S-H — PCE nanocomposites in other blended cements such as
limestone blended cements, etc.

Clarification of the composition of the layer surrounding the metastable C-S-H
globules found at very early nucleation when PCE is present.

Study of the very early nucleation and crystallization of C-S-H in actual cement:

does it also involve an amorphous, metastable, globular precursor?
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7 Zusammenfassung und Ausblick

Der Fokus dieser Arbeit liegt in der Synthese von C-S-H — PCE Nanokomposit-
Materialen, die Kristallisationskeime bilden und somit eine beschleunigende Wirkung auf die
Zementhydratation haben, wodurch die Fruhfestigkeit von Portland- und Kompositzementen
deutlich erhdht werden kann. Daruber hinaus war ein weiteres Ziel dieser Dissertation, den
Wirkmechanismus dieser Nanokomposite im Zement naher zu untersuchen.

Die Synthese der C-S-H — PCE Nanokomposite erfolgte mittels Co-Prazipitation aus
Na,SiO3- und Ca(NOs), - Losungen in Anwesenheit von PCE-FlieBmitteln. Hierbei wurde
beobachtet, dass die Kristallkeimbildung im Zement von der PartikelgréRe und den
Materialeigenschaften der synthetisierten C-S-H — PCE-Verbindungen abhéngt.

Im ersten Teil der Arbeit wurde die Grolke der C-S-H Partikel durch die molekularen
Eigenschaften der PCEs gesteuert. Ein PCE-Polymer mit einer sehr langen Seitenkette (114
EO-Einheiten) und einer niedrigen Seitenkettendichte (molares Verhéltnis MAA : MPEG-
MA = 6:1) ergab die geringste Partikelgrofie fur die C-S-H — PCE-Nanokomposite. Sie waren
am besten als Kristallisationskeime fiir die Hydratation der Silikatphasen (C3S und C,S)
geeignet. Folglich ergaben diese Nanokomposite die hochste Zunahme an Friihfestigkeit bei
den Mortelproben.

Im zweiten Teil der Arbeit stellte sich von allen getesteten Reaktionsbedingungen der pH-
Wert als entscheidendes Kriterium heraus, um moglichst wirkungsvolle Kristallisationskeime
zu erhalten. Die Grinde hierfiir sind, dass der pH Wert stark die Nanostruktur, die
Zusammensetzung und die Morphologie der C-S-H — PCE-Nanokomposite beeinflusst und
auch die PCE-Adsorption beeinflusst, wodurch prinzipiell die PartikelgréRe der C-S-H
Produkte reguliert wird. Die Nanokomposite, die bei einem pH-Wert von 11.7 hergestellt

werden, sind semi-kristallin und bestehen aus kirzeren, unverzweigten Silikatketten.
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AuRerdem enthélt dieses Nanokomposit die hochste Menge an ultra-kleinen Nanofolien,
welche optimale Keimbildner im Zement sind und somit die beste Friihfestigkeitsentwicklung
ergeben.

Im dritten Teil der Arbeit wurde die Effektivitat der C-S-H — PCE-Nanokomposite auf die
Frihfestigkeitsentwicklung von Zementen mit Flugasche und Schlacke untersucht. Es stellte
sich heraus, dass die Zugabe von C-S-H — PCE-Nanokomposit die Frihfestigkeit von Mortel
und Betonproben — insbesondere in den ersten 24 Stunden der Zementhydratation — sehr stark
erhoht, ohne jedoch die Endfestigkeit nachteilig zu beeinflussen (28 Tage). Eine
mechanistische Studie ergab, dass die C-S-H — PCE-Nanokomposite die Hydratation der
silikatischen Phasen, die im Klinker erhalten sind, stark beschleunigen. Auf’erdem kann es
die puzzolanische Reaktion von Flugasche, Schlacke anregen und calcinierten Tonen, womit
die sehr hohen Friihfestigkeitswerte dieser Zemente erklart werden kénnen.

Im letzten Teil der Arbeit wurde der Effekt eines IPEG-PCE auf die Keimbildung und
Kristallisation von C-S-H mittels TEM untersucht. Die Ergebnisse Zeigten, dass zuerst
metastabile C-S-H-Vorstufen, die eine tropfchenférmige Morphologie aufweisen, gebildet
werden und sich nach einem nicht-klassischen Nukleationsmechanismus in C-S-H-
Nanofolien umwandeln. In Gegenwart des IPEG-PCEs findet die Transformation der C-S-H-
Tropfchen zu Nanofolien einige Stunden spéter statt, da eine Schicht, die vermutlich aus PCE
besteht, die Tropfchen umhillt. AuBerdem zeigte sich, dass C-S-H-Nanofolien, die 24
Stunden gealtert wurden, die besten Kristallisationskeime fir die Hydratation und die
Frihfestigkeitsentwicklung von Zement darstellen.

Die Dissertation beschéftigte sich auferdem mit dem Einfluss verschiedener
Reaktionsparamater auf die Eigenschaften von C-S-H — PCE-Nanokomposite und deren

Effektivitat in Zement. Weitere Studien sollten sich mit der Verbesserung der Wirksamkeit
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dieser Nanokomposite beschéftigen. Dazu sollten folgende Punkte eingehend untersucht
werden:

- Einsatz anderer PCEs zur Stabilisierung der C-S-H Partikel, wie z.B. von
amphoteren PCEs, sternférmigen PCEs, etc.

- Untersuchung der Wechselwirkung von C-S-H mit andern Polymeren wie z.B.
Phosphat-Polymeren, Polyethyleniminen, Polyamidoamine, Polyvinylalkoholen,
etc.

- Kontrolle der C-S-H PartikelgréRe durch Anpassen der Prozessparamater wie z.B.
der Tropfchengrolle bei der Zugabe der Ausgangslosugen (Ca(NOgs);, NapSiOs)
durch Einsatz eines Hochgeschwindigkeitsmixers oder eines Mikroreaktors

- Einsatz von C-S-H — PCE-Nanokompositen in anderen Kompositzementen.

- Chemische Identifizierung der Schicht um die metastabilen C-S-H-Tropfchen
Kigelchen, die zu Beginn der C-S-H-Bildung gefunden wurde

- Untersuchungen zur frihen Nukleation und Kiristallisation von C-S-H im
eigentlichen Zement: verlauft die Nukleation von C-S-H dort ebenfalls (iber eine
amorphe, metastabile, tropfchenformige Vorstufe wie bei der hier angewandten

Coprazipitationsmethode?
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