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a b s t r a c t
Superplasticizers are admixtures widely used in the building industry for reducing the water content of concrete
with a highfluidity andworkability at short term, and for increasing concretemechanical properties at long term.
Polycarboxylates, which are synthetic comb-like copolymers, are the most used superplasticizer admixtures. In
order to improve polycarboxylate efficiency and compatibility with use of mineral additives, high-sulfate con-
cretes etc., various authors tried to change macromolecular architectures, including nature of anionic function.
This paper is the first part of a study which presents synthesis of several macromolecular architectures of

comb-like copolymers with phosphonic acid functions instead of classical carboxylic acid. Adsorption, dispersion
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and fluidification efficiency of these admixtures are
age cement behavior. Moreover, settling behavior
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1. Introduction

Admixtures for cement based materials are commonly chemical
used to modify or obtain certain properties [1,2]. Water reducers or
plasticizers are among these admixtures and allow improving thework-
ability of fresh concrete without increasing the water content, or de-
creasing the water content without changing workability. This control
of fresh behavior improves the durability and mechanical properties of
the hardened concrete [3] and allows specific concretes to be formu-
lated, such as self-compacting concrete (SCC) [4].

Lignosulfonate were the first plasticizers used in concrete, and are de-
rived from lignins in pulping industry. Then, polymelamine sulfonates
(PMS) and polynaphtalene sulfonates (PNS) were developed [5]. How-
ever, these plasticizers are known to have a limited effectiveness and
can potentially lead to retardation of the setting of cement paste [6].
The new generation is Polycarboxylates (PCE) referred to as High Range
Water Reducers (HRWR) or superplasticizers. These superplasticizers
are the most used in concrete industry and also the most studied in aca-
demic field [3,7–11]. In fact, the structure diversity of polycarboxylates al-
lows various combinations of macromolecular parameters, which
involves important modifications of their efficiency.
ma).
Polycarboxylates are comb-like copolymers with a succession of
methacrylic acid units in the main chain, and a substitution of part of
these methacrylic acid units by poly(ethylene glycol) methyl ether
methacrylate, forming side chains from themain chain. Themode of ac-
tion of superplasticizer consists of the so called “electro-steric” effect.
This effect is the combination of electrostatic and steric repulsions, but
many studies assume that steric repulsion dominates in the case of
PCE [12]. The repulsion action of superplasticizers improves the disper-
sion of cement particles and avoids their agglomeration.Water trapped
in agglomerates is released and can also contribute to increase the fluid-
ity of cement paste.

One of themost interesting aspects of polycarboxylate is their struc-
ture diversity [13]. Many studies tried to synthetize copolymers with
various molecular mass, side chain length, distance between two poly
(ethylene glycol) arms (PEG) on themain chain, and even chemical na-
ture of anchor function. It has been found that copolymers with similar
side chain/main chain ratio have similar properties [14]. Increasing side
chain length generally leads to higher dispersion capacities [15], but can
also reduce adsorption efficiencywhen they are too long [16]. Themore
themain chain contains anionic functions, the higher its negative charge
density; this often improves adsorption efficiency of macromolecules
onto mineral surfaces [17]. Such investigations are needed to improve
polycarboxylates efficiency, and their compatibility with cement based
materials [5,11,18]. One of the most important parameter is the sulfate
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content of cement [2]which can lead to the consumptionof thepolymer
to form organo-mineral phases [19], and/or to the decrease of the poly-
mer adsorption by ionic competition phenomenon.

Fan et al. [20] added trialkoxysilanes functional groups in a
polycarboxylatemain chain, resulting in an improvement of compatibil-
ity with high sulfates-content mortars. Pourchet et al. [21] studied how
repartition of monomers on backbone of the macromolecule influences
dispersion behavior. These authors found that a gradient copolymer
seems to bemuchmore resistant to sulfate ions competition, compared
to the random one. Various works were conducted in order to replace
carboxylic acid function by another anionic function, for example a di-
carboxylic or phosphonic acids [22,23]. These new macromolecular
structures reveal a good sulfate resistance.

The understanding of involved phenomena on cement remains diffi-
cult due to the complexity of cementitious materials. In fact, cement
paste is a multiphase material subjected to the hydration reactions.
Model materials are commonly used to simplify the studies and to
avoid the reactivity of cement [24–26]. Mikanovic and Jolicoeur [27]
found that calcite (CaCO3) suspensions exhibit colloidal properties
very similar to those of cement pastes at early-ages and can be a suitable
model system to simulate the early-age behavior of cement.

The aim of this paper is to study the influence of macromolecular
structure of synthesized comb-like copolymers on their adsorption
and dispersion efficiencies. Phosphonic acid content and statistical or
bloc structures are regarded and their impact on adsorption investi-
gated by TOC measurements, on dispersion by rheology and settling
measurements.

2. Materials and methods

2.1. Material

Calcite was provided by Omya Company, referred as “Calcite Omya
BL”. Structure of this calcite was analyzed by XRD using diffractometer
Bruker D8 advance and by energy dispersive X-ray microscopy using
FEI QUANTA 200 FEG high resolution environmental SEM. Calcite char-
acterization is given in Section 3.2.

2.2. Sample preparation

In a beaker with magnetic stirrer, aqueous solution of synthetized
polymer is introduced, and the total amount of liquid is completed
with limewater freshly prepared. The pH of the limewater (12.8) is
close to that of interstitial solution of cement paste, and its ionic
strength is about 66mmol/L. Note that this model solution does not ex-
actly mimic Ca2+ concentration of cement paste because there are no
source to replenish calcium ions through dissolution from clinker
phases. Calcite is finally added. Volume of polymer solution is calculated
according to the dosage targeted, which is themass of dry polymer over
themass of calcium carbonate in the suspension. For this initial suspen-
sion, total amount of liquid added is calculated in order to keep constant
water to solid ratio (W/S = 0.5) which corresponds to solid mass and
volume fractions (respectively 66.66 wt% and 43 vol%) commonly
used in concrete industry. This suspension is kept under magnetic stir-
ring for at least 10 min before being diluted according to analysis
requirements.

2.3. Chemical synthesis

2.3.1. Chemicals
Poly(ethylene glycol) methyl ether methacrylate of 950 g/mol

(MAPEG950), cyanoisopropyl dithiobenzoate (CIDB), 4,4′-Azobis
(4-cyanovaleric acid) (ACVA), methacrylic acid (MAA) and metha-
nol (MeOH) were purchased from Sigma-Aldrich. Dimethoxy-
phosphorylmethyl methacrylate (MAPC1) was purchased from
Specific Polymers. Thioglycolic acid (TA) was purchased from
Acros. Trimethylsilyl bromide (TMSBr) was purchased from Fluka
Analytical and 2,2-Azobisisobutyronitrile (AIBN) was purchased
from Fluka Chemika. Reagents were used as received, without any
further purification.

2.3.2. Chemical characterization
1H and 31P NMR spectra were recorded in deuterated chloroform

with a 400 MHzNMR spectrometer from Bruker Company. Steric exclu-
sion chromatography analyses were carried out with a triple-detection
GPC from Agilent Technologies equipped with a detector suite com-
posed of a PL0390-0605390 LC light scattering detector with two diffu-
sion angles (15° and 90°), a PL0390-06034 capillary viscometer, and a
390-LC PL0390-0601 refractive index detector. Two PL1113-6300
ResiPore 300 × 7.5 mm columns thermostated at 35 °C were used
with an eluent flow of 0.8 mL/min. Columns were calibrated with
polymethylmethacrylate (PMMA) standards. Steric exclusion chroma-
tography (SEC) analyses were performed for the block copolymer in
dimethylformamide (+0.1% of LiBr) with a small amount of toluene
as flow rate marker.

2.3.3. Synthesis procedures
Copolymers were obtained by two synthesis routes: three statistical

copolymers were prepared by conventional radical copolymerization,
using ACVA aswater-soluble initiator and thioglycolic acid as chain trans-
fer agent. These copolymers differ by their anionic moieties: statistical
PCE has 100% of carboxylic acids, statistical PCE-15P has half of carboxylic
and half of phosphonic acids, and statistical PCE-30P has only phosphonic
acid units. The block copolymer, named block PCE-30P, was prepared by
Reversible Addition Fragmentation Transfer (RAFT) copolymerization,
using AIBN as initiator and cyanoisopropyl dithiobenzoate (CIDB) as
RAFT agent. Copolymers were first synthesized, dried, and then solubi-
lized in distilled water in order to reach a 100 g/L concentration. Finally,
accurate mass concentrations of these aqueous solutions were deter-
mined with thermobalance analysis.

2.3.4. Monomer preparation (MAPC1(OMe) hydrolysis)
Procedure for a typical hydrolysis: in a 250 mL three-neck round

bottom flask, 3 g of MAPC1(OMe) (14.42 mmol) and 100 mL of anhy-
drous dichloromethane are introduced. Themixture is kept under nitro-
gen flux, in order to be in dry conditions. 5.7 mL of TMSBr (43.27 mmol,
3 eq.) are added dropwisewith a dropping funnel. After 24 h of reaction,
dichloromethane is eliminated and 100mL ofmethanol are added for 3
h. Methanol is then eliminated, and the product is dried under vacuum
(viscous orange oil). Total conversion is checked with 31P NMR, whose
signal is shifted from 24.5 ppm for MAPC1(OMe) to 19.4 ppm for
MAPC1(OH).

2.3.5. Copolymers synthesis

2.3.5.1. Statistical copolymers synthesis. The statistical copolymer synthe-
sis is similar to that described by Chougrani et al. [28] concerning the
synthesis of statistical copolymers fromMMA andMAPC1. Authors evi-
denced the statistical structure by calculating the reactivity ratios of
both monomers.

X moles of methacrylic acid, Y moles of MAPC1(OH), Z moles of
MAPEG950, thioglycolic acid and distilled water are introduced in a
250 mL three-neck round bottom flask and kept under nitrogen flux
(see Table 1). Themixture is heated at 70 °C and 1% of ACVA (according
to moles of monomers) is added to the solution. After 24 h of reaction,
solution is cooled and complete conversion is checked with 1H NMR
analysis.Water is then eliminated by lyophilization. Copolymers are col-
lected as white powder and finally dried under vacuum until constant
mass.

2.3.5.2. Block copolymer synthesis. The synthesis of block copolymer was
obtained by RAFT, according to the procedure already described by



Table 1
Amount of reactants used for random copolymers synthesis.

Statistical copolymers

Reference Methacrylic
acid
mmol

MAPC1
(OH)
mmol

MAPEG950

mmol
Thioglycolic
acid
mmol

ACVA
mmol

Water
mL

PCE 12.99 – 30.33 0.76 1 60
PCE-15P 6.38 6.38 29.79 0.85 0.4 40
PCE-30P – 17.94 42.18 1.11 0.8 140
Cannicionni et al. [29] concerning the RAFT polymerization of MAPC
(OMe).

Block PCE-30P was obtained by RAFT copolymerization using CIDB
as RAFT agent. The first step is theMAPC1(OMe)macroinitiator synthe-
sis. The second is the addition of MAPEG950 leading to MAPC1(OMe)-
block-MAPEG950 copolymer. The final step is the hydrolysis of MAPC1
(OMe) moieties on the macromolecule.

The first step corresponds toMAPC1(OMe)macroinitiator synthesis.
MAPC1(OMe) (10.21 g, 49.09 mmol), CIDB (0.563 g, 2.54 mmol), AIBN
(0.134 g, 0.816mmol) and DMF (35 mL) are introduced in a round bot-
tom flask. The mixture is kept under argon flux and heated at 70 °C.
After precisely 6 h, reaction is stopped by immersing the flask in liquid
nitrogen. 1H NMR confirmed 80% monomer conversion, which enabled
avoiding termination reactions. In order to remove remaining mono-
mer, solution is poured in a large volume of cooled diethyl ether. The
red precipitate is filtered, then washed with diethyl ether, before
being dried under vacuum until constant mass.

The second step corresponds to MAPC1(OMe)-block-MAPEG950

synthesis. MAPC1(OMe) macroinitiator (1.7 g, 0.532 mmol, Mn =
Fig. 1. Chemical formula of Statistical PCE (1), Statistical PCE
3200 g/mol), MAPEG950 (18.2 g, 19.16mmol), AIBN (23mg, 0.14mmol)
and DMF (50 mL) are introduced in a round bottom flask. The mixture
is kept under argon flux and heated at 70 °C. After precisely 6.25 h, reac-
tion is stopped by immersing the flask in liquid nitrogen. 1H NMR con-
firmed 80% monomer conversion. In order to remove remaining
monomer, solution is poured in a large volume of cooled diethyl ether.
Thepinkprecipitate isfiltered, and thenwashedwithdiethyl ether, before
being dried under vacuum until constant mass.

The final step corresponds to hydrolysis of P(OMe)2 moieties of
MAPC1(OMe)-block-MAPEG950. MAPC1(OMe)-block-MAPEG950

(14.4 g, 0.37 mmol, Mn = 45,000 g/mol) is dissolved in dry
dichloromethane and kept under nitrogen flux. TMSBr (1.54 g,
10.08 mmol) is added dropwise with a dropping funnel. After 24 h
of reaction, dichloromethane is eliminated and methanol (200 mL)
is added for 3 h. Methanol is then eliminated, and the product is
dried under vacuum until constant mass. Total conversion is checked
with 31P NMR, whose signal is shifted from 21 ppm to 17.7 ppm for
MAPC1(OH) moieties.

NMR data (Fig. 1).
Statistical PCE: 1H (NMR 400 MHz, δ): 4.1 [2H,Hd]; 3.6 [4H, Hf and

2H, He]; 3.45 [3H,Hg]; 2.1-1.6 [2H, Hb + Hb′]; 1.2-0.7 [3H, Ha + Ha′].
Statistical PCE-15P: 1H (NMR 400 MHz, δ): 4.0 [2H,Hd and 2H,Hh];

3.6 [4H, Hf and 2H, He]; 3.45 [3H,Hg]; 2.1-1.5 [2H, Hb + Hb′ + Hb″];
1.2-0.6 [3H, Ha + Ha′ +Ha″]; 31P NMR (161.6 MHz, δ) 16.8 [P(O)(OH)2].

Statistical PCE-30P: 1H (NMR 400 MHz, δ): 4.1 [2H,Hd and 2H,Hh];
3.6 [4H, Hf and 2H, He]; 3.45 [3H,Hg]; 2.1-1.6 [2H, Hb + Hb′]; 1.1-0.6
[3H, Ha + Ha′]; 31P NMR (161.6 MHz, δ) 17.1 [P(O)(OH)2].

Block PCE-30P: 1H (NMR 400 MHz, δ): 4.1 [2H,Hd and 2H,Hh]; 3.6
[4H,Hf and 2H,He]; 3.45 [3H,Hg]; 2.1-1.6 [2H, Hb + Hb′]; 1.1-0.7 [3H,
Ha + Ha′]; 31P NMR (161.6 MHz, δ) 17.7 [P(O)(OH)2].
-15P (2), Statistical PCE-30P (3) and Block PCE-30P (4).



2.4. Physico-chemical and granular characterizations

2.4.1. Adsorption of superplasticizers
Adsorption measurements were performed using Vario cube TOC

(Total Organic Carbon) analyzer from Elementar. The aim of these mea-
surements is to determine the adsorbed amount of copolymer. Concen-
tration of superplasticizer in samples is determined after subtraction of
the “blank” area value, and amount of copolymer adsorbed is calculated
from difference between amount initially added in the sample and
amount determined by TOC analysis. Note that when superplasticizer
is added to limewater, no precipitate is observed (which might be
cause by insoluble polymer-Ca2+ complex). Calcite is then added to a
clear solutionwhich leads to believe that a loss of polymer in interstitial
solution comes from adsorption phenomenon.

Samples are prepared as follows: 50 g of initial suspension are pre-
pared and stirred for at least 10 min. Suspensions are centrifuged and
supernatants are filtered through a 0.45 μm PTFE filter. 4 mL of this so-
lution are pipetted and completed to 20 mL with deionized water. A
drop of sulfuric acid is added in TOC tube before analysis, in order to
avoid the formation of small particles of CaCO3 that systematically oc-
curs in an alkali solution including Ca2+ ions in contact with CO2 from
air.

For every series of analysis, several standards (ethanol aqueous solu-
tions of known concentration), one standard of the copolymer of inter-
est (of accurate concentration, approximately 5 g/L) and a “blank”
sample (initial suspensionwithout any copolymer added) are prepared.

2.4.2. Dispersion and granular characterizations

2.4.2.1. Dispersion characterization. Dispersion state of suspension stud-
ied has been indirectly characterized by settling measurements with a
Turbiscan MA 2000 analyzer from Formulaction Company. This device
can detect light flux transmitted (T) and backscattered (BS) from a
near IR source (λ = 860 nm) as a function of height of a cylindrical
glass cell (15 mm diameter and 110 mm height) with a step of 40 μm.
According to following relationships, light intensity measurements are
linked to d, the mean diameter of particles and Ф the solid volume frac-
tion of sample (%):

Tr ¼ e
−ri
λ ð1Þ

BS ¼ 1
ffiffiffiffiffi

λ�p ð2Þ

With

λ ¼ λ� 1−gð Þ ð3Þ

λ� ¼ 2d
3Ф 1−gð ÞQs

ð4Þ

Tr and BS are respectively the intensity of transmitted and
backscattered light (%), ri is the internal radius (μm) of the measure-
ment cell, λ* is the photon transport length (μm) [30]. QS and g are
two parameters from the Lorentz-Mie theory, respectively the scatter-
ing efficiency factor and the asymmetry factor. Evolution of Tr and BS
as a function of time give information about dispersion/agglomeration
phenomena and migration of particles.

In order to observe sedimentation behaviors in a reasonable analysis
time, a 3/10 dilution factor with limewater is performed before settling
measurements (leading to 20 wt%,which correspond toW/S= 4). After
at least 5 min of magnetic stirring, 7 mL of diluted suspension are pipet-
ted into the Turbiscan cell. Turbiscan analyses last 30 min, with a scan
every minute.
2.4.2.2. Scanning electron microscopy and particle size distribution. SEM
observations have been realized with a Quanta FEG 200 device, from
the FEI Company. Two kinds of preparations have been employed for
calcite SEM observations: calcite powder deposed on an aluminum
stub whose surface is covered with an adhesive conductive carbon
tab, or observation of a drop of calcite suspension on a glass slide ac-
cording to the method described in Autier et al. [31].

Particle size distributions were measured using a LS 13320 laser
granulometer from Beckman Coulter Company. Optical model used is
based on refractive index of calcite with a real part 1.65 and imaginary
part of 0.01. The time of analysis was set at 90 s, and data are displayed
as a volume percentage curve, normalized to 100%. Carrier liquid
employed was limewater.

2.4.2.3. Specific surface area measurement. The specific surface area was
determined from nitrogen adsorption measurement using the BET
model with a Tristar II device fromMicromeritics Company.

2.4.3. Calcite suspensions rheology
Rheological measurements were carried out using an experimental

Couette rheometer AR2000 ex from TA instruments equipped with a
four blades vane geometry. Calcite suspensions were prepared with
water to solid (W/S) ratio of 0.36 and a superplasticizer dosage of
0.05%. Themeasurements consist of a pre-shear phase at 250 s−1 during
30 s followed by a resting time of 30 s. The viscosity is thenmeasured at
a constant shear rate. Then, acquisition consists in a constant shear at
100 s−1 during 10 min. η10 is the average viscosity from 10 min of
analysis.

3. Results and discussion

3.1. Macromolecular synthesis and characterizations

According to procedures described in 2.3.3., four copolymers have
been synthesized. General synthesis strategy of statistical and block co-
polymers are presented on Scheme 1.

In a previous work [32], it was shown that molecular mass, side
chain length and monomer ratios are macromolecular parameters that
may have an effect on both adsorption and dispersion efficiencies of
superplasticizers. These authors show that 70% of poly(ethylene glycol)
methyl ether methacrylate in the chain reveals better global efficiency
with cement pastes. This structure was selected as reference for the
present work. Its molecular mass was about 35,000 g/mol.

Table 2 presents structural parameters of the synthetized
superplasticizers studied. All synthesized copolymers show almost
same DPn and Mn. In each synthesis, commercial monomer MAPEG of
950 g/mol has been employed, warranting 20 units of PEG in each side
chain. Statistical PCE has the same structure as a conventional
polycarboxylate, it is a random copolymer with 30% of methacrylic acid
and 70% of MAPEG950 on carbon backbone. The second superplasticizer,
statistical PCE-15P, is a terpolymer, whose structure is almost the same
as statistical PCE with a substitution of half of methacrylic acid by
MAPC1(OH) moieties. Statistical PCE-30P is the same as statistical PCE,
with a total substitution of carboxylic acid moieties by MAPC1(OH). All
these copolymers are random and the chain extremity is assumed to
be derived from thioglycolic acid, chain transfer agent used for molar
mass control. Block PCE-30P has exactly same structural parameters as
statistical PCE-30P but it differs in the monomer repartition on the car-
bon backbone because it is a block copolymer. For this one, chain extrem-
ity is assumed to be derived from CIDB, the RAFT agent required for this
diblock structure. To our knowledge, only one paper deals with the syn-
thesis of block copolymers for superplasticizer study [33].

For the three random copolymers synthesis, a reaction time of 24 h
has been employed in order to ensure total conversion. Opening of all
monomers double bonds is systematically checked with 1H NMR. For
the block copolymer, conversion is stopped at 80% in order to avoid



Scheme 1. General strategy for random and block copolymers synthesis.
termination reactions. Although calculation of Mn would be possible
thanks to the integral of the signal of CH2 in alpha position from sulfur
atom in the thioglycolic acid moiety, this chemical shift is assumed to
be 3.3–3.5 ppm. Because this spectral range displays NMR signals
whose intensities are higher than this CH2 of interest, molecular mass
can't be calculated with NMR data.

3.2. Granular characterization of powder and suspension of calcite

BET specific surface area of calcite powderwasmeasured at 1.25m2/g.
Zeta potential of calcite particles has been determined by Pourchet et al.
[34] at 20mV in presence of 21mmol/L of Ca2+ (same concentration as
in limewater). It indicates weakly dispersed regime according to Riddick
Table 2
Structural parameters of synthetized copolymers. ⁎Calculated from reactants quantities
employed. ⁎⁎For this diblock copolymer, the first block has 14 MAPC1(OH) units and the
second block has 38 MAPEG950 units. ⁎⁎⁎Calculated from GPC analysis of block copolymer
before hydrolysis of PO(OMe)2 moieties.

Reference Monomer content in copolymers DPn⁎ Mn⁎ (g/mol)

MAA MAPC1(OH) MAPEG950

Statistical PCE 30% – 70% 57 38,500
Statistical PCE-15P 15% 15% 70% 50 35,000
Statistical PCE-30P – 30% 70% 52 37,000
Block PCE-30P – 30% 70% 52⁎⁎ 38500⁎⁎⁎
scale [35]. Moreover, surface characterizations were complemented
with SEM observations and laser granulometry measurements. First, cal-
cite powder and suspension have been observed with SEM, according to
procedure described in 2.4.2. These results are presented in Fig. 2.

We can notice that all samples are polydispersed with a particle size
range from 0.1 μm to 20–30 μm. Particles present a monomorphic angu-
lar shape, finest particles agglomerated onto larger particles are visible.
No significant difference is observed between powder and suspension
preparation. SEM observations are also confirmed by laser granulometry
acquisitions revealing amainmode at 8 μmand a size spreading from0.3
to 30–40 μm.

3.3. Adsorption of superplasticizers

TOC analyses allow determination of adsorbed copolymers amount,
expressed asmilligrams of adsorbed copolymers per grams of calcite. Di-
rect correlation between quantity of adsorbed polymer and fluidification
efficiency has been reported for similar macromolecular architectures
[20,21]. The more the mass of admixture is adsorbed onto mineral sur-
faces, the more the macromolecules might participate to particle
dispersion.

Adsorption ability of a superplasticizer depends on its macromolec-
ular architecture, such as molecular mass or side chain length, but key
parameters are both chemical nature [36] and distribution [20] of an-
ionic functions, which directly influence the anchoring potential.



Fig. 2. SEMmicrographs of dry calcite powder (a) and concentrated calcite suspension (b).
Fig. 3 presents the amount of adsorbed copolymer for superplasticizer
dosage 0.01 to 1%, in limewater. Dosages N1% have not been possible due
to the small quantities of synthetized polymers in regard to the large
number of experiments realized in this work. In this context, saturated
adsorption could not be reached. In this alkali solution (pH: 12.8), acid
functions are assumed to be fully deprotonated, leading to better adsorp-
tion. As expected, superplasticizer adsorption increases with the dosage
employed. We can notice that under dosage of 0.2%, polymer structure
has a little influence on adsorption efficiency.

However, for dosages higher than 0.2%, an increase of phosphonic
acid content leads to a decrease of quantity of polymer adsorbed
(1.52mg/g of calcite for statistical PCE-15P and only 1.14mg/g of calcite
for statistical PCE-30 - all measurements have been duplicated 3 times
to obtain a reproductibility of ±0.007 mg/g of calcite). These results
could be due to possible formation of water-soluble calcium complexes
(phosphonates are excellent chelators for Ca2+) which could affect ad-
sorption behaviorwhen phosphonic acid groups increase [37]. Note that
Fig. 3. Adsorbed amount onto calcite in limewa
the saturation plateau is also influenced by polymer structure and is
reached respectively at 0.5%, 0.2% and not reached for statistical PCE-
15P, statistical PCE-30P and statistical PCE. This plateau is usually ob-
tained for conventional PCEs at approximately 0.5% for cement pastes
but often absent for mineral suspensions [38].

On the other hand, block PCE-30P seems to adsorb in higher amount
than all other copolymers; this resultmay be due to a very differentmac-
romolecular architecture. In fact, adsorbed copolymers are supposed to
have a “blob” conformation, whose diameters are assumed to be close
to the radius of gyration of macromolecules in solution [39]. This diame-
ter depends on superplasticizer affinity for the liquid; in very good sol-
vent conditions, copolymers should have an optimal radius of gyration.
Maybe block PCE-30P has less affinity for limewater than other statistical
copolymers, due to its diblock structure. This could possibly result in a
more compact conformation, increasing its adsorption amount per
grams of calcite particle. A similar observation has been found by
Lemaître [40] for poly(acrylic acid) linear homopolymers.
ter as a function of superplasticizer dosage.



3.4. Impact of superplasticizers macromolecular structures on dispersion
state

Study of settling behaviors performed by TurbiscanMA 2000 allows
us to qualify and quantify dispersion state of suspension.

Two zones in the sedimentation column can be studied: sediment in
formation and supernatant (which can be clear, turbid or fully opaque).
These two zones, according to their turbidity, can be studied either with
transmission, or with backscattered profiles (Section 2.4.2).

Two kinds of general evolutions are observed:when calcite is not ad-
mixture, or at low superplasticizer dosage, a visible clarification of a tur-
bid (but not opaque) supernatant is noticed on transmission profiles
evolutions (indicated by red arrow on Fig. 4(a)), and a sediment front
evolution can be clearly followed as a function of time on backscattered
profiles (indicated by blue arrow on Fig. 4(b)).

But, when dosage is higher, particles settle more slowly due to a sta-
bilization of the system. In this case, suspension column remains opaque
all along its height (Fig. 4(c)). No sediment front evolution is observed,
but just a clarification phenomenon of opaque supernatant formed can
be observed on backscattered profiles (Fig. 4(b)).
3.4.1. Finest particles dispersion
In order to quantify dispersion efficiency of superplasticizer macro-

molecular structures and dosages, one can propose to measure the
mean transmission percentage of supernatant after 30 min of settling.
Used as a dispersion index, this parameter is named T30 and is related
to the amount of finest particles dispersed and remaining in suspension
at the top of sedimentation column, while the larger ones have settled
down to the bottom (opaque supernatants can't be analyzed by this
way). To define the term “finest particles”, particle size distribution of
supernatant has been measured by laser granulometry. Minimum and
maximum diameters are respectively at 0.065 and 8 μmwith two prin-
cipal modes at 0.3 and 1.7 μm.Note that the dmax (8 μm) corresponds to
the principal mode of the global particle size distribution of CaCO3

(Section 3.2).
Fig. 5 shows values of T30 versus superplasticizers and their dosages.

As a general trend, addition of superplasticizer with a dosage above
0.05%, leads to an opaque supernatant indicating a higher rate of finest
particle dispersion. On Fig. 5 inlet, for lowest dosages and for all
superplasticizers, better dispersion ability seems to be observed when
phosphonic acid content increases. By contrast, block copolymer struc-
ture (block PCE-30P) has less dispersion efficiency potentially linked
to adsorbed molecule conformation.
Fig. 4. Examples of Turbiscan profiles evolution as a function of column height (mm) for turbid
more stable (d) sedimentation column on backscattered light intensity (BS).
3.4.2. Impact of superplasticizers on rheological behavior
One of the most visible effects of adding superplasticizers in calcite

suspensions is fluidification: the more the quantity of copolymer
employed, the lower the viscosity. There is a common understanding
that viscosity decreases when dispersion state is improved. At low dos-
age, a calcite suspension prepared with a W/S ratio of 0.36 can't flow
under its own weight whereas at high copolymer dosage, the material
reaches a viscosity almost as low as water and can be easily poured in
a beaker, for instance. To quantify superplasticizers efficiency, rheolog-
ical experiments were conducted at 0.05% dosage.

In order to compare similar values for each system, the sample
average viscosity during all analysis time (t = 600 s) has been calcu-
lated in Fig. 6; in addition, a fluidification efficiency factor has been
calculated from the ratio of the sample viscosity divided by
unadmixtured suspension viscosity, named here “f”. Fig. 6 shows
that addition of superplasticizer results in an important decrease in
viscosity, compared to unadmixtured calcite suspensions.

As a general trend, we can notice themore superplasticizer includes
phosphonic acid, the lower is the viscosity. Among all copolymers, sta-
tistical PCE-30P shows the best efficiency, reducing the viscosity by a
factor 12. Nevertheless, the block copolymer, despite its high adsorption
efficiency, divides only by a factor 2 the viscosity. This may probably
mean that the block copolymer due to its diblock structure, has less af-
finity for limewater and thus has a lower radius once adsorbed on par-
ticle surface. The weak steric hindrance of such compact conformation
should result in a lower effect on dispersion state of particles (in accor-
dance with previous results in 3.4.1.), leading to poor fluidification effi-
ciency. Lemaître and Chen have also found that, in some conditions, an
increased adsorption amount of PAA homopolymers results in a poor
dispersion efficiency on BaTiO3 particles, probably owing to a globular
conformation of PAA at low pH [40].

Adsorption, finest particles dispersion and fluidification results can
be correlated: block PCE-30P needs the highest dosage to disperse finest
particles, and is also the least effective to fluidize suspensions. On the
contrary, statistical PCE-30P requires the lowest dosage to disperse fin-
est particles (get T30 = 0) and can fluidize efficiently calcite suspen-
sions. Moreover, statistical PCE-30P and PCE-15P, which are the two
copolymers leading to a better dispersion state, reached an adsorption
saturation plateau at 0.5% dosage (see Fig. 3).
3.4.3. Stability index to quantify superplasticizer dispersion ability
When suspension is fully opaque, dispersion can't be characterized by

transmission profiles (T30 index) but only by backscattered profiles
(a) and opaque (c) supernatant on transmitted light intensity (T) and for instable (b) and



Fig. 5.Mean transmission percentage in supernatant (T30) as a function of superplasticizer dosage in limewater.
evolution. By this way, dispersion of all particles is taken into account not
only the finest ones suspended in supernatant. Hence another parameter
has been defined and named “Stability Index”. It can characterize all set-
tling behaviors. This Stability Index corresponds to the area difference,
on backscattered profiles, between profiles at 0 and t=6min. The set-
tling time at t=6min has been chosen arbitrarily, in order to exhibit
maximum differences between systems at the beginning of sedimenta-
tion phenomena.

Stability Index value, expressed in area units, is maximal when sys-
tem is unstable and minimal when the system is stabilized (close to 50
area units).

On Fig. 7, a stability threshold is reached for 0.2% dosage for all sus-
pensions studied and all superplasticizers. Note that this dosage is con-
siderably higher than that obtained with T30 index (Fig. 5) when just
finest particles dispersion is taken into account.

To have a better investigation for dosages below 0.2%, a different
graphic representation of these results is shown on Fig. 8. Backscattered
profiles at t = 6 min subtracted to profile at t = 0 min (named delta
mode) are presented. Two other results could be provided: dispersion
Fig. 6. Viscosities and fluidification efficiency factor of calcit
state in sediment in formation (height of sedimentation front), and
mean diameter of particles in opaque supernatant (BS value - see
2.4.2.). With 8 replicates of a same formulation, standard deviations of
Stability Index values have been evaluated at ±3.4% for area value, ±
5.1% for sedimentation front position and ±1.5% for BS value. Thus, dif-
ferent influences of macromolecular structures on particles dispersion
can thus be highlighted concerning both dispersion of finest particles
in supernatant (BS values) and dispersion/agglomeration phenomena
in sediment in formation (sedimentation front evolution). We can see
for statistical PCE that an increase in dosage leads to dispersion of all
particles: sedimentation front evolution slowing down and BS value in-
creasing. These observations are in accordance with the results of T30
and indicate a dispersion of finest particles as well as largest ones. But,
for all other copolymerswhich contain phosphonic acids, the systembe-
haves differently in particular for dosages lower than 0.1%: finest parti-
cles are still dispersed in supernatant but largest particles are
destabilized as shown by the sedimentation rate values in Table 3. De-
stabilization increases at 0.03% and 0.01% dosages for PCE-15P and
PCE-30P with sedimentation kinetics respectively of 3.34 and 2.82
e suspensions according to superplasticizer employed.



Fig. 7. Evolution of Stability Index as a function of superplasticizer dosage in limewater.
mm/min, compared with the constant value close to 2.5 mm/min for
statistical PCE. For block macromolecular structure an increase in desta-
bilization only appears at 0.05% dosage.

To conclude, finest particles dispersion and largest particles destabi-
lization are observed at the same time in presence of phosphonic acid
groups. This observation may be due to bridging phenomena arising at
lowest quantity of superplasticizer adsorbed (especially the case of larg-
est particles) [41,42] (Fig. 3) and the good adsorption ability of phos-
phonic acid groups on mineral surfaces [23,43].

For example, although the block PCE-30P seems to be themost effec-
tive to generally stabilize suspensions (according to Stability Index
values on Fig. 8), the significant largest particles destabilization ob-
served on Fig. 8 combined with a minor dispersion of finest particles
(Fig. 5), leads to a weak fluidification (Fig. 6). For similar Stability
Index and largest particles destabilization (maximum settling kinetics
close to 3.4 mm/min), statistical PCE-30P presents higher finest parti-
cles dispersion which lead to higher fluidification efficiencies. These
Fig. 8. Backscattered profiles at t=6min with profile at = 0min subtracted (delta mode) for
lowest level of backscattered intensity in turbid or opaque supernatant and sediment front pos
observations show the important effects of both finest particles on rhe-
ological behaviors and the complex relationships which exist between
dispersion/agglomeration phenomena and macroscopic behavior of
suspensions. Combined study of backscattered and transmission pro-
files might be an interesting way to have better understanding of in-
volved mechanisms.
4. Conclusion

In this study, three statistical comb-like copolymers have been
synthetized with different macromolecular structures. These macro-
molecules have similar structural parameters as molecular weight,
PEO side chain length and rate of anionic functions (fixed at 30%).
They just differ in the ratio of carboxylic - phosphonic acid groups.
Moreover, a block copolymer has been obtained, and compared with a
similar statistical structure containing 30% of phosphonic acid groups.
each copolymers at dosages between 0 and 0.2% Arrows highlight general evolutions of
ition.



Table 3
Sedimentation rates as a function of superplasticizer dosage. These values are calculated
from the slope of sediment front position curves as function of time, considering the 10
first minutes of settling.

Sediment front evolution kinetics (mm/min)

Superplasticizer
dosage

Statistical
PCE

Statistical
PCE-15P

Statistical
PCE-30P

Block
PCE-30P

0% 2.48 2.49 2.47 2.47
0.01% 2.59 2.47 2.82 2.56
0.03% 2.49 3.34 3.5 2.47
0.05% 2.43 3.35 2.97 3.4
Study of their adsorption and dispersion (stability and rheological be-
haviors) ability has been realized onto calcium carbonate.

It can be observed that a dosage of 0.2% is needed to obtain good dis-
persion efficiency for all superplasticizers. However, at low dosages (up
to 0.2%), addition of superplasticizer, containing phosphonic acid
groups reveals:

- That an increase of phosphonic acid functions in statistical macro-
molecules leads to a less adsorption ability, may be due to a possible
formation of polymer-Ca2+complex.

- A good correlation between finest particles dispersion and
fluidification efficiency shows the important role of finest particles
on rheological behavior, in particular for the statistical PCE-30P
which presents an important amount of phosphonic acid functions.

- Even if the block copolymer adsorbs in higher proportions, it leads to
lower fluidification efficiency probably due to a different adsorbed
molecule conformation (linked to polymer/solvent interactions)
and/or a variable surface recovery (unknown in this work). Indeed,
the study of dispersion/agglomeration shows significant destabiliza-
tion of largest particles combined with a minor dispersion of finest
particles. Probably, agglomeration of largest particles could be due
to bridging phenomenon because copolymers adsorption is not
complete.

These results show that only consider quantity of adsorbed polymer
could not directly explain their impact on dispersion/agglomeration
phenomena and fluidification efficiency. It's also important to take
into account other parameters as adsorbed molecule conformation
linked to their macromolecular structure or water soluble or insoluble
complex formation. A second part of this study will investigate more
superplasticizers structures, including block copolymers, and effect of
an increasing of ionic strength on superplasticizers efficiencies. Work
perspectives of all these researches could be to focus on polymers
state in limewater, their adsorption and molecular conformation at
particle-solution interphase and finally study how polymer behave in
cement paste.
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