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Polyelectrolyte Effects on the Rheological Properties of

Concentrated Cement Suspensions

Jennifer A. Lewis, Hiro Matsuyama, Glen Kirby,Sherry Morissetté,and J. Francis Yourig

Materials Science and Engineering Department, University of lllinois, Urbana, lllinois 618(

Polyelectrolyte species, known as superplasticizers, dramati-
cally affect the rheological properties of dense cement suspen-
sions. We have studied the influence of sulfonated naphthalene
formaldehyde condensate (SNF) and carboxylated acrylic ester
(CAE) grafted copolymers of varying molecular architecture
on the surface (e.g., adsorption behavior and zeta potential)
and rheological properties of concentrated cement suspensions
of white portland cement and two model compounds,
B-Ca,SiO, and y-Ca,SiO,. The adsorption of SNF species was
strongly dependent on cement chemistry, whereas CAE species
exhibited little sensitivity. The respective critical concentra-
tions (®*) in suspension required to promote the transition
from strongly shear thinning to Newtonian flow (flocculated —
stable) behavior were determined from stress viscometry and
yield stress measurements. Theoretical analysis of interparticle
interactions suggested that only colloidal particles in the size
range of =1 um are fully stabilized by adsorbed polyelectro-
lyte species. Our observations provide guidelines for tailoring
the molecular architecture and functionality of superplasticiz-
ers for optimal performance.

I. Introduction

pLYELECTROLYTE admixtures, commonly referred to as super-
plasticizers by the concrete industry, are widely used to
improve the flowability of cement-based systemSulfonated
naphthalene formaldehyde (SNF) and sulfonated melamine form-

aldehyde (SMF) condensates represent the first generation of

superplasticizers and remain in widespread use. Such admixtures
however, suffer a rapid loss of concrete paste flowability over
time. This property, known as slump loss, defines the working time
associated with placing fresh concrete. A new class of superplas-
ticizers, based on carboxylated acrylic ester (CAE)-grafted copol-
ymers, have been developed that appear to minimize slump loss
thereby significantly extending working tinfe Despite their
promising features, the mechanism by which these new additives
enhance cement paste flowability remains unclear. This fundamen-
tal knowledge is required to provide guidelines for tailoring their
molecular architecture (e.g., anchor block molecular weight, frac-
tion ionizable groups, graft chain length, etc.) to further enhance
performance.

Polyelectrolyte species can be oligomeric or polymeric in
nature, often consisting of both ionizable and neutral side groups

attached at frequent intervals along the backbone of a carbon—
carbon chain. When adsorbed on inorganic surfaces, these specie

can impart electrostatic and steric stabilization to the resulting
system, known collectively as electrosteric stabilizafidn. the
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nonadsorbed state, these species can induce either deplet
flocculation or stabilization, depending on their concentration in
solution, their charge, and the relative size ratio between th
cementitious particles and additivedhe relative importance of
these individual contributions on the stability of dense cemen
suspensions has not been established fully because of the comp
nature of such systems. Experimental difficulties stem from bot!
the colloidal phase, which undergoes hydration reactions in th
presence of water simultaneously altering the surface chemist
and solution composition, and the polyelectrolyte species, whos
extent of ionization and adsorption depends strongly on sucl
conditions.

Previous studies conducted on dilute, portland cement suspe
sions containing SNF species have reported a high, negative vall
of zeta potential (roughly —30 to —50 m¥y.° Based on these
results, electrostatic stabilization has been proposed as the prime
stabilization mechanism for SNF. Preliminary studigs® of the
new CAE additives have revealed that such species yield signifi
cantly lower, negative zeta-potential values, suggesting that th
steric contribution may be more relevant. However, a systemati
investigation of the influence of such species on the stability of
concentrated cement suspensions has not been conducted.

The aim of the present work is to study the effects of
superplasticizer additions on the stability of dense suspensions:
ordinary white portland cement powder as well as two model
compoundsp-Ca,SiO, andy-Ca,SiO,. B-Ca,SiO, is one of the
primary cementitious phases present in white portland cement, ar
v-Ca,Si0, is its nonhydrating polymorph. Use of model com
pounds allows system complexity to be reduced to a single
colloidal phase of varying reactivity.

Three CAE superplasticizers of varying molecular architecture
were characterized along with a traditional SNF admixture, whict
served as a benchmark in this study. First, experiments welr
conducted to assess the adsorption behavior and resulting ze

'potential of each system. Next, the rheological properties (botl

stress viscometry and vyield stress behavior) of dense ceme
suspensions of varying superplasticizer concentration were me.
sured. Finally, to aid our interpretation of these results, an analys
of the colloidal interactions in these systems was conducted th:
accounts for contributions from long-range van der Waals, elec
trostatic, and steric interactions. We show that steric forces ar
likely the dominant mechanism by which stability is imparted, but
that only fine colloidal particles<£1 pm) appear to be fully
stabilized by the adsorbed species. Our analysis suggests that fi
colloidal particles along with nonadsorbed superplasticizer specie
finpart stability to larger particles in suspension via depletion
interactions. With this knowledge, design criteria for optimizing
the molecular architecture of polyelectrolyte-based superplasticiz
ers is discussed.

Il.  Experimental Procedure

(1) Materials System

An ASTM Type | white portland cement (Lehigh Portland
Cement Co., Allentown, PA) is used in this study. The chemical
composition of white cement and the calculated compound con
position in this cement determined by XRF analysis are shown i
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Table I. B-dicalcium silicate §-C,S) and vy-dicalcium silicate
(y-C,S) are synthesized by the Pechini proé¢éssd calcined at

Table Il. BET Surface Area and Mean Particle Size of
Cement Powders

1200° and 1400°C, respectively. The surface area and mean
particle size of three cement powders are shown in Table Il, as

Cement powders BET surface area®(g) Mean particle sizeym)

determined by BET (Model ASAP 2400, Micrometrics, Norcross,
GA) and particle size analysis (Model CAPA-700, Horiba, Ltd.,
Tokyo, Japan), respectivel\3-C,S and~y-C,S have the same

chemical composition but exhibit markedly different hydration
behavior in the presence of watgs-C,S undergoes hydration
reactions similar to white cement, whereg<C,S is essentially
inert.

A sulfonated naphthalene formaldehyde (SNF) condensate
(Mighty 100, Kao Chemical Co., Tokyo, Japan) and three types of
carboxylated acrylic ester (CAE) copolymers (AAl, Advaflow
W11139S-1, and Daracem 210/B, W. R. Grace & Co., Cambridge,
MA) 212 are investigated in this study. Representative structures
of SNF and CAE polyelectrolytes are illustrated schematically in
Fig. 1. SNF is a homopolymer (average molecular weigb00
g/mol), with a monomer unit consisting of a naphthalene ring
structure with one ionizable sulfonic acid group. This is an ideal
representation, because the commercial SNF product likely con-

tains some branched chains and closed loops as well as a varying

number of sulfonate groups along its backbone. CAE is a comblike
copolymer consisting of a poly(acrylic acid) (PAA) backbone that
contains one ionizable carboxylic acid group per monomer unit to
which poly(ethylene oxide)/poly(propylene oxide) (PEO/PPO)
chains are grafted. The average molecular weights of the PAA and

White cement 1.483 8.58

B-C,S 1.956 0.95

v-C,S 0.896 8.85

B SO;N4 ]
SG;

PEO/PPO blocks are reported to be in the range of 2000—-5000 and

700-2000 g/mol, respectively. A summary of the specific CAE
molecular structures, as determined from gel permeation chroma-
tography, infrared spectroscopy, and NMR studies, is provided in
Table Ill. Because of the difficulties associated with characterizing
the molecular weight of charged polymers, the reported data reflect
approximate values.

Note, both Advaflow (CAE2) and Daracem (CAE3) contained
a significant fraction of low molecular weight species2300
g/mol), which likely correspond to remnant reactant species. To
aid our understanding of CAE interactions with cement, we also
separately evaluated the effects of pure PAA (Polysciences,
Warrington, PA) and PEO/PPO/PEO (Pluronic F-68, BASF, Mt.
Olive, NJ) dispersants. The PAA used had a molecular weight of
~5000 g/mol, while the PEO/PPO/PEO triblock had a total
molecular weight of 8400 g/mol with a hydrophobic, PPO segment
molecular weight of roughly 2000 g/mol.

(2) Adsorption Behavior

The adsorption of SNF and CAE superplasticizers on white
portland cementB-C,S, andy-C,S was characterized using a

Table I. Chemical and Phase
Composition of Type | White
Portland Cement

Component Composition (mass%)

Chemical composition

Sio, 21.9
AlLO, 4.18
Fe,0, 0.08
CaO 66.6
MgO 1.81
K,O 0.31
Na,O 0.16
SQ, 2.87
LOI 1.41
Phase composition

Ca,Sio, 68.2
Ca,Sio, 11.4
CasAl O, 10.9
CaAl,Fe,0, 0.24
Gypsum 6.17

B —In
SNF
(a)
+CH-CH— —CH-CH—F
2 | 2 |
C = O C = O
| - |
OM | B O-R |
m n
PAA block R: PEO/PPO
block
®)

Fig. 1. Schematic illustration of representative molecular structures of (a,
SNF and (b) CAE superplasticizers. (Note:*M= Na', H"; R =
(CH,CH,0), — (CH, (CH(CH;)O), — CH;, and R group may be alternately
grafted via an imidized linkage.)

Table lll. Properties of CAE Copolymers

MW Properties
Superplasticizer (g/mol) PAAR PEO:PPO M
AAl 4 500 1.4:1 N&
Advaflow’ 15 200 4.8:1 3.5:1 H
Daraceri 21900 2:1 31 N&

TSignificant fractions of low MW chains-2300 were detected by GPC analysis.

Total Organic Carbon (TOC) analyzer (Model DC80, Dohmen),
which provided quantitative information of the nonadsorbed frac-
tion of such species in solution. Suspensions with a water f
cement ratio (w/c) of 0.35 (47 vol% cement) or 1.0 (24 vol%
cement) were prepared by adding an appropriate amount of ceme
powder to an agueous stock solution of varying superplasticize
concentration. On mixing for 5 min, the suspensions were centri
fuged at 1571@ for 10 min. The supernatant was immediately
decanted and diluted with deionized water for the TOC measure
ment. Several aliquots of each sample were measured, and
average value was reported based on the calibration curve (corr
lation coefficientR, was 0.998) produced for each superplasticizer
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studied. To study the influence of hydration time on adsorption,

L ; . . 5.0 ;
the mixing time was varied between 5 and 60 min before the H _— wie = 035 1
. . . § 100% adsorption
centrifugation procedure. The remainder of the procedure was i ]
analogous. 4.0 * ]
SNF
(3) Zeta-Potential Analysis og 300 ]
Zeta-potential measurements were performed with a zeta meter S
equipped with a 30 mL cell (Model ESA-8000, Matec Applied ) Advaflow |
Sciences, Hopkinton, MA). Suspensions with a w/c ratio of 2.0 ~ 2.0- .
(13.5 vol% cement) were prepared by adding an appropriate ®
amount of cement powder to an aqueous stock solution of varying AAl
polyelectrolyte concentration. Zeta-potential measurements were 1.0r g
initiated 5 min after water and cement contact. [ %
I Daracem
0.0 T - P TR T
(4) Rheological Measurements 0.0 05 1.0 15 20 25
Rheological measurements were made using a controlled stress [Superplasticizer] (wt% sp/c)

rheometer (Model CS-10, Bohlin Rheologi AB, Lund, Sweden) Fi L . : .

- . . g. 2. Initial polyelectroltye adsorptiont (= 5 min) on white portland
using the concentric cylinder C-14 bob and cup test geometry (CUP cement as function of superplasticizer concentration in suspension. (Not
diameter 15.4 mm, bob diameter 14.0 mm, bob height 20.0 mm) in Asterisks denote critical concentratiors;, required to promote suspen-
either stress viscometry or creep/recovery mode. Concentratedsion stability, as determined from rheological measurements.)
cement suspensions (w/c of 0.25—-0.35) were prepared by adding
an appropriate amount of cement powder to an agueous stock
splutlon of varying superplasticizer concentration. The suspen- getermined from rheological behavior. A, there was a signif-
sions were hand-mixed for 90 s and then transferred immediately jcant fraction of nonadsorbed species in solution, as revealed &
to the sample cup. A specially designed solvent trap was used 10 ferences between the data shown and the dashed line indicatit
minimize the evaporation of water. Each samp]e was then mixed 1004 adsorption. This was quantified for cement suspensior
under high shear at 200 Pa for 45 s. Note, 5 min elapsed between47 4 vol9%) containing the respective critical concentratiah®) (
initial water and cement contact (_referred to as the hydration tlme)_ of each superplasticizer species as a function of mixing time in Fig
and this preshearlng process. This procedure was adopted to avoidy | as-prepared suspensions (hydration time of 5 min), thy
sample handling effects so that each sample had the same shegfercentage of adsorbed superplasticizer ranged from rough
history. . _ 35%-40% for SNF and Advaflow to 10%-15% for AAL and

Stress viscometry measurements were initiated after a hydrationpgracem. On mixing for 90 min, the percentage adsorbed in
time of 11 min following the handling and preshearing steps creased to 50%-55% for SNF and Advaflow and 20%-30% fol
described above. The applied shear stress was ramped logarithmiaa1 and Daracem. The adsorption of SNF was in reasonabl
cally down from 150 to 1 Pa and thep ramped pack up aftera 30 s agreement with that reported by Collepaedial,? but our CAE
rest from 1 to 150 Pa. A delay time (the time between two ,qmixtures adsorbed less strongly. Given the similarity in thei
consecutive data acquisition events) of 10 s was used in this study.gistribution (adsorbed versus free in solution), the remainder of th

The down/up stress cycle test was completed after roughly 17 min gy perimental work focuses solely on SNF and Advaflow super-
of hydration. The apparent viscosity was also measured at a plasticizers.

constant shear stress (50 Pa) as a function of hydration time for
representative pastes. In these measurements, data collectio .
commenced 20 s after the completion of the preshearing processfgz)_C Féolye(;ec_t(r:olé/te Adsorption on Model Cement Compounds
and a delay time of 20 s was used. B-C.S andy 2 )_ )
A creepl/recovery technique is used to measure the yield stress _ 1 he adsorption isotherms for SNF and Advaflow superplasti
(r,) of representative cement pastes as a function of hydration time ¢1Z€rs on B-C,S andy-C,S are shown in Figs. 4(a) and (b),
following the method of Struble and L&%° Concentrated  'espectively, for cement suspensions (w/c 1.0, 23.9 vol%
cement pastes can exhibit different creep/recovery behavior de-cement) of varying polyelectrolyte concentration. The adsorptior
pending on the applied stress level. At low stress<(t,), the isotherms on white portland cement under analogous conditior
pastes behave like an elastic or viscoelastic solid, while at high
stress £ = 7,), they exhibit an initial elastic response followed by

viscous liquidlike behavior. The yield stress of paste is defined by 100

the stress level at which the transition from solid to liquid behavior T © = O*

is observed. 2 ]
5 80F ]
® Ot Advaflow

ll. Results Bl 00 e N

= PO

(1) Polyelectrolyte Adsorption on White Portland Cement § b ]

The adsorption isotherms for SNF and CAE superplasticizers on K

white portland cement are shown in Fig. 2 for cement suspensions § 40F ]

(w/c = 0.35, 47.4 vol% cement) of varying polyelectrolyte 2 Daracem J

concentration. The amount adsorbed onto the cement particle & ]

surfaces increased with increasing superplasticizer concentration £ AAl

in suspension until a plateau vallg,f was reached. The values of 5- 3 B

0 I H 1 L L 1 1 1 1

I', were roughly 4.0, 2.7, 1.5, and 0.7 md/for SNF, Advaflow,
AAL1, and Daracem, respectively. The adsorption isotherms of both 0 20 40 60 80100

Advaflow and Daracem exhibited a shoulder regiofi at 0.5I',, Mixing time (min)

suggesting that multilayer adsorption could occur for these species.rig. 3. Relative amount of adsorbed polyelectrolyte on white portland
The asterisks shown in Fig. 2 denote the respective critical cement as function of hydration time at a superplasticizer concentration i
concentrations®”) required to promote suspension stability, as suspension corresponding to respectivVeof each system.
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Fig. 4. Initial polyelectroltye adsorptiont(= 5 min) on white portland

cement,3-C,S, andy-C,S as a function of superplasticizer concentration
in suspension: (a) SNF and (b) Advaflow.
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Fig. 5. Log-log plots of apparent viscosity versus shear stress for white
portland cement suspensions (w# 0.35) of varying superplasticizer
concentration (denoted as weight percentage/weight of cement powdel

are included for comparison. In the case of SNF, the plateau (a) SNF and (b) Advaflow.
amount adsorbed was strongly dependent on cement reactivity.

The values of", were roughly 4.0, 1.75, and 0.75 md/for white
portland cementB-C,S, andy-C,S, respectively. This behavior

has been observed previously and was attributed to the presence o,

tricalcium aluminate (GA).*” In contrast, the adsorption behavior
of Advaflow exhibited little sensitivity to cement reactivity, with a
', value of ~1.35 mg/nt for all powders investigated.

(3) Polyelectrolyte Effects on Cement Zeta Potential

The zeta potentials{) of white portland cement3-C,S, and
v-C,S suspensions (wke 2.0, 13.5 vol% cement) as a function of
SNF and Advaflow concentration are reported in Table IV. In the
absence of polyelectrolyte admixturegs,~ 0 = 2 mV for all

Table IV. Zeta Potential of White Portland Cement, B-C.S,
and y-C,S Suspensions

Superplasticizer content (Wt% s/s)

Cements Additives 0 0.2 0.6 1.5
White cement  SNF 1.8 1.5 25 —-74
Advaflow 1.8 -—-1.7 —-2.7 —2.4

B-C.,S SNF -2.1 -99 —-6.0 -5.2
Advaflow —-2.1 -0.1 0.6 0.3

v-C,S SNF -0.6 —408 -37.8 -324
Advaflow —-06 —6.6 -3.3 -1.5

samples. At superplasticizer concentrations corresponding t
roughly 1.3D", ¢ of white portland cement was —7.4 and —=2.7 mV
or SNF and Advaflow, respectively. Similar values were observec
for B-C,S, where was —5.2 and —0.6 mV for SNF and Advaflow,
respectively. In contrast, of y-C,S was markedly higher in the
case of SNF, where a value of —32.4 mV was observed d"1.3
Comparing these data to those obtained in earlier studies, tw
important findings emerged. First, the measured value§ of
portland cement in the presence of SNF were far lower than th
range of values reported previously (i.e., =30 to —50 rfiV).
Previous measurements were conducted on very dilute ceme
suspensions (w/e= 400—1000)*#which gave rise to significant
differences in the ionic strength of the solution phase and, henct
differences in the degree of screening between ionized segmen
To evaluate this possibility, we conducted measurements using tt
degree of dilution and SNF concentration reported in Ref. 7 an
found a high negative valué & —45.1 mV). Second, the observed
differences between ttieof the cement dispersions in the presence
of SNF and Advaflow were only appreciable for the inert cement,
v-C,S. The origin of these observations is discussed in detail in th
following section.

(4) Polyelectrolyte Effects on Cement Suspension Rheology

Apparent viscosity as a function of shear stress for white
portland cement suspensions (w#c0.35, 47.4 vol% cement) of
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varying SNF and Advaflow concentration is shown in Figs. 5(a) chains (which “stick” out from the cement particle surfaces) is
and (b), respectively. For each system, a critical concentration of required for effective superplasticizing action.
superplasticizer was identified that corresponded to the amount Yield stress as a function of hydration time for white portland
required to promote the transition from strongly shear thinning cement suspensions (w#0.35, 47.4 vol% cement) with SNF and
behavior @ < ®") to nearly Newtonian flow® = @) behavior. Advaflow concentrations both below and abo®é is shown in
The values of®d* were 1.0 and 0.4 wt% (by weight of cement Fig. 7. There is a dramatic rise in yield stress with time for
powder) for SNF and Advaflow, respectively. Modest shear suspensions prepared-aD.5 @, with little difference observed
thickening behavior was observed at elevated shear rates for mosbetween SNF and Advaflow. In contrast,af.3®", yield stress
systems. We attribute such observations to hydrodynamic interac-increases modestly in the presence of SNF, with no discernibl
tions stemming mainly from nonadsorbed polyelectrolyte chain increase in the presence of Advaflow. Such observations likel
entanglement. stem from either differences in dispersion stability and/or hydra:
CAE superplasticizers, such as Advaflow, are comblike copol- tion kinetics.
ymers of poly(acrylic acid), PAA, with grafted PEO/PPO chains.
To separately evaluate the contribution of each type of segment to ) ]
cement stability, analogous rheological measurements are con- IV. Discussion
ducted for white portland cement suspensions (w/€.35, 47.4 .
vol% cement) of varying PEO/PPO/PEO and PAA dispersant 1€ experimental results clearly show that polyelectrolyte
concentrations. Their respective apparent viscosities as a functionSPEcies strongly influence the rheological behavior, and, henc
of shear stress are shown in Figs. 6(a) and (b). For the concentra-s_t""b”'ty of poncentrated cement suspensions. Flr_stly, the adsor!
tion range studied, neither PEO/PPO/PEO nor PAA species arelion behavior of such species on cement particle surfaces i
able to fully stabilize these suspensions, yielding Newtonian flow discussed with an emphasis on how molecular structure an
behavior. PAA additions yield suspensions with a low shear _hydratlon phenome_na influence this process. Secondly, the st_al_:)_
apparent viscosity several orders of magnitude below that ob- 'Y Of such systems in the absence and presence of superplastici:
served for the PEO/PPO/PEO species, suggesting that the formeSPECies is analyzed by accounting for long-range van der Waal
segments are likely to adsorb more strongly onto cement surfaces.elecrros'[at'c' and steric interactions. Finally, the impact qf out
From these observations, it is clear that the combination of both OPServations on cement processing as well as strategies f

PAA segments (which drive adsorption) and grafted PEO/PPO optimizing the design of this important class of polyelectrolyte
admixtures are presented.

(1) Polyelectrolyte Adsorption on Cement Surfaces

The adsorption of polyelectrolyte species at the water/cemer
interface is strongly influenced by the chemical and physica
properties of both the solid surfaces and solvent meditifor
example, adsorption is strongly favored when polyelectrolytes an
the solid surfaces of interest carry opposite chafgest small
adsorbed amounts, such species can promote flocculation either
surface charge neutralization or bridging mechanisms. At highe
adsorbed amounts, particle stability increases because of lon
range repulsive forces stemming from electrosteric interacfibns.
For a given system, the adsorption behavior and conformation c
polyelectrolyte species can be modulated by tailoring solven
conditions (e.g., pH and ionic strength). In the case of homopoly
mers, such as SNF or pure PAA (pk 5) that have one ionizable
group per monomer unit, the degree of ionizatiof) {(ncreases

] with increasing pH:°2°-22:235uch species adopt a compact coil
S PR configuration in solution at low pHo( — 0) and adsorb in a dense

Shear Stress (Pa) layer of large massliads) and low adlayer thickness$)( as
illustrated in Fig. 8(a). In contrast, under the highly alkaline
solution conditions (pH= 12.7) associated with cement systems,

10°

—
O.—.
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(=]
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Fig. 6. Log-log plots of apparent viscosity versus shear stress for white
portland cement suspensions (w#c 0.35) of varying model dispersant Fig. 7. Yield stress as function of hydration time for white portland
concentration (denoted as weight percentage/weight of cement powder):cement suspensions (w# 0.35) of varying superplasticizer concentration
(a) PAA and (b) PEO/PPO/PEO. both above and below".
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()

Fig. 8. Schematic illustrations of adsorbed polyelectrolyte species on cement particle surfaces as function of pH and ionic strength: (a) homopglyme

and (b) copolymer, Advaflow.

one would expect full ionizatioro{ — 1), resulting in an open coil

are the most critical parameters governing adlayer properties, :

configuration in solution (because of electrostatic repulsive forces shown in Fig. 8(b). The experimentally observed adsorptior
arising between charged segments). Such highly charged speciebehavior of Advaflow on white portland cemer:C,S, and

would adsorb in an open layer of loliads and higld, also shown
in Fig. 8(a)*®2*2°The actual situation is more complicated,

v-C,S is in good agreement with this hypothesis, as there appea
to be little effect of cement reactivity on the plateau adlayer mas:

because the aqueous phase of concentrated cement suspensiofE,,). The measured values of the cement systems in the

has a high calcium ion concentration (4 ~ 0.02M), i.e.,
it is nearly saturated with respect to Ca(QHPrevious work

presence of Advaflow and SNF also reflect the differences in thei
molecular architecture, namely in the number of ionizable group:

has shown that charge screening effects stemming from divalentper macromolecule. This point is best illustrated by comparing the

ion interactions strongly mitigate intersegment repulsive
forces®22%:2527.285ch interactions are expected to yield a coil
configuration and adlayer conformation closer to the low pH
regime for superplasticizers, such as SNF.

The experimentally observed adsorption behavior of SNF on
white portland cement3-C,S, andvy-C,S is in good agreement
with the above view. For example, the plateau adsorbed hggs,

measured, values forvy-C,S, where{ is roughly an order of
magnitude lower in the presence of Advaflow compared with SNF
at the same relative concentration ofd:3or at the same absolute
concentration of 1.5 wt%. As expected, such differences diminisl|
with increasing cement reactivity because of the stronger sensiti\
ity of SNF properties to ionic strength.

increases with increasing cement reactivity (i.e., as the ionic (2) Theoretical Modeling of Polyelectrolyte—Cement
strength in solution increases). Direct comparison between the | ieractions

SNF adsorption isotherms oB-C,S andvy-C,S best illustrates

these trends, because comparison between white portland cement
and these model compounds is complicated by the presence o

other highly reactive phases (e.gs3and GA).*” The measured

¢ of white portland cemeng3-C,S, andy-C,S in the presence of
SNF lend further support to G&-induced charge screening
between polymer segments. A negatiy®f large magnitude is

only observed in the case of the ingrC,S compound (or under
very dilute conditions, w/c~ 400-1000 for white portland

cement), where the & ion concentration in solution is negligi

ble.

The sensitivity of both adsorption behavior and adlayer confor-

Colloidal stability is governed by the total interaction of

fpotential energyV,., Which may be expressed for the system of

interest as the sum of the following contributichs:

Viot = Vuaw T Veieet T Vsteric T Vdep (1)
whereV, 4, is the attractive potential energy due to long-range var
der Waals interactions between particlé4, ... the repulsive
potential energy arising from electrostatic interactions betweel
charged particle surface¥.ic the repulsive potential energy
arising from steric interactions between particle surfaces coate
with adsorbed polymeric species, and, finalj,,, the potential

mation to solution conditions is expected to be lower for CAE energy stemming from the presence of nonadsorbed polymer
polyelectrolytes because of their copolymeric nature. Because only species in solution that may either enhance or reduce suspensi
PAA segments along the polyelectrolyte backbone undergo ion- stability. The validity of Eq. (1) has not been fully established;
ization (and these interact strongly with the cement particle however, itis well known to accurately model systems when fewe
surface), thel'ads andd should be less dependent on such contributions exist®=°

conditions. For example, it is expected that the solvation of the  The attractive van der Waals interaction potential enevgy,.,
PEO/PPO block as well as its molecular weight and graft density exhibits a power law distance dependence whose strength deper
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on the dielectric properties of the interacting colloidal particles and
intervening medium. For spherical particles of equal sizg,, is
given by the Hamaker expressidh:

A2 2 I52—4 )
V= "g\g—atet N g @)
wheres is
_2a+h 3
s=" ©)

h is the minimum separation between the particle surfaaeke
particle radius, and the Hamaker constant. A literature value of
1.68 X 102* J was used for the Hamaker constant of cement in
water3! Use of a nonretarded Hamaker constant is only appropri
ate when such interactions occur over short separation distance
(i.e.,h = 5 nm)32 However, because of the paucity of spectral data
for either multiphase white portland cement oySCcompounds,
retardation effects (that yield a distance-dependettiat decays
with h) could not be accounted for in the calculations below.

When two identical particles of radiua, approach one another
under conditions of constant potential, the electrostatic repulsive
potential energy can be calculated by (valid &ar >10)=°

Veteet = 2mEE,aV3AN[1 + exp(—kh)] (4)
whereg, is the dielectric constant of the solvegj,the permittivity
of vacuum, {5, the surface potential, &/the Debye—Huokel

screening length, and is given by:
(FZEiNiz$> 2
-

€.E,KT
where N, and z are the number density and valence of the
counterions of type, andF the Faraday’'s constant. The surface
potential is taken to be the measutgébr a given system.
The steric interaction potential energYg.i, IS calculated
using expressions developed by Vincegit al>* for spherical
particles with adsorbed polymer layers. Steric interactions arise

®)

when particles approach one another at separation distances les

than twice the adlayer thicknes®)( Their close approach can be
divided into two domains: the interpenetrational domairi(h <

28)* and the interpenetrational-plus-compressional domiairc (
d)?. The pseudohomopolymer and pseudotails mddals used to
describe the mixing interactions that occur in the regior; h <

28, while the uniform segment model is used to describe the
mixing and elastic interactions that occur at smaller separations
h < &. The pseudohomopolymer model accounts for chain
conformations other than tails (i.e., trains and loops) that are

expected for adsorbed homopolymers, such as SNF, whereas th
pseudotails model is appropriate for grafted polymers, such as

Advaflow. For the former modeV.,i.iS given by § < h < 29):

32qTakT(J>;‘)2(O.5—x)(8 h\®
50,87 \% 2
where $2 is the average volume fraction of segments in the

adsorbed layer0.25 for SNF and 0.10 for Advaflow), and the
molar volume of solvent. At smaller interparticle separations (i.e.,

(6)

steric, mix —

h < 3), the polymer segment density is assumed to be uniform, and

elastic contributions dominate the interaction potential energy. In
this domain Vi is given by the sum of the mixinQvcric. mi»
and elastic Ygeric o) t€rms:

v B 47ad?kT($2)4(0.5 — x)/ h 1 | h
steric, mix — v, \28 - 4 —1In 3
_ 2makTd%p,d3 hI h/3—h/s)\2
steric,elfT gn g T
(2= g1 " 7
—61In| — + -3 (7)
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where p, is the density, andM$ the molecular weight of the
adsorbed species.

To accurately model colloidal interactions in the presence o
polyelectrolyte species, assignments of the van der Waals plan
the plane of charges(), and the steric interaction lengt) (@are of
critical importance. Theoretical treatments of such interaction:
have varied significantly, from assuming that double-layer, van de
Waals, and steric forces all originate at the polyelectrolyte-
solution interfac’ to assuming that double-layer and van der
Waals forces originate at the solid—polyelectrolyte interface ant
steric forces originate at the polyelectrolyte—solution interfice.
Recently, Biggs and HealéYhave directly measured such inter
actions between ZrOsurfaces with adsorbed PAA (M\A& 2000
g/mol) using atomic force microscopy (AFM). At low pht (= 0),
they observed that the steric interaction length and calculated plar

Qf charge (estimated from thE/R versus separation distance

curves) were coincident and occurred nm away from the bare
particle surfaces. As pH increased, they observed a dramat
increase in the steric interaction length, with nearly a 10-fold
increased ~ 10 nm) at pH 9. Simultaneously, they found a more
modest shift for the calculated plane of charge away from the
particle surface, which doubled t&2 nm under the same pH
conditions. As their results illustrated, the plane of charge is ofter
located at some intermediate distance between the solid—polyele
trolyte and polyelectrolyte—solution interfaces. One would expec
this location to depend strongly on the molecular architecture an
solution properties of a given system.

In our calculations, the van der Waals plane originated at th
solid—polyelectrolyte surface, and the plane of charge was taken 1
be coincident with the polyelectrolyte—solution interface for SNF
and with an intermediate value of 0&¥or Advaflow. This latter
value reflected the adlayer thickness estimated fny 0.06
(MW)Y2 6:34a550ciated with the PAA segments§000 g/mol) of
the CAE copolymer. This expression, which neglects ionizatior
effects, yielded adlayer thicknesses of 4.4 and 7.4 nm for SNF an
Advaflow, respectively. In comparison, Biggs and Heafayea
sured an adlayer thickness ranging from 1 to 10 nm over the pl
conditions studied, whereas one estimates a value of 2.7 nm f
adsorbed PAA {2000 g/mol). Given the mitigating effects of
divalent ions, such as calcium, this approach seems reasonable

The calculated total interaction potential energy curves of twc
identical cement particles of varying diamet®) (n the presence
and absence of SNF and Advaflow species are shown in Figs.
and 10, respectively. For each system, the effects of (a) double
layer and (b) steric forces were separately evaluated. All curve
exhibited a shallow secondary minimum of varying magnitude,

'thus giving rise to differences in colloidal stability. In the case of

SNF, calculated well depths of —1.3 kD & 1 pm) and —13.2 kKT

D =10pum) and of =1.6 KTD = 1 um) and -19.2 kKT = 10
um) were observed for double-layer and steric interactions
respectively. In the case of Advaflow, calculated well depths of
—-15KkT O =1 pum)and -15.4 kTD = 10 um) and of —0.9 kT

(D =1 pm) and -11.3 kKT D = 10 wm) were observed for
double-layer and steric interactions, respectively. One striking
feature of these calculations is that only colloidal particles in the
size range of=1 pm appear to be fully stabilized by adsorbed
polyelectrolyte species. The relative importance of double-laye
versus steric forces is difficult to discern, because the electrostat
contribution depends strongly on the origin of the plane of charge
Here, we purposely assign this plane to coincide with the poly-
electrolyte—solution interface, thereby maximizing the electrostati
contribution for SNF. Given previous experimental woPkit is
quite likely that this plane is located much closer to the solid-
polyelectrolyte surface, thereby relegating electrostatic contribu
tions to a negligible role. In fact, steric interactions alone are
sufficient to yield dispersed systen® & 1 uwm) in the presence
of either SNF or Advaflow.

One important implication of our findings is that electrosteric
interactions do not appear to effectively stabilize cement particle
of median size or greater, even though such systems exhibited
Newtonian flow response (indicative of a dispersed suspensior
above the respective critical concentrations of SNF and Advaflow
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Fig. 9. Calculated potential energy of interaction as function of interpar- Fig. 10. Calculated potential energy of interaction as a function of
ticle separation distanch, for white cement particles of varying diameters interparticle separation distandg, for white cement particles of varying
with negative zeta potential (-7.4 mV) imparted by adsorbed SNF: (a) diameters with negative zeta potential (-2.7 mV) imparted by adsorbe
DLVO interactionsV = V4, T Veec: (Wherea,, is shifted bys), and (b) Advaflow: (a) DLVO interactionsY = V, 4, + Veeet (Whereo is shifted

vdw

steric interactiond/ = V4, + Vgieric (Whered = 4.4 nm). (Note: Small by 0.5®), and (b) steric interaction¥ = V,q, + Veteric (Whered = 7.4
symbols denote long-range attractivg,,, interactions that drive aggre nm). (Note: Small symbols denote long-range attractiyg, interactions
gration.) that drive aggregration.)

epletion interactions depends primarily on the size ratio betwee
he primary (large) colloidal phase and the depletant species ¢
well as their charge. To intensify these interactions, it is desirabl
to have very low molecular weight, highly charged species.

This inconsistency between predicted behavior and the measure
flow response strongly suggests that additional stabilization mech-
anisms may be operational, namely depletion forces. It is well
known that systems of large particles can be stabilized or floccu-
lated via the addition of nonadsorbed smaller spetie€ In the
experimental system of interest, both dispersed colloidal particles V. Conclusions

and polyelectrolyte species present in solution may promote

stability. While further work is needed to conclusively demonstrate ~ We have shown that polyelectrolyte species, specifically sulfo:
the role of depletion effects in cement—polyelectrolyte systems, our nated naphthalene formaldehyde condensate (SNF) and carbox
observations suggest these may be relevant. Hence, when designlated acrylic ester (CAE) grafted copolymers, dramatically af-
ing the molecular architecture of such molecules for optimal fected the rheological properties of dense cement suspensions
performance, one must consider their role as both adsorbed andpromoting a transition from strongly shear thinning to a Newtoniar
nonadsorbed species. In the adsorbed state, the magnitude of thBow response (flocculated- stable) at their respective critical
steric interactions at a given length scale depends primarily on concentrations®”). Differences in molecular architecture of these
steric layer thickness, which increases with polyelectrolyte molec- macromolecules led to significant differences in their adsorptior
ular weight (or grafted chain weight for copolymers), number of behavior, zeta potential, and effectiveness as superplasticiz
ionizable groups per monomer unit, fraction of such groups species. The adsorption of SNF, a homopolymer with one ioniz
ionized, etc. In the nonadsorbed state, the magnitude of theable group per monomer unit, depended strongly on cemer
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chemistry, whereas the adsorption of CAE species exhibited little
sensitivity. An analysis of interparticle interactions in these super-

plasticized cement systems revealed the relative importance of

electrostatic, steric, and depletion contributions to colloidal stabil-
ity. Based on our observations, guidelines have emerged for
tailoring the molecular architecture and functionality of such

species for optimal performance of concentrated cement disper-

sions.
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