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Hypothesis: Polycarboxylate ether (PCE) comb-copolymers are widely used as water reducing agents in
the concrete industry while maintaining a high fluidity via the polymer adsorption to the cement parti-
cles. PCE copolymers with a broad range of structures are well established by Free radical polymerization,
however, understanding the structure-property relationship is still complex due to the high polydisper-
sity of PCE copolymers prepared by conventional polymerization. The influence of different structural
parameters using well-defined polymeric structures is yet to be explored.
Experiments: In this study, two different types of comb-like random copolymers, namely polycarboxylate
ether (PCE; poly(oligo(ethylene glycol) methyl ether methacrylate/methacrylic acid)) and polysulfonate
ether (PSE; poly(oligo(ethylene glycol) methyl ether acrylate/sodium 4-styrenesulfonate)), were synthe-
sized by RAFT polymerization to enable the synthesis of polymers with controlled features. The effect of
charge types and side chain lengths on the adsorption, rheology, and dispersing ability of cement pastes
have been studied.
Findings: RAFT polymerization could be used to prepare PCE random copolymers with good control over
the polymer molecular weight and narrow polydispersity (Ð < 1.3). Results revealed that the f-potential
values depend on both the charge type and side chain lengths. Copolymers containing SO3

� exhibited
higher absolute negative f-potential values than COO� while PCE copolymers with shorter side chains
developed higher absolute negative f-potential values. On the other hand, the adsorption study demon-
strated that decreasing the side chain lengths lead to higher adsorption of PCE copolymers while
Copolymers with COO� groups were found to be adsorbed more than SO3

� counterparts. These results
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are further confirmed with the rheological studies and it is found that the shorter the side chain, the
lower the yield stress and the higher the dispersion of cement pastes but to a limited effect.
Additionally, the charge types have a major influence on the performance of superplasticizers. This study
could make further progress in establishing superplasticizers with controlled architectures for better
performance.
� 2019 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Chemical admixtures are of high demand in concrete technol-
ogy to enhance their properties such as durability, flowability, set-
ting, and mechanical performance [1,2]. Among these chemical
admixtures, superplasticizers are mainly used to enhance the
flowability at relatively low water-cement ratio (W/C) [3–6]. The
first generation of superplasticizers (SP) such as sulphonated naph-
thaleneformaldehyde condensates (SNF) and amino sulphonate-
formaldehyde condensates (ASF) can disperse cement particles
via electrostatic repulsion mechanism [3]. The new generation of
SP is based on polycarboxylate ether comb copolymers that
possess both carboxylic groups and poly(ethylene oxide) (PEO)
side chains [7,8]. PCE copolymers can create both electrostatic
repulsion and steric hindrance and hence, they provide better per-
formance than the older generations [9,10]. The molecular weight
and side chain lengths of PCEs can easily be tailored, making them
superior to other kinds of SPs.

The main function of the PEO side chains is to exert steric
hindrance that keeps the cement grains away from each other
and hence prevents cement agglomeration. Some studies have
been reported on the effect of the PEO side chain lengths and func-
tional groups on the dispersion ability of cement pastes. For exam-
ple, Qiu et al. studied the effect of side chains on the dispersing
ability of highly concentrated cement pastes [2]. They used PCE
copolymers containing both sulfonate and carboxylate groups in
addition to the PEO side chains. The experiments showed that
PCE copolymers containing both short and long side chains in the
same polymer backbone exhibit higher dispersion ability than PCEs
with either short or long side chains. On the other hand, an appro-
priate increase in sulfonic group content leads to an increase in dis-
persing ability. In another study, Ran et al. demonstrated that a
higher dispersion performance was observed for PCE copolymers
with longer side chains [11]. Contrary to this, Nawa et al. found
that PCEs with short side chains impart better dispersing ability
than longer ones [2]. Additionally, Winnefeld et al. reported that
the side chain lengths have a minor influence on the cement work-
ability, ascribed to the conformation of PCEs as the structure is not
stretched but rather mushroom-like [12]. It can be concluded that
some of these reports have apparently conflicting conclusions, but
this may result from the fact that each of these studies was per-
formed with PCEs having rather diverse chemical structures, com-
positions, and side chain lengths. On the other hand, the ionic
character of the PCEs can influence the adsorption to cement grains
and the retardation of cement hydration [13]. It has been reported
that COO� functions induce higher adsorption behavior than SO3

�

counterparts [13]. Dalas et al. concluded that modifying the ionic
character along the polymer backbone has no effect on the fluidiz-
ing efficiency [14].

Free radical polymerization (FRP) is extensively employed to
prepare PCE copolymers, however with less control over molecular
weight and molecular weight distributions (polydispersity index
Ð = Mw/Mn values are usually higher than 1.5 even when using
chain transfer agents to control the molar mass) [2,15–21], yield-
ing polymers with broad molar mass distributions and potential
variations in chemical composition amongst different chains in
case of monomers with different reactivity. Controlled radical
polymerization techniques have been exploited during the last
two decades as a versatile method that offers a free radical synthe-
sis of polymers with a predetermined molecular weight with nar-
row molar mass dispersity [22–24]. Reversible-addition
fragmentation chain transfer (RAFT) polymerization is a con-
trolled/living free radical polymerization technique that is compat-
ible with a wide range of monomers [14,25–28]. Only very few
studies have employed RAFT polymerization for the preparation
of PCE superplasticizers with the focus on block copolymers
neglecting its potential applications for PCE random copolymers
[27,29–31].

To provide accurate insights regarding the effect of side chain
lengths and charge characteristics on the adsorption behavior of
PCEs, we have employed RAFT polymerization in this work to
obtain well-defined copolymers with diverse side chains and func-
tionalities, enabling more systematic evaluation of the structural
parameters of the PCEs on their performance. This is the first study
that reports the use of well-defined copolymers (Ð <1.3) to com-
pare the side chain length and charge type of the PCEs on the dis-
persibility of cement pastes. In this study, two types of copolymers
were synthesized containing either COO� or SO3

� as the charge type
(namely PCE and PSE, respectively) to explore the effect of the
specific functional negatively charged group on the adsorption
and rheological properties of cement pastes. On the other hand,
three different PEO side chain lengths were employed in case of
PCE copolymers to study their effect on the cement fluidity as well.
Adsorption studies, f-potential measurements, fluidity, and the
rheological properties were also explored in this work.

2. Materials and methods

2.1. Materials

All chemicals and solvents used in this study were commercially
available and used as received unless otherwise stated. Methacrylic
acid (MAA, Aldrich)was purified by passing themonomer over basic
alumina oxide column. Poly(ethylene glycol) methyl ether
methacrylate (PEGMA300, Mn = 300 g/mol, Aldrich), poly(ethylene
glycol) ethyl ether methacrylate (PEGMA500, Mn = 500 g/mol,
Aldrich), and poly(ethylene glycol) ethyl ether acrylate (PEGA480,
Mn = 480 g/mol, Aldrich) were purified by passing over a basic alu-
minumoxide column. Poly(ethylene glycol)methyl ethermethacry-
late (PEGMA950, Mn = 950 g/mol, Aldrich) was dissolved in
dichloromethane, passed over a basic aluminum oxide column and
dried under vacuum. Sodium 4-styrene sulfonate (SSS, Aldrich)
wasused as received. 4-Cyano-4-(dodecylsulfanylthiocarbonyl) sul-
fanylpentanoic acid (CDTPA, STREM chemicals) and 4-cyano-4-
thiothiopropyl-sulfanyl pentanoic acid (CTPPA, Aldrich) were used
as a chain transfer agent (CTA). Azobis(isobutyronitrile) (AIBN,
Aldrich) was recrystallized frommethanol.

2.2. Synthesis of PCE and PSE by RAFT polymerization

The polymerizations were performed following previously
reported protocol [32], with the initial feed ratios of [MAA/
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PEGMA]:[CTA]:[AIBN] = 100:1:0.2 using standard Schlenk tech-
niques. The monomer concentration was 1 M while MAA and
PEGMA were used in a molar ratio of 1:1. For a typical polymeriza-
tion of the system [MAA/PEGMA300]:[CDTPA]:[AIBN]; MAA
(215 mg, 2.5 � 10�3 mol), PEGMA300 (750 mg, 2.5 � 10�3 mol),
CDTPA (20 mg, 5 � 10�5 mol), AIBN (1.6 mg, 1 � 10�5 mol), and
1,4-dioxane (4.07 mL) were added into a 10 mL schlenk tube with
a magnetic stirring bar. 1,3,5-Trioxane (30.6 mg, 3.4 � 10�4 mol)
was also added into the flask and used as an internal standard
for determination of the monomer conversion by 1H NMR spec-
troscopy. The solution was purged for 30 min with Argon and then
heated to 70 �C in an oil bath and stirred at 500 rpm. After 16 h, the
polymerization was quenched by rapid cooling upon immersing
the flask in an ice bath. The product was diluted with tetrahydro-
furan (THF) and precipitated in diethyl ether. The previous precip-
itation step was repeated three times to purify the polymer, which
was then dried in a vacuum oven at 45 �C for 24 h. Aliquots were
withdrawn from the polymerization mixture at predetermined
time intervals and stored into small vials to determine the mono-
mer conversion and the molecular weight. The polymerization evo-
lution was monitored from the 1H NMR spectra using the integral
value of the vinylic protons and the monomer conversion was then
determined by comparison of one vinylic proton (5.6, 6.15 ppm for
MAA and 5.55, 6.1 ppm for PEGMA) with the six protons of triox-
ane (5.1 ppm) used as internal standard. PSE copolymer was pre-
pared in the same way in DMF/H2O (1:1) solution using CTPPA as
the CTA at 80 �C.

2.3. Characterization

1H NMR spectroscopy measurements were carried out on a Bru-
ker DRX 400 spectrometer using deuterated chloroform (CDCl3),
D2O, or dimethylsulfoxide (DMSO d6) as solvent at room tempera-
ture. The chemical shift scale was calibrated relative to the tetram-
ethylsilane peak that was used as a reference. Samples were
prepared by mixing 0.6 mL of deuterated solvent with three drops
of the reaction medium. Size-exclusion chromatography (SEC) was
conducted on an Agilent 1260-series HPLC system equipped with a
1260 online degasser, a 1260 ISOpump, a 1260 automatic liquid
sampler (ALS), a thermostatted column compartment (TCC) at
50 �C equipped with two PLgel 5 mm mixed-D columns and a pre-
column in series, a 1260 diode array detector (DAD) and a 1260
refractive index detector (RID). The used eluent was dimethylac-
etamide (DMA) containing 50 mM of LiCl at a flow rate of
0.500 mL/min. The spectra were analyzed using the Agilent Chem-
station software with the GPC add on. Molar mass values and Ð
values were calculated against polymethylmethacrylate standards
from PSS. Light scattering (LS) measurements are performed on a
3-angle static light scattering (MALS) detector, i.e. miniDAWN
TREOS, from Wyatt Technology. The detector is coupled on-line
to an Agilent 1260 infinity HPLC system (vide DMA-SEC) and used
to determine the absolute molar mass of the analyzed polymer
samples. The measurements are performed at ambient tempera-
ture, i.e. no temperature control unit is supplied/installed with
the above mentioned LS detector. The LS results are further ana-
lyzed with the provided Astra 7 software, also designed by Wyatt
Technology. Dynamic light scattering (DLS) and Zeta potential
measurements of the cement pastes were executed at 25 �C using
a Zetasizer nano (Malvern Instruments Ltd).

2.4. Cement pastes preparation

Ordinary Portland Cement (OPC) CEM I 52.5 N was used in this
study. The W/C of the cement pastes was fixed at 0.38. Different
concentrations of the copolymers in cement pastes were added
(exact amounts are mentioned in the coming sections). The copoly-
mers were first dissolved in deionized water and mixed with
cement by hand using a spatula for 180 s. Deionized water used
in this study has a resistivity around 18.18 MX cm and a pH value
of 5.91.

2.5. Adsorption test

The adsorption amounts of the polymers on cement particles
were determined by total organic carbon (TOC) measurement
using a TOC analyzer. In brief, water containing different concen-
trations of SP (i.e. 2, 4, 6, 8, 10 mg/g cement) was mixed with
cement for 180 s using hand mixing. The fresh cement paste was
immediately centrifuged at 3000 rpm for 10 min. A clear super-
natant solution was then decanted and filtered through a
0.45 lm filter membrane. 2% nitric acid (69% p.a.) is added into
the pore solution to remove inorganic carbon (IC). The supernatant
solution was subsequently diluted with deionized water to a
proper concentration for TOC measurement. Finally, the solution
is analyzed with the TOC analyzer. The carbon contents of pure
SP solutions and control cement paste were also measured.

2.6. Zeta potential

Zeta potential measurements were determined using cement
suspensions with high W/C ratio (W/C = 50) in order to ensure
the operability and the accuracy of the zeta potential measure-
ments due to good fluidity of the samples. The suspensions were
prepared by dispersing 0.5 g of cement in 25 mL deionized water
containing different copolymer concentrations (i.e. 2, 4, 6, 8,
10 mg/g cement) under vigorous agitation and all the suspensions
were stirred for 4 min before the test.

2.7. Rheological study

In order to carry out the flow tests, a dynamic shear rheometer
was used. The measurements were performed using an Anton Paar
MCR 52 rheometer with a parallel plate geometry having a diame-
ter of 25 mm and 2 mm gap between the two plates. The upper and
lower plates were roughened to prevent slippage between the
tested sample and the surface of the measuring device. Each test
was repeated in triplicate. The pastes were prepared by mixing
cement with water containing 0.1% (relative to cement mass) of
different copolymers. This low polymer concentration is adequate
to enhance the rheological properties without observance of bleed-
ing issues for all the tests. The pastes were hand mixed for 180 s
then poured onto the rheometer plate. A 20 s pre-shear was
applied at a shear rate of 175 s�1 to break down the internal struc-
ture of cement pastes and create uniform conditions before testing.
The test protocol is followed as shown in Table 1. A stepwise
increasing shear rate from 50 to 175 s�1 in 120 s, followed by
deceleration to 50 s�1 in another 100 s was applied. The average
value of the shear stress for a given shear rate is obtained from
the down shear rate ramp. The yield stress and the plastic viscosity
were obtained by fitting the Bingham model into the obtained
curve. The error percentage for shear stress calculation varies
between 3 and 4% for the reference cement paste while the addi-
tion of SP gives an error percentage of 1%, indicating good repeata-
bility of the tests.

2.8. Minislump test

Minislump tests were performed to determine the paste flowa-
bility, with and without the addition of SP. For these tests, pastes
containing 0.1% of SP (relative to cement mass) were prepared with
a w/c ratio of 0.38 by hand mixing for 180 s and subsequently
poured into a mini cone with a bottom diameter of 30 mm, an



Fig. 1. Schematic representation of the RAFT polymerization to synthesize (a) PCE; poly(MAA/PEGMA), and (b) PSE; poly(SSS/PEGMA480).

Table 2
Reaction conditions and results for RAFT polymerization synthesis of PCE and PSE.

Entry Code Side chain na Time (h) T oC Conv. (%)b Mn
(Theo)c (KDa) Mn

(SEC)d (KDa) Mn
LSe (KDa) Ðf Sizeg (nm)

1 PCE-1 PEGMA300 4/5 16 70 99.5 19.6 23.2 17.82 1.24 4.2
2 PCE-2 PEGMA500 9 12 70 86.0 25.5 27.5 26.83 1.21 6.5
3 PCE-3 PEGMA950 19 8 70 80.0 44.0 52.1 46.00 1.28 3.6
4 PSE PEGA480 9 7 80 79.8 26.0 48.3 27.35 1.10 2.0

a Number of PEO repeating units in the side chains.
b Calculated based on 1H NMR spectroscopy.
c The theoretical number average molecular weight (Mn, theory) = (MW of M) [M]0/[CTA]0 X conv. + (MW of CTA).
d Measured by size-exclusion chromatography (SEC) using PMMA standards in DMA.
e Measured by SEC with light scattering (LS) detector.
f Meaured by SEC (Mw/Mn).
g Measured by dynamic light scattering in H2O (3 mg/ml).

Table 1
Test protocol for rheology measurements.

Shear rate (s�1) 175 50 75 100 125 150 175 150 125 100 75 50

Time (s) 20 20 20 20 20 20 20 20 20 20 20 20
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upper diameter of 10 mm and height of 25 mm. Spread flow of the
cement paste was measured in four directions after 15 blows with
the jolting table. The arithmetic mean of these measurements was
used as the final value. The flowability of different cement pastes
was assessed by comparing the relative slump according to the fol-
lowing equation:[33]

Cp ¼ d
do

� �2
� 1 (1)where Cp is the relative slump, d is the aver-

age of 4 measured diameters of the spread and do is the cone bot-
tom diameter.

3. Results and discussion

3.1. Synthesis

A schematic representation of the synthesis of PCE and PSE by
RAFT polymerization is depicted in Fig. 1. RAFT polymerizations
were conducted with a total monomer to CTA to AIBN ratio of
100 to 1 to 0.2, which were previously reported to be optimum
reaction conditions [32]. The resulting copolymers were purified
by triple precipitation in diethyl ether and dried under vacuum.
The reaction conditions and obtained results are summarized in
Table 2.
The structures of the obtained copolymers were characterized
using 1H NMR spectroscopy (Fig. 2), and the attribution of the vari-
ous peak values is indicatedon the spectrumconfirminga successful
polymerization process. The monomer conversions were deter-
mined by 1H NMR spectroscopy, whereas the molecular weights
and the dispersity (Ð) of the obtained copolymers were measured
by sizeexclusionchromatography (SEC) as shown inFig. 3.Unimodal
RI traces were obtained in SEC for all PCE and PSE compositions,
which shifted gradually towards lower retention time, indicative
of higher molecular weight, with increasing monomer conversion
without observing high molecular weight peaks that could arise
from bimolecular termination [34]. The synthesized copolymers
showed monomodal distributions with Ð values below 1.3 and 1.1
for PCE and PSE, respectively, as obtained from SEC measurements
(Fig. 3a and b). Themonomer conversion to polymerwasmonitored
by 1HNMRspectroscopy and calculated fromthe integrationof vinyl
protons in monomers and compared with the six protons of 1,3,5-
trioxane according to the following equation.

Monomer conversion% ¼ 100� 6
Io
� It

6 � 100
� �

(2)where Io is the

integration value of monomer vinylic proton at zero reaction time,
and It is the integrationvalueofmonomer vinylic protonat t reaction
time.



Fig. 2. 1H NMR spectra of purified PCE in CDCl3 (a), and purified PSE in D2O (b).
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As shown in Fig. 3c, a linear increase of the molecular weight
was observed with increasing conversion indicative for controlled
polymerization. The obtained molecular weight agrees with the
theoretical values in case of PCE. However, higher deviation was
noticeable in case of PSE (Fig. 3d), which may be due to the PMMA
standards used for the SEC calibration [35]. To overcome these
variations in the copolymer molecular weights obtained by relative
SEC, the absolute molecular weights were also measured by SEC
using a light scattering detector (Table 2). The obtained results
are in good agreement with the theoretical values for both PCEs
and PSE copolymers, indicating that the deviations were indeed
due to the use of a relative PMMA calibration. In addition, the size
of polymers was measured by DLS in water and the results are
shown in Table 2. All polymers have a hydrodynamic size well
below 10 nm indicating that they exist as individual polymer with-
out aggregation formation. The smaller size of the PSE might indi-
cate that the more hydrophobic styrene sulfonate units lead to a
more compact structure of the polymer in water [36,37].

The polymerization kinetics were also monitored by 1H NMR
spectroscopy for which the samples drawn from the polymeriza-
tion at pre-determined time intervals were analyzed by 1H NMR
spectroscopy in CDCl3 or DMSO d6 as a solvent (Figs. 4 and 5). As
shown in Fig. 5a, a linear relationship between ln([M]0/[M]) and
time was demonstrated, suggesting first-order polymerization
kinetics in which the amount of active radicals remained constant
during the reaction [38]. The polymerization rates of MAA and
PEGMA were almost identical for the PCE synthesis indicating
the formation of near-ideal random copolymers. However, the
kinetic study for the synthesis of the PSE copolymers showed a lin-
ear pseudo-first-order kinetic plot with an induction period of
about 60 min that may be attributed to a small amount of residual
oxygen and/or other trace impurities in the polymerization system
(Fig. 5b) [34,39,40]. Furthermore, the incorporation rate of PEGA
was significantly slower than SSS due to the different reactivities
between the styrene-based SSS monomer and the acrylate-based
PEGA macromonomer. Nonetheless, linear evolution of the mono-
mer conversion with reaction time was observed for both SSS and
PEGA monomers indicating the controlled nature of the
polymerization.

3.2. Zeta potential

The colloidal stability of the cement particles was studied by
measuring the f-potential as a function of the added polymer con-
centration. f-potential measurements were carried out in a highly
diluted solution (W/C = 50), which does not affect the way the
results are interpreted, because the f-potential value depends
roughly on the dispersion concentration [41]. The f-potential val-
ues of the cement dispersion with different initial concentrations
of the copolymers are depicted in Fig. 6. Initially, the f-potential
value of the cement dispersed solution was very close to zero indi-
cating that cement particles tend to agglomerate very fast. How-
ever, the f-potential values changed greatly by adding the SPs
leading to a pronounced negative charge due to the specific
adsorption of the SPs on the cement particles surface [2]. As can
be seen from Fig. 6, the absolute negative f-potential value
decreases with increasing the side chain lengths in the SPs. This
means that the shorter the side chain lengths, the higher the abso-
lute negative f-potential values, hence the higher the colloidal sta-
bility. However, the addition of PSE increased the absolute negative
f-potential to a higher value than the corresponding PCEs. Compar-
ing the adsorption behavior of PCE and PSE, it is surprising to note
that PSE increased the absolute negative f-potential value more
than PCE although less PSE is adsorbed on the cement grains. The
reason behind this behavior is that the adsorption of PCEs occurs
via Ca2+ bridging on the hydrated products resulting in the appear-
ance of positive potential on the cement grains. After adsorption of
the anionic groups and extension of the shear plane, a negative



Fig. 3. Size exclusion chromatography traces as well as Mn, SEC and Ð values as a function of monomer conversions for the copolymerization of PCE (a, c), and PSE (b, d).

Fig. 4. A series of 1H NMR spectra monitoring the polymerization of PCE in CDCl3 (a), and PSE in DMSO d6 (b).
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potential will develop which compensate the positive surface
charge and thus leads to lower f-potential value than PSE- which
does not form Ca2+ bridges- despite the higher adsorption in case
of PCE [11,42]. Complementary with the above explanation, the
effect of side chain length on the zeta potential may be discussed
by taking the molecular conformation into consideration as well.
PCE with short side chains is reported to be adsorbed to cement
paste in flat conformation due to the high charge density and short
side chain while for PCEs with longer side chains, the polymer
main chain is preferred in the perpendicular orientation to cement
particles [43]. Previous reports confirmed that PCE copolymers
protruding from the surface can lead to an increase in the zeta
potential values (shift to positive f-potential), due to the shift in
the shear plane further away from the particle surface [11,44].



Fig. 7. Adsorption measurements of PCEs and PSE copolymers.

Fig. 5. First-order kinetics plots for the RAFT copolymerization of MAA and PEGMA500 to obtain PCE (a), and the RAFT copolymerization of SSS and PEGA480 to obtain PSE (b).

Fig. 6. f-potential measurements of PCE and PSE copolymers.
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3.3. Adsorption study

The adsorbed polymer amount on the cement particles was
measured by total organic carbon using a TOC analyzer. The
adsorption of the superplasticizers is responsible for the dispersion
of large aggregates of cement grains into finer ones and hence the
fluidity could be higher [27]. Fig. 7 shows the adsorbed amount of
PCE and PSE copolymers on the cement particles. As can be seen,
the adsorbed amount of polymer increases with increasing initial
SP concentrations but does not reach a plateau up to an initial SP
concentration of 1% (i.e. 10 mg/g cement). On the other hand, the
amount of PCE adsorbed increases with decreasing side chain
lengths (more pronounced at low concentrations), indicating that
more polymers are adsorbed when using shorter PEO side chains.
This phenomenon is attributed to the smaller space occupied by
the shorter side chains leading to less steric hindrance for adsorp-
tion on the cement grains compared to the PCEs with longer PEO
side chains [45]. In the case of PSE, the adsorption on the cement
particles is lower than the PCEs for all concentrations used. It has
been well reported that the adsorption of chemical admixtures
on cement grains is related to the charge types and the charge den-
sity in the molecules of the admixtures [46]. These observations
could be discussed as reported before based on the different char-
acteristics of the carboxylate (COO�) and sulfonate (SO3

�) groups
[9,13]. When cement particles come into contact with water, sur-
face charges are built on the cement grains due to the fast dissolu-
tion and early hydration [13]. Silicate and aluminate hydrates
possess a negatively and positively charged surface, respectively
[13]. While PSE can only adsorb on cement grains via electrostatic
attractions with Al-OH2

+ surface sites, PCEs are able to adsorb on
both aluminate surface (+ve charge) through electrostatic interac-
tions and silicate surfaces (�ve charge) through the bridging of
Ca2+ ions via complexation with the COO� groups [13]. Monomers
containing COO� groups such as methacrylic acid and acrylic acid
are weak acids that have strong complexation ability with Ca2+

while monomers containing SO3
� groups such as sodium 4-

styrene sulfonate are strong acids with low complexation ability
for Ca2+ and mainly interact with cement particles via electrostatic
forces [47]. The lower complexation ability of sulfonate compared
to carboxylate group originates from the lower basicity of
oxyanion in SO3

� that reduces the charge transfer to the counter
ions upon adsorption [48,49]. This explains why PCEs are more
efficiently adsorbed on the cement particles than PSEs.
3.4. Rheological study

The addition of SPs to the cement paste can influence its fluidity
and, therefore, the rheological properties will be affected as well



Fig. 9. The effect of different SP on the relative slump of cement paste.
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[2]. The flow curves were determined for cement pastes (w/
c = 0.38), with a fixed concentration of SP (0.1% of cement mass).
In order to minimize the wall slip effect of the parallel-plate geom-
etry, a rough surface was used [50,51]. The flow curve is obtained
from the downward shear rate ramp by measuring the stress while
decreasing the shear rate from 175 to 50 s�1. Fig. 8 shows the flow
curve of cement paste containing either PCEs or PSE and compared
to reference cement paste without SP. As can be observed, the stress
decreases linearly as a function of the shear rate according to the
Bingham model (s ¼ s0 þ t _c). It is shown that the yield stress and
the viscosity were about 165 Pa and 1.58 Pa s, respectively, for
the reference cement paste. With the addition of PSE, both the yield
stress and viscosity were shifted to lower values of about 110 Pa
and 0.91 Pa s, respectively, showing that PSE has a limited plasticiz-
ing efficiency. On the other hand, the addition of PCE sharply low-
ered both the yield stress and viscosity values as well. From these
results, it could be concluded that both PCE and PSE have an effect
on the rheological properties of cement pastes. However, while the
PCE alters the yield stress dramatically, the PSE has amuch less pro-
nounced effect. This indicates that the COO� groups in the copoly-
mers can exert more fluidity than their SO3

� counterparts as also
highlighted in the f-potential and the adsorption tests. To study
the effect of the PEO side chain length on the fluidity of cement
pastes, the flow curves of cement pastes having PCE copolymers
with different side chain lengths were performed. It is found from
Fig. 8 that decreasing the PEO side chain length will rather lower
the yield stress values. These results are in agreement with the
study provided by Erzingen et al, where they found that PCE copoly-
mers with short side chains (Mn = 500) increased the fluidity and
fluidity-retention when compared to PCE with longer side chains
(Mn = 950) [52]. Winnefeld et al also demonstrated that the length
of side chains has a minor influence on the rheological properties of
PCEs with lower side chain densities (1:3, 1:4 for MAA:PEGMA),
however when the side chain density was high (1:2 of MAA:
PEGMA), an increase in the apparent yield stress and viscosity
was found for polymers with longer side chains. The reason behind
this phenomenon may be attributed to the fact that PCEs with
higher side chain densities exhibit lower charge density of the back-
bone and thus less amount of polymers are adsorbed [12]. The same
conclusion could arise from this work where a high density of the
side chain is employed (1:1 of MAA:PEGMA), resulting in less
adsorption for polymers with longer side chains as discussed in
the adsorption section. This indicates that the charge density of
the polymers should be considered when establishing PCE super-
Fig. 8. Shear stress vs shear rate of PCE and PSE copolymers compared to reference
cement paste; W/C = 0.38.
plasticizers. In addition, different PCEs gave comparable plastic vis-
cosity values (0.59–0.64 Pa s), showing a minor influence on the
plastic viscosity of cement pastes as obtained from Fig. 8.

3.5. Minislump test

The effect of different SP on the fluidity of cement pastes was
further studied by the relative slump and compared to reference
cement paste at a fixed w/c ratio of 0.38 and 0.1% of SP in the
mix. As displayed in Fig. 9, the relative slump was improved when
SP was added, however, with a limited increase in the case of PSE
(25%). While there was a significant increase when using PCE
copolymers of 65% for PCE-3, 78% for PCE-2, and 108% for PCE-1.
As can be noted from this figure, PCE-1 possessing the shortest side
chain exhibits the highest relative slump value which is in agree-
ment with the performed rheological experiments.

4. Conclusions

This work features the potential use of RAFT polymerization to
prepare well-defined PCE random copolymers as superplasticizers.
In contrary to previous literature [16,17,19,53], that manipulated
FRP as a tool to synthesize PCE copolymers without optimum
chemical architectures, this study revealed that PCE random
copolymers could be obtained with a narrow polydispersity (Ð <
1.3). Many reports studied the effect of the average molecular
structures on the performance of PCE copolymers
[18,27,31,53,54], however, the high polydispersity of these poly-
mers limits the understanding of structure-property relations
[55]. Exploiting RAFT polymerization technique could be a key to
solve this issue. f-potential measurements revealed that the addi-
tion of superplasticizers increased the colloidal stability of cement
pastes. From the adsorption measurements, It is concluded that
decreasing the side chain lengths will rather increase the adsorp-
tion capacity of the PCE copolymers due to the increase in the
charge density [12]. In addition, the charge type profoundly affects
the adsorption capacity as the SPs with COO� groups led to higher
adsorption on cement pastes compared to SPs with SO3

� groups. On
the other hand, decreasing the PCE side chain has a minor enhance-
ment of the rheological performance of the cement pastes. SO3

�

functional groups have a slight influence on the paste dispersing
ability, and thus a limited effect on the dynamic yield stress, while
COO� groups enhance the paste dispersibility and, therefore, the
dynamic yield stress of cement pastes decreased sharply.

In light of the above conclusions, it is evident that RAFT polymer-
ization provides a preciseway to study the effect of different param-
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eters that could influence the workability of PCE superplasticizers.
PCEs obtained by RAFT polymerization could be superior to other
PCE types because of the controlled features of the resulted
polymers such as predetermined molecular weights, and low poly-
dispersity index which in turn may affect the dispersibility of
cementitiousmaterials. Controlling the PCE copolymer chains could
better explain the effect of each parameter on the performance of
cement pastes and thuswe could enhance theworkability of cement
pastes by choosing different types of PCEswith the optimumparam-
eters. This work may drive more researchers to exploit controlled
polymerization to get more precise insights into the mechanism
and effect of superplasticizers for better performance.
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