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Introduction

1. Introduction

The ordinary Portland cement (OPC) has been used as an important ingredient of
concrete material in construction field for even more than 200 years, and the increasing

demand of building materials continues in pace with the urbanization development.

Nevertheless, the cement industry is one of the biggest energy consumer, and its carbon
emissions account for ~ 8 % of the total global anthropogenic CO2 emissions [1]. These
COgz includes direct and indirect emissions emitted from the calcination of limestone
(50 %), fossil fuels consumption (40 %) and transportation and electricity usage [2, 3].
Figure 1 illustrated the carbon emissions originating from worldwide countries

between 2000 and 2020.
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Figure 1 Carbon emission of different countries between 2000 and 2020 [4, 5]

Cement industry needs to collaborate to tackle this massive challenge. Some sustainable
development paths have been applied in the cement industry. Specifically, from the

energy level, increasing energy efficiency and using some green fuels respectively
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reduced the carbon emissions from energy consumption; carbon capture, use, and
storage (CCUS) technology and CO: uptake approaches also effectively promote
carbon recycling and reuse. The global CO2 emission and uptake amount by cement

from 1930 to 2019 is displayed in Figure 2.
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Figure 2 Annual carbon emission (left a: total amount; b: different regions) and
annual global uptake (right a: different regions; b: different cementitious

materials) from cementitious materials between 1930 and 2019 [6]

From the material level, several strategies for cutting down carbon emissions have been
reported [7, 8]. One direction is using waste products composed of high-content calcium
oxides, such as slag, fly ash, and foundry sand to replace conventional clinker. Another
direction is broadening novel alternative binders, including natural pozzolans, ground
granulated blast-furnace slag (GGBFS), fly ash (FA), calcined clay, etc. The global

trend to reduce carbon emissions from cement manufacturing and building materials
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Introduction

has promoted a gradual transition from OPC to a low-carbon cement system.
Employing alternative raw materials in manufacturing Portland cement or partly
replacing Portland clinker with low-carbon supplementary cementitious materials
(SCMs) represent incremental improvements. Composite cements CEM 1I/11I, which
contain fly ash or slag SCMs, have been applied into production and application [9-12].
Such cements significantly reduce carbon emissions and provide improved durability,

low heat of hydration, and sulfate resistance simultaneously [13-15].

Regarding the application of composite cement, both dispersing effectiveness and
slump-retaining property are decisive aspects, especially for long-distance transition
and pumping during concrete manufacturing. Therefore, Polycarboxylate ether
superplasticizers (PCE) are essential and have become a standard component for
cementitious materials. However, it is necessary to point out that low-carbon cement or
supplementary cementitious materials have distinct particle sizes and surface charges
compared with OPC. Conventional PCE superplasticizers designed for OPC may not
be effective in low-carbon cement systems; therefore, novel structured PCE polymers

are expected to disperse sustainable construction binders in the future.

Since its invention in 1981[16], the PCE industry has continued to thrive and has never
stopped improving its technology [17]. There are several avenues to enhance PCE’s
performance. First is adjusting the feeding molar ratio to give PCE different anionic
charges or steric hindrance. Secondly, a great diversity of macromonomers exist have
been produced for PCE synthesis: methacrylate ester-based PCEs (MPEG PCEs), »-
methoxy-a-allyl poly(ethylene glycol) (APEG ), vinyl ether-based PCEs (VPEG PCEs)
including 2-hydroxyethyl poly(ethylene glycol) vinyl ether (EPEG) and ethylene glycol
monovinyl polyethylene glycol ethers (GPEG), and isoprenyl oxy poly(ethylene glycol)
ether (IPEG) and a-methallyl-o-methoxy (HPEG) monomers, which are remarkably
popular macromonomers in most Asian countries. PCE superplasticizers synthesized
from HPEG and IPEG present better performance and the synthesis process is much

easier and more straightforward.

Furthermore, incorporating new functional groups such as amide or phosphate into PCE
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or synthesizing zwitterionic PCE polymers provides additional properties. Zwitterionic
PCEs were developed by K.C. Hsu et al. [18] and offered excellent performance in
calcined clay blended composite cement systems. J. Stecher also reports that phosphate
comb polymers can increase the flow speed of concrete [19]. Polycarboxylate
superplasticizers (PCEs), as an indispensable admixture, have experienced
modification by different macromonomers, small monomers, and functional groups.

Nevertheless, all the PCEs keep a random chemical structure.

There are some reports related to novel structured PCEs like star-shaped or
hyperbranched superplasticizers [20, 21]. Among all these novel structured PCE
polymers, gradient structured superplasticizer was effective at relatively lower dosages.
It showed lower sensitivity than random PCE at low sulfate ion concentrations [22, 23].
The reason is that the more concentrated distribution of carboxyl groups favors intense
adsorption, and the adsorption conformation causes a more substantial steric effect. The
synthesis of novel structured PCEs is often achieved through living radical
polymerization techniques such as reversible addition-fragmentation chain transfer
polymerization (RAFT), nitroxide-mediated polymerization (NMP), and atom transfer
radical polymerization (ATRP) [24-26]. However, these methods are expensive and not

practical for industrial production.

This dissertation focused on investigating the synthesis of defoamers based on PCE
superplasticizer using grafting and ion pair methods. It also explores the free radical
process for synthesizing a superplasticizer based on maleic anhydride. The study
characterized low-carbon cement, including LCC, as well as three types of composite
cement. Additionally, the research produces series of PCE samples designed for slag
blended binder and PCE with novel structures that has potential in dispersing low-

carbon composite cement.



Aims and scope

2. Aims and scope

The trend globally to reduce carbon emissions from cement industry has led to a shift
from OPC towards low-carbon cement systems. PCE superplasticizer is an essential
component for cementitious materials, and its unique properties such as slump retaining
and less foaming are desirable for low-carbon binders. This dissertation focuses on
developing novel structured PCEs by incorporating functional groups into typical PCE
structures and investigating new chemical structures of PCE for OPC and low-carbon
binders. Various synthesis methods, such as graft, free radical polymerization, and ion
pair complex, have been studied. These investigations provide a diverse range of
options for PCE synthesis and expand the scope of potential PCE products in the future.
Moreover, the molecular design concept of PCE for low-carbon cement has been
initially validated, and preparations have been made for further advancements in this

area.

2.1 Non-air entraining PCE synthesized by grafting method

This section deals with the synthesis and characterization of non-air entraining PCE
samples, and their performances were evaluated in cement mortar. Specifically,
conventional PCE exhibits polar backbones and hydrophilic polyethylene glycol (PEG)
pendant chains. Such chemical structure offers great dispersing effectiveness through
the adsorbed backbone and steric hindrance of PEG chains. On the other hand, the
hydrophilic side chains stabilize the bubbles in mortar and concrete generated during
the mixing process. The jeffamine monomers, which have EO/PO
(hydrophilic/hydrophobic) repeat units, were grafted onto an MPEG PCE structure to
realize the air control properties of PCE in mortar.

The graft PCE copolymers were characterized via SEC, FT-IR, "H NMR spectra, phase
separation and foaming behavior tests to ensure they are high quality defoamers. The
performance of such PCE samples was assessed and compared with conventional
MPEG PCE in cement mortar through dispersing, air entrainment, compressive strength
tests. For the mechanism analysis, the surface tension, HLB values of all PCE samples

were measured. The isothermal heat-flow calorimetry and Q-XRD measurements were

-5-
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also applied. The results suggested that the MPEG type PCE with extra Jeffamine side
chains did not entrain any air and presents good dispersion power. The addition of such
PCE polymer also promoted compressive strength development as it enhanced cement

hydration, especially with respect to the silicate reaction.

The aim in this part is to bring a new concept to obtain non-air entraining PCE
superplasticizer trough grafting functional groups, and clarify the working mechanism

of PCE polymer produced by graft method.
2.2 Non-air entraining PCE prepared through ion-pair complex

In this part, the non-air entraining PCE samples were obtained by introduce Jeffamine
monomer onto HPEG type PCEs through a simple ion pair reaction. Which can be

realized by mixing PCE and Jeffamine, then adjusting the pH of the mixture solution.

Same as the MPEG type PCE defoamer, such ion-pair complexes were characterized
via SEC, FT-IR, 'H NMR spectra and phase separation. This study focuses on
investigating the foaming behavior from different perspective including foam stability,
defoaming activity and durability. The dispersing mechanism of these ion pair
complexes was explained through isothermal heat-flow calorimetry and Q-XRD

measurements.

The purpose of this study is to obtain low-air entraining PCE product from simple ion-

pair method and investigate the foaming behavior from different perspective.
2.3 Synthesis of PCE superplasticizer composing maleic anhydride monomer

The PCE superplasticizer contains maleic anhydride (MAH) with a high anionic charge.
This helps to prolong the cement setting time and exhibits a good adsorption capacity.
However, the MAH monomer has low activity and is not prone to copolymerization but

homo-polymerization.

In this part, the APS-VC (Ammonium persulfate- ascorbic acid) redox initiators system
was applied to synthesized MA-co-HPEG PCE superplasticizers in free radical method.

SEC measurement was employed to verify the chemical information and conversion

-6 -
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rate of macromonomer. Different copolymerization parameters, such as feeding molar
ratios, initiator amounts, HPEG macromonomer’ molecular weight and third

comonomers, were investigated to determine the optimal synthesis recipe.

The target of this part is to successfully synthesize MA-co-HPEG PCE superplasticizers
through the free radical method and to increase the conversion rate to obtain high-

quality PCE products.
2.4 Characterization of low-carbon binders

Nowadays, low-carbon binders have become increasingly prevalent in the construction
industry. This part characterized LCC binder and three types of composite cement
(CEM II/A-LL 32.5R; CEMIII/A 42.5 N and CEM III/B 42.5 N). The interaction of VP
2020/15.2 PCE with LCC and OPC were determined by initial spread flow, slump
retention, adsorption amount and zeta potential measurement. The particle size
distribution, surface charges, pH values and fluidity of three types of composite cement

were measured and compared with OPC cement.

The objective of this section is to fully comprehend the distinction between low-carbon
binders and OPC cement. This will facilitate the advancement of PCE admixtures that

are suitable for low-carbon cement.
2.5 PCE superplasticizers for ‘slag + cement’ binder system

This part aims to investigate the dispersing and slump retention performances of PCE
polymers with different chemical compositions and PCE combinations in three ‘slag +
cement’ systems possessing different slag content (85 %, 70 % and 60 %), and to check
the potential retarding effect of these PCEs on the 1 d strength. Moreover, the fluidity
of “Full binder” at very low water-to-binder ratio was evaluated, and the interaction
between the microstructure of PCE superplasticizers and their performance was studied.
These findings are valuable for developing PCE suitable for low-carbon cement-based

materials, such as zwitterionic PCE and new structural PCE polymers.

2.6 Synthesis of novel structured PCE and their performance
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PCE superplasticizer with novel structure exhibit distinct performance in cementitious
materials. However, they are typically synthesized using controlled radical
polymerization (CRP) techniques, including nitroxide mediated polymerization (NMP),
atom transfer radical polymerization (ATRP) and reversible addition-fragmentation
chain transfer (RAFT) methods. These methods are very useful but not easy to apply in
the real industry. Therefore, this part investigates the potential of free radical methods

to produce novel structured PCE copolymers.

Block-structured PCE was obtained from the free-radical method by changing the
monomers’ feeding sequence. Their dispersing effectiveness was tested in CEM I and
low-carbon cement systems. The SEC, 'H NMR and FT-IR spectra confirmed the
distinct segment sequence between block and random PCE samples. It was found that
PCE samples with block structure have higher dosage effectiveness especially in low-
carbon cement system than random ones. This study confirms the possibility of
controlling the performance of PCE polymers by changing the feeding sequence of

monomers in free radical copolymerization.
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3. Theoretical background
3.1 Composite cement and green binders
3.1.1 Classification of supplementary cementitious materials (SCMs)

The sustainable development is currently the top priority for concrete industry. Among
all energy-saving and emission-reduction measures, supplementary cementitious
materials (SCMs) are considered good alternative materials and have been increasingly
used to replace the OPC, which can reduce carbon emission as well as improve the
durability of concrete [27-30]. The SCMs, such as ground granulated blast furnace slags
(GGBFS) from the iron industry and fly ash from electricity production, have been
widely employed as replacements in all types of concrete including lightweight

concrete and ultra-high-performance concrete [31-33].

However, the supply of high-quality SCM by-products is limited and depends on local
sources, as the availability of SCMs shown in Figure 3. In addition, a decline in
production of GGBFS and fly ash is expected due to future developments in steel and
electricity production. The main SCMs start shifting from slag and fly ash to limestone.
Nowadays, more and more natural pozzolans and industry by-products are utilized to

partly replace OPC clinker. Several SCM samples are introduced as follows [34-37]:
1. Natural pozzolans such as pumice, perlite, and vitric ash.
2. Calcined natural SCMs such as calcined metakaolin or kaolinite clay.

3. LC® materials which is a binder system including limestone, calcined clay and

clinker.

4. Other industry by-product materials.
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(b)

Fly ash = GGBFS = MNatural pozzolan = Silica fume = Calcined clay Fly ash ®mGGBFS = Calcined clay

Figure 3 Availability of different SCMs in million tons; (a) Global, (b)Indian [38-40]

It is worth to note, the physical properties of SCMs such as particle size distribution
and specific surface area and chemical properties including oxide composition, phase
composition and amorphous content, determine their hydration reactivity and water
demand, which further influence the fluidity of the binder systems [41]. Specifically,
the particle shape and size distribution of SCMs control their solid fraction and packing
density, which are closely related to the strength development; the chemical surface
properties drive PCE admixtures’ adsorption behavior and interparticle forces, which
affect the fluidity; both parts impact the hydration kinetics, the nucleation and growth
of hydration products. Therefore, some characterizations of raw SCMs materials or
binders are necessary before investigating their fluidity and interaction with PCE

superplasticizers.

3.1.2 Slag blended cement system

Slag is a by-product from iron industry, it consists of calcium, magnesium
aluminosilicates and has pozzolanic properties depending on quenching history. The
carbon emission of slag is 0.07 ton CO2/ ton, which is much lower than that from OPC

(1 ton CO2/ ton) [42].

GGBEFS has a finer particle compare to OPC, the use of pure slag mineral admixtures
could increase the fluidity of concrete and may reduce PCE dosages. Slag also has lower

water demand, and exhibits enhanced workability compared with OPC. In addition, the
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incorporation of these fine materials can optimize the particle size distribution and
packing density, thus ensuring greater cohesiveness of binder [43, 44]. The hydrate
product from slag , C-(A)-S-H gel, fills the pore and creates a denser microstructure

during the hydration process, contributing to an enhanced durability [45].

However, the large amount of amorphous phase in slag determines its hydraulic
properties. When dissolved in water, slag starts to hydrate at a very slow rate, therefore,
alkaline activators, such as sodium hydroxide and sodium silicate, are necessary for
slag-blended cement to promote the pozzolanic reactions [46]. Such activators
increased the energy consumption and carbon emission, the production of 1 ton sodium
hydroxide release 1.1 ton of COz. For this reason, some green activators, including
sodium carbonate, sodium sulphate, sodium aluminate, are used in alkaline activated
slag system [47, 48]. In addition, potassium hydroxide is also suitable for slag activation,
and it provides a faster setting time than sodium activator. The calcium activator, such
as Ca(OH)2, can improve the durability of slag system. This three activators’
effectiveness in strength development is in the order NaOH >KOH>Ca(OH)2, while in

durability performance is Ca(OH)2 > KOH > NaOH.

Previous publications have certificated that alkaline activated slag commits enhanced
mechanical and durability properties of concrete but causes high shrinkage and quick
setting problems [46, 49-51]. This characteristic makes it very suitable for use as
aggregate in road surface layers, and its fire resistance performance extends the

application in high-strength and refractory concrete.

The challenges related to the usage of alkaline-activated slag are exploring green
activators, innovating novel superplasticizers that can maintain workability over long
time, and keeping good compacity with a slag blended binder in the highly alkaline

environment.
3.1.3 Composite cement CEMII/IIT
The composite cement refers to cements produced by fine grinding of Portland clinker

and industry byproduct, such as GGBFS and fly ash, and certain types of volcanic
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material (natural pozzolanas) or limestone [9]. The CEM II or CEM III Portland
cements are categorized based on the clinker replacement amount, CEM II Portland
cement typically consists of up to 35% of SCM materials while the replacement of

clinker in CEM III is even higher.

With respect to the interaction between PCE admixture and composite cement. Previous
publications have consistently shown that slag blended cements present the lower
affinity of slag for PCEs [52, 53]. The CEM I11/B 42.5 N was reported to has the highest
slag proportion (70.9 wt. %) [54]. Similarly, the addition of fly ash to the CEM II/A-
LL will also favor the mortar fluidity but because of its smooth particles and reduced
packing density [55-57].

LCC (or LC? cement) cement refers to the limestone calcined clay blended cement,
which allows higher clinker replacement but excellent mechanical properties and better
durability [58]. The phase composition of LC? and OPC cement is illustrated in Figure
4. The LC? cement with industrial waste materials reduced up to 40 % of CO2 emissions
by cutting half of the clinker content. That increases resource efficiency and reduces

the utilization of scarce raw materials [59, 60].

Benchmark comparison

100% | —

@ Gypsum

75% - O Limestone
@ Calcined Clay

50% -

° O Clinker
25% -
0% I T 1

OPC LC3-65 LC3-50

Figure 4 Phase composition of LC? and OPC cements [61]
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3.2 The workability of concrete

3.2.1 Interaction between cementitious materials and superplasticizer

The cementitious materials trend to flocculate after contact with water due to the
reaction to form C-S-H gel. The correlation between viscosity of cement paste and its
solid content follow the ‘Krieger-Dougherty’ equation, which was later used in cement

paste as Equation 1 [62, 63].

}? ( @ ) _[rl']@m
t_[1=
e O Equation 1

Here, 1) is viscosity, nc is viscosity in continuous phase, ¢ is volume solids content. The

Om value for OPC paste is from 0.40 to 0.45, and the viscosity of OPC increases with

its solid content.

Adding PCE superplasticizers significantly reduces the viscosity at the same solid
fraction, favoring the fluidity. The influence of different admixtures on viscosity

reported by O. Burgos-Montes et al. is shown in Figure 5.
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Figure S The correlation between apparent viscosity and volume solid content of

CEM I 52.5 R cement (black: without admixture) [64]
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It is commonly accepted that PCE superplasticizer functions as a surfactant upon its
adsorption on the surface of cement particles through complexation with Ca?* ions. This
decreases the water demand required to achieve the same fluidity by lowering the
surface tension and preventing flocculation. Furthermore, the effectiveness of
dispersion continues to increase with higher PCE dosages. The adsorption process of
PCE is illustrate in Figure 6 [17]. The investigations by Winnefeld et al. and Zingg et
al. have established that the anionic charge density, side chains length, and molecular
weight of PCE samples significantly impact their adsorption rate [65, 66]. Additionally,
the particle charges and specific surface area of various supplementary cementitious
materials (SCMs) also have discernible effects on the adsorption behavior [67]. The
ternary diagram illustrating the composition of ordinary Portland cement (OPC) and

SCMs materials 1s depicted in Figure 7.

The OPC cement displays a slightly positive surface charge, which facilitates the
adsorption of anionic groups. SCMs with highly positive zeta potential, such as fly ash
and limestone, accelerate the adsorption of PCE. Consequently, the incorporation of
SCMs in blended cement leads to varying phases composition, particle sizes, and
surface charges, thereby influencing the interaction with PCE polymers, resulting in

diverse fresh and hardened properties [68].

polymer adsorbed
on ettringite

THE = early C-S-H
CACAF 7t and Portlandite

Figure 6 Adsorption of PCE polymer on cement particles [17]
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Figure 7 Ternary diagram of OPC and SCMs materials [69]

3.2.2 Conventional methods to achieve slump retention for concrete

The workability over time, also called the slump retention property, is an important
factor for the application of cementitious materials, especially for long-term

transportation or super-high-rise pumping.

Retarder is the first concept that allows cementitious materials to remain workability
for an extended time periods. There are several organic or inorganic retarders that have
be used in this field, including sodium gluconate, zinc oxide, sucrose or calcium sulfate
bearing material [70-73]. These retarders work by preventing hydrate formation

through hindering the nucleation or growth of C-S-H.

PCE superplasticizers with higher side chains density also can be designed for the
ready-mix concrete to maintain its workability [74]. The working mechanism is to
reduce the initial adsorption amount of PCE polymers into the cement particles because
of the steric hindrance from the higher side chains density; then more PCEs remaining
in the cement pore solution are responsible for further dispersion over time [75]. Later,

PCEs with hydrolyzing ester monomers, such as 2-hydroxyethyl acrylate (HEA),
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hydroxypropyl acrylate (HPA), and maleic anhydride (MAH), are designed as the
second generation of slump retaining PCEs based on a slow release mechanism [17,
76]. In detail, such ester functional groups hydrolyze slowly under the alkaline situation
of the cement pore solution, providing COO" groups continuously for further adsorption.
Then the effective working time of the cement is extended. Recently, one more simple
approach - delayed addition of PCE polymers - also achieved good slump retention in
cement [77]. Li et al. reported a novel PCE-LDH nanocomposite can extend the slump
retention of calcined clay blended cement through anion exchange reaction in pore

solution, which gradually releases PCE superplasticizers [78].

It is worth to note that the pH value of PCE polymers also affect their slump retention
performance, especially for the ester-based PCE superplasticizers. The operation of
neutralization might destroy the dispersion of PCE with functional groups, as the
alkaline treatment will release the COO~ group in advance. In addition, the
neutralization will also cause extra carbon emissions from the NaOH solution, which is
also undesirable. Previous publications from Chromy has reported the influence of pH
values on the dispersing effectiveness of the precast type superplasticizers [79]. It was
found that the acidic strongly anionic PCE polymers performed better, and in the
presence of strongly anionic neutralized PCEs, more nano-ettringite was formed in
cement paste than with the acidic counterpart, leading to a greater required dosage for

an equal dispersing performance.
3.2.3 Conventional foam control agent for concrete

The air voids control is another important topic related to the mechanical properties of
concrete and its freeze-thaw resistance. Nevertheless, PCEs polymers containing polar
carboxylic acid groups in the backbones and hydrophilic EO units in the side chains, is
conducive to stabilize the foam which generated during the mixing of the aggregates
[80, 81]. On the one hand, PCE polymers decrease the surface tension difference
between the upper and lower layers of liquid film caused by the Gibbs-Marangoni effect
[82]. On the other hand, when the water lamellar becomes thinner, PCE polymers get

closer to each other, the electrostatic repulsion from carboxylic acid groups prevents
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them from getting closer, and finally the foam becomes more stable. The entrained air
significantly increases the porosity of concrete, which is harmful to its early mechanical
properties and durability [83]. In this context, PCEs are highly requested to be

combined with the defoamers in industrial applications.

The traditional defoamer is hydrophobic solid particles, oils or their mixtures, which
can physically break the lamella of a foam bubble [84]. Later, amphiphilic molecules
such as alcohols, fatty acids, fatty esters, and polymers based on oxyethylene,
oxypropylene or oxybutylene units are used as defoamers [85]. Moreover, polymers
with function groups, including Jeffamine derivatives (polyether amines) possessing
amine groups and mixed PEO/PPO backbones, polyether modified silicone, n- or iso-
tributylphosphate defoamers are also widely applied as highly effective foam control
agents [86-90]. These defoaming polymers are low surface tension fluids, which break
foam at a molecular level through adsorbing at the liquid-gas interface, replacing the
foam-stabilizing surfactants until the bubble bursts. Considering the defoaming
mechanism, three possible mechanisms including “bridging-stretching”, “bridging-

dewetting” and “spreading-fluid entrainment”, have been identified that provide the

destabilizing function of bubbles in cement [91-93].

However, there are still some problems need to be solved when utilizing the PCEs-
defoamer combinations. First, as most defoamers are hydrophobic, the phase separation
between PCEs and defoamers is a critical problem during storage, transport and
application, and the insoluble defoamers can further cause unpredictable air voids over
time, which greatly decrease the effectiveness of PCEs and defoamers. The intermittent
mechanical mixing for defoamer and PCE admixtures can overcome the phase
separation problem, but the cost of equipment and maintenance should take into
consideration [94]. Shendy et al. invented a combination of a water-insoluble defoamer,
a dispersant and an amine solubilizing agent, that significantly stabilizes the defoamer
with the superplasticizers via a pre-mixing procedure [95]. Some chemical methods,
including grafting or emulsification of the defoamer onto the superplasticizer molecule,

can also provide the long terms storage stability for these PCE based defoamers, but the

-17 -



Theoretical background

chemical reactions are normally conducted under relatively higher temperature [96].

Second, adding defoamer in cement paste or mortar usually reduces the fluidity. One
reason 1is the decreasing lubrication of the air bubbles. The other reason is the lower
surface tension properties, as the size of bubbles decreases in the lower surface tension,
more water is distributed on the surface of the pores. As a result, the amount of free
water decreases, leading to lower initial fluidity [7]. Ma et al. investigated some block
phenyloxy polyether surfactants with different PO units, the results showed that the PO
position and ratios had a remarkable effect on the foam properties, which makes it
possible to apply this kind of surfactant as air voids regulator of concrete [38]. However,
few researchers consider the effect of chemical structure, such as
hydrophilic/hydrophobic properties resulting from different PEO/PPO ratios in the side
chains of defoamer, on the defoaming and dispersing performance. Moreover, due to
the wide variety of PCEs, it is difficult to find one kind of defoamer that has good

compatibility with all of them.

3.3 Polycarboxylate superplasticizers

3.3.1 Chemical composition and working mechanism of polycarboxylate

superplasticizer

Generally, PCE superplasticizers exhibit comb-shaped chemical structures, which
consisting carboxylic groups in the backbone and polyethylene oxide (PEO) side chains.
Previous studies have reached consensus that the carboxylic groups act as anchors to
adsorb on the surfaces of cement particles, and PEO side chains produce steric
hindrance to prevent cement particles flocculating [97, 98]. The improvement of PCE
structure for optimal performance can be achieved from several aspects: 1) adjust the
acid to ether ratios and molecular weight, 2) explore new macromonomers, 3) graft

novel functional groups, and 4) change the whole molecular structure of PCE polymers.
1) Acid to ether ratios and molecular weight

The dispersing effect of conventional PCE copolymers originates from the steric

repulsion of their side chains besides the electrostatic repulsion from anionic backbone
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[99, 100]. The chemical architecture parameters, such as side chains density, side chains
length and molecular weight, affect their specific anionic charge amounts, resulting in

distinct adsorption behavior and working mechanisms [65, 66, 101].

It is found in OPC cement, the fluidity of cement paste or mortar is well correlated with
the adsorption amount of PCE, which relies on three factors: the cement pore solution,
the polymer admixture and their solid interface [24]. Form the polymer aspect, PCE
polymers with higher acid-to-ether ratios and shorter side chains length present superior
dispersing ability because of their excellent adsorption capability stemming from
stronger anionic. While PCE admixtures with higher side chains density and longer side
chains length are characterized as slump retaining polymers for ready mix type concrete

due to its slowly adsorbing rate.

The molecular weight is another unignored factor for PCE, the optimal range of M
used in OPC cement is 20000 - 50000 Da, in which range PCE polymer can forcefully
disperse cementitious materials without causing undesired bridging effect between
cement particles. Research from R. Flatt confirmed that increasing M, of PCE also
changes its adsorption conformation [102]. Li et al. demonstrated that PCE exhibiting
higher anionic charge amount and higher molecular weight presents higher adsorption
on the low carbon alkali-activated slag binder. Lei et al. found that PCE polymer with
higher M, improves the fluidity of alkaline activated slag due to a “loop” adsorption
conformation [103].

2) Macromonomers

Besides adjusting the molecular architecture, the superplasticizer industry is also
sparing no effort to develop new macromonomers for PCE preparation to cater to the
needs of broadening market [104, 105]. MPEG-type PCE (w-methoxy polyethylene
glycol) is the first generation of PCE and it is still dominate the superplasticizer market
in Europe. Its chemical structure is displayed in Figure 8. Usually, this kind of PCE can
be obtained through esterification or polymerization with a relative long reaction time.
APEG (0-allyl-o-methoxy polyethylene glycol) macromonomer belongs to polyether

macromonomers. Its application is limited due to its complex synthesis method and
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inferior dispersing force. Additionally, the APEG macromonomer presents lower
reactivity, making it unable to copolymerize with all acid monomers. Despite these
limitations, the APEG-type PCE was reported to show a superior viscosity-reducing

property, deriving from its highest HLB value [106].

HPEG (methylallyl polyoxyethylene ether) and IPEG (isopentenyl polyoxyethylene
ether) types of PCE occupied Asia market because of their easy copolymerization
synthesis procedure and their excellent dispersing performance in concrete [107]. These
two types of comb-shaped polymers are highly effective in water reducing and retaining
fluidity at lower dosages. Since 2009, they have been the most popular high-range
superplasticizers in China. Later, the room temperature copolymerization of these PCE
polymer expanded their application areas, and they are suitable for high-performance
concrete, including high-strength and self-compacting concrete [108]. The only
difference of HPEG and IPEG type PCE polymers come from the -CHz- group as
illustrated in Figure 8, which may affect their adsorption speed. For this reason, HPEG-
type PCE is used for the preparation of precast-type PCE while IPEG-type PCE is
designed for ready-mix concrete. One drawback of these two PCE is their excessive
retardation effect from carboxyl groups, hindering the early strength development of

concrete.

The VPEG-type PCE, which also known as MVA (consist of maleic anhydride, vinyl
ether and acrylic acid monomers) was invented in 1996 [109]. Lei reported one vinyl
ether-based polycarboxylate superplasticizer for concrete possessing clay tolerance
[110]. EPEG and GPEG macromonomers contain vinyl oxy ether become popular in
China because of their high reactivity during copolymerization at the chain growth stage
[111-113]. Their copolymerization reactions require low-temperature control, and their
reactions with AA monomer can be finished within one hour. Their chemical structures

are displayed in Figure 8.
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Figure 8 Chemical structure of APEG, MPEG, HPEG, IPEG VPEG, EPEG and

GPEG macromoonomers

3) Modification with functional groups

The modification of PCE superplasticizer focuses on changing the anionic monomer in
the backbone, which in turns affecting anionic charge density and rigidity of the PCE
polymer chain. According to the dispersion mechanism, the calcium binding ability of

different anchoring groups leads to varied PCE coverage on cement particles, thereby
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influencing their adsorption capacity and ultimately contributing to disparate dispersing
properties. There are varies modifications of superplasticizers via partially substitute
the carboxylate group with sulfonate, phosphonate, phosphate, silane, amide or
quaternary ammonium groups [114-117]. Stecher et al. reported one series of phosphate
modified MPEG-type PCE samples cause less retarding effect and display comparable
robustness against sulfate and clay impurities [19]. Geert De Schutter published one
research related to a TEMPO-based extension of PCE, this PCE enables a redox-
controlled adsorption on the cement particles, allowing for the adjustment of
rheological properties accordingly. This provides another route to adjust the rheology
of fresh concrete in the post-mixing stage, which is very useful in the pumping and 3D
printing concrete [118]. Lu et al. synthesized one silylated PCE via free radical
copolymerization, which demonstrates better adsorption ability for the enhanced

dispersing, sulfate resistance ability and minimized the retardation effect [119].

The introduction of maleic anhydride (MAH) monomer into PCE polymer composition
effectively rise the -COO™ groups density on the backbone, as each MAH monomer
can provide twice as many —COQO~ groups as AA monomer. In addition, the adjacent
carboxyl groups in MAH exist in different configuration representing stronger calcium
binding capacity, that improves the adsorption rate and capacity of PCE samples [120,
121]. It was reported that PCE superplasticizer synthesized from MAH monomer
exhibited good water solubility and higher hydrophilicity, this polymer also present
higher sulfate robust due to a denser adsorption layer on the cement particles [122].
However, both MAH monomer and macromonomers exhibit relatively low reaction
activity, it is hard for them to copolymerize and produce PCE copolymer with higher
conversion rate. Some ternary copolymerization systems including highly active
monomers such as MAA, HEA, AMPS are applied to improve the conversion rate of
MAH based PCE copolymers [123, 124]. The introduction of amide functional group
into PCE can change the air-entraining ability of PCE polymer. The air voids control is
also an important topic for concrete, varies air voids in mortar alter its rtheology at the

fresh state and mechanical strength at the harden state [125-127]. The publication from
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Liu et al. demonstrated that the concrete admixed with amide modified PCE exhibits
better frost resistance [128]. The PCE superplasticizers with functional groups have
been a hot research topic because they offer additional advantages such as the stickiness
reduction, high sulfate tolerance, improved clay tolerance and robustness to different
kinds of cement. The chemical structure of several small monomers utilized in this field

is illustrated in Figure 9.
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Figure 9 Chemical structure of HEA, HPA, HEMA, HPMA, AA, MAA, MAH and

AMPS small monomers

Recently, there has been a growing interest in developing zwitterionic (also called
amphoteric) and cationic PCE copolymers. The introduction of positive and negative
charged group on their backbones also affects their adsorption capacity. It can be date
back to 2006, Hsu et al. reported a linear copolymer containing both anionic and
cationic functional groups on the backbone. Such polymer present as a good concrete
admixture because it requires less dosage to achieve good fluidity and provides better

fluidity retention compared with naphthalene sulfonate formaldehyde (BNS)
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superplasticizer [129]. Later, Schmid et al. confirmed the effectiveness of zwitterionic
polymers in dispersing calcined clay blended cement. [130, 131]. However, the
considerable expense associated with functional or cationic monomers limited the
application of such PCE products. Nowadays, the transition of cement industry to low-

carbon green binders provides modified PCEs a potential market in the future.
4) Completely novel structured PCE superplasticizers

Innovations and breakthroughs in developing a completely new topological structure of
PCEs are significantly sought after to meet the demand for low-carbon binders. The
novel structured PCE superplasticizers, encompass block, gradient, or hyperbranched
structures have been undertaken with the aim of boosting PCE performance [21, 74,
132]. A Y-shaped superplasticizer was synthesized by Zhou et al, this PCE exhibit better
dispersing effectiveness than comb shaped PCE because its special adsorption
conformation on the C-S-H hydration product [133]. The research from Liu et al.
established that star-shaped PCE owns stronger calcium binding capacity and adsorbs
more compact on cement surface than random PCE, resulting in lower yield stress and

plastic viscosity of the cement paste [132].

Among the various novel structured PCEs, gradient PCE is currently attracting
considerable attention due to its significant advantages for low-carbon cement. In detail,
this type of PCE features a gradient distribution of anionic monomers along its
backbones. The substantial anionic blocks located at one end of the polymer chains
possess the strongly adsorb capability onto cement particles, altering both the
adsorption amounts and conformation. Excellent sulfate resistance is another character
of this type of polymers, it indicates stronger competitive adsorption capacity compared
to SO4>~ anions. As a result, gradient PCE contributes to a bigger fluidity of concrete

and exhibits better compatibility with different types of cements [134].

The challenge related to such novel structured PCE superplasticizers is their synthesis
approaches. Usually, living radical copolymerization (ATRP, RAFT and NMP) is

involved to obtain a copolymer with specific sequence distribution, which is
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unfortunately not so easy to realize industry production.
3.3.2 Copolymerization methods of polycarboxylate superplasticizer

PCE synthesis is conducted by copolymerizing unsaturated double bonds or distinct
functional groups from macromonomers and small acid monomers, respectively. As
discussed in section 3.3.1, there are varies chemical macromonomers and small
monomers, and the work on developing new monomers is still ongoing. The detail
related to the synthesis of macromonomers and small monomers will not be discussed
in this study. The PCE superplasticizers are synthesized with macromonomer products
and acid monomers via grafting, free radical or living copolymerization. The synthesis

progress of these methods is introduced as follows:
1) Graft Polymerization

Graft Polymerization of PCE polymer is a process that involves bonding side chains
and main chain through esterification at elevated temperature. Take MPEG type PCE
as an example [135-137]: to start the reaction, a mixture of PMAA, chain transfer agent,
and initiator is added dropwise into the MPEG solution. The reaction temperature is
usually raised to 120-180°C under N2 protection, the water is continuously removed to
prevent side effects. Copolymers obtained from graft copolymerization have a
controlled molecular weight and acid-ether ratio. The drawbacks of this method is that
limited monomers can be selected to conduct esterification, and it is also challenging to

control the grafting rate due to its reversible equilibrium reaction.
2) Free radical copolymerization

The wvast majority of PCE polymers today are synthesized via free radical
copolymerization with unsaturated monomers such as carboxylic acid and alkane
macromonomers (HPEG, IPEG, EPEG and GPEG). Free radical copolymerization
includes three steps: a slow chain initiation, a rapid chain growth and a fast chain

termination [138].

In the chain initiation step, free radicals formed during the decomposition of initiator
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and react with monomers to form the monomer radical during very short time periods.
The initiation rate and degree depend on the initiator types and decomposition method.
Then it comes to the chain growth step, also known as propagation, this step usually
completed in few hours depending on the monomers’ reactivities. In this period, the
monomer radicals (Mi1® and M2") react with monomers (M1 and M2) to form the
copolymer chains. The detail chain growth kinetics is illustrated in Figure 10 [139].
The ki1 value is the reaction rate of M radical with M1 monomer; The ki2 value is the
reaction rate of M1 radical with M2 monomer; The k22 value is the reaction rate of M2
radical with M2 monomer; The k21 value is the reaction rate of M2 radical with M
monomer. Last is the chain termination step, the polymer chain can stop growing either
by the reaction of two radicals to form a stabilized polymer or by transferring a radical

to another polymer chain.

In the production process of PCE, the low-reactivity macromonomer is initially
dissolved, followed by the gradual addition of AA and initiator APS. This method
ensures an optimal chain growth rate and high conversion rate (see Figure 10). Free
radical copolymerization can be realized at elevated or room temperature depending on
the different initiator systems. Room temperature synthesis using redox initiator system,
the PCE synthesized at room temperature has similar conversion rate and performance
but wider molecular weight distribution compared to PCE obtained at elevated

temperature.
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Figure 10 Illustration of free radical copolymerization kinetics [139]

3) Living free radical copolymerization

Living free radical copolymerization is an effective method to prepare PCE polymers
with narrow PDI and specific segment sequence [140]. The reversible addition-
fragmentation chain transfer polymerization (RAFT), nitroxide-mediated
polymerization (NMP), and atom transfer radical polymerization (ATRP) are
commonly used methods [24-26]. Several transition metal complexes with central metal
such as Cu, Fe, Ni are used as catalysts are applied to realize the controlled radical
copolymerization. It is worth to note that these kinds of catalysts are used in large

amounts and some of them have negative impact on environment [141, 142].
3.3.3 Carbon emission of polycarboxylate superplasticizers

The carbon emission research in PCE superplasticizers filed focuses on examining
electricity consumption during production, assessing raw material emissions, and

evaluating the carbon emissions associated with different chemical structures of PCE
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polymers. Flower and Sanjayan reported that the CO:2 emission from electricity
consumption of superplasticizer is 5.2 (t CO2-¢/L) [143]. Liu et al. published the life
cycle assessment (LCA) of PCE superplasticizer, in their research, the solid PCE
presents less carbon emission than the liquid PCE [144]. Schiefer et al. found that
precast type PCE display higher carbon emission than ready-mix type PCE; MPEG-
type PCEs reveal the higher footprint than HPEG and IPEG PCE samples [145, 146].
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4. Experimental materials and methods
4.1 Materials
4.1.1 Cementitious materials

Three ordinary Portland cement samples (CEM I) were used in this study, For Section
5.2 and Section 5.5, the cement is provided by Ecocem company named ‘Ecocem’.
Another two CEM 142.5 R cement samples (‘CEM-1" used in Section 5.1 and Section
5.3; ‘CEM-2’ used in Section 5.4.3 and Section 5.6) are obtained from Schwenk
cement company. Their density and a dso value in Table 1 was determined by helium
pycnometry and laser granulometry, respectively. The phases composition, which was
determined by Q-XRD including Rietveld refinement, is also shown in Table 1. These
measurements were conducted at the Construction Chemistry Group at the Technical

University of Munich.

Table 1 Phase composition of the cement samples

wt. %

Phase

Ecocem CEM-1 CEM-2
Cs3S, monoclinic 58.6 54.5 59.6
C2S, monoclinic 8.6 18.4 11.1
C4AF, orthorhombic 16.0 10.9 10.1
C3A, cubic 1.9 5.2 49
CsA, orthorhombic 34 0.9 2.1
Anhydrite (CaSOs) 6.2 0.9 2.6
Dihydrate (CaSOas* 2H20) 1.2 3.6 3.1
Hemihydrate (CaSO4¢ 0.5H20) 0 0.3 0.1
Calcite (CaCOs3) 2.3 3.0 2.3
Dolomite (CaMg(COs3)2) 0 1.1 1.0
Arcanite (K2SO4) 0 0 0.2
Quartz (Si02) 0.9 0.9 0.4
Free lime (Franke) 0.7 0.1 0.7
Portlandite (Ca(OH)z2) 0 0 0.8
Periclase (MgO) 0 0 0.5
Total 99.8 99.8 99.5
dso (Lm) 10.65 18.13 20.25
density (g/cm?) 3.15 3.13 3.15
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LCC cement (Limestone calcined clay blended cement) used in this thesis within the
DFG SPP 2005 program consists of 70 % LC compound and 30 % calcined clay. The
CEM I, 42.5 R sample used in Section 5.4.1 and Section 5.4.2 has been reported in the
publication [147].

Three composite cements (CEMIII/A, 42.5 N and CEMIII/B, 42.5 N from Heidelberg;
CEMII/A-LL, 32.5 R from Schwenk Cement) were chosen for the low-carbon cement
characterization. The physical composition and chemical properties of these cements

are characterized at the Technical University of Munich thoroughly outlined in Section

5.4.3.
Slag

The GGBFS sample and its oxide composition in Table 2 were provided by Ecocem

company (from the plant of Fos sur mer, France).

Table 2 Oxide composition (wt %) of granulated blast furnace slag used in this study

CaO SiO2 ALOs MgO FeO TiO2 MnO NaxO SOs  Total

434 37.1 10.8 6.7 0.6 0.5 0.3 0.5 0.1 100

4.1.2 Chemicals

Acrylic acid (AA), methacrylic acid (MAA), maleic anhydride (MAH), 2-hydroxyethyl
acrylate (HEA), ammonium persulphate (APS) and ascorbic acid (VC) were all
purchased from Sigma-Aldrich Chemie GmbH, Steinheim, Germany. 2-acrylamido-2-
methylpropane sulfonic acid (AMPS) was obtained from Merck-Schuchardt Company
(Darmstadt, Germany). DADMAC from SNF FLOERGER®company, and the solid
content is 65 %. HPEG macromonomer (EO7, EO10, EO23), HPEG precast and
HPEG ready mix commercial PCE products obtained from Jilin Zhongxin Chemical

Group Co. (China).
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HPEG 2400/4000 was provided by Marla Chemicals Company, Istanbul, Turkey. A
PCE superplasticizer VP 2020/15.2 provided by MBCC group (Mannheim / Germany).

4.2 Experimental method

4.2.1 Size Exclusion Chromatography (SEC)

The molecular weight (M., M»), polydispersity index (PDI) of PCE copolymers, and
conversion rate of macromonomers, were determined via Size Exclusion
Chromatography (SEC) measurement via a Water 2695 Separation module and three
Ultra hydro Gel™ columns (125, 250, 500). The fluid phase is 0.1 N NaNO3 solution

at a speed of 1.0 ml/min.
4.2.2 FT-IR spectra

The FT-IR spectra were utilized for the chemical structure analysis especially for PCE
polymers containing functional groups, this measurement was conducted in the
transmittance mode with 64 scans at 25 °C with a VERTEX 70 Frourier transform
infrared spectrometer (Bruker INVENIO, Germany), and the wavenumber ranged from

4000 cm™' to 400 cm™'.
4.2.3 'TH NMR

The '"H NMR measurement was employed to distinguish different proton ions within
various chemical environments. Prior to measurement, the PCE sample was dried in
oven at 50 °C, then 30 mg powdered sample was dissolved in D20 (0.4 ml). An
AVANCE-III 400MHz NMR instrument was used for the measurement with 16 scans.

4.2.4 Specific anionic charge amount

The specific anionic charge of PCE polymer is an important parameter related to its

dispersing effectiveness. Here, 0.1 g/L. PCE superplasticizer solution was prepared in

DI water and 0.01M aqueous NaOH solution (pH = 12), respectively. Then the PCE

solution was titrated against a polydiallyl dimethyl ammonium chloride

(polyDADMAC) fluid until charge neutralization was reached, this titration was

conducted by a pH particle charge detector (PCD 03, Herrsching, Germany). The
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negative charge amount per gram of polymer (= the specific anionic charge amount)

was calculated based on the consumption of poly DADMAC compound [148].
4.2.5 Phase separation of ion-pair system

The phase separation of defoamers was detected in a climate chamber at 0, 22 and 50 °C,
respectively. The phase separation between the Jeffamine defoamers and the HPEG

type PCEs was checked after 5 days of aging.
4.2.6 Defoaming performance and foaming behavior

The defoaming performance of defoamers (graft copolymers and ion pair complexes),
including defoaming activity and defoaming durability, were tested in an aqueous

solution with a concentration of 10 g/L.

The activity and durability of fast antifoams (less than 1 min) were tested through a
shake method with a wobbler (Vortex Mixer, VWR International GmbH,
Darmstadt/Germany). First, 100 ml PCE or ion-pair solutions were added to a 250 ml
glass bottle. Each shake cycle has 10 s agitation and then 60 s rest. Record the time
until the water-gas interface is clean without any bubbles. The average time of the first
three tests represents the defoaming activity, the cycles, in which the defoaming time
exceeds 60 s, considered the defoaming durability. [149]. The foam stability can be
characterized by the foam height as a function of time. 10 ml of defoamer solutions
were placed in a 15 ml glass tube, and then shaken for 2 min in the wobbler, the foam

height was recorded over 180 s.
4.2.7 Defoaming performance in mortar

The defoaming performance of PCE polymers in fresh mortar was tested in line with
DIN EN 12350-7: 2009-08 [150]. The fresh mortar consisting of 450 g cement and
1350 g normal sand was mixed in a Toni-MIX agitator according to the DIN EN 196-
1 standard [151]. The mortar was placed and compacted in the container of the air void
tester instrument for 2 minutes, and then air pressure was applied to measure the amount

of air voids.
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4.2.8 Dispersing effectiveness in paste

The fluidity of cement paste was measured using the ‘mini-slump’ test as per DIN 1015-
3 [152]. Here, the water-to-cement ratio was determined to achieve an 18 + 0.5 cm
spread flow. The PCE dosages were selected to attain a 26 = 0.5 cm spread flow. The
test was conducted as follows: firstly, the PCE polymer was dissolved in DI water in
the container, 300 g of cement were added in to the solution and stirred with a spoon
for 1 min. After 1 of min rest, the mixing was continued for 2 min. Then the cement
paste was poured into a Vicat cone (40 mm, 70 mm, 80mm) on a glass. The spread flow

was measured twice at 90° angles after lifting the cone vertically.
4.2.9 Dispersing effectiveness in mortar

The dispersing effectiveness of pure HPEG type PCEs and PCE-Jeffamine ion-pair
systems was measured by a mortar spread flow test at a w/c ratio of 0.4 with the same
dosage in line with the DIN EN 196-1 standard [22], and the dosages were determined
by pure PCEs achieving a spread flow of 20 £ 5 cm. In this experiment, the specific
amount of PCEs was pre-dissolved in 180 g DI water in a steel cup, placed the cup into
the mortar mixer machine (ToniMIX, Toni Technik, Berlin, Germany), and start the
automatic program: mixing cement and PCEs solution at low speed (140 rpm) for 30 s,
add sand at the same speed for another 30 s, then 90 s pause, continue mixing at high
speed (285 rpm) for 60 s. The resulting mortar was fed into a slump cone (60 mm height,
70 mm top diameter, 100 mm bottom diameter), and vibrated 15 times on a shock table.
The final mortar was measured twice, which is perpendicular to the first one, taking the

average as the spread flow value.
4.2.10 Surface tension test

A Force Tensiometer K100 instrument (Kriiss GmbH, Hamburg/Germany) was used
for the surface tension test of PCE and defoamer solutions. The interfacial tension (IFT)
was measured using the plate method as per Wilhelmy [153]. This involved measuring
the force as a plate immersed vertically in a liquid was lifted out, and the result was

determined as the average value of three repeated measurements.
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4.2.11 HLB value of the polymers

The hydrophilic-lipophilic balance (HLB) value is useful to reveal the hydrophobic/
hydrophilic property of PCE polymers. This value was computed through Griffin’s

method, and it is applicable to the surfactant polymer [154]:
HLB =20 * Mv/M

Whereby M is the molecular weight of the hydrophilic portion of the molecule; and M

is the molecular weight of the entire molecular.
4.2.12 Compressive strength test in mortar

The mechanical properties of standard mortar without and mixed with PCE admixture
were tested via a Toni Technik (Berlin, Germany) instrument in line with the standard
[86]. The mortar sample was fed in a 40 x 40 x 160 mm mold. All mortar samples were
extracted from the mold after 1 day. The compressive strength was measured following
a designated curing period. For measurements at 3 d, 7 d, and 28 d, the samples were
removed from the mold and placed in water at 20 £ 1 °C for the remaining curing
duration. The compressive strength values were each tested three times as each mold

holds three samples.
4.2.13 Isothermal heat-flow calorimetry

Isothermal calorimetry was used to capture the potential influence of PCE compounds
on the hydration process of cement. Here, 4 g cement and the specific amount of pre-
dissolved PCE solution were added into a 10 ml glass ampoule separately. Before the
measurement with an isothermal conduction calorimeter (TAMair, Thermometric,
Jarfalla, Sweden), the mixture was shaken for 120 s in a wobbler and then immediately

put into the calorimeter instrument.
4.2.14 X-ray Diffraction analysis

The formation of hydrate phases was analyzed via XRD at different hydration times

and isopropanol was employed to terminate the hydration of cement pastes. After the
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termination, the pastes were shaken in a wobbler for 2 min, and centrifuged at 8500
rpm for 10 min. The powder samples for the XRD test were obtained through freeze-
drying (24 h) and grinding method. A D8 advance, Bruker AXS instrument (Bruker,
Karlsruhe/Germany) with wave length of 1.54 A was used for the test at a range of 5 ©
to 70 °, with a 0.01 s/step. The total measuring time was ~ 80 min. The phase
identification was obtained via the DiffracEva software (BRUKER) [155], and the
quantified phase composition of the cement was determined using Rietveld refinement

in the TOPAS software, with 10 wt.% Al2O3 as standard [156, 157].
4.2.15 Adsorption measurement

The total organic carbon (TOC) measurement was applied to detect the adsorption
amount of PCEs in different cement systems. First, a supernatant sample was obtained
from a cement paste with a water-to-cement ratio of 0.5 (16 g of cement, 8.0 g water
and pre-mixed PCE) after 10 min centrifugation at 2400 rpm. Then the supernatant was
filtered through a 0.2 pm syringe filter, and 10 drops of 0.1 M HCl solution were added

to remove inorganic carbonates and to prevent carbonation.

All the samples were measured by a LiquiTOC-II analyzer (Elementar Analysen
systeme GmbH, Hanau, Germany). The TOC content was calculated from the
difference between the reference PCE solution and the supernatant containing the same

concentration of PCEs.

4.2.16 Zeta potential and pH values of cement paste

The DT 1200 Electroacoustic Spectrometer (Dispersion Technology, Inc) was used for
Zeta potential measurement. The calibration and ions background were conducted
before measurement. The cement paste sample with a water-to-cement ratio of 0.5 was

prepared according to the DIN EN 1015 standard [158].

For zeta potential measurement, the cement paste was poured into a glass container,
then the zeta potential electrode, the titrator, the temperature probe and the pH meter

were inserted into the paste and the mixture was stirred continuously at 200 rpm at room
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temperature while the zeta potential measurement was taking. The pH values of cement
paste were recorded at the same time.

4.2.17 V-funnel empty times

First, a standard mortar was prepared from 450 g ‘Full binder’, 1,350 g of norm sand
and 139.5 g of water (including the water content of the PCE solution). Thereafter the
mortar rested for 5 min, the V-funnel empty time test was conducted. The V-funnel
empty time experiment was performed in line with the standard DIN EN 12350-9 [159].
The V-funnel, which was wiped with a wet towel to ensure a slightly moistened surface,
was then filled with mortar. After removing the bottom plug, the time taken for the

mortar to complete emptying was measured.
4.2.17 Flow line test

The flow line tests were conducted according to DIN EN 13995-2 [160]. First, standard
‘Full binder’ mortars were prepared and rested for 5 min. The mortar was then stirred
for 5 s at 285 rpm and poured into the flow line cup. After that, the sliding plug was
opened, and the flow behavior was evaluated using the D30 value (which indicates the
distance the mortar traveled after 30 seconds) and the final maximum spread in the flow

line.
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5. Results and discussion
5.1 Synthesis and characterization of a non-air entraining PCE

The results in Section 5.1 related to a non-air entraining PCE, which was published in
2022 by Lei Lei and Lin Zhang in the publication “synthesis and performance of a non-
air entraining polycarboxylate superplasticizer” of “Cement and Concrete Research”

journal.

5.1.1 Synthesis of conventional graft polymer G45PC3 and G45PCS5 and non-
air entraining PCE G45PCS-g-Jeffamine

5.1.1.1 Synthesis of conventional graft polymer G45PC3 and G45PCS

In this part, the abbreviations G45PCx (x = 3 and 5) were used to denote the grafting
copolymerized PCE polymer, with x representing the ratio of MAA to side chains and
indicating the side chain density. Taking G45PCS5 as an example, the synthesis process

1s outlined as follows:

Firstly, G45PC5 polymer was synthesized via grafting copolymerization as detailed in
the publication [135]. Here, MPEG (M 2000) 21.2 g, 13.95 g of PMAA (39.2 wt.%, Mw
= 4700 g/mol) and 20 mL of DI water were weighed into a Schlenk flask. This solution
was heated to 85 °C while stirring at 200 rpm for 1 hour. Then a vacuum (1.0 x 10~
mbar) was applied to remove by-product water, this can increase the conversion rate of
this reversible reaction. The temperature was further increased to 150 °C to start the
grafting reaction and kept at 150 °C for 5 hours. Thereafter, the grated product was
cooled to 80 °C, water was added to achieve a solid content around 30 wt.%, and the
PCE solution was neutralized to pH =~ 7 using 30 % NaOH solution. For the synthesis
of G45PC5-g-Jeffamine with G45PCS, the dilution and pH adjustment are not required.
The graft polymer G45PC3 was also prepared following a similar scheme (see Figure
11) with the feeding molar ratio between MAA to MPEG of 4:1 (MPEG: 21.2 g, PMMA:
9.3 g), because this reaction consumed one molar of MAA unit in PMAA when graft

with one molar of MPEG to obtain the product.
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5.1.1.2 Synthesis of graft polymer G45PC5-g-Jeffamine

The non-air entraining PCE produced by grafting Jeffamine M 1000 onto G45PCS5 were
additionally marked as G45PC5-g-Jeffamine. Here, 2 g (0.002 mol) of Jeffamine
M1000 (Huntsman Germany) and 3.32 g of above synthesized G45PC5 (0.001 mol) are
weighed with approx. 20 mL of DI water in a 250 mL Schlenk flask and stirred at 80 °C
until a homogeneous solution has formed. The water is then removed by means of

vacuum (0.1 mbar) and collected in a liquid nitrogen cooled cold trap.

To start the esterification or condensation reaction, the reaction mixture was heated to
180 °C for 5 h. After completion of the reaction, the polymer is cooled, diluted with
water to a solids content of about 30%, and adjusted to a pH of ~ 7. The molar ratio
between the PCE and defoamer refers to the number of repeat units in the PCE
backbones, it means that for each repeat unit of the PCEs, two molecules of Jeffamine
M1000 was grafted. The detailed synthesis process of these graft polymers is displayed
in Figure 11. Furthermore, different Jeffamine polymers (Jeffamine M600, M1000 and
M2005) were used for copolymerization with G45PCS5 polymer at different feeding
molar ratios, following the same synthesis procedure as G45PC5-g-Jeffamine. The

feeding amounts of G45PC5 and Jeffamine polymers are listed in Table 3.

Table 3 The feeding amounts of G45PC5 and Jeffamine polymers

Feeding molar ratio G45PCS5 Jeffamine

Sample (COO": MPEG : Jeffamine) g g
G45PC5-g-Jeffamine M600 (1mol) 4:1:1 3.32 0.6
G45PC5-g-Jeffamine M600 (2mol) 3:1:2 3.32 1.2
G45PC5-g-Jeffamine M1000 (1mol) 4:1:1 3.32 1
G45PC5-g-Jeffamine M 1000 (2mol) 3:1:2 3.32 2
G45PC5-g-Jeffamine M 1000 (3.5mol) 1.5:1:3.5 3.32 3.5
G45PC5-g-Jeffamine M2005 (1mol) 4:1:1 3.32 2
G45PC5-g-Jeffamine M2005 (3.5mol) 1.5:1:3.5 3.32 7
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Figure 11 Synthesis process of the graft polymer G45PC5 and G45PC5-g-Jeffamine

5.1.2 Characterization of the synthesized graft PCE polymers
5.1.2.1 SEC Results

The solid content, molecular weights (M., Mw), polydispersity index (PDI) and
conversion rate of the polymer samples are listed in Table 4. The SEC spectra of grafted
PCE polymers (G45PC5 and G45PC5-g-Jeffamine) are shown in the Figure 12.
According to the results, all PCE samples exhibit low PDI values (1.6 - 2.0) and high

rates for macromonomer conversion (91.3 - 98.1%).

The molecular weight of G45PCS5 is 15290 g/mol (Mw) and 9373 g/mol (M) with 1.6
polydispersity index (PDI). The molecular weight of repeat units (AA-MPEG with 6:1
molar ratio) is around 2500 g/mol, so there are around 6 mol repeat units in 1 mol
G45PC5 polymers. After Jeffamine M1000 was grafted at the main chain, the polymer
G45PC5-g-Jeffamine has a molecular weight of 29280 g/mol (M) and 14410 g/mol

(M») with polydispersity index (PDI) 2.0. The molecular weight increased by 13990
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g/mol from G45PCS5 to G45PC5-g-Jeffamine. Considering the number of repeat units,
it can be calculated that around 2.3 mol Jeffamine M1000 molecular are grafted into 1
mol repeat units by reacting with the -COOH groups. It is slightly higher than the setting
molar ratio (Jeffamine: repeat unit = 2: 1) because the Jeffamine M1000 is pure, but

G45PC5 has a conversion rate of less than 100% in this grafting experiment.
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Figure 12 SEC spectra of G45PC3, G45PC5 and G45PC5-g-Jeffamine polymers
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Table 4 Solid content, molar masses, polydispersity index (PDI) of the synthesized

polymers, and the macromonomer conversion rate in the reaction

Sample Solid content M, My PDI Conversion rate
P [%] [g/mol] [g/mol]  [Mw/My] [%]
G45PC3 32.7 13,790 8771 18 913
G45PC5 32.1 15290 9373 16 92.7
G45PC5-g-Jeffamine 33.6 29280 14,410 2.0 98.1

5.1.2.2 '"H NMR spectra

The chemical structure of G45PC5 and G45PCS5-g-Jeffamine PCE samples was
confirmed via '"H NMR spectroscopy. As marked in Figure 13, the proton peaks at 0.9
- 1.2 ppm and 1.7 - 2.2 ppm belong to the -CH3 and —CH2 groups respectively in MAA
and MPEG repeat units, the strong and broad peaks around 3.6 ppm stem from protons
in the ethylene oxide repeating units. Two additional peaks appearing at 3.8 ppm and
4.0 — 4.4 ppm can be assigned to the protons in the —CH2 groups adjacent to the formed
ester group. All these characteristic peaks certificate the successful grafting of G45PC5

polymer.

In the spectrum of the G45PC5-g-Jeffamine polymer (see Figure 14), besides all
characteristic peaks appearing in the G45PC5 polymer, a proton peak from the amide
group (-CONH-) at 7.9 ppm is also observed, confirming the successful graft of

Jeffamine onto G45PC5 chemical structure.

Furthermore, the 'TH NMR spectrum also provides the actual chemical composition of
polymers based on the calculation of proton intensities at different chemical shifts. The
feeding and actual molar ratios are calculated and shown in Table 5. It can be found
that the actual molar ratio is nearly identical to the feeding molar ratio with respect to
G45PC3 (3.04:1 vs. 3:1) and G45PCS5 (5.06:1 vs. 5:1) polymers. The actual molar ratio
of G45PC5-g-Jeffemine is also close to the feeding ratio (3.11: 1: 1.76 vs. 3: 1: 2). The
reason behind this is the graft method typically produces a highly uniform statistical
comb polymer [20, 74].
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Table 5 Structural/ compositional analysis of the PCE polymers

Sample Feeding molar ratio ' Actual molar ratio ‘
(COO : MPEG : Jeffamine) (COO™ : MPEG : Jeffamine)
G45PC3 3:1:0 3.04:1: 0
G45PC5 5:1:0 5.06:1: 0
G45PC5-g-Jeffamine 3:1:2 3.11: 1: 1.76

5.1.2.3 FT-IR spectroscopy

Then, the characteristic peaks of specific groups in the grafting copolymers were tested
via the FTIR spectra and shown in Figure 15. In the G45PC5’s FTIR spectrum, the
broad bands between 1700 cm™and 1726 cm™! originates from the stretching vibration
of the C=0 bond of carboxyl groups in the backbone, and the band at ~ 1081 cm-1 is
caused by the stretching vibration of the C—O from ethylene oxide side chain. All these
characteristic bands confirm the successful synthesis of G45PCS5 polymer through the

graft method.

Furthermore, in the spectrum of G45PCE-g-Jeffamine, besides these characteristic
bands in G45PC5 polymer, new bands at 1668 cm™ and 1281 cm™! (stretching vibration
of C=0O bond and C-N bond from —CONH group) suggest that the amide structure (—
CONH) is successfully obtained in the G45PCE-g-Jeffamine polymer via esterification

reaction.
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Figure 15 The FT-IR spectra of G45PC5-g-Jeffamine, G45PC3 and G45PC5 PCEs

5.1.3 Phase separation of non-air entraining PCE

A compatibility test between defoamer and superplasticizer is necessary before its
application [161]. This is because most defoamers are hydrophobic and may separate
from the hydrophilic superplasticizers, this separation will compromise the defoaming

effectiveness.

In this experiment, the phase separation of the synthesized G45PC5-g-Jeffamine
polymer was tested using three tubes, each with a length of 20 cm and an inner diameter
of 3 cm. The tubes were placed in a climate chamber at temperatures of 0, 22, and 50 °C,
respectively. The results in Table 6 demonstrate the phase separation of the G45PC5-
g-Jeffamine polymer after 5 days of aging. It was observed that there was no visual
separation at any of the three temperature conditions, indicating the excellent stability
of this non-air-entraining PCE. This suggests that this defoamer will not degrade during

long storage periods, maintaining its effectiveness over extended periods and indicating
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a long shelf-life.

Table 6 The phase separation of the G45PC5-g-Jeffamine defoamer

Sample G45PC5-g-Jeffamine
Temperature / °C 0 22 50
Phase separation no no no

5.1.4 Dispersing effectiveness of non-air entraining PCE

5.1.4.1 Tests in paste

The dispersing performance of G45PC3, G45PC5, and G45PCS5-g-Jeffamine

superplasticizers was initially evaluated in cement paste using a “mini-slump” test. The

water-to-cement ratio of 0.46 was determined by adjusting the flow value of the paste

without any PCE to 18 + 0.5 cm. The dosages of PCE samples required to achieve a 26

+ (0.5 cm cement paste flow are shown in Figure 16. The required dosages for the three

PCEs are at 0.08% bwoc, indicating that all three PCE samples have similarly strong

dispersing effectiveness in cement paste.
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Figure 16 Dosages required to obtain a 26 + 0.5 cm paste spread flow (w/c = 0.46)
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5.1.4.2 Tests in mortar

Next, the dispersing test of the superplasticizers was conducted in mortar with a water-
to-cement ratio of 0.4, which has a 10.5 cm initial spread flow. In this part, the dosage
of PCE samples was kept at 0.4% bwoc. It can be seen from Figure 17, the G45PC5-
g-Jeffamine polymer has the strongest dispersing ability as it can provide the biggest

spread flow (21.5 cm), followed by G45PC3 (20.3 cm), G45PC5 (19.0 cm).

As expected, the electrostatic repulsion and steric hindrance effect of superplasticizers
determine their dispersing effectiveness. Previous publications confirmed that the
electrostatic repulsion induced by repulsive forces between cement particles is so minor
that can be easily neglected [162, 163]. While the steric hindrance dispersion
mechanism stems from the non-adsorbing polyethylene glycol side chains have been

proven to present the dominant effect [99, 164-166].

In this study, G45PC3 with higher side chain density exhibits stronger dispersing power
than more anionic G45PCS5. Similarly, G45PC5-g-Jeffamine polymers in this study
with more side chains present better dispersion power than G45PCS5, resulting from a
stronger steric hindrance effect. The superior dispersing effectiveness of G45PC5-g-
Jeffamine than G45PC3 can be ascribed to the extra jeffemine side chains. The
comparison experiment of G45PC5 polymer and Jeffamine 1000 monomer mixture at
a 1: 1 molar ratio produced a 17.8 cm spread flow, confirming that G45PC5-g-Jeffamine

polymer benefits from its grafted Jeffamine side chains.
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Figure 17 Mortars spread flow without and admixed with PCE polymers

5.1.5 Foaming behavior of non-air entraining PCE

The foaming behavior of PCE polymers in aqueous solutions was first tested by shaking
for 2 minutes in a tube, and then recording the foam height at different times. As shown
in Figure 18, G45PC5 and G45PC3 polymers produced more foam than G45PC5-g-
Jeffamine in the solution after 2 minutes of shaking, indicating that the air-entraining
ability was inhibited by introducing hydrophobic Jeffamines into conventional G45PC5
PCE. Additionally, the G45PC5-g-Jeffamine polymer also effectively reduced the foam
stability as bubbles in this solution collapsed faster than those in G45PC5 and G45PC3

PCE solutions.
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Figure 18 Foam height of G45PC3, G45PC5 and G45PC5-g-Jeffamine PCEs

Secondly, the air-entraining ability of these PCE polymers was measured in mortar with
the exact PCE dosage (0.4 % bwoc) at a water-to-cement ratio of 0.4 (see Figure 19).
In the case of reference mortar without any admixture, 4.1% of air volume was observed,

this value is inconsistent with previous researches [167, 168].

The admixture of G45PC5 PCE introduced more air (14.0 %) than reference, and
similar results was observed for G45PC3 polymer (14.5 %), indicating strong air
entrainment ability of conventional MPEG-type PCE. Lange et al. also reported the
strong air entraining ability of conventional PCE polymers [168]. But there is no clear
explanation for the mechanism of how the PCE affect the air entrainment. Lazniewska-
Piekarczyk reported that PCE increased the air voids in concrete via reducing the
surface tension between the liquid and solid component [169]. Al Neshawy et.al think
that PCE superplasticizer can increase the air entrainment since they partly reduce the

adsorption of air entraining agent on the solid surface by competing with them [170].

However, after the Jeffamine molecular was grafted to this PCE polymer, G45PC5-g-

Jeffamine is effective in decreasing the air-content of fresh mortar (4.6%). To make sure
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whether the defoaming effect of G45PC5-g-Jeffamine is from unreacted Jeffamine, a
G45PC5 polymer and Jeffamine 1000 monomer mixture with a 1: 1 molar ratio was
applied in the air voids measurement, and 14 vol.% of air in the fresh mortar was
produced. Therefore, Jeffamine M1000 monomer did not reduced the air stability when

it was simply mixed with MPEG type PCE solution.

The molecular structure difference between G45PCS5 and G45PC5-g-Jeffamine, as
discussed in Section 5.1.2, is that G45PC5-g-Jeffamine polymer containing two kinds
of side chains with different hydrophilic/ hydrophobic properties, and the number of
side chains in G45PC5-g-Jeffamine polymer chain is more. So, it can be speculated that
the defoaming effectiveness of G45PC5-g-Jeffamine polymer is related to their side

chains.

14.5 14.0 14.0

Air voids in mortar / %
=
1

4.1

0 .
Reference G45PC3 G45PCS G45PC5-g-leffamine G45PC5+Jeffamine

Figure 19  Air voids of mortars without and admixed with PCE polymers at w/c

ratio of 0.4

Furthermore, the HLB values which is related to the surface tension of these polymers
was tested and listed in Table 7. The HLB value of DI water at 25 °C is 71.4 mN/m,

similar result was reported in the previous literature [171]. The addition of G45PCS5 and
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G45PC5-g-Jeffamine decreased the HLB value to 59.1 and 48.0 respectively, because
of the high surface activity of PCE polymers. This results is also in consistent with
previous study form Pott et al. [172]. One plausible explanation for the non-air

entraining properties of G45PC5-g-Jeffamine polymer could be its low HLB value.

Table 7 The surface tension of different aqueous solutions.

Sample Surface tension [mN/m]  HLB value
Water 71.4 -
G45PC5 59.1 18.5
G45PC5-g-Jeffamine 48.0 17.7

5.1.6 Compressive strength of mortars

The introduced Jeffamine side chains in G45PC5-g-Jeffamine decreased the air voids,
the void ratio of mortar further affect its microstructure and mechanical properties. The
compressive strength values of reference mortar and mortars admixed with G45PC5
and G45PC5-g-Jeffamine superplasticizers after 16 h, 3 d, 7 d and 28 d are shown in

Figure 20.

The compressive strength of all samples increased as expected with hydration time.
This is due to the hydration process, as longer curing time allows for more thorough
hydration, resulting in higher compressive strength. After the same hydration time (16
hours, 3 days, 7 days, and 28 days), both mortars admixed with G45PC5 and G45PCS5-
g-Jeffamine polymers consistently exhibited higher compressive strength compared to
reference mortars. This is because the MPEG type PCE can provide good fluidity to the
cement, and the graft polymers do not have a retarding effect on the cement, as will be
confirmed in the following hydration test. Furthermore, mortars admixed with
G45PC5-g-Jeffamine always exhibited the highest compressive strength after the same
hydration time. This is attributed to the defoaming properties, as higher porosity leads
to lower compressive strength, and the G45PC5-g-Jeffamine defoamer reduced the air

voids in fresh mortar, contributing to higher compressive strength compared to G45PCS.
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However, it has been widely reported that the superplasticizer has retarding effect on
the cement hydration, and the compressive strength were decreased with the addition
of PCE samples [76, 173]. This negative effect is closely related to the PCE adsorption,
which is determined by the chemical structure of PCE polymers. As mentioned in
Section 5.1.2.2, graft method produced more uniform statistical comb polymer than
free radical method. Those microstructural differences stemming from the synthesis

methods inevitably lead to a distinct interaction with cement materials [174].

Therefore, the compressive strength of mortars admixed with 45PC5 and HPEG PCE
polymers synthesized by free radical method were tested after 16 h, 3 d, 7 d and 28 d
aging. As shown in Figure 21, the cement hydration at all ages except that of 28 days

were delayed after the addition of these two PCE polymers.
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Figure 20 Compressive strengths of mortars without and admixed with G45PC5
and G45PC5-g- Jeffamine superplasticizers after different curing times

(w/c ratio = 0.4)
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Figure 21  Compressive strengths of mortars samples without and admixed with
45PC5 or HPEG PCE polymers after different curing times (w/c ratio =
0.4)

5.1.7 Isothermal heat-flow calorimetry test of cement paste

The heat flow represents the hydration rate, the first peak is mainly caused by rapid
dissolution of C3A, alkali- and calcium sulfates resulting in the precipitation of
ettringite. After this initial hydration period, the induction (or dormant) period follows
which is due to the hydration of alite (or C3S). Following the induction period, the main
hydration period is established. It also includes the acceleration and deceleration period.
This main hydration period is caused by the hydration of alite, but during the
acceleration period significant amounts of C-S-H phases are formed causing the setting

of the cement paste.

In accordance with the result from heat flow calorimetry (see Figure 22), no obvious
delay in the induction period was observed for G45PC5 and G45PCS5-g-Jeffamine
polymers, indicating no retarding effect on the cement hydration. The maximum heat

flow for G45PC5 and G45PC5-g-Jeffamine are similar, and both them are higher than
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that of the reference paste without PCE.

The total hydration heat in Figure 23 was increased when the cement paste was
admixed with G45PCS5 and G45PC5-g-Jeffamine polymers, which means this two PCE

polymers has accelerate effect on the hydration of the silicate phases.

KT .St
: Reference
= (G45PC5

g 2.5- — (G45PC5-g-Jeffamine|
=
3

R T R B R N llillllilei iiiittH>bz
=
)

=154 NN\
S
=
=
L

040l NN

05 S

T T T T 1

0 20 40 60 80 100
Time [h]

Figure 22  Heat flow calorimetry of reference cement paste and admixed with

0.08 % bwoc of PCE samples (w/c ratio = 0.46)
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Figure 23  Cumulative heat flow curves of reference cement paste and admixed

with 0.08 % bwoc of PCE polymers (w/c ratio = 0.46)

5.1.8 X-ray analysis of cement hydration

The hydration kinetics of Portland cement can be influenced by various factors, such as
hydration time, chemical admixtures, and temperature [175-177]. Complementary to
the calorimetric test, the formation of crystalline hydrate phases during cement
hydration was monitored for the first 30min, 60min, 4h, 8h, 16, 24h via XRD test.

Figure 24 present the intensity of hydrate phase at different time.

As shown in Figure 24, the reflections of main phase (A: Alite) decreased and the
hydration products such as portlandite (P) and ettringite increasingly formed with the
hydration ongoing. In the cement paste containing G45PC5-g-Jeffamine, portlandite
formation is significantly enhanced and ettringite formation is slightly increased
compared to the reference. Thus, this XRD results confirmed an enhanced silicate
reaction in paste admixed with G45PC5-g-Jeffamine polymer, which is responsible for

the compressive strength development.
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Figure 24  The XRD diffractogram of cement pastes admixed with or without PCE

polymers as a function of hydration time. (A: alite; P: portlandite)

QXRD measurement of cement hydration with 20 wt.% of aluminum oxide (Al203) as
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an internal standard was applied to track the specific mineral phase composition during
hydration process. The content of C3S and Portlandite, which were recorded in Table
8, indicate that the hydration was delayed within the first 8h as the residual C3S amount
in reference is the less compared to the sample admixed with G45PC5 or G45PC5-g-
Jeffamine polymers. Afterwards, rapid formation of CH was recorded for the sample
admixed with PCE polymers, which means G45PC5 and G45PC5-g-Jeffamine
polymers promoted the hydration and compressive strength development after 16 h. It
is worth noting that the presence of the Portlandite phase is rather undesirable and has
a negative impact on the mechanical properties of the clinker. On the other hand, the
addition of G45PCS5 and G45PC5-g-Jeffamine polymers led to accelerated hydration

and reduced air voids, which in turn promoted the development of compressive strength.

Table 8 QXRD analysis of mineral content calculated by TOPAS (20 % Al203).

Sample Mineral content 30 min 90 min 4h 8h  16h 24h
(wt. %)

Reference CsS 33.7 279 231 21.2 11.5 106
Portlandite 0.7 1.8 2.5 4.5 5.6 6.8
CsS 35.1 33.6  31.7 289 189 17.6

GASPES Portlandite 0.2 0.8 1.0 2.0 4.7 7.5

G45PC5-g- CsS 34.7 331 30.6 225 120 11.1

Jeffamine Portlandite 0.7 1.1 1.4 4.5 5.7 7.8

In addition, a series of grafting PCE polymers incorporating different Jeffamines were
synthesized, i.e. M600 (9/1 PO/EO), M2005 (29/6 PO/EO), as well as M1000 (3/19
PO/EO) respectively. Thereafter, the air-entraining property of the resulting PCE

polymers was tested in fresh mortar and summarized in Table 9.

As is shown in Table 8, compared to its PO-rich Jeffamine cousins (Jeffamine M600
and M2005), Jeffamine-M1000 exhibited the least air entrainment. The possible
explanation could be that Jeffamine M1000 chains with less hydrophobic PO units

exhibited better compatibility with the conventional MPEG pendant chains. Typically,
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the air bubbles were stabilized through the electrostatic repulsion induced by MPEG
side chains, these Jeffamine side chains could enter water lamella, the hydrophobic PO
segment cause a decrease of surface tension at specific points, as a result, the bubble
burst. An in-depth investigation is still needed here. It is also clear from the table above
that the substitution rate of Jeffamine has a great influence on the air entrainment of the
G45PC5-Jeffamine polymers. In this study, the optimized molecular structure of the
PCE polymer is COO-: MPEG: Jeffamine = 3: 1: 2. More experiments are required to

investigate the defoaming mechanism.

Table 9 Air voids in fresh mortar admixed with different G45PC5-g-Jeffamine

polymer samples

Sample Feeding molar ratio Air voids in
(COO : MPEG : Jeffamine) mortar [%]
Reference - 4.1
G45PC5-g-Jeffamine M600 (1mol) 4:1:1 20.0
G45PC5-g-Jeffamine M600 (2mol) 3:1:2 18.0
G45PC5-g-Jeffamine M 1000 (1mol) 4:1:1 8.5
G45PC5-g-Jeffamine M 1000 (2mol) 3:1:2 4.6
G45PC5-g-Jeffamine M 1000 (3.5mol) 1.5:1:3.5 7.5
G45PC5-g-Jeffamine M2005 (1mol) 4:1:1 15.0
G45PC5-g-Jeffamine M2005 (3.5mol) 1.5:1:3.5 14.0

5.1.9 Summary of Section 5.1

In this part, a non-air entraining PCE containing Jeffamine side chains was synthesized
through graft method. The chemical structure of this PCE polymer was confirmed
through SEC, FT-IR and '"H NMR measurements, its dispersing ability and influence
on compressive strength of standard mortars were assessed via spread flow, air voids
and compressive strength measurements. Further, the defoaming mechanism of this
superplasticizer was explained by the HLB and surface tension values of the polymers.

From the results obtained, the following conclusions can be drawn:

1. The graft method was successfully applied to obtained G45PC5-g-Jeffamine PCE
polymer, which did not entrain extra air compared to the reference mortar without any

PCE polymer.
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2. The presence of more hydrophobic side chains in G45PC5-g-Jeffamine results in
lower surface tension, allowing it to spread more quickly in the water film. The lower
HLB value of the Jeffamine side chains disrupts the stability of the water film.
Additionally, the hydrophobic side chains occupy some of the adsorption sites on the
surface of cement particles, releasing more free water compared to a normal deformer.
As a result, mortar admixed with G45PC5-g-Jeffamine had very low air voids while

still dispersing well at the same time.

3. G45PC3, G45PC5, and G45PC5-g-Jeffamine PCE polymers exhibit good dispersion
power. The improved dispersing effectiveness of the G45PC5-g-Jeffamine PCE in

mortar could be attributed to the additional polyamine pendant chains in the structure.

4. Both G45PC5 and G45PC5-g-Jeffamine samples with highly uniform statistical
microstructure enhanced the compressive strength at all curing ages (16 h, 3 d, 7 d, and

28 d).

5. Calorimetric results, along with XRD analysis, confirmed that the enhanced cement
hydration, especially concerning the silicate reaction, after 16 hours, can be achieved

by adding the G45PC5 and G45PC5-g-Jeffamine polymer.
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5.2 A novel defoaming system based on ion-pair complexes

In this part, an ion pair complex based on 23HPEG7 PCE and Jeffamine 2005/2070
polymers were investigated. Qu [178] reported such ion pair complexes and
investigated their performance in mortar spread flow and air voids. In this part, we focus

on analyzing the defoaming behavior from various perspectives.

In this part, the research focuses on a new PCE-defoamer ion-pair defoaming system,
which exhibits excellent formulation stability when utilized in cementitious materials.
These ion-pair complexes are formed when the functional -COOH groups in PCE
polymer react with —NH2z groups in Jeffamine defoamers at a relatively low pH (~ 4).
This prevents phase separation of PCEs and defoamers during storage and
transportation. When the ion-pair liquid is applied to cementitious materials with a
higher pH (~ 12), the ion-pair dissociates. This allows the PCEs and Jeffamine
defoamers to disperse and defoam simultaneously. Furthermore, the foam behavior of
these ion-pair complexes was investigated from different perspectives, their influences
on compressive strength and hydration degree were determined via isothermal heat-
flow calorimetry and QXRD measurements. The influence of chemical structure
parameters, such as side chain length and side chain density, on the dispersing

effectiveness and defoaming performance were also analyzed.
5.2.1 Synthesis of PCE-Jeffamine ion-pair complexes

Firstly, HPEG-type PCE (23HPEG7) was synthesized, the synthesis procedure at room

temperature is described in the following:

First, 11 g of 23HPEG macromonomer dissolved in 10 g DI water in a three-neck flask
was placed in an oil bath at room temperature. Once the macromonomer was dissolved,
then a solution of 0.1 g of APS in 10 g of DI water was directly added to the flask. Five
minutes later, start drooping solution A (5 g AA, 30 g DI water, 0.1 g 3-
mercaptopropionic acid) and solution B (0.08 g ascorbic acid and 20 g DI water) for 3
hours. After the addition was completed, continue the reaction for another 2 hours (total

reaction time is 5 hours).
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The pH of the PCE solution was adjusted to 4 using a 30 wt.% sodium hydroxide
solution before preparing ion-pair complexes. This PCE solution was then stirred with
Jeffamines (Jeffamine 2005 or Jeffamine 2070) at different molar ratios. The chemical
structures of Jeffamine 2005 and Jeffamine 2070 are displayed in Figure 25, and the

synthesis route is shown in Figure 26.
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Figure 25 Chemical structure of Jeffamine 2005 and Jeftmine 2070
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Figure 26 Synthesis route for the ion-pair complexes
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5.2.2 Characterization of PCE-Jeffamine ion-pair complexes

5.2.2.1 SEC Results

The molecular weights (M, Mw), polydispersity index (PDI) and conversion rate of
23HPEG7 PCE polymer were obtained via SEC and its SEC spectrum is shown in
Figure 27. This PCE sample has relatively low PDI values (2.0) and high rates for
macromonomer conversion (93 %), which are the characteristics of high-quality PCE
superplasticizers (see Table 10).

Table 10 Molecular weights, polydispersity index (PDI), and macromonomer

conversion of the HPEG type PCEs.

Samble My My PDI Conversion rate
P [g/mol] [g/mol]  [Muw/My] [%]
23HPEG7 29,990 14,860 2.0 92.7
1.2 .
23HPEG7 —_—LS
1.0 4 — dRI
e '
0.8 1 ~ Residual monomers
- Polymer peak
=
E', 0.6 4
-‘% 0.4 - o Solvent
E 0.2 -
0.0 f
-0.2 T T T T T T T
0 5 10 15 20 25 30 35 40

Time [min]

Figure 27 SEC spectra of 23HPEG7 PCE
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5.2.2.2 FT-IR

The PCE-Jeffamine ion-pair complexes were obtained by the ions reaction (—COOH
and —NH>) in an aqueous solution at a specific pH. It can also be regarded as an ion-
pair-induced self-assembly in an aqueous solvent with huge application potential [179].
FTIR instrument can be used to certify ion-pair formation and dissociation at different

pH [180].

The FT-IR spectra of 23HPEG?7, Jetffamine polymers (2005 or 2070) and their mixtures
at different pH are shown in Figure 28. In the spectrum of 23HPEG?7, the characteristic
bands at 1714 cm™ and 1638 cm™! correspond to the stretching vibration band of -C=0
derived from ~COOH groups in the main chain. The bands that appear at 2918 cm™ and
2874 cm™! are the -CH3 and —CH: respectively. The broad band appearing at 3400 cm™
!'is assigned to the stretching vibration band of -OH in -COOH groups. This band in
both 23HPEG7-Jeffamine 2005 and 23HPEG7-Jeffamine 2070 ion-pair systems

disappeared at the pH of 4.

Considering the cement pore solution has a pH of ~ 12, the pH of 23HPEG7-Jeffamine
2005 and 23HPEG7-Jeffamine 2070 polymers was readjusted to 12 to simulate the
practical application. The band of the ~OH group at 3400 cm™' reappeared (see Figure
28, purple lines). Another research related to alanine also certificated these
intermolecular hydrogen bonds between the NH3" and COO™ groups, which are
predominant in the zwitterionic form, and this zwitterionic form disappears in the

higher pH [181].
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Figure 28 FT-IR spectra of 23HPEG7 PCE and ion-pair systems at different pH

5.2.2.3 '"H NMR

The structures of 23HPEG7-Jeffamine ion-pair complexes were further invested by 'H
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NMR spectroscopy (see Figure 29). The typical proton peaks in 23HPEG7 polymer
have been marked. The larger peak at 3.6 ppm stemmed from the characteristic ethylene
oxide repeating units. The signals at 0.7 - 0.9 ppm and 2.3 - 2.5 ppm belong to the —
CHs group and the —CH in the backbone, respectively. Moreover, the protons in the —
CH: group of both AA and HPEG monomer in the backbone appeared at 1.6 - 2.0 ppm,
and the proton peaks at 2.6 ppm, 3.5 ppm, and 3.8 ppm correspond to the —CH2 group
adjacent to the ethylene oxide repeat unit in the side chains. These peaks indicate the

successful synthesis of 23HPEG7 polymer by the free radical copolymerization method.

Furthermore, two new peaks at 1.1 ppm and 3.3, which were assigned to the —-CH3 in
the PO units and the terminal groups of Jeffamines, now appeared in the 'H NMR
spectra of the mixture (23HPEG7-Jeffamine 2005 and 23HPEG7-Jeffamine 2070),

further certificate the formation of 23HPEG7 and Jeffamine ion-pair complexes.
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Figure 29 'H NMR spectra of the 22HPEG7 PCE and ion-pair systems
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5.2.3 Phase separation test of PCE-Jeffamine ion-pair complexes

The product stability of the PCE and defoamer combinations is claimed to be up to one
year under normal storage conditions according to industry requirements. In order to
simulate the aging process, the ion-pair complexes and a conventional PCE-defoamer
system were placed in a climate chamber and aged for 5 days under 0, 22 and 50 °C,

respectively. The phase separation can be recognized by the eyes.

As shown in Table 11, no phase separation was observed in both 23HPEG7-Jeffamine
2005 and 23HPEG7-Jeffamine 2070 complexes over a wide temperature range, while
the hydrophilic 23HPEG PCE separated with the hydrophobic Dow21A defoamer in
the solution after 5 days aging test at each temperature. These results state the
superiority of ion-pair complexes compared to the conventional defoaming system, and
the ion-pair ensures the PCEs-Jeffamine defoaming complexes have good stability

during storage, transport, and application stages.

Table 11 The phase separation test of the ion-pair defoamers

Samnl Temperature/ °C 23HPEGT7- 23HPEGT7- 23HPEG7-
e cHperatire Jeffamine 2005  Jeffamine 2070 Dow21A
Phase 0 no no yes
separation 22 no no yes
P 50 no no yes

5.2.4 Foaming behavior of PCE-Jeffamine ion-pair complexes

5.2.4.1 Defoaming activity and defoaming durability of ion-pair complexes

The foaming behavior of ion-pair systems was measured in an aqueous solution with a
concentration of 10 g/L. For the defoaming activity in an aqueous solution, there is no
obvious difference between 23HPEG7 PCE and 23HPEG7-Jeffamine ion-pair complex
(see Table 12). Concerning the defoaming durability, as shown in Table 12, both
23HPEG7-Jeffamine 2005 and 23HPEG7-Jeffamine 2070 ion-pair complexes manifest
longer defoaming durability than 23HPEG7 (> 30 times vs. 12 times). Therefore, the

defoaming activity of Jeffamines could not be fully displayed when connected with the
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PCE polymers in solution; in contrast, the defoaming durability was slightly affected

by the ion-pair structure.

Table 12 Defoaming activity and durability of ion-pair systems

Defoaming Defoaming
PCE samples activity [s] durability
23HPEG7 16 12
23HPEG7-Jeffamine 2005 13 > 30
23HPEG7-Jeffamine 2070 14 > 30

5.2.4.2 Foam stability of ion-pair systems

The foam stability of ion-pair complexes and 23HPEG7 PCE was tested in a solution,
as shown in Figure 30. In terms of the initial bubble volume, pure 23HPEG7 PCE
entrained the most air voids, followed by 23HPEG7-Jeffamine 2070, and 23HPEG7-
Jeffamine 2005. Regarding foam stability, most of the bubbles in pure PCE and PCE-

Jeffamine ion-pair solutions burst within one minute.

Obviously, the initial bubble volume is closely related to the hydrophilic/hydrophobic
properties of the side chains of polymers, because it can directly change the stability of
the water lamellar. In 23HPEG?7 polymer, the polyethylene glycol ether (PEG) side
chains just contain the hydrophilic EO units, which can fully stretch in the water
lamellar, helping maintain the stability of the foams. After connecting 23HPEG7 with
the Jeffamines through the ion-pairs, hydrophobic PO units and hydrophilic EO units
with different ratios in the side chains were introduced. It is the hydrophobic PO unit,
causing inhomogeneous surface tension of the water lamellar, disturbing the foam
stability. That explained why 23HPEG7-Jeffamine 2070 and 23HPEG7-Jeffamine 2005
systems entrained less air than 23HPEG7 PCE. Further, Jeffamine 2005 is more
hydrophobic than Jeffamine 2070, 23HPEG7-Jeffamine 2005 entrained the least initial
bubble volume. For this reason, it is conceivable that introducing hydrophobic chains

or segments in PCEs helps reduce the initial bubble volume [182].

In addition, the bubbles in 23HPEG7-Jeffamine 2070 and 23HPEG7-Jeffamine 2005
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ion-pair systems burst faster than pure 23HPEG?7 solution, and the final air voids in
both is similar. The defoaming properties of different ion-pair systems were tested in

mortar to certify the application of ion-pair system in cementitious materials.

12
—e— 23HPEG7

10 —A— 23HPEG7-Jeffamine 2070 |
—0— 23HPEG7-Jeffamine 2005

[o0]

Foam height [mm]
L »
S & —— ey

T T T T T T
0 50 100 150 200

Time [s]

Figure 30 Foaming behavior of pure 23HPEG7 PCE and ion-pair systems in an

aqueous solution

5.2.4.3 Defoaming effectiveness of ion-pair systems in mortar

The dosages needed for 23HPEG7 PCE polymer and ion-pair complexes to achieve a
20+ 0.5 cm mortar spread flow at a water-to-cement ratio of 0.4 are illustrated in Figure
31. It is observed that higher PCE dosages are necessary for ion-pair complexes (0.36 %

bwoc) to achieve the same spread flow as 23HPEG7 (0.32 % bwoc).
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Figure 31 Dosages required for 23HPEG7, 23HPEG7-jeffamine2005, 23HPEG7-

Jeffamine2070 polymers to reach a spread flow of 20 += 0.5 cm

Regarding to the air voids in mortar, the reference mortar without any PCE contained
3.2 vol.% air voids. This value is comparable to the results of other research [167, 183].
As shown in Figure 32, Both pure 23HPEG7 PCE and the PCE-Jeffamine complexes
introduced more air compared to the reference mortar. Mortars admixed with 23HPEG7
PCE have an air void of 18.8 vol.%, while the air voids of mortars added PCE-Jeffamine
complexes are relatively low (4.6 - 5.1 vol.%). For PCE superplasticizers, it’s the nature
of surfactants leads to undesirable higher air voids [94], and the air-entraining ability
of PCE polymer is chemical structure dependent. Qu reported that PCEs with higher
side chain density and longer side chain length introduced less air [178]. For this reason,
it can be considered that the anionic groups in the backbone stabilize the foam as it

prevents the thinning of the water lamellar

Most mortars can achieve an air volume that is similar to the reference when mixed
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with the PCE-Jeffamine complexes. On the one hand, -NH: groups react with —-COOH
groups, destroying the stabilization effect of anionic for the water lamellar; on the other
hand, the PO units cause inhomogeneous surface tension, accelerating the bubble to
burst. Considering the influence of different Jeffamines on defoaming performance, it
can be found that the ion-pairs complexes containing Jeffermine 2005 show slightly
stronger defoaming performance than that containing Jeffamine 2070 at the same
dosage. This result is inconsistent with the results tested in an aqueous solution. In
addition, the ion-pairs show great defoaming effectiveness when the Jeffamine / PCE
ratio was 0.1: 1, further increasing the Jeffamine content just has limited help in
decreasing the air voids. Hence, it is a simple and practical method to obtain an efficient

defoaming effect by introducing a small amount of Jeffamines to conventional HPEG-

type PCEs.
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Figure 32  Air voids in mortar when mixed 23HPEG7, 23HPEG7-jeffamine2005,
23HPEG7-Jeffamine2070 polymers
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5.2.5 Dispersing effectiveness of ion-pair complex

As we all know, adding defoamer to the mixture will decrease the mortar fluidity
because of the decreasing floatation force from the air, which leads to the settling and
segregation of cement particles [82]. The fluidity of fresh mortar admixed with PCE-

Jeffamine complexes is displayed in Figure 33.

PCEs-Jeffamine 2070 ion-pair complexes cause less reduction in dispersing ability than
PCEs-Jeffamine 2005 complexes when the Jeffamine / PCE ratio was 0.1: 1. Therefore,
the Jeffamine chain also plays an important role in the dispersing performance of the
complexes, especially the hydrophilic Jeffamine 2070, which releases more free water
and proves steric effect, can compensate for the fluidity loss from reducing air bubbles
in some cases. Further increasing the Jeffamine content, PCEs-Jeffamine 2005 resulted

in a slightly smaller mortar spread flow as the Jeffamine 2005 has stronger defoaming

performance.
28 1
w/c =0.40
110.32 % bwoc
§ 24
3
g - 20.3 20.3 198
§ 18.2
S 172 17.1 16.3
2 16-
<]
2.
w
12 -
23HPEG7 23HPEG7
-Jeffamine 2005 -Jeffamine 2070

Figure 33 Spread flow of mortars admixed with different PCE polymers
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These complexes’ HLB values and surface tension values were investigated to explain
the different dispersing and defoaming performances between Jeffamine 2005 and
Jeffamine 2070 (see Table 13). First, Jeffamine 2005 polymer with a higher PO
proportion (PO/EO = 29/6), has an HLB value of 2.8, which means it is hydrophobic,
while Jeffamine 2070 (PO/EO = 10/31) is more hydrophilic as its HLB value is 13.9.
Then the hydrophilic/hydrophobic properties of Jeffamines affect the surface tension of
these ion-pair complexes. The DI water has a surface tension of 71.4 N/m, close to the
reference value [184]. After adding the 23HPEG7 polymer, the surface tension of the
solution decreased to 48.8 N/m. Similar founding of MPEG PCE have been reported in
another publication [185], and it is in accordance with the previous study of Pott et al.
[172]. The ion-pair polymers further decreased the surface tension (34.2 N/m for
23HPEG7-Jeffamine 2005 complex and 40.9 N/m for 23HPEG7-Jeffamine 2070
complex), and hydrophobic Jeffamine 2005 contributed lower surface tension than
hydrophilic Jeffamine 2070. Therefore, both Jeffamines can greatly reduce surface
tension, then provide excellent deforming performance. The PO/EO ratio in Jeffamines
has a great influence on the defoaming properties and leads to different dispersing
effectiveness, but the optimal PO/EO ratio in Jeffamine to achieve excellent defoaming
and dispersing properties is still not clear. Ma et al. also reported that the PO position

and ratios remarkably affected the foam properties [186].

Table 13 The surface tension of water, 22HPEG7 and ion-pair complexes

Ion-pair systems Surface tension HLB values
(N/m)

Water 71.4 -

23HPEG7 48.8 -

23HPEG7-Jeffamine 2005 34.2 2.8 (Jeffamine 2005)

23HPEG7-Jeffamine 2070 40.9 13.9 (Jeffamine 2070)

5.2.6 Compressive strength of mortars

As different Jeffamines result in varying air voids and fluidity, they can alter the

microstructure of fresh and hardened mortars, thereby affecting the mechanical
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properties. In this part, the compressive strength of reference mortar and mortars
admixing with 23HPEG7, 23HPEG7-Jeffamine 2005 and 23HPEG7-Jeffamine 2070

PCE polymers at curing times of 1 d, 3 d, 7 d and 28 d were investigated.

As shown in Figure 34, all the mortar strength increased with the aging time. The early
strength (1 d) was reduced by the 23HPEG7 PCE, 23HPEG7-Jeffamine 2005 and
23HPEG7-Jeffamine 2070 complexes from 38.5 N/mm? to 30.2 N/mm?, 23.0 N/mm?
and 23.8 N/mm?, respectively. When admixed with 23HPEG7 PCE, the compressive
strength of standard mortars was reduced at different curing ages (1 d, 3 d, 7 d and 28
d); while the compressive strength with ion-pair complexes was improved a lot
compared to 23HPEG7. In detail, the mortars containing ion-pair complexes have a
similar compressive strength as the reference after 3 days of curing, the gain in 28 d
strength achieved 11.1 % (23HPEG7-Jeffamine 2005) and 11.3 % (23HPEGT7-

Jeffamine 2070), respectively.

Comparing two Jeffamines, the mortars added 23HPEG7-Jeffamine 2070 have bigger
compressive strength values than that with 23HPEG7-Jeffamine 2005 except at 1 day.
Therefore, at the early stage, the hydrophilic Jeffamines 2070 did not improve the early
strength even if it entrained less air, later it contributed to greater improvement in
strength (even higher than reference) as it caused a denser microstructure as well as a
good fluidity; the hydrophobic Jeffamines 2005 give a bigger compressive strength
compared to 23HPEG7 PCE at whole curing stage because it causes a denser
microstructure. Li et al. [187] also reported similar results that the defoamer agent

enhances the development of strengths and volume density of hardened paste/mortar.
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Figure 34 Compressive strength of mortars admixed 23HPEG7 PCE and PCE-

Jeffamine ion-pair complexes (w/c = 0.4)

5.2.7 Isothermal heat-flow calorimetry test of cement paste

The influence of ion-pair complexes on the cement hydration kinetic was captured via
isothermal calorimetry (see Figure 35 and Figure 36). The dosages for 22HPEG7 and
ion-pair systems are the same (0.07 % bwoc), which is required to achieve a paste

spread flow of 26 + 0.5 cm at a water-to-cement ratio of 0.5.

The 23HPEG7 PCE prolonged the induction period of cement hydration compared to
the reference paste because of the retarding effect [ 188]. In detail, PCE adsorbed on the
cement particle surface through the complexation between COO™ and Ca?*, decreased
the Ca®" concentration in cement paste, and delayed the formation of the portlandite

and C-S-H, which delayed the hydration process.

When adding the 23HPEG7-Jeffamines into the cement paste, the retarding effect is
slightly reduced because the defoamer contributes to a denser structure, that helps the
cement particles continue the hydration [189]. The hydrophobic Jeffamines 2005,
which has stronger defoaming properties, performed better than Jeffamines 2070 in

reducing retardation. But the retardation has not been eliminated as the 23HPEG7 and
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Jeffamines dissociated under the alkaline conditions, so there is still some complexation
of ions in the solution. another document found that the retardation effect of the PCEs
on cement hydration is simply proportioned to their absolute adsorption amounts on the
cement surface, while the complexation of the R-COO" group with Ca®*, which is

independent of the PCE architectures, plays a minor role [190].
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Figure 35 Heat flow calorimetry of cement pastes admixed with PCE and ion-pair

liquid (w/c ratio = 0.4)
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Figure 36 Cumulative heat flow curves were recorded from cement pastes

admixed with PCE and ion-pair liquid (w/c ratio = 0.4)

5.2.8 Q XRD

Quantitative X-ray diffraction analysis with 10 wt.% Al302 as standard was used to
monitor the consumption of the main reactant (C3S, C2S, C3A and Cs4AF) and the
formation of the crystalline hydration phase during the hydration process. As shown in
Figure 37, the reflection intensity of hydration products portlandite increased over
hydration time for all cement paste, while the reflections representing CsS, CaS, C3A

and C4AF dropped over time.
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Figure 37 X-ray diffractograms of cement paste admixed with or without
23HPEG?7, 23HPEG7-Jeffamine 2005 and 23HPEG7-Jeffamine 2070
sample as a function of hydration time (the main reflection of alite and

portlandite are marked)

Q-XRD measurement with 10 wt. % Al2Os as standard was applied to calculate the
amounts of amorphous and other phases. The refinement quality is depicted in Figure
38. The close fit of the blue and red lines indicates a high-quality refinement. The Q-
XRD results of some major phases are listed in Table 14, and plotted in Figure 39. The
amount of unhydrated CsS, CaS and the portlandite hydration product can reflect the
hydration degree of cement to some extent [191]. The Rietveld calculations made on
these diffraction patterns show that during the hydration of the cement paste, the amount

of Cs3S, C2S C3A and C4AF decreases, while the amounts of portlandite increases.
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At the beginning, in the sample containing 23HPEG7, 23HPEG7-Jeffamine 2005 and
23HPEG7-Jeffamine 2070, there are more residual amounts of the reactant (C3S, C2S
Cs3A and CsAF) and less portlandite product, that indicate the hindered hydration by the
superplasticizer and the ion-pair defoamers. After 1 day, the main phase consumed more
than the reference, but the amount of portlandite was less than the reference. Besides,
there was the more amorphous phase in these samples, which has an irregular

microstructure; consequently, the compressive strength was reduced.

Consider the influence of 23HPEG?7 superplasticizer, 23HPEG7-Jeffamine 2005 and
23HPEG7-Jeffamine 2070 ion-pair defoamers on the hydration process. The
hydrophilic 23HPEG7 and 23HPEG7-Jeffamine 2070 have a similar curve. They
hindered the formation of portlandite at the initial stage, later the hydration was rapidly
accelerated because of the sufficient dispersing. Hence, the compressive strength was
greatly enhanced by 23HPEG7-Jeffamine 2070 as expected, whereas the mortar
containing 23HPEG7 always had the lowest compressive strength because this
superplasticizer entrained too much air. The hydrophobic 23HPEG7-Jeffamine 2005
shows a smaller hindrance to the formation of portlandite, and the improvement in the

compressive strength is also limited.

Therefore, the 1on-pair complexes with hydrophilic Jeffamine 2070 delay the hydration
process at the beginning because of the hydrophilic and surfactant properties, later the
hydration was rapidly accelerated due to the defoaming and dispersing effectiveness,
which provides a denser microstructure and the good fluidity is good for the crystal
growth, both enhanced the compressive strength; on the contrary, it is the 23HPEG7
not the hydrophobic 2070 in the complex delayed the initial hydration, and this complex
accelerate the hydration later most relay on the denser microstructure giving by

defoamer.
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Figure 38 [Illustration of the refinement quality achieved with 10 wt. % Al203 as the

standard sample

Table 14 Q XRD of mineral content (10% Al203)

Mineral content 90min 4h &h 24h 72h
Sample
(wt. %)
CsS 40.6 33.2 27.6 14.9 8.0
C2S 6.8 4.6 4.7 5.0 3.4
Reference C:A 0.9 0.9 0.8 0.0 0.0
C3A 2.0 1.5 1.5 1.1 0.6
CsAF 10.9 9.4 8.7 7.4 5.1
CsS 41.6 35.6 30.3 12.9 6.3
CaS 5.4 5.0 4.1 3.2 3.1
23HPEG7 C:A 1.0 0.2 0.1 0.1 0.0
C:A 22 1.9 1.8 1.0 0.3
CsAF 11.1 9.6 9.4 55 3.8
CsS 42.2 369 292 13.6 8.5
> AHPEGT. C2S 5.9 3.8 3.7 3.4 3.6
Toffamine 2005 C:A 0.3 0.2 0.1 0.1 0.0
C:A 2.6 2.5 1.9 1.2 0.2
CsAF 9.7 8.0 8.0 6.1 5.2
CsS 37.7 36.4 34.4 12.1 6.7
CaS 4.9 4.2 4.1 33 3.1
ﬁgrifgz 070 C3A 0.3 0.2 0.1 0.1 0.1
C3A 2.6 2.2 2.4 0.7 0.3
CsAF 9.3 8.9 8.6 5.2 3.7
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23HPEG7, 23HPEGT7-Jeffamine 2005 and 23HPEG7-Jeffamine 2070

complexes
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5.2.9 Summary of Section 5.2

The new PCE-Jeffamine ion-pair system was synthesized in this part to address the
issues caused by the surfactant properties of HPEG-type PCE polymers in cementitious
materials. The study confirmed the formation and dissociation of ion-pairs through FT-
IR and '"H NMR spectroscopy. It also compared the foaming behavior and dispersing
effectiveness of the ion-pair systems with the pure HPEG type PCE. Additionally, the
study analyzed the influence of the ion-pair complexes on hydration kinetics using
isothermal heat flow calorimetry and quantified X-Ray diffraction measurement. Based

on the results, the following conclusions can be drawn:

1. Connecting Jeffamines to HPEG PCEs can provide additional defoaming properties
for the superplasticizer, and the phase separation of this kind of polymer has also been

confirmed.

2. In the PCE-Jeffamine complexes, the PO/EO ratio determines their defoaming and
dispersing properties. The PO units are helpful for disrupting foam stability, while EO

units dominate the dispersing performance.

3. All the 23HPEG PCE 23HPEG7-Jeffamine 2005 and 23HPEG7-Jeffamine 2070 ion-

pair defoamers prolong the induction period in the cement hydration process.

4. Revealed calculations from the Q-XRD certificate show that the ion-pair complexes
with hydrophilic Jeffamine 2070 delay the hydration process at the beginning due to
their hydrophilic and surfactant properties; later, the hydration is rapidly accelerated
due to the defoaming and dispersing effectiveness. In contrast, 23HPEG7-Jeffamine
2005 shows less hindrance on the portlandite formation, and the improvement in

compressive strength is also limited.
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5.3 Synthesis of HPEG-MAH PCE polymers

In this part, the maleic anhydride (MAH) monomer was selected as the backbone unit
and copolymerized with HPEG macromonomer. MAH has a symmetrical structure
caused by greater steric hindrance, so it has poor reactivity and is not prone to homo-
polymerization but copolymerization. Secondly, maleic anhydride monomer provides
more —COOH groups in PCE, increases PCE’s adsorption capacity and prolongs
cement’s setting time. Due to these particularities of maleic anhydride, the synthesis
process is still difficult. A series of HPEG-MAH PCE polymers were synthesized via
the free radical method with a redox initiator system; the research focuses on increasing
the conversion rate of the macromonomer. The synthesis methods are introduced in the

following:

5.3.1 Synthesis of HPEG-MAH PCE via free radical copolymerization
HPEG-co-MA binary copolymerization

HPEG macromonomer, MAH monomer and DI water were first added to a four-neck
flask, which was placed in an oil bath. Prepare solution A (APS and DI water), and
solution B (VC and DI water). Solution A and solution B were pumped into the flask
within 3.0 and 3.5 hours, respectively. Afterward, the reaction continued for another 2
hours. The pH of the copolymer solution was adjusted to 7 using 30 wt.% NaOH
solution. The feeding amounts of monomers and initiators for each copolymer are listed

in Table 13.
Ternary copolymerization

Method-1: HPEG macromonomer, MAH monomer, and DI water were first added to
a four-neck flask, which was placed in an oil bath. Prepare solution A (5.5 g APS and
10.0 g water), and solution B (4.4 g VC, 20.0 g water and third comonomers). Solution
A and solution B were pumped into the flask within 3.0 and 3.5 hours, respectively.
Afterward, the reaction continued for another 2 hours. The pH of the copolymer

solution was adjusted to 7 using 30 wt.% NaOH solution. The feeding amounts of
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monomers and initiators for each copolymer are listed in Table 15.

Method-2: HPEG macromonomer, MAH monomer, and DI water were first added to
a four-neck flask, which was placed in an oil bath. Prepare solution A (5.5 g APS and
10.0 g water), and solution B (4.4 g VC, 20.0 g water) and solution C (third
comonomers and DI water). Solution A, solution B and solution C were pumped into
the flask within 3.0 hours. Afterward, the reaction continued for another 2 hours. The
pH value of the copolymer solution was adjusted to 7 using 30 wt.% NaOH solution.

The feeding amounts of monomers and initiators for each copolymer are listed in Table

15.

Table 15 The feeding amounts of monomers and initiators

HPEG MAH Third monomer APS VC Temperaure

Samples g g g g g °C
MAH-4 85.4 14.7 22 1.8 70
MAH-5 85.4 14.7 25 22 50
MAH-6 85.4 14.7 3.0 26 50
MAH-7 85.4 14.7 40 3.6 40
MAH-9 80.0 6.5 40 3.6 40
MAH-10 80.0 9.8 40 3.6 40
MAH-11 80.0 6.5 42 38 40
MAH-12 80.0 6.5 55 44 40
MAH2:1-1 80.0 6.5 30 24 40
MAH2:1-2 80.0 6.5 40 32 40
MAH2:1-3 80.0 6.5 55 44 40
MAH2:1-4 80.0 6.5 6.0 48 40
MAHEOQO7 77.7 21.8 55 44 40
MAHEO23 77.7 6.9 55 44 40
MAHEO45 80.0 33 55 44 40
MA-HPEG -AMPS 80.0 33 6.9 55 44 40
MA-HPEG -MAA 80.0 33 29 55 44 40
MA-HPEG -AMPS-2  80.0 33 6.9 55 44 40
MA-HPEG -MAA-2  80.0 33 29 55 44 40
MA-HPEG -MAA 80.0 6.5 1.4 55 44 40
MA-HPEG -MAA 80.0 6.5 0.7 55 44 40
70-MA-HPEG-MAA  80.0 6.5 1.4 65 0 70
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5.3.2 HPEG-co-MAH copolymerization parameters
binary system: the influence of feeding molar ratio

The results in Table 16 show the great influence of monomer feeding molar ratio on
the conversion rate of HPEG macromonomers, which determines the quality of PCE
polymers and their further performance in cement paste. The acid-to-ether
(MAH:HPEG) ratios of 2:1 and 3:1 are suitable for obtaining high-quality MAH-co-
HPEG copolymers. When the feeding ratio is 4.2:1, the actual acid/ether ratio is 8.4:1
because each MA monomer has two —COOH groups, it is too acid for the MAH and
HPEG comonomers to copolymerization. When the feeding ratio is 1:1, the MAH
monomer is not sufficient to achieve a high conversion rate. Therefore, the MAH:HPEG

feeding ratio was determined at 2:1 in the following copolymerization experiments.

Table 16 HPEG-co-MAH copolymers with different feeding molar ratios

Samples Conversion Solid Mw PDI MAH:

rate/ % consent/ % [Da] HPEG
MAH-7 77.4 40.9 22480 2.3 4.2:1
MAH-10 82.1 47.5 21940 2.4 3:1
MAH-9 87.2 46.2 29940 2.7 2:1
MAH-EO45 72.1 45.8 24420 2.4 1:1

The influence of APS-VC redox initiators amounts

It is worth noting that the chain transfer agent is not necessary for this MA-co-HPEG
copolymerization, as both monomers have very low reactivity. The increasing number
of APS-VC redox initiator systems resulted in a slight increase in conversion rate from
79.4 to 83.0 % (see Table 17). The molecular weight and PDI also increased; MAH2:1-
3 and MAH2:1-4 PCE samples with higher M (~ 30,000) have better dispersing

effectiveness in the mini-slump test (see Figure 40).
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Table 17 HPEG-co-MA copolymers with different initiator amounts

Samples Conversion Solid My PDI MAH: APS-VC
P rate/ % consent/ % [Da] HPEG g
MAH2:1-1 79.4 44.0 20030 2.1 2:1 3-2.4
MAH2:1-2 81.6 46.0 22920 2.2 2:1 4-3.2
MAH2:1-3 83.0 46.3 28210 2.3 2:1 5.5-4.4
MAH2:1-4 82.3 46.5 29960 2.4 2:1 6-4.8
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Figure 40 Mini slump test result of HPEG-co-MA copolymers with different

Initiator amounts

The influence of macromonomers and copolymerization methods

In this part, MAH-co-HPEG copolymers obtained from bulk copolymerization were

used as a reference, which required an MAH: HPEG feeding molar ratio of 1:1. When

comparing these two synthesis methods, bulk copolymerization can provide PCE

polymer with a higher molecular weight (see Table 18). However, the PCE copolymers

(B-MAH EO10 and B-MAH EO23) obtained from bulk polymerization have very poor

dispersing power in cement paste compared with those polymers (MAHEO?7,
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MAHEO23, MAHEA45) obtained from free radical method (see Figure 41). It can be

ascribed to the low conversion rate and wide molecular weight distribution of bulk
copolymers, which means the bulk copolymerization method designed for MAH-APEG
copolymer may not be suitable for the MAH-HPEG system.

When comparing different macromonomers, it is observed in both methods that HPEG
macromonomers with smaller molecular weights contribute to higher conversion rates
under the same conditions. Specifically, the conversion rate of MAHEOx copolymer
increased from 72.1 to 90.2 % when replacing the HPEG monomer containing 45 EO
units with 7 units. Nevertheless, HPEG macromonomers with smaller molecules

provide poor steric hindrance, which also limits the dispersion ability of PCE copolymer.

Table 18 HPEG-co-MA copolymers obtained from different synthesis methods

Samples Conversion Solid My PDI MAH:
P rate/ % consent/ % [Da] HPEG
B-MAH EO10 70.6 34.0 1045000 14.0 1:1
B-MAH EO23 543 51.5 52910 5.6 1:1
MAHEQO7 90.2 40.9 121000 10.6 1:1
MAHEO23 76.8 48.9 24130 2.8 1:1
MAHEO45 72.1 45.8 24420 2.4 1:1
32 1
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Figure 41 Mini slump test result of HPEG-co-MA copolymers obtained from

different synthesis methods
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5.3.3 Ternary copolymerization system of MAH based PCE

In this part, Methacrylic acid (MAA) and 2-Acrylamido-2-methylpropane sulfonic acid
(AMPS) monomers present relatively higher reactivity were choose to increase the
conversion rate as third monomer to copolymerize with MAH and HPEG monomers

respectively.

It can be seen from Table 19 and Figure 42 that MA A monomer contributed to a higher
conversion rate and better dispersing effectiveness in cement paste than AMPS
monomer. Again, MAH: HPEG: third monomer feeding molar ratio at 2:1:1 and 2:1:0.5
produced higher quality PCE than that at 1:1:1. Furthermore, the amount of third
monomer also influenced the ternary copolymer’s quality. In detail, the third
comonomers are necessary to help generate free radicals more easily at the beginning
of copolymerization in the ternary copolymerization system containing MAH and
HPEG. However, too many third comonomers also consumed more free radicals and
resulted in homo-polymerization, which also limited the conversion of HPEG
macromonomers and influenced PCE quality. In addition, the 70-MA-HPEG-MAA
PCE, which was synthesized at 70 °C initiated by the APS initiator, presents a lower
conversion rate and worse dispersing effectiveness compared to MA-HPEG -MAA with

the same feeding ratio of 2:1:1 (see Figure 43).

Table 19 Ternary copolymerization system of MAH based PCE

Samples Conversion Solid M,y PDI sz:ll;g
rate/ % consent/ % [Da] )
ratio
MA-HPEG -AMPS 70.1 49.7 29270 2.1 1:1:1
MA-HPEG -MAA 72.1 52.3 60750 33 1:1:1
MA-HPEG -AMPS-2 67.9 48.9 36520 2.2 1:1:1
MA-HPEG -MAA-2 70.4 48.2 47050 2.9 1:1:1
MA-HPEG -MAA 84.2 50.4 62100 4.2 2:1:1
MA-HPEG -MAA 83.6 55.6 52870 3.5 2:1:0.5
70-MA-HPEG-MAA 64.5 43.1 17500 2.2 2:1:1
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Figure 42 Mini slump test result of copolymers obtained from ternary
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Figure 43 Mini slump test result of copolymers obtained from ternary

copolymerization system with different feeding molar ratios
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5.3.4 Summary of Section 5.3

In this section, the synthesis of MAH-co-HPEG PCE superplasticizers via the free
radical method was investigated. There are limited reports on the binary
copolymerization system of maleic anhydride and HPEG. This copolymerization is
challenging because both monomers have low copolymerization reactivity. The results
in this part show that the APS-VC redox initiator system can be used to polymerize
MAH and HPEG without any chain transfer agent. This free radical polymerization
method yields better PCE products than bulk polymerization. Moreover, it is discovered
that the optimal MAH: HPEG monomer feeding ratio is 2:1 or 3:1. Using highly
reactive HPEG monomer with low molecular weight can significantly improve the
polymer conversion rate, but it limits the dispersion of the PCE superplasticizers.
Additionally, the quality of PCE copolymers is closely related to their molecular weight

distribution.

Introducing highly reactive MAA or AMPS monomer for terpolymerization enhances
the conversion rate and dispersion performance to varying degrees. The best overall
performance is observed when the monomer feeding ratio is 2:1:1 or 2:1:0.5. In the
ternary system, controlling the amount of the third monomer is crucial to avoid self-

polymerization or potential explosion.
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5.4 Characterization and rheology of cementitious materials and their interaction

with PCE polymers

The results in Section 5.4.1 and Section 5.4.2 relate to the Priority Program 2005 of
the German Research Foundation (DFG SPP 2005), which was published in 2021 by
Lin Zhang, Ran Li, Lei Lei and Johann Plank in the publication “Characterization data
of reference industrial polycarboxylate superplasticizer VP 2020/15.2 used for Priority
Program DFG SPP 2005 “Opus Fluidum Futurum - Rheology of reactive, multiscale,

multiphase construction materials” of “Data in Brief” journal.
5.4.1 Characterization data of VP 2020/15.2 PCE polymer

A thorough characterization - including solid content, density, molecular properties,
anionic charge and pH value - of one industrial ready-mix type PCE superplasticizer

VP 2020/15.2 was conducted in this part.
5.4.1.1 Physical and chemical properties

The chemical structure of this PCE is illustrated in Figure 44, it composites about 65
ethylene oxide units in the side chain. The SEC spectrum in Figure 45 containing
polymer peak, residual monomer peaks and solvent peak. The information listed in in
Table 20 show that this PCE exhibits a relatively high macromonomer conversion rate
and low polydispersity index (PDI), which are characteristics of high-quality PCE

superplasticizer.

R,
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Figure 44. Chemical structure of the industrial PCE sample VP 2020/15.2
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Figure 45 SEC spectrum of VP 2020/15.2; eluent: 0.1 M NaNO3

Table 20 Solid content, density, molecular weights, polydispersity index (PDI),

macromonomer conversion and pH value of the industrial PCE sample VP 2020/15.2.

Solid
Density  Mw My Macromonomer
PCE fent PDI H
¢ COMCMt o] [e/mol] [g/mol] Conversion [%] T
[Wt.%]
VP2020/152 205 1.0l 78,100 28,560 2.7 86.1 5.6

5.4.1.2 Anionic charge property

The specific anionic charge density of VP 2020/15.2 PCE sample are shown in Figure
46 respectively. As expected, the charge density of PCEs in NaOH solution (1754 peq/g)
is notably higher than that in DI water (655 peq/g). According to the titration
mechanism, the anionic charges of PCEs are mainly contributed by the carboxylate

groups in the polymer and highly rely on the pH value of the solution. Therefore, this

-90 -



Results and discussion

result can be ascribed to the deprotonation of the carboxylate groups in alkaline

condition and it is consistent with the previous publication [79].
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Figure 46. Specific anionic charge amount of PCE sample VP 2020/15.2

5.4.2 Interaction between PCE and cements
5.4.2.1 Dosage - dependent dispersing effect in OPC and LCC cement

The interaction between VP 2020/15.2 PCE and two types of cement CEM 142.5 R and
LCC cement was investigated in this part. The dispersing effectiveness of VP 2020/15.2

was first assessed in the paste at a water-to-cement ratio of 0.4.

The dosage-dependent dispersing capacity of VP 2020/15.2 in two cements is shown in
Figure 47. The paste spread flow of CEM I 42.5 R and the LCC cements increased
with increasing PCE dosages. The dosage of PCE required in LCC cement to reach
maximum paste spread flow was around ~ 0.8 % bwoc, while CEM 1 42.5 R cement

demand around 1.0 % bwoc of VP 2020/15.2 PCE.
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Figure 47 Spread flow of PCE sample VP 2020/15.2 in CEM 1 42.5 R and LCC

cement pastes (w/c ratio = 0.4)

5.4.2.2 Slump retention

Regarding the slump retention performance, the PCE dosages were varied to obtain the
targeted initial spread flow of 22 cm + 0.5 cm at water-to-cement ratio of 0.4.
Specifically, the dosages required in CEM 142.5 R cement was 0.7 % bwoc, while 0.3 %
bwoc of VP 2020/15.2 PCE can provide the same spread flow in LCC cement, which
means LCC cement is easier to disperse than OPC. As shown in Figure 48, the slump
retention performances of VP 2020/15.2 PCE in LCC cement and CEM 142.5 R cement
were measured over 6 hours. Strongly delayed plastification was observed in both
cement systems, and this phenomenon can be ascribed to the anionic charge density of

the PCE sample at relatively high dosages.

-92 -



Results and discussion

38
1 | —=—0.7% bwoc of VP 2020/15.2 in CEM | 42.5 R
361 | —0—0.3% bwoc of VP 2020/15.2 in LCC cement
3 > /.\ — T,
O m—n I/
s ¥ /
S 1
= 30
©
5 1
s %8 / -~ © © o)
@ - / _0—0 —o—__
2 2647 o
n
NV
O (
22
20 T T T T T T T T T 1
0 100 200 300 400 500

Time [min]

Figure 48  Slump retention of VP 2020/15.2 PCE in CEM [ 42.5 R and LCC

cement pastes (w/c ratio = 0.4)

5.4.2.3 Adsorption of PCE sample on CEM 1 42.5 R and LCC cement

It is recognized that the adsorption behavior of superplasticizes is an important part
contributing to the dispersion process [192]. Therefore, the dosage-dependent
adsorption amounts of VP 2020/15.2 on both cements were measured to further explain

its dispersing mechanism.

According to the adsorption mechanism, the cement particles are first negatively
charged in paste, they may become positive later by adsorbing cations from the
environment. This cationic layer allows the further adsorption of the superplasticizers’
backbone containing COO™ groups, and also of the SO4*" ions present in solution [193,
194]. Research [195] about the thermodynamic parameters of the adsorption behavior
demonstrated that PCE adsorption is energetically favorable and a spontaneous process.
The driving force behind this is the gain in entropy, and the presence of Ca** ions in the

pore solution strongly impacts PCE adsorption.
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The TOC measurement result is displayed in Figure 49, less saturate adsorbed amount
of VP 2020/15.2 PCE on CEM 1 42.5 R than that on LCC cement was observed. This
can be ascribed to their dissimilar mineral phrase composition, particle size, and surface

charge, therefore different ion concentrations in cement pore solution.
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Figure 49  Adsorption amount of VP 2020/15.2 PCE on CEM 1 42.5 R and

LCC cements

5.4.2.4 Zeta potential of cement suspensions admixed with VP 2020/15.2

The zeta potential value of cement also affects the adsorption behavior. Here, a water-
to-cement ratio of 0.5 was applied to achieve an 18 cm spread flow in both cements. As
shown in Figure 50, LCC cement exhibits less negative initial zeta potential value (-4
mV), providing a more positive surface for further adsorption of superplasticizer
molecules. With the addition of PCE polymer, the zeta potential values of both types

of cement are towards less negative.
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mixed with VP 2020/15.2 (w/c ratio = 0.5).
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5.4.3 Phase composition and fluidity of composite cement CEM II/111

As mentioned before, the cement industry is transitioning from Ordinary Portland
Cement (OPC) to low-carbon cement, for example composite cement. It is important to
produce PCE superplasticizers that are suitable for this type of cement. Investigating
the variation between composite cement and OPC is necessary to better understand
which types of PCE will be optimal for this system. Here, one OPC cement CEM 142.5
R from Schwenk cement company and three composite cements (CEMIII/A 42.5 N and
CEMIII/B 42.5 N from Heidelberg; CEMII/A-LL 32.5 R from Schwenk Cement) were
chosen for this study. Their physical properties including particle size, zeta potential
values and pH values are listed in Table 21. The phase composition of these cement
samples determined via Q-XRD, including Rietveld refinement, is shown in Table 22.
Further, the particle sizes of these cements and cumulative value (red line) was
confirmed by the laser granulometer (Cilas 1064, Cilas Company, Marseille, France)
and shown in Figure 51. The OPC cement exhibits a dso value of 20.25 um, while the
dso values of three types of composite cement are smaller (14.82 um, 9.32 um, and

15.78 pm), indicating that the composite cement contains finer particles.

The investigation was started by testing the initial spread flow in the mortar of OPC
and three types of composite cement; the tests were conducted at a water-to-cement
ratio of 0.4. It was observed that the fluidity of composite cement, specifically CEM
II/A-LL 32.5R and CEM I1I/B 42.5N, was inferior to that of OPC (CEM 142.5 R). This
was evidenced by lower initial spread flows, as shown in Table 21. However, the CEM
III/B 42.5 N cement displays a similar initial spread flow to OPC cement. The fluidity
of cement paste is influenced by particle size and pH values. All three composite
cements have smaller particle sizes, leading to increased surface area and higher water
demand. The OPC paste has the highest pH value (13.1), releasing more ions into the
pore solution. In contrast, the pH values of all composite cement are one order of
magnitude lower (ranging from 11.8 to 12.0), with the CEM III/B 42.5 N cement
sample having the lowest pH value (11.8). Additionally, less positive zeta potential

values of composite cement are observed.
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Table 21 Physical properties of cement particles

Properties CEMI CEMIIVA CEMIII/B CEM IVA-LL

42.5R 42.5N 42.5N 325R
Zeta potential (mV) -12 -8 -3 -10
Particle size dso (um) 20.25 14.82 9.32 15.78
pH value 13.1 12.0 11.8 12.0
Initial fluidity (cm) 14 14 12 13

Table 22 Phase compositions of cement samples by means of Q-XRD analysis via

Rietveld refinement

CEMI1 CEMIIVA CEMIII/B CEM IVA-LL

425 R 425N 425N 32.5R
Phase wt. % wt. % wt. % wt. %
CsS, monoclinic 59.6 29.1 18.9 47.4
C2S, monoclinic 11.1 7.1 2.7 13.4
C4AF, orthorhombic 10.1 34 2.2 9.5
CsA, cubic 4.9 1.7 0.7 34
CsA, orthorhombic 2.1 35 1.7 2.5
Anhydrite (CaSOs4) 2.6 23 1.1 1.3
Dihydrate (CaSO4+ 2H20) 3.1 0.3 0.1 1.6
Hemihydrate (CaSOase 0.5H20) 0.1 2.0 1.3 0.5
Calcite (CaCO:s) 2.3 2.7 1.4 16.5
Dolomite (CaMg(CO3)2) 1.0 - - 2.2
Arcanite (K2SO4) 0.2 0.6 0.5 -
Quartz (Si02) 0.4 0.4 0.2 0.7
Free lime (Franke) 0.7 0.8 0.2 0.4
Portlandite (Ca(OH)z2) 0.8 - 0.6 -
Periclase (MgO) 0.5 - 0.2 0.6
Slag - 45.5 70.9 -
Total 99.5 97.9 100.00 100.00
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Furthermore, the pH values of all net cement pastes (OPC, CEM II/A-LL 32.5 R, CEM
III/A 42.5 N and CEM III/B 42.5 N) obtained from zeta potential measurement over
three hours were shown in Figure 52. All the composite cements have lower pH values
than OPC, which is related to the lower alkali ions in blended systems [196, 197]. In
the case of slag blended cement, the lower pH values of CEM III/A 42.5 N (12.0) and
CEM 1II/B 42.5 N (11.8) are related to the reduced formation of sulphur species (HS,
SOs3%, and S203%) [198, 199]. The pH values in the four cement systems increased with
time; this can be attributed to the hydration of cement after contact with water, which

promotes the dissolution of the precipitate to release more alkali ions [200, 201].

I35~
o ' =
g 13 pm—a—=—— "
o,
=
L
g 12.5-
3
LB‘ 1 : ———4 T
% 12.0 1 ” ?_________'L__———-v
= —v— M i
S 1 —=—CEM142.5R
= 11.5- —e— CEM II/A-LL 32.5R
o —a— CEM III/A 42.5 N
- —»—CEMIII/B 42.5N

0 5 10 15 20 235 30 35

Time (min)

Figure 52 Time dependent pH values of different cement pastes: CEM 1 42.5 R;
CEM II/A-LL 32.5 R; CEM III/A 42.5 N; CEM III/B 42.5 N

5.4.4 Summary of Section 5.4

The low-carbon cement, such as LCC and composite cement, has lower carbon
emissions and will be the future development direction of the cement industry. This
chapter studied the interaction of VP 2020/15.2 PCE with LCC and OPC and

characterized three composite cements. The results show that LCC and OPC have
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different surface charges, which causes different adsorption behaviors of PCE on their

surfaces, resulting in different dispersion and slump retention performances.

Three types of composite cement (CEM II/A-LL 32.5 R; CEMIII/A 42.5 N and CEM
III/B 42.5 N) have smaller particle sizes and lower pH values than OPC, making their
initial fluidity worse than OPC. In addition, the surface charge of composite cement is
also very different from OPC because of their distinct mineral phase composition, and
they also contain large amounts of amorphous phases, which will affect their interaction
with PCE. Studying the differences between composite cement and OPC will help in

developing PCE admixtures suitable for low-carbon cement.
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5.5 PCE superplasticizers for ‘slag + cement’ binder system

The research work in this section was carried out in the Ecocem project from March
2021 to April 2023. The first part of the research focused on examining the dispersing
effectiveness of various PCE polymers as well as PCE combinations, and evaluating
their impact on the early strength of ‘slag + cement’ systems with different slag contents
(85%, 70%, and 60% by weight). The second part investigated the dispersing
effectiveness of PCE polymers in “Full binder” blended cement at a very low water-to-
binder ratio (0.31 and 0.27). The initial phase of this project took place at TUM. Here,
small-scale PCE polymers were synthesized and tested in paste and mortar; then large-
scale PCE polymers were sent to Ecocem company for concrete testing. It should be

noted that the results of the concrete tests are not included in this thesis
5.5.1 PCE superplasticizer for Na;SQy activated ‘slag + cement’ system

The study in this part aimed to investigate and compare the dispersing and slump
retention performance of different PCE polymers consisting of different chemical
structures as well as PCE combinations in three ‘slag + cement’ systems with different

slag content, and to check the retarding effect of these PCE polymers.
5.5.1.1 Synthesis of the PCE Polymers

A series of polycarboxylate superplasticizers with different molar ratios of acrylic acid
to IPEG synthesized by aqueous free radical copolymerization and 45PC2 used in this
section was provided by Prof. Plank and Dr. Lei, the chemical structure was shown in
Figure 53. The polymers were designated as XIPEGy, whereby x represents the degree
of polymerization of ethylene oxide in the macromonomer; while y represents the molar
ratio of acrylic acid to the macromonomer. Ammonium persulfate was used as the
initiator, and sodium methyl sulfonate was used as a chain transfer agent. The synthesis
of IPEG PCE polymers was presented in [202]. The synthesis of 45PC2 was presented
in [203].

The HPEG-type PCE polymers used in this part were synthesized by free radical

method at 40 °C with APS and VC redox initiators and 3-Mercaptopropionic acid (3-
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MPA) as a chain transfer agent. Take HPEG-AA-HEA3 as an example, 60 g of HPEG

macromonomer and 60 g of DI water were added in a three-neck flask connected to a
mechanical stirrer (400 rpm) and two separate inlets with peristaltic pumps. The flask
was placed in an oil bath heated to 40 °C, and the string was for 30 min to dissolve the
macromonomers. Then, a solution of 1.5 g of APS in 20 g of DI water was directly
added to the flask. Next, two solutions were prepared for dropping by peristaltic pumps.
Solution A: 5.4 g of AA, 8.7g of HEA, 0.6 g of 3-Mercaptopropionic acid (3-MPA)
were dissolved in 30 g of DI water. Solution B: 1.2 g of VC was dissolved in 40 g of
DI water. The reaction time started when solutions A and B were added dropwise into
the reaction vessel over 3 hours. After the addition was completed, the reaction was
continued for another 2 hours (the total reaction time is 5 hours). Finally, the PCE
solution was cooled to room temperature. Dilute the PCE solution to obtain a solid
content of around 30 %.

SO0HPEG3, 23HPEG3, HPEG-AA-HEAland HPEG-AA-HEA2 PCE polymers were
synthesized in the same way and same initiators. The copolymerization equation is
illustrated in Figure 54. Their monomer feeding amounts are listed in Table 23.

The commercial products HPEG precast and HPEG ready mix were provided by Jilin
Zhongxin Chemical Group Co. (China), MC PF26, and MC PF4 PCE polymer provided
by MC-Bauchemie company (Germany). Sodium gluconate (>99% purity) was
supplied by the China Academy of Building Research (CABR, Beijing), and a Sugar

syrup sample was obtained from Siidzucker AG - Werk Plattling company (Germany).

i
—+CH,—CHH-CH,—

2 |t§c 2 Cﬁ;

C=0 (le2

OH CH,
0

IPEG type PCEs 4C‘H2
|

CH,

xy=45,7,15 O
n=10,23,50 [

Figure 53 Chemical structures of the IPEG-type PCE samples
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Figure 54 Synthesis route of HPEG-type PCE and HPEG-AA-HEA polymers

Table 23 Feeding amounts of the synthesized PCE polymers

HPEG AA HEA Feeding molar ratio
Sample
g g g AA:HPEG:HEA

HPEG-AA-HEA 1 60 5.4 2.9 3:1:1
HPEG-AA-HEA 2 60 5.4 5.8 3:1:2
HPEG-AA-HEA 3 60 5.4 8.7 3:1:3
23HPEG3 27.5 5.4 - 3:1:0
S50HPEG3 60 5.4 - 3:1:0

5.5.1.2 SEC characterization of PCE sample

The solid content, molecular weights (M., Mw), polydispersity index (PDI) and
conversion rate of the polymer samples are listed in Table 24. According to the results,

all PCE samples exhibit low PDI values (1.6 - 2.4) and high rates for macromonomer

conversion (85.0 - 98.1%), which are characteristic of high-quality PCE polymers.

In Figure 55, the SEC spectra of all synthesized PCE polymers are displayed. For all
the polymer samples, a large peak appears at ~16 - 24 min elution time signifying the

PCE polymer. Furthermore, two minor peaks representing the residual macromonomers

and the solvent can be observed.
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Table 24 Solid content, molar masses and polydispersity index (PDI) of the

synthesized PCE polymers and the conversion rate of the macromonomer

Samble solid content PDI Conversion  Side chain
P / % e M, (Mw/My) rate/ %  length (n o)
10IPEG7 36.0 83,570 35,110 24 97.9 10
10IPEG15 34.6 86,990 39,050 2.2 98.1 10
23IPEG7 41.0 71,720 29,920 24 95.9 23
50IPEG4.5 439 106,100 48,790 2.2 88.7 50
50IPEG7 45.3 90,360 36,960 24 90.9 50
HPEG-AA-HEA 1 30.5 14,040 8,580 1.6 92.5 50
HPEG-AA-HEA 2 31.2 15,410 9,414 1.6 94.5 50
HPEG-AA-HEA 3 31.3 15,120 9,500 1.6 96.6 50
23HPEG3 27.8 21,310 9,028 2.3 86.8 23
50HPEG?3 26.9 30,560 14,040 2.2 85.0 50
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5.5.1.3 Dispersing performance of PCE polymers in paste and mortar

The dispersing performance of the IPEG superplasticizers was evaluated in ‘slag +
cement’ pastes via “mini-slump” tests. There, the water-to-binder ratio was 0.4, and the
flow value of the paste without any PCE (reference value) was 10 cm. The dosages
required for all PCE polymers in the three ‘slag + cement’ binders to achieve 26 £ 0.5

cm cement flow are shown in Figure 56.

The general observation as follows can be made: higher slag contents result in lower
PCE dosage (which further improves the eco balance sheet of those binders), and IPEG
PCEs of lower anionicity require lower dosages. Overall, the order of effectiveness of
the PCE polymers is as follows: S0IPEG4.5 > 10IPEG7 = 23IPEG7 > 10IPEG15 =
S50IPEG?7. Further testing only the polymer S0IPEG7 and 50IPEG4.5 were used,
because the macromonomer exhibiting 50 EO units is commercially most readily

available.

020, 060+ 40: Slag + cement
0.18

0.18

0.16 1

0.12 +

0.08

Dosage of PCEs / %

0.04 +

10IPEG7 10IPEG15 23IPEG7 50IPEG7 50IPEG4.5
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Figure 56 = Dosages of PCE required to obtain a paste spread flow of 26 + 0.5 cm

(spread flow of reference pastes without PCE = 10 cm)
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Next, the dispersing efficiency of S0IPEG7 and S50IPEG4.5 polymers was investigated
in mortar. The water-to-binder ratio was 0.4, and the flow value of each mortar without
any PCE was 10 cm. The PCE dosages required to achieve 20 +0.5 cm mortar spread

flow are shown in Figure 57.

It is observed that in mortar the PCE dosages required are generally higher than in paste,
as was shown in section 4.3.1. However, similar to paste also, the PCE dosages decrease
with increasing slag content, and the order of effectiveness of the PCEs is the same as

in paste, with S0IPEG4.5 being clearly superior to SOIPEG7.
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Figure 57  Dosages of PCE required to obtain a mortar spread flow of 20 + 0.5

cm (all reference mortars without PCE have spread flow of 10 cm)
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5.5.1.4 Slump retention performance of PCE polymers in paste and mortar

The slump loss retention of ‘slag + cement’ pastes prepared at a water-to-binder ratio
of 0.4 and a dosage corresponding to a paste flow of 26+0.5 cm was determined over a
period of 2 h. According to Figure 58, S0IPEG4.5 and S0IPEG7 PCEs have different

slump retention performance in the three binder systems.

Interestingly, in the 85 + 15 system, the stronger anionic PCE polymer S0IPEG7
performs better than the less anionic S0IPEG4.5; whereas in the 70 + 30 system, both
PCEs exhibit similar performance; however, in the 60 + 40 system, the less anionic

50IPEG4.5 outperforms the more anionic SOIPEG7 polymer.

From Ordinary Portland Cement (OPC), it is known that PCEs of lower anionicity and
higher side chain density, such as SOIPEG4.5, can provide larger slump retention than
more anionic PCEs with less side chain density. Here, this rule only applies to the 60 +
40 system, which is relatively rich in cement (40%). However, in a slag rich system
slump retention is better achieved by a more anionic PCE such as S0IPEG7. The
mechanism behind this opposite behavior to OPC is completely unclear.

28

26

24 -

22

20

18

Paste pread flow (cm)

16 1" 85+15 50IPEG7 (0.11%)
1 —=— 85+15 50IPEG4.5 (0.06%)
14 4 —~— 70+30 50IPEG7 (0.14%)
{ —A— 70+30 50IPEG4.5 (0.08%)
12 4 —O0— 60+40 50IPEG7 (0.18%)
| —e—60+40 50IPEG4.5 (0.11%)

10 T T T T T
0 20 40
Time (min)

Figure 58 Time-dependent evolution of the three ‘slag + cement’ spread flow of

three pastes admixed with the synthesized polymers
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Next, the slump retention behaviour was tested in mortar. At first, the individual IPEG
PCEs were tested at dosages of the polymers to achieve a mortar spread flow of 20 +
0.5 cm. For these polymers, the evolution of mortar fluidity over time was measured.
From Figure 59, it is evident that none of the PCE polymers SOIPEG7 and 50IPEG4.5
is able to maintain workability in all three systems for an extended period of time, this
signifying a significant difference to the previous results in paste (Figure 58). Albeit, a
comparable overall trend is observed, because also in mortar, the less anionic PCE is
superior over the more anionic polymer S0IPEG7 as if can maintain fluidity over ~20
min least. However, this is observed only for the systems which contain 30 or 40 %
cement. For the slag rich system (85 + 15), none of these polymers can achieve any

slump retention.

24
—— 85+15 50IPEG7 (0.16%) |
2z —=— 85+15 50IPEG4.5 (0.11%) |
—~— 70+30 50IPEG7 (0.19%)
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18

o \\\\
12- . . . \N\\A‘
\.\i

Mortar spread flow (cm)

10 T T T T T T T T T 1
0 20 40 60 80 100
Time (min)

Figure 59 Time-dependent evolution of the spread flow of the three ‘slag +

cement’ mortars admixed with the synthesized polymers

To solve this problem, a commercial product HPEG ready mix superplasticizer, based
on the so-called slow releasing mechanism was tested. The results are displayed in
Figure 60. As expected, in the 70 + 30 and the 60 + 40 mortars, HPEG ready mix
showed excellent slump retention over ~3 hours, and the spread flow of the mortars

even increased during the first hour which is not so desirable. Furthermore, in the slag
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rich 85 + 15 system the HPEG ready mix superplasticizer could not provide any slump

retention.

The results from both paste and mortar demonstrate that in system containing more than
70 % slag, the behaviour of PCEs become completely different as compared to OPC
system. In order to solve this problem, in the next step combination of different PCEs
were tested. At first, the combination of S0IPEG4.5 (which performed best in the paste
and mortar test, see Figure 58 and Figure 59) and HPEG ready mix was tested in the
three mortars. The dosage of the HPEG ready mix polymer was fixed at 0.4 % while
the addition of S0IPEG4.5 PCE was increased from 0.06 to 0.08 %.

24 1
22 —8— 85+15 HPEG ready mix0.4% |
77777 | —A— 70+30 HPEG ready mix 0.4%
- —e— 60+40 HPEG ready mix 0.4%
£ 20
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S 14
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0 50 100 150 200 250 300
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Figure 60  Time-dependent evolution of the spread flow of the three ‘slag +

cement’ mortars admixed with 0.4% HPEG Ready mix

According to Figure 61 (a), this combination provides excellent slum retention over 3
hours in the system containing 30 or 40 % cement within the error range (+ 0.5 cm).
Unfortunately, it did not work to satisfaction in the slag rich 85 + 15 mortar. In another
test series, the dosage of SOIPEG4.5 was fixed at 0.06 % while the dosage of the HPEG
ready mix PCE was varied between 0.3 and 0.4 %. There, workability was maintained

for 3 hours (Figure 61 (b)), but at spread flows which were lower than before. When
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the dosage of HPEG ready mix was decreased even more to 0.15 — 0.2 %, the slump
retention became much lower, as is shown in Figure 61(c). This result signifies that a
certain minimal threshold dosage of HPEG ready mix is required to achieve slump

retention.

For the next step, lab-synthesized IPEG PCE 50IPEG4.5 was replaced by a commercial
HPEG precast PCE. The results achieved for this combination of this commercial
HPEG ready mix and the HPEG precast are shown in Figure 62. It is observed that this
combination behavior is quite similar to that based on the self-synthesized IPEG PCE
within the error range (£ 0.5 cm). Again, no satisfying slump retention was achieved in

the slag rich 85 + 15 system.

To improve the workability over 2 hours, different retainers such as PCEs from MC
company (MC PF26, MC PF4), PCEs with high side chain density (45PC2, SOHPEG3),
retarders (Sodium Gluconate, Sugar syrup), HPEG-AA-HEAs PCEs with different

composition were chosen to combinate with HPEG precast and tested in mortar.

According to Figure 63, the combination HPEG precast + MC PCEs (MC PF26, MC
PF4) provides lower initial spread flow and lower slump retention when using the same
dosage as HPEG precast + HPEG ready mix. MC PF26 PCE performed better than MC
PF4, and the combination of HPEG precast + MC PF26 behavior was quite similar to
that of HPEG precast + HPEG ready mix combination via slightly increasing the dosage
of HPEG precast and MC PF26 within the error range of + 0.5 cm. As is shown in
Figure 64, PCEs with high side chain density (45PC2, 23HPEG3 and SOHPEG3) can
also work as retainer combined with HPEG precast, and the dosage for these retainers
are different to achieve the same slump retention performance as HPEG precast +
HPEG ready mix combination within the error range (+ 0.5 cm). HEPG type PCEs have
stronger dispersing effectiveness, the required dosage of 23HPEG3 and SOHPEG3 to

achieve good workability are lower than that of 45PC2.
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Figure 61 Time-dependent spread flow of the three ‘slag + cement’ mortars

admixed with a combination of HPEG Ready mix and 50IPEG4.5
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Figure 63  Time-dependent spread flow of ‘60 + 40’ mortars admixed with PCEs

combinations (HPEG ready mix + MC PCE)
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Figure 64 Time-dependen spread flow of ‘60 + 40’ mortars admixed with PCEs
combinations (HPEG ready mix + 45PC2 / SOHPEG3 / 25HPEG3)

Retarders such as sodium gluconate and sugar syrup, which slowed the hydration
process of cement, can also work as retainers in this PCE combination. As is shown in
Figure 65, sodium gluconate can provide perfect workability within the error range (£

0.5 cm) at very low dosages (HPEG precast 0.12 % + sodium gluconate 0.10 %). While
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none of the combinations of HPEG precast + sugar syrup can achieve good slump

retention.
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Figure 65 Time-dependent spread flow of ‘60 + 40’ mortars admixed with PCEs

combinations (HPEG ready mix + retarders)

The HPEG ready mix PCE, which is based on hydroxyethyl ester, can provide mortar
with good workability but reduces the early strength (1 d). To solve this problem,
HPEG-AA-HEAs with different compositions were synthesized and applied in ‘slag +

cement’ systems.

According to Figure 66 (a), All combinations of HPEG precast 0.08 % + HPEG-AA-
HEAs 0.16 % (s = 1, 2, 3) could maintain fluidity over 2 hours in ‘60 + 40’ mortars
within the error range of £ 0.5 cm. HPEG-AA-HEAs with lower HEA content provide
higher initial spread flow when same dosage was applied in ‘60 + 40’ mortars (HPEG-
AA-HEA1 > HPEG-AA-HEA2 > HPEG-AA-HEA3), this is because HEA has lower
adsorption on the binder. Mortar admixed combinations of HPEG precast + HPEG-AA-
HEA1 and HPEG precast + HPEG-AA-HEA2 even have bigger spread flow than that

of HPEG precast + HPEG ready mix combination in the “60 + 40’ system.
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In 70 + 30 system, the same trend was observed that HEAs with lower HEA content

provided higher initial spread flow when the same dosage was applied Figure 66 (b).

However, none of the combinations could maintain workability very well over 2 hours

in ‘85 + 15° mortars Figure 66 (c).
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Figure 66  Time-dependent spread flow of three ‘slag + cement’ mortars admixed
with PCEs combinations (HPEG ready mix + HPEG-AA-HEAs)

5.5.1.4 Compressive strength tests in mortar

In this part, the effect of the two IPEG PCEs 50IPEG4.5 and 50IPEG7 on the 1 d
compressive strength of mortar was tested. The water-to-binder ratio was 0.4 and the

PCE dosages were the same as that in slump retention tests.

As we can see from Figure 67, the low anionic PCE 50IPEG4.5 does not decrease the
1 d compressive strength, while the more anionic polymer S0IPEG7 induced a slight
reduction in early strength. This negative effect increases with increased cement content
in the binder and corresponds well with the known behavior of many anionic PCEs in

OPC.
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Figure 67 1 day compressive strengths of the mortar specimens admixed with
S0IPEGA4.5 or S0IPEG?7 superplasticizers. (w/b = 0.4)
Thereafter, a combination of S50IPEG4.5 and HPEG ready mix were tested.
Unfortunately, at the dosages where perfect workability was achieved for the mortars
(Figure 61(b)), the 1 d strength values were much decreased, and even the 3d strength
values were slightly decreased (Figure 68). This suggests that the HPEG ready mix
PCE exercises a strong retarding effect which affects early strength (1 d). A possible

solution is to decrease the dosage of this PCE.

When the dosage of HPEG ready mix was decreased, the 1 d compressive strength
improved, as is shown in Figure 69. Compressive strength was measured at 10 ° C, as
is shown in Figure 70. According to these results, the combination of HPEG ready mix
and HPEG precast cannot fulfill the 1 d strength requirements of 3.5 N/ mm?, which

corresponds to that of the reference.
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Figure 68  Compressive strengths after 1 d or 3 days of the mortar admixed with

PCE combinations (w/b = 0.4)
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1 day compressive strengths of 70 + 30 mortars admixed with a
combination of HPEG Ready mix and HPEG precast at 10 °C. (w/b =
0.4)
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In this part, the effects of different PCEs combinations on the 1 d compressive strength
of mortar were tested and compared with combination containing HPEG ready mix.
The water to binder ratio was 0.4 and the PCE dosage was the same as that in slump

retention tests.

As we can see from Figure 71, the HPEG precast + 45PC2 combination does not
decrease the 1 d compressive strength, while the HPEG precast + MC PF26
combination induced a bigger reduction in early strength than the HPEG precast +
HPEG ready mix combination. Therefore, 45PC2 with higher side chain density can
achieve perfect workability through the steric hindrance, and the early strength can even

be increased slightly.

After that, another two PCEs with relatively higher side chain density (SOHPEG3 and
23HPEG3) were also chosen to be used in combination with HPEG ready mix and
tested for the 1 d compressive strength. Unluckily, the early strength (1 d) was slightly
decreased, as is shown in Figure 72, when the mortar was admixed with the

combinations of HPEG precast + SOHPEG3 and HPEG precast + 23HPEG3.

e 1d compressive strength 17.8
16.4 |
60 + 40
151 8040

12.4

10

Compressive strength (N/ mm?)

HPEG precast 0.08 % HPEG precast 0.09 % HPEG precast 0.09 %
+HPEG ready mix 0.16 % +MC PF26 0.30 % +45PC2 0.40 %

Reference

Figure 71 1 day compressive strengths of mortar specimens admixed with PCE

combinations (water-to-binder ratio = 0.4)
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Figure 72 1 day compressive strengths of mortar specimens admixed with PCE

combination of HPEG ready mix + SOHPEG3 / 23HPEG3 (w/b = 0.4)

Next, a combination of HPEG precast + sodium gluconate at different dosage were
tested. As is shown in Figure 73, when the dosage of sodium gluconate increased from

0.05 % to 0.07 %, the 1 d strength decreased greatly. Continue increased the dosage of
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sodium gluconate to 0.1%, the mortar specimens were not hardened because of the

strong retarding effect of sodium gluconate.
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HPEG precast 0.10% HPEG precast 0.11%
+ Sodium Gluconate 0.05% + Sodium Gluconate 0.07%

Reference

Figure 73 1 day compressive strengths of mortar specimens admixed with PCE

combination of HPEG ready mix + sodium gluconate (w/b = 0.4)

The HPEG-AA-HEAs with different compositions were synthesized and tested to
research the influence of hydroxyethyl ester on early strength. It can be seen from
Figure 74, the 1 d compressive strength for three ‘slag + cement’ systems can be
improved by reducing the composition of hydroxyethyl ester. In more detail, the
compressive strength of ‘60 + 40’ mortar at the same dosage: HPEG-AA-HEA1 >
HPEG-AA-HEA2 > HPEG-AA-HEA3 = HPEG ready mix; the compressive strength
of “70 + 30’ mortar at the same dosage: HPEG-AA-HEA1 > HPEG-AA-HEA2 >HPEG
ready mix; the compressive strength of ‘85 + 15” mortar at the same dosage: HPEG-

AA-HEA1 > HPEG-AA-HEA2 > HPEG ready mix.

The compressive strength tests at low temperature (10 °C) were conducted in 60 + 40
and 70 + 30 mortar with combinations of HPEG precast + 45PC2 and HPEG precast +
SOHPEGS3 respectively (Figure 75). The HPEG precast + 45PC2 combination does not
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decrease the 1 d compressive strength at 10 °C, while the HPEG precast + SOHPEG3

combination induced a bigger reduction in early strength.
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Figure 75 1 day compressive strengths of mortars admixed with PCE combination

of HPEG ready mix + 45PC2 / SO0HPEGS3 at 10 °C (w/b = 0.4)

5.5.2 PCE superplasticizer for “Full binder” (w/b = 0.31)

5.5.2.1 Synthesis of the PCE Polymers

In this part, macromonomer (HPEG-2400/4000, Mw = 2400/4000 Da) containing 52/89
ethylene oxide units was provided by Clariant Deutschland GmbH, Burgkirchen,
Germany. The synthesis was conducted by free radical method at 40 °C with APS and
VC redox initiators and 3-Mercaptopropionic acid (3-MPA) as a chain transfer agent.
Take the synthesis of H-89HPEG8 PCE as an example: 40g of HPEG4000
macromonomer and 40 g of DI water were added in a three-neck flask connected to a
mechanical stirrer (400 rpm) and two separate inlets with peristaltic pumps. The flask
was placed in an oil bath heated to 40 °C, and the string was for 30 min to dissolve the
macromonomers. Next, two solutions were prepared for dropping by peristaltic pumps.
Solution A: 5.8 g of AA, 1.2 g of APS, 0.4 g of 3-Mercaptopropionic acid (3-MPA)
were dissolved in 30 g of DI water. Solution B: 0.8 g of VC was dissolved in 40 g of

- 129 -



Results and discussion

DI water. The reaction time started when solutions A and B were added dropwise into
the reaction vessel over 3 hours. After the addition was completed, the reaction was
continued for another 2 hours (the total reaction time is 5 hours). It is worth noting that
APS in this method was dropped in solution A to avoid aggregation, which often
happens when synthesis of HPEG PCE with higher anionic charge density and higher
molecular weight. The molecular weight was adjusted by changing the amount of the
3-MPA chain transfer agent. All HPEG-type PCE polymers used in this part were
synthesized in the same way with same initiators to get comparable results, their feeding

amounts are listed in Table 25.

Table 25 Feeding amounts of the lab synthesized PCE polymers

Samples HPEG AA 3-MPA Feeding molar ratio

g g g AA: HPEG
L-52HPEG3 40 3.6 0.6 3:1
L-52HPEG4.5 40 5.4 0.8 4.5:1
L-52HPEG6 40 7.2 0.8 6:1
H-52HPEG3 40 3.6 0.3 3:1
H-52HPEG4.5 40 5.4 0.4 4.5:1
H-52HPEG6 40 7.2 0.4 6:1
H-52HPEGS 40 9.6 0.5 8:1
H-89HPEG6 40 4.3 0.4 6:1
H-89HPEGS 40 5.8 0.4 8:1

5.5.2.2 Characterization of the PCE Polymers

A series of HPEG type PCEs with different feeding molar ratios (AA: HPEG = 3:1,
4.5:1, 6:1 and 8:1) and different molecular weights were prepared applying the free

radical synthesis method.

In Figure 76, the SEC chromatograms of all synthesized PCE polymers are displayed.
For all samples, a large peak appears at ~18 - 26 min elution time signifying the PCE
polymer. Furthermore, two minor peaks representing the residual macromonomer and

the solvent can be observed. All the HPEG type PCE samples exhibited a relatively low
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PDI (1.8 - 2.5) and high conversion rates of the macromonomer (84.6 - 93.2 %) which

signifies high-quality superplasticizers (see Table 26).
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Figure 76 SEC chromatograms of the synthesized PCE polymer samples

Table 26 Solid content, molar masses and polydispersity index (PDI) of the lab-

synthesized PCE polymers, and the conversion rate of the macromonomer

Solid content /

Sample Wt % My[Da]  Mn[Da] PDI(MwM,) Conversion rate / %
RB-1050 47.7 69,580 28,180 2.5 95.3
PC-1901 50.6 62,850 23,670 2.7 97.3
L-52HPEG3 35.0 29,510 16,120 1.8 87.3
L-52HPEG4.5 33.1 24,660 11.840 2.0 93.2
L-52HPEG6 353 28,440 11.210 2.5 94.6
H-52HPEG3 43.5 50,490 24,920 2.0 85.1
H-52HPEG4.5 42.1 50,140 21,610 23 84.6
H-52HPEG6 46.3 57,270 22,490 2.5 91.7
H-52HPEGS 43.2 57,550 25,480 23 92.0
H-89HPEG6 44.1 60,430 22,530 2.7 91.8
H-89HPEGS 43.6 59.780 23,140 2.5 91.9
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5.5.2.3 Dispersing Performance of PCE Samples in ‘Full binder’ mortar

The dosage required for each PCE to obtain a 20 + 0.5 cm spread flow in the ‘Full
binder’ mortar was tested at a water-to-binder ratio of 0.31. First, the reference sample
RB-1050 exhibits very good dispersing effectiveness as it reaches the 20 + 0.5 cm
spread flow at a dosage of 0.35 % bwob only (see Figure 77). Contrary to this, PC-
1901 polymer presents no dispersing effectiveness in mortar, even at a dosage as high

as 3 % bwob.

Second, the dispersing effectiveness of the lab synthesized HPEG type PCEs was
measured and compared with that of RB-1050 polymer. As is shown in Figure 77 (a),
mortars containing HPEG type PCEs with low M, (24,660 — 29,510 Da) can achieve
the same spread flow, but require much higher dosage compared to RB-1050 polymer
(0.65 % vs. 0.35 % bwob). The latter polymer has a significantly higher M, value of
69,580 Da. Based on this observation, HPEG type PCEs possessing higher M, were
then synthesized. HPEG type PCEs of higher molecular weight exhibited superior
dispersing effectiveness in the ‘Full binder’ mortar as compared to those of lower
molecular weight (see Figure 77 (b)). Furthermore, their dispersing performance is
even more improved when the feeding molar ratio of AA:HPEG is increased to 6:1 or
8:1. The reason behind this could be the higher anionicity leads to increased adsorbed

amounts of PCEs on the surface of the ‘Full binder’ particles.
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weight required to obtain a mortar spread flow of 20 £ 0.5 cm
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5.5.2.4 V-funnel empty time tests

Furthermore, V-funnel empty time tests were conducted at the same water-to-binder
ratio of 0.31 as in the mortar tests. Interestingly, most of the HPEG type PCE polymers
(except H-52HPEG3 and H-52HPEG4.5) induced a less sticky consistency than RB-
1050 polymer, as is demonstrated by significantly faster V-funnel empty times (see

Figure 78).

Generally, all mortars admixed with lower M HPEG PCEs (L-52HPEG series) show
faster V-funnel empty times. Meanwhile, in the H-52HPEG series, those with lower
anionicity (molar ratio 3:1 and 4.5:1) contribute to longer empty times, while those with
higher anionic character (molar ratio 6:1 and 8:1) result in very short empty times.
Among all HPEG type PCEs, H-52HPEGS8 produced the best performance regarding
the V-funnel empty time test (27 sec vs. 56 sec for RB 1050). This result is similar to

that from a commercial HPEG precast PCE (25 sec).
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Figure 78 V-funnel empty times of ‘Full binder’ mortars fluidized with different
PCEs (w/b ratio =0.31)

5.5.2.5 Flow line tests

Next, the spreading behavior of ‘Full binder’ mortars containing different PCEs was
investigated in the flow line. H-52HPEG6 produced the best results in the flow line
(D30 = 35 cm, final flow = 41 cm), indicating that the mortar admixed with it flows
fastest (see Table 27). H-52HPEGS also greatly accelerates the flow in the flow line,
presumably because of its higher anionic charge density, while the other HPEG type
PCEs produce similar flow line results as RB-1050 polymer. All those samples exhibit

similar D30 and final flow values.

The HLB values of all HPEG type PCEs were calculated and are shown in Table 27.
Generally, their HLB values are close to 20 (18.8 - 19.2), indicating pronounced
hydrophilic properties. Still, their chemical composition has an effect on the HLB
values. HPEG type PCEs of higher acid-to-ether ratio exhibit lower HLB values, and
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produce fast flowing mortars characterized by shorter V-funnel empty times as
compared to those of lower acid-to-ether ratio. Furthermore, also the molecular weight
strongly influences the flow speed. For example, L-52HPEG6 and H-52HPEG®6 possess
the same HLB value, but H-52HPEG6 with high molecular weight greatly accelerates
the flow speed. Whether the molecular weight or anionic charge dominate the flow

behavior of ‘Full binder’ mortar is not clear.

Table 27 Flow line results of full binder mortar admixed with different PCEs (w/c

ratio = 0.31)

Sample HLB value D30 (cm) Final flow (cm)
RB-1050 - 23 30
L-52HPEG3 19.2 22 29
L-52HPEG4.5 19.1 21 24
L-52HPEG6 19.0 24 30.5
H-52HPEG3 19.2 23 29
H-52HPEG4.5 19.1 22 28
H-52HPEG6 19.0 35 41
H-52HPEGS 18.8 28 37
H-89HPEG6 19.3 27 38
H-89HPEGS 19.2 26 36
HPEG precast - 22 30

5.5.3 PCE superplasticizer for “Full binder” (w/c = 0.27)

5.5.3.1 Synthesis of the PCE Polymers

All HPEG-type PCE polymers except S2HPEGS8-DADMACO.1 (M2) used in this part
were synthesized in the same way as described in Section 5.5.2. The feeding amounts
are listed in Table 28. Take 89HPEGS-DADMACO.1 as an example: 40g of
HPEG4000 macromonomer and 30 g of DI water were added in a three-neck flask
connected to a mechanical stirrer (400 rpm) and two separate inlets with peristaltic
pumps. The flask was placed in an oil bath heated to 40 °C, and the string was for 30

min to dissolve the macromonomers. Next, two solutions were prepared for dropping
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by peristaltic pumps. Solution A: 5.8 g of AA, 1.2g of APS, 0.25 g of DADMAC
monomer (65 % solid content), 0.4 g of 3-Mercaptopropionic acid (3-MPA) were
dissolved in 30 g of DI water. Solution B: 0.8 g of VC dissolved in 40 g of DI water.
The reaction time started when solutions A and B were added dropwise into the reaction
vessel over 3 hours. After the addition was completed, the reaction was continued for
another 2 hours (the total reaction time is 5 hours). The synthesis of 52HPEGS-
DADMACO.1 (M2) was conducted in a way that the DADMAC monomer solution was
directly added to the flask after the macromonomer was dissolved. Then, start adding
solution A and solution B.

The synthesis of MPEG-type was realized at 80 °C with APS as initiator and 3-MPA
as chain transfer agent. The synthesis procedure was published in [19]. Take 45PC6-
DADMACO.1 as an example: 50 g DI water was added in a 250 ml three-neck flask
connected to a mechanical stirrer (380 rpm) and two separate inlets with peristaltic
pumps. The flask was placed in an oil bath heated to 80 °C. Prepare solution A: 60 g
MPEG2000, 15.4 g of AA, 0.75 g of DADMAC monomer (65 % solid content), 1.45 g
of 3-MPA; Solution B: 1.67 g of APS and 65 g DI water. The reaction time started
when solutions A and B were added dropwise into the reaction vessel over 4 hours and
5 hours, respectively. After the addition was completed, the reaction was continued for

another 1 hour.

Table 28 Feeding amounts of the synthesized PCE polymers

HPEG AA DADMAC 3-MPA Feeding

Sample :
g g g g molar ratio
45PC6-DADMACO.1 60 154 0.48 1.45 6:1:0.1
45PC6-DADMACO0.5 60 154 2.4 1.45 6:1:0.5
89HPEG8-DADMACO.1 40 5.8 0.16 0.4 8:1:0.1
89HPEG8-DADMACO0.5 40 5.8 0.8 0.4 8:1:0.5
52HPEG8-DADMACO.1 40 9.6 0.27 0.8 8:1:0.1
52HPEG8-DADMACO.1 (M2) 40 9.6 1.35 0.8 8:1:0.1
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5.5.3.2 Characterization of the PCE Polymers

Series of HPEG and MPEG-types PCEs containing different feeding molar of
DADMAC cationic monomers (DADMAC: macromonomer = 0.1:1 and 0.5:1) were
synthesized by the free radical copolymerization method. The physical and chemical
properties of such lab synthesized zwitterionic PCEs are listed in the Table 29. All of
the PCE samples exhibited relatively high conversion rates of the macromonomer (83.8

- 95.2 %), which signifies high-quality superplasticizers.

The SEC chromatogram measurement was used to detect the chemical composition of
PCE polymers, and the spectra are displayed in Figure 79. For all samples, a large peak
appears at ~18 - 26 min elution time, signifying the PCE polymer. Furthermore, two

minor peaks representing the residual macromonomer and the solvent can be observed.

Table 29 Solid content, molar masses and polydispersity index (PDI) of the lab-

synthesized PCE polymers, and the conversion rate of the macromonomer

Solid content / PDI Conversion
Sample wt. % Mu[Da] - Mi[Da] (Myw/My) rate / %
45PC6-DADMACO.1 29.5 80,700 20,210 3.9 83.8
45PC6-DADMACO0.5 38.6 111,110 22,530 4.9 84.6
89HPEG8-DADMACO.1 44.2 52,000 17,330 3.0 89.8
89HPEG8-DADMACO0.5 44.5 49,610 17,800 2.8 91.0
52HPEGS8-DADMACO.1 40.4 28,450 14.460 1.9 949
52HPEG8-DADMACO0.1 (M2) 40.5 28,910 13,640 2.1 95.2
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Figure 79 SEC spectra of the synthesized zwitterionic PCE polymer samples

5.5.3.3 Dispersing Performance of zwitterionic PCE Samples in ‘Full binder’

mortar

The application properties of these zwitterionic PCEs was tested in mortar. Firstly, the
initial spread flow value in the ‘Full binder’ mortar was tested at a lower water-to-
binder ratio of 0.27. The 89HPEGS superplasticizer was used as a reference. At the
beginning, the mortar tests were conducted under normal mixing procedure (4 min),
and the PCE dosage was set at 1 % bwob to check whether this superplasticizer could
disperse the ‘Full binder’ mortar under such low water-to-binder ratio. As expected, all
of the zwitterionic PCEs (45MPEG6-DADMACO0.1, 45MPEG6-DADMACO.5,
89HPEG8-DADMACO0.1 and 89HPEG8-DADMACO.5) could disperse the ‘Full binder’
mortar because of their high anionic charge density and long side chains (Figure 80).
The zwitterionic PCEs even show slightly better dispersing effectiveness compared to

the reference PCE 89HPEGS.
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When compare the performance of different macromonomers, the zwitterionic PCEs
based on 89HPEG macromonomer show better dispersing effectiveness than that of
45MPEG type zwitterionic PCEs. This superior dispersing effectiveness can be owed

to the stronger steric effect from the longer side chains in 89 HPEG macromonomer.

Additionally, the content of cationic monomer DADMAC seems had no obvious
influence on the dispersing performance as the spread flows containing
45MPEG/89HPEG-DADMACO.1 and 45MPEG/89HPEG-DADMACO.5 are quite
similar (18.7 cm vs. 18.1 cm; 20.1 cm vs. 19.9 cm). Therefore, introducing 0.1 molars
DADMAC for one molar macromonomer was enough to provide PCEs with better

dispersing effectiveness.

ch Full binder
w/b =0.27
4 min mixing 20.1 19.9
A2l 187
: 18.1
g 17.5
g
ERER
o
<
ot
S04 100 B B B e
=
=
Q
=
0 -

Blank 89HPEGS 45MPEG6  45MPEG6 45MPEG6 89HPEGS 89HPEGS

-DADMAC -DADMAC -DADMAC -DADMAC -DADMAC
0.1 0.5 0.5 old 0.1 0.5

PCEs: 1% bwob

Figure 80 Initial spread flow of PCEs at a 0.27 w/b ratio with 1 % bwob dosage

Secondly, the influence of PCE dosages on the initial spread flow of ‘Full binder’
mortar at a very low water-to-binder ratio was determined. As shown in Figure 81, the

initial spread flow of the ‘Full binder’ mortar was slightly increased when increasing
- 143 -




Results and discussion

the PCE dosage from 0.40 % bwob to 0.50 % bwob. Further increasing the PCE dosage
to 0.65 % bwob did not improve the spread flow except 89HPEG8-DADMACO0.1 PCE.
It seems that the saturated adsorption platform for 89HPEGS8 and 45MPEG6-
DADMACQO.1 are around 0.5 % bwob whereas 89HPEG8-DADMACO.1 polymer has
a higher saturated adsorption platform. In order to improve the initial spread flow of
the ‘Full binder’ mortar at very low water-to-binder ratio, the 6.5 min mixing procedure

(normal mixing procedure and 2.5 min fast speed mixing) was applied in the flowing

tests.
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Figure 81 Initial spread flow of PCEs at 0.27 w/b ratio with different dosages

In this part, another important application property - slump retention performance of
zwitterionic PCE in the ‘Full binder’ mortar - was also tested at a water-to-binder ratio
of 0.27. As mentioned before, the mixing procedure greatly influenced the spread flow
of the mortars. As displayed in Figure 82, the 6.5 min mixing procedure provided a
bigger initial spread flow within the error range (+ 0.5 cm) and eliminated the undesired

retarding effect.
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Next, the effect of HPEG-DADMAC PCEs’ chemical compositions and side chain
lengths on the slump retention performance was determined (see Figure 83). All of the
zwitterionic PCEs exhibit superior slump retaining ability than that of Optimal00
polymer and ‘HPEG precast + 89HPEG3’ PCE combination within the error range (+
0.5 cm). 89HPEGS8-DADMACO.1 with longer side chains can achieve the same spread
flow at a relatively lower dosage compared to S2HPEG8-DADMACO0.1 (0.9 % bwob
vs. 1.2 % bwob). 52HPEG10-DADMACO.1 polymer with higher anionic monomer
(AA) amount exhibits better dispersing effectiveness but relatively worse slump
retention performance. In addition, the influence of the synthesis methods on the slump
retention performance of 52HPEG8-DADMACO0.1 PCEs was tested. It can be found
from Figure 84 that the initial spread flow was decreased when DADMAC was
dissolved in flask with macromonomer, whereas the slump retention curve has a similar

tendency to the 52HPEG8-DADMACO.1 polymer.
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Figure 82 Slump retention of ‘Full binder’ mortar containing 89HPEGS8-DADMACO.1

under different mixing procedures
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5.5.3.4 V-funnel empty time tests

As shown in Figure 85, all of the ‘Full binder’ mortar fluidized with HPEG-DADMAC
zwitterionic PCEs have shorter V-funnel empty times (within 60 sec) than that with
Optimal00 (more than 300 sec) and ‘HPEG precast + 89HPEG3’ PCE combination
(113 sec). The 89HPEG8-DADMACO0.1 zwitterionic PCE has the shortest V-funnel
empty times. Further increasing the DADMAC amount to 0.2 can slightly shorten the

empty times from 35 sec to 33 sec.
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Figure 85  V-funnel empty times of ‘Full binder’ mortar fluidized with different
HPEG-DADMAC PCEs

5.5.3.5 Compressive strength tests

The early compressive strength is another critical property for the ‘Full binder system’.
As shown in Figure 86, the 1 d compressive strength was greatly decreased as the PCE
dosage increased from 0.4 % bwob to 0.5 % bwob. Thereafter, the PCE dosage was set
at 0.4 % bwob to check the influence of different PCEs on 1 d and 3 d compressive
strength (see Figure 87). The 1 d compressive strength of mortars admixed with HPEG-

type zwitterionic PCEs 89HPEG8-DADMAC were slightly strengthened compared to
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that with 89HPEGS polymer, while the addition of 45SPC6-DADMAC PCE causes a

great reduction in the early strength, and this reduction in compressive strength was not

apparent after 3 days hydration.

However, the spread flow at such a lower dosage is not good enough for application
(around 18 cm). Some PCE combinations were applied in this test, unfortunately, only
the ‘HPEG precast + 89HPEG3’ PCE combination could provide ‘Full binder’ mortar
good workability without significantly hindering the early compressive strength (see

Figure 88).
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Figure 86 1 d compressive strength of ‘Full binder’ mortar admixed with PCEs at different

dosage
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As discussed, extending the mixing time will help the PCE superplasticizer better

adsorb on the surface of cement particles, thereby increasing the mortar spread flow.
The 6.5 min mixing procedure also strengthen the 1 d compressive strength (Figure
89). Therefore, all of the following tests were conducted under a 6.5 min mixing
procedure. The early compressive strength (1 d and 3 d) of standard mortar admixed
with 89HPEGS8-DADMACO.1 and ‘HPEG precast + 89HPEG3’ PCE combination
were shown in Figure 90. ‘HPEG precast + 89HPEG3’ PCE combination had less
retarding effect than 89HPEG8-DADMACO.1 superplasticizer. Next, zwitterionic
PCEs based on 52HPEG macromonomer, which is more available in commercial
production, were tested. Unfortunately, all of the standard mortars containing S2HPEG-
DADMAC PCEs did not harden after 1 day of hydration, so the instrument could not
detect the values. The 3 d compressive strength were still weaker than that with

89HPEG8-DADMACO.1 zwitterionic PCE (see Figure 91).
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5.5.4 Summary of Section 5.5

In this Section, PCE superplasticizers and PCE combinations were successfully
synthesized and applied in the slag blended cementitious material. Slag is easier to be
fluidized than OPC cement. Hence lower PCE dosages are required as the slag content
increase. On the other hand, the slump retention becomes increasingly difficult with
increasing slag content.

PCE polymers with low anionicity are more effective slump retention than these with
less anionic character. This behaviour is similar as OPC. To achieve 2 - 3 hours of
slump retention, low dosage PCEs based on hydroxyethyl ester are required.
Unfortunately, these slump retainers strongly reduce early strength (1 d). For the slag
rich 85 + 15 binder, new PCE polymers without ester need to be developed which are

less or not at all retarding.
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The study of “Full binder” cementitious materials with a water-to-binder ratio of 0.31
indicates that HPEG-type PCE polymers with higher molecular weight and greater
anionic charge demonstrate better dispersing ability. On the other hand, PCE
superplasticizers with lower molecular weight leads to a quicker V-funnel empty time.
When the water-to-binder ratio was further reduced to 0.27, HPEG-type PCE struggled
to disperse this binder effectively, even at a high PCE dosage (1 %). Increasing the
mixing time from 4 min to 6.5 min can enhance the flow of mortar by aiding the full
distribution and adsorption of PCE polymer on the surface of the binder particles. The
‘Full binder’ requires novel and optimized superplasticizers, successful identification

of suitable HPEG PCE and zwitterionic PCE products achieved.
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5.6 Novel structured PCE superplasticizers

In this part, PCE superplasticizer with novel structure were synthesized and tested in
mortar. Gradient or block structured copolymers have special thermal and interfacial
properties because they exhibit gradual changes in sequence structure. Controlled
radical polymerization (CRP) techniques, including nitroxidemediated polymerization
(NMP), atom transfer radical polymerization (ATRP) and reversible addition-
fragmentation chain transfer (RAFT) methods, were widely used to synthesize gradient
copolymers. These methods are very useful, but they are not easy to apply in the real
industry. Therefore, this part investigated the potential of free radical methods to

produce PCE polymer with novel structure.
5.6.1 Synthesis of PCE via free radical copolymerization

There are two main strategies to synthesize gradient polymers: 1) when two monomers
with similar reactivity ratio continuously feed one monomer into the solution of the
second monomer through the polymerization, also called the forced gradient method;
2) the batch method takes advantage of two monomers with a big difference in reactivity
ratio. Theoretical reactivity of HPEG and AA monomers used in this thesis are quite

different. The designed segment sequence of three PCE copolymers is illustrated in

Figure 92.
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Figure 92 Conceptual sketch of three PCEs with different sequence structures
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The synthesis process of these three polymers is described as follows:

52HPEGS: 40g of HPEG macromonomer and 40 g of DI water were added in a three-
neck flask connected to a mechanical stirrer (400 rpm) and two separate inlets with
peristaltic pumps. The flask was placed in an oil bath heated to 40 °C, and the string
was for 30 min to dissolve the macromonomers. Next, two solutions were prepared for
dropping by peristaltic pumps. Solution A: 9.6 g of AA, 1.2 g of APS, 1 g of 3-MPA
were dissolved in 30 g of DI water. Solution B: 0.8 g of VC was dissolved in 40 g of
DI water. The reaction time started when solutions A and B were added dropwise into
the reaction vessel over 3 hours. After the addition was completed, the reaction was
continued for another 2 hours (the total reaction time is 5 hours). It is worth noting that
APS in this method was dropped in solution A to avoid aggregation, which often
happens when synthesis of HPEG PCE with higher anionic charge density and higher

molecular weight.

In synthesis novel structured 52A-P-A polymer, three solutions were prepared before
the copolymerization, solution A: AA (1.5 g), DI water (20 g), VC (0.2 g), 3-MPA (0.3
g); solution B: HPEG (40 g), DI water (40 g), AA (6.6 g), VC (0.4 g), 3-MPA (0.4 g);
solution C: APS (1.2 g), DI water (20 g). First, add solution A and 5 g of solution C to
the flask and keep the reaction for 30 min at the temperature of 40 °C; then add solution
B and 11.2 g of solution C to the flask and react for 1.5 h; next, prepare the same solution
A, drop it into the flask within 30 min and add 5 g of solution C. After the addition was
completed, the reaction was continued for another 2 hours. Finally, the PCE solution

was cooled to room temperature.

In the synthesis of 52P-A-P polymer, three solutions were prepared before the
copolymerization, solution A: AA (3 g), DI water (20 g), VC (0.4 g), 3-MPA (0.6 g);
solution B: HPEG (40 g), DI water (40 g), AA (6.6 g), VC (0.4 g), 3-MPA (0.4 g);
solution C: APS (1.2 g), DI water (20 g). Half of solution B and 5 g of solution A were
first added to the reaction flask, and the reaction was for 1h at the temperature of 40 °C,

then solution A and 11.2 g of solution C were added to the flask and reacted for 30 min,
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next the residual solution B and 5 g of solution C was added. After the addition was
completed, the reaction was continued for another 2 hours. Finally, the PCE solution

was cooled to room temperature.

5.6.2 Characterization of PCE polymers

5.6.2.1 SEC Results

The chemical composition of PCE samples (52HPEGS, 52A-P-A and 52P-A-P) was
confirmed by size exclusion chromatography (SEC) instrument with differential
refractive index (dRI) and light-scattering (LS) detectors [204, 205]. The SEC spectra
in Figure 93 displayed the different chemical phase (polymer and residual monomers)
in three PCE polymers. They only consist of one copolymer peak (~18 min - ~25 min)
and the residual monomer peaks (~25 min - ~28 min), their high conversion rate of
macromonomers (85 - 95 %) and low molecular weight distribution (PDI: 1.9 - 2.2) in
Table 30 characterized the successful polymerization without significant amounts of
unreacted residual monomers.

The free-radical copolymerization was usually considered to be an instant reaction, and
the copolymer could be a blend of homopolymer and copolymer (P(AA) and HPEG-
AA copolymer) in the feeding method as described in Section 5.6.1. However, the 40 °C
free-radical copolymerization, together with APS and AA free radical, which have
longer half-lives than the copolymerization times, make it possible to obtain the novel
structured PCE by changing the feeding sequence of monomers [206].

Regarding to the block structure of PCE polymers, both 52A-P-A and 52P-A-P
polymers exhibit higher molecular weight than 52HPEGS8 PCE (see Table 29). In
addition, the 52A-P-A and 52P-A-P PCE polymers synthesized in this study have
similar PDI values to 5S2HPEGS (1.9), unlike polymers from CRP methods usually with
a PDI around 1.0. Therefore, the novel structured PCE polymers synthesized in this
study do not exhibit strictly controlled chain sequence distribution, and kinetic
measurements on model systems and detailed polymer fragmentation were not
performed in this part. The study in this part focused on synthesizing PCE polymers

using a low-cost method and comparing their characteristic and performance to
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conventional products.
Table 30 Solid content, molar masses and polydispersity index (PDI) of the

synthesized PCE polymers, and the conversion rate of the macromonomer

Solid content / Conversion
Sample wi. % My[Da]  Mu[Da] PDI (Mw/My) rate / %
52A-P-A 39.9 27,130 13,900 1.9 91.7
52P-A-P 36.3 31,610 14,330 2.2 84.5
52HPEGS8 38.2 26,410 14,110 1.9 95.2
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Figure 93 SEC spectra of PCE polymers with different microstructure
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5.6.2.2 '"H NMR measurement

'"H NMR measurement, which can provide the types and amount of the proton under
different chemical environments, successfully distinguished 52A-P-A and 52P-A-P
copolymers from the 52HPEGS random polymer based on the difference in chain
segment. The typical proton peaks in 5S2HPEGS8 polymer have been marked (Figure
94). The larger peak at 3.6 ppm stemmed from the characteristic ethylene oxide
repeating units. The signals at 0.7 - 0.9 ppm and 2.3 - 2.5 ppm belong to the —CH3 group
and the -CH in the backbone, respectively. Moreover, the protons in —CH2 group of both
AA and HPEG monomer in the backbone appeared at 1.3 - 2.0 ppm, and the proton
peaks at 2.6 ppm, 3.4 ppm and 3.8 ppm correspond to the —CH2 group adjacent to the

ethylene oxide repeat unit in the side chains.

The '"H NMR spectra of 52A-P-A and 52P-A-P copolymers (orange and blue curve)
exhibited the same -characteristic peak that existed in 52HPEG8 copolymer,
certificating the successful copolymerization of HPEG and AA monomers under
different feeding method. In addition, one sharp peak at 1.6 ppm was observed in both
spectra, certificated the existence of poly (acrylic acid) segment in both copolymers.
This sharp comes from the methylene (—CH2—CH>) in the poly (acrylic acid) segment,
and its strength is positively related to the length of the poly (acrylic acid) segment, as
the peak in 52P-A-P copolymer is more obvious because it has a longer poly (acrylic
acid) segment in the middle of the polymer chain according to the feeding amounts.
Therefore, it can be concluded that the free radical method can realize the redistribute

of AA monomers in the polymer chain by changing the feeding sequence of monomers.
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Figure 94 'H NMR spectra of 52HPEGS, 52A-P-A and 52P-A-P copolymers

5.6.2.3 FT-IR measurement

The FT-IR spectra can provide the vibration information of different groups in the
copolymer chain (Figure 95). First, the bands that appear at 2797 cm™ and 2758 cm’!
are the -CH3 and —CH2 respectively. The broad band appearing between 3587 cm™ and
2860 cm’! is assigned to the stretching vibration band of ~OH in -COOH groups from
AA monomer. The broad and strong band around 1032 cm! is related to —C—O in the
HPEG macromonomer in the side chains. These typical bands in three polymers
(52HPEGS, 52A-P-A and 52P-A-P) indicate the successful copolymerization of AA and
HPEG monomers by free radical method. Another band at 1634 cm™ is from the
stretching vibration of —C=0 form —COOH groups, and this band in 52A-P-A
copolymer is more obvious. One possible explanation is that most of the —COOH
groups in the 52A-P-A copolymer are located at the end of polymer chains, whose

vibration was less influenced by the long side chains of the HPEG monomer.
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Figure 95 FT-IR spectra of 5>2HPEGS, 52A-P-A and 52P-A-P copolymers

5.6.2.4 Specific anionic charge amounts

The specific anionic charge amounts of 52HPEGS, 52A-P-A, and 52P-A-P copolymers
were tested in DI water, 0.01 M NaOH, and cement pore solution (Table 31). Three
copolymers exhibit similar specific anionic charge amount values when tested in DI
water, whereas 52A-P-A copolymers have the highest values when tested in NaOH and

cement pore solution.
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Table 31 Specific anionic charge amount of superplasticizer samples

Specific anionic charge amount [peq/g]

PCE sample in DI water in 0.01 M NaOH
pH =12
893 3214
52HPEGS8 904 3220
897 3211
874 3483
52A-P-A 861 3566
865 3512
758 3492
52P-A-P 740 3460
744 3475

5.6.2.5 Surface tension measurement

Gradient polymers have special interfacial phase properties because of the gradual
change of the composition in the polymer chain. The surface tension measurement was
used to detect the critical micelle concentration (CMC) of three copolymers. As the
concentration of a surfactant increases, adsorption takes place at the surface until it is
fully overlaid, which corresponds to the minimum value of the surface tension. As
shown in Figure 96, random copolymer 52HPEGS has a critical micelle concentration
(CMC) between 0.015 % to 0.02 %, while 52A-P-A polymer did not show an obvious

decrease in surface tension when the polymer concentration was increased.
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Figure 96 Surface tension value of 52HPEGS8 and 52A-P-A polymers with

increasing PCE concentration

5.6.3 Performance of novel structured PCE in OPC
5.6.3.1 Dispersing effectiveness

First, the dispersing effectiveness of PCE superplasticizer was tested in mortar at
different water-to-cement ratios. As expected, more dosages of all three PCE samples
(52HPEGS, 52A-P-A and 52P-A-P) are required at a w/c ratio of 0.40 than that at 0.45
to reach the same spread flow of 20 cm (see Figure 97). When comparing three PCE
samples with different microstructures, S2HPEG8 and 52A-P-A exhibit stronger

dispersing power than 52P-A-P polymer.

Secondly, the dispersing effectiveness was assessed at the same dosage and compared
with one commercial precast-type PCE HPEG precast at a water-to-cement ratio of 0.40.
52HPEGS8 and 52A-P-A PCE polymers provide similar dispersing capacity as HPEG

precast (see Figure 98).
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24

w/c =0.40

20.7

195 19.8

N
o
1

16.1

-
(@]
1

Spread flow in mortar (cm)

—
N
1

52HPEGS 52A-P-A 52P-A-P HPEG precast
PCE dosage: 0.20 % bwoc

Figure 98 Dispersing effectiveness of different PCEs at the same dosage
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5.6.3.2 Sulfate resistance of PCE polymers

Next, the sulfate resistance of gradient PCE was assessed in paste at a water-to-cement
ratio of 0.45, which can provide a spread flow of 18 cm. The PCE dosage was set at
0.07 % bwoc to obtain an initial spread flow of ~ 26 cm. The spread flows of cement
paste containing different sulfate content (1 %, 2 %, 3 % and 4 %) and 0.07 % bwoc

PCE were shown in Figure 99.

52A-P-A exhibits good sulfate resistance when the sulfate content is not more than 2 %
bwoc. While the spread flow of cement pastes admixing S2HPEGS and 52P-A-P
decreased to different degree with increasing sulfate content. The order of sulfate

resistance of three PCE polymers is 52A-P-A > 52HPEGS8 > 52P-A-P.

32 ~

B 0 2 bwoc Na,SO,
B 1 % bwoc Na,SO,
B 2 % bwoc Na,SO,
B 3 % bwoc Na,SO,
14 % bwoc Na,SO,

30 A
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26.2
26 -

24 -

22 1

Spread flow in paste (cm)
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18 -

52HPEGS8 52A-P-A 52P-A-P
PCEs dosage: 0.07 % bwoc

Figure 99 Mini slump test of S2HPEGS, 52A-P-A and 52P-A-P polymers in paste
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5.6.4 Summary of Section 5.6

it is possible to synthesis PCE with specifical block through free radical
copolymerization method. Changing the feeding sequence of monomers affect the
formation of polymer microstructure and the properties of the final PCE product. This
provides a new idea for the development of novel structured PCE superplasticizer in

the future.

This part studied the preparation of optimal PCE product by only changing the feeding
sequence while controlling the total mass. A series of block-structured PCE (52A-P-A,
52P-A-P) were obtained from the free-radical method by changing monomers' feeding
sequence. Their dispersing effectiveness was tested in CEM 1. The SEC, 'H NMR and
FT-IR spectra confirmed the distinct chemical composition of these PCE samples. In
addition, PCE samples with block structure have higher dosage effectiveness than
random ones. It can be ascribed to the faster adsorption behavior caused by the higher
anionic charge according to the specific anionic charge amount measurements. Such
PCE samples with a block structure also exhibit sulfate robustness at low sulfate

concentrations (1 % bwoc).
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6. Summary and outlook

The PCE polycarboxylate superplasticizers have greatly broadened the application of
cementitious materials. This thesis aims to solve the defoaming problem of OPC cement
and make up for the shortage of PCE polymers suitable for low-carbon cement.
Different polymerization methods such as free radical copolymerization, graft and ion-
pair complex were used to realize molecular design purpose and corresponding PCE
products were copolymerized. The physical and chemical structural properties of these
PCE samples were characterized, and their performance in cementitious materials was
assessed in paste and mortar. Their working mechanism related to defoaming behavior,
hydration process, and adsorption was further analyzed. Various types of low-carbon
cement were characterized, in detail, their phase composition, particle size distribution,
surface charge, and pH value were analyzed. Based on these characterizations, a series
of randomly structured and novel structured PCE superplasticizers for slag blended

cement and composite cement were synthesized and tested.

Non-air entraining PCE for OPC cement

The introduction of Jeffamine side chains in PCE structure through the grafting method
successfully synthesized a series of G45PC5-g-Jeffamine PCE polymers, therefore
realizing air voids controlling purpose in the OPC cement system. The mortar admixed
G45PC5-g-Jeffamine 1000 had very low air voids but still dispersed well at the same
time. This prior dispersing effectiveness could be ascribed to the steric hindrance from
extra polyamine pendant chains, and the hydrophobic side chain also occupied more
adsorption sites on the surface of cement particles, which released more free water.
Such graft polymer presented no prolongation of the hydration induction period and
enhanced the compressive strength at all curing ages (16 h, 3 d, 7 d, and 28 d) due to

the different microstructure of the grafted polymer.

For the ion-pair defoamer, pH value is an important parameter in forming and
decomposing of PCE-jeffamine complex polymers, The research work in this part

focuses on investigating the foaming behavior from different dimensions. Specifically,
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two complex polymers 23HPEG7-Jeffamine 2005 and 23HPEG7-Jeffamine 2070 were
synthesized and characterized. The foaming behaviors of these two polymers, including
defoaming activity, defoaming durability, foam stability and air voids in mortar, were
assessed and compared with the pure 23HPEG7 PCE. It was found that 23HPEG7-
Jeffamine 2005 and 23HPEG7-Jeffamine 2070 complex exhibited similar defoaming
activity as 23HPEG7 PCE but better defoaming durability. The PO/EO ratio in
jeffamine determined their defoaming and dispersing properties, PO units are helpful
for disturbing foam stability, while EO units dominate the dispersing performance.
Unlike graft polymers, the ion-pair defoamers prolong the induction in the cement

hydration process.

With respect to the future development of defoamers based on PCE polymers, the
compatibility problem of PO-rich Jeffamine with conventional PCE structure should be
taken into consideration, and an in-depth investigation will be interesting for future

research.

Synthesis of MA-co-HPEG PCE superplasticizers via free radical method

In this part, a series of MA-co-HPEG PCE superplasticizers was synthesized with the
APS-VC redox initiator system. The conversion rate of HPEG macromonomer was
increased to ~ 90 % by adjusting the feeding molar ratio, initiator amounts, and
molecular weight of HPEG and introducing third comonomers. The optimal MA:HPEG
monomer feeding ratio is 2:1 or 3:1. Using highly active third comonomers
(MAA/AMPS) or small molecular weight HPEG monomer can greatly accelerate
polymerization. The dispersing effectiveness of maleic-based superplasticizers was
measured in mini-slump tests. More measurements of different performances, such as

viscosity reducing or defoaming behavior, will be interesting for future investigation.

Characterization and rheology of cementitious materials and their interaction

with PCE polymers

This part examined the interaction of VP 2020/15.2 PCE with low-carbon cement, LCC

and OPC cement, and three types of composite cement were also characterized. The
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results indicate that LCC and OPC have different surface charges, leading to varied
adsorption behaviors of PCE on their surfaces. This, in turn, affects dispersion and

slump retention performances.

Three types of composite cement (CEM II/A-LL 32.5 R; CEMIII/A 42.5 N and CEM
[II/B 42.5 N) have smaller particle sizes and lower pH values compared to OPC,
resulting in poorer initial fluidity. Additionally, the surface charge of composite cement
differs from that of OPC due to their distinct mineral phase composition and the
presence of large amounts of amorphous phases, which impacts their interaction with
PCE. Understanding these variations between composite cement and OPC will aid in

the development of PCE admixtures suitable for low-carbon cement.
PCE superplasticizer designed for slag blended cement

In the Na2SOs-activated “slag + cement” system, the slag is easier to fluidize than OPC,
so lower PCE dosages are needed as the slag content increases. However, it becomes
increasingly difficult to retain the slump with higher slag content. The PCE polymers
with low anionicity are more effective in retaining slump performance. PCE
superplasticizers based on hydroxyethyl ester were successfully synthesized and can
achieve a retained slump for 2 - 3 hours but significantly reduce early strength (1 d).
For the slag-rich ‘85 + 15’ binder, new PCE polymers without ester that are less or not

at all retarding are needed.

The study of ‘Full binder’ cementitious materials with a water-to-binder ratio of 0.31
suggests that HPEG type PCE polymers with higher molecular weight and greater
anionic charge have better dispersing ability. Conversely, PCE superplasticizers with

lower molecular weight lead

to a quicker V-funnel empty time. When the water-to-binder ratio was further reduced
to 0.27, HPEG-type PCE struggled to effectively disperse this binder even at a high
PCE dosage (1 %). Increasing the mixing time from 4 min to 6.5 min can enhance the
flow of mortar by aiding the full distribution and adsorption of PCE polymer on the

surface of the binder particles. HPEG type zwitterionic PCE polymers were synthesized
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and can disperse the “Full binder” well.
Novel structured PCE

This section focused on the development of novel structured PCE products by altering
the feeding sequence. The SEC, '"H NMR, and FT-IR spectra confirmed the distinct
segment sequence between gradient and random PCE samples. Furthermore, the A-P-
A PCE sample with a novel structure showed greater dosage effectiveness, especially
in sulfate resistance, compared to the S2HPEGS8 PCE. This is attributed to faster
adsorption behavior due to the higher anionic charge, as indicated by the specific
anionic charge amount measurement. It was confirmed that the free radical
copolymerization method is useful tool to synthesize PCE polymer with specifical

structure for different application in the future.

- 170 -



Zusammenfassung und Ausblick

7. Zusammenfassung und Ausblick

Die Polycarboxylat-Superplastifizierer haben die Anwendung von zementdsen
Materialien erheblich erweitert. Diese Dissertation zielt darauf ab, das
Entschdumungsproblem von OPC-Zement zu losen und den Mangel an PCE-
Polymeren, die fiir kohlenstoffarmen Zement geeignet sind, auszugleichen.
Verschiedene Polymerisationsmethoden wie freie Radikal-Copolymerisation,
Pfropfung und lon-Paar-Komplex wurden verwendet, um das Ziel des Molekiildesigns
zu verwirklichen, und entsprechende PCE-Produkte wurden copolymerisiert. Die
physikalischen und chemischen Strukturmerkmale dieser PCE-Proben wurden
charakterisiert und ihre Leistung in zementdsen Materialien in Paste und Mortel
bewertet. Thr Wirkmechanismus in Bezug auf Entschdumungsverhalten,
Hydratationsprozess und Adsorption wurde weiter analysiert. Verschiedene Arten von
kohlenstoffarmem Zement wurden detailliert charakterisiert, ihre
Phasenzusammensetzung, Partikelgroenverteilung, Oberflichenladung und pH-Wert
wurden analysiert. Auf der Grundlage dieser Charakterisierungen wurden Serien von
zufillig strukturierten und neu strukturierten PCE-Superplastifizierern fiir Schlacke-

Blended-Zement und Kompositzement synthetisiert und getestet.
Nicht-luftporenbildende PCE fiir OPC-Zement

Die Einfilhrung von Jeffamin-Seitenketten in die PCE-Struktur durch die
Pfropfungsmethode ermdglichte erfolgreich die Synthese einer Reihe von G45PC5-g-
Jeffamin PCE-Polymeren und realisierte somit das Ziel der Luftgehaltskontrolle im
OPC-Zementsystem. Der mit G45PC5-g-Jeffamin 1000 gemischte Mortel hatte einen
sehr geringen Luftgehalt, verteilte sich aber gleichzeitig gut. Diese vorrangige
Dispergiereffektivitit konnte auf den sterischen Effekt der zusidtzlichen Polyamin-
Seitenketten zuriickzufiihren sein, und die hydrophobe Seitenkette belegte auch mehr
Adsorptionsstellen auf der Oberfliche der Zementpartikel, was mehr freies Wasser
freisetzte. Ein solches Pfropfpolymer verldngert die Hydratationsinduktionszeit nicht

und erhoht die Druckfestigkeit in allen Aushértungsstufen (16 h, 3 d, 7 d und 28 d)
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aufgrund der unterschiedlichen Mikrostruktur des Pfropfpolymers.

Fiir den Ion-Paar-Entschidumer ist der pH-Wert ein wichtiger Parameter bei der Bildung
und Zersetzung von PCE-Jeffamin-Komplexpolymeren. Die Forschungsarbeit in
diesem Teil konzentriert sich auf die Untersuchung des Schaumbildungsverhaltens aus
verschiedenen Dimensionen. Insbesondere wurden zwei Komplexpolymere 23HPEG7-
Jeffamin 2005 und 23HPEG7-Jeffamin 2070 synthetisiert und charakterisiert. Die
Schaumbildungsverhalten dieser beiden Polymere, einschlielich
Entschdumungsaktivitit, Entschdumungsdauerhaftigkeit, Schaumstabilitdit und
Luftgehalt im Mortel, wurden bewertet und mit dem reinen 23HPEG7 PCE verglichen.
Es wurde festgestellt, dass 23HPEG7-Jeffamin 2005 und 23HPEG7-Jeffamin 2070 eine
dhnliche Entschdumungsaktivitit wie 23HPEG7 PCE, aber eine bessere
Entschdumungsdauerhaftigkeit aufweisen. Das PO/EO-Verhiltnis in Jeffamin bestimmt
deren Entschdumungs- und Dispergiereigenschaften, wobei PO-Einheiten zur Stoérung
der Schaumstabilitdt beitragen, wihrend EO-Einheiten die Dispergiereigenschaften
dominieren. Im Gegensatz zu Pfropfpolymeren verlingern die Ion-Paar-Entschaumer

die Induktionszeit im Zementhydratationsprozess.

Hinsichtlich der zukiinftigen Entwicklung von Entschdumern auf Basis von PCE-
Polymeren sollte das Kompatibilitdtsproblem von PO-reichen Jeffaminen mit der
herkémmlichen PCE-Struktur beriicksichtigt werden, und eine eingehende

Untersuchung wird fiir zukiinftige Forschungen interessant sein.

Synthese von MA-co-HPEG PCE-Superplastifizierern mittels freier
Radikalmethode

In diesem Teil wurde eine Serie von MA-co-HPEG PCE-Superplastifizierern mit dem
APS-VC-Redoxinitiatorsystem synthetisiert. Die Umwandlungsrate des HPEG-
Makromonomers wurde auf ~ 90 % erhoht, indem das Molverhiltnis der Zufiihrung,
die Initiatormengen und das Molekulargewicht von HPEG sowie die Einfiihrung dritter

Comonomere angepasst wurden. Das optimale MA
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tthrungsverhiltnis betrdgt 2:1 oder 3:1. Die Verwendung hochaktiver dritter
Comonomere (MAA/AMPS) oder kleinerer HPEG-Monomere kann die
Polymerisation  erheblich  beschleunigen. Die  Dispergiereffektivitit  der
maleinsdurebasierten Superplastifizierer wurde in Mini-Slump-Tests gemessen.
Weitere Messungen unterschiedlicher Leistungen wie Viskositdtsreduzierung oder

Entschdumungsverhalten werden fiir zukiinftige Untersuchungen interessant sein.

Charakterisierung und Rheologie zementoser Materialien und deren Interaktion

mit PCE-Polymeren

Dieser Teil untersuchte die Interaktion von VP 2020/15.2 PCE mit kohlenstoffarmem
Zement: LCC und OPC-Zement; und drei Arten von Kompositzement wurden ebenfalls
charakterisiert. Die Ergebnisse zeigen, dass LCC und OPC unterschiedliche
Oberflachenladungen aufweisen, was zu unterschiedlichen Adsorptionsverhalten von
PCE auf deren Oberfliachen fiihrt. Dies wiederum beeinflusst die Dispergier- und

Setzverhaltensleistungen.

Drei Arten von Kompositzementen (CEM II/A-LL 32,5 R; CEMIII/A 42,5 N und CEM
ITI/B 42,5 N) haben kleinere Partikelgroen und niedrigere pH-Werte im Vergleich zu
OPC, was zu einer schlechteren anfanglichen Flie3fahigkeit fiihrt. Zudem unterscheidet
sich die Oberflachenladung des Kompositzements von der des OPC aufgrund ihrer
unterschiedlichen Mineralphasen-Zusammensetzung und des Vorhandenseins grofBer
amorpher Phasen, was ihre Interaktion mit PCE beeinflusst. Das Verstdndnis dieser
Unterschiede zwischen Kompositzement und OPC wird zur Entwicklung von PCE-

Zusitzen beitragen, die fiir kohlenstoffarmen Zement geeignet sind.
PCE-Superplastifizierer fiir schlackengebundenen Zement

Im NazSOs-aktivierten ,,Schlacke + Zement“-System ist die Schlacke leichter zu
verfliissigen als OPC, daher werden bei steigendem Schlackengehalt niedrigere PCE-
Dosierungen bendtigt. Allerdings wird es zunehmend schwieriger, mit héherem
Schlackengehalt den Ausbreitmal} zu erhalten. PCE-Polymere mit niedriger Anionizitét

sind effektiver bei der Erhaltung der Ausbreitmalleistung. PCE-Superplastifizierer auf
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Basis von Hydroxyethylester wurden erfolgreich synthetisiert und koénnen einen
erhaltenen Ausbreitmall von 2 - 3 Stunden erreichen, reduzieren jedoch die
Friihfestigkeit (1 Tag) erheblich. Fiir das schlackenreiche ,,85 + 15“-Bindemittel sind
neue PCE-Polymere ohne Ester erforderlich, die weniger oder gar nicht verzogernd

wirken.

Die Untersuchung von ,,Vollbindemittel“-zementdsen Materialien mit einem Wasser-
Bindemittel-Verhiltnis von 0,31 legt nahe, dass HPEG-Typ-PCE-Polymere mit
héherem Molekulargewicht und groerer anionischer Ladung eine bessere
Dispersionsfahigkeit haben. Umgekehrt filhren PCE-Superplastifizierer mit
niedrigerem Molekulargewicht zu einer schnelleren V-Trichter-Entleerungszeit. Wenn
das Wasser-Bindemittel-Verhéltnis weiter auf 0,27 reduziert wurde, hatten HPEG-Typ-
PCEs Schwierigkeiten, dieses Bindemittel selbst bei einer hohen PCE-Dosierung (1 %)
effektiv zu dispergieren. Eine Erh6hung der Mischzeit von 4 Minuten auf 6,5 Minuten
kann den Fluss des Mortels verbessern, indem die vollstindige Verteilung und
Adsorption des PCE-Polymers auf der Oberfliche der Bindemittelpartikel unterstiitzt
wird. HPEG-Typ-zwitterionische PCE-Polymere wurden synthetisiert und konnen das

,» Vollbindemittel* gut dispergieren.
Neu strukturierte PCE

Dieser Abschnitt konzentriert sich auf die Entwicklung neu strukturierter PCE-
Produkte durch Anderung der Zufiihrungsreihenfolge. Die SEC-, IH-NMR- und FT-
IR-Spektren bestitigten die unterschiedliche Segmentsequenz zwischen den gradienten
und zufdlligen PCE-Proben. Dariiber hinaus zeigte die A-P-A-PCE-Probe mit einer
neuartigen Struktur eine grofere Dosiseffektivitit, insbesondere in der
Sulfatbestandigkeit, im Vergleich zum 52HPEGS8-PCE. Dies wird auf ein schnelleres
Adsorptionsverhalten aufgrund der héheren anionischen Ladung zuriickgefiihrt, wie

durch die spezifische anionische Ladungsmessung angezeigt.
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