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ABSTRACT: Polyoxyethylenes having a di-phosphonate functional group at one of their
chain ends strongly adsorb on calcium carbonate particles in aqueous colloidal suspen-
sions. An enhanced colloidal stability of such suspensions results with a concomitant
drastic reduction of the viscosity of concentrated aqueous suspensions. The viscosity
of a 20 wt % CaCO3 colloidal suspension in water could be lowered to 2 mPars with
low concentrations of polymer. The adsorption and viscosity reduction were studied as
a function of the chemical nature of the end chain group and the polymer molecular
weight. The di-phosphonate group was found the most efficient anionic group when
associated with a polyoxyethylene of polymerization degree larger than 20. The main
features of this di-block architecture of the polymer are discussed. q 1997 John Wiley &
Sons, Inc. J Appl Polym Sci 65: 2545–2555, 1997

INTRODUCTION as a pigment in painting and paper coating compo-
sitions,3 and for the control of cement paste rheol-
ogy and concrete mechanical strength.4,5 AnionicThe dispersion of inorganic particles as a colloidal

suspension in a solvent or a polymer matrix re- polymers such as polyacrylates6,7 or sulfonated
resins (poly-naphtalene sulfonates)4,8 are mostquires the use of some dispersing agent that ad-

sorbs at the surface of the particles.1 Most efficient commonly used where the colloidal stability arises
from both repulsive electrostatic forces and thedispersing agents are polymers that have to be

selected according to the chemical nature of the steric barrier due to polymer adsorption.2

Polymer adsorption on a surface involves chem-particle surface and the type of dispersing me-
dium.2 Colloidal dispersions can be found in a ical groups that have some affinity for the surface

groups of the solid particle. For a homopolymerwide range of applications such as mechanical re-
inforcement of polymeric materials with inorganic or a random copolymer, these groups that are re-
fillers, pigment dispersion in organic coatings and sponsible for the adsorption are distributed at
thickening of suspensions, and emulsions. Among random along the macromolecular chain and the
the wide variety of specific problems, the disper- structure of the polymer adsorbed layer then con-
sion of calcium containing inorganic particles in sists of adsorbed segments that lay flat on the
water is encountered in several important applied surface, and nonadsorbed loops and tails that en-
domains, mainly for the use of calcium carbonate sure the steric stabilization of the particles.2,9–17 If

steric stabilization of particles is aimed for, strong
adsorption of a thick polymer layer is required. If
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the functional groups of the polymer have a strong
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2546 MOSQUET ET AL.

Figure 1 Adsorbed polymer steric stabilization of colloidal particles.

molecules adsorb as a flat collapsed layer, which water. Polyethylene oxide (PEO) is chosen as the
polymer part because water is a good solvent ofis too thin for efficient steric stabilization. A thick
PEO at room temperature and the studied func-and strongly adsorbed layer can be obtained in
tional groups are carboxylate, sulfonate, phospho-the case of low adsorption energy per functional
nate, and di-phosphonate, which all have somegroup with high molecular weight polymers, be-
affinity for calcium containing inorganic surfaces.cause the weak adsorption energies of each func-
The structure of such polymers is reminiscent oftional group of the polymer add up, giving a large
that of surfactants, and some similarities are ex-total adsorption energy per macromolecular
pected. In particular, it is noticed that classicalchain. However, particle destabilization may oc-
nonionic surfactants that are widely used in thecur by a polymer bridging mechanism for long
stabilization of emulsions have a small hydropho-chains, leading to flocculation.17 The molecular
bic alkyl chain that ensures adsorption and quiteweight has then to remain moderate, and a com-
a long polyethylene oxide part (with 10 to 20 eth-promise has to be found by the control of both the
ylene oxide units) for steric stabilization.adsorption energy per functional group and the

The structure of the layer of polymers adsorbedpolymer molecular weight.
(or chemically grafted) by their chain end de-In the present work, nonadsorbing polymers
pends on the molecular weight and solvent qualityhaving a functional group at one of their chain
as well as the grafting density. Two regimes haveends that ensures adsorption are studied. The
been observed experimentally,18–22 in agreementstructure of the adsorbed polymer layer is then
with theory9–11,23–29 (Fig. 2). A ‘‘mushroom’’ re-completely different, consisting essentially of free
gime at low coverage where adsorbed macromole-tails (Fig. 1). This di-block molecular architecture
cules are independent of each other and have aallows a decoupling of the surface adsorption and
coil conformation similar to that found in a dilutesteric stabilization functions so that both proper-
solution; the thickness of the polymer layer isties can be modified at will independently of the
equal to the polymer radius of gyration. Whenother one. The choice of the functional group de-
the grafting density is increased, polymer coilstermines the adsorption energy. An efficient steric
overlap and a ‘‘brush’’ regime is reached wherestabilization by the polymer part of the macromol-
the structure of the adsorbed polymer layer is sim-ecule requires that the polymer forms a thick
ilar to that of a semidilute solution. The crossoverlayer at the particle surface from which other
surface coverage between these two regimes ispolymer-coated particles are expelled. The poly-
analogous to the dilute-to-semidilute concentra-mer is then chosen such that it does not adsorb
tion C* in bulk polymer solutions.on the surface (except by its functional end) and

such that the dispersing medium is a ‘‘good sol- EXPERIMENTAL
vent.’’ The polymer molecular weight and solvent

Materialsquality determine the adsorbed layer thickness.
The influences of both functional group and The following nonionic water soluble polymers

polymer molecular weight are studied in the case containing anionic groups at their chain end have
been studied:of stabilization of calcium carbonate particles in
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The calcium carbonate is an additive-free pre-
cipitated calcite powder purchased under the
trademark Socal 31 from the Solvay Company.
Electron microscopy shows that the 70 nm diame-
ter CaCO3 particles are aggregated into large po-
rous flocs of low density. The specific surface area
measured by the nitrogen BET method is 22 m2/
g. The isoelectric point of this calcium carbonate
has been measured at pH Å 9.6.37

Sample Preparation

For both adsorption isotherm determination and
viscosity measurements, calcium carbonate parti-
cles were suspended in polymer solutions and the
sample was sonicated for 2 min with a SonimasseFigure 2 Structure of chain end adsorbed polymers
high power ultrasound device. After a first equili-for low and high surface coverage.
bration time, the pH was set at 11 by addition of
a small volume of concentrated sodium hydroxide

CH3CH2-(OCH2CH2)n-OH nEO-OH and an equilibration time of 18 h at 207C was
allowed to elapse for before measurements. TheCH3CH2-(OCH2CH2)n-O(CH2)3-SO3H nEO-S1
CaCO3 content was 20 wt % for all measurements

CH3CH2-(OCH2CH2)n-OCH2-CO2H nEO-C1 presented here, and the concentration of polymer
was varied.H-(OCH2CH2)n-N(CH3)-CH2-PO3H2 nEO-P1

H-(OCH2CH2)n-N(CH2-PO3H2 )2 nEO-P2
Polymer Adsorption Isotherm Determination

The PEO–monoethyl ether (nEO-OH) was
Equilibrated CaCO3 suspensions were ultracen-synthesized by conventional anionic polymeriza-
trifugated with a Beckman JA 21 centrifuge attion of ethylene oxide initiated by potassium
207C and the supernatant was isolated and ana-ethoxide in dry THF medium.30,31 The sulfonate
lyzed for the polymer content. The adsorbed(nEO-S1) terminated polymers have been pre-
amount G(mol/m2) was calculated from the differ-pared by end capping with 1,3-propane sultone
ence of polymer concentrations before (Ci ) andthe nEO-OH polymer at the end of the anionic
after (Cf ) adsorption aspolymerization.30,32 The carboxylate (nEO-C1)

terminated polymers have been prepared from the
corresponding nEO-OH polymers by oxidation of G Å (Ci 0 Cf )V

MAsp
(1)

the alcohol group to a carboxylic acid by pyridin-
ium dichromate30,33 or by reacting ethyl bro-
moacetate with the sodium alcoholate of nEO- where V is the solution volume, M is the CaCO3

weight and Asp is the particles specific area (22OH30,34,35 followed by hydrolysis of the ester group
by aqueous sodium hydroxide. The nEO-P1 and m2/g). For nEO-S1, nEO-P1 and nEO-P2, the re-

sidual polymer concentration was measured bynEO-P2 polymers where P1 and P2 are mono- and
di-phosphonate functionality have been prepared plasma ionization (Fison ARL 3520) analysis of

the sulfur or phosphorous element at the Servicestarting from primary and secondary amino-poly-
oxyethylenes obtained by anionic polymerization Central d’Analyses of the CNRS (SCA-CNRS, BP

22, 69390 Vernaison). For nEO-OH, the carbonof ethylene oxide initiated by potassium aminoal-
coholates.30,31 The mono- and di-phosphonates content of the solutions was analyzed for with a

Doorman carbon analyser. Before this carbonwere prepared by means of the Mannich–Moe-
dritzer reaction.30,36 The polymers molecular analysis could be carried out, traces of soluble cal-

cium carbonate (its solubility in water is 0.015weight distributions as measured by size exclu-
sion chromatography and FAB/ mass spectros- g/L) were removed by adding gaseous hydrogen

chloride to the solution and eliminating thecopy are narrow30,31 ; the polydispersity indices (Ip

Å Mw /Mn ) are lower than 1.2 for all polymers. formed carbon dioxide by a nitrogen flow.
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2548 MOSQUET ET AL.

Figure 3 Rheological behavior of aqueous suspensions of CaCO3 particles without
(s ) and in the presence of 0.83 mmol/L (2.1 g/L) 50EO-P2 polymer (l ) . The same
stress vs. shear rate data are shown with two different shear stress scales on the left
and right. The solid lines are guides for the eyes only.

Viscosity Measurements old with a rheometer working at constant applied
shear rate. Shear thinning results from the dis-

The viscosities of calcium carbonate suspensions ruption of flocculated structures by shear. The
in the presence of various concentrations of nEO- particle–particle contacts that have been broken
X polymers were measured as a function of shear as the shear rate was increased could be restored
rate with a Rheomat RM30 (Contraves) rheome- when the shear was cut off or as the shear rate
ter. The stress was obtained from measurements was decreased. Indeed, no significant hysteresis
of the torque when a fixed shear rate was applied was observed in the rheological behavior (in the
between two coaxial stainless steel cylinders. The shear rate range scanned, g

g

õ 1708 s01) . The
suspension viscosity was calculated as the stress shear thinning behavior is thus clearly associated
to shear rate ratio. Applied shear rates were var- with a poor colloidal stability of CaCO3 particles.
ied from 20 to 1708 s01 . Adsorption of the polymer 50EO-P2 at the par-

ticle surface provides a steric barrier acting
against particle aggregation and changes the

RESULTS AND DISCUSSION shear thinning rheological behavior into a New-
tonian behavior with a low viscosity (Fig. 3). The

Adsorption of 50EO-P2 and Subsequent Viscosity control of suspension rheology by adsorbed poly-
Reduction of CaCO3 Dispersions mers and the close relation of rheological behavior

with interparticle interactions have been demon-The main features of a long chain di-phosphonate
strated in the case of suspensions of polymer par-polymer (50EO-P2) are first presented before the
ticles (latexes).39–43 This is successfully applieddiscussion of the influence of the molecular pa-
to inorganic particle suspensions in the presentrameters (polymerization degree and type of
work.chain-end group). This polymer is one of the most

Starting from a polymer-free suspension, theefficient of the present series in lowering the vis-
rheological behavior turns progressively fromcosity of CaCO3 particle suspensions.
Bingham to Newtonian as the polymer concentra-The rheological behavior of the polymer-free
tion is increased. For a discussion of the rheologi-aqueous suspension of calcium carbonate (20 wt
cal data as a function of polymer type or concen-% CaCO3, pH Å 11) is that of a nonstabilized
tration, the viscosity at the largest measuredcolloidal suspension. Shear thinning is the main
shear rate (1708 s01) was calculated as the stresscharacteristic, and the behavior at low shear rates
to shear rate ratio. This is the correct definitionis close to that of the Bingham model38 (Fig. 3).
for Newtonian flow but it was also applied to non-The presence of a yield stress cannot be ascer-
Newtonian flows because it allows a direct visual-tained in the present work because of the diffi-

culties encountered in measuring a stress thresh- ization of the effect of polymer concentration or
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the surface inhibit further adsorption. These two
concentration regimes that are observed experi-
mentally correspond to the ‘‘mushroom’’ (dilute)
and ‘‘brush’’ (semidilute) regimes as described in
the Introduction section. The transition is found
at a surface coverage ranging between 0.15 and
0.2 mmol/m2, for which the surface area per mac-
romolecule is between 8.3 and 11.0 nm2. This is
not a well-defined transition, however, and only
orders of magnitude are considered in the follow-
ing. Assuming that the polymer coil adsorbed at
the surface has the same radius of gyration as in
bulk aqueous solution, the surface area per unper-
turbed adsorbed macromolecule can be calculated.
Thus, the radius of gyration of polyethylene oxideFigure 4 Viscosities of 20 wt % CaCO3 particle aque-
in water depends on its molar mass according toous suspensions at 79 s01 (j ) and 1708 s01 (l ) shear
the power law44

rates as a function of 50EO-P2 polymer concentration.

Rg Å 0.0215M0.583
w nm (2)

comparisons of the effects of different polymers,
avoiding a complete analysis of the rheological be- Rg is then 1.91 nm for 50EO-P2, which gives an
havior for each sample. area a Å pR2

g Å 11.5 nm2, close to the experimen-
The viscosity decreases sharply as polymer is tal surface coverage at the transition. Moreover,

added and reaches a nearly constant value of 2 the full shape of the adsorption isotherm com-
mPars above 2 mmol/L polymer concentration pares qualitatively well with the theoretical calcu-
(Fig. 4). This viscosity value is very low because lations of hindered adsorption of end functional
it is only twice that of pure water; low concentra- polymers by Ligoure and Leibler.45 Below the sur-
tions of polymer are required to reduce the viscos- face coverage of transition, some parts of the cal-
ity of a 20 wt % CaCO3 suspension to this level. cium carbonate surface remain bare, while the
This exceptional efficiency is the result of the mo- surface is completely covered by a polymer layer
lecular architecture of the polymer where the hy- for surface coverages above the transition.
drophilic polymer part is long enough for efficient For a 20 wt % CaCO3 dispersion, the crossover
steric stabilization and the di-phosphonate group from isolated (dilute) adsorbed macromolecules
at the chain end has a strong affinity for the parti- to the brush regime corresponds to a total polymer
cle surface. The adsorption isotherm (Fig. 5) pro- concentration (residual / adsorbed) of the order
vides useful information on the adsorption-free
energy and on the adsorption mechanism.

The adsorbed amount per unit area, G, in-
creases steeply as the volume concentration in-
creases but does not reach a plateau at high vol-
ume concentrations. Adsorption increases slightly
but continuously for concentrations in the aque-
ous phase Cf larger than 0.3 mmol/L (G ú 0.2
mmol/m2). Two adsorption regimes can thus be
distinguished. At low concentrations (Cf õ 0.3
mmol/L), strong adsorption of the di-phospho-
nate groups on surface sites occurs, the polymer
part that is attached to the di-phosphonate group
does not influence the adsorption process. At
higher concentrations (Cf ú 0.3 mmol/L), the ad-
sorbed amount G reaches such a value that the
adsorbed macromolecules cannot be considered as
dilute. Thus, excluded volume interactions be- Figure 5 Adsorption isotherm of the 50EO-P2 poly-

mer on CaCO3 particle surface.tween polymer coils swollen in a good solvent at
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sequences of a low adsorption-free energy are of
two types. First, the full coverage of the particles’
surface (brush regime) requires the use of a larger
total polymer concentration because the adsorbed
amount is in equilibrium with a larger concentra-
tion in the aqueous solution phase. Secondly, the
constant viscosity value of the suspension in the
brush regime is higher. This second observation
of importance appears in contradiction with the
simple ideas given in the preceding part of this
article. Strong anchoring of the polymer seems to
be a requirement for attaining a large viscosity
lowering. We do not believe that shear could cause
any desorption of the polymer by a mechanical
pull-out mechanism. Experimental observationsFigure 6 Adsorption isotherms of functional poly-
reviewed by Klein46 show an enhancement of in-mers on CaCO3.
terparticle repulsions under shear.47 The origin
of this effect may more likely be caused by an
incomplete deaggregation of the CaCO3 floccu-
lated clusters when the adsorption-free energy isof 1 mmol/L. This is the polymer concentration

above which the suspension viscosity stabilizes too low. The calcium carbonate surface may be
heterogeneous and some crystallographic faces(Fig. 3). We, thus, conclude that efficient steric

stabilization and fluidization of a suspension of may be poor sites for adsorption. In this case, only
functional polymers having a strong affinity forCaCO3 particles can be obtained by polymer ad-

sorption when the full surface is covered with these kinds of crystallographic faces can adsorb
and provide a fluidifying effect. In the absence ofpolymer. Once the surface is completely covered,

further polymer adsorption does not produce any adsorption on such faces, some parts of the parti-
cle surfaces remain completely bare, and particleadditional effect. The minimum amount of ad-

sorbed polymer that is required corresponds to the sticking may occur. The area of such crystallo-
graphic faces may be small as compared to thecrossover concentration between the ‘‘mushroom’’

and ‘‘brush’’ regimes. total area so that the extent of their coverage can-
not be observed in adsorption isotherms, but their
influence is determinant. According to this hy-

Influence of the Type of Chain End Group pothesis, efficient viscosity reduction requires a
really full coverage of all the particle surfaces.Different chain ends with different affinities for

calcium carbonate were studied, namely hydroxy-, The adsorption follows qualitatively the com-
sulfonate, carboxylate, mono-, and di-phospho-
nate. The hydroxy terminated polymer is simple
polyethylene oxide (PEO) and was studied as a
reference nonadsorbing polymer. It was indeed
experimentally verified that low molecular weight
PEO could not adsorb on calcium carbonate parti-
cles and that the viscosity of the suspensions was
not affected by the presence of polymer.

The adsorption isotherms of 20EO-S1, 20EO-
P1, and 20EO-P2 have been measured in the low
polymer concentration domain where the influ-
ence of the polymer chain is weak, so that the
influence of the functional chain end could be ob-
served. Adsorption-free energy, which is qualita-
tively related to the slope of the curves of Figure
6, increases in the order 20EO-S1 õ 20EO-P1 Figure 7 Viscosity of a 20% dispersion of CaCO3 at
! 20EO-P2. The same order was found for the 1708 s01 shear rate as a function of the concentration

of added functional polymer.efficiency of viscosity reduction (Fig. 7). The con-
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plexing properties of carboxylate, sulfonate, and Influence of the Polymer Molecular Weight
phosphonate groups towards calcium ions. Thus, The length of the polymer chain influences both
the complexing agents containing phosphorus the adsorption process and the colloidal stability
(the P{O group) such as phosphonates, phos- of the suspension. Thus, where the surface is too
phates, or phosphine oxides are well known, espe- crowded with adsorbed polymer chains, further
cially for alkaline–earth and transition metal adsorption is hindered. The influence of the poly-
ions. The large equilibrium calcium complexation meric nature of the molecules is a levelling of the
constants of mono-phosphonate and various di- adsorption at high coverages because of polymer–
phosphonates including some amino-bis(methy- polymer interactions in the adsorbed layer. Be-
lenephosphonates) have been reported.48–60 Thus, cause the radius of the adsorbed polymer coil is
the mono-phosphonate adsorption is stronger equal to the gyration radius found in bulk solu-
than that of the carboxylate and sulfonate. The tion, the thickness of the adsorbed layer is larger
adsorption of the di-phosphonate is obviously for higher molecular weight polymers. Efficient
larger than that of the mono-phosphonate because steric stabilization of the particles is obtained
adsorption of one phosphonate group of a di-phos- when the polymer layer thickness exceeds the
phonate molecule brings the second phosphonate range of the attractive interparticle forces that
group close to the surface. There is a favorable would cause flocculation.
entropic contribution for the adsorption of multi- For the di-phosphonate polymers, the adsorp-
functional molecules that is similar to the ‘‘chelate tion isotherms (Fig. 8) clearly show the adsorp-
effect’’ for complexes in solution. The relationship tion hindrance phenomenon due to the polymer
between adsorption and complexing properties to- excluded volume effect. Thus, for all molecular
wards Ca2/ ions is a guide for the design of effi- weights studied, adsorption isotherms are identi-
cient polymers but remains qualitative. The cal in the dilute regime. All the compounds having
strength of the chemical bond between the surface the same di-phosphonate chain end adsorb with
site and the complexing molecule that adsorbs is the same adsorption-free energy. But polymer–
only one of the parameters that determine the polymer interactions arise at lower surface cover-
adsorption-free energy. The geometrical matching age for larger molecular weight polymers. It has
of the adsorbing molecules into the surface sites been stated in the preceding section that the tran-
is also important.61,62 This depends on the types sition concentration at which the dilute regime
of crystallographic faces exposed to the solvent— with a steeply increasing adsorption turns to a
thus, on the surface heterogeneity. In any case, hindered adsorption regime corresponds to the on-
adsorption may be considered as a substitution of set of full surface coverage by the polymer coils.
carbonate ions for phosphonate ions at the CaCO3 At this transition concentration, the adsorbed

amount is thussurface.6,7

Figure 8 Adsorption isotherms of nEO-P2 functional polymers as a function of the
degree of polymerization n . (s ) n Å 2; (j ) n Å 10; (h ) n Å 20; (l ) n Å 50; (∗ ) n
Å 100. An expansion of the low polymer concentration domain is shown on the right
part of the figure. The solid lines are guides for the eyes only.
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densely packed at the surface and constrained to
stretch perpendicular to the surface. The free en-
ergy cost of this conformational change is the ther-
modynamic origin of the levelling of the adsorp-
tion isotherm. Thus, there is no plateau in the
adsorption isotherm as would be observed with
small molecules but a weak increase of the ad-
sorbed amount as the polymer concentration in
the solution increases. The occurrence of a plateau
in adsorption isotherms generally indicates that
all surface sites are occupied by adsorbed mole-
cules. This is not the case here, because the ad-
sorbed amount in the high concentration regime

Figure 9 Viscosity of a 20% dispersion of CaCO3 at depends on the polymer molar mass.1708 s01 shear rate as a function of the concentration
The viscosity of 20 wt % CaCO3 aqueous sus-of nEO-P2 polymers of varying degree of polymerization

pensions at 1708 s01 shear rate (Fig. 9) decreasesn . (s ) n Å 2; (j ) n Å 10; (h ) n Å 20; (l ) n Å 50; (∗ )
as a function of the concentration of added poly-n Å 100. The solid lines are guides for the eyes only.
mer and reaches a constant value for polymer con-
centrations larger than 1 to 2 g/L, depending on
the type of polymer. A constant viscosity value is

Gtrans Å
1

NAvpR2
g

(3) reached when the particle surface is completely
covered with adsorbed polymer as already dis-
cussed. Its value depends on the polymer molecu-where the radius of gyration Rg is given by eq. (2).
lar weight in a simple way: a viscosity of 2 mParsIt has also been noticed in that the suspension
can be obtained when the polymer chain is longviscosity lowering ceases when full coverage of the
enough (more than 20 ethylene oxide units) . Insurface by the polymer is reached. The viscosity
this case, the steric stabilization by the polymer isdata (Fig. 9) and the adsorption isotherm each
very efficient because the thickness of the polymerallow us to determine the adsorbed amount at
layer exceeds the range of the attractive interac-the transition. Equation (2) does not apply to low
tions between particles. This thickness is equal tomolecular weight polymers (2EO-P2 and 10EO-
the radius of gyration of PEO having 20 EO unitsP2). For n ¢ 20, the predicted adsorbed amounts
(1.1 nm). The constant viscosity at high concen-at the transition and the experimental ones ob-
tration decreases as a function of the polymer mo-tained from the adsorption isotherm or from the
lecular weight for n õ 20, and there is a slightviscosity measurements (Table I) compare well
but persistent decrease of viscosity in the wholefor different polymer molar weights. This good
concentration domain for 10EO-P2 and more sig-correlation for a series of polymers supports the
nificantly for 2EO-P2. These two compounds ofideas presented above.
low molecular weight do not behave like true poly-As stated previously, the two adsorption re-
mers.gimes are the dilute (mushroom) regime where

For polymers that adsorb less strongly such aspolymer chains are unperturbed at the surface
and the brush regime where polymer chains are the nEO-P1, the variation of adsorption isotherms

Table I Adsorbed Polymer Amount per Unit Surface Area Gtrans (mmol/m2) at the Transition
between the Dilute and the Brush Regime as Obtained from the Radius of Gyration (Theory),
from the Adsorption Isotherm, and from Viscosity Data, as a Function of the Molecular Weight
of the Di-Phosphonate Polymers

Radius of Gtrans from Gtrans from the Gtrans from
Gyration Rg (nm) Theory [eq. (3)] Adsorption Isotherm Viscosity Data

20EO-P2 1.12 0.42 0.3–0.4 0.35
50EO-P2 1.91 0.145 0.15–0.2 0.14
100EO-P2 2.86 0.065 0.07–0.10 0.07
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and viscosity data with molecular weight is very
weak and the viscosity lowering at high polymer
concentration is moderate. The viscosity at high
polymer concentration is not perfectly constant
and reaches only 15 mPars at 1708 s01 shear rate
for 50EO-P1. Moreover, a yield stress is always
present in the rheological behavior, even at high
polymer concentrations. From these observations,
it is clear that a strong adsorption is a prerequi-
site for particle stabilization with chain end-func-
tionalized polymers.

GENERAL DISCUSSION

Figure 10 Mole fraction of 50EO-P2 adsorbed poly-The use of polymers with a di-block architecture
mer for a 20 wt % CaCO3 suspension is presented as aallows one to distinguish the different contribu-
function of total concentration (adsorbed / residual) .

tions of the adsorbing groups on one hand and
hydrophilic polymer on the other hand. A strong
adsorption-free energy is an absolute requirement expected to be independent of the ionic strength.

On the contrary, stabilization by a polyelectrolytefor obtaining a full coverage of the surface. A weak
adsorption-free energy cannot be compensated by such as sodium polyacrylate6,7 vanishes at high

ionic strength because the electrostatic interac-a larger polymer concentration. The present stud-
ies were carried out at pH Å 11, above the isoelec- tions involved in the stabilization mechanism are

screened out and the adsorbed polymer collapsestric point of calcium carbonate.37 . The particle
surface is thus negatively charged and the adsorp- onto the surface. For chain end-functional PEO,

particle destabilization by added electrolytetion of the anionic di-phosphonate group is strong
in spite of an unfavorable electrostatic effect. The would require very large salt concentrations

where the solvent (brine) turns to theta or poordriving force for adsorption is thus a true binding
to the surface (surface complexation), this is not solvent conditions for PEO (salting-out).

The longer the polymer chain, the smaller thean electrostatic adsorption. It is likely that strong
adsorption would occur at any pH and ionic adsorbed amount, G, required for attaining full

coverage of the surface. But this is only true whenstrength.
Another advantage of the strong adsorption is the surface excess G is expressed in mol/m2 units.

For a practical point of view, the amount of addedthat the residual polymer concentration in the so-
lution is low. For example, the fraction of ad- polymer is more often expressed in weight units.

If the weight of added polymer per weight of cal-sorbed 50EO-P2 polymer for a 20 wt % CaCO3

suspension is close to 90% in the dilute regime of cium carbonate is considered, then the amount
of polymer required for reaching a constant lowadsorption (Fig. 10). There is an obvious eco-

nomic benefit because the major part of the added viscosity of a 20 wt % CaCO3 suspension is found
approximately independent of the polymer molec-polymer is active at the particle surface. But a

low concentration of polymer in solution is also ular weight (Fig. 11). This can be simply under-
stood as follows. The adsorbed amount at the di-important for colloidal stabilization because a

high osmotic pressure is kept in the aqueous lute to brush regime transition Gtrans is given by
eq. (3) in mol/m2 units. The same quantity inphase. The presence of a high concentration of

free polymer in solution would lower the osmotic weight of polymer per unit area is Gtrans Mw . Sub-
stituting the exponent 0.583 in the expression ofpressure and may cause depletion flocculation or

shrinkage of the polymer layer onto the surface.63 the radius of gyration [eq. (2)] by the rounded
value of 1/2 as Rg Å kM0.5

w , the adsorbed polymerThe type of the polymer part and its length can
be selected at will because of the di-block architec- weight per unit area is then Gtrans Mw Å 1/NAv p

k2 , independent of Mw . This adsorbed amount isture. The polymer is chosen such that the solvent
is a good solvent for the polymer. The nonionic the major part of the added polymer because the

fraction of adsorbed polymer is close to 1 (Fig. 10).nature of PEO also provides some versatility to
these polymers because the steric stabilization is The main advantage of the di-block architec-
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properties at the stage of the polymer synthesis
is possible. Thus, the adsorption-free energy and
the thickness of the adsorbed layer (the strength
and range of the steric stabilization) can be varied
independently. Easy studies of the structure–
properties relationships can be carried out, but
this also allows the design of polymers with spe-
cific properties, using the concepts of molecular
recognition at the surfaces.
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