Journal of Colloid and Interface Scien225,166-178 (2000)

o0
doi:10.1006/jcis.1999.6705, available online at http://www.idealibrary.corl I E h--l.

Hydrodynamic and Colloidal Interactions in Concentrated
Charge-Stabilized Polymer Dispersions

F. M. Horn* W. Richtering®! J. Bergenholtz,N. Willenbacher; and N. J. Wagnér

*Institute for Macromolecular Chemistry, University of Freiburg, Stefan-Meier Strasse 31, D-79104 Freiburg, GetDapgrtment of Physical Chemistry,
Goteborg University, 412 96 @eborg, Sweden;Polymers Laboratory, BASF Aktiengesellschaft, D-67056 Ludwigshafen, Germany; and
§Center for Molecular and Engineering Thermodynamics, Department of Chemical Engineering,
University of Delaware, Newark, Delaware 19716

Received September 1, 1999; accepted December 28, 1999

Hydrodynamic and colloidal interactions are explored in con-
centrated, charge-stabilized colloidal dispersions by measuring the
dependence of rheology (e.g., low and high-shear viscosity, high-
frequency viscosity, and modulus) and self-diffusivity on salt con-
tent, particle size, and concentration. Model, sulfonated polystyrene
lactices of varying diameter are prepared and investigated by shear
rheology, high-frequency torsional resonance, electrophoresis, titra-
tion, and dynamic light scattering. The high-frequency and high-
shear viscosity both are dominated by hydrodynamic interactions,
but are shown not to be identical, due to the microstructure distor-
tion resulting from high shear rates. The short-time self-diffusion
is also shown to be insensitive to direct particle interactions, but
has a different concentration dependence than the high-frequency
viscosity, further illustrating a predicted violation of a general-
ized Stokes—Einstein relationship for these properties. The appar-
ent colloidal surface charge is extracted from the high-frequency
elastic modulus measurements on concentrated dispersions. The
surface charge is in good agreement with results from critical co-
agulation concentration measurements and perturbation theories,
but disagrees with electrophoretic mobility experiments. This in-
dicates that the effective surface charge determined by torsional
high-frequency measurements is a more reliable predicter of the
salt stability of charge-stabilized dispersions, in comparison to
¢-potentials determined from electrophoretic mobilities. Further,
we demonstrate by direct comparison that measurements of the ap-
parent plateau modulus by rotational rheometry underestimate the
true, high-frequency modulus and provide unreliable estimates for
the surface charge.  ©2000 Academic Press

Key Words: charge stabilized dispersions; polymer latex; surface
charge; torsional resonance; FOQELS; short-time self-diffusion;
high-frequency modulus; high-frequency viscosity; zeta-potential.

1. INTRODUCTION

Stabilizing colloidal systems by electrostatic particle—particl
repulsion introduced either by the initiator, appropiat
comonomers, or ionic surfactants is a widely used strategy.
this case the interaction potential depends on the charge den
on the particle surface as well as on the electrolyte concentrati
(ionic strength) of the continuous phase. Manipulating colloi
stability, phase behavior and rheology for aqueous based syste
requires an accurate assesment of surface charge. Environme
driving forces and market competition are pushing formulatol
toward aqueous suspension of ever more complex particles
particle—surfactant—polymer mixtures and to increased partic
loadings. Consequently, a reliable, robust, and accurate mett
for determining colloidal surface charge is critical for predict
ing dispersion performance. Extracting this quantity from she:
rheology measurements requires substantial modeling, whi
includes assumptions about the dispersion microstructure &
models for the hydrodynamic contribution to the particle stres
(see, for example, Buscall (1, 2), Wagner and Klein (3), an
Brady (4)), which can make the method complicated and ar
biguous.

In contrast to steady shear and low-frequency oscillatol
shear, much less is known about the response of char
stabilized dispersions to high-frequency oscillatory shear. Hig
frequency is defined relative to the Brownian (diffusive) relax
ation time of the particles in the dispersion. Applying such an o
cillating shear stress with low amplitudes, the structure of the di
persion cannot relax by particle diffusion during the cycle. Thu
1., should directly depend on hydrodynamic interactions only
thermodynamic forces (i.e., interparticle forces and Brownigs
motion) enter only indirectly intg’ as they determine the col-
loidal microstructure. Consequently, stable liquid dispersior
without flocculation should show similar high-frequency vis
cosities largely independent of the nature and strength of t

The rheological properties of concentrated colloidal dispenterparticle forces, such that_ for charge-stabilized latices
sions (latices) are determined by the interplay between dirattould behave similar to that of hard-sphere systems.
particle—particle interactions and hydrodynamic interactions. The high-frequency viscosity,, of hard-sphere systems has

been intensively studied by van der Weatfal.(5). The concen-
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of particle size and is well described by theoretical predictior
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of Beenakker (6). Blonet al. (7) investigated a charge stabi-the dissipation resulting from a flow generated by a diffusin
lized PS latex at different ionic strengths and found convergengarticle.
of n.,(w) when the frequency was increased up to 2.5 kHz, For hard-sphere systems, Beenakker and Mazur (14) provic
indicating thatn,, was measured at sufficiently high frequentheoretical descriptions for the short-time behavior. Indeed, th
cies. Further results for near hard-sphere systems are provigeelicted a slightly weaker concentration dependenc®fas
by Shikata and Pearson (8), who employed time—temperatemmpared ta;., (6). This is in accordance with results from
superposition to reach high enough frequencies with a conveemputer simulations (15, 16) and dilute limiting hard-sphel
tional rheometer. The high-frequency rheology of hard spherespansions (17-19). In contrast to these theoretical predictio
has been discussed in detail by Lionberger and Russel (9). studies on hard-sphere systems by Shikata and Pearson (8)

Another important dynamic property of colloidal dispersionZhuet al.(20) came to the conclusion that a generalized Stoke
closely related to the suspension shear viscosity is the partiEli@stein relation (Eq. [1]) holds within experimental accuracy
mobility. Starting from the well-known Stokes-Einstein equa-
tion relating the diffusivity of suspended particles to the shear D(¢) = ke T /(6. (4)a). [1]
viscosity in the dilute particle limit, researchers are looking for
extensions of this relationship to dense colloidal systems for bdthis comparison is not unambiguous, however, as Shikata ¢
academic and practical reasons (10). The dynamics of concBearson compared the results from different hard-sphere systt
trated dispersions are not simply described by a single diffusiand Zhu used the many-body hard sphere theory by Beenak
coefficient or viscosity, consequently the time-scale on whigB) for 5 for comparison with the experimental diffusion data
both guantities are compared has to be carefully consideredMethods for determining bot®g (21, 22) andy,, (23) ac-
Imhof et al. (11) determined the long-time self diffusion coefficurately for concentrated, stable colloidal dispersions are n
cient of concentrated, charge-stabilized dispersions and founelstablished, enabling rigorous exploration of the relationsk
similar, but notidentical, concentration dependence as that of tietween short-time self-diffusion and the high-frequency vi
reciprocal zero-shear viscosity/th). Recently Segrétal.(12) cosity. Establishing this relationship quantitatively is importar
investigated an index-matched hard-sphere system by dynamithe modeling of concentrated colloidal dispersions (4) as we
light scattering (QELS) and observed that the concentration des the interpretation of rheo-optical methods such as diffusi
pendence of the collective diffusion coefficient measured at thave spectroscopy (10, 24). In a previous letter (25) we demc
peak max) Of the structure factoB(q) was identical to that of strated for a charge stabilized latex at high colloid concentratio
the zero-shear viscosity, (see also (13)); hereg, denotes the inthe liquid phase that there is a measurable difference betwe
maghnitude of the scattering vector. these quantities that can be quantitatively described by theol

Single particle motion in a concentrated dispersion is expeittcluding many-body hydrodynamic interactions. One goal ¢
mentally observed to exhibit diffusive motion at both short anithis paper is to expand upon that observation.
long times characterized by short- and long-time self-diffusion High-frequency viscoelastic measurements are also a va
coefficients, respectively. The former arises due to small dizble method for characterizing interparticle forces, as previous
placement motion localized in the essentially static cage of nedemonstrated by a number of researchers (23, 26, 27). Throt
est neighbor particles, while the latter results from the particletatistical mechanics, the elastic response can be directly relz
exploring many statistically independent environments of neigto the interparticle forces. With a suitable approximation for th
boring particles over a much longer time scale. Thus, the shbquid phase microstructure, these high-frequency viscoelast
time motion is only affected by the hydrodynamic interactionty measurements can be interpreted and quantified as intery
which propagate through the solvent as steady interactionstime potentials (23, 28). Bergenhok al. (23) presented a ro-
this time scale. The additional drag force results from the solvamist model for the extraction of the effective surface potentia
motion generated by the diffusing particles “scattering” off drom G, for concentrated charge-stabilized dispersions wi
the other particles present in solution. Interparticle forces entuid-like structure. Since most of the methods commonly use
into the determination of the short-time diffusivity only indi-to characterize the surface charge of colloidal particles requ
rectly in determining the microstructure of the fluid. At longediluted samples, high-frequency rheology provides a valuak
times the motion is also retarded by the interparticle interactionew method for ain situ characterization of concentrated dis:
between the diffusing particles. Conceptually, the interparticpersions with respect to interparticle interactions.
forces serve to strengthen the “cage” that surrounds each particlBergenholtzt al. studied relatively small particles (diametel
in the fluid. ca. 80 nm) at fairly high salt concentrations of [KEILO mM

In comparing diffusion and viscosity one might expect th&Cl and found good agreement for surface charge densities
n., and DS are closely related, both depending on hydrodyompared with results from electrophoresis. In this study, moc
namic quantities only. Upon closer inspection, however, theregslystyrene latices were synthesized and investigated with t
no theoretical basis for a simple correlation between both quaame experimental setup in order to determine the applical
tities. n,, is related to the dissipation generated by an externalty of this new method over a broader range of particle size
applied bulk, oscillatory shear field, whilBg is governed by surface charges, and salt concentration. We also compare v
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electrophoretic mobility and critical coagulation concentratiobasic) for 1-2 days. Before and during titration, the diluted dis

measurements, which are often used for determining the surfpegsions were purged thoroughly with nitrogen to prevent al
charge. sorption of carbon dioxide from air.

Electrophoretic mobilities were determined by a Malvern Ze

2. EXPERIMENTAL tamaster 3 (Malvern Instruments, GB) for a range of salt conce

trations at neutral pH. Ten runs were performed on each samy

Monodisperse poly-(styrene) (PS) dispersions were preparedetermination of the critical coagulation concentration (ccc
by soap-free emulsion polymerization using potassium pervas done by preparing KClI-dilution series from 100 to 800 mN
sulfate (KPS, Merck) as the initiator. Styrenesulfonate potaaad adding latex to give samples of 0.2% by weight. Thes
sium salt (4-vinylbenzenesulfonic acid potassium salt, Flukispersions were stored in sealed tubes for 10 days at room te
85-95%) was added as comonomer, leading to strong acigerature. Flocculation of the samples could be detected eas
sulfonate groups on the particle surface of a comparable disbg-eye as the change of the turbidity of the samples and/or oc«
ciation constant with respect to the sulfate groups resulting fraieince of large latex-flocs. Uncertainty of this method concernir
initiator decomposition. the ccc was [KCIE 20 mM.

Emulsion polymerization was carried out at°’80in a 2-L Diffusion coefficientdy in dilute solution were measured by
three-neck flask under nitrogen atmosphere using pure watezans of quasi-elastic light scattering using an ALV goniome
(Milli-Q grade) as the reaction medium. Styrene (Fluk89%, ter and an ALV 5000 correlator at scattering angles betwe
stabilized with 0.005% 4ert-butylcatechol) was used without30° and 120. The samples were diluted to 10g/ml before
further purification. Variation of particle size was achieved bsneasurementddy was calculated from the single exponentia
adjusting the quantities of comonomer and initiator and usiggitocorrelation function (ACF) by cumulant analysis (29).
bivalent cations in small amounts to gain control over particle Fiber optical quasi-elastic light scattering (FOQELS) mes
size and surface charge. The dispersiot§% by weight) was surements were performed with a self-built device. Details of tt
filtrated three times through glass wool to remove coagulate.experimental setup are described by Wiese and Horn (22, 3

Soluble by-products in the serum were removed by dialysthe beam of a He—Ne laseXy(= 6328 nm) (scattering vector
(dialysis tube, Nadir, Roth; pore size, 25-8) against pure gex,=0.0268 nnT?) is coupled into a single mode fiber (core
water (Milli Q grade) until the conductivity of the dialyzatediameter 4um, cladding 125:m, numerical aperture 0.1) and
remained below 1gS/cm for several days. enters a four-door coupler by pigtail 1. The light leaves the col

Concentrated dispersions were stored in KCI solutions of daler via pigtails 2 and 4, and the optodes are immersed into t
fined ionic strength and dialysis was continued until the comencentrated polymer dispersion and an index matching flu
ductivity of the dialyzate remained constant at the target valuéluene), respectively. In order to extend the experimental sc:
Concentration series were prepared by diluting the dispersideging vectorgey, to larger values, a second setup with shorte
with the KCI solutions used as dialyzate. Gravimetrically devavelength was built. Using an argon-ion laser and a correspor
termined weight fractions were converted to volume fractionisg single mode fiber (core diameterdn, cladding 125.m,
using a density of 1.05 g/mL for the PS patrticles. numerical aperture 0.1) we employed the linesgat 457.9 nm

Particle size and size distribution were determined from tran@kx, = 0.0366 NnTt) andio =514 NM €lexp = 0.0327 nn1?).
mision electron microscopy (TEM) (Philips, 100 kV accelera- The optodes were prepared in the way described by Wiese ¢
tion voltage). The latex samples were prepared on a copper gkihn, i.e., they were ground at a slant angle of aboatid @r-
coated with a thin carbon film. Each micrograph, showing up tier to avoid heterodyning effects from reflection of the primar
50 particles, was sent via a CCD camera (SIT 66) to a digitakam (22). The backscattered light reaches the photomultipl
image processing unit (KONTON, IBAS) and 500-600 partivia pigtail 3. The time autocorrelation function (ACF) was calcu
cles/per sample were counted. Polydispersity was defined aslttted by a multiplee ALV-5000 correlator (ALV-Langen). Ten
standard deviation (stdev.) of the particle size with respect itmdependent measurements were performed on every concen
the average particle size. These patrticle sizes were confirmediby of each sample and put together to an averaged ACF. T
tapping-mode atomic force microscopy. For each sample latr§€Fs of higher concentrated samples showed a nonexpon
crystalline hexagonal structures without structure defects cotidl decay, soDZ was calculated from the averaged ACF by «
be found on the surface of dried latex films, prepared on pa@econd-order cumulant analysis (29) of correlator-channel 7-
ished silicon wafers. The particle diameter was determined [88—-280us).
measuring the lateral dimension of a single strand of 30 to 70The criterion for measurinBg is confined byey, being larger
particles. thangmax at the maximum of the structure fact8fgmax). The

Conductometric titrations of the acidic surface groups weproductgey, x @, with a denoting the particle radius, should be
done by an automatic titrator (Schott. TR600) using KOH solumuch larger than 2 wheDy is to be probed (31). FOQELS
tion (0.001 mol/L) as titrant. First the dispersions were treate@deasurements on sample PS200 were performed using ligh
three times with a mixture of anionic and cationic ion-exchangeg = 458 nm,Ao =514 nm, and.o = 633 nm. Results for each
resin (Amberlite IR120, strong acidic, Amberlite IRA 430 strongvavelength were equivalent, ensuring that self-diffusion we
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probed. For PS12DZ was not determined because the criteriooone/plate tools (CP°40 mm, /40 mm). All measurements
for probing the short-time self-diffusion could not be fulfilledwere conducted at 2C.
by the FOQELS setup.
High-frequency shear experiments were performed using a 3. RESULTS AND DISCUSSION
commercially available torsional resonator (Rheoswing, Phys-
ica) described in detail in a previous paper (23). The resonarieé. Particle Characterization

characteristic of the piezoelectrically driven stainless steel cylin-Three samples of different particle sizes were studied at ele
drical rod changes upon immersion into a fluid. The resonangglyte concentrations [KCI] of 10, 1, and 0.1 mM for Latex
frequencywy is lowered and the width o of the resonance curve ps200 and PS310 and 50, 10, and 1 mM for Latex PS1:
increases due to the viscoelastic properties of the surroundifighle 1 summarizes the results from particle characterizatic
fluid. o _ Quasi-elastic light scattering (QELS), transmission electron n
The complex mechanical impendanZé =R+iX of the croscopy (TEM), and atomic force microscopy (AFM) all re
liquidis relatgd to the damping and the frequency shiftaccordijgaled a low size polydispersity. The variation®d§ with salt
to the following: content was less than 2%, and no systematic trend was obser
pointing to an absence of partial electrosteric stabilization che
R = Ka(Awsampie— Acair) [2] acteristics (hairy layer) or swelling of the particle dimension
X = Kz(wo,sample— @o, air) [3] on changing ionic stength. The number of surface charges |
particle were determined by conductometric titration. The re
To experimentally measure the limiting high-frequency vissyits are listed also in Table 1. Titration curves consisted of tv
cosity the resonance frequeney) (nust be larger than the char-jinear branches. Only one point of equivalence could be four
acteristic frequencyDg/1? of the dispersion (32, 33)/27 >  demonstrating the exclusive presence of strong acidic sulfate ¢
Dg/12, with D the short-time self-diffusion arldthe mean in- gyifonate groups on the particle surface (35, 36). There was no
terparticle separation. The Rheoswing operates at a resonaiegtion for carboxylic groups created by the so-called Koltho
frequency of 8858 Hz in air which is truly in the high frequencyeaction (37) during synthesis.
limit for aqueous dispersions with radii larger than 100 nm (23). The electrophoretic mobilities were measured for each p:
For sample PS120 the characteristic frequency, calculated withe size and salt content using highly diluted samples. Ele
Do taken addg, is approx. 1 kHz. For higher concentrated dispefrophoretic mobilities strongly depended on ionic strength ar
sionsD¢ decreases and so the inverse structural relaxation timgs:reased with decreasing salt content. This so-called atypi
become less than 1 kHz. The mechanical quality faetgidw  electrophoretic mobility behavior is often observed for charge
of the resonator is about 2000 at°#2D The penetration depth polystyrene (PS) particles. Others have reported that the n
3 of the shear wave propagating from the resonator’s surfngqty goes through a maximum at moderate salt content of ¢
into the liquid is 6.m in water and about 5m for the most 1050 mMm KCI (36, 38). These observations are commonly e
concentrated dispersions investigated here. Séngea, bulk plained by specific ion adsorption (39) or a hairy-layer mod
properties of the dispersion are probed. Furtheg asmuch (40). A new model, based on the theory of O’'Brien and Whit
smaller than the radius of the rod, the plane wave approximati(zm), was recently presented by Antonietti and Vorwerg (38) ai
applies and the real and imaginary part of the shear modulus g{@|ained the atypical mobility behavior by relaxation process
related to the mechanical impedance @ia= (R? — X?)/p and  of the electric double layer without any further assumptions lik
G"=2RX/p. specific ion adsorption. Note that variations of the pH betwe
The instrument constant§; = 76 kg/nf andK, =95 kg/M? 4 and 9 did not lead to significant changes in the electrophore
are obtained from calibration measurements on a series of Newbility. This is another indication that the surface charge ori
tonian liquids G’ =0, n =n,, = G"/w) covering the viscosity inates only from strong acid groups.
range from 1 to 10 mPas.

The penetration depthis large compared to the oscillation TABLE 1
amplitudex of the rod ¢ ~ 50 nm according to the manufac- Properties of the Monodisperse Latices
turer). Accordingly, the maximum strajn=«/§ is below 0.01
and thus linear viscoelastic properties of the dispersions are PS120 PS200 PS310
probed (34). , _Diameter (QELS, nm) 120 200 310
An RFSII rheometer (Rheometrics) was used to determipg,meter (TEM, nm) 107 192 291
zero-shear viscosities from the low-shear plateau in steady shegydispersity (SD) 8% 4% 6%
experiments using a Couette shear cell (cup diameter, 34 Bigmeter (AFM, nm) 113 198 296
bob diameter, 32 mm; bob height, 36.4 mm). Low-frequend (#Clcr) 9 6.3 77

KCI (mol/L) 0.44 0.32 0.32

oscillation experiments, determination of high-shear viscosity,"
and checking the reproducibility of low-shear flow CUrVes Werea syrface charge density determined by conductometric titration.
performed on a controlled stress rheometer (Bohlin CVO) and ccc, critical coagulation concentration.
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TABLE 2
Electrophoretic Mobilities (Elec-mob) and Surface Potentials Calculated According to Henry (42) and O’Brien-White (41)
PS120 PS200 PS310
[KCI] Elec-mob s Y Elec-mob Y YeP Elec-mob Yl A
(mmol/L) 1P m?v-ish (mV) (mV) A m?v-1ls) (mV) (mV) A m?v-1s) (mV) (mV)
50 —-5.14+0.82 —-79 -84
10 —4.784+0.08 —-76 —-100 —5.1840.18 -81 —106 —5.974+0.07 -92 —114
1 —3.58+0.24 —64 —68 —3.694+0.56 —-60 -70 —4.18+0.17 —68 —-73
0.1 —3.2640.09 —60 —66 —3.4540.08 —63 -78

a s calculated according to Henry.
b s calculated according to O’Brien—White.

Conversion of electrophoretic mobilities topotentials re- as a function of volume fraction. Hererepresents the viscos-
quires a theoretical model, the choice of which depends on tiyeof the dispersion medium, water. The zero-shear viscositi
conditions of the experiment and the sample. Only in the limfto) diverge at volume fractions, denoted égsax, Which are
of largex -a or smallk - a, with « the inverse Debye length well below values of 0.58-0.63, typical for hard spheres. Fu
anda the particle radius, corresponding to very large particlesermore,¢max strongly depends on the ionic strength whict
with thin double layers or very small particles with very thicldetermines the range of electrostatic interactions. In contrast:
double layers are the simple expressions of Smoluchowski a@rnigh-shear viscosity is essentially independent of salt conce
Debye—Hickel valid, respectively. For intermediatea values tration, depending only on volume fraction.
and rather small surface potentials of €25 mV, the; -potential An estimate of the extra excluded volume due to the electric
can be calculated by Henry’s equation (42). Our latex systendguble layer can be obtained from the point of the viscosit
however, were in a range af- a between 5 and 50 and had abdivergence. We take the diverging viscosity to be described |
solute surface potential values higher tha?b mV, so Henry’s the Quemada equation (43),
equation is not strictly valid. For high surface potentials, the the- =
ory of O’Brien and White (41) should hold. Both theories were (o/n) = (L= ¢/Pmax* [4]
used to calculate-potentials and results are listed in Table 2. . . . . .

. i : . . hich is frequently used to describe the zero-shear viscosity

The zero-shear viscosity and high-shear viscosity were deé . . .

. i . oncentrated hard-sphere dispersions. The exponerRdh
termined from the low- and high-shear Newtonian plateaus o% ; .
: . [4] has also been proposed in theoretical work by Brac
served in the steady shear flow curves. Both plateaus were expel- . .
) . . . Thegmax values tabulated in Table 3 were determined fror
imentally accessible so that no extrapolations were necessar

. . . 05
The nomalied zero-shea Wscostas =/ and igh. 1112 PL01 e ansasse a potah) * e vome
shear viscositiegqo r = 100/ for PS200 are shown in Fig. 1 ' 9. . y 9

were included in this analysis.
The relative contribution of the electrostatic repulsion to th
L T T T T T e effective excluded volume of the dispersion increases with d

;[KCI = 10mM . : ) .
100 o : Kol - 1mTw R . . - creasing particle size. For the smallest particles (PS120) t
n‘” i[KC|]=D>1mM ; B . zero-shear viscosity diverged at a volume fraction of 0.3
- - at [KCI]=0.1 mM compared to 0.39 found for PS310 a
. [ closed sym b°|51”r,,r > = ) n - [KC|] =0.1mM
= i bs200 - Hem - Effective radii a.z can be calculated from Eq. [5], which
. 10 L - - ~ compares the experimentally determigggdy With ¢maxns, the
- - N ] - maximum packing fraction of hard-sphere suspensions. T
L . .
i j ) TABLE 3
| N ) Pmaxexp Values Determined from Zero-Shear Viscosity Data for
= the Three Different Particle Sizes at Different Salt Contents
1 Q L L \\‘ L L L ‘ L L L ‘ L L L L ‘ L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 [KCI] (mM) PS120 PS200 PS310
¢ 50 0.5 — —
. 10 0.433 0.465 0.493
FIG. 1. Comparison ofnor=mno/n (open symbols) andisr = neo/i 1 0.383 037 0.436

(filled symbols) for PS200 at different salt contents of 10 m}| @), 1 mM

0.1 0.31 0.328 0.39
(O, m), and 0.1 mM #, ).
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- L o— [KCll = 1omM B - .
0.5 - S 3 [KCl=1mM E open symbols: n i E
S . — — [KC=0.1mM C ]
z 1’\ N ecl=o.1m ] C closed symbols: n' oo u .
" 0.4 — N . — _ 10 O F\ﬁ .l - .
75 - 1k - ) o]
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0.1 - 7 r Lo < e ' ) . .
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0 el e ] r | | | | ]
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o 0.2 0.3 0.4 0.5

FIG. 2. Determination ofpmax from the relative zero shear viscosity for 0
PS200 at different salt content. FIG. 4. Comparison of relative high shear viscosity, ; = ../ (open
symbols) andy,,, , =1,/ (closed symbols) for Latex PS120( ®), PS200
corresponding effective hard-sphere volume fraction is givdr ™ and PS310€, ©).

in Eq. [6]:
9. ] (44) and is more typical of hard-sphere colloids. For comparist

P 1/3 the data for hard-sphere-like systems of MeeXtaal. (45) was
Aeff = ((PLXHS) [5] parametrized in the same way and also displayed in Fig. 3.
max exp
bet = & (¢maKHS> (6] 3.2. Viscosity and Particle Mobility
eff = . -
Pmaxexp 3.2.1. Comparison of high-frequency viscosity and steal

. ) ) shear viscosity. In Fig. 4 relative high-shear viscosity,, /i

By rescaling the volume fraction by/¢max one obtains a anq relative high-frequency viscosity are plotted vs volume fra
master curve for zero-shear viscosity vs volume fraction, whigly Both quantitities are independent of ionic strength, showir
validates the scaling procedure. The mastercurve is displaygd; direct particle interactions play a minor role in both case
in Fig. 3. The Quemada equation (Eq. [4]) is also plotted by{ 5ccordance with results from hard-sphere systems inves
does not describe the viscosity data for the entire range of vglaq by van der Werft al. (5) these quantities deviate from
ume frgctiqns accurately. Thg deviation, which suggests that h other. The high-shear viscosity is always greater than-
viscosity diverges more rapidly than predicted, is opposite {qh_frequency viscosity. This deviation increases with increa
that observed for soft-sphere dispersions stabilized by polymg{g yolume fraction. In contrast to high-frequency oscillations

high shear rates distort the dispersion microstructure signi
L B A T cantly away from equilibrium (17). Shear forces push particle
L2 PSSI0 [KCl=10mM / together along the compressional axis, leading to particle clt

100 | < PS310; [KCl]=1mM — . B .
s PS310; [KCI}=0.1mM ] tering which generates large hydrodynamic stresses (46, 4
_ F ) Ps2oo: [Kel=1omm . The resulting hydrodynamic viscosity increases with shear ra
o [ Ps200; [KC=1mM il from n/ at small shear rates to larger values at the high-she
l P$200; [KCl]=0.1mM

plateau (48, 49).

3.2.2. Comparison of, and Di—Elucidating the Stokes—
Einstein equation. Results for the dependence B andy_
on volume fractior are shown in Figs. 5 and B¢ andn__ were
normalized by the diffusion constant at infinite dilutidby, and
the solvent viscosityy, respectively. For all particle sizes there
is no significant trend for_/u with respect to different salt
contents of the dispersions. The concentration dependence

ol ' ' ../ for different electrolyte contents is the same within th
max,exp accuracy of the technique. A similar behavior can be observ
FIG.3. Master curve for the relative zero shear viscosigyy for all sam- for the concentration dependence of the short-time self-diffusi

ples. The line was calculated using Quemada’s equation (Eq. [4]). The dotfed for PS200 and PS31@z/ Do also does not depend on the
line represents data for hard-sphere-like systems from Ref. (45). salt content.

PN PS8120; [KCl]=50mM
10 PS120; [KCll=10mM
& PS120; [KCll=1mM

T T
Lol
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1.2 T T As the lubrication part of the hydrodynamic interaction diverge
i : ii:giﬁg:} 1;"“’;" 1 asone over the separation distance between neighboring spt
T ‘ e rssoken-oamm | SUrfaces, small differences in the nearest neighbor distributi
| W” - Do {EE:} wm 1 will be magnified in the hydrodynamic drag on a tracer sphe
0.8 - . Y . eseooken-oamm—  diffusing in the dispersion.
a” i $ S ] We turn our attention now to the high-frequency viscosit
S, 06 - IR - shownin Fig. 6. Data fo/ /1 also fall onto a master curve but
e | CEL 1 | thiscurveis well described by the calculated curve of Beenakk
04 | e el | for hard spheres that accounts for many-body hydrodynamic |
| e nacaranur | T | teractions (6). The results also agree well with/. data for
0.2 - . Beanakker/Mazur Ii T 7 hard-sphere systems measured by van der \&eaff(5). Thus to
[ hardspheres Segré etal, PRE, 52(5). 1995) 1 within experimental resolution, the high-frequency viscosity c
R — ‘ L S the charge stabilized dispersions examined here shows the s:
0 0.1 0.2 0.3 0.4 0.5 0.6

concentration dependence as hard-sphere systems. This resit
¢ consistent with previous studies (46) where the hydrodynan

FIG. 5. Comparison of normalized short-time self-diffusi@®g of the ~interactions are found not to be overly sensitive to interpartic
charge stabilized PS-latices with hard-sphere theorieBfdry Beenakker and structure until particles are pushed into close proximity, suc
Mazur. I|_(64); I!, (14). Also plotted are experimental results for hard-sphere-likg at [ubrication forces become significant. This relative insens
PMMA dispersions (50). tivity to the details of the nearest neighbor distribution is a dire
consequence of,, being dominated by long-range, mean-fielc

The observation that these dynamic suspension propertiesc@tributions to the hydrodynamic dissipation. Indeed, these
not depend on the added electrolyte concentration, and thus &S showing thag, /. is only a function of the volume fraction
seemingly independent of the details of the interparticle pfr Stable latices suggests that such measurements could be ¢
tential, suggests that they may be compared directly with tHfg-determine particle concentration.
ories developed for hard-sphere dispersions, such as those Hff agreement with the predictions of Beenakker (6) an
Beenakker (6, 14). As a first comparison, we show in Fig. 5 thBt€ exact numencgl simulations of Ladd (16). for hard spher
our data fall on the earlier prediction of Beenakker, but abo@d as noted previously (25) for charge-stabilized spheres,
the more sophisticated prediction that includes higher order ﬁ{aner_ahzed Stokes-Einstein relation between short-time se
drodynamic interactions. To first order our data on the differefitifusion and high-frequency viscosity at finite concentratio
sizes and salt concentrations depend on the volume fractior{&l- [1]) is not expected to be valid for colloidal dispersions ir
the same manner as the hard-sphere data. The fact that our rifééPresence of hydrodynamic interactions. Figure 7 displa
sured diffusivities areslightly higherthan those measured by2 direct comparison that hlghhghts f[he essential differenc
SegEet al.(50) is indeed to be expected; the finite range of tHeetween these two properties dominated by hydrodynan
electrostatic repulsion forces the average nearest neighbor #igractions. If the generalized Stokes—Einstein relation holc
tance to be larger than that found in a true hard-sphere system.

7 I 1 | 1 ‘ L B [ [ [ o [
10 00 o - PS200 PS310 1
_ ®  PS120,[KCI]= 50mM b 6L ° [KC1l = 10mM , 5 KCl=10mM " ]
- _ 7 B C = [KCI = 1mM n., N [KCI) = 1mM - ]
o PS120, [KCI] = 10mM r . [KC) = 0.1mM B [KCI] = 0.1mM ]
O PS120,[KCH = 1mM
8 - o - @ F 5 [KCI = omM I el =1omM i
_ P5200, [KCI) = 10mM i ) 5 4 [Koj=tmM D/D°S ¥  KCI=imM
_ 5] PS200, [KCI] = 1mM i ~o C : [KCI] = 0.4 mM 0 s 4 KC=01mM H 7
[m) L . ]
- " PS200, [KCI] = 0.1mM ] [ X ]
o R L s, - —
v 6 & PS310.[KCI= 10mM & 4T D,/D"; Beenakker | o 1
g L ]
= - v PS310, [KCI] = 1mM 7 . TR W'__; Beenakker g . |
s PS310, [KCI] = 0.1mM -t 3l |
4 _ Beenakker o L | = L ]
=t ﬁ = 2 - -
- E o ¥ g
2 B L i
s oY 1 e b
PR S A | L | P ! Y 0 0.6
0 0.1 0.2 0.3 0.4 0.5 0.6

FIG.7. Comparison of normalized high-frequency viscosity . =n,/u
FIG. 6. 1o, for all samples vs volume fraction. The solid line representand short-time self-diffusioo/ DS for all samples. The lines represent theo-
the Beenakker theory (6) (see Ref. (25) for single plots for each sample).  retical predictions fory,, , (dashed, (6)) an®g (solid, (64)), respectively.
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the curves fom/ /u and D3/ Do should fall on a single curve.
Note thatn/ /u and Do/ Dg coincide at low concentration, as
they must, but thaty /u is significantly higher tharDo/Dg

at high-volume fractions. With increasing volume fraction ™
the deviation increases. This clearly shows that a generaliz:©®
Stokes—Einstein relation does not hold for the concentrate -
charge-stabilized dispersions probed here. Furthermore, t©

deviation is in the direction expected for hard-sphere-like
particles and is magnified by the excluded volume induced k
the finite range of the electrostatic repulsion.

In summary, we observe a behavior that is consistent with ol
understanding that in stable dispersions, the high-frequency vi
cosity is dominated by long-range, mean field effects, wherei
the short-time self-diffusivity is more sensitive to hydrodynamic
interactions with the nearest neighbors. Consequently, for stat
dispersion at restD? is sensitive to the arrangement of neigh-
boring particles and hence more sensitive to the nature of tl
stabilizing forces. This difference is responsible for the ability
of the hard-sphere model to correctly predijgt and yet incor-
rectly underestimat®g for these charge stabilized latices.

3.3. Elastic Modulus and Interparticle Interactions

9]
G/, for the samples PS120 and PS200 at volume fractions b ™
low the liquid—solid transition were also obtained using the tor®

sional resonator. The elastic moduli of the large particle suspe
sions were too low for accurate measurements (note that the el
tic modulus scales inversely with particle size cubed, such th
viscous effects dominate the frequency response of large pi
ticle dispersions). Dispersions at volume fractigns ¢maxexp,
which were also visibly crystalline, did show viscoelastic be-
havior also at low frequencies. Elastic moduli were determined
by means of a controlled stress rheometer (Bohlin CVO) in
oscillatory shear mode over a frequency range of 0.01 to 20 I—E
The storage modulu&’ increased with increasing frequency,

1000 < @ Ken=1mm PS120 ¢ =
= [ [ G' 1 [KCI = 10mM s ;]
o L b G'; [KCI] = 50mM o 4

. ® G IKCI=1mM -
B G KGI=10mM g
_ ¢ G [KCI=50mM !
& 100 g . b
|- ) , . ‘ B
oo Je - i il
B : =
10 | 7O~ : |
F lines to guide the eye * ]
I I I I
0.2 0.3 0.4 0.5
o
T P
1000 | O G’ ;[KGIl = 0.1mM .,, i
ool G': [KCI] = 1mM PS200 y ) *
G':[KCIl = 10mM \/,/'. : .
| e G, [KCIl = 0.1mM s S | e L] ,‘ 1
= | | G ¢ [KCI = 1mM [—1 e . *
a 100 & o G' ; [KCI] = 10mM “ | —
= E W @ ) E
_E F / B
r o / ]
- I w’. T
o L i | ; 4
- "
10 . 7
lines to guide the eye -
1 | | | |
0.2 0.3 0.4 0.5

173

¢

FIG.9. G, andGy, for PS120 (top) and PS200 (bottom) at different sal
ontent. The filled symbols dencﬁ?épl measured in the crystalline regime of the
173'persions. Lines are to guide the eye.

eventually reaching an apparent plateau, as shown in Fig. 8. This

1000 = T T 1T TT T \\\\‘ T T T \\\\\‘ |
. o U - L Ug WUuEkED ]
- 8 [ OO O ()(j\ PR I
100 — oaa & N

= - . ”e ]
- < 4
= - S ) o

o] . A
ST ’ Y o N ]
E.’) - o 7
z « M $=0.522 ]
- O 9=0.488
1 - & 0=0.438 7
- - ~ =0.388
3 0=0.339 |

0.1 Lo | Ll

0.01 0.1 1 10

frequency (Hz)

FIG. 8. Frequency dependence &f for PS200 at [KCI=0.1 mM and
different volume fractions.

plateau modulus is assigned@, for comparison to the values
of G, as determined from torsional resonance oscillation.
note that many investigators assume 64t = G, for use in
determing the interaction potential from the formula @&y .

In Fig. 9 G, and G, are shown as a function of volume
fraction. ObviouslyG,, > Gy, over the volume fraction range
for which both measurements were possible, for all the syste
probed. It has been shown previously (23) that our resonator ¢
erates in the true high-frequency limit for particles even small
than those probed here. Although the difference evident in Fig
is not surprising a§;,| is measured at frequencies much lowe
than those required to exceed the time scale for Brownian rr
tion, presented here is perhaps the first, direct evidence tt
at least for charge stabilized systems, the plateau values of
elastic modulus determined in a conventional rheometer grea
underestimates the true, high-frequency limiting modulus. V!
also observe that the volume fraction dependen€& s much
stronger than foiG_, which is consistent with the hypothe-
sis that rotational rheometry operates below the true limitir
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frequency. Atthe highest volume fractions where the dispersiomard-sphere diameter determined in this manner suggests f
are the most elastiG, approaches what one would expect fronthe method is robust and accurate.

extrapolatings., . Also, note that botl/ andG’pl arestrongly  The hard-sphere radial distribution function at contact we
influenced by the solution salt concentration. As expected, tbalculated by using the Carnahan-Starling (54) expression. |

moduli increase with increasing ™. volume fractionsp > 0.5 a divergent form was taken, being in
accordance with results for computer simulations for disordert
3.4. Extracting Colloidal Surface Charge HS dispersions.
An effective surface charge was extracted from tBg 1-¢/2 0 05
data using a theory described recently by Bergenheital. (1—¢)3 <¢<0.

(23). The relationship between the high-frequency modulus Onhs(2;9) = [9]

and the interaction potential is deduced from the well-known i 121+¢ 05 < ¢ < 0.64
Zwanzig and Mountain formula [7] neglecting hydrodynamic 49 0.64—¢
interactions (51), To provide a robust and simple method of extracting a mea

ingful measure of surface charge from the measurements, |
Ldw(r)/kT assume that the pair intgractign potgntial appearing.in Eq. [7]
—ar ) [7] given by a DLVO potential using a simple superposition of th
Debye—Hickel solution of the linearized Poisson—Boltzman

equation as

a> 3¢ 3¢ [ d
G/ _— = — _— d —_—
i T =~ " aor ), 9O G; (r

where g(r) denotes the radial distribution function addr)

the interaction potential between the particles. As evidenced by Q% Lg r A

recent computer simulations of Bossisal. (52) and a scaling ¥ (r)owvo = 2 exp( K-a (— — )) ~ T

analysis by Lionberger and Russel (9, 53) hydrodynamic con-

tributions toG/,, mainly occur in the lubrication zone near the 2 2 (%)2 —4

particle surface and, since electrostatic repulsion keeps particles (r )2 4 + (r )2 +1In (r )2 [10]
a a a

apart from this zone, neglecting hydrodynamic contributions
to G/, is an admissible approximation. The radial distributio . :
function g(r) appearing in Eq. [7] depends on the surfac%1 IE ql'_[lg]’g'sdfthe nlgbeé'ofeffecltlve f# rrcg ;f:a:_gljes pir ba
potential of the particles, which greatly complicates a rigoroﬁ'g e’t Bt_PS//( ”tgogr _)fBJeriLgnz-oing ')thH IS d'e a][na f.r

inversion of Eq. [7] to obtain the pair potential fro@., cons;(r; (s thgz':taZc_e betT;veen a)r'tfac:Z ceenrtzrlsu;%c%arnl'- .
measurements. To circumvent the need for an exact calculat?ﬁ%’ , ! parti ) gnizi

of g(r) for charge stabilized spheres, a simplified perturbatié at this choice of electrostatic potential is an approximation, w
model was proposed by Bergenha ' |.(23). Assuming that will treat the surface charge determined via this method as
only interactions with the nearest neighbor particles contribute?g?ggvs(uga:zz (;Tgr?le; the consequences of this approximati
the elasticity and taking into account the disordered structure\'&q ) P Y. _—

Given the above relations, measurements of the colloid siz

the noncrystalline dispersions one obtains for thin double Iayer—?élmaker constant, and solution ionic strength serve to charact

a3 2 ize the potential except for knowledge of the surface charge. Ze

éoﬁ =1 + E(2.aeﬁc)“ghs(z;qseff) shear' viscosity measuremen.ts yield the effective hard-sphe

mapping that then enables using Egs. [9] and [10] to deduce

. <_ dw(r)/ kT) [g) Surface potential directly from asingle measurement of the hig

dr frequency elastic modulus. In practice, however, it is more a

curate and reliable to fit an entire concentration series to a sin(

In Eq. [8] the structure of the true charged sphere dispersiornvelue of surface charge, as shown in Fig. 10. Furthermore, \

mapped onto the structure of a dispersion of hard spheres withte that by assuming the linear superposition of the Deby

diameter 2.4 which is characterized by the pair distributiorHiickel form of the electrostatic potential, which is the solutiol

functiongys. The effective hard-sphere diameter accounts for tleéthe linearized Poisson—Boltzmann equation, we are clearly c

excluded volume due to the electrostatic repulsive interactidermining areffectivesurface charge. Previous work by Alexan-

Equation [8] is evaluated at=2a., i.e., at contact for the deret al.(55) and Lowen and Kramposthuber (56) support thi:

effective hard spheres. procedure as being robust and provide guidance as to methi

Here we have determinegdy from measurements of the zero-of renormalizing this effective surface charge into a true su

shear viscosity as defined in Egs. [5] and [6]. We note that otHarce charge. The renormalization accounts for the fact that c

methods for determining the effective hard-sphere diametehoice of potential does not account for the full nonlinearities ¢

such as by matching the second virial coefficients for examptage double-layer potential, but is an exact solution at relative

are possible. However, the excellent reduction of the zero-shé&age separation distances if one takes the surface charge tc
rheology data to a master curve (Fig. 3) based on the effective effective surface charge.

r-(14+«-a '

I =2-3eft
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500 [T T T T T T T T T T T T T from the data summarized in Table 4, where the values are gi\
C [KGI=50mM | ! & for gmaxns=0.58 and 0.61 (this is illustrated further below in
200 [ [KCI10mM ‘,‘ f' 71 figure 12). Not shown are the modulus fits, which are visibl
C [KGI=1mM [ 1 worsened with increasinghaxns (especially at 0.63). Based on
= [ closed symbols: crystaline samples /" /,’ 1 the quality of the fit theory to the measured moduli, we di
o 300 I P 7 tinguished 0.58 as the most consistent choice within the e
o C o perimentally reported range of values. Further justification f
200 | PS120 /1 this choice of the maximum hard-sphere packing fraction com
C ] from the agreement achieved with other, independent meast
B 1 of the surface charge, to be discussed next.
100 . Effective diameters for charged particles can also be calc
L 1 lated by using a perturbation theory describing the disorde
o L ud o 1 order transition for charged dispersions (60, 61). This provid
0 0.1 0.2 0.3 0.4 0.5 afurther method of determining surface charge in a concentral
¢ dispersion. For strongly interacting particles with substantial
overlapping double layers the following expression is approp
400 T atel
350 F Koo = k!
g [KCI];0.1mM é Aeff ~ T In(ee/In(ee/IN(ex/ .. .))), [12]
300 :_ closed symbols: crystalline samples " .—: )
< 250 [ . ,f' — with
?‘-’,{ 200 E ‘,"“ E "= At eeoW2alk exp(2x)
© - ; . = :
150 F 7 = kT
P Ps200 1 Assuming thabes appearing in Eq. [12] can be equated to th
100 E J o] value ofac previously determined from the divergence of th
50 E ) o3 low-shear viscosity (see Fig. 2 and Eq. [5]), we calculate the st
. F ﬂ{#ﬁ?%;;/ﬂl«//':( ., ....1 face potentials reported in Table 4.

Despite the fact that Eq. [12] was derived for low ionic
01 015 02 026 03 035 04 045 strengths, results for the effective surface potentials extract

¢ from both high-frequency and low-shear experiments are

FIG.10. G/, for PS120 (top) and PS200 (bottom) at different salt contenf&Markable agreement. They exhibit a similar dependence
plotted vs volume fraction of the PS. The lines represent fit§{pdata ob- Salt content and both quantities are in good quantitative agre
tained by the variation of the surface charge according to Bergerét@tZ23) ment. This result suggests that for the latices probed here

(¢maxH§:0.58 was used in fitting procedure)._ FiIIed‘symboIs correspond '§imple measurement of the maximum packing fraction frol

crystalline samples; these data were not used in the fitting procedure. low-shear rheoloav suffices to determine the effective surfa

aqy
charge. Whether this is coincidence or a robust result require
The values ober Were calculated by using Eg. [6] and takingmore thorough exploration that is beyond the scope of this pag
$maxns to lie on the range 0.58 to 0.63 defined by experimen- Finally, we note that the determination of the critical coac
tal results for hard-sphere systems reported by Marshall amdtion concentration (ccc) can be used to estimate the surf:

Zukoski (57) and Buscaltt al. (58). We note that, as with the charge by assuming a Hamaker constant for the PS particl

previous work, the fit results for the potential are sensitive to thihe measured concentration of KCI required to flocculate c

value ofpmax Hs, We takepmax s = 0.58 to calculate the value of uted latex samples was input into the calculation of the DLVC

dert and report the surface charge determined using this valyétential andys was varied until the maximum of the potential

in Table 4. Thispmaxns vValue is consistent with the most recenturve reached zero. The experimental determination of the

measurements for monodisperse hard-sphere systems that sgawherently imprecise, requiring a judgement of when rapi

divergence ofyo at the glass transitionp(= 0.58) (45, 59). To flocculation is actually achieved. However, setting the stabili

convert these effective surface charges to surface potentials,gigerion to a fewkT did not change the results significantly.

use the following relationship: Our estimates of the surface potential from ccc measureme
ew, are also given in Table 4.

a)—. [11] Previous work has attempted to extract surface charge frc
KT measurements of the plateau modulus as determined from
The results for the effective surface charge depend on tagional rheometry at lower frequencies. Analogou§ly, was

choice of pmaxns for the hard-sphere system, as can be sedestermined and used to calculate the surface charge by a mc

Ls
— =(1
Qa A+«
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TABLE 4
Results for Determination of the Effective Surface Charge (Q) and Surface Potentials (s) from the Different Methods
Q((e ¥s (MV ¥s (MV ¥s (MV from ¥s (MV ¥s (MV from
ka from G) from G) from G;ﬂ) Pertub. Theory) from ccc) -pot)f
PS120 50 mM 44 4800 -32 -122 -38 -79
8360 -57
PS120 10 mM 20 1950 —-28 —-36 -32 —76
2440 -38
PS1201 mM 6.6 320 -13 —-15 -11 —64
320 -13
PS126 -31 —36
-52
PS120 -38
PS200 10 mM 33 7350 -38 —-36 —40 —-81
11700 —62
PS200 1 mM 10.5 1400 -22 —29 —-18 —60
1680 —26
PS200 0.1 mM 35 380 -15 —60 -7 —60
380 -15
PS206@ -37 -38
—58
PS200 -35

Note.The G/, data were evaluted witfimaxHs Set to 0.58 (first number) and 0.61 (second number), respectively.
a Surface potential calculated from charge density by Debyekel (see Eq. [11]).
b z-Potential calculated from mobility data by Henry's equation (42).

presented by Buscall and coworkers (1, 62). As shown in Fig.®5. Comparison of Results
G, is larger tharG . In the literature it is often assumed that , . . .
00 , . . Table 4 summarizes the surface potential determined via t
G/, = Gy, and here we explore if the surface potential extracte f :
o0 p L : ifferent methods. Results fro®’ . and perturbation theory
from the model proposed by Buscalial. for G, is consistent oe

with the other methods. This model requires samples with soli{?max’ex”) are comparable and yield the same dependence

. S I added salt. The results fgrs determined from critical coagu-
like structure, indicated by a finite low-shear moldulus and 0. .
ation concentration measurements correspond favorably w

infinite value forso. It was shown that the model proposed b\With results from the high frequency modulus measured in co

: ; , . ;
Buscallet al.is not applicable F@OO data and the relationship Ofcentrated dispersion, but are much lower thanzttentials
the modulus at low frequencies to the high-frequency modulys : : e . )
. : etermined from electrophoretic measurements of diluted I
has been previously discussed by Wagner (28). ; L i
. X : . . ices. This indicates that results for the effective surface char
Assuming a fcc lattice the theoretical elastic modullis,.,
was calculated according to Eqg. [13] as a function of volume

fraction, salt content, and surface potential. Interparticle forces

were calculated neglecting van der Waals attractions: 1000 ‘ ‘ ]
b ——=— PS200; [KCI]=10 mM ,
[ —&— P8200; [KCl}=1 mM [y
, B 2rasoera¥? [ k?exp(—«(r — 2a)) [13] 800 | ) L
phtheo ™ r (1+ exp«(r —2a)))?)’ I - A
= 600 -
. o r ]
with = I g "
S 400
o = (—)@mN ' ' :
5 200 -~ T _
b - 1 4
P r ]
andr denoting the particle distance 2a - (¢max/¢)3); for o G, I |
fcc packing gmax is setto 0.74 anél = 12. o 210° 410° 610° 810° 110°
In Fig. 11Gy, is pllotFed vsG;JLtheo/ws? and th.e slope of the G /w? (PaV?)
linear least square fit yields the surface potential. The results fe. pltheo 0

the surfac_e potentials are listed in Table 4. Notice that there ig|G. 11. Evaluation of the low-frequency plateau modul@; obtained
curvature in the data that cannot be captured by the model. from crystalline samples according to the model by Buseszdil. (62).
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1000 - ‘ : with added salt is counterion condensation near the particle s
: face, which would lower the surface potential and result in ¢
effective surface charge that would be an increasing function
b the ionic strength (63).

m 1 4. CONCLUSIONS

N The purpose of thiswork was to explore the hydrodynamic ai
10 ¢ o o ' | colloidalinteractions inamodel, concentrated, charge-stabiliz

. . © colloidal dispersion using rheological and light scattering tecl
' o Y niques. Particular emphasis was placed on interpreting the
® o pendence of rheological and dynamical properties on salt cc

1 . | o ! o . . . .
) 10 100 1000 tent, particle size, and volume fraction in terms of hard-sphe

scaling laws.

e Comparisons ofy,, andn. show that although both are

FIG. 12. Surface charge density s for all samples, as determined from . [ . .
electrophoretic mobility, ccc, and from the elastic moduli. For the latter th%omma’[ecj by hydmdynamlc interactions, as evidenced by th

variation with the value of the maximum hard sphere packing fraction is shoWﬂsenSitiVity_to particle size and salt concentr.atizqgg_,is smaller
for comparison. thann.. This can be traced to the shear distortion of the m

crostructure, such that the extended Cox—Merz rule will not a
Ir)éto these fluids.

Ka

determined by torsional high frequency measurements are mB . . o
reliable predictions for the salt stability of charge-stabilized di%ﬁ * The high-frequency viscosity,, is well represented by the

persions thag-potentials determined from electrophoretic mo- eory forhard spheres, illustrating how insensitive this proper
bilities is to interparticle interactions in stable dispersions and sugge

The evaluation of the low-frequency plateau modulus accorg? & robust method of determining particle concentration:

ing to the model proposed by Buscall al. leads to an agree- stable, concentrated dispersions.

ment with results from high-frequency and ccc data only in some® D; s also insensitive to interparticle interactions, as ev
nced by independence on salt concentration and particle s

L ati f h high and low sal (%i .
cases. Large deviations are found at both high and low salt c to first order does follow the Beenakker theory for har

tent, such that the deviations cannot be anticipated. Hence’%”%eres but slight systematic deviations to faster diffusion &
conclude that this approach cannot be used consistently to aE: ' gnt sy N

curately determine surface potentials under all conditions. observed. This mightbe traced back to the electrostatic repuls

In Fig. 12 we replot the results for the surface charge det%)}f_eventmg close approach of the colloids and reducing lubric

mination from the high-frequency torsional resonance (shovx}ﬁn contr|but_|ons to /the hydrosqynamlc drag. I

for data evaulation witldmaxns = 0.58 and 0.61, respectively), ° CCJlrnpgrlsorLoiyooEFo Y D s |II|u s'trateﬁ. the V|0|Iat|(zjn of th de. |
ccc measurements, and electrophoretic mobilities as sugge%% era:jlze h Stod_es— |r?ste|n relationship as aiready predic
by the Debye—td¢kel formula (Eq. [11]). The surface chargeOr ar/ -sphere dispersions (6). .
determined from electrophoresis is a linear function of the di- ° GP' measured by/ Iow-frequer_lcy rotatu_)nal rheometry ur
mensionless inverse Debye length, but is higher than that defirestimates the tru@.,, as determined by high-frequency tor-
mined from the other two methods. Notice that in Fig. 12, aﬁ'onal resonance oscillation.

the results for the different salt concentrations, colloid concep-* The apparent coIIO|d_aI _surface charge can be_ extracted fre
g measurements and is in good agreement with results frc

trations, and particle sizes are compared. The effective chac%@é measurements wh was setto 0.58 in the fitting pro-
data calculated from the the high-frequency modulus and those PRlaxrs i gp

) i . . .
determined from the ccc measurements appear to fall along éﬁs?g;rfefgé;?ﬁgaiitgrlzgim?gr?n Vgrl]l:)%i': C:rgzséz?ég'tugg
curve whengmaxns = 0.58 is considered, suggesting that th P P

high-frequency measurements are a better prediction of the§ gusSthatshowdlvergence 0b atthe glass transitiorp(= 0.58)
stability of these latices. Note, however, that the data trace out™ 9). . . .

a sigmoidal curve, which is not consistent with a unique value ® Electrophqretlc mobility measurements overestimate i
of surface potential independent of salt concentration. The moy rface potent_lal as compared to all the other methc_)ds. T
rapid increase in surface charge with increasing salt concenffaa>0ns for this d!screpancy are not undersf[ood. This sta
tion (increasinge - a) would be typical of a charge regulationm contrast to previous measurements on a different latex (s
mechanism, whereby added salt increases the dissociation gfez;' (23)), where congruence between methods was found.
weak acid on the colloid surface. However, the model system
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