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Foreword 
The A C S Symposium Series was first published in 1974 to pro

vide a mechanism for publishing symposia quickly i n book form. The 
purpose o f the series is to publish timely, comprehensive books devel
oped from A C S sponsored symposia based on current scientific re
search. Occasionally, books are developed from symposia sponsored by 
other organizations when the topic is o f keen interest to the chemistry 
audience. 

Before agreeing to publish a book, the proposed table o f con
tents is reviewed for appropriate and comprehensive coverage and for 
interest to the audience. Some papers may be excluded to better focus 
the book; others may be added to provide comprehensiveness. When 
appropriate, overview or introductory chapters are added. Drafts o f 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

A s a rule, only original research papers and original review 
papers are included i n the volumes. Verbatim reproductions o f previ
ously published papers are not accepted. 

A C S Books Department 
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Preface 
The world o f real colloidal dispersions in soils, emulsions, repro

duction, and printing technologies, pharmaceuticals formulation, surface 
coatings, food and household products, and the like invariably involves 
concentrated or dense suspensions where the dispersed phase can be as 
large as 50% or more by volume. The classical experimental tools o f 
light scattering or microelectrophoresis, for example, are o f limited 
value in such systems and the classical Der jaguin-Lindau-Verwey-
Overbeck ( D L V O ) theory o f the stability o f such systems ignores many 
body interactions. 

Marked advances in experiment, theory, and technology have 
allowed the field o f concentrated dispersions to progress significantly 
during recent years. A symposium "Concentrated Colloidal Disper
sions: Theory, Experiment, and Applications" was conducted at the 
American Chemical Society meeting in Orlando, Florida in 2002 to 
review the current state o f knowledge o f this centrally important field in 
colloidal science and to explore new research directions. 

Theorists, experimentalists, and technologists were brought together 
to review progress in the areas o f dense dispersion systems; modeling 
and many body theoretical effects; basic and applied rheology; electro-
kineticeffects; and sensing and measurement o f size, charge, and forces; 
structures in dense particulate systems; synthesis o f special emulsion 
droplets and nanopartieles; confirmation o f polymers; aggregation o f 
particles; and dynamics o f free and adsorbed polymer molecules in 
concentrated suspensions. Selected papers were reviews by experts in 
the field and were refined as required before the presentations. 

W e feel that this compilation presents a comprehensive examination 
o f the progress made on concentrated dispersions along with problems 
and opportunities apparent through the chapters. 

P. Somasundaran 
N S F I/UCR Center for Surfactacts 
Langmuir Center for Colloids and Interfaces 
Columbia University 
500 West 120th Street 
N e w York , NY 10027 
212-854-2926 (telephone) 
212-854-8362 (fax) 

ps24@columbia.edu (email) 
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Chapter 1 

Preparation and Characterization of Silver 
Nanoparticles at High Concentrations 

Wei Wang and Baohua Gu 

Environmental Sciences Division, Oak Ridge National Laboratory, 
Oak Ridge, TN 37831 

Hydrophilic silver nanoparticles (5-30 nm) were prepared as 
hydrosols in the presence of a cationic surfactant, 
cetyltrimethylammonium bromide (CTAB), at relatively high 
A g + concentrations (up to 0.1 M) . The hydrophilic silver 
nanoparticles could be transferred to an organic phase by 
solvent exchange induced by inorganic salts, such as sodium 
chloride, with a high transfer efficiency (>95%). The 
hydrophobic silver nanoparticles are stable as concentrated 
organosols. They can be dried as powders for long-term 
storage and readily resuspended in a variety of organic 
solvents without loss of original particle integrity. Detailed 
characterization of these hydrosol and organosol particles was 
performed by transmission electron microscopy, dynamic 
lighting scattering (ζ potential), and UV-visible extinction 
spectroscopy. Infrared spectroscopic analysis provided 
evidence of the conformational changes of C T A B adsorbed on 
silver cores as the particles were transferred into organic 
solvents. 

© 2004 American Chemical Society 1 
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Introduction 

Metal nanopartieles have been investigated intensively in recent years 
because of their size-dependent electronic and optical properties and the 
possibility of arranging them in micro- and nano-assemblies (1). In particular, a 
lot of effort has been devoted to the synthesis and characterization of stable 
dispersions of nanopartieles made of silver, gold, and other noble metals (2). 
Intriguing prospects for the development of novel electronic devices, 
electrooptical applications, and catalysis have been established (3). 

Silver nanopartieles, mostly hydrosols, are perhaps most widely studied 
because of their important applications in catalysis (4) and photographic 
processes (5), and their roles in surface-enhanced Raman spectroscopy (SERS) 
(6). A rich variety of techniques are now available for producing silver 
nanopartieles as stable, colloidal dispersions in aqueous solution. These methods 
include reduction by ionizing radiation (7), photon- or ultrasound-induced 
reduction in solutions or reverse micelles (8), and chemical reduction in solution 
phase or in microemulsion (9), which is perhaps most widely used for silver 
colloid preparation. On the other hand, colloidal dispersions of silver in 
nonaqueous liquids— known to be difficult to prepare and to stabilize (10)— 
have received little attention. Previous studies also indicate that colloidal 
stability, particle size and morphology, and surface properties strongly depend 
on the specific method of preparation and the experimental conditions applied. 

Wet-chemical synthesis methods usually produce stable silver colloids at 
A g + concentrations below 0.01 M ; above this concentration, silver colloids 
usually become unstable or form aggregates. Here, we report an approach for 
synthesizing silver hydrosols with a relatively high silver concentration (up to 
0.1 M ) in the presence of cetyltrimethylammonium bromide (CTAB). In 
addition, the silver nanopartieles in the hydrosol may be transferred to and 
concentrated in an organic solvent through an inorganic-salt-induced solvent 
exchange process. Nanaparticles dispersed in organic solvents could be dried 
and harvested by evaporating the solvent to obtain hydrophobic nanopartieles, 
which can readily be redispersed into organic solvents and still retain their 
colloidal integrity. 

Experimental Section 

1. Materials 
A g N 0 3 (£99%) and NaCl (99%) were purchased from J. T. Baker. N a B H 4 

(98%), cetyltrimethylammonium bromide (CTAB, £99%), chloroform (99.8%), 
and cyclohexane (99%) came from E M Science. Hexane (analytical grade) was 
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obtained from Bio Lab. A l l chemicals were used as received. Water was of ~18 
Mf i ' cm resistivity, obtained from a Millipore Mi l l i -Q plus water purifier. 

2. Measurements 
(a) Absorption spectra of the colloidal solution were taken with a HP 8453 
spectrophotometer in quartz cell. For dried powder samples, a colloidal particle 
cast film was deposited on a quartz plate by evaporating the solvent. 
(b) Direct imaging of the particles was obtained by a Hitachi HF-2000 electron 
microscope under an acceleration voltage of 200 kV. A drop of the silver sol was 
placed on a formvar/carbon film supported by copper grid (TED P E L L A - L T D ) , 
and the solvent was allowed to evaporate. The average particle diameter <d> and 
its standard deviation 0 were obtained by digitizing the printed micrographs and 
analyzing over 300 particles. The polydispersity is defined as the ratio a/<d>. 
(c) Infrared spectra were recorded at 4-cm"1 resolution with a Nicolet 760 
Fourier transform infrared (FTIR) spectrometer equipped with a liquid nitrogen-
cooled M C T detector. For pure C T A B , a portion of clear solution was deposited 
on the ZnSe window; after air-drying, the FTIR spectrum was recorded. For 
hydrophilic silver nanopartieles, the process was as follows: after centrifuging 
the colloid at 1200 rpm for an hour, the supernatant with excess C T A B was 
discarded and the collected wet solid nanopartieles were smeared on the ZnSe 
window. After air-drying, the spectrum of the nanoparticle cast thin film was 
taken. For hydrophobic nanopartieles, a drop of concentrated silver chloroform 
organosol was deposited on the ZnSe window, and the solvent was allowed to 
evaporate before the spectrum was collected. No smoothing was applied to the 
spectra. 
(d) Zeta potentials of silver hydrosols were measured in a Brookhaven Zeta Plus 
light-scattering instrument. 

3. Preparation of Silver Sols 
(a) Silver Hydrosols. A typical preparation procedure involves the addition of 
one portion of AgNC>3 solution into another equal-volume portion of N a B H 4 

solution containing C T A B (surfactant) at a molar ratio [BEtl/fAg*] = 2 and 
[Ag +]/[CTAB] = 4, with vigorous stirring. A dark brownish-gray colloid 
dispersion forms immediately upon the mixing, and with continuous stirring, the 
CTAB-stabilized colloid turns to a stable yellowish brown. 
(b) Silver Organosols. Typically, 0.1 g solid NaCl is added to a mixture of 25 
mL of the silver hydrosol stabilized by C T A B and 25 mL of an organic solvent 
such as chloroform, with vigorous stirring. A phase transfer is immediately 
induced, and the aqueous phase becomes colorless, while the organic phase is a 
colored colloidal dispersion. 
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Results and Discussion 

/. Hydrosols Stabilized with CTAB 
The reduction of A g N 0 3 in solution with N a B H 4 is rapid, and the reaction 

can be written as 
2 A g N 0 3 + 2NaBH4 + 6 H 2 0 = 2Ag + 2NaN0 2 + 2 H 3 B 0 3 + 7H 2 . 
The reaction is usually performed in an ice-cooled water bath to reduce the 

reaction rate, and ionic/nonionic surfactants and polymers may be used as 
stabilizers in order to obtain stable silver colloids. Anionic surfactants have been 
used extensively in the preparation of silver colloids, but little attention has been 
paid to cationic surfactants (11). Pal et al. (1 la , b) reported preparation of silver 
colloids in CTAB-based reverse micelles and aqueous solution; only large silver 
colloidal particles, ~ 65 nm in diameter, were obtained. Barnickel et al. (11c) 
prepared small silver nanopartieles in CTAB-based reverse microemulsion, but 
the size distribution of the silver particles was broad. 

The stability and size distribution of silver colloids depend strongly on the 
relative concentrations of A g + and reductant, the presence or absence of various 
stabilizers, and reaction temperature. In this study, we used a cationic surfactant, 
C T A B , as a stabilizer. We tried various preparation procedures and found that 
stable silver colloids formed at molar ratios of [BH 4 ']/[Ag +] = 2 and 
[Ag +]/[CTAB] = 4, with an initial A g + concentration of - Ix lO" 1 to - I x l O ' 4 M . 
We also noticed that the order of chemical mixing affects the resulting colloid 
particle size and size distribution. The procedure that involved first mixing Ag* 
and C T A B and then adding the mixed A g + - C T A B solution to B H 4 " solution gave 
die most stable colloid dispersion and the narrowest particle size distribution. In 
this method, a burette was used to deliver the A g + - C T A B solution at a 
controlled, continuous flow rate directly into the B H 4 " solution with vigorous 
stirring. Simply pouring or. adding the A g + dropwise into the reaction mixture 
produced silver nanopartieles in a wide range of particle sizes. As stated 
previously, silver reduction reactions are usually performed at ice-cooled 
temperatures to reduce silver colloid aggregation because the formation and the 
growth of silver nanopartieles are sensitive to temperature. In the presence of 
C T A B , however, the reaction produced stable silver colloids even at room 
temperatures. Figure 1 shows representative transmission electron microscope 
(TEM) images of the silver nanopartieles produced at different initial A g + 

concentrations and at room temperature. At low initial silver concentrations 
([Ag*] = 5xl0" 3 M) , the colloids produce small sizes (<d> = 10.8 nm) and 
relatively narrow particle size distribution (polydispersity = 26%) (Figure la). 
With increasing initial silver concentration, the resulting particles become larger 
and are broadly distributed in size. For example, at [Ag +] = 2xl0" 2 M , the 
average particle size and polydispersity were 12.3 nm and 35%, respectively 
(Figure lb). However, the colloid dispersion is still stable and well-dispersed up 
to [Ag +] = 0.1 M (Figure lc), although the particles become bigger and the size 
distribution broadens (<d> = 22.2 nm, polydispersity = 53%). 
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Figure I. TEM images ofCTAB capped Ag nanoparticles Synthesized at 
room temperature, (a) [Ag*] = 5x103 M, [CTAB]= 1x103 M, 
<d>=10.8 nm, a= 2.9. (b) [Ag*] = 2xlO'2 M, [CTAB]= 4xl0'3 M <d> 
= 12.3 nm, <J= 4.3. (c) [Ag*] = 0.1 M, [CTAB]= 2xl0'2 M, <d>=22.2 
nm, a= 11.8. (d) [Ag*] = 2xl0'2 M, [CTAB]= 0.1 M, large particle 
lumps. 
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The dispersions of the metal nanopartieles usually display a very intense 
color due to plasmon resonance absorption, which can be attributed to the 
collective oscillation of conduction electrons that is induced by an 
electromagnetic field. In the UV-visible spectrum, a stable plasmon absorption 
band with symmetric shape was observed at 400 nm for the CTAB-stabilized 
silver colloids (Figure 2a). These spectra are the characteristic of well-dispersed 

<«H . , • , r- 1 
200 400 600 800 

Vtevdength, nm 

Figure 2. Normalized U\'-visible spectra of CTAB capped Ag hydrosols 
prepared at initial concentrations of [Ag ]=5xl0 M and [CTAB]-
1x10 M, and diluted by water at (a) 25 times, (b) 50 times, (c) 75 
times, (d) 100 times. Spectrum (e) was diluted 100 times by 1x10 M 
CTAB solution. All the spectra show absorption maxima at 400 nm. 

silver colloid. As compared with the extinction adsorption of natively naked 
silver colloids at 390 nm (lOe), the 10-nm red shift is due to absorption of 
C T A B on the silver nanopartieles. Zeta potential measurement shows a potential 
of +39 mV for the colloid, while the potential of native silver colloid is -46 mV. 
These results reveal that adsorbed C T A B cationic ion equivalents exceed 
negative charges on particle surfaces and thus have reversed the surface charge 
to positive. However, if the CTAB-stabilized colloid is diluted by water, the 
colloid color gradually changes from yellowish brown to bright yellow with no 
change in the absorption character of the spectrum (Figure 2b). With further 
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dilution, the bright yellow color suddenly turns to pinkish yellow, and in the 
spectrum (Figure 2c,d), the absorption band exhibits a pronounced tail towards 
the longer wavelength, usually indicative of incipient particle aggregation (12). 
The corresponding Zeta potential decreases to ~+5 mV because C T A B 
molecules partially desorb into solution from the colloid particle surface. If the 
colloid is diluted by C T A B solution, no particle aggregation is observed in the 
spectrum (Figure 2e). During synthesis, we also noticed that the silver colloid is 
not stable; a gray precipitation of silver occurs when too low of a C T A B 
concentration is used. These results suggest that silver particles need enough 
C T A B molecules on the surface to keep their positively static stability. However, 
if the C T A B concentration is too high, the silver particles coalesce to form large 
lumps (Figure Id), and the absorption band red-shifts to 520 nm. 

8.95x8.95 nm 2 12.5x12.5 nm 2 17.8x17.8 nm 2 

Image size 

Figure 3. High resolution TEM images of CTAB capped silver 
nanoparticles with different crystal structures: (a) single crystal, 
(b) multi-twin crystal, and (c) lamellar multi-twin crystal. 

C T A B is an efficient stabilizer and strongly affects the silver particle sizes and 
size distributions. The silver colloids prepared in this work are stable and, in the 
absence of air, remain in aqueous dispersion without undergoing aggregation or 
flocculation for over 3 months, as indicated by the stable plasmon absorption 
band in UV-visible spectra. C T A B also exerts a dramatic influence on the 
structure of the silver particles. As seen in Figure 1, inhomogeneous imaging 
contrasts in the T E M pictures show imperfections in many silver particles. The 
silver nanoparticles synthesized in the presence of C T A B were a mixture of 
single crystalline particles (Figure 3a), multiple twinned particles (Figure 3b), 
and lamellar multiple twined particles (majority, Figure 3c). Heard et al. (13) 
and Henglein et al. (14) observed similar structures for anion capped silver 
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colloids. High-resolution T E M images show that the imperfection of the 
particles arises from growth of crystallite in different directions. A possible 
explanation is that the cationic surfactant quickly forms a coating on negatively 
charged silver particles, and thus protects the particles from further growth and 
aggregation. Such an instantaneous sorption of C T A B on silver particles results 
in the formation of stable silver colloids at room temperature. 

2. Organosols Stabilized with CTAB 
One of the main challenges in the preparation and application of 

nanoparticles is how to transfer the particles into different physicochemical 
environments, such as fabricating nanoparticle-surfactant liquid crystal materials 
(IS) and using them as catalysts for organic reactions in nonpolar solvents (16). 
Organosols of nanoparticles are attractive because they can be used to obtain 
packed structures of nanoparticles by self-assembly. Some solvent exchange 
methods have been developed to transfer silver hydrosols to organic solvents 
(10b, e, g). However, the transfer efficiency of anionic-surfactant-capped 
colloids into organic phase is usually low (<70%), and particle aggregation often 
occurs at the aqueous-organic interface. Here, we report that cationic-surfactant-
capped silver colloids can be transferred quickly into an organic solvent, such as 
chloroform, with a high efficiency (>95%). 

Experimentally, we first mixed silver hydrosol with an organic solvent and 
then added solid NaCl into the mixture. With vigorous stirring, the mixture 
becomes an emulsion, and the colloid phase transfer occurs immediately. The 
phase transfer rate depends on the organic solvents used and the quantity of salt 
added. When NaCl is added to the hydrosol in the proportion of 1 mg/mL, the 
phase transfer is completed in 1-2 minutes for chloroform and 3-5 minutes for 
cyclohexane. When the stirring is stopped, the emulsion reverts to two phases, a 
clear aqueous phase and a brown or yellow organic phase, the color depending 
on the concentration of the silver colloid. In addition to NaCl, many other 
cationic ions such as K + , M g 2 + , and C a 2 + and anionic ions such as Br", P0 4

3 *, and 
C10 4 may also serve as inducers for the phase transfer. During the phase 
transfer, the inorganic salt ion eliminates the C T A B outer layers in its bilayers 
and multilayers (see the spectral discussion in the next section). In the organic 
aqueous mixture, the desorbed and excess C T A B also may serve to emulsify 
nonaqueous liquid in colloidal aqueous dispersion, helping the C T A B -
monolayer-coated silver nanoparticles transfer from water into the organic phase. 

Use of small amounts of organic solvent (relative to hydrosol) can produce 
silver nanoparticles that are highly concentrated in the organic phases. These 
organosols could also be dried and harvested as powders by evaporating 
chloroform for storage purposes; the dried nanoparticles are readily redispersed 
into various organic solvents. As shown in Figure 4, absorption spectra of these 
organosols still retain symmetric and narrow absorption bands and are similar to 
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those shown in Figure 2. However, the absorption maxima exhibit a red shift of 
3-7 nm, depending on the specific organic solvents used for the colloid 
dispersion. An increase in the red shift with an increase in the solvent refractive 
index is expected from Mie theory (2a) and suggests that the silver particles are 
still well-dispersed in the organosols after the phase transfer and after drying and 
redispersion. 

ûo-l , , , » r— , 
200 400 600 800 

Wavelength, nm 

Figure 4. Normalized UV-visible spectra and peak positions of CTAB 
capped Ag colloids: (a) dispersed in water (400 nm), (b) in chloroform 
(406 nm), (c) dried particles from chloroform (455 nm), (d) dried 
particles redispersed in chloroform (406 nm), (e) redispersed in hexane 
(403) nm, and (f) redispersed in cyclohexane (406 nm). 

3. Mechanistic Considerations of CTAB-Stabilized Silver Nanoparticles 
FTIR spectroscopic analysis was performed to deduce the structure of 

adsorbed C T A B layers on silver nanoparticles and to understand the effects of 
C T A B on silver colloid stability. Figure 5 shows the FTIR spectra of pure 
C T A B and CTAB-capped silver nanoparticles in regions of 3100-2700 cm"1 and 
1600-650 cm"1. 
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In all the spectra in Figure 5, we can clearly observe the C H 2 and C H 3 

stretching modes in 3000-2800 cm"1, the C H 2 bending mode and the CH 3 - (N + ) 
deformation mode in 1500-1450 cm"1, and the C H 2 rocking mode in 735-710 
cm"1, which appear in spectra of aqueous and crystal C T A B (17). The spectra 
give unambiguous evidence of sorbed C T A B on both hydrophilic and 
hydrophobic silver nanoparticles. 

3100 2900 2700 1600 1400 1200 1000 800 600 

Wavenumber, cm*1 

Figure 5. FTIR spectra of (a) solid CTAB (b) CTAB capped hydrophilic 
Ag nanoparticles and (c) CTAB capped hydrophobic Ag nanoparticles. 

The asymmetric and symmetric stretching modes of the head group CH3-
(N*) are at 3017 and 2943 cm' 1 , respectively, for solid C T A B (17b). The two 
bands markedly blue-shifted to 3130 cm"1 and 2953 cm' 1 in the spectra of both 
hydrophilic and hydrophobic nanoparticles, suggesting that C T A B molecules 
were sorbed on silver nanoparticles via their (ΟΙ 3 ) 3 Ν*- head groups. The 
absorption peak at 960 cm"1 in solid C T A B may be attributed to C - N stretching 
vibration. That the band shifts to 963 cm"1 in the nanoparticle spectra supplies 
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further evidence for the strong interaction between the (CHs^N*- head group and 
the silver surface. 

The C H 2 stretching modes are very sensitive to hydrocarbon conformation 
and mobility (18). For pure C T A B , the C H 2 asymmetric and symmetric 
stretching modes appear at 2918 cm*1 and 2849 cm"1, respectively. In comparison 
with pure C T A B , the two bands remain in the same location for hydrophobic 
nanoparticles, while they widen and shift to high frequencies at 2919 cm"1 and 
2850 cm"1 for hydrophilic nanoparticles. These results imply that C T A B 
molecules have compact packing on hydrophobic nanoparticles. The blue shift of 
the two bands indicates that the C T A B molecular chains are more "fluid"—i.e., 
the molecular packing is not rigid on the hydrophilic nanoparticle surface. On 
the other hand, C T A B molecules may form a rigid monolayer on the 
hydrophobic particle surface, while additional adsorption on the monolayer 
results in the formation of loose bilayers or multilayers on the hydrophilic 
particle surface. In this case, the cationic ions have overbalanced the negative 
surface charges and formed stable, positively charged colloids, in coincidence 
with ζ potential measurement. Recently, El-Sayed et al. (19) also reported the 
formation of C T A B bilayers on gold nanorods synthesized by an electrochemical 
method. 

The C H 2 scissoring and C H 2 bending bands are known to be very sensitive 
to intermolecular interaction and are therefore often used as key bands to check 
the state of packing of the methylene chain (20). For solid C T A B , the C H 2 

scissoring mode gives a double structure at 1408 cm' 1 and 1396 cm"1, and the 
C H 2 bending mode gives another splitting doublet at 730 cm"1 and 719 cm' 1. The 
cause for band splitting is assigned to interchain vibrational coupling due to 
splitting of the factor group; band splitting accounts for a parallel packing of the 
trans-methylene chain in the orthorhombic unit cell . The two doublets are 
replaced by two single bands at 1466 cm"1 and 722 cm' 1, respectively, in C T A B -
coated A g nanoparticle spectra. These observations demonstrate that 
hydrocarbon chain interactions between molecules are weak and suggest that 
C T A B molecules adsorbed on silver nanoparticles may be arranged in 
monolayer or loose bilayer/multilayer forms. 

Spectra of hydrophilic nanoparticles separated from hydrosols (by 
centrifuge) showed strong absorption bands around 1338 cm"1 and 1076 cm"1. 
These absorption bands likely come from inorganic anionic ions, N0 3 " , N 0 2 " and 
BO3 3 ". In order to remove all inorganic ions and excess C T A B in solution, we 
put the hydrosol into dialysis tubing against a large quantity of D.I. water. After 
two weeks of dialysis, all colloidal particles aggregated as black precipitates. In 
the infrared spectrum, all signals from inorganic ions also disappear, but 
narrowed C H 2 stretching bands still clearly remain. This suggests that some 
C T A B molecules might, as a monolayer, remain on the nanoparticle surface. The 
remaining C T A B monolayer on silver nanoparticles allows the hydrocarbon 
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chains to face the solution side and imparts a hydrophobic character to the 
particles. These results suggest an explanation for why the synthesis could not 
produce stable silver hydrosols at low C T A B concentrations. In other words, the 
surfactant molecules form a monolayer on the hydrophilic silver particle surfaces 
only at a low C T A B concentration. These surfactant molecules neutralize 
negative charges on the surface and thus reduce particle hydrophilicity and 
induce colloidal aggregates. 

Conclusion 

We have presented a convenient and easy-to-control procedure for 
preparing hydrophilic and hydrophobic silver nanoparticles with narrow size 
distributions in the range of 5 to 30 nm. These aqueous and organic colloid 
dispersions could be stored for at least 3 months without apparent colloidal 
aggregation or sedimentation. Dry powders of silver nanoparticles could be 
obtained from the organosols and readily redispersed into various organic 
solvents. The method is thus particularly suitable for large-scale industrial 
applications. 
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Chapter 2 

Synthesis of Calcium Carbonate-Coated Emulsion 
Droplets for Drug Detoxification 

Vishal M. Patel1, Piyush Sheth1, Allison Kurz1, Michael Ossenbeck1, 
Dinesh O. Shah2, and Laurie B. Gower1,* 

Departments of 1Materials Science and Engineering and 2ChemicaI 
Engineering, University of Florida, Gainesville, FL 32611 

Nanoparticulate systems are being developed for use in 
pharmaceutical applications. Our goal is to synthesize "soft" 
emulsion particles coated with a porous "hard" inorganic shell 
which, when introduced to the blood intravenously, act as 
"nanosponges" for removing drug molecules from patients 
overdosed on lipophilic drugs. The synthetic approach utilizes 
a biologically inspired mineralization process of surface— 
induced deposition of calcium carbonate coatings onto charged 
emulsion droplets. Stearic acid and oil are dispersed in water 
as emulsion droplets, which are then coated with an 
amorphous mineral precursor to calcium carbonate using a 
polymer-induced liquid-precursor (PILP) process. Core-shell 
particles on the order of 1 to 5 μm in diameter have 
successfully been synthesized. Current experiments are 
directed at reducing the particle size using microemulsions, 
and templating porosity into the shell. 

© 2004 American Chemical Society 15 
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Introduction 

The synthesis of micron- and nanoscale core-shell particulate systems, either 
hollow or fluid-filled, has been of considerable interest (1). Core-shell particles 
find important applications in encapsulation of a variety of materials for catalysis 
and controlled release applications (e.g. drugs, enzymes, pesticides, dyes, etc.); 
for use as filler in lightweight composites, pigment, or coating materials; and in 
biomedical implant materials (2-6). Recently, the use of particulate systems as a 
treatment for patients overdosed on lipophilic drugs has been proposed (7). 
Several particulate systems, including microemulsions, polymer microgels, silica 
nanotubes and nanosponges, and silica core-shell particles, are currently being 
investigated for this detoxification purpose. It is proposed that, when 
intravenously administered to an overdosed patient, such particles will 
effectively detoxify the blood system of the particular lipophilic toxin by either: 
• absorption, from the selective partitioning of the drug molecules from the 

blood to the hydrophobic core of the particle, or 
• adsorption of the drug molecules onto lipophilic surfaces of surface 

functionalized particles. 

Furthermore, in order to catalyze the toxin metabolism, and hence its 
removal from the blood, the immobilization of toxin-specific catabolic enzymes 
on or within particles will be pursued (7). The work presented here focuses on 
the synthesis of oil-filled nanocapsules encapsulated by a porous calcium 
carbonate shell, which will remove the lipophilic drugs by absorption into the 
oily interior after passage through a porous mineral shell. The "hard11 shell will 
provide stabilization to the emulsion, as well as impart some molecular 
screening, to avoid saturation of the particles with other lipophilic species in the 
blood. In light of the intended use, the design criteria include the following: the 
particles must be of nanoscale dimensions to avoid blockage of blood capillaries 
(and non-aggregating); the particles must be biocompatible (non-thrombogenic); 
and i f the particles are not sufficiently small to pass through the blood-renal 
barrier, a biodegradable material is necessary for gradual removal of the 
particulates from the blood stream (at a pace slow enough for the body to 
tolerate the gradual release of the toxin). In addition, for this application it is 
ultimately desired to immobilize the environment-sensitive catabolic enzymes 
within the particles, in which case the synthesis must be accomplished under 
benign processing conditions. 

Fabrication of hollow sphere particles has been accomplished by using 
various methods and materials. In general, three fabrication classes are currently 
employed: sacrificial cores, nozzle reactor systems, and emulsion or phase 
separation techniques (1, 6). The first involves the coating of a core substrate 
with a material of interest, followed by the removal of the core by thermal or 
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chemical means. In this manner, hollow particles of yttrium compounds (8), 
T i 0 2 and Sn0 2 (5), and silica (6) have been synthesized. Nozzle reactor systems 
make use of spray drying and pyrolysis, and their use has successfully led to the 
fabrication of hollow glass (9), silica (10), and T i 0 2 (11) particles. Emulsion-
mediated procedures are a third common method for hollow particle synthesis. 
This has been used to form latex (2), polymeric (12), and silica core-shell 
particles (13). 

Using the above techniques, a host of calcium carbonate coated core-shell 
particles have also been synthesized. By coating polystyrene beads with calcium 
carbonate, followed by removal of the polymer core, hollow particles in the 1 to 
5 μπι size range have been generated (3, 14). Core-shell particles have also been 
synthesized using water-in-oil (4, 15), and water-in-oil-in-water (16, 17) 
emulsions as templates for calcium carbonate nucleation. In other processes, 
Lee et al. (18) and Qi et al. (19) respectively use monolayer-protected gold 
particles and double-hydrophilic block copolymer (DHBC)-surfactant complex 
micelles as templates for calcium carbonate deposition, resulting in core-shell 
particles up to 5 μπι in diameter. 

We report herein a novel and facile method to synthesize calcium carbonate 
"hard" shell - "soft" core particles under benign conditions. Similar to those 
above, our process is a biomimetic one—in this case including an oil-in-water 
emulsion droplet as a template. The procedure relies on the surface-induced 
deposition of a calcium carbonate mineral precursor onto emulsion droplets by a 
Polymer-Induced Liquid-Precursor (PILP) process, elicited by including short-
chained highly acidic polymers, such as polyaspartic acid, into crystallizing 
solutions of calcium carbonate which are slowly raised in supersaturation. The 
deposition of thin films of calcium carbonate onto glass coverslips using the 
PILP process has been demonstrated, as described previously (20). In those 
studies, in situ observations revealed that the acidic polymer transforms the 
solution crystallization process into a precursor process by inducing liquid-liquid 
phase separation in the crystallizing solution. Droplets of a liquid-phase mineral 
precursor can deposit onto various substrates in the form of a film or coating, 
which upon solidification and crystallization, produces a continuous mineral film 
that maintains the morphology of the precursor phase (hence the name 
precursor). Thus, it was proposed that by using this PILP process to coat an oil 
droplet in solution, one could generate a fluid-filled core-shell particle with a 
thin uniform shell of calcium carbonate. In other studies, we have observed that 
this highly ionic PILP phase will preferentially deposit on charged regions of 
patterned substrates, which suggests that it might be possible to pattern porosity 
into the mineral shell by using an organic template with hydrophobic domains. 

Unlike those particles reported previously, using the PILP process allows 
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one to generate a smooth and uniform shell of calcium carbonate around the oil 
droplet, and not an aggregation of individual crystals, as is common among the 
work cited above. Furthermore, in this manner, oil can be encapsulated within 
the particle, leading to a "soft" fluidic core—a feature that is critical for the 
effective extraction of lipophilic molecules from aqueous media by an absorption 
mechanism. 

Experimental Section 

Emulsion Substrate Synthesis 

Oil-in-water emulsion droplets were prepared by blending in a household 
kitchen blender, n-dodecane oil (Sigma-Aldrich) and distilled water in 1:9 
volume ratio, stabilized with 1% w/v stearic acid (Sigma-Aldrich) (per oil phase 
volume). The distilled water was adjusted to the desired pH between 7 and 11 
using 0.01 M NaOH (Fisher Scientific) prior to emulsification. 

Particle Synthesis 

Immediately after preparing the emulsion, as indicated above, 1 mL of the 
emulsion was pipetted into 35 mm Falcon polystyrene petri dishes, followed by 
1 mL of an 80 mM/400 m M CaCl 2 /MgCl 2 solution (Sigma-Aldrich) (freshly 
prepared using distilled water, and filtered by 0.2 μιη Acrodisc® syringe filters). 
Next, 36 μι of a freshly prepared and filtered 1 mg/mL solution of ροΐν-(α,β)-
D,L-aspartic acid (MW 8600) (ICN/Sigma-Aldrich) was transferred to each petri 
dish by micropipette. The petri dishes were then covered by parafilm, which was 
punched with a small hole, into which the outflow end of the tubing from an 
ultra-low flow peristaltic pump (Fisher Scientific) was inserted. At a rate of 
approximately 0.025 mL/min, 2 mL of a freshly prepared and filtered solution of 
300 m M ( N H 4 ) 2 C 0 3 (Sigma-Aldrich) was pumped into each petri dish (taking 
about 80 minutes to complete). The resulting product was collected and 
centrifiiged at 8000 rpm for 10 minutes, rinsed with saturated C a C 0 3 (Sigma-
Aldrich), then recentrifuged under the same conditions. After a rinsing with 
ultrapure ethanol (Fisher Scientific), the product was recentrifuged a final time 
under the same conditions, and then left to dry in air overnight. 
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Particle Characterization 

The dried particles were examined by an Olympus BX60 polarized light 
microscope, using a gypsum wave-plate in order to observe both amorphous and 
crystalline phases. For scanning electron microscopy (SEM) observations, 
particle samples were spread onto aluminum studs, and then gold-coated and 
examined with a JEOL 6400 S E M . Energy Dispersive Spectroscopy (EDS) was 
used for elemental composition analysis of the particle shell. For diffraction 
studies, dried particles were adhered to double-sided tape, and analyzed in a 
Philips A P D 3720 X-ray instrument. 

Results and Discussion 

Several of the calcium carbonate core-shell systems discussed in the 
Introduction are generated by using a biomimetic process (3, 4, 16, 17, 19). 
Mineralization in biological systems has been the focus of intense research 
because their successful mimicry has important implications for the synthetic 
design of superior materials. Exquisite control of mineral deposition in 
biosystems is thought to occur partly due to the presence of an insoluble organic 
matrix, along with modulation of the crystal growth process via soluble 
macromolecular species, such as acidic proteins and polysaccharides (21). Thus, 
to mimic biological mineralization schemes, an organic substrate (i.e. an 
emulsion of some form, or a functionalized solid core) is used to direct the 
crystallization of a mineral shell in the fabrication of aforementioned calcium 
carbonated coated core-shell particles. In addition to the insoluble organic 
matrix, some groups include crystal inhibitors in the synthesis procedure. For 
example, the process used by Qi et al. (19) includes a portion of soluble D H B C 
molecules as inhibitors, which cooperate with the surfactant-copolymer micelle 
complexes as templates to allow the fabrication of hollow particles with a 
calcitic phase shell. 

As a preliminary step to core-shell particle fabrication, and to better 
understand the deposition of calcium carbonate films on surfactant templates, we 
investigated the formation of freestanding films of the mineral under Langmuir 
monolayers spread at the air-liquid interface. Figure 1 shows polarized light 
micrographs of mineral films deposited under stearic acid monolayers. The 
micrographs were taken using a gypsum wave plate, which renders amorphous 
material to appear as the same magenta color as the background. As seen by the 
lack of birefringence in Figure 1 A , the initial film is amorphous and optically 
isotropic (iso). Interestingly, the film cracked like a brittle glass when scooped 
onto a coverslip, which to our knowledge, is not typical for an amorphous 
calcium carbonate (ACC) phase (granular A C C precipitates are produced from 
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highly supersaturated solutions). If the films are removed from solution and let 
to dry in air, they crystallize in either spherulitic (sph) or single-crystalline (sc) 
patches (Figure IB). Similar results were obtained under arachidic acid 
monolayers. 

Repeating this experiment using cholesterol or diolein surfactants, in 
contrast, did not yield the uniform mineral film under the monolayer. Both 
stearic acid and arachidic acid surfactants have partially deprotonated carboxylic 
acid headgroup functionalities, while cholesterol and diolein surfactants, which 
bear alcohol moieties, remain polar but uncharged. Therefore, the surface 
charge on the monolayer is thought to play an important role in attracting 
mineral species and the ion-binding polymer to the surface, serving to increase 
ion saturation, and induce the deposition of the mineral precursor. 

Considering these findings, the surface-induced deposition of a mineral shell 
onto a charged emulsion droplet was subsequently pursued. Using stearic acid 
as a surfactant, n-dodecane oil was dispersed in water to form an oil-in-water 
emulsion. To coat these emulsion droplets, they were first combined with C a 2 + 

dissolved in aqueous solution, along with polyaspartic acid to induce the PILP 
process. M g 2 + ions were also added to enhance the inhibitory action of the 
polymer, which helps to inhibit traditional crystal growth from solution (as 
opposed to from the precursor phase). The C 0 3

2 " counterion was subsequently 
pumped into the above mixture using ultra-low-flow peristaltic pumps. To 
monitor its effect on mineral deposition, the surface charge on the surfactant 
layer was varied by adjusting the pH of the aqueous solutions between 7 and 11 
(pK a of stearic acid is 10.15). 

Figure 2A shows freshly coated particles synthesized in this mariner at pH 7. 
As detected from the lack of birefringence under cross-polarized light, the 
particles, as expected, initially had an amorphous C a C 0 3 shell. After rinsing the 
particles with saturated C a C 0 3 and ethanol, the particles were allowed to dry in 
air. Figure 2B shows particles synthesized at pH 8 that were allowed to age in 
air for 1 week. The presence of birefringence in some of the spherical shells can 
now be detected, indicating an amorphous to crystalline phase transformation 
had taken place in the mineral shell, as was observed in the thin flat films. 
Furthermore, the Maltese cross pattern in the birefringence (see Figure 2B inset) 
indicates a spherulitic crystalline structure of the shell. The polycrystalline 
nature of spherulites evokes the possibility that the shell may be naturally porous 
(without requiring patterning of the deposition process), although it is at a very 
fine scale since the particles appear smooth at relatively high magnification. 
Dye-doped oil was used to determining the presence of oil in the core-shell 
particles, but the results were inconclusive due to the difficulty of examining 
particles of this size (which are small for optical microscopy, but too large for 
TEM). 

Under scanning electron microscopy (SEM), the morphology and uniformity 
of the particles were better judged. From these observations, particles 
synthesized at pH 11 yielded the best results—fairly monodisperse, uniformly 
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spherical particles of diameter ranging between 1 - 5 μπι (see Figure 3A). Since 
the formation of a shell around the emulsion droplets was most enhanced at this 
pH setting, the increased surface charge at pH 11, compared to lower pHs, was 
deemed to be instrumental in the deposition of the PILP precursor. A sample of 
these particles was sheared between glass slides, and S E M of the resulting 
product is pictured in Figure 3B. The presence of spherical shell fragments and 
hollow cores (as indicated by the red arrow) confirms the core-shell structure of 
the fabricated particles. The shell thickness, based on S E M images such as those 
shown in Figure 3, was observed to be between 200 and 500 nm in thickness. 
No specific correlation between particle diameter and shell thickness was 
noticed, although it is thought that by controlling the reaction time, this property 
might be tailorable. The shell is a smooth uniform coating (Figure 3C), and 
although it appears to be spherulitic, it is not composed of an aggregation of 
individual crystals that nucleated from solution on the template, but rather it 
transformed from an amorphous precursor phase. Using Energy Dispersive 
Spectroscopy (Figure 3D), the presence of Ca, Mg, and Ο in the particle shell 
was confirmed, suggesting that the mineral is a Mg-bearing C a C 0 3 phase (which 
is also seen for PILP films deposited onto solid substrates). 

Current experiments are directed at detecting the presence of oil in the 
particle core, reducing the particle size using microemulsions, templating 
porosity into the shell, determining biodégradation properties, and in vitro 
testing of drug release (for drug delivery) or uptake (for toxicity reversal) 
capability. 

Conclusions 

Using highly acidic short-chained polymers to elicit a PILP process, thin 
shells of CaC03 have been deposited, under a Langmuir monolayer at the air-
water interface. To generate core-shell particles with an outer wall of C a C 0 3 , 
the same technique was employed to deposit the mineral precursor onto the 
surface of oil-in-water emulsion droplets, yielding "hard-soft" core-shell 
particles in the 1 to 5 μπι diameter range. The smooth shells encapsulate an oil 
within the core, and are composed of a uniform homogenous mineral layer, and 
not an aggregation of crystallites. Our current efforts are directed at preparing 
nanoscale core-shell particles using microemulsion systems, and the templating 
of porosity into the mineral shells. Such particulate systems may find use in 
extraction processes such as uptake of overdosed drugs from the blood, or 
controlled-release applications. 
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Chapter 3 

Colloidal Systems for Binary Mixtures Studies 

P. Viravathana1 and D. W. M. Marr2 

1Department of Chemistry, Faculty of Science, Kasetsart University, 
Bangkok, 10900, Thailand 

2Department of Chemical Engineering, Colorado School of Mines, 1500 
Illinois Street, Golden, CO, 80401 

Two novel colloidal systems are developed for experimental 
investigations of binary systems with short and long-ranged 
interactions. One, a "core-shell" system, is composed of a 
mixture of silica and silica-coated titania. In this system, the 
silica shell can be index-matched yet allowing the titania core 
to be manipulated by optical trapping. The other, relying on 
"contrast variation" system, is composed of an aluminosilicate 
synthesized with a slightly higher index of refraction than 
silica. By index-matching for silica, the aluminosilicate 
distribution can be determined. In the same way, by index— 
matching for aluminosilcate, the silica distribution can be 
extracted. The obtained results are compared to the results 
from thermodynamics calculations. With development of 
these model systems, there are new routes available for the 
optical trapping and light scattering based investigation of 
binary mixtures. 

© 2004 American Chemical Society 27 
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In the past few decades, there have been many studies on the phase behavior 
of binary systems, including mixtures of hard [1-5], long-ranged [6], and short-
ranged [7-8] interactions via theoretical approaches; however, there have been 
relatively few experimental studies of these systems. In this work, we show that 
colloids provide a nice experimental system for the investigation of binary 
systems due to their wide range of sizes and the ease with which their 
interactions can be manipulated. 

Wtih experiment, one needs to prepare colloidal systems that are 
appropriate for use with a specific technique. One technique we use is optical 
trapping, where one can directly manipulate individual colloids and for which 
there must be a mismatch in the index of refraction between the solvent and the 
colloidal particles. However, i f we wish to minimize dispersion forces and study 
systems with short-ranged interactions, there must be an index-match between 
particles and solvent. Therefore, for binary studies using optical trapping 
techniques, two colloidal systems must be synthesized, one of which has a core 
with a different index of refraction than its shell. To pursue binary studies, 
interactions between different particles · can be altered by varying solvent or 
manipulating surface charge. In doing so, optical trapping will still be feasible 
due to the mismatch in refractive index between the core and solvent. 

In a "core-shell" system, when two different kinds of particles are dispersed 
in index-matching solvents, only the core having a different index of refraction 
will be seen via the optical microscope as illustrated in Figure 1. Once index 
matched, the core-shell particles can still be manipulated, moved around the 
suspension, or arranged in various patterns and sizes. By turning the beam on 
and off, the stability of such patterns can be determined and the associated phase 
behavior inferred. In addition, it is clear that such an approach could be used for 
the investigation of nucleation in binary mixtures. 

The other technique we propose is light scattering. In order to perform 
binary studies using this approach, there must be two particle types having a 
slightly different index of refraction. If this difference is too great however, 
multiple scattering occurs, preventing determination of colloidal structure. After 
manipulating the interactions between particles, index matching for one species 
allows extraction of information on the behavior of the other. Since there must 
be some contrast in the system in order to use this approach, we call this 
"contrast variation". 

In "contrast variation" for binary systems, once particles 1 are index-
matched by the solvent, only particles 2 will scatter and information on particle 2 
distribution can be obtained. By varying, the solvent mixture ratio, particles 2 
can be index-matched and the particle 1 distribution can be determined. From 
both contributions, the intercorrelations between particle 1 and 2 can be 
extracted as shown in Figure 2. 
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Figure 1 Core-shell approach IM = index matching. 

O 2 

Figure 2 Contrast variation approach. 

With development of these experimental systems, there will be new routes 
available for the investigation of binary mixture phase and nucleation behavior. 
Such studies will eventually lead to investigations with more complicated 
interactions and a higher number of components. 

Core-Shell Approach 

Since 1959, Her patented the synthesis of core-shell particles [9], where 
there were discussions on particles with a silica shell and a core of different 
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materials, including clays, talc, alumina, zinc sulfide, and titania. There have 
been several studies using a variety of techniques to study the chemical and 
physical properties of coated titanium dioxide surfaces [10,11] including the 
deposition of silica on the surface of titanium dioxide [12]. 

To directly manipulate colloidal systems, optical trapping techniques have 
been recently developed and are based on the use of radiation pressure to 
manipulate individual colloidal particles [13]. In this, a single focused laser 
beam is used to trap a small colloidal particle in 3-dimensions and to prevent it 
from settling against gravity or diffusing in its solvent. For stable trapping, the 
trap must overcome the scattering forces destabilizing the trap [14]. In addition 
to trapping a few particles, multiple particles can also be simultaneously trapped 
by using multiple laser beams or by using a single scanning laser beam as shown 
by Mio and Man* [15]. With this technique, one can directly manipulate 
ensembles of colloidal particles. 

Experiments 

Since the extent of the trapping force depends on the mismatch between the 
particles and solvent, index matching between colloid and solvent would 
minimize the van der Waals attraction but would not allow optical trapping. A 
core-shell system could make this technique usable i f it were synthesized with 
materials of very different indices of refraction. A previous paper by 
Viravathana and Marr [16] describes the synthesis of silica-coated titania 
particles and estimates the required silica shell thickness needed to minimize the 
van der Waals attraction between spheres. 

The methods used in the synthesis of silica have been discussed by A l -
Naafa and Selim [17]. After obtaining both silica and silica-coated titania 
particles, the esterification was introduced by grafting polymer chains on the 
particle surface in order to prevent the aggregation. 

Transmission electron microscopy was used to characterize the particle size. 
There were two sets of particle size of charged and esterified silica, one was 
approximately 144 nm in diameter and the other was approximately 357 nm in 
diameter. In this colloid synthesis, it was possible to obtain silica particles more 
monodisperse than titania particles. Because of the polydispersity of the titania 
cores however, estimation of silica shell thickness was difficult and was only 
determined approximately as 80 nm for a titania core diameter of approximately 
565 nm. 

Particle trapping was performed using a NdrYAG laser of 532 nm at a 
power of 0.2 W. The beam was Gaussian in shape and vertically polarized with 
an initial diameter of 2.5 mm but focused down to a spot size of 1 μπι for 
trapping. To create various optical trapping patterns, the beam was scanned 
using a piezoelectric mirror at a frequency of 300 Hz. Experimental details are 
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presented by Mio and Marr [15] with sample preparation details found in 
Viravathana and Marr [16]. 

Results and Discussion 

To synthesize monodisperse core-shell colloids we must lower the core 
polydispersity which we may be able to achieve by improving the quality of our 
reagents or through physical separation methods. In addition, we believe that 
addition of the silica shell may tend to lower the overall polydispersity as seen in 
the pure silica synthesis. 

A picture of two core-shell colloids trapped and one core-shell colloid 
moving toward in order to complete a triangular pattern is shown in Figure 3. In 
order to verify that the silica shell was indeed index matched, mixtures of silica-
coated titania and pure silica particles in the silica index-matching solvents were 
prepared. In such index-matching solvents the core-shell particles could clearly 
be seen; however, the esterified silica particles were only faintly visible in index-
matched fluids and could not be trapped. 

For binary systems, in mixed systems of silica and silica-coated titania 
particles in index-matching solvents, the trapping of the silica-coated titania was 
certainly possible but needed to be performed quickly before particles adhered 
to the glass slide due to its high settling velocity. Settling of the dense core-
shell particles was perhaps the greatest experimental difficulty encountered in 
these experiments. Because a solvent of equivalent density is not available, 
future work should involve the synthesis of smaller colloids and the use of more 
viscous solvents to reduce settling velocities. 

Figure 3 Core-shell titania/silica particles in shell index-matching solvent 
optically trapped and viewed under a microscope. 
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Contrast Variation 

As discussed previously, to investigate colloidal systems using light 
scattering, there must be a difference in the index of refraction between colloids 
and their solvent. This is true for both single component and binary systems, 
where the index of refraction of both colloidal types must be different than the 
solvent index in order to scatter light. In addition, for a scattering approach to 
distinguish between two different kinds of colloids, there must be a difference in 
index of refraction between each. Our approach is to develop a system where 
one component is colloidal silica, chosen due to its availability in a large size 
range and the ability to prepare it with good uniformity. Since the other 
component in our mixture must have a slightly different index of refraction, we 
use a silica-based oxide due to its unique ability to readily form multicomponent 
silicates. 

The syntheses of multicomponent silicates have been discussed by Brinker 
[18], where the preparation of S i O r A l 2 0 3 , S i 0 2 - B 2 0 3 , and S i 0 2 - T i 0 2 has been 
briefly presented. The preparation of aluminosilicates has been of significant 
interest for the synthesis of mullite (3Al 2 0 3 -2Si0 2 ) . Although there have been 
relatively few fundamental investigations on the hydrolysis and condensation of 
such materials, there has been some study of the synthesis of A l 2 0 3 - S i 0 2 gels by 
hydrolysis of aluminosilicate ester at room temperature in acidic conditions [19]. 
Using these studies as a basis, we modify the preparation in order to form 
aluminosilicate sols, details of which are discussed in the following section. 

Because of a different density and the presence of A l , aluminosilicate 
particles have a refractive index slightly higher than silica. By now dispersing 
mixtures of aluminosilicate and silica colloids in solvent mixtures of differing 
index of refraction, the system contrast can be carefully varied. When the 
solvent mixture has a refractive index close to silica, silica particles will not be 
visible and only aluminosilicate particles will scatter. When the solvent is at a 
mixture ratio now matched for aluminosilicate, only pure silica particles will 
scatter. This contrast variation method will allow the investigation of each 
component individually in a binary mixture. 

Experiments 

As discussed above, there have been studies involving the preparation of 
silica-alumina particles [19-21] including aluminosilicate gels [21]. By 
modifying the gel synthesis procedures, we have prepared aluminosilicate sols 
by the reaction of aluminosilicate ester, di-s-butoaluminoxytriethoxysilane, in 
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water, catalyzed by ammonium hydroxide. Since the ester is immiscible in 
water, isopropanol must be present to act as a mutual solvent. The overall 
reaction occurs in two steps: 

Step 1 : Hydrolysis of the ester to acid: 

( c 4 H 7 0 ) 2 A l - 0 - S i ( 0 C 2 H 5 ) 3 + H 2 0 -> x C 4 H 7 O H + y C 2 H 5 O H 

+ ( C 4 H 7 0 ) 2 _ X (HO) x A l - Ο - S i ( 0 C 2 H 5 ) 3 _ y ( O H ) y 

χ = 0,...,2andy = 0,...,3 

Step 2: Dehydration of the acid to form amorphous aluminosilicate: 
( C 4 H 7 0 ) 2 _ X (HO) x A l - O - S i ( O C 2 H 5 ) 3 _ y ( O H ) y - * 

( c 4 H 7 0 ) 2 _ x 0 x A l - 0 - S i ( 0 C 2 H 5 ) 3 O y + 

2 
χ = 0,...,2and y = 0,...,3 

| H 2 0 

After obtaining both colloidal types, the esterification of silica and 
aluminosilicate particles was subsequently performed via the following surface 
reactions: 

SiOH + ROH ο SiOR + H 2 0 
and 
A l O H + R O H <-> A l O R + H 2 0 

where, R = Octadecyl. To remove excess octadecanol, the suspension was 
typically centrifuged at 4,000 rpm with warm (40°C) cyclohexane to separate the 
esterified particles from the excess octadecanol, and the supernatant discarded. 
T E M and DLS were used to determine that esterified silica particles of 
approximately 360 nm diameter and aluminosilicate particles of approximately 
240 nm diameter were obtained. The aluminosilicate was high polydispersity in 
particle size. 

To study the contrast variation model, we use scattering techniques for 
which the basic equations describing x-ray, neutron, and light scattering are 
similar. The basic theory of small angle scattering is given by Guinier and 
Fournet [22] and Krause [23] and discussed by Viravathana and Marr [24]. 
Specifically, a wide angle light scattering (WALS) apparatus was constructed 
allowing measurement of the scattering intensity over a range of 60-120°, 
equivalent to a q range of 0.01-0.017 nm"1. 
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To study binary systems, three different mixtures of known volume fraction 
of silica and aluminosilicate particles were suspended in solvents of different 
index of refraction. System 1 was of intermediate index solvent in which both 
particle types scattered light. System 2 is index-matched for silica (n = 1.45, 
density = 2.2) and system 3 is index-matched for the aluminosilicate silica (n = 
1.49, density = 2.1±0.2). 

In our studies, we used three solvents, including ethanol, benzene and 
cyclohexane and examined two kinds of particles, including charged and 
esterified colloids. Zeta potential measurements of silica and aluminosilicate 
particles in water show the decrease in surface potential after esterification. This 
illustrated the removal of some O H group at the particle surface and their 
replacement by octadecyl chains after the esterification reaction was performed. 
By removing surface charge through polymer grafting onto the surface, the 
charge-charge interaction between particles was significantly decreased and, 
when dispersed in nonpolar solvents, the particles hard-sphere like. For fully 
charged particles, O H groups at the surface induced a strong charge-charge 
interaction, providing long-ranged repulsions. When dispersed in nonpolar 
solvents, the charge-charge interaction decreased less than in the esterified 
systems. 

Results and Discussion 

In very dilute systems, the structure factor approaches unity and the 
scattering intensity is proportional only to the form factor. In order to measure 
the form factor and determine particle size, single component systems of dilute 
silica and aluminosilicate in ethanol were investigated. When the measured 
scattering curves were fitted to the form factor predicted for monodisperse 
spheres, particle sizes could be obtained. Similarly, the particle sizes of dilute 
mixtures of esterified silica and esterified aluminosilicate in various solvents 
could be measured and it was found that the particle size of the dilute mixture in 
benzene was higher than particle sizes from individual measurements. This 
indicated a tendency for particle aggregation as seen in previous studies [25] 
where it was mentioned that attractions were introduced in dispersions of hard 
spheres in benzene. For cyclohexane and ethanol solvents, particle sizes 
appeared smaller than in benzene, indicating the possibility of some aggregation. 

Light scattering measurements at higher concentration allow the 
determination of structure factors. Theoretical prediction of hard sphere mixture 
correlation functions [26] can then be used to compare to our experimental 
measurements as shown in Figure 4 to 6. Figure 4 shows the measured structure 
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Figure 4 Binary mixture of esterified silica esterified aluminosilicate in benzene 
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Figure 5 Binary mixture of esterified silica esterified aluminosilicate in 
cyclohexane 
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2.0 
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β · S 2 2 prediction 
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q (1/nm) 
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Figure 6 Binary mixture of esterified silica esterified aluminosilicate in ethanol 

factors of a binary mixture of esterified silica and esterified aluminosilicate in 
benzene, where a steep slope in S12 is evident. This shows the difference in 
structure between system 2 (for S22) and system 3 (for Sn). In system l(for SJ2), 
the mixture is suspended in pure benzene where there is a possibility for 
aggregation to occur [25]. Whereas, in systems 2 and 3, ethanol is added to the 
mixture for index-matching, changing the solvent and slightly modifying the 
particle-particle interactions. 

Our experimental results are lower in magnitude for Sn and S22 than results 
from thermodynamic calculation. This could be a result of our volume fraction 
values; in our experiments, the dispersion is initially dispersed but then 
sediments increasing the local volume fraction. As the laser passes through this 
location, the local volume fractions could be estimated. Predicted structure 
factors are computed using these estimated volume fractions leading to some 
error in the magnitude of Su and S22. 

From Figure 5, the experimental structure factors and the results from 
calculation for the mixtures of esterified silica and esterified aluminosilicate in 
cyclohexane is achieved. This difference between the two could arise from the 
volume fraction approximation as mentioned earlier, or from fluctuations in 
experimental data at high q where the scattering intensity is low leading to large 
errors after subtracting the background. 

In Figure 6, experimental results from the mixtures of esterified silica and 
esterified aluminosilicate in ethanol had similar magnitudes to predictions, 
however, there is a difference in the peak location. Here, we normalize the 
calculated curves by the radius obtained from the dilute mixed systems, which 
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may not be accurate. If we adjust the radius, we can bring the results from both 
approaches into an agreement. 

In the binary system with the long-ranged interaction, the mixtures of 
charged silica and charged aluminosilicate in ethanol, there were experimental 
difficulties due to large fluctuations from the measurements at low local density 
of the sample. O H groups at the silica surface will prevent close colloidal 
contact due to charge-charge interactions. Therefore, when light passes through 
the sample, it would result in less scattering. This hypothesis is based on the 
relatively large average lattice parameters determined for ordered single 
component silica colloids obtained from diffraction. 

Conclusions 

In this work we have chosen colloids for the development of experimental 
models for the investigation of binary systems. With their variable surface 
properties and dispersing behavior in solvents, colloidal particles can represent 
theoretical models with both short and long-ranged interactions. Two models 
have been developed to investigate the structure of binary systems using two 
different experimental techniques. 

One technique we have used is optical trapping, which requires a mismatch 
in refractive index between particles and solvents. In order to have a short-
ranged interaction however, the difference in index of refraction between 
particles and solvent must be minimized. Two different kinds of colloids were 
therefore prepared, including silica and silica-coated titania, known as a "core-
shell" model. With the index of refraction mismatch between the solvents and 
the titania core, core-shell particles are trappable, and by index-matching the 
silica shell with the solvent, the interactions remained short-ranged. Preliminary 
investigations via optical trapping were performed in mixtures of silica and 
silica-coated titania particles suspended in silica index-matching solvents. It was 
found that core-shell particles could be clearly seen and were trappable; whereas, 
the silica particles were only slightly visible and could not optically manipulated. 

In these studies, however, some difficulties were encountered. For example, 
due to the high density of the core-shell colloids, particles quickly settled and 
adhered to the glass surface. Since the particle density is so high, there is no 
equivalent-density solvent available. For future work, in order to overcome 
difficulties during trapping, smaller silica-coated titania particles and more 
viscous solvents should be used to decrease settling velocities. 

The other technique we have investigated is light scattering, once again 
requiring an index-mismatch between particles and solvents. To experimentally 
investigate binary mixtures using this technique, one must have two colloidal 
types each with a slight difference in refractive index, known as a "contrast 
variation" model. For these studies we have selected silica and aluminosilicate. 
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Since their refractive indices are slightly different, by index matching for silica, 
information on the aluminosilicate distribution could be determined. In the same 
way, by index matching for aluminosilicate, the silica distribution could be 
studied. 

To investigate binary mixtures, both kinds of colloids were dispersed in 
different solvents. Mixtures of esterified silica and esterified aluminosilicate 
were dispersed in benzene, cyclohexane, and ethanol. The behavior of esterified 
silica and esterified aluminosilcate mixtures in benzene was shown to be 
different than the same mixture dispersed in cyclohexane and ethanol. This was 
likely due to an aggregation that occurred in benzene, while there was no 
evidence for aggregation in cyclohexane and ethanol. 

To validate some of our experimental observations of short-ranged 
interaction systems of silica-silica, aluminosilicate-aluminosilicate, and silica-
aluminosilicate, we have compared our results to calculated values for binary 
hard sphere mixtures. It was found that mixtures in ethanol provided the best 
agreement, while mixtures in benzene and cyclohexane showed relatively large 
deviations from calculated values. For grafted-polymer stabilized colloidal 
particles, chain-solvent interactions are an interesting issue for further studies. 
These interactions can be altered by changing dispersing solvents or by changing 
temperature. In our studies, we have observed for these colloid types different 
behavior when they were dispersed in different solvents. Previous investigations 
have shown evidence of esterified silica in benzene showing an effective 
attraction on lowering temperature [25], changing particle behavior from hard 
sphere to adhesive hard sphere like. Such studies could be expanded for binary 
mixtures. By slowly changing the temperature of stabilized colloidal mixtures 
dispersed in a specific solvent, variation in the phase behavior as attractive 
interactions are slowly introduced could be studied. 
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Chapter 4 

A New Wetting Polymer for Magnetic Dispersions: 
Methyl Acrylate and 2-HydroxyI Ethyl Acrylate 

Copolymers 

Meihua Piao1, Shukendu Hait2, David M. Nikles3, 
and Alan M. Lane1 

MINT Center and Departments of 1Chemical Engineering and 3Chemistry, 
The University of Alabama, Tuscaloosa, AL 35487 

2Department of Chemistry and Geochemistry, Colorado School of Mines, 
1500 Illinois Street, Golden, CO 80401 

Abstract 

A new wetting binder, methyl acrylate and 2-hydroxyl ethyl acrylate 
copolymer was synthesized and characterized for its ability to disperse magnetic 
particles in an organic solvent and compared to the commercial binder MR110. 
The effects of the amount of functional group and the binder molecular weight 
were studied. For this new binder, the functional group is a hydroxyl group that 
attaches to the particle surface. It is observed that the optimum amount of 
hydroxyl group is 5 mol%, and the molecular weight of the polymer has less 
significant effects on dispersion quality than the amount of functional group. 
The results suggest that the hydroxyl group is not such a strong functional group 
as the sulfonic group in MR110. 

© 2004 American Chemical Society 41 
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Introduction 

The stability of a magnetic dispersion is determined by the adsorption 
of polymer molecules from solution onto particle surfaces and their 
conformations in the adsorbed state. The importance of the conformation of the 
adsorbed polymer was first recognised in 1951 by Jenckel and Rumbach, who 
suggested a " loops and trains*1 model to describe the adsorption behavior. It is 
also recognized that the segment density distribution is very important for steric 
stabilization. In other words, the distribution of trains, loops and tails is 
important for dispersion stability (1,2). 

It is generally accepted that the interaction between polymer and 
particle surface is primarily a base and acid interaction (3-5). Therefore, in order 
to obtain a good dispersion, it is necessary to introduce functional groups in 
polymer molecules. A binder should have an optimum amount of functional 
groups. If the concentration of functional group is low, the train density is low 
resulting in low surface coverage. Consequently, this reduces the stability of 
magnetic dispersions. If the concentration of functional group is high, the 
functional group not only acts as an anchor group, but also exists in the loop and 
tail part of the adsorbed polymers, which causes gelation because of the strong 
hydrogen bonding interaction between the functional groups in the loops and 
tails (6). 

According to the results of Kim et al. (7) and Sumiya et al. (8), a 
medium molecular weight polymer results in an improved and more stable 
dispersion. If the polymer molecular weight is low, the molecule is too short to 
provide good steric barrier since the loops and tails are reduced in this case. If 
the molecular weight is high, the long molecular chains cause entanglements or 
bridging effects hindering the orientation of particles, which is harmful to 
magnetic properties of the dispersion. Therefore, there exists an optimal 
molecular weight for binders. 

MR110 is the most commonly used binder in commercial magnetic 
coatings. It has 0.7 wt% sulfonic acid groups, 0.6 wt% hydroxyl groups, and 3.0 
wt% epoxy components. And the active functional group is sulfonic acid and 
hydroxyl which interact with the surfaces of the magnetic particles by acidic and 
basic interaction (9). From the point view of environment protection, MR110 is 
hazardous because it contains chloride. Our aim is to find an environmentally 
friendly polymer to replace the PVC copolymer as the binder in a magnetic 
dispersion system. Arcylate polymers are chosen because they do no harm to the 
environment and they dissolve in green solvents, such as ethyl lactate. In order 
to introduce functional groups, we used methyl arcylate and 2-hydroxyl ethyl 
acrylate (CPA), in which hydroxyl group is the anchor group. We regard MR110 
ink sample as the model system to compare the quality of dispersions made by 
CPA polymers. 
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Experimental 

2.1 Dispersion 

The magnetic particles in this study were Co-y-Fe203, with length 350 
nm, density 4.8 g/cm 3 and aspect ratio 6. The binders were C P A polymers 
synthesized and characterized in our lab. The only difference between these 
C P A polymers is the monomer ratio, which leads to different concentrations of 
functional groups as shown in Table 1. Cyclohexanone was chosen as the 
solvent for its low volatility and its good solubility to C P A polymers. A l l the 
dispersions were milled in a ball mill for 48 hours. 

There are two series of samples. The first series is used to investigate 
the optimum amount of functional group, including CPA1.5, CP A3 , CPAS, 
CPA8, in which the numbers refer to the mole concentrations of functional 
groups. And the second series is for studying effects of molecular weight, 
including CPA5-01, CPA5-02, CPA5-03, CPA5-04, corresponding to molecular 
weight from low to high. 

2.2 Characterization 

Rheological measurements including linear viscoelasticity and steady 
shear viscosity were done with an A R E S cotrolled shear strain rheometer with a 
truncated cone and plate geometry (50 mm diameter, 0.0392 rad cone angle). It 
was equipped with a solvent cover to minimize evaporation. The magnetic 
measurements were made using an A C susceptometer built in our laboratory. 

Results 

3.1 Optimize the concentration of hydroxyl group 

Figure 1 shows the frequency dependence of storage modulus for the 
first series. A l l the samples are relatively independent of frequency. Storage 
modulus represents the elasticity of the system. The independence of G ' on 
frequency means solid like behavior. For magnetic dispersions, this behavior 
results from network structure formed by the magnetic interaction between 
aggregates or floes, which is counteracted by the steric barrier provided by 
polymer adsorption (10,11). The increase of polymer adsorption enhances the 
steric barrier that weakens the structure. If the polymer adsorption does not 
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Table I. Functionality and inherent viscosity of CPA polymers. 

Sample Functionality (mol%) inherent Viscosity (dl/g) 

CPA1.5 1.5 0.49 
CPA3 3.0 0.27 
CPA8 8.0 0.39 
CPA5 (CPA5-02) 5.1 0.57 
CPA5-01 5.7 0.46 
CPA5-03 5.1 0.66 
CPA5-04 5.5 0.80 
MR110 0.37 

k5 

A CPA1.5 
• CPA3 
Τ CPA5 
• CPA8 
• MR110 

, 4 é . . 111111 : : :\\\\[! 

ι — ι — — 
0.01 0.1 1 10 100 

ω (rad/s) 

Figure 1. Frequency dependence of storage modulus of magnetic inks in the first 
series. 
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provide sufficient surface coverage, the particles form big aggregates. When the 
adsorption get worse, the dispersion become poorer or even not dispersed at all, 
leading to closely packed aggregates. In this situation, the G ' value is expected 
to be extremely high due to its closeness to a solid. As one observed that MR110 
ink has the smallest G f value resulted from relatively good polymer adsorption. 
CPAS has the closest G f to MR110 ink. CPA1.5 has a higher G ' than that of 
CPA5, which may come from the relatively big aggregates because of 
insufficiency of functional group. For CAP8, its excessive amount of functional 
group strengthens the network structure by strong hydrogen bonding between 
functional groups in loops and tails, which is responsible for its high G ' value. 
The extremely high G f value of CPA3 could result from the closely packed 
aggregates, since it has both low functionality and molecular weight. 

Steady shear viscosity data is represented in Fig. 2 and Fig. 3. It is 
observed that all C P A samples but CPAS have shear thickening behaviors at 
relatively high shear rate. Especially, CPA8 has two shear thickening regions 
while others have one. MR110 shows typical shear thinning behavior. The shear 
thickening results from big aggregates in the system, which can be explained by 
the order to disorder transition mechanism (12). In the case of CPA8, the second 
shear thickening may be from the shear induced gelation due to its excessive 
amount of functional group. When the distance between aggregates becomes 
close, the opportunity for collision of the functional group in loop and tail 
increases, leading to gelation. 

Transverse susceptibility characterizes the dispersion quality by 
probing the way the material responds to the external magnetic fields. Individual 
particles or small aggregates correspond to the change of field easily, which 
increases the magnitude of transverse susceptibility and enhances the height of 
peak. If the particle loading is similar, which means the impact from 
neighboring particles is similar, the high transverse susceptibility means more 
individual particles or small aggregates, which in turn means good dispersion. 
The details of this equipment can be found in (13). In Fig. 4, the transverse 
susceptibility result is illustrated, where one can see that the magnitude of 
transverse susceptibility of MR110 is the highest. Then come CPAS, CPA8, 
CPA1.5 and CPA3 respectively. It is reasonable to say that CPAS has the best 
dispersion among C P A inks although it is worse than MR110 ink. One thing 
needs to be paid attention is that CPA3 has no peak, which is similar to the 
profile of dry magnetic powder. Thus, CPA3 has the worst dispersion quality, 
which is consist with the rheological results. 

From the results above, we can conclude that CPAS is the best binder 
among all these C P A polymers, although it is inferior to MR110. This result is 
consistent with the result obtained by Nakamae et al.(6). They found that at the 
optimum value of the magnetic properties, the amount of functional group was 
4-6 mol% for O H group. 
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Figure 2. Steady shear viscosity of magnetic inks in the first series (plotted 

together). 
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Figure 3. Steady shear viscosity of magnetic inks in the first series (plotted 
individually). 
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3.2 Effect of polymer molecular weight (MW) 

When looking at the inherent viscosity data (Table 1), we find that 
inherent viscosity of CPA5 polymer is not only the highest among these C P A 
polymers, but also higher than that of MR110. It provides us a clue that it is 
possible to improve the properties of CPAS polymer as a binder for magnetic 
dispersion by changing its molecular weight. To probe these results in detail, 
several C P A polymers with 5 mol% of O H group and different molecular weight 
represented by inherent viscosity were synthesized as shown in Table 1, where 
CPA5-01 has the lowest inherent viscosity, CPA5-04 has the highest, and those 
of CPA5-02 and CPA5-03 are in between. 

In Fig. 5, the frequency dependence of storage modulus is depicted. 
The G* of all these ink samples are very similar both in magnitude and the 
independence of frequency, which means they may have network structure and 
the strength of their structures is similar. But their G 1 values are still larger than 
that of MR110 ink. Referring to the discussion in section 3.1, this implies the 
dispersion quality of MR110 is better than that of C P A polymers. 

Figure 6 represents the steady shear viscosity of the second series. The 
magnitudes of the steady shear viscosity of all CPAS inks are close. And CPA5-
01, CPA5-03 and CPA5-04 show a shoulder at about the same shear rate. Big 
aggregates are hard to be orientated under shear. With the increment of shear 
rate, the structure perpendicular to shear direction begins to break. Since big 
aggregates encounter higher resistance, leading to the small shoulder in viscosity 
profiles. Compared to the first series, there is no shear thickening, which 
indicates that size of aggregates of the second series is smaller than that of the 
first series. The following shear thinning comes from the orientation and 
breakage of aggregates. 

Figure 7 describes the transverse susceptibility results for the second 
series. CPA5-02 has the highest transverse susceptibility, then come CPA5-01, 
CPA5-03 and CPA5-04 respectively. As one can see from Table 1, CPA5-02 
and CPA5-03 have same amount O H group while having different molecular 
weight. In their case, high M W results in low transverse susceptibility. And 
CPA5-01 and CPA5-04 have similar amount of O H group but different M W . 
Again, higher M W one has lower transverse susceptibility. Although CPA5-01 
has lower M W , its O H group is more than that of CPA5-02, which results in its 
lower transverse susceptibility than that of CPA5-02. 

Discussions 

For the first series of experiments, the results indicate that 5 mol% is 
the optimal amount for O H group. If the amount of functional group is too 

American Chemical Satiety 
Library 
1155 îetfisu&w. 
Washington, D.C 20MB 
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Figure 4. Transverse susceptibility of magnetic inks in the first series. 
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Figure 5. Frequency dependence of storage modulus of magnetic inks in the 
second series. 
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Figure 6. Steady shear viscosity of magnetic inks in the second series. 
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Figure 7. Transverse susceptibility of magnetic inks in the second series. 
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small, the train density decreases. Then the insufficient surface coverage of 
particles produces big aggregates in the system, which results in the shear 
thickening. While there exists excessive amount of functional groups, it causes 
gelation leading to high G* value and shear thickening at high shear rate as in the 
case of CPA8. But comparing to low functionality sample, the surface coverage 
of high functionality sample is better which results in smaller aggregates than 
the former, as represented by higher transverse susceptibility. In the case of 
CP A3, since both of its amount of functional group and molecular weight are 
low, the dispersibility of binder decrease a lot. Thus, the ink dispersed by CP A3 
is similar to dry power depicted by transverse susceptibility test. For the 
second series, functional groups of all these binders are close to the optimal 
amount, which makes them show similar behavior at rheological measurements. 
However, the difference is still observed from magnetic tests. When comparing 
CPA5-01 with CPA5-02, the amount of functional group has more significant 
effect on dispersion than MW, which is conformed by the relation of the amount 
of functional group with MW in the first series. When the amount of functional 
group is close, the high MW binder has low dispersibility. It may imply that 
decrease MW could improve dispersion. But there should be optimum MW 
because if MW is too low, it can not provide sufficient steric barrier. Our future 
work will include finding the optimum MW. 

The polymer we synthesized is inferior to MR110 as a binder in the 
magnetic dispersions. There may be two reasons. One is the content of 
functional group. MR110 has various functional group i.e. S04, epoxy and OH, 
while CPA polymers have only OH group. OH is much weaker than S04 as a 
functional group, which means its interaction with particle surface is also 
weaker. And S04 occupy larger area than OH, which aids to increase the steric 
barriers. Sakai et al. (15) mentioned that when polymers are doped with strong 
functional group like sulfonic acid, the dispersion quality is improved. It is very 
possible that die inferiority comes from the weakness and smallness of 
functional group. The other reason is the higher MW of CPA5 than that of 
MR110. But according to the experiments, the effects from MW are not as 
significant as concentration of functional group. Thus, this is not the determinant 
factor. 

Conclusions 

From discussion above, it is conclude as follows: 
(1) The concentration of functionality has more significant effect than 

molecular weight on dispersions. 
(2) When the amount of functional group is same, low molecular weight binder 

has better dispersion quality than high molecular weight one. 
(3) In order to obtain a good dispersion, the functionality and molecular weight 

should reach their optimal values. 
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(4) The weakness and smallness of hydroxyl group may be the main reason for 
the inferiority of C P A polymer to MR110 as a binder for magnetic 
dispersions. In order to have comparable dispersion quality with MR110, it 
may be necessary to introduce some strong functional group in C P A 
polymers. 
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Chapter 5 

Techniques for Measurements in Concentrated 
Systems: Applications of Electromagnetic Scattering 

and Ultrasound 

Vincent A. Hackley 

Materials Science and Engineering Laboratory, National Institute 
of Standards and Technology, Gaithersburg, MD 20899-8520 

Concentrated suspensions present a number of technical 
challenges for characterization and monitoring of the solid 
phase. Recent developments have provided the means to 
analyze many concentrated systems directly at solids loadings 
more closely resembling process conditions. This paper 
provides a general overview of four techniques: diffusing 
wave spectroscopy, ultra-small-angle x-ray scattering, 
acoustic spectroscopy and electroacoustics. Consideration is 
given to their particular advantages, limitations and 
applications. 

The level of interest and amount of research activity in techniques for 
concentrated suspensions has grown rapidly during the past decade. Since many 
industrial applications of suspensions (see Table I) involve high solids loadings, 
there is a practical niche for measurement tools that can alleviate the need to 
dilute samples prior to analysis; dilution can shift chemical equilibria and may 
alter the physical state of the dispersed phase. Furthermore, there is a desire to 
have measurements that can be adapted to a process environment to permit real-

52 © 2004 American Chemical Society 
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Table I. Some Key Industrial Applications of Concentrated Suspensions 

Chemical mechanical planarization 
Structural ceramic components for 

advanced engines 
Multilayer ceramic microelectronic 

packages 
Food emulsions & colloids 
Oil-water emulsions in petroleum 

industry 

Magneto-rheological fluids 
Physical sunscreen formulations 
Pigments and paints 
Inks and toners 
Phosphor coating slurries 
Pulp and paper products 
Cements 
Sol-gel applications 

time monitoring of suspension properties. Given recent developments in both 
theory and instrumentation, these no longer represent unreasonable 
expectations. 

In order to address these needs, techniques must contend with a number of 
challenging technical issues that can impact metrology in concentrated 
suspensions, such as particle interactions, multiple scattering effects, optical 
opacity, high viscosities, and a corrosive or abrasive nature. In addition, 
measurements are often required under dynamic conditions in order to monitor 
processes such as agglomeration, coalescence, and creaming. 

A broad array of techniques is available for characterization of colloidal 
and fine particulate phases in highly loaded systems. A number of these 
methods are now commercially available, but many remain in the realm of 
academic research. Presently, it would not be possible to provide more than a 
cursory discussion of each method. Therefore, this paper wil l focus on just four 
techniques that should be of particular and broad interest: diffusing wave 
spectroscopy (DWS), ultra-small-angle x-ray scattering (USAXS), acoustic 
spectroscopy and electroacoustics. Except possibly U S A X S , these techniques do 
not represent mature technologies; they are, in fact, still evolving to meet the 
demands of real world applications. Furthermore, each technique is capable of 
providing a different type of information relating to a different aspect of 
concentrated systems over various time and/or length scales. 

This paper provides a brief overview of the underlying principles, 
uniqueness, limitations and required inputs for each technique. In each case, 
examples are given that demonstrate the unique capabilities. 

Diffusing Wave Spectroscopy 

Dynamic light scattering (DLS), or photon correlation spectroscopy (PCS), 
is a commercially established laser scattering method, widely utilized in the 
single-particle scattering regime to probe the dynamic properties of colloidal 
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time 

Figure 1. Stylized illustration of diffuse scattering and basic measurement 
set-up for DWS in transmission mode. Dotted circles indicate particle motion. 

FO: fiber optic, PM: photomultiplier. (after Ref 8) 

systems and to determine the hydrodynamic size of scatterers undergoing 
Brownian motion ( i ) . While in conventional DLS the sample is highly dilute 
(and therefore nearly transparent), diffusing wave spectroscopy (DWS) extends 
DLS to more turbid media (2, 3). In fact, DWS exploits the multiple scattering 
condition of more concentrated systems by treating the transport of light through 
the medium as a diffusion process (see Figure 1). Using this approximation, the 
intensity autocorrelation function of diffuse scattering can be determined in 
backscatter or transmission geometry, and the dynamics of the underlying 
system extracted. DWS, a technique largely pioneered by the Weitz research 
group at Harvard, is appropriate for many concentrated weakly absorbing 
systems, including suspensions and polymer gels. 

In DWS the diffusely scattered light is measured over short time intervals, 
of the order of ns to μβ. The measured intensity autocorrelation function, 
g2(T)=<I(0I(^))/(I(0)2> the Fourier transform of the Doppler power spectrum, 
can be related to the mean square displacement (Δι2) of the scatterers as a 
function of delay time τ. The characteristic hydrodynamic relaxation time τ 0 is 
determined from analysis of the correlation function. For non-interacting 
colloidal systems, τ 0 is related to the translational diffusion coefficient through 
the Stokes-Einstein equation, D 0=kT/6^RH=(l/To)ko 2, where η is the medium 
viscosity, R H is the hydrodynamic radius and ko=2nnik is the wavenumber (n is 
the medium refractive index and λ is the laser wavelength in vacuum). 
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This relation holds for hard spheres (e.g., well screened electrostatic 
interactions) up to moderate concentrations (volume fractions of 10-20 %) (J). 
In more concentrated or strongly interacting systems, or for very small particles 
(where ko* d ~ 1), interparticle hydrodynamic interactions and structural 
correlations can complicate the interpretation of DWS data. To account for these 
effects, hydrodynamic and static structure factors must be determined or 
calculated independently from the DWS experiment (4). 

Since each photon is scattered by a large number of particles before 
reaching the detector, each particle must only move a very small fraction of a 
wavelength in order for a measurable intensity fluctuation to result. As a 
consequence, DWS probes particle motion on very short length scales of order 
1 nm or less (5). Also, by virtue of the diffusion process, all angular dependence 
is lost, so DWS cannot provide specific information on the Q-dependence 
[scattering vector Q=2n/X (sin Θ/2), where 20 is the scattering angle] of the 
dynamics. A n important parameter in DWS is the transport mean free path /*, 
which characterizes the average distance a photon must travel in the medium to 
randomize its direction (2). The so-called scattering strength III* depends both 
on particle size and volume fraction, and determines transmittance through the 
medium. The dependence of 1//* on size is weak for particles larger than about 
100 nm (calculated for λ ~ 500 nm), but 1//* decreases rapidly below 100 nm, 
establishing a lower size detection limit for DWS (J). 

D W S Applications 

Two industrially important and well-studied applications for DWS are sol-
gel transitions in colloidal suspensions and optical microrheology. Although 
commercial application as a research tool appears promising, DWS seems less 
practical for process applications. 

Sol-Gel Transition 

In colloidal gels, the scattering particles are localized to fixed averaged 
positions, but are still able to perform limited (sub-diffusive) motion over very 
small length scales (on the order of a few Â). In this case, the particles are 
nonergodic; that is, the measured time-averaged correlation function is no 
longer equivalent to the calculated ensemble-averaged correlation function (6), 
thus complicating interpretation. In order to achieve suitable ensemble 
averaging in nonergodic media, Romer and coworkers (6-8) at the University of 
Fribourg have recently developed a novel cell design. 
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Two slab-like glass cells are placed back-to-back with DWS in transmission 
mode. The first cell contains the nonergodic sample (i.e., gelling system under 
study), while the second cell contains an ergodic medium with slow exponential 
dynamics and moderate turbidity (7). The purpose of the second cell is merely 
to average the signal from the first cell. In their initial study, Romer et al. (7) 
used a 1.5% suspension of 810 nm polystyrene spheres in a water/glycerol 
mixture for the second cell. In the 2-cell configuration, the measured correlation 
function is the product of the individual correlation functions for the two cells. 
Therefore, the dynamics of the nonergodic system can be extracted by dividing 
the measured 2-cell autocorrelation function by the previously determined 
correlation function for the ergodic cell. Using this method, Romer et al. (7) 
followed the changing dynamics during enzyme-catalyzed gelation of a 
suspension of 298 nm polystyrene at a volume fraction of 20 %, from freely 
diffusing non-reactive particles to space-filling elastic gel. In a subsequent study 
(8)9 40 % volume fraction alumina suspensions were destabilized by enzyme-
catalyzed hydrolysis of urea. In this case, two modes of destabilization were 
examined: pH-shift and electrostatic screening, both of which can be induced by 
enzyme catalysis under appropriate conditions. For pH-shift, formation of a 
space filling gel network is indicated by the appearance of a plateau in the 
measured DWS autocorrelation function at long times. The plateau results from 
persistence of diffusional correlations due to the restrained motion of particles 
attached to the gel network. For gels formed by electrostatic screening, the 
plateau appeared prior to the percolation threshold. The authors attributed 
differences in dynamic behavior to variations in the aggregation kinetics 
associated with the two modes at different stages of the destabilization process. 

Optical Microrheology 

DWS can also be used to measure the microscopic viscoelastic behavior in 
complex fluids and elastic gels (5, 9-11). In one adaptation of this technique, 
tracer particles are mixed into an otherwise transparent polymer gel at 
concentrations that provide for diffusive scattering. The correlation function 
gives (Δτ 2) for the embedded particles as a function of the correlation time, from 
which the local storage G'(o>) and loss G "(ω) moduli can be calculated. 

In a purely viscous medium, the tracer particles undergo free diffusion and 
(At2) should scale linearly with correlation time. Here, the local viscosity of the 
medium can be determined using the standard Stokes-Einstein relationship. By 
contrast, in a purely elastic (solid-like) medium, the particle motion wil l be 
constrained, and (Δτ 2) will reach a plateau value determined by the elastic 
modulus. In this latter case, the storage or elastic modulus is related inversely to 
(Δτ 2) and particle size of the tracer: G'(Û>) ~ kT/(Ar 2

p l a t e a u ) . In a visco-elastic 
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medium, such as P V A gel, the material exhibits aspects of both types of 
behavior. In this case, frequency-dependent moduli can be obtained from the 
measured (Ar2) using a form of the generalized Stokes-Einstein equation (9). By 
combining DWS with DLS (using dilute tracers) the Weitz group has been able 
to obtain shear moduli covering 6 decades in frequency, and demonstrated 
excellent overlap with data obtained by macroscopic shear rheology over the 
limited experimental frequency range accessible by the latter technique (10). 

Ultra-Small-Angle X-ray Scattering 

Because of the penetrating nature of x-rays in condensed matter, 
measurements can be performed at relatively high solids concentrations. Like all 
diffraction or scattering phenomena, the angle of scattering varies inversely with 
the size of the inhomogeneity or feature giving rise to the scattering event. In 
conventional small-angle x-ray scattering (SAXS) the angles involved (less than 
a few tenths of a degree) permit analysis of structural features on a scale 
relevant to colloidal systems (roughly 1 nm to 100 nm). Coupled with 
appropriate functions for the particle form factor P(Q) and interparticle structure 
factor S(Q), particle size, size distribution and interparticle structure and 
periodicity can all be extracted from a single measurement or an appropriate 
combination of measurements (12). The development of maximum entropy 
methods has further improved the interpretation of S A X S data by reducing 
model bias and removing assumptions about the form of the particle size 
distribution (13). 

x-ray imaging 
camera 

photodiode 
detector 

x-ray beam direction 

sample 

S i (111) 
analyzer 
crystals 

Si (111) 
collimating 

crystals 

I 
2D slits 

Figure 2. Double-crystal slit-smeared Bonse-Hart USAX camera at APS. 
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More recently, the development of ultra-small-angle x-ray scattering 
(USAXS) has extended the accessible length scales into the micrometer range, 
permitting the characterization of more complex systems with multiple levels of 
structure and the detection and characterization of oversize particles and 
aggregates (14-16). Although U S A X S is available to researchers through large 
user facilities, it is not easily accessible for the routine analysis of materials. 
Irregardless, U S A X S provides a unique research tool for investigative studies of 
concentrated systems and processes covering a range of length scales not easily 
achieved by other methods. 

The National Institute of Standards and Technology U S A X S facility at the 
Advanced Photon Source (APS) at Argonne National Laboratory, part of a co-
managed user facility known as U N I C A T (15, 16)9 consists of a double-crystal 
Bonse-Hart camera in slit-smeared configuration and an effective pin-hole 
collimated system for measurements in anisotropic systems (but with reduced 
intensity and range). The beam source is the 33ID injection device at the A P L 
synchrotron. The distance from the source optics to the U S A X S camera (shown 
in Figure 2) is about 60 m. Once in the camera optics, the beam passes through a 
pair of 6-reflection Si( l 11) collimating crystals, an ion chamber for monitoring 
beam intensity, and finally the test sample. The analyzer crystals are scanned 
through and away from the Bragg diffraction angle to give the scattered 
intensity as a function of the scattering vector Q. As a result of the multiple 
reflection geometry, the rocking curve width is less than 4 arc seconds, giving a 
band-pass of less than 1 eV, thus dramatically reducing the background within 
the ultra-small-angle scattering regime. The photodiode detector has such a wide 
range of linearity (many decades) that the direct beam intensity can be measured 
with and without the sample present, allowing for an absolute intensity 
calibration from first principles negating the need for scattering standards (77). 

For the 33-ID injection device beam line, a continuous energy range from 
4 keV to 40keV is available. However, the U S A X S camera can accommodate 
from 5 keV to around 20 keV, and studies typically run at 10 keV corresponding 
to a wavelength of about 0.124 nm. The practical scattering vector range in the 
slit-smeared configuration is from about 0.0015 nm"1 to 5 nm"1. This Q-range 
represents over 3 decades in length scale, from about 1 nm up to about 2 μπι. In 
principle, higher Q values (smaller length scales) are possible with this setup, 
however in practice signal-to-noise issues reduce the upper range. The effective 
pin-hole setup, which uses an additional pair of collimating crystals, permits 
measurements in anisotropic materials and significantly simplifies the beam 
geometry and removes the need for desmearing, but at the cost of roughly a 
decade loss in both beam intensity and lower length scale cutoff (Q ~ 0.5 nm"1). 

The main advantages of using the synchrotron as an x-ray source, compared 
to a conventional rotating Cu anode, are two-fold. Much higher beam intensities 
are possible (around 4 χ 10 1 0 photons per mm 2 per second at the sample 
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position), increasing sensitivity especially at the higher Q-range where the 
scattered intensity is generally low, and wavelength selectivity is possible. 

U S A X Applications 

Computational methods to deal with particle size distribution and 
concentration effects, and also to recognize and interpret features associated 
with "characteristic" agglomerate and gel morphologies, continue to be 
modified and improved at various research institutions. Recently, these methods 
were applied to study the formation of agglomerates during the drying of yttria-
stabilized zirconia nanosuspensions under varying pH conditions (18). The 
analysis of different Q-ranges in the slit-desmeared U S A X S curves provides 
insight into both the agglomerate structure and the underlying formation 
mechanisms in this system. Scattering from primary particles, particle surfaces, 
agglomerate mass fractals and agglomerate surface structures can be identified 
in a single U S A X S curve, providing structural information on many length 
scales. Similarly, pore size distributions, ranging from the nanopore regime to 
the macropore regime, have been characterized simultaneously in colloidal silica 
gels using U S A X S (15). Inputs for U S A X S are generally minimal, and may 
include the x-ray absorption cross-section for the test materials. 

Acoustic Spectroscopy 

Acoustic spectroscopy, in the present context, refers to the measurement of 
the attenuation and/or velocity of compression waves in multiphase fluids at 
ultrasonic frequencies. These frequency-dependent parameters are characteristic 
of the propagating material and can be related to its physical properties (e.g., 
particle size, density, composition, viscosity). There are certain analogies with 
optical absorption and scattering; however, one key difference is that sound 
waves interact much more weakly with condensed matter, thus providing 
penetrating capabilities for analyzing concentrated opaque suspensions. 

The interactions of high-frequency sound with suspensions containing a 
dispersed solid or semi-solid phase can be very complex in nature, and may 
involve multiple loss mechanisms. Dukhin and Goetz (19) have summarized the 
possible loss mechanisms as follows: 1. visco-inertial: dissipation via viscous 
drag and inertia due to density contrast between dispersed and continuous 
phase; 2. thermal: thermodynamic coupling of pressure and temperature leads to 
dissipation as heat when differences in thermal properties exist between 
dispersed and continuous phase; 3. scattering: redirection of acoustic waves 
away from receiver; 4. intrinsic (bulk): loss due to molecular level interactions 
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in the pure phase; 5. structural: dissipation attributed to network oscillations, for 
example in gels; 6. electroacoustic: coupling of the electric and acoustic fields 
in suspensions of charged particles. 

Fortunately, in many cases, a single loss mechanism dominates attenuation 
to the extent that the others can be ignored. Electrokinetic losses are always 
insignificant in this respect. Structural losses, although ill-defined, are probably 
only important in highly interconnected structures and at dense particle 
packings, and are thus generally ignored. Intrinsic losses are established for 
common bulk materials and can be easily measured in the case of pure liquids. 
The remaining three mechanisms, viscous, thermal and scattering, are 
considered important for acoustic spectroscopy in colloidal systems. 

For high density-contrast systems (Δρ > 1), like colloidal ceramic powders 
dispersed in an aqueous medium, the visco-inertial term dominates in the 1-
100 M H z range, and thermal and scattering losses can be ignored. Scattering 
becomes increasingly important for particles larger than about 1 μιη and at high 
frequencies, and is the dominant loss mechanism for particles larger than about 
10 μπι. For low Δρ materials, like emulsions and food colloids, thermal 
dissipation is typically the dominant loss mechanism (20), although in some 
cases (e.g., polymer latex) both visco-inertial and thermal losses may contribute 
significantly to attenuation. A large amount of research has been done on low 
Δρ systems, mainly because of their importance in the food industry, where 
acoustic techniques have been widely implemented (21). More recently, 
commercial devices have targeted high Δρ systems. A n advantage of acoustic 
devices in general is their rather robust sensors and their capability to analyze 
flowing systems, making them potentially useful for on-line monitoring 
applications (22). 

Attenuation and velocity can provide information about particle size and 
size distributions, dispersed phase concentrations, phase transitions, percolation 
thresholds, creaming and sedimentation, and other processes that modify the 
physical properties of the dispersed phase or lead to phase segregation. For 
particle sizing in high Δρ systems, the main input parameters are bulk density 
and volume fraction for each phase. For low Δρ systems, in addition to density 
and volume fraction, the thermophysical properties are required as inputs (i.e., 
thermal conductivity, specific heat capacity, thermal expansion coefficient) 
(23). 

For particle sizing applications, attenuation is a more sensitive parameter 
than velocity. Currently used models for interpreting or predicting attenuation 
spectra in the M H z range are based on either "scattering" (20, 21, 24) or 
"coupled phase" approaches (19, 23, 25). In both treatments the medium is 
defined as an incompressible Newtonian fluid and the dispersed phase is 
regarded as an isolated spherical particle. The models differ primarily in the 
manner in which they account for higher order effects (e.g., particle-particle 
interactions). A comparison of models is complex and beyond the present scope. 
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It suffices to state that the efficacy of different models can depend on the 
specific nature of the test material, and that models are continually being 
improved. 

The theory for dilute monodisperse systems, referred to as E C A H (after 
Epstein-Carhart-Allegra-Hawley) works fairly well at concentrations up to a few 
volume percent, and even higher in the case of thermal-loss dominated systems. 
More recent models permit measurements at higher concentrations and for 
polydisperse systems and multiple solid phases. In many cases, it is now 
possible to quantitatively determine particle size in suspensions with volume 
fractions of 30 % (19, 23). This is accomplished using either multiple scattering 
treatments or cell models that incorporate the effects of particle crowding on 
attenuation. 

Acoustic Applications 

The list of potential uses for ultrasonic spectroscopy in concentrated 
systems is long and varied. A number of applications of a practical nature are 
reviewed in several recently published works. McClements (20) and Povey (21) 
examine applications for emulsions and food colloids, including measurements 
of phase inversion, phase transition, coalescence, creaming, dispersed phase 
concentration and particle size. Dukhin and Goetz (26) discuss particle sizing in 
widely ranging material applications, from chemical mechanical polishing 
slurries to neoprene latex. In 1997 an international workshop on ultrasonic 
characterization of complex fluids was held at the National Institute of 
Standards and Technology. The proceedings (27) and conference report (28) for 
this workshop together provide a broad overview of the theory, technology and 
practice of radio-frequency acoustics in concentrated dispersed systems. To 
illustrate the advantages and limitations of ultrasonic spectroscopy, an example 
is given below for application to cement systems. 

Acoustic Sensing of Cement Hydration 

Cement is perhaps one of the more complex and difficult particle-fluid 
systems to characterize. Cement is concentrated, opaque, heterogeneous and 
chemically reactive. It has multiple solid phases, high ionic concentrations and 
is alkaline (> pH 12). A typical portland cement powder contains particle sizes 
spanning the range from colloidal dimensions to over 50 μιη, with morphology 
that is often nonspherical. The setting of cement is the result of chemical and 
physical processes that take place between cement particles and water, and is 
largely driven by the hydration reactions of calcium and aluminum silicates. The 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

Ju
ly

 2
, 2

01
1 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

20
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
87

8.
ch

00
5

In Concentrated Dispersions; Somasundaran, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



62 

principal hydration products are calcium silicate hydrates (CSH), calcium 
sulfoaluminate hydrates (ettringite) and CaOH 2 . The exact composition of the 
hydration products is variable and depends on the starting composition of the 
cement and any chemical or mineral additives used. 

As part of on-going studies at NIST, the acoustic attenuation spectra was 
measured in portland cement suspensions at volume fractions from 2 % to 20 % 
for periods of up to 7 hours after addition of water. This time period envelops 
the initial dissolution, subsequent dormant stage and acceleration period during 
which C S H and CaOH 2 are first precipitated. Initial studies indicate the high 
frequency portion of the attenuation spectra closely follows the progress of 
hydration reactions. Figure 3 shows the time-series evolution of attenuation 
spectra for a typical portland cement suspension in deionized water at a volume 
fraction of 5 %. 

It is evident from this data that the low frequency attenuation is relatively 
insensitive to changes occurring during hydration. It has been found that the 
high frequency plateau above 65 M H z , at a fixed hydration time, is a linear 
function of the solids concentration (up to 20 %), indicating that the hydration 

Figure 3. Acoustic spectra as a function of hydration time for a portland 
cement suspension at a volume fraction of 5%. 
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process is largely independent of the solids concentration (at least during the 
early stages of hydration). Preliminary investigations demonstrate the efficacy 
of radio-frequency acoustics for in situ non-destructive monitoring of early 
stage hydration. The primary limitations of this method for cement applications 
are the lack of a clear understanding of the origins of the excess attenuation 
appearing at high frequencies, and the need for an appropriate theoretical model 
to predict it. This is the subject of on-going work in our laboratory, along with 
efforts to correlate acoustic data with other physical and chemical property 
measurements. 

Electroacoustics 

In electroacoustics one measures the response of charged particles to an applied 
acoustic or electric field. This response generates an oscillating double-layer 
polarization at the applied frequency, resulting from the relative motion between 
the particle and surrounding liquid (Figure 4). The corresponding signal gives 
the frequency-dependent dynamic mobility, which is the high-frequency 
counterpart to the d.c. mobility measured in a conventional microelectrophoresis 
experiment under dilute conditions. Three types of electroacoustic 
measurements are commercially available: electrokinetic sonic amplitude (ESA) 
where an a.c. electric field is applied and a sound wave is measured, colloid 
vibration potential (CVP) and colloid vibration current (CVI) where a sound 

Figure 4. Schematic illustration of basic electroacoustic measurement design. 
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wave is applied and an a.c. potential or current, respectively, is measured. 
Instruments operate at either a fixed frequency or over a range of frequencies 
(electroacoustic spectroscopy). In the latter case, one can obtain particle size 
information by combining the magnitude and phase spectra using the theory of 
O'Brien (29). As particle size increases, particle motion lags behind the applied 
field, creating a phase shift and decreasing the magnitude. At very small sizes 
(sub-100 nm), the inertial forces become insignificant and the measured 
dynamic mobility is equivalent to the d.c. value, whereas at relatively large sizes 
(above 10 μχα or so) particle motion is almost completely arrested due to inertia 
and the electroacoustic response is nearly zero. In between these limits, it is 
possible to determine both particle size and zeta potential simultaneously from 
the electroacoustic spectra, within the limits of the assumptions imposed by 
O'Brien's theory (e.g., thin double layer). 

The electroacoustic effects, ESA and C V P are reciprocal in nature; that is, 
they are reciprocally related through the complex conductivity K * . C V I , 
although it arises from the same response that produces C V P , is essentially 
equivalent to ESA, since it does not require determination of K * (which must be 
known in order to calculate mobility from C V P measurements). 

At moderate concentrations (i.e., volume fractions between about 1 % and 
10 %), the response is dependent on volume fraction, density contrast and 
dynamic mobility; other factors can be folded into an instrument constant that is 
determined using a known calibration "standard", such as Ludox silica or an 
ionic solution with a predictable response. There are certain drawbacks to using 
Ludox, but it at least allows for a common point of reference since it is widely 
available and commonly employed in commercial single frequency devices. 
There are several publications that address the issue of calibration, most notably 
by researchers at Kodak (30) and the University of Sydney (31). At higher 
particle concentrations, either semi-empirical (32) or theoretical extensions (e.g., 
cell models (33)) must be used to account for the nonlinear electroacoustic 
response due to particle interactions. Additionally, the acoustic impedance can 
no longer be assumed to be equivalent to the suspension medium (included in 
the instrument constant), and must therefore be measured separately (34). 

In order to obtain an absolute value for zeta from an electroacoustic 
measurement, one must first correct for the inertial effect and this requires 
knowledge of the particle size in the test suspension (35), a parameter that wil l 
change during measurements i f the suspension is unstable. In many cases, the 
particle size is not known and the resulting ESA or C V P signal can then, at best, 
provide an approximation of zeta. In some commercial devices, size (and 
therefore the magnitude of the inertial response) can be determined 
simultaneously (as in E S A spectroscopy) or in parallel (using for example 
acoustic attenuation spectroscopy), thereby providing a more accurate 
determination of zeta potential obtained under identical experimental conditions. 
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In many practical applications, knowledge of the absolute zeta potential is 
less important than tracking relative changes in zeta during a process. As such, 
electroacoustic titrations are commonly used to establish either the isoelectric 
point (IEP) or the effect of additives on the magnitude and polarity of the 
particle charge, without reference to an absolute value for zeta potential. 

Other unique properties associated with electroacoustics include rapid 
measurements, robust sensors requiring no alignment and little maintenance, 
and less sensitivity to contamination relative to dilute measurements. 
Electroacoustics, like acoustics, are tolerant of flow conditions and are 
especially well suited for high-Δρ media. Although less established from a 
theoretical perspective, measurements can be performed in organic media; 
however, these applications have been reported in the literature to a lesser extent 
(36). Finally, the capability of measuring both size and zeta potential 
simultaneously in concentrated suspensions using multi-frequency methods is a 
valuable asset for researchers and industry alike. 

In terms of limitations, size measurements are restricted for the most part to 
insulating particles. Semiconducting and conducting materials present problems, 
both theoretically and empirically. Non-insulating materials can also cause 
problems with measurement of mobility. For accurate inertial corrections, 
extremely broad or multimodal size distributions may prove difficult. Finally, 
one of the most persistent issues is due to the presence of electrolyte. High ionic 
concentrations can contribute significantly to the electroacoustic signal. This 
background signal must be subtracted to obtain the true colloid response (37). 
Certain ion pairs produce high signals and should be avoided; others, such as 
NaNÛ3, produce a low response, and serve as good supporting electrolytes (38). 

The main inputs needed for electroacoustic measurements are volume 
fraction and bulk density for the solid phase. In addition, the dielectric constant 
of the particulate phase is required for sizing using spectroscopic methods. As 
previously discussed, particle size must be known or determined along with the 
electroacoustic measurements in order to correct for inertial effects. 

Although commercial devices have been available since the mid-1980s, the 
underlying technology and theory continue to evolve. For insight on the 
historical development of electroacoustics as a measurement technique for 
concentrated suspensions, see Zana and Yeager (39) and Babchin, Chow and 
Sawatsky (40). Publications by Hunter (34), Dukhin et al. (33) and Hackley and 
Texter (27) review more recent developments in this arena. A wide variety of 
applications are discussed, including ceramics, emulsions, pigments, cement, 
clays, fluorescent coatings, inks and toners. 

For inorganic oxide-based suspensions, determination of the IEP is of both 
practical and fundamental importance, and electroacoustics are now utilized 
extensively for this purpose. A recent international joint effort involving the 
Japan Fine Ceramics Center, the Federal Institute for Materials Research and 
Testing in Berlin, and the National Institute of Standards and Technology, 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

Ju
ly

 2
, 2

01
1 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

20
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
87

8.
ch

00
5

In Concentrated Dispersions; Somasundaran, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



66 

addressed technical and scientific issues relating to the application and 
standardization of methods for measuring the electrokinetic properties of 
moderately concentrated ceramic suspensions, including electroacoustics (41). 

Summary 

Recent developments in theory and instrumentation have led to improvements in 
the measurement of concentrated suspensions. A variety of methods are now 
available for characterizing these systems. Four key methods are presently 
reviewed: diffusing wave spectroscopy, ultra-small-angle x-ray scattering, 
acoustic spectroscopy and electroacoustics. Each method offers access to unique 
information on different properties of concentrated suspensions. 
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Chapter 6 

Direct Measurement of Surface Forces 
for Nanoparticles 

Jeong-Min Cho and Wolfgang M. Sigmund 

Department of Materials Science and Engineering, University of Florida, 
Gainesville, FL 32611-6400 

The direct measurement of surface forces for nanoparticles is based on 
a modification of the colloid probe technique in an atomic force 
microscope. This technique has recently been developed by the authors. 
Here we present the impact of an adsorbed polymer layer on 
interparticle forces. Variation of the size of the colloid probe from 
micron to nano-size shows the impact of particle size on steric forces. 
Whereas interaction force for large particle decreased with a large 
amount of free polymer due to depletion effect, nanosize particles were 
less affected by depletion forces. 

Introduction 

The colloidal phenomena such as dispersion, agglomeration, consolidation 
and adhesion are controlled by the balance of forces acting on the particles [1]. 
Various forces participate in the net surface force of the system in the liquid 
medium such as van der Waals, electric double layer, solvation, hydrophobic, 
and polymeric forces. The dominance of a particular force decides the feature of 
the net surface force, either repulsive or attractive, and consecutively the 
stability and rheology of the given system. There have been several theories to 
explain the interaction between particle surfaces, one of which is D L V O 
(Derjaguin-Landau-Verwey-Overbeek) theory. D L V O is universal and mostly 
acceptable theory to understand the macroscopic colloidal behavior by 
interpreting the interpartieular forces with van der Waals and electric double 
layer interactions [2]. However, there are a number of examples where D L V O 
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theory does not adequately describe the measured interaction profiles. Because 
D L V O is based on a continuum approach, neglecting solvent effects such as ion-
solvent interactions, surface-solvent interactions, and ion-ion correlation, non-
D L V O forces occur when the property (e.g. density and mobility) and molecular 
structure of solvent near surfaces of particles are different from the bulk 
property [3]. For example, solvation or hydration force normally occurs 
between smooth surfaces such as mica at very short separation distances due to 
the overlap of two solvated surfaces, which arise from the specific solute-solvent 
and modified solvent-solvent interactions. Alternatively, attraction may occur 
due to the unfavorable structure of water (i.e. rearrangement of Η-bond) near a 
hydrophobic interface [4]. Certainly neither all of these forces can occur 
simultaneously nor are independent of each other. They have different 
magnitudes and signs and one of their forces may become dominant as a 
function of separation distance and condition of the system. 

Particle size is one of the critical factors in determining these interactions of 
particles. As particle size decreases, the interaction between the particles is 
more dependent on the surface properties because the ratio of surface area to 
bulk volume becomes large. When the particle size becomes close to the 
molecular size of the medium, the continuum theory of van der Waals forces or 
the mean field theory of double-layer forces should no longer be applied to 
describe the interaction between two surfaces [5]. 

van der Waals force is decided by Hamaker constant of the given material as 
follows: 

~v~~' 12H 2 

, where A is Hamaker constant, R is particle radius, and H is separation distance. 
Hamaker constants can be calculated from Lifshitz theory, where the interacting 
bodies are treated as continua with certain dielectric properties. When it comes 
to nano-size particles, obtaining accurate dielectric spectral parameters over the 
entire frequency range is very difficult because quantum effects would influence 
the dielectric data of materials. In addition, local dielectric constant of the 
solvent may be changed because the mobility of the solvent molecules around 
small ions or particles is restricted in the solvation zone [4]. 

Polymers have been powerful additives as dispersants in colloidal industry to 
stabilize the colloidal particles and to achieve the maximum solids loading with 
steric repulsion between the molecules. They are adsorbed on the surfaces and 
form incompressible repulsive barriers. The properties such as solubility, 
molecular weight, and ionic charge developed in the liquid medium are critical 
factors to decide the proper dispersant in the given system. With micronsize 
particles, polymers are of size much smaller than colloidal particle and form 
certain conformations depending on the system condition. However, the 
interaction between a particle and a polymer of similar nanosize must be 
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considered because they may form a different conformation on the surface from 
that of the large particles. 

The atomic force microscopy (AFM) is the mostly used experimental tool to 
measure the surface forces. Many force measurements in A F M have been 
carried out using the colloidal probe technique developed by W. Decker et al [6]. 
However, utilization of A F M has several limitations for studying forces of 
nanosize particles. For example, a direct force measurement using a 
conventional probe technique in an A F M is limited to micron size colloidal 
particles due to the geometry and size of the tip. In order to overcome this size 
limit for the direct force measurement, a carbon nanotube (CNT) as micron-
length spacer and as nanosized probe has been suggested [7, 8]. CNT can be a 
good alternative to nanoparticles for investigating the interaction force in A F M 
due to several advantages such as small diameter (2-20 nm), hemispherical end 
structure, low surface roughness, and high flexibility. CNTs as a S T M or A F M 
probe generally has been developed for high-resolution imaging topography of a 
trenched sample [9]. Recently, several researches have imaged the surfaces in a 
liquid system [9, 10], but direct force measurement and theories of interaction 
between nanosize particles are not well developed and only a few attempts have 
been made using this approach. 

In this paper the effect of the geometry of the A F M tip on the force 
measurement and interactions between the polymer-adsorbed particles 
depending on the size will be discussed. 

Experimental Procedures 

Force measurement was done with the multimode A F M (Nanoscope III, 
Digital Instrument, C A ) using the contact mode Si tip (ESP, Digital Instrument, 
CA) , whose spring constant and length of cantilever is 0.05 N/m and a 450 μιη, 
respectively. A l l measurements were carried out in the liquid cell where the 
A F M tip was designed to submerge completely, by which capillary adhesion 
induced by a liquid meniscus between tip and sample can be reduced. 2 μιη 
thick S i 0 2 coated substrate by plasma enhanced chemical vapor deposited (PE-
C V D ) was supplied by Motorola and R M S roughness was less than 0.3 nm. For 
micronsized colloidal probe, a glassy carbon (Alfa Aeser, M A ) , which has a 
diameter of about 50 μπι was attached on the cantilever using epoxy glue (UHU, 
Germany). For nano probe preparation, carbon soot (Alfa Aeser, M A ) 
containing the carbonaceous material and multiwalled nanotubes (MWNT) was 
purified and many bundles of M W N T were manipulated to align on the 
temporary carbon tape. One M W N T bundle was then glued on the A F M using a 
small amount of epoxy glue in the inverted optical microscope (Carl Zeiss, 
Germany) with a method similar to that developed by H . Dai et al (9). After a 
long nanotube bundle was attached to the end, the A F M cantilever was heated to 
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harden the epoxy glue at 200°C for 1 minute and air-cooled to room temperature. 
Then, the A F M tip was weakly flushed with DI water, leaving a strongly 
attached M W N T bundle with a single protruding nanotube. A branched 
polyethyleneimine (PEI, MW=70,000, 30 w/v%, Alfa Aeser, M A ) was used as 
received for the steric force measurement. PEI has a high affinity to the silica 
and nanotube at high pH. The silica substrate was cleaned by ultrasonicating 
with the order of detergent, acetone, and ethanol for 30 minutes respectively and 
rinsed with DI water. The probe was cleaned with ethanol and massive water 
right before the measurement. 1 N HC1 and 0.1 Ν NaOH were used for pH 
adjustment in 0.01 M NaCl ionic strength. After the colloidal probe and 
substrate were loaded in the A F M , the wanted solution was injected and allowed 
to equilibrate for 10 minutes. The force-separation profile was converted from 
the deflection signal and piezo scanner movement data, which was obtained by a 
Z-scan rate of 0.5 Hz. 

Results and Discussion 

Effect of the Geometry of AFM Tip 

In theoretical calculations the standard A F M tip is very often considered as a 
sphere with a radius typically in the range of 5-100 nm [11, 12]. However, the 
standard A F M tip is of pyramidal shape and has irregular apex, which may 
contribute to the direct force measurement between the tip and substrate. Thus, 
tip can be treated as a cone with an angle of 2Θ attached with a half sphere with 
radius R. The van der Waals force then can be described as [13]: 

A D 2 ( R + D J s i n ^ + D 2 Rsin8 + R 2 ( R + D ) m 

n ^ C o n e - p l a t e ~ fi D 2 ( R + D ) 2 

Figure 1 shows how the side of the A F M tip will affect the total interaction 
force measurement depending on the angle between the vertical axis and side of 
the tip and the radius of curvature of the tip apex. As the angle increases, the 
contribution from the side of the tip increases. The difference between the 
interaction forces depending on the angle is not trivial as the radius of the tip 
apex decreases. However, when it comes to the nanotube probe, the angle 
between the wall and the tip apex can be considered as zero, minimizing the 
contribution from the side of the wall. The consequence is that the resultant 
force is very similar to the force calculated with the nanospheres as shown in 
figure 2. 
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Figure I. Calculated van der Waals interaction force between a cone shaped 
AFM tip and a flat plate depending on the angle θ. 
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Figure 2. The calculated van der Waals interaction force between cone shaped 
AFM tip andflat plate comparing with the force between the sphere and flat 

plate. 
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Effect of the Colloidal Probe Size 

Figure 3 shows the normalized force-separation distance plot measured with a 
glassy carbon sphere with the different amount of PEL It was observed that the 
measured surface forces of micronsize colloidal probe were dependent on the 
polymer concentration. For the 0.06 wt% of PEI, incomplete coverage of the 
polymer layer seemed to take place considering the highest repulsive force 
occurred at a separation of 50 nm with 0.2 wt% of PEI. This repulsive barrier 
thickness is reasonable considering that the Flory radius (R F) for a linear PEI is 
31.2 nm. This fits well to the 50 nm size of the repulsive barrier thickness for the 
branched PEL As the concentration of polymer was increased over 0.2 wt%, the 
interaction distance and repulsive forces were decreased. One feasible 
interpretation of this behavior may be the presence of free, non-adsorbed 
polymer. When a large concentration of polymer is not adsorbed on the surface 
and the separation between surfaces is reduced to a critical distance, attractive 
forces may occur by the depletion due to the induced osmotic pressure. 
Additionally, it cannot be excluded at this point that entanglement of polymers 
may occur and thus a reduction of the repulsive forces with an increased 
polymer concentration. A large adhesion force up to separation of 100 nm (not 
shown here) was observed when the tip was retracted from the substrate at pH 
10. 

Figure 4 shows the different force vs. separation profile depending on the 
existence of the free polymers in the solution. A non-depleted solution in the 
liquid cell was made by the following procedure. First, 0.2 wt% or 0.6 wt% PEI 
solutions were injected into the liquid cell, which were left for 10 minutes for 
polymers to adsorb on the surface of the sample, followed by replacing with the 
bulk solutions. The bulk solutions were polymer-free and had same pH and 
ionic background as the previously injected solution. For the 0.2 wt% solutions, 
both depleted and non-depleted solutions showed the same force-separation plot, 
which means all the polymers were adsorbed on the surface. On the contrary, 
much smaller repulsive forces were observed for the 0.6 wt% depleted solution 
than the non-depleted solution. A large amount of PEI, which was not adsorbed, 
wil l induce the depleted attractive force. The other possible reason of the 
decreased repulsive force is the changes in adsorbed conformation after free 
polymers were removed by washing procedure. 

The force-separation distance profile with M W N T probe is shown in Figure 5. 
On the contrary to the micronsize particle, the same magnitudes of repulsive 
forces were observed even though the polymer concentration was varied. The 
interaction distance of a M W N T tip is of significantly shorter range than that of 
a micronsize glassy carbon tip. This behavior can be explained by the difference 
of probe size. The glassy carbon probe is much larger than the polymer 
allowing to interact with both tail and loop conformations of the adsorbed PEI 
and consequently measuring a far protruding layer. However, the nanosize 
M W N T is much smaller than the dimension of the polymer chain and the 
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Figure 3. Force vs. separation plot between a glassy carbon and Si02 substrate. 
Force dependence on the concentration of PEI was observed with the 

micronsizedparticle (pH 10, 0.01 MNaCl). 
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Figure 4. Force vs. separation plot between a glassy carbon probe and Si02 

substrate in depleted and non-depleted solutions. 
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polymer tails easily diffuse out of the tips range when the nanosize tip 
approaches. Additionally, depletion effects cannot play a significant role since 
the size of the nano tip is too small compared to the polymer molecules, too. 
Thus, the measured forces are independent of the concentration of PEI. Even 
though different force behavior was observed for a large colloidal particle and 
nano particle, it is necessary to study further with molecules nonadsorbed to 
nanotube to distinguish the depletion force from the other forces. Depletion 
effect on the relative size of nonadsorbing particles for micronsize colloidal 
probe was recently studied with colloidal silica by Piech et al. They showed the 
decrease of depletion force with a large nonadsorbing particle [14]. 

Figure 6 shows the force-separation plot measured with a bare Si tip and silica 
substrate. The interaction distance is smaller than the case of micronsize 
colloidal probe but similar to that measured with the M W N T tip because the 
radius of curvature of tip ending is about 10 nm. However, the forces which 
result from the interaction between the side of the tip and substrate must be 
considered because the normal A F M tip is of a cone shape as explained in the 
above. Depletion effect was not observed with the bare silicon tip in the 
polymer concentration as high as 0.6 wt% to the contrary of the force 
measurement of glassy carbon sphere or M W N T probe. This may be from the 
different adsorption behavior of PEI on glassy carbon and Si i.e. glassy carbon 
has the less affinity of PEI on the surface. 

Summary 

It is expected that the use of the standard pyramidal A F M tip represents the 
forces occurring not only from the tip apex but also the side of the tip. This may 
be the source of the incorrect force measurement when simply assuming the 
radius of the tip apex to be that of counter nanoparticle. C N T in the 
conventional liquid mode of A F M opens the possibility to directly measure the 
interaction forces of true nanosize particles in various colloidal conditions by 
minimizing the contribution from the side of the tip. A nanosize M W N T probe 
clearly shows the independence of the concentration of polymer; whereas a 
micronsize glassy carbon sphere shows the larger interaction distance and the 
measured forces are functions of the concentration of polymer. Depletion effect 
was not observed in the M W N T probe and bare A F M tip because of the smaller 
size. 
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Figure 5. Force vs. separation plot between a MWNTprobe and Si02 substrate. 
Measured forces were independent of the concentration of PEI (pH 10, 

O.OlMNaCl). 
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Figure 6. Force vs. separation plot between a bare Si tip and Si02 substrate 
(pH 10.0.01 M NaCl) 
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Chapter 7 

Scattering and Optical Microscopy Experiments 
of Polyelectrolyte Rodlike Cellulose Whiskers 

M. Miriam de Souza Lima1,2 and R. Borsali1,* 

1LCPO-CNRS-ENSCPB, Bordeaux University, UMR 5629, 16, Avenue Pey 
Berland, 33607 Pessac Cedex, France 

2Department of Pharmacy and Pharmacology, Maringa State University, 
CEP 87020-900, Maringa, Parana, Brazil 

*Corresponding author: Borsali@enscpb.fr 

Cellulose microcrystals can be produced by sulphuric acid hydrolysis 
method from natural cellulose microfibrills obtained from different 
sources. The dimensions for these rodlike polyelectrolytes depend on 
their origin. These colloidal rod-like particles are electrostatically 
stabilized in aqueous suspensions by the negative charges on their 
surface. These charges result from the grafting of sulfate groups during 
the acid hydrolysis process. In this work we have used ligth scattering 
technique to investigate the structural ordering in these systems. This 
long-range order was highlighted by the presence of scattering peaks as 
function of the wavevector q at different whisker concentrations. The 
electrostatic scattering maxima located at qmax observed in "salt-free" 
whiskers suspensions scale roughly as C1/2. As expected, at higher ionic 
strength (added NaCl) the maxima disappear and these colloidal rods 
behave as a neutral rod-like system. The measured effective diffusion 
coefficient (dynamic behavior) D(q) using dynamic light scattering is 
found in excellent agreement with the static properties. 

© 2004 American Chemical Society 79 
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Cellulose is the most plentiful renewable biopolymer on earth. It is the main 
structural component in higher plants and some animals. Its basic chemical structure 
is formed by 1,4-joined β-D-glucopyranose residues. The large quantity of the 
hydroxyl groups present in the cellulose chain leads to a strong tendency to form 
intra and intermolecular hydrogen bonds. These interactions added to their β-1,4 
configuration result in a rigid and linear polymer that contributes to the strong 
strength observed on the cellulose based organisms.1,2 

Cellulose chains are biosynthesized as self-assembled microfibrils and exist in 
four different forms: cellulose I, II, III and IV polymorphous that can be 
interconverted by chemical and thermal process.3 , 4 , 5 Several investigations have 
shown that the cellulose is constituted by two crystalline forms, cellulose I a , present 
in algal and bacterial organisms and cellulose Ip present in higher plants. Due to its 
crystalline structure and interesting properties the cellulose is widely used in paper, 
food, additives, optical and pharmaceutical industries. 

The presence of a crystalline and amorphous regions on the cellulose 
microfibrils result in an irregular surface that is susceptible to acid hydrolitic 
cleavage. The controled sulfuric acid hydrolysis on the cellulose microfibrils 
produces rod-like microcrystals (commonly called cellulose whiskers) that are 
negatively charged on their surface. After the hydrolysis process the colloidal 
whisker suspensions neither precipitate nor flocculate due the electrostatic repulsions 
between the particles.6'11 The electrostatic interactions between these rod-like 
polyelectrolytes whiskers are at the origin of very interesting properties.8 

The typical dimensions (length L and diameter d) of the cellulose rods depends 
on their cellulose origin. The cotton cellulose whiskers have L = 200-300 nm and d = 
15 nm while the tunicate whiskers have L - 2000 and d = 15-20 nm. 7 , 8 The large axis 
ratio (L/d) in these rods is the more important parameter that determine their ordering 
behavior as well as their liquid crystal properties.9'12 

In aqueous dilute suspensions the cellulose rods are randomly oriented (isotropic 
phase). As the concentration is increased the cellulose rods self-align along a vector 
director forming a nematic phase. Above a critical value of the concentration, these 
rods display a cholesteric phase where the ordering is defined by the hélicoïdal 
stacking of the nematic planes.9"13 Macroscopically these properties can be evidenced 
using polarised microscopy as illustrated in figure 1. Figure la represents a dilute 
suspension of cellulose rods where the presence of some biréfringent droplets 
indicate the initial organization stage of these rods. 
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Figure 1 - Cellulose whiskers observed under crossed polarized microscopy in a 
dilute suspension (isotropic phase) (a), at concentrated regime (b) and at higher 

concentrations (cholesteric phase, c and d). 
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Increasing the concentration, by water evaporation for instance, leads to the 
existence of different colored domains reflecting the self-alignment of the whisker 
rods (figure lb). 

At higher concentration the presence of well defined color bands suggest the 
formation of cholesteric phases (figure l c and Id). 

Due to their interesting optical properties these cellulose whiskers and their 
capability to form colored films with chiral nematic structure are used to make novel 
pigments for coating and inks. 1 4 

Experimental observations have shown that the alignment of these rods that can 
be done by shearing the systems and permited at the same time to better understand 
the ordering mechanism observed in these systems. Based on several experimental 
observations, it was proposed that the existence of a chiral twist agent with the ionic 
layer around each rod is at the origin of their hélicoïdal packed structure. This result 
was shown to be dependent on the axis ratio (L/d) of these whiskers and of the ionic 
strength.12*15,16 As was also observed using small angle synchrotron radiation 
scattering under shear, the result suggests the existence of planar domains of 
randomly oriented cellulose whiskers which align at low shear rates and are broken 
up at higher shear displaying individual alignment of rod. 1 7 

The very easy alignment of these whiskers in the same direction (nematic 
ordering) make them a promising tensile material in the fiber industry. These 
properties are at to origine of their large use for instance as nanocomposites in 
polymeric matrix. 7 , 1 8" 2 0 

To highlight the polyelectrolytic nature of the cellulose whiskers and therefore 
the ordered structure in these systems, we have performed light scattering 
experiments on aqueous whisker suspensions obtained from tunicate.8 For this 
purpose we have fractionated these rods in order to decrease their polydispersity in 
length. The experiments were carried out at low concentration C (isotropic phase) in 
"salt-free" conditions and at several ionic strengths (by addition of NaCl) using static 
light scattering (SLS) and dynamic light scattering (DLS). 

Experimental Section 

/. Sample preparation - Stable aqueous suspensions of sulphuric acid-
hydrolyzed cellulose whiskers were obtained from tunicate (Microscosmus fulcatus) 
mantles as previously described.8 To reduce the polydispersity in length of these 
samples, we have used a fractionation method using ultracentrifugation process with 
a saccharose gradient as previuosly described.8 The samples were concentrated, 
purified and checked by Transmission Electron Microscopy (TEM). The results 
showed that we have obtained different size distributions of cellulose whiskers as 
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function of their length L. This fractionation method was effective and indeed 
narrowed the width of the whisker distribution length. 

2, Equipment and data analysis - The iigth scattering experiments were carried 
out using the A L V (Langen-FRG) equipment with an automatic goniometer table, a 
digital rate meter and a temperature control to stabilize the temperature of the sample 
cell at 25±0.1°C. The scattered light of a vertically polarized λ 0 =4880 Â argon laser 
(Spectra-Physics 2020, 3W, operating around 0.3 W) was measured at different 
angles in the range of 20°-150° corresponding to 0.6 χ \0~3<q/Â <3.3xl0~3 where 
q=(4 πη/λ0) sin (θ/2), θ the scattering angle, η the refractive index of the medium 
(n=1.33). The reduced elastic scattering I(q)/kC, with 
K=47?no(dn/dc)2(IomyR90)/XoNA, was measured in steps of 2° in the scattering 
angle, where n0 is the refractive index of the standard (toluene), I0

90° and R90° are 
respectively the intensity and the Rayleigh ratio of the standard at #=P0°, the 
increment of refractive index, dn/dc is 0.103, C the whisker concentration, expressed 
in g/cm3 and I(q) the intensity scattered by the sample. A l l elastic intensities were 
calculated according to standard procedures using toluene as standard with known of 
absolute scattering intensity. The static structure factor S(q) was calculated from 
l(q)-P(q) S(q) where P(q) denotes the form factor of the rod-like particles in the 
isotropic phase.21 For the dynamic properties, the experiments were carried out in 
steps of 2° in the scattering angle. The ALV5000 autocorrelator ( A L V , FRG) was 
used to compute the autocorrelation functions I(q,t) from the scattered intensity data. 
The autocorrelation functions of the scattered intensity, deduced from the Siegert 
relation, were analyzed by means of cumulant method to give the effective diffusion 
coefficient Defj(q)=r(q)/q2 as a function of the wavevector q. 

The light scattering experiments were performed on the obtained fractionated 
whiskers particles whose average length L is about 9000 Â and a diameter d about 
150 Â. A l l the samples were washed by centrifugation using milli-Q water 
(conductivity =18.2 MQ.cm). After the washing steps they were dialyzed against 
milli-Q water and put into an ion-exchange resin for few days prior to measurements. 
The resin was removed by centrifugation. For all studied concentrations in "salt-free" 
conditions, the stock solution was diluted with milli-Q water. The samples were 
filtered using an ion-exchange resin column and all the experiments were made in the 
presence of ion-exchange resin in the light scattering cuvette. 

Results and Discussion 
1. Static behavior 
The scattering behavior of polyelectrolyte systems in "salt-free" conditions is 

characterized by the existence of a scattering peak at certain wavevector value (qm a x) 
that depends on the concentration.22"26 As observed for other systems q m a x scales with 
the polyelectrolyte concentration as C l / 2 in semi-dilute solutions and C 1 / 3 in dilute 
regime. The existence of the scattering peak is due to the preferential distance 
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electrostatically imposed between the charged particles resulting in pseudo-organized 
domains displaying cubic arrangement in dilute regime (q m a x ~ C 1 / 3 ) and 
cylindrical/hexagonal packing in semi-dilute regime (qm ax~ C 1 / 2 ) . 

For spherical particles that interact via electrostatic interactions the structure 
factor S(q) can be calculated from the scattered intensity I(q) through the relation 
I(q)=S(q)P(q) where P(q) is the factor form factor of spherical particles. In the case 
of rod-like particles, the relation I(q)=S(q)P(q) is in general not valid because of the 
correlation between the mutual relative orientations of the rod-like particles and their 
relative spatial positions. Indeed for isolated pairs of rigid charged rods, mutually 
orthogonal orientations become strongly favored upon close approach, so orientation 
is strongly correlated with their relative spatial position. 

However the use of the relation I(q)=S(q)P(q) in the case of rod-like particles 
may still be valid in two cases: i) At high concentrations of charged rods, the 
contribution of higher order clusters (in the virial sense) dominates that of the pair 
clusters, and the neighboring rods within a cluster adopt a parallel orientations, ii) 
For long rigid rods most of the scattered light at high q-values, comes from rods with 
orientations nearly perpendicular to the scattering vector q. Hence, the scattering will 
be dominated by those clusters with rods oriented nearly perpendicular to q (the 
scattering coming from orthogonal neighbors is negligible). When q and L are 
sufficiently large, such as q L » 1 . 0 , P(q) selects predominantly rods that are oriented 
perpendicular to q and as a consequence it varies rather slowly with q, as reported by 
Wilcoxon and Schurr.27 Under this circumstance, when only rods nearly 
perpendicular to q scatter significant light and P(q) is roughly constant, and the 
neighboring rods have all nearly the same orientation in any case, the relation 
I(q)=S(q)P(q) should again be a good approximation. 

In our system, although the whisker concentration is not sufficiently high, the 
relation I(q)=S(q)P(q) is still valid due the magnitude of the wavevector q and the 
whisker length, L . For this system the quantity qL, varies from qL=5.4 to qL=29.7. 
Based on these considerations, S(q) can be deduced from the ratio I(q)/P(q) where 
P(q) is the form factor of the rod of length L given by: 

At low ionic strength ("salt-free" suspensions) the cellulose whiskers show broad 
and well defined scattering peaks in a structure factor S(q) as a function of the 
wavevector q. Figure 2 presents S(q)=I(q)/P(q) as a function of q (C=1.04 χ 10"2 

(1) 
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g/cm ) where a second and a third maximum are evidenced, suggesting the strong 
electrostatic interactions and the long-range-order in these systems. 

At relatively high ionic strength obtained by the addition of NaCl(10" 5 Mol/L), 
the electrostatic interactions are screened out and the rods behave as neutral systems 
where I(q) is a decreasing function of q. Indeed the scattering peak disappear (at 1(T5 

Mol/L) confirming the strong electrostatic interactions between the cellulose rods in 
salt-free suspensions. 

The scattering wavevector of the first peak maxima scale as C 1 / 2 . This exponent 
is close to the theoretical prediction of 0.5 for a geometrical model of cylindrically 
packed rods.2 8"3 0 This behavior is illustrated in figure 3. 

DLS experiments were also performed on "salt-free" whisker suspensions at the 
same concentration namely of C=1.04 χ 10~2 g/cm. The full homodyne 
autocorrelation functions of the scattered intensity were obtained using the A L V -
5000 autocorrelator. The measured intensity-intensity time correlation function is 
related to the electric field correlation function by Siegert relation:31 

G ( 2 )(t)=B(l+p|G ( 1 )(t)| 2), where Β is a baseline and β is the spatial coherence factor 
depending upon the geometry of the detection and the ratio of the intensity scattered 
by the particle to that scattered by the solvent. Generally, G ( l )(t) may be expressed by 
a continuous distribution of decays: G ( 1 )(t)=ÎA(r)exp - (Tt) d Γ where G ( 1)(t) is the 
Laplace transform of the decay rate distribution function Α(Γ). This quantity, Α(Γ), 
gives the relative intensity of scattered light with decay constant Γ and is a function 
of the number and size of the scatteres.21 For a dilute solution of monodisperse 
particles (spherical or coiled polymers) undergoing a Brownian motion, G(T) may be 
represented by a single relaxation: G ( l )(t) = exp (-q2Dt) where D is the translational 
diffusion coefficient. 

Figure 4 shows the angular variation of the reciprocal effective diffusion 
coefficient D(qfl=[r(q)/çf]~l deduced from the standard second order cumulant 
analysis of the autocorrelation functions: 

In |S(q,t)| = - < Γ > τ + ̂  T2 - & X + ... (2) 

Both I(q) and [Hq)^ 2 ]"" 1 ^" 1 ^) have qualitatively the same shape and 
approximately the maxima at the same q-position. This result shows that the mobility 
M(q) is independent of q according to the general Ferrel-Kawasaki expression for the 
apparent diffusion coefficient T(q)/q 2« M(q)/S(q)^D(q), as has often been 
observed. 2 5 ' 2 7 ' 3 2 This non-dependence of M(q) vs q can be explained as follows: The 
q-dependence of M(q) is due to the fact that at very small q orientational averaging 
yields the rotationally averaged translational diffusion coefficient D0=(1/3)(D|| 
+2DX), where Dj} is the parallel diffusion coefficient and D ± is the perpendicular 
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0.0005 0.001 0.0015 0.002 0.0025 0.003 
q[A- 1] 

Figure 2 - Structure factor S(q) versus q from the tunicate whisker suspensions at 
concentrations of 1.04 χ 10'2 g/cm3 in in "salt-free " conditions (Φ) and in presence 

oflO'3 Mol/L ofNaCl (O). 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

Ju
ly

 2
, 2

01
1 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

20
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
87

8.
ch

00
7

In Concentrated Dispersions; Somasundaran, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



87 

0.01 

3L 
Ε 

0.001 

0.0001 
0.001 0.01 0.1 

C[g/cm 3] 

Figure 3 - Variation of Log qmax as a function of Log C. The qmax values corresponds 
to the first maxima (O). Although not plotted here, the second and the third 

scattering peaks scales as C ° . 
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1 108 r—ι— ι— ι—ι—ι— ι—ι—ι—ι—|—ι—ι—ι—ι—|—ι—ι—ι—ι—|— ι—ι—ι—ι—|—ι— ι—»—r 

1 1 0 e ^—1—' ' ' ' ' ι ι ι I ι ι ι ι 1 ι ι ι ι I ι ' — ι ι 1—ι—ι—ι—i—i 

0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 

Figure 4 - Angular variation of the reciprocal diffusion coefficient 
^(Φ'^ΙΠΦ^2] 1 (R) determined from the first order cumulant analysis of the 
autocorrelation functions DLS compared to I(q)/kC (O) at C= 1.04 χ 10~2 g/cm3, 

measured by static light scattering. 
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diffusion coefficient to the rod axis. At high q, the diffusion is dominated by D ± and 
D r o t which are the only motions capable of modulating the intensity when the rods 
that dominate the scattering are oriented nearly perpendicular to q. In the present 
case, even for the smaller q-values, qL is still so large that D ± and D r o t dominate the 
scattering, in which case, M(q) is relatively insensitive to changes in q. 

Depending on the range of concentration (dilute or semi-dilute) the difference 
between the detailed shapes of the peaks in [r(q)/q 2] - 1 versus q is often attributed to 
hydrodynamic effects.33 

Conclusion 

The static and dynamic properties of rod-like polyelectrolyte cellulose whiskers 
have been investigated using elastic and quasi-elastic light scattering technique. Our 
light scattering results showed a clear evidence of several pronounced scattering 
peaks as a function of wavevector q. These peaks are due to the strong electrostatic 
interactions between the whiskes rods and disappear as the ionic strength is 
increased. The presence of a second and third peaks highligth the long range 
electrostatic order that exists in these whisker suspensions. 

A scaling law q m a x =C l / 2 , found in our experiments suggests a 
cylindrical/hexagonal packing of these rods. As expected, the effective diffusion 
coefficient Defi(q)=r(q)/q2 is found inversely proportional to the structure factor S(q). 
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Chapter 8 

Ultrasound for Characterizing Colloids 
Andrei S. Dukhin and Philip J . Goetz 

Dispersion Technology Inc, 364 Adams Street, Bedford Hills, NY 10507 

Ultrasound provides unique means for characterizing 

concentrated colloids. For a long time this simple fact has been 

practically completely ignored in the Colloid Science. Recently, 

situation changed, more and more groups around the world apply 

ultrasound for characterizing various concentrated colloids. The 

current state of this field is described in details in the book with the 

title that is identical to the title of this short review [1]. The 

purpose of this review is to place ultrasound based techniques 

within a scope of traditional methods of colloids characterization. 

There are two major scientific discipline , Acoustics on one 

hand and Colloid Science on the other, that are involved in the 

development of the ultrasound methods for concentrated colloids 

characterization. It is a rather curious situation that, historically, 

there has been little real communication between disciples of these 

two fields. Although there is a large body of literature devoted to 

ultrasound phenomena in colloids, mostly from the perspective of 

scientists from the field of Acoustics, there is little recognition that 

such phenomena may be of real importance for both the 

development, and application, of Colloid Science. From the other 

side, colloid scientists have not embraced acoustics as an important 

tool for characterizing colloids. The lack of any serious dialog 

© 2004 American Chemical Society 91 
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between these scientific fields is perhaps best illustrated by the fact 

that there are no references to ultrasound or Acoustics in the major 

handbooks on Colloid and Interface Science [2,3], nor any 

reference to colloids in handbooks on acoustics [3,4]. 

One might ask "Perhaps this link does not exist because it 

is not important to either discipline?" In order to answer this 

question, let us consider the potential place of Acoustics within an 

overall framework of Colloid Science. For this purpose, it is 

helpful to classify non-equilibrium colloidal phenomena in two 

dimensions; the first determined by whether the relevant 

disturbances are electrical, mechanical, or electro- mechanical in 

nature, and the second based on whether the time domain of that 

disturbance can be described as stationary, low frequency, or high 

frequency. Table 1 illustrates this classification of major colloidal 

phenomena. The low and high frequency ranges are separated 

based on the relationship between either the electric or mechanical 

wavelength λ, and some system dimension L. 

Clearly, light scattering represents electrical phenomena in 

colloids at high frequency (the wavelength of light is certainly 

smaller than the system dimension). There was, however, no 

mention in colloid textbooks, until very recently, of any 

mechanical or electro-mechanical phenomena in the region where 

the mechanical or electrical wavelength is shorter than the system 

dimension. This would appear to leave two empty spaces in Table 

1. Such mechanical wavelengths are produced by "Sound" or, 
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Table 1. Non-equilibrium colloidal phenomena 

Electrical 
nature 

Mechanical 
nature 

Electro
mechanical 

Mechano-
electric 

Stationary Conductivity 
Surface 
conductivity. 

Viscosity, 
Stationary 
colloidal 
hydrodynamics, 
Osmosis, 
Capillary flow. 

Electrophoresis, 
Electroosmosis, 
Electro-viscosity 

Sedimentation 
current/potential 
Streaming 
current/potential, 

Low 
frequency 

(X>L) 

Dielectric 
spectroscopy 

Oscillatory 
rheology. 

Electro-rotation, 
Dieiectrophoresis 
Electrophoretic 
light scattering 

High 
frequency 
(X<L) 

Optical 
scattering, 
X-ray 
spectroscopy 

Empty? 
Acoustics! 

Empty? 
Electroacoustics! 
ElectricSonic 
Amplitude 

Empty? 
Electroacoustics! 
Colloid Vibration 
Current/Potential 
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when the frequency exceeds our hearing limit of 20 KHz, by 

"Ultrasound". For reference, ultrasound wavelengths lie in the 

range from 10 microns to 1 mm, whereas the system dimension is 

usually in the range of centimeters. For this reason, we consider 

ultrasound related effects to lie within the high frequency range. 

One of the empty spaces can be filled by acoustic measurements at 

ultrasound frequencies, which characterize colloidal phenomena of 

a mechanical nature at high frequency. The second empty space 

can be filled by electroacoustic measurements, which allow us to 

characterize electro-mechanical phenomena at high frequency. This 

book will help fill these gaps and demonstrate that acoustics (and 

electroacoustics) and can bring much useful knowledge to Colloid 

Science. As an aside, we do not consider here the use of high 

power ultrasound for modifying colloidal systems, just the use of 

low power sound as a non-invasive investigation tool that has very 

unique capabilities. 

There are several questions that one might ask when 

starting dealing with ultrasound. We think it is important to deal 

with these questions right away, at least giving some preliminary 

answers, which are clarified and expanded in the book [1]. Here 

are these questions and the short answers. 

Why should one care about Acoustics if generations of 

colloid scientists worked successfully without it? 

While it may be true at present that the usefulness of 

Acoustics is not widely understood, it seems that earlier 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

Ju
ly

 2
, 2

01
1 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

20
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
87

8.
ch

00
8

In Concentrated Dispersions; Somasundaran, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



95 

generations had a somewhat better appreciation. Many well-known 

scientists applied Acoustics to colloidal systems, as will be 

described in a detailed historical overview in the next section. 

Briefly, we can mention the names of Stokes, Rayleigh, Maxwell, 

Henry, Tyndall, Reynolds, and Debye, all of whom considered 

acoustic phenomena in colloids as deserving of their attention. The 

first colloid-related acoustic effect to be studied was the 

propagation of sound through fog; contributions by Henry, Tyndall 

and Reynolds made more than century ago between 1870-80. 

Another interesting, but not so well known fact, is that Lord 

Rayleigh, the first author of a scattering theory, entitled his major 

books "Theory of Sound". He developed the mathematics of 

scattering theory mostly for sound, not for light as is often assumed 

by those not so familiar with the history of Colloid Science. In fact, 

the main reference to light in his work was a paragraph or two on 

"why the sky is blue". 

If Acoustics is so important, why has it remained almost 

unknown in Colloid Science for such a long time? 

We think that the failure to exploit acoustic methods might 

be explained by a combination of factors: the advent of the laser as 

a convenient source of monochromatic light, technical problems 

with generating monochromatic sound beams within a wide 

frequency range, the mathematical complexity of the theory, and 

complex statistical analysis of the raw data. In addition, acoustics 

is more dependent on mathematical calculations than other 
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traditional instrumental techniques. Many of these problems have 

now been solved mostly due to the advent of fast computers and 

the development of new theoretical approaches. As a result there 

are a number commercially available instruments utilizing 

ultrasound for characterizing colloids, produced by Matec, 

Malvern, Sympatec, Colloidal Dynamics, and Dispersion 

Technology. 

What information does ultrasound based instruments yield? 

For colloidal systems, ultrasound provides information on 

three important areas of particle characterization: Particle sizing, 

Rheology, and Electrokinetics. 

In addition, ultrasound can be used as a tool for 

characterizing properties of pure liquids and dissolved species like 

ions or molecules, but we will cover this aspect only briefly. 

An Acoustic spectrometer may measure the attenuation of 

ultrasound, the propagation velocity of this sound, and/or the 

acoustic impedance, in any combination depending on the 

instrument design. The measured acoustic properties contain 

information about the particle size distribution, and volume 

fraction, as well as structural and thermodynamic properties of the 

colloid. One can extract this information by applying the 

appropriate theory in combination with a certain set of a'priori 

known parameters. Hence, an Acoustic spectrometer is not simply 

a particle-sizing instrument. By applying sound we apply stress to 
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the colloid and consequently the response can be interpreted in 

rheological terms. 

In addition to acoustics there is one more ultrasound-based 

technique, which is called Electroacoustics. The Electroacoustic 

phenomenon, first predicted by Debye in 1933, results from 

coupling between acoustic and electric fields. There are two ways 

to produce such an Electroacoustic phenomenon depending on 

which field is the driving force. When the driving force is the 

electric field and we observe an acoustic response we speak of 

ElectroSonic Amplitude (ESA). Alternatively, when the driving 

force is the acoustic wave we speak, instead, of the Colloid 

Vibration Potential (CVP) if we observe an open circuit potential, 

or a Colloid Vibration Current (CVI) if we observe a short circuit 

current. Such electroacoustic techniques yield information about 

the electrical properties of colloids. In principle, it can also be used 

for particle sizing. 

Where can one apply ultrasound? 

The following list gives some idea of the existing 

applications for which the ultrasound based characterization 

technique is appropriate: 

Aggregative stability, Cement slurries, Ceramics, Chemical-
Mechanical Polishing, Coal slurries, Coatings, Cosmetic emulsions, 
Environmental protection, Flotation, Ore enrichment, Food products, 
Latex, Emulsions and micro emulsions, Mixed dispersions, Nanosized 
dispersions, Non-aqueous dispersions, Paints, Photo Materials. 
This list is not complete. There is a table in the book [1] 

that summarizes all experimental works currently known to us. 
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What are the advantages of ultrasound over traditional 

characterization techniques? 

There are so many advantages of ultrasound. The last 

section of this short review is devoted to describing the 

relationship between ultrasound based and traditional colloidal 

characterization techniques. 

Historical overview 

The roots of our current understanding of sound go back 

more than 300 years to the first theory for calculating sound speed 

suggested by Newton [6]. Newton's work is still interesting for us 

today because it illustrates the importance of thermodynamic 

considerations in trying to adequately describe ultrasound 

phenomena. Newton assumed that sound propagates while 

maintaining a constant temperature, i.e. an isothermal case. 

Laplace later corrected this misunderstanding by showing that it 

was actually adiabatic in nature [6], 

This thermodynamic aspect of sound provides a good 

example of the importance of keeping a historical perspective. At 

least twice during the past 200 years the thermodynamic 

contribution to various sound-related phenomena was initially 

neglected, and only later found to be quite important. This 

thermodynamic neglect happened first in the 19th century, when 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

Ju
ly

 2
, 2

01
1 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

20
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
87

8.
ch

00
8

In Concentrated Dispersions; Somasundaran, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



99 

Stokes's purely hydrodynamic theory for sound attenuation [9, 10] 

was later corrected by Kirchhoff [7, 8]. Then again, in the 20th 

century, Sewell's hydrodynamic theory for sound absorption in 

heterogeneous media [12] was later extended by Isakovich [11] by 

the introduction of a mechanism for thermal losses. 

We have now a very similar situation concerning 

electroacoustics. Until quite recently all such theories neglected 

any thermodynamic contribution [13, 14, 15, 16, and 17]. Based on 

historical perspective, we might reasonably inquire about the 

potential importance of thermodynamic considerations for 

electroacoustics. Shilov and others [18] have addressed this query 

and revealed a new interesting feature of the electroacoustic effect. 

Table 2 lists important steps in the development of our 

understanding of sound. From the very beginning sound was 

considered as a rather simple example that allowed development of 

a general theory of "wave" phenomena. Then, later, the new 

understanding achieved for sound was extended to other wave 

phenomena, such as light. Tyndall, for example, used reference to 

sound to explain the wave nature of the light [19, 20]. Newton's 

Corpuscular Theory of Light was first opposed both by the 

celebrated astronomer Huygens and the, no less celebrated, 

mathematician Euler. They each held that light, like sound, was a 

product of wave-motion. In the case of sound, the velocity depends 

upon the relation of elasticity to density in the body that transmits 
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the sound. The greater the elasticity the greater is the velocity, and 

the less the density the greater is the velocity. To account for the 

enormous velocity of propagation in the case of light, the substance 

that transmits it is assumed to have both extreme elasticity and 

extreme density. 

This dominance of sound over light as examples of the 

wave phenomena continued even with Lord Rayleigh, who 

developed his theory of scattering mostly for sound and paid much 

less attention to light [6, 21-24]. At the end of the 19th century 

sound and light parted because further investigation was directed 

more on the physical roots of each phenomenon instead of on their 

common wave nature. 

The history of light and sound in Colloid Science is very 

different. Light has been an important tool since the first 

microscopic observations of Brownian motion and the first 

electrophoretic measurements. It became even more important in 

middle of the 20th century through the use of light scattering for 

the determination of particle size. 

In contrast, sound remained unknown in Colloid Science, 

despite a considerable amount of work in the field of Acoustics 

using fluids that were essentially of a colloidal nature. The goal of 

these studies was to learn more about Acoustics, but not about 

colloids. This is the spirit in which the E C A H theory (Epstein-
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Carhart-Allegra-Hawley [25, 26]) for ultrasound propagation 

through dilute colloids was developed. 

Although Acoustics was not used specifically for colloids, 

it was a powerful tool for other purposes. For instance, it was used 

to learn more about the structure of pure liquids and the nature of 

chemical reactions in liquids. These studies are associated with the 

name of Prof. Eigen, who received a Nobel Prize in 1968 [27-29]. 

It is curious that the penetration of ultrasound into Colloid 

Science began with electroacoustics, which is more complex than 

traditional acoustics. An Electroacoustic effect was predicted for 

ions by Debye in 1933 [30], and later extended to colloids by 

Hermans and, independently, Rutgers in 1938 [31]. The early 

experimental electroacoustic work is associated with Yeager and 

Zana, who conducted many experiments in the 1950's and 60's 

with various co-authors [32-35]. Later this work was continued by 

Marlow, O'Brien, Ohshima, Shilov, and the authors of this book 

[13, 15, 16, 17, 18, 36, and 37]. As a result, there are now several 

commercially available electroacoustic instruments for 

characterizing ζ-potential. 

Acoustics only attained some recognition in the field of 

colloid science very recently. It was first suggested as a particle 

sizing tool by Cushman and others [77] in 1973, and later refined 

by Uusitalo and others [77], and for large particles by Riebel [38]. 

Development as a commercial instrument having the capability to 
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Table 2 Key Steps in understanding Sound related to 

Colloids. 

Author Topic 
1687 Newton [6] Sound speed in fluid, theory, 

erroneous isothermal assumption 
Early 
1800's 

Laplace [6] Sound speed in fluid, theory, adiabatic 
assumption 

1820 Poisson [51,52] Scattering by atmosphere arbitrary 
disturbance, first successful theory 

1808 Poisson [51,52] Reflection from rigid plane, general 
problem 

1845-1851 Stokes [9,10] Sound attenuation in fluid, theory, 
viscous losses 

1842 Doppler [53] Alternation of pitch by relative motion 
1868 Kirchhoff[7,8] Sound attenuation in fluid, theory, 

thermal losses 
1866 Maxwell [54] Kinetic theory of viscosity 
1870-80 Henry, Tyndall, 

Reynolds [19,20,55,561 
First application to colloids - sound 
propagation in fog 

1871 Rayleigh [21,22] Light scattering theory 
1875-80 Rayleigh [6,23,24] Diffraction and scattering of sound, 

Fresnel zones in Acoustics 
1878 Rayleigh [6] Theory of Sound, Vol . II 
1910 Sewell [12] Viscous attenuation in colloids, theory 
1933 Debye [30] Electroacoustic effect, introduction for 

ions 
1936 Morse [3] Scattering theory for arbitrary 

wavelength-size ratio 
1938 Hermans [31] Electroacoustic effect, introduced for 

colloids 
1944 Foldy [57,58] Acoustic theory for bubbles 
1948 Isakovich [11] Thermal attenuation in colloids, theory 
1946 Pellam, Gait [59] Pulse technique 
1947 Bugosh, Yaeger [32] Electroacoustic theory for electrolytes 
1951-3 Yeager,Hovorka, 

Derouet, Denizot 
[33-35,60] 

First electroacoustic measurements 
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Table 2 Key Steps in understanding sound related to Colloids. (Continued) 

Author Topic 
1951-2 Enderby, Booth 

[61-62] 
First electroacoustic theory for 
colloids 

1953 Epstein and Carhart 
[25] 

General theory of sound attenuation in 
dilute colloids 

1958-9 Happel, Kuwabara [63-
65] 

Hydrodynamic cell models 

1962 Andreae et al [66,67] Multiple frequencies attenuation 
measurement 

1967 Eigen et al [27-28] Nobel price, acoustics for chemical 
reactions in liquids 

1972 Allegra, Hawley [26] E C A H theory for dilute colloids 
1973 Cushman [77] First patent for acoustic particle sizing 
1974 Levine, Neale [68] Eleetrokinetic cell model 
1978 Beck [36] Measurement of ζ-potential by 

ultrasonic waves 
1981 Shilov, Zharkikh [69] Corrected eleetrokinetic cell model 
1983 Marlow, Fairhurst, 

Pendse [36] 
First electroacoustic theory for 
concentrates 

1983 Uusitalo [76] Mean particle size from acoustics, 
patent 

1983 Oja, Peterson, Cannon 
[70] 

ESA electroacoustic effect 

1988 Harker, Temple [71] Coupled phase model for acoustics of 
concentrates 

1987 Riebel [38] Particle size distribution, patent for the 
large particles 

1988-9 O'Brien [13,15] Electroacoustic theory, particle size 
and ζ-potential from electroacoustics 

1990 Anson, Chivers [47] Materials database 
1999 Shilov and others 

[16,17] 
Electroacoustic theory for CVI in 
concentrates 

1990to 
present 

MeClements, Povey 
[43,44,45] 

Acoustics for emulsions 

1996 to 
present 

A.Dukhin, P.Goetz 
[39,72,73] 

Combining together acoustics and 
electroacoustics for Particle sizing, 
Rheology and Electrokinetics 
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measure a wide particle size range, was begun by Goetz, 

A.Dukhin, and Pendse in the 90's [39,40,41,42]. At the same time 

a group of British scientists, including McClements, Povey, and 

others [43, 44, 45, 46, 47, and 48], actively promoted it, especially 

for emulsions. There are now four commercially available acoustic 

spectrometers, manufactured by Malvern, Sympatec, Matec, and 

Dispersion Technology. 

To conclude this short historical review we would like to 

mention a development that we consider of great importance for 

the future, namely the combination of both acoustic and 

electroacoustic spectroscopies. The synergism of this combination 

is described in papers and patents by A.Dukhin and P.Goetz [17, 

37,40,41,42,49, 50,72, and 73]. 

Advantages of ultrasound over traditional characterization techniques 

There is one major advantage of ultrasound-based 

techniques compared to traditional characterization methods. 

Ultrasound can propagate through concentrated suspensions and 

consequently allows one to characterize concentrated dispersions 

as is, without any dilution. This feature of ultrasound is applicable 

to both particle size and ζ-potential measurement. Dilution 

required by traditional techniques can destroy aggregates or floes 

and the corresponding measured particle size distribution for that 

dilute system would not be correct for the original concentrated 

sample. 
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Elimination of dilution is especially critical for ζ-potential 

characterization, because this parameter is a property of both the 

particle and the surrounding liquid; dilution changes the 

suspension medium and, as a result, ζ-potential. 

The many advantages of ultrasound for characterizing 

particle size are summarized in Table 3. 

Acoustic methods are very robust and precise [72,73]. They 

are much less sensitive to contamination compared to traditional 

light-based techniques, because the high concentration of particles 

in a fresh sample dominates any small residue from the previous 

sample. It is a relatively fast technique. Normally a single particle 

size measurement can be completed in a few minutes. This feature, 

together with the ability to measure flowing systems, makes 

acoustic attenuation very attractive for monitoring particle size on

line. 

There are several advantages of ultrasound over light based 

instruments because of the longer wavelength used. The 

wavelength of ultrasound in water, at the highest frequency 

typically used (100 MHz), is about 15 microns, and it increases 

even further to 1.5 millimeters at the lowest frequency (1 MHz). In 

contrast, light based instruments typically use wavelengths on the 

order of 0.5 microns. If the particles are small compared to the 

wavelength we say that this satisfies the Rayleigh long wavelength 
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requirement. It is known that particle sizing in this long 

wavelength range is more desirable than in the intermediate or 

short wavelength range, because of lower sensitivity to shape 

factors and also a simpler theoretical interpretation. As a result, 

using the longer wavelengths available through acoustics allows us 

to characterize a much wider range of particle size, while still 

meeting this long wavelength requirement. 

Table 3 Features and benefits of acoustics over traditional 

particle sizing techniques. 

"Feature ""̂ """"""---̂ ^ Benefit 

No dilution required. Less sensitive to contamination 
No calibration with the known particle size More accurate 
Particle size range from 5 nm to 1000 microns 
with the same sensor. 

Simpler hardware, more cost 
effective 

Simple decoupling of sound adsorption and 
sound scattering 

Simplifies theory 

Possible to eliminate multiple scattering even 
at high volume fractions up to 50%vol 

Simplifies theory for large 
particle size 

Existing theory for ultrasound absorption in 
concentrates with particles interaction 

Possible to treat small particles 
in concentrates 

Data available over wide range of wavelength Allows use of simplified theory 
and reduces particle shape 
effects 

Innate weight basis, lower power of the 
particle size dependence 

Better for polydisperse systems 

Particle sizing in dispersions with several 
dispersed phases (mixed dispersions) 

Real world, practical systems 

Particle sizing in structured dispersions. 

Nature provided one more significant advantage of 

ultrasound over light, and that is related to the wavelength 
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dependence. As the wave travels through the colloid, it is known 

that the extinction of both ultrasound and light occurs due to the 

combined effects of both scattering and absorption [3, 74]. Since 

most light scattering experiments are performed at a single 

wavelength it is not possible to experimentally separate these two 

contributions to the total extinction. In fact, more often than not, 

the absorption of light is simply neglected in most light scattering 

experiments, and this can lead to errors. 

Figure 1. Scattering attenuation and viscous absorption of 

ultrasound. 

In the case of ultrasound, the absorption and scattering are 

distinctively separated on the wavelength scale. Figure 1 illustrates 

0.3 micron 
0.5 micron 
1 micron 
5 micron 
10 micron 

τη 

10J ka 
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the dependence of ultrasound attenuation as a function of relative 

wavelength ka defined by: 

2πα 

where a is the particle radius and λ is the wavelength of 

ultrasound. 

It is seen that attenuation curve has two prominent ranges. 

The low frequency region corresponds to absorption; the higher 

frequency region corresponds to scattering. It is obvious from 

inspection of Figure 1 that it is a simple matter to separate both 

contributions because there is very little, indeed almost negligible, 

overlap. 

This peculiar aspect of ultrasound frequency dependence 

allows one to simplify the theory tremendously. Indeed, in the wide 

majority of cases absorption and scattering can be considered 

separately. This simplification is valid except for very high volume 

fractions and for some special non-aqueous systems with soft 

particles [75]. 

Electroacoustics is a relatively new technique compared to 

acoustics. In principle it can provide information for both particle 

sizing and ζ-potential characterization. However, we believe that 

acoustics is much more suited to particle sizing than 

electroacoustics. For this reason, justified in the book [1], we 
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consider electroacoustics as primarily a technique for 

characterizing only the electric surface properties like ζ-potential. 

In this sense electroacoustics competes with microelectrophoresis 

and other traditional electrokinetic methods. However, 

electroacoustics has many advantages over traditional 

electrokinetic methods that can be summarized as: 

• no dilution required, volume fraction up to 50%vl; 
• less sensitive to contamination, easier to clean; 
• higher precision (± 0.1 mV); 
• low surface charges (down to 0.1 mV); 
• electrosmotic flow is not important; 
• convection is not important; 
• faster. 

In addition, electroacoustic probes can be used for various 

titration experiments, as it will be shown in the book [1], 

The third field where ultrasound competes with traditional 

colloid characterization is the field of rheology. This is relatively 

new area of ultrasound application. We can count two obvious 

advantages of ultrasound over traditional rheometers. First, 

ultrasound measurements are non-destructive and allow us to 

obtain information about the high frequency rheological properties 

while keeping the sample intact. The second advantage is related to 

the ability to characterize volume viscosity in addition to shear 

viscosity. This was already known to Stokes 150 years ago [9]. 

Volume viscosity is a more sensitive probe of any structural 

features in a system but it is impossible to measure using shear-
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based techniques. Ultrasound attenuation is the only known 

technique able to characterize this important rheological parameter. 

In conclusion, we think that the combination of acoustics 

and electroacoustics enhances each of them [39]. In addition, there 

is certain overlap in their nature, that offers a way to create various 

consistency tests to verify the reliability of the data. 
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Chapter 9 

Assessment of Electrostatic Interactions in Dense 
Charged Colloidal Suspensions Using Frequency 

Domain Photon Migration 

Yingqing Huang, Zhigang Sun, and Eva M. Sevick-Muraca* 

Department of Chemical Engineering, Texas A&M University, 
College Station, TX 77843-3122 

*Corresponding author: phone: 979-458-3206; fax: 979-845-6446; 
email: sevick@che.tamu.edu 

The electrostatic repulsive force between particles impacts the 
colloidal structure, which mediates the bulk properties of the 
suspensions and dramatically hinders visible light scattering. 
In this investigation, we explored the impact of effective 
surface charge and ionic strength on the multiple scattering 
measured by frequency domain photon migration (FDPM). 
First, we employed F D P M to measure the isotropic scattering 
coefficients of dialyzed polystyrene (PS) latex suspensions at 
687 and 828 nm as a function of ionic strengths at 65, 25 and 5 
m M NaCl equivalents. Measured isotropic scattering 
coefficients decreased with decreasing ionic strength of the 
suspensions, suggesting that changes in electrostatic 
interactions could be evaluated from ensemble measurements 
of multiply scattered light. At each ionic strength, the 
isotropic scattering coefficients at varying colloidal volume 
fractions were regressed to scattering theory which 
incorporated the mean spherical approximation (MSA) with 
hard sphere Yukawa (HSY) interaction and Primary model 
(PM) interaction for monodisperse suspensions in order to 
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yield an effective surface charge given the particle size and 
ionic strength. The estimates of surface charges obtained from 
scattering data at 687 and 828 nm were consistently similar but 
varied with ionic strength. We further investigated the impact 
of effective surface charge on the multiple scattering through 
modifying the surface by Rhodamine 6G (R6G) adsorption. 
Measurements were conducted on dense suspensions (volume 
fraction = 0.186) at an ionic strength of 5 m M NaCl 
equivalents with varying amount of positively charged R6G 
adsorbed on the particle surface. F D P M detected the increase 
in isotropic scattering coefficient due to decreased electrostatic 
interaction as a result of R6G adsorption. The corresponding 
effective surface charge fitted using hard sphere Yukawa 
interaction model and mean spherical approximation decreased 
as R6G concentration increased. F D P M can be a potential 
tool for assessing electrostatic interaction in charged dense 
suspensions. This research is supported by National Science 
Foundation (CTS-9876583). 

Introduction 

The interactions among colloidal particles determine the local structure, 
which mediates rheology, colloidal stability and impact light scattering 
efficiency. The structure of a suspension not only should be taken into account 
when sizing particles using ensemble light scattering techniques, but can also 
provide information about particle interactions within an ensemble (1,2). 

Typically, the static structure of complex fluids can be obtained from small 
angle light, neutron, and X-ray scattering measurements. However, concentrated 
colloidal suspensions multiply scatter light (3, 4), making small angle light 
scattering measurements impractical without tedious refractive index matching, 
which itself may affect the interaction, and therefore the structure. Neutron and 
X-ray scattering require a nuclear reactor or a synchrotron source, which limit 
their practical and ubiquitous application in complex fluids. In addition, these 
techniques are limited to nanometer-sized colloids (< 100 nm). 
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In industrial processes involving dense dispersions such as emulsions, 
techniques capable of directly characterizing dense suspensions are required, 
since dilution alters original solvent conditions, and therefore alters interparticle 
interaction and structures. 

Although a few techniques have recently been developed to characterize 
electrostatic interactions in dense suspensions, the measurement of parameters 
that govern electrostatic interactions remains elusive. For example, 
electroacoustic techniques (5, 6) have been applied in measuring zeta potential 
as well as particle size distribution of concentrated suspensions. Values 
representing zeta potentials obtained from electroacoustic sonic amplitude (ESA) 
measurements or colloidal vibration potential (CVP) measurements differ from 
those obtained from standard electrophoresis (7, 8). Furthermore, these 
perturbative techniques require an oscillatory electric force or sonic field, which 
may disturb the original position correlations among particles and resultantly, the 
structure of the dispersions. 

In our laboratory, we have used frequency domain photon migration 
techniques for accurate and precise measurements of isotropic scattering 
coefficients which are sensitive to microstructure (9, 10). 

In brief, F D P M involves launching an intensity sinusoidally modulated light 
wave in a multiply scattering medium through an optical fiber. When the light 
wave propagates through the media, its intensity attenuated and it is phase 
shifted relative to the incident light. The "photon density wave" propagating 
through the medium is collected by another fiber optic located some distance 
away from the source. By approximating the transportation of light wave as a 
photon diffusion process and applying diffusion theory, the relative values of 
average intensity (DC), amplitude (AC) and phase shift (PS) measured as a 
function of distance away from the source or modulation frequency can be used 
to independently extract the isotropic scattering coefficient and absorption 
coefficient. Using F D P M , Sun et. al. successfully obtained size information of 
dense monodisperse, polydisperse, and bidisperse suspensions in which volume 
exclusion effects dominated (11, 12, 13, 14). F D P M has been also been showed 
capable of probing the structure of dense suspensions of volume exclusion 
interaction and electrostatic interactions respectively (15, 16). 

Historically, the hard sphere model is widely used to model colloidal 
particle interactions. Actually, almost all colloidal suspensions are charged 
owing to charged surface groups and adsorption of ions from the solution. 

In this work, we seek to extend time-dependent multiple light scattering 
techniques to assess the impact of ionic strength and effective surface charge 
upon the electrostatic interaction. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

Ju
ly

 2
, 2

01
1 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

20
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
87

8.
ch

00
9

In Concentrated Dispersions; Somasundaran, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



124 

Background 

Interaction models among charged particles 

The hard - sphere Yukawa interaction (HSY) model and primary interaction 
(PM) model are two of the most popularly used models describing electrostatic 
among charged particles (17). 

HSY describes the interaction among a monodisperse charged suspension as 
hard sphere interaction with a Yukawa tail: 

where e is electron charge; ε0 is the electric permittivity of vacuum; and ε is 
dielectric constant of the suspending medium. The parameter σ is the particle 
diameter; zejj- is the effective particle surface charge; and κ is the inverse Debye 
screening length. In HSY, a charged particle is surrounded by a cloud of counter 
ion layer, whose thickness is characterized by Debye screen length, κ\ which 
decreases with increasing ionic strength. The charged particles repulsively 
interact through volume exclusion and double layer overlapping. The H S Y 
model is also usually termed as one component model (OCM) (17). 

The primary model describes the interactions among charged colloidal 
particles as direct Columbic interactions: 

Where ^p.z. =0» a n c * A * s &e number density of the component / in the 
1 

colloidal mixture. In the primary model, counter ions are also considered as 
components in the dispersions, and presence of the counter ions will not impact 
the direct interaction among charged particles significantly. 

Scattering properties of dense colloidal suspension 

(1) 

(2) 

For a well-characterized monodisperse colloidal suspension, the isotropic 
scattering coefficients of the suspension, μχ, can be predicted by: 
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/ / / ( λ ) = -4̂ 7 iS(aXetç)F(aXe)sinQ(l-cosQ)de (3) 
k σ * 

where F is form factor, which addresses the scattering amplitude of light 
with optical wave length λ at scattering angle 9by a particle of diameter σ. The 
form factor can be calculated from Mie theory. The structure factor S(q) 
accounts for the interference effects of scattered light from different particles, at 

wave vector g = ^EHsm(g/2) and contains the information of particle position 
À 

correlation, and therefore of structure information. Here, m is the refractive 
index of the medium. In diluted suspensions (volume fractions < 1%), particles 
are randomly oriented and scatter independently. In this case, the interference of 
scattered light is not significant, and S(q) is close to one. The structure factor 
S(q) can be predicted with Ornstein-Zernike (O-Z) integral equation employing a 
first principles model of interaction, such as H S Y or P M models, and a 
approximate closure model relating structure with the interaction, such as mean 
spherical approximation (MSA), and Perçus-Yevick (PY) models (17). 

The analytical forms of structure model of monodisperse suspensions are 
available through integral equation approach using M S A - H S Y (18, 19). The 
analytical solution by Herrera et al. (19) is used owing to its simplicity. 

Blum and Hoye (20, 21) solved the O-Z equation analytically using M S A 
associated with P M interaction model. Hiroike (22, 23) reorganized Blum's 
solution and derived an explicit expression of direct correlation function, whose 
Fourier transform can be used to directly calculate the partial structure factor 

In this study, two analytical solutions of the structure models from the 
solution of O-Z equation using M S A - H S Y (Herrera et. al.) and M S A - P M (23) 
closure and interaction potential models are used to fit the experimental data of 
isotropic scattering coefficient as a function of ionic strength and volume 
fraction. 

Theory of frequency domain photon migration 

F D P M is based on photon diffusion theory which assumes that the transport 
of multiple scattering light in dense suspension can be approximated by "random 
walk" of photon, and one can use "frequency domain photon diffusion equation" 
to describe the optical fluence, Φ, modulated at frequency, m at position r in 
terms of absorption coefficient, μά, and isotropic scattering coefficient, μ5'. 

θν2ΦΑ(:(Γ9ω)-[μα-l^}<t>AC(r9m) = S(r,a>) (4) 
c 
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where D = ΐ/3(μ β +μ$)> l s called the optical diffusion coefficient. S(r,œ) is 
the source term. In infinite media, the decay of photon density wave can be 
obtained from the solution of above frequency domain diffusion equation to 
obtain the photon density U(r,t) = Φ/c, at position r and time t as: 

U = ^ ^ ^ S D C e*V(-M+r) + SAC
 e x P ( " lMeffr - x c o t - Φο )) ( 5 ) 

where μ# = (μ^)ι/2, and c is the the speed of light. SAC% SDC, and φα are the 
average intensity, amplitude and initial phase associated with point optical 
source. 

By applying analytical solution of photon diffusion equation of eq. 4, and 
taking measurement at multiple detecting positions, we can avoid source 
information and subsequently source calibration. 

I n ( ^ ^ r ) = -(r-r0)[3Ma(Ma + μ,')Τ (6) 

PS(r)-PS(r0) = (r-τ,)}~μ,{μ, + μ,')<]ΐ + ( — ) 2 -1) 
V £ y ν/^ β 

«/2 (8) 

The above three equations, which relate average intensity DC, amplitude 
AC, and phase shift PS at source-detector distances r and rQ with the optical 
properties μα and μί, are obtained from eq. 5. By measuring AC, DC, and PS at 
multiple source detector distances, we can extract the optical properties of μα and 
μ5 independently through standard parameter estimation approach (9). 

The typical F D P M setup used in measuring isotropic scattering coefficients 
of a colloidal system has been detailed elsewhere (24). Herein we employ 
measurements of relative DC and relative phase at optimal modulating 
frequencies ranging from 50 M H z to 100 M H z to determine accurate values of 
isotropic scattering coefficients. 

Materials and Experimental Considerations 

Samples and sample characterization 

Polystyrene samples were obtained from Dow Chemicals (Midland, MI). 
To remove extra ions and the surfactant used to stabilize the suspensions, the 
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polystyrene lattices were first dialyzed using membrane tube (Spectra/Pro: 
M W C O 6-8,000, Spectrum laboratories, Inc., Silver Spring, MD) in deionized 
water (W-20, Fisher) until the conductivity of the equilibrium dialyzing water 
was less than 6 ppm NaCl equivalents, as measured using a titration controller 
(Accumet Model 150, Fisher). The volume fractions of stock dialyzed 
polystyrene lattices were measured by an evaporation method, which involves 
weighting samples using a l/10,000g resolution balance (Denver Instrument M -
220D, Fisher) before and after samples were dried in an oven (Isotemp Model 
280A, Fisher) for 8 hours at 95°C. Weight loss due to water evaporation was 
used to calculated volume fraction. The dialyzed polystyrene suspensions were 
then diluted to desired volume fraction using final dialyzing water. 2 M sodium 
chloride solution (SI240, Spectrum Chemical Mfg. Corp., Gardena, CA) was 
then added to adjust the dispersion to desired ionic strengths. Volume fractions 
of samples were recalculated after the addition of NaCl solution. 

The mean size (143 ± 2 nm) was measured using dynamic light scattering 
(Zetasizer 3000HS, Malvern Instruments Inc., Worcestershire, UK) . The T E M 
(Zeiss 10C) images were analyzed using Image Pro software (Image Pro 3.0, 
MediaCybernetics Inc.) to obtain the standard size deviation of 22 ± 4 nm. The 
effective surface of about 1,000 electron charge is approximated by ζ = 
πεσ(2+κσ)ζ from electrophoretically measured zeta potential, ζ, (Malvern 
Zetasizer 3000HS)(1). 

Rhodamine 6G adsorption on polystyrene 

In this study, we adjusted the effective surface charge of PS latex by 
adsorbing positively charged Rhodamine 6G (R6G) (20, 21). R6G (R- 4127, 
Sigma, St. Louis, MO) molecules can form a positively charged surfactant and 
negatively charged counter ion once ionized in water. R6G adsorption on the 
surface of negatively charged polystyrene surface upon two main mechanisms: 
(1) ion condensation owing to electrostatic interaction, which may neutralize 
negatively charged group on PS surface and (2) hydrophobic interaction owing 
to hydrophobic groups in R6G molecules and on polystyrene surface (25,26). 

R6G strongly absorbs light at the wavelength of 529 nm and fluoresces at 
566 nm with high quantum efficiency. This enables determination of R6G 
concentrations using fluorescence measurements. R6G also has minimal light 
absorption and consequently minimal fluorescence in near infrared region, 
enabling the evaluation of isotopic scattering of colloids at 687 nm using F D P M 
measurement without the interference from R6G absorbance or fluorescence. 
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Results and Discussions 

Change of /V with Ionic Strength 

Figure 1 shows the isotropic scattering coefficients [cm 1] at wavelengths of 
687 and 828 nm as functions of volume fraction at the ionic strengths of 60, 25, 
and 5 m M NaCl equivalents. The symbols denote F D P M measured values, 
which evidently decreases as the ionic strength decreases at both wavelengths, 
suggesting F D P M successfully captured the structure charge owing to changed 
ionic strength. Isotropic scattering coefficients as a function of volume fraction 
were fitted using equations (3) with Herrera's (19) M S A - H S Y structure model 
for calculating obtain effective surface, Ζφ as the only fitting parameter. Herein, 
a least squares method is used and iteration converges when the step size of 
surface charge was less than 1 electron charge, and the relative decrease in the 
merit function γ2 γ · / » · _ • γ, was less than 0.1. 

Λ j£jVr*s , expl r^s,theory} 

The model calculation (curves) with M S A - H S Y using fitted zeff match the 
F D P M experimental data (symbols) well, suggesting first principles model can 
be used to describe the multiple scattering from a charged dense suspension. The 
fitted effective surface charges decrease with decreasing ionic strength, from 
around 1000 electron charges at 60 m M NaCl equivalents, to 160 at 1 m M NaCl 
equivalents. At the same ionic strength, the effective charges are similar for data 
evaluated at the two different wavelengths as shown in Table I. At 25 and 60 
m M NaCl equivalents, the fitted surface charge is similar to the value estimated 
from the zeta potential measurement. 

M S A - P M model (22) was also used to regress F D P M experimental data. 
The regressed effective surface charges are shown in the Table I. Using one 
effective surface charge at each ionic strength for all volume fractions, M S A - P M 
model over predicted the scattering at volume fractions higher than 15%. The 
fitted surface charges using M S A - P M are 1-2 orders of magnitude less than 
those fitted using M S A - H S Y , and generally increase as the ionic strength 
decreases. The fitted surface charges using both M S A models at 828 nm are 
greater than those at 687 nm in most cases, suggesting both models captured 
limited physics. 
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250 ι 

200 

150 A 

100 

• FDPM, 60 mM, 687 nm 
A FDPM, 25 mM, 687 nm 
• FDPM, 5 mM, 687 nm 
• FDPM, 60 mM, 828 nm 
à FDPM, 25 mM, 828 nm 
ο FDPM, 5 mM, 828 nm 

•MSA-HSY, 60 mM, 687 nm 
•MSA-HSY, 25 mM, 687 nm 

MSA-HSY, 5 mM, 687 nm 
-MSA-HSY, 60 mM, 828 nm 
• MSA-HSY, 25 mM, 828 nm 
MSA-HSY, 5 mM, 828 nm 

0.05 0.1 0.15 
volume fraction 

0.2 0.25 0.3 

Figure 1: Isotropic scattering coefficients versus volume fraction as a function 
of wavelength and ionic strength in NaCl equivalents. Symbols denote FDPM 
measured results, and lines denote the prediction using MSA-HSY model with 

regressed zeff (Reproducedfrom reference 27. Copyright 2002 American 
Chemical Society.) 
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Table I: Fitted effective average charge of M S A models 

Ionic strength NaCl equiv. (mM) 120 m M 60 m M 25 m M 5 mM 1 m M 

Effective Charge, e 687 nm 1.9 1240 836 404 137 
MSA-HSY 828nm 0 1005 1137 489 184 

Effective Charge, e 687 nm 0 7 12 15 15 
MSA-PM 828 nm 0 3 9 12 13 

We further verified M S A - H S Y model by modifying the surface charge 
using R6G adsorption. 

Since the model predictions using M S A - H S Y fitted zeff match F D P M 
experimental data better than the M S A - P M model, and since the fitted effective 
surface charges are closer to the values obtained from the electrophoretical 
approach, we conclude that M S A - H S Y model describes the structure of charged 
colloidal suspension better than M S A - P M does. 

Change of μ, with Rhodamine 6G adsorption 

R6G can adsorb on PS surface by hydrophobic or electrostatic interaction. 
It is reported that at low R6G surface converges, electrostatic interaction 
dominates, and at higher R6G surface converges, hydrophobic interaction is 
overwhelming (18,19). 

Figure 2 plots the change in the isotropic scattering coefficient versus total 
R6G concentration at constant PS volume fraction of 0.186 and constant ionic 
strength of 5 m M NaCl equivalents. Based upon our experimental determined 
adsorption isotherm, more than 99.9% of R6G added to the suspension was 
adsorbed on the polystyrene surface. The amount of the free R6G in the solvent 
is negligible in comparison to the amount of adsorbed R6G on PS surface. The 
isotropic scattering coefficient, μ£9 increases with the increasing total R6G 
concentration, and does not evidently increase after an inflection points (of total 
R6G concentration about 0.2 mM) with further addition of R6G. Since the R6G 
surface coverage on polystyrene, (which is calculated from the R6G molecule 
size and surface adsorption density from the adsorption isotherm,) was relatively 
low (<10 % before the inflection point), an increase in effective particle size 
owing to R6G adsorption would be insufficient to change the scattering cross 
section of each individual particle. This assures that change in the scattering 
efficiency of each individual particle owing to R6G adsorption could not be 
responsible for the increased μ&. Since trace amount of added R6G cannot 
significantly alter the ionic strength, especially before the inflection point where 
even less amount R6G was added, ionic strength change owing to R6G addition 
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125 -I , , , , 1 

Ο 0.2 0.4 0.6 0.8 1 
total R6G concentration (mM) 

Figure 2: FDPM measured isotropic scattering and absorption coefficients 
versus total R6G concentration in polystyrene suspension with volume fraction 
of 0.186 and ionic strength of 5 mM equiv.). (Reproduced from reference 28. 

Copyright 2003 American Chemical Society.) 

can be eliminated as a cause. Therefore, the change in effective surface charge 
owing to R6G adsorption is the only significant mechanism for the increase in 
μ5, and F D P M successfully captured the subtle change in the optical properties 
owing to the changing effective surface charge as a result of R6G adsorption. 

Change in zeff owing to R6G adsorption 

Because of possible presence of hydrophobic condensation of R6G on 
polystyrene surface, one cannot infer the change in surface charge of the 
polystyrene from the amount of adsorbed R6G by simple neutralization 
calculation. Herein, M S A - H S Y model by Herrera (19) was again used to fit 
experimentally measured μ5 to extract the effective surface charge at each 
addition of R6G. Figure 3 shows the fitted effective surface charge using M S A -
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H S Y model versus total R6G concentration. Effective surface charges decrease 
with increasing R6G concentration, and do not change significantly after the 
inflection point. The typical error in z e j propagated from the uncertainties of 
F D P M measurement is about 10 electron charges. The existence of the 
inflection indicates the change in dominant adsorption mechanism from 
electrostatic condensation to hydrophobic adsorption. 

340 

330 ( 

320 

310 

300 

290 -1 

280 -I 
270 

260 

250 

240 
0.2 0.4 0.6 

total R6G concentration (mM/L) 

0.8 

Figure 3: The parameter estimate of zej versus total R6G concentration in the 
polystyrene suspension (with volume fraction of 0.186, ionic strength of 5 mM 

NaCl equiv.). The propagated errors in zefffrom the uncertainties of FDPM 
measurement, about 10 electron charge, is not shown in figure. Herrera 's 

solution to the MSA-HSY was employed (19). (Reproducedfrom reference 28. 
Copyright 2003 American Chemical Society.) 

In general, F D P M measurement, associated with the M S A - H S Y model, 
displayed sensitivity to changing surface charge owing to the surface adsorption 
of R6G on polystyrene particle surface. We noted that the surface "charge" from 
the model prediction may not be the actual physical surface charge, and it 
depends on the potential model and closure relation to the O-Z equation. 
However, this suggests that with a better model or with the some kind of charge 
calibration, F D P M could be used to assess a change in surface charge, or even to 
detect zeta potentials of dense multiply scattering dispersions. 
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Conclusion 

Electrostatic interaction should be considered when investigating scattering 
from charged dense suspensions. To charged polystyrene lattices, the increasing 
repulsive force associated with decreasing ionic strength and/or increasing 
surface charge causes the polystyrene to be more structured and impacts the 
scattering at high volume fractions. First principles model of interaction, such 
as, M S A - H S Y can be used to describe multiple light scattering of charged dense 
suspensions. F D P M measured isotropic scattering coefficients displayed 
sensitivity to the interaction change owing to the change in ionic strength and zeff 

and F D P M may provide a potential probe for interaction and structure of dense 
suspensions. 

This work is partially supported by the National Science Foundation. (CTS-
9876583) 
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Chapter 10 

Novel Fundamental Model for the Prediction of 
Multiply Scattered Generic Waves in Particulates 

Felix Alba 

Felix ALBA Consultants, Inc., 5760 South Ridge Creek Road, 
Murray, UT 84107 (felixalba@scatterer.com) 

Fundamental models for accuratetly predicting multiple 
scattering of electromagnetic and acoustic waves through 
particulates have been in need for a long time. The lack of 
these models forces optical size analyzers to only accept 
highly diluted samples and impairs the performance of 
acoustic analyzers. After 20 years of R & D this vacuum has 
been filled with METAMODEL™. This new multiple-
scattering model is as fundamental as Mie and E C A H single-
scattering models. Its generic validity resides in having 
modeled the interaction between the fields scattered by every 
particle, leading to generic stochastic field equations where 
the overlapping of all fields is contemplated regardless of their 
physical nature (viscous-inertial, thermal diffusion, 
electromagnetic, elastic, etc.). Its fundamentals are described, 
and validating data in concentrated dispersions are presented. 

© 2004 American Chemical Society 135 
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electromagnetic, elastic, etc.). Its fundamentals are described, 
and validating data in concentrated dispersions are presented. 

© 2004 American Chemical Society 135 
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Introduction 

Electromagnetic waves have been routinely used for the characterization of 
suspensions and emulsions for more than three decades now. The Mie 
fundamental mathematical model is the war-horse for predicting the attenuation 
and intensity pattern of the scattered waves with the proviso that the particle 
concentration has to be low enough for the phenomenon of multiple scattering to 
be negligible. A fundamental mathematical model for high concentrations has 
been in need for a long time. 

During the last decade, acoustic waves have entered the commercial scene 
as a powerful tool for the characterization of concentrated dispersions. For 
acoustic waves there exists also a fundamental single-scattering mathematical 
model known as the Epstein-Carhart-Allegra-Hawley (ECAH) model (/). 

Acoustic and electromagnetic wave phenomena are inherently different. 
Both obviously exhibit multiple scattering when interacting with particulates. 
However, in general, multiple scattering of acoustic waves in the ultrasonic 
range starts being significant at much higher particle concentrations than 
multiple scattering of light waves. This remarkable feature of ultrasound has 
been for long time the big promise for accurate characterization of particulates at 
industrial concentrations. 

Having said that, researchers working in acoustics know that multiple 
scattering, at a fixed concentration, will be significant or not depending upon the 
particular phenomenon dominating the interaction (viscous-inertial, thermal 
diffusion, etc.), as well as upon the ratio between the particle size and the 
wavelength. The lower the frequency and the smaller the particle size, the lower 
the particle concentration beyond which multiple scattering cannot be ignored. 
The E C A H model can predict very accurately the attenuation and velocity 
spectra of a submicron polystyrene suspension at a concentration by volume (Cv) 
of 30% (/), but will fail miserably in predicting the same for a submicron silica 
suspension at Cv=10% (2). The dominant phenomenon for the former is thermal 
diffusion, for the latter is viscous-inertial. 

In summary, i f the big promise of acoustics it to be fulfilled, a fundamental 
model for accurate prediction of multiple scattering of acoustic waves in 
particulates is as essential as for electromagnetic waves. 
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Approaches to Mathematical Modeling 

There are two basic approaches to modeling the interaction of waves with 
composites: microscopic (fundamental) and macroscopic (phenomenological). 
In the fundamental approach -the Analytical Wave Scattering Theory- the 
suspension is treated as what it is: a two-phase system, with the element of 
volume being much smaller than both the smallest particle and the smallest 
wavelength. This description is the most complex but the most general and 
accurate (5). 

In the macroscopic approach -the Radiative (Transport) Theory- the 
dimension of the volume element is chosen such that it is much smaller than the 
minimum wavelength transmitted but still big enough to contain a large number 
of particles. In this fashion, the suspension appears to be homogeneous to the 
wave. This approach is much simpler, but it delivers not so accurate predictions 
and it is definitely very limited in scope. To begin with, only situations where the 
so-called long-wave regime is valid are amenable to this modeling approach (4). 

The above classification is not sharp: there are some intermediate 
approaches like the cell-model, the coupled-phase theory, and closed-form 
approximations to the fundamental one which avoid the numerical solution of 
the wave-equations by assuming the wavelength much longer than the size of the 
particles, the viscous wave penetration depth much smaller than the particle 
radius, the particle size much larger than the wavelength, etc. 

Classical Fundamental Models 

Starting with the fundamental work of Lord Rayleigh, single and multiple-
scattering models based on the analytical scattering theory evolved during the 
last century. An incomplete list of main contributors contains Mie, Foldy, Lax, 
Mal & Bose, Mathur & Yeh, Bringi, Ma, Epstein & Carhart, Waterman & 
Truell, Twersky, Chow, Fikioris & Waterman, Lloyd & Berry, Allegra & 
Hawley, Devaney, Tsang & Kong, de Daran, etc. Finally, in 1985, Varadan et al 
recognized the common mathematical structure behind the description of 
multiple scattering regardless of the physical nature of the waves, establishing 
the basic framework needed to develop a generic treatment for electromagnetic, 
acoustic, and elastic waves (5). 
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METAMODEL™: Fundamental and Generic 

Even though there have been published/used several approaches to 
modeling the complex phenomenon of multiple scattering, they are either of a 
semi-empirical nature with severe limitations in size/wavelength range and 
performance or, albeit having a fundamental flavor, have proven not accurate 
enough to be employed in broad range/application scientific instruments. After 
20 years of research and development, this vacuum has been filled with a 
mathematical model called METAMODEL™ (2). 

The METAMODEL™ multiple-scattering prediction engine is as 
fundamental as Mie and E C A H single-scattering models. Besides its 
fundamental character, its generic validity resides in having described and 
calculated the detailed interaction between the scattered fields produced by every 
particle, treating such an interaction in a statistical sense and leading to generic 
stochastic field equations where the overlapping of all scattered fields is equally 
contemplated regardless of their physical nature (viscous-inertial, thermal 
diffusion, elastic, electromagnetic, etc.). 

METAMODEL™ belongs to the fundamental microscopic category and 
results from the exhaustive application of the analytical wave scattering theory 
by integrating viscous-inertial, thermal diffusion, surface tension, and 
viscoelasticity into the mathematical description of multiple-scattering. In 
addition, it is generic because it can accurately predict the multiple scattering of 
electromagnetic, acoustic, or elastic waves interacting with particulates. 

Stochastic Field Descriptors 

We consider a random spatial distribution of a large number of particles 
with arbitrary physical attributes (thermodynamical, size, shape, orientation, 
acoustic, elastic, electromagnetic, transport, etc.) suspended or included in an 
otherwise continuous medium with an arbitrary concentration. In our stochastic 
description, we deal with three random fields: the incident (I), the exciting (E), 
and the scattered (S) fields. For a fixed spatial/attribute distribution of scatterers, 
these fields obey the vector Hemholtz wave equation: 

VF € {l,E,S} (V2 +k2)F(r : fe,r#,...,;a.a,.....}) = 0 (1) 

The particular position and attributes of each scatterer are unknown but the 
ensemble of them can be statistically described through a probability density 
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functionp{r X 9 . .r i 9 . . .r N r 9 a X 9 . . . 9 a. 9 . . . 9 a N ) . Foldy introduced in 1945 the concept 

of a configurational average (6). Being all fields random variables which value 
depends on the spatial/attribute distribution of the scatterers, the zero-order 
configurational average (F(r)) is simply the mean value for the field (the so-
called coherent part of the field): 

V V D D 

In a similar way we can define higher order statistics like what Foldy called 
the first order partial configurational average, i.e., the mean value of the field 
given that a particle is at a certain location and has a certain set of attributes. The 
apostrophe in equation 3 means that the averaging does not take place over the 
known location/attributes with the probability being conditional. 

Vi ViD D 

I l{,aùdvx,J „dvndav.! „dan (3) 

Now we observe that the zero-order statistics can be expressed in terms of the 
first-order statistics by simply performing the missing integral: 

<£(£)> = JiiEWrraVpkr&Wa.dv, (4) 
V D 

Similarly the 1-order statistics can be expressed in terms of the 2-order statistics 
as follows: 

<£(£/&;&)> = j\Œirfrl9rj\g^9aj))p(rj\aj lti\a^daidvi (5) 
ViD 

And, in general, the η-order statistics can be expressed in terms of the n+1-order 
statistics. Obviously thus we have a recurrent hierarchy of equations which is 
impractical to pursue all the way down until collapse. Lax (7) proposed the so-
called "quasi-crystalline" approximation to break-down the hierarchy as early as 
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possible. By doing so, we have now an integral equation which relates the first 
order statistics for a given location/attribute with the first order statistics for all 
other possible locations/attributes: 

iFQUbia,)) = f J < £ ( r / r y ; a y ) ) p ( r y ; a y Iri;ai)dajdvj (6) 
ViD 

Field Equations 

For a fixed spatial/attribute distribution of scatterers a field equation can be 
formulated by simply stating that the exciting field around a particle at a certain 
location with a certain set of attributes is the summation of the incident field plus 
all fields scattered by the rest of the particles. There are as many of these 
equations as possible spatial/attribute distributions of particles exist. We convert 
this set of deterministic equations into a stochastic one by taking configurational 
averages on both sides and by letting the number of particles Ν go to infinity 
while keeping the concentration constant. The following equation is obtained: 

mr/r,;a,)) = I(r) + J J ^ f e / r . j a . ^ f e ^ / . t e ^ g ^ . a ^ r ^ g ^ a ^ (7) 
ViD 

n(rj ) is the local particle concentration by number, fn (a. ) is the local density 

distribution by number of the attributes, and g ( r y , a . , Γ , , Λ , ) is the so-called 

(well-known in Statistical Mechanics) pair-correlation function. 

So far we have not talked about the physical nature of the waves as we 
simply have discussed how to combine all the scattered fields from all particles 
at a certain observation point. It is in the relation between the field exciting a 
particle and the field scattered by the same particle where the physical nature of 
the wave shows its signature. It is well-known that, regardless of the physical 
character of the wave, the scattered field by a particle in a medium can be 
expressed as the "T-transition matrix" times the exciting field (5). We refer to 
this matrix as the particle/medium signature. We have here once more a large set 
of equations ~ one for each spatial/attribute distribution of scatterers. Once 
again, taking configurational averages, we convert the above large set of 
equations into a single stochastic equation: 
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{S(r/rJ\aJ)) = T{otr^aJ)(E(r/rJ-,aJ)) (8) 

Replacing now the scattered field in the previous integral equation 7 with the 
referred signature times the exciting field, and averaging once more with respect 
to the attributes of the particle at location r., we arrive to an equation relating 
the exciting field on a particle located at point ri with the exciting fields around 
the rest of the particles in the ensemble. 

«£(£ /£ , )» =Z(£)+ //.(ft) J/lfe.ffi.SyXŒfe/ry)»'»^)/.^) 
D ViD 

g(Zj > fly > Li > £/ )dajdvjd a, (9) 

This is the basic field integral equation we have to solve. 

Solution of the Field Equations 

Because all fields verify the vectorial Hemholtz wave equation, they can be 
expressed as (P): 

m = Xl^km(U + fnm2Mnm(à + fnmiNnm(r)] (10) 
n=Q m--n 

where Lnm,Mnm,Nnm are eigenvector solutions of the wave equation and 

fnm\ » fnmi > fnmi * e ^ n e a r combination coefficients. The solution finding 

approach can be summarized as follows: 

1. Choose a coordinate system (spherical, cylindrical), 
2. Use Bessel or Hankel sets as appropriate with Legendre Polynomials, 
3. Replace into field equation 9, 
4. Express all fields on a common reference frame, 
5. Apply mutual orthogonality of eigenvector sets, 
6. Transform volume integrals into surface integrals arriving to an infinite 

linear homogeneous system, 
7. Truncate and find the propagation constant of the composite by looking 

for a non-trivial solution. 
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S C A T T E R E R ™ : A Long-Needed Tool 

In order to conduct research on mathematical modeling over the years I had 
to devise a flexible software structure which would allow the researcher to easily 
and efficiently conduct predictions with different mathematical models, 
parameter sensitivity studies, particle size analysis from data acquired from 
different spectrometers, etc. As a result, a powerful research and development 
tool called SCATTERER™ was born (2). 

Two numerical engines interact with the researcher through a powerful 
friendly Windows® interface. The Prediction Engine predicts the composite 
physical attributes from the physical attributes of the constituent phases and the 
operating variables. A typical computer experiment would be to predict the 
attenuation and velocity spectra from the knowledge of both media physical 
properties and the particle size distribution and concentration. 

The inversion Engine handles the inverse problem, i.e. knowing some of the 
attributes of the composite and constituents; it estimates the values of the missing 
attributes of the constituents and composite. This engine provides for a 
generalized direct/invert algorithmic scheme allowing the operator to manipulate 
the METAMODEL™ mathematical model (and all the others) in any desired 
direction specifying those parameters that are known/measured as well as those 
that are not known and are to be estimated. A typical computer experiment 
would be to determine the particle size distribution (PSD) and concentration 
from the knowledge of both media physical properties and the measured 
attenuation spectrum. The SCATTERER™ tool offers three suites: Acoustics, 
Electromagnetics, and Elastodynamics (2). 

Validating M E T A M O D E L ™ 

The most appropriate field to fully validate the METAMODEL™ model is 
in Acoustics because: a) the diversity of physical phenomena occurring when a 
sound wave interacts with particulates, b) accurate high concentration data have 
been made available during the last decade due to the recent commercial advent 
of acoustic spectrometers, and c) it is the successful integration of viscous-
inertial, thermal diffusion, surface tension, and viscoelasticity phenomena into 
the fundamental statistical treatment of multiple scattering what makes 
METAMODEL™ unique. 
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Acoustical data in suspensions and emulsions were gathered using the 
acoustic spectrometer function of a particle size analyzer (ULTRASIZER™) 
manufactured by Malvern Instruments Ltd. Concentration ladders from low 
concentrations, where both the standard E C A H single-scattering model and the 
METAMODEL™ mathematical model perfectly agree, up to concentrations as 
high as 30% by volume were carefully made avoiding aggregation. The objective 
was to approximate the ideal conditions under which the PSD is constant 
throughout the whole concentration ladder. This common PSD was determined 
either by an independent size measurement technique, a manufacturer 
specification and/or the ULTRASIZER™ at a concentration for optimal 
accuracy. Knowing the actual concentration at each step of the ladder and the 
common PSD, predictions from the METAMODEL™ were compared with the 
actual spectral measurements. Silica suspensions manufactured by Nissan 
Chemical Company with well-controlled very narrow size distributions were 
employed. The whole set of validation data can be found in (2). 

AH Models for Nissan MP1040 - Cv=30% 

Practically all models available in the literature that are based on the 
fundamental analytical wave scattering theory have been implemented (ECAH, 
Foldy, Waterman & Truell (WT), Fikioris & Waterman (FW), Twersky, Lloyd 
& Berry (LB)). It was found, as a constant throughout the myriad of experiments 
conducted over the years, that all these models only display minor deviations 
from the single-scattering E C A H model; some towards the right direction and 
some towards the opposite direction with respect to the actual experimental data. 
These deviations are never large enough to account for the undergoing multiple 
scattering unless the concentration is below 5% (2). 

Figure 1 depicts the results for a silica slurry named Nissan M P 1040 
specified by the manufacturer with a size \QQnm±lOnmmd Cv=30%. For the 
sake of clarity, only the WT, FW, and METAMODEL™ are shown together 
with the experimental data. The rest of the models all fall within WT and FW. 
The actual size was determined with the ULTRASIZER™ at a concentration for 
maximum accuracy obtaining 105 nm. The root-mean-squared (RMS) error for 
Waterman & Truell model is over 360% and all the other multiple-scattering 
models have RMS errors over 500%. METAMODEL™ displays instead an 
RMS error better than 8% with typical deviations better than 5%. 
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Figure 1. Nissan MP1040 (Silica in Water) -705 nm - Cv=30.0% 

From this general finding, and for the sake of clarity on the plots, we will 
show subsequently only three spectra: the experimental, the well-known single-
scattering E C A H , and the METAMODEL™. Global errors for the other models 
will be simply mentioned. Figure 2 shows spectra for the same Nissan M P 1040 
with Cv=10%. At low enough concentration, both E C A H and M E T A M O D E L 
agree perfectly. However, as we can see, at a relatively low concentration of 
10% they disagree drastically. E C A H global error is around 70%, while the one 
for METAMODEL™ is better than 5%. The best of the classical multiple-
scattering models shows an R M S error no better than 50%. 

M E T A M O D E L ™ Vs E C A H for Nissan MP3040 

Manufacturer's specification for the MP3040 product is 3°0nm ± 3 0 n m . The 
ULTRASIZER™, at the optimum concentration for best accuracy, delivered 
310ww. Figure 3 displays data for Cv=24%. The difference between 
experimental data and single-scattering prediction is abysmal with a global error 
of 190%. METAMODEL™ agreement is better than 10%. 
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METAMODEL™ Validation - Acoustics 
Nissan MP1040 (Silica In Water) -105 nm - Cv=10.0% 

1000 
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00 
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11 
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• Experimental 
Single Scattering 
METAMODEL™ 

10 100 

Frequency (MHz) 

1000 

Figure 2. Nissan MP1040 (Silica in Water) -105 nm - Cv=10.0% 

METAMODEL™ Validation - Acoustics 
Nissan MP3040 (Silica in Water) - 310nm - Cv=24.0% 

1000 

Experimental 
Single Scattering 

-METAMODEL™ 

Frequency (MHz) 

Figure 3. Nissan MP3040 (Silica in Water) - 310 nm - Cv=24% 
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M E T A M O D E L ™ Vs E C A H for Nissan MP4540 

This Nissan product is stated to have a mean size of450nm±45nm. At the 
optimal concentration, ULTRASIZER™ delivered 440 nm. Figure 4 compares 
theories with experimental data at Cv=10%. It is clear that at this low 
concentration multiple scattering is already dominant below 10 M H z . E C A H 
global error is around 32% while the one for METAMODEL™ is better than 
5%. The best of the classical multiple-scattering models shows an R M S error no 
better than 23%. 

METAMODEL™ Validation - Acoustics 
Nissan MP4540 (Silica in Water) - 440nm - Cv=10.0% 
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Figure 4. Nissan MP4540 (Silica in Water) -440 nm - Cv-10.0% 

Figure 5 depicts the comparison for Cv=30%. Multiple-scattering is 
dominant with the E C A H model having an error of 260% while 
METAMODEL™ agreeing with the measured spectrum by better than 10% 
overall. The best of the classical multiple-scattering models disagrees with the 
experimental spectrum by more than 170%. 
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METAMODEL™ Validation - Acoustics 
Nissan MP4540 (Silica in Water) - 440nm - Cv=30.0% 

Conclusions 

Fundamental models for accuratetly predicting multiple scattering of 
electromagnetic and acoustic waves through particulates have been in need for a 
long time. The lack of these models has forced optical size analyzers to only 
accept highly diluted samples and considerably impairs the performance of 
acoustic instruments. 

The METAMODEL™ fundamental mathematical model (2) accurately 
predicts (within 5%) the interaction of generic waves with concentrated 
particulates opening up the possibility for light-scattering instruments to operate 
at concentrations several orders of magnitude higher than before. 

Similarly, METAMODEL™ would improve dramatically the accuracy of 
acoustic particle size analyzers, particularly for submicron solid particles at 
concentrations higher than 10% by volume. 
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The SCATTERER™ tool has proven extremely powerful in conducting 
basic research and development on the interaction of generic waves with 
particulates (2). 
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Chapter 11 

Toward a Model for the Mobility of Circularly 
Permuted DNA Fragments in Gel 

Aleksander Spasic1, Kevin Yang2, and Udayan Mohanty1 

1Department of Chemistry, Boston College, Chestnut Hill, MA 02467 
2Research Science Institute, Massachusetts Institute of Technology, 

Cambridge, MA 02139 

A model is proposed that is capable of quantitatively 
describing the gel electrophoretic mobility patterns of 
circularly permuted B-DNA fragment. The model takes into 
account in an approximate way the interaction of the DNA 
with the gel matrix thorough an effective elastic force constant. 
The results are compared with experimental data and with the 
reptation model. 

© 2004 American Chemical Society 149 
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Introduction 

The migration patterns of D N A fragments in polyacrylamide gel is governed 

exquisitely by the shape of the molecule (1). This suggests that comparative 

electrophoresis, i.e., electrophoresis measurement of D N A constructs relative to 

straight D N A fragments of identical length can be suitably exploited to unravel 

the relative magnitude, the position, and perhaps even the direction of the bend 

along the helical backbone of macromolecule. 

Comparative gel electrophoresis was fust exploited to identify and 

characterize some of the sequence elements responsible for bending of D N A 

molecules (2-6). The basic idea is illustrated in Figure 1. Here, two different 

restriction enzymes cleave a tandem dimer. The two cleaved D N A fragments are 

not only circularly permuted versions of the same sequence but are also of equal 

length. However, one of the fragments has a bend near its end, while die other 

one fragment has a bend at the center. Since a fragment with a bend at the center 

has a more overall curvature than the molecule with bends near the end, the 

former is expected to migrate slower due to entanglement with the gel fibers (1). 

What is the molecular origin for the reduction in mobility due to intrinsic 

curvature in D N A ? According to conventional wisdom, large D N A fragments 

reptate through polyacrylamide gels (7-12). The gel fibers impose restraining 

forces on the D N A . These forces lead to electrophoretic migration of the polyion 

through tubelike regions. The electrophoretic mobility μ of the D N A is related 

to its effective charge Q, the translation fractional coefficient ζ along the tube, 
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(a) (b) (a) 

Tandem dimer 

(b) 

ν }T \r y 
l _ J Ο 

(a) construct has low mobility 
ν α 

(b) construct has high mobility 

Figure 1. A tandem dimer is cleaved by two different restriction enzymes and 

produces constructs (a) and (b). The rectangular boxes denote the position of the 

bends. Construct (a) wil l migrate slowly in polyacrylamide gel relative to 

construct (b) due to more overall curvature. 
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the contour length £ , and the end-to-end vector of the polyion in the tube 

projected along x-direction - the direction of the external electric field (8,10) 

M = (Q/C)<h£/L2 >. (1) 

The angular brackets denote an average over D N A conformations. If the shape 

of the D N A in the gel mirrors the shape observed in free solution, then 

2 2 

<hx / L > is proportional to the mean squared end-to-end distance of the 

molecule. Eq. (1) predicts that a D N A construct with a bend at the center has 

smaller mean squared end-to-end distance mid hence would migrate slower than 

a molecule of identical length but with a bend near the end. 

In this paper we propose a model that quantitatively describes the gel 

electrophoretic mobility of oligomeric B - D N A fragment with a single bend at the 

center. The essential features of the model are described in the next section. The 

predictions of the model are compared with experimental data and with the 

reptation model in the following section. 

Model 

In this section we describe the essential ingredients of a model that enable us to 

quantitatively describe the electrophoretic mobility of B - D N A with a variable 

bend at the center. Hie details of the derivation will not be discussed here (13). 

In the presence of an external electric field E, the D N A in aqueous 

solution experiences a force that is the product of its effective charge Q and the 

electric field. The frictional force that retards die motion of the D N A is the 
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product of the frictional coefficient λ and its velocity V. If steady state 

condition prevails, as it does in free solution electrophoresis experiments, the 

two forces balance. Since the free solution mobility μ0 of D N A is 

experimentally deduced from the ratio of its velocity to the external electric 

field, the mobility is expressible in terms of the ratio of the effective charge and 

the friction coefficient (14). 

To determine the free solution mobility of D N A requires a discussion of 

the various factors that govern the frictional coefficient X and the effective 

charge of the molecule. Let us first focus on the friction coefficient. 

A charge in motion produces an electric field. The total electric field at a 

spatial point in the solution and at a given time results from the ionic charge 

densities and the electric field of the moving charges; the later satisfies the 

Poisson equation. The ionic densities are governed by diffusion like equation. 

The ionic flux has contributions from diffusion, convection and conduction and 

is coupled to the hydrodynamic equation via the electric potential and the 

velocity of the liquid (15,16). The characteristics of distortion of the Debye 

cloud, often coined the asymmetrical field effect, due to moving charge is 

obtained by solving the Poisson equation with the time variation of the ionic 

densities in the steady-state approximation. On linearizing with respect to the 

velocity of die polyion, an expression for the ionic charge densities is obtained 

from which the resulting electric field acting on a monomer in aqueous solution 

is deduced (15,16). 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

Ju
ly

 2
, 2

01
1 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

20
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
87

8.
ch

01
1

In Concentrated Dispersions; Somasundaran, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



154 

A further factor contributing to the friction is the solvent that flows past 

the moving polyion during electrophoresis. These flows induce long ranged 

hydrodynamic interactions between distant monomers along the backbone of the 

polymer chain. To determine this effect we consider the various forces that act 

on a monomer such as that due to Brownian motion, the polarization forces due 

to distortion of the Debye cloud as well as a body force term (15,16). The later 

term is proportional to the product of the charge density and the electric field. 

Now consider the net effect of the inclusion of the body force term in the 

hydrodynamic equation. If one assumes steady state conditions, then the 

divergence of the ionic flux vanishes. The spatial distribution of ions and the 

local liquid velocity are constant and this leads to conservation of ion transport. 

Hie concentration of cations and anions is expanded around the distributions of 

ions in the absence of the electric field. The unperturbed distribution of the small 

ions is expressed in terms of the product of bulk salt concentration and the 

Boltzmann factor of the ratio of the product of the electronic charge and the 

potential of the unperturbed double layer to the thermal energy at temperature T. 

The unperturbed double layer potential satisfies the Poisson-Boltzmann 

equation. 

Analysis reveals that the hydrodynamic velocity field is proportional to 

the external field times the effective charge of the macromolecule, the 

proportionality being the screened Oseen tensor (15,16,17). The decay of the 

Oseen tensor with distance is governed by the Debye screening parameter κ, 
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1/2 

which for monovalent ions is given by Λ : = I /3 in units of inverse 

Angstrom and I is the ionic strength in molarity. 

Additional factor contributing to D N A mobility is the restraining force 

that it experiences due to the gel fibers. The restraining forces change the 

velocity of the D N A relative to that in free solution and leads to two 

consequences. First, the effective charge is renormalized relative to that in free 

solution (18). Second, the velocity of die D N A is reduced proportional to the 

exponential of the size R of the D N A relative to the average mesh size χ (19-

21). This can be justified based on linearized hydrodynamic equation for the 

diffusion of spherical molecules in the presence of a random distribution of 

fixed, rod like molecules of a given density (22). Experimental studies have also 

established that the product of their pure solution diffusion coefficient and an 

exponential function of the ratio between the size of the molecule and the 

average mesh size give the diffusion of small macromolecules in polyacrylamide 

gels (23). 

We now turn our attention to the determination of the effective charge of 

the D N A . It is well established that under appropriate conditions counterions 

from aqueous solution condense on the D N A and neutralize a fixed fraction of 

the bare charges on the backbone (24,25). This is the so-called Manning 

counterion condensation phenomenon (24,25). Detailed Monte Carlo and 

molecular dynamics simulations by Jayaram et al and Mil ls et al on various 

structural forms of D N A indicate that the counterions form a delocalized cloud 
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that shields the negative phosphate charges from the ions in the solvent (26). 

After counterion condensation, there still remain the unneutralized charges. The 

counter- and the co-ion clouds screen the charges from each other (27). The total 

fraction of counterions per polyion charge is a sum of the condensed and the 

screened counterions and can be expressed solely in terms of the liner charge 

density parameter defined as the ratio of die Bjerrum length lg and the distance 

b between the charges (28). 

The various assumptions lead to an expression for the electrophoretic 

mobility 

M = M o & » * e - F ( e > / k B T e - R / X , (2) 
L 

Mo = 
Q/όπη 

Ν Ν 
Σ Σ < exp(-KTij )/ru > 

*-To 
(3) 

Here, Ν is the number of monomers, the angular brackets represent an average 

over the conformation of the polymer chain, ry is the distance between 

monomer ι and monomer y and η is the solvent viscosity. F(0) is the free 

energy of bending a polyion through an angle Θ. The term TQ is proportional to 

<Σβ V > and comes from accounting for asymmetrical field effects 
H 
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(15,16). Rend is the square root of the mean squared end-to-end distance and 

can be expressed in terms of the persistence length Ρ (29) 

• 

^ ^ _J2PL{1 -(P / L)[(l - e~L/2P ) + -e L / 2 P ) 

- cos 0(1 - e'L/ 2P)(1 -e~L/2P)]} 

(4) 

For a straight D N A fragment Eqs. (2)-(3) reduces to that proposed by Mohanty 

and coworkers (14,19-21). 

Since the experimentally relevant quantity is the ratio of the mobility of a 

bend D N A to that of a straight D N A of identical length, what enters our model is 

the difference in free energy between a bend and a straight D N A , 

AF(0) =F(0)-F(O), where AF is given by 

AF = Beff(A0)2. (5) 

Bçff is an effective bending force constant for the combined DNA-gel system 

(10). 

Results and Discussion 
In this section we describe the various structural parameters of the 

macromolecule and the characteristic of the buffer that enter the model. The 
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predictions for electrophoretic mobility of the curved B - D N A are then compared 

with available experimental data and the reptation model. 

Buffer and structural characteristics of ionic oligomer 

The quantity R in Eq. (1) is the effective size or radius of the migrating 

macromolecule. There are three standard ways to estimate R. For polymer 

chains with cylindrical symmetry, the molecular size can be estimated from the 

root mean-squared radius of gyration (30). Another estimate is to use the 

geometrical mean value radius; it is defined as the radius of the sphere whose 

volume is equal to the volume of the cylindrical ionic oligomer (30). This last 

approach, the path that we followed, is to estimate the size of the macromolecule 

by the relation R = bN / 2. The qualitative features of our predictions for the 

electrophoretic mobility do not change on making use of the remaining two 

alternative ways. 

The structural features of B - D N A entering the model are the number Ν of 

charges and the spacing b between the charges. The charge spacing b = L7 Â 

and the Bjerrum length is 7.1 A . The contour length of the D N A is 301 bp 

corresponding to the Thompson-Landy construct (4). A bend of magnitude θ is 

introduced at the center of the D N A as shown in Figure 2. The bend angle is 

varied from zero to 130 degrees. 

The "bare" elastic modulus Bo of the D N A is a function of the 

persistence length and the contour length. The persistence length is taken to be 
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Figure 2. A schematic representation of a D N A bent at the center. The angle of 

bend is denoted by Θ. 

530 Â. Assume that the effective elastic modulus is proportional to the "bare" 

elastic modulus, Bçff =αΒθ9 where α is a parameter that is governed by the 

properties of the gel and the nature of its interaction with the bent D N A . We 

estimate this parameter as follows. In a dynamic Monte Carlo simulation, Levene 

and Zimm elucidated the anomalous migration of bent D N A molecules by taking 

into account the elastic free energy of the D N A (10). To account for the 

discrepancy between the simulated mobility and experimental data, it was 

assumed that the effective elastic modulus is approximately a factor of ten 

smaller than that determined from values based on persistence length and the 

average mesh size (10). 

This value is consistent with that obtained by taking into account the 

interactions of the gel fibers with the D N A monomers in an approximate way; in 
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this case, the parameter a can be related to surface charge density of the DNA, 

the Bjerrum length, the charge spacing, and the Debye screening parameter (28). 

Thus, we have varied a between 0.1 and 0.2. 

The buffer typically used in free solution and gel experiments is TBE. It 

consists of 45 mM Tris borate and 1 mM EDTA with pH equal to 8.4. The ionic 

strength of the buffer deduced from die Henderson-Hasselbach equation is 

0.0256 M (15). 

Experimental mobility measurements of DNA are carried out in 8% 

polyaciylamide gel with 29:1 aciylamide-bisacrylamide cross-link ratio. The 

corresponding mesh size χ is approximately in the range 70-100 Â (31). 

Comparison of the model to experimental data 

A comparison of the relative mobility of bend DNA with respect to 

straight DNA of identical length as a function of angle of bend is shown in 

Figure 3. The predictions are in good agreement with the experimental data of 

Thompson and Landy (4). 

To test the predictions of the reptation model with the experimental data 

is not possible in view of the fact that the translation frictional coefficient ζ 

along the tube axis is not a measurable quantity. However, if we make the 

hypothesis that the ratio Q / ζ appearing in Eq. (1) can be identified with the free 
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0.2-

o -I . . . 
0 50 100 150 200 

Angle in Degrees 

Figure 3. The mobility of a bend D N A with respect to a straight D N A as a 

function of the bend angle is compared with the Thompson-Landy data (4) and 

with the reptation model. The crosses represent the experimental data, while the 

doted ( a =0.1) and the continuos ( a =0.16) curves are die theoretical prediction 

of our model for two values of the effective bending constant as reflected by the 

quantity a . The dashed line is the reptation model appropriately modified as 

discussed in the text. 
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solution mobility of the D N A , then a comparison with experimental data is 

indeed feasible. This is so because i f the conformation of the D N A in the gel 

reflects that which is observed in aqueous solution, then 

2 2 2 2 <hx /L >*<hx >/L . But the mean squared end-to-end distance can be 

numerically calculated given the charge spacing of the phosphate groups and the 

geometry of the D N A construct (Figure 2). The prediction of the reptation model 

for the relative mobility is also depicted in Figure 3. 

Several comments are in order. First, the mean spacing of the fibers in the 

gel is much less than the persistence length implying an apparent "tight" gel 

matrix. Second, since α is less than unity, it suggests that the elastic free energy 

of the D N A is a result of its interaction with an elastic gel matrix. Thus, an 

improved model for mobility must account for the viscoelastic response of the 

gel (32). Third, bending generally occurs over several nucleotides (1-6). Hence, 

modeling intrinsic curvature of D N A with a bend at a single position along its 

backbone has shortcomings. 

Concluding remarks 

In this paper we have presented a model capable of quantitatively describing the 

gel electrophoretic mobility patterns of circularly permuted B - D N A fragment. 

Our model takes into account in an approximate way the interaction of die D N A 
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with the gel matrix thorough an effective elastic force constant. The results are 

in good agreement with experimental data. 
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Chapter 12 

Viscoelastic Properties of Solid-Liquid Dispersions 

Tharwat Tadros 

89 Nash Grove Lane, Wokingham, Berkshire RG40 4HE, United Kingdom 

This overview desribes the viscoelastic properties of 
concentrated solid/liquid dispersions (suspensions). 
After a brief description of the basic principles of 
viscoelastic measurements, four systems were described. 
Hard-sphere dispersions, electrostatically stabilised 
dispersions, sterically stabilised dispersions and 
flocculated (weak and strong) dispersions. An attempt 
was made to correlate the viscoelastic properties with 
the interpartiele interactions. 

The present review is aimed at describing the rheological properties of 
suspensions and attempting to relate these properties to the interpartiele 
interactions. As we will see later suspensions may show viscous, elastic 
or viscoelastic (mixed viscous and elastic) response depending on the ratio 
between the relaxation time of the system (which depends on its volume 
fraction, particle size, hydrodynamic and interpartiele interaction) and the 
experimental time. A brief description of viscoelasticity will be first given 
and this is followed by various sections on the rheology of four main 
classes of suspensions : Hard-sphere, electrostatic, steric and flocculated 
(both weak and strong) systems. 

PRINCIPLES OF VISCOELASTIC 
MEASUREMENTS 

For full evaluation of the viscoelastic properties of concentrated 
dispersions one needs to carry out experiments within well defined time 
scales. Two main types of experiments may be carried out. In the first 
type, referred to as transient measurements, a constant stress or strain is 

© 2004 American Chemical Society 167 
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applied within a well defined short period and the relaxation of strain or 
stress respectively is followed as a fonction of time. In the second type, 
referred to as dynamic measurements, a stress or strain is applied within 
a well characterized frequency regime (usually sinusoidal) and then 
resulting strain (or stress) is compared with the stress (or strain) 
respectively. Although the two types of measurements are equivalent, 
they provide different information. 

The above mentioned experiments are usually referred to as low 
deformation since measurements can be made before the "structure" of 
the suspension is broken down. These low deformation experiments 
provide valuable information of the "structure" of the suspension at any 
interpartiele interaction. However, experiments can also be carried under 
conditions whereby the "structure" of the suspension is deformed or 
broken down during the measurement. This is the case, for example, 
whereby the suspension is subjected to continuous shear while measuring 
the stress in the sample. Such measurements are sometimes referred to 
as steady state (high deformation) measurements. Below a summary of 
the basic principles of the above mentioned measurements is given. 

Transient (Static) Measurements 

As mentioned above one can either measure the relaxation of stress 
after sudden application of strain or the strain relaxation after sudden 
application of stress (creep measurements). In stress relaxation a sudden 
shear strain γ is applied on the system within a very short shear period, 
i.e. keeping the rate of strain γ constant (1). The stress decays 
exponentially with time for a system with a single relaxation time that 
follows a simple Maxwell model. Hie ratio of the stress at any time t to 
the constant strain applied is the stress relaxation modulus G(t). As the 
stress in the sample relaxes by viscous flow, the modulus decreases. The 
instantaneous value of the stress at the moment when the strain is applied 
is r 0 and the corresponding modulus is G 0 . The stress relaxes 
exponentially with time and reaches a zero value at t = 0 0 . The system is 
referred to as a viscoelastic liquid. In this case, the rate of decrease of 
stress with time follows an equation similar to first order kinetics (1). The 
stress relaxation modulus is given by the equation, 

(3(0 - G0 exp (HQ (1) 

where t, is the relaxation time that is given by the ratio of the viscosity to 
the modulus. 
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As mentioned above, fora viscoelastic liquid the modulus becomes zero 
at infinite time. However, for a viscoelastic solid, the modulus reaches a 
finite equilibrium value at t = ooand in this case one of the relaxation times 
is infinite and the equilibrium modulus is G e . 

The second type of transient measurements is the constant stress or 
creep. In this case, a small stress r is applied on the system and the 
strain or compliance J (deformation per applied stress, i.e. γ/τ) is followed 
as a function of time. At time t, the stress is suddenly removed and the 
deformation, which now reverses sign, is measured over a longer period 
of time. At t =0, there will be a rapid elastic deformation (i.e. no energy 
is dissipated within such a very short time period), characterized by an 
instantaneous compliance J 0 that is inversely proportional to the 
instantaneous modulus G 0 (G0 =r/J0). At t >0, J increases less rapidly 
with time and the system exhibits a retarded elastic response. 

The form of the creep curve depends on whether the material behaves 
as a viscoelastic liquid or solid. This is particularly important after sudden 
removal of stress. The rate of deformation will change sign and the 
system will return more or less towards its normal state. This reversing 
of deformation is called creep recovery. With a viscoelastic solid , the 
system reaches an equilibrium deformation in creep, characterised by an 
equilibrium compliance J e . For a viscoelastic liquid, on die other hand, 
such as a dispersion where the particles are not permanently attached to 
each other, the system does not reach an equilibrium compliance. Under 
constant stress, die strain rate approaches a limiting value and a situation 
of steady flow is eventually reached, governed by a Newtonian viscosity 
*lo-

Dynamic (Oscillatory) Measurements 
In these experiments, a small amplitude sinusoidal strain (or stress) with 

frequency ν (Hz) or ω (rad s"1), where ω =2πν, is applied to the system 
and the stress and strain compared simultaneously (1). The amplitude of 
the stress isr0and it oscillates with the same frequency, but out of phase. 
The phase angle shift fi is given by the product of the time shift At 
between the strain and stress sine waves and the frequency ω. For a 
perfectly elastic system, the maximum stress occurs when the strain is a 
maximum. In this case δ =0. For a perfectly viscous liquid, the maximum 
stress occurs at the maximum strain rate, and the two waves are 90° out 
of phase. 

Dynamic measurements are usually expressed in terms of a complex 
modulus, that is given by, 

|β·| = ^ (2) 
Yo 
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The complex modulus is vectorially resolved into two components, the 
elastic or storage modulus G 1 (the real part of the complex modulus) and 
the viscous or loss modulus G" (the imaginary part of the complex 
modulus), i.e., 

Gf = cos* <3> 

G" » |β·| sin * <4> 

G' is a measure of the energy stored elastically during a cycle, whereas 
G"is a measure of the energy dissipated as viscous flow. It is convenient 
to define the ratio of GMto G \ 

tan δ = (5) 
G1 

In dynamic measurements, one initially measures the variation of G*, G* 
and G" with strain amplitude, at a fixed frequency, to obtain the linear 
viscoelastic region where the rheological parameters are independent of 
the applied strain amplitude. Once this linear region is established, 
measurements are then made at a fixed strain amplitude (within the linear 
region) as a function of frequency. 

VISCOELASTIC PROPERTIES OF CONCENTRATED 
SUSPENSIONS 

The viscoelastic properties of suspensions is determined by the balance 
of three main forces: Brownian diffusion, hydrodynamic interaction and 
interpartiele forces. The latter are the double layer repulsion, the van der 
Waals attraction and steric interaction. The range of interaction is 
determined by the volume fraction, φ, and the particle size (radius R) and 
shape distribution. Hie rheology of concentrated suspensions is complex 
and various responses may be obtained depending on the time scale of 
the experiment and the structure of the system (which determines its 
relaxation time). In this respect, it is useful to use the ratio of the 
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relaxation time, t,, to the experimental time, te, as a means of classification 
of the various responses. This dimensionless group is referred to as the 
Deborah number, D e. i.e., 

D, = ± (6) 

IfDe > >1, one obtains elastic deformation and the response is described 
as "solid-like" behaviour. This, for example, is the case when 
measurements are made at high frequency (te is small) for a system with 
high relaxation time. When D e < <1, one obtains viscous deformation and 
this is referred to as " fluid-like "behaviour. This occurs at low frequencies 
(te is large) for systems with low relaxation times. Many colloidal systems 
show a viscoelastic response with a D e in the region of 1, whereby the 
experimental time scale of the measurement is comparable to the 
relaxation time of the system. Thus, by varying the time scale of the 
experiment (such as frequency in dynamic measurements) one can obtain 
various responses and the results may be correlated with the various 
interaction forces in the system. Alternatively, one can use a fixed time 
scale regime (a fixed frequency range) and vary some parameters of the 
system such as volume fraction, particle size and surface forces to obtain 
information on the interaction in the system. This will be illustrated below. 

Four different systems may be distinguished: hard-sphere suspensions, 
electrostatically stabilized suspensions (soft interactions), sterically 
stabilized dispersions and flocculated (and coagulated) systems. These 
systems increase in the order of the complexity of their rfaeology, with the 
hard-sphere systems being the most simple and the flocculated or 
coagulated systems being the most complicated both experimentally and 
theoretically. Progress on the rheology of concentrated suspensions has 
been slow and only in recent years some advances have been made. 
This is due to the development of modern rheological techniques. 
However, theoretical analysis of die rheological data is far from being 
quantitative and in most cases the theories are based on many 
approximations. Inspire of these limitations, viscoelastic measurements 
provide valuable information on the interactions in concentrated 
suspensions and in some cases it is possible to obtain the magnitude of 
the forces involved. 
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Suspensions with Hard-Sphere Interactions 

These are sometimes referred to as systems with neutral stability in 
which both repulsion and attraction are screened. In other words, all 
interactions are weak and the main forces responsible for flow are 
hydrodynamic interaction and Brownian diffusion. The appropriate 
dimensionless group is γ χ tr, where γ is the shear rate and tr is the time 
scale of Brownian diffusion. 

Model dispersions of hard spheres have been developed by Krieger and 
his collaborators (2,3) who used monodisperse polystyrene latex 
dispersions with well characterised surface and particle radius. To 
minimise repulsion, the double layer was compressed either by addition of 
electrolyte or by replacement of water with a less polar medium such as 
benzyl alcohol. Under these conditions, both attraction and repulsion are 
minimized and the dispersion behaves as a hard-sphere system. To 
check this, it is essential to plot the relative viscosity η r versus the reduced 
shear rate (or reduced shear stress) at a particular volume fraction, with 
several particle radii and fluid viscosities to see if the relationship obeys 
a rheological equation of state of the from (2,3), 

n f = f (Φ, γ,) (7) 

All viscosity data for the various particle size latices fall on the same 
line indicating that the systems behave as hard-sphere suspensions, 
expected. If η r is plotted versus φ9 a general behaviour is obtained as 
illustrated in Fig. 1 whereby the high shear relative viscosity for 
polystyrene latex suspensions is plotted versus φ. The relative viscosity 
increases gradually with increase of Φ, but above a certain φ value it 
shows a rapid increase with further increase of φ reaching an asymptote 
when φ reaches about 0.6. The slope of the curve in the limits ->0, 
gives the intrinsic viscosity, which for hard-spheres is equal to 2.5, 
whereas the value of φ at the asymptote represents the maximum packing 
fraction, 0 p , for the hard-sphere suspension (which is of the order of 0.64 
for random packing). The relative viscosity - volume fraction curve shown 
in Fig. 1 could be represented by the following equation (2,3), 
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Equation (8) is usually referred to as the Dougherty-Krieger equation. 

Fig. 1 Typical plot of η Γ versus φ 

A theory for the rheology of hard-sphere dispersions has been 
developed by Bachelor (4) who considered die balance between 
hydrodynamic interaction and Brownian diffusion, i.e., 

η , - 1 + 2.5 φ + 6.2 φ 2 + 0 φ 3 (9) 

The first two terms on the right hand side of equation (9) represent the 
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Einstein's limit, whereas the third term (6.2 φ2) is the contribution from 
hydrodynamic interaction; the third term in φ 3 represents higher order 
interactions. Bachelor's theory is valid for φ <0.2. Extension of the 
above theory to more concentrated suspensions requires the introduction 
of higher order interactions. No theory is, as yet, available that treats such 
a complex problem. Computer simulation of the multibody interaction may 
offer a starting point for predicting the viscosity of concentrated 
suspensions. 

Stable Systems with Soft (Electrostatic) Interactions 

These are systems with expanded double layers, i.e. at low electrolyte 
concentrations, whereby the interaction is dominated by double layer 
repulsion. The appropriate dimensionless group characterizing the 
process (balance of viscous and repulsive force) is given by η ^ 2 γ / ε φ 0

2 , 
where ψ 0 is the surface (or zeta) potential. The viscoelastic properties of 
these systems can be investigated using constant stress (creep) or 
oscillatory measurements. As an illustration, Fig.2 shows plots of G*, G' 
and G"(at one frequency, namely 1 Hz and low strain) versus the volume 
fraction φ (die core volume fraction, i.e. excluding the contribution from the 
double layer) for a latex suspension with a radius of 700 nm (5). A 
logarithmic scale is used for the moduli values. All the results were 
obtained at low strain values to be as close as possible to the linear 
viscoelastic region. In 105 mol dm 3NaCl, the moduli values show a rapid 
increase with increase in φ within the range studies, namely 0.460 -0.S24. 
In addition, G'is always greater than G' ' within this volume fraction range. 
At the higher φ value (0.524) G' approaches G* very closely and the 
suspension behaves as a near elastic solid. In contrast, the results in 103 

mol dm 3 NaCl, show a rapid increase in G' and G"when φ exceeds 
0.53.In addition, within the volume fraction range studied (0.3 - 0.566) G f 

is either close to G "or even lower than it. 
The above trends can be adequately explained if one considers the 

presence of the double layer around die particles. To a first 
approximation, the double layer thickness, l/κ, should be added to the 
particle radius to obtain the effective radius, aeff. At any given size, a e f f 

depends on the electrolyte concentration, C, since the double layer 
thickness is determined byC. For example, in the above case aefris~800 
nm in 105 mol dm 3 NaCl, whereas a e f f is ~ 710 in 103 mol dm 3 NaCl. 
Since the volume fraction scales with the cube of the radius, it is clear 
that,at any given φ, the effective volume fraction of the suspension is 
much higher at the lower electrolyte concentration. <£eff is related 
to φ by the following expression, 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

Ju
ly

 2
, 2

01
1 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

20
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
87

8.
ch

01
2

In Concentrated Dispersions; Somasundaran, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



175 

In 10'5 mol dm"3 NaCl, 0 e f f =1.5 φ. Thus, at the lowest φ value studied, 
namely 0.46, <£eff =0.7, which is above the maximum packing fraction 
(0.64 for random packing). Under these conditions, the double layer 
interaction is significant and some overlap of the double layers may occur. 
This explains why the response at this electrolyte concentration and 
volume fraction is predominantly elastic. At the highest φ value studied, 
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namely 0.524, <£eff =0.79, which is significantly higher than the maximum 
packing fraction. This results in significant double layer overlap and the 
dispersion behaves as a near elastic solid with G' ~ G*. In 103 mol dm 3 

NaCl, however, 0 e f f =1.05 φ and up to the maximum volume fraction 
studied (0.565), 0 e f f is well below the maximum packing fraction. This 
implies that there is insignificant overlap of the double layers and the 
dispersions show more viscous than elastic response. To achieve 
significant elastic response one has to increase the volume fraction to 
values above 0.6. 

Sterically Stabilized Suspensions 

These are suspensions where particle repulsion results from interaction 
between adsorbed or grafted layers of nonionic surfactants or polymers. 
The appropriate dimensionless group characterizing the flow (balance of 
viscous and steric repulsive forces) is given by H 0R 2YV s/(1/2 - χ)δ 2 , where 
χ is the Flory-Hugguns interaction parameter and δ is the thickness of the 
adsorbed layer. Steric interaction is repulsive as long as χ <0.5. With 
short chains, the interaction may be represented by a hard-sphere type 
with an effective radius a e f f =a +i. This is particularly the case with non
aqueous suspensions with an adsorbed layer that is small compared to the 
particle radius,, and where any electrostatic interaction is negligible. The 
rheology of such suspensions approach the hard-sphere behaviour. 
Results on aqueous sterically stabilized suspensions were obtained by 
Tadros and collaborators (6,7). Polystyrene latex suspensions with grafted 
polyethylene oxide (PEO) chains (M =2000) were prepared using the 
Aquersymer process (8). As an illustration, Fig.3 shows the variation 
of G*, G* and G" with frequency ω in Hz for latex suspensions at various 
volume fractions. At φ =0.44, G" > >Gf and all the moduli values are 
very low. This reflects the relatively weak interaction between the particles 
at such low volume fraction, since the surface-to-surface separation 
between the particles is larger than twice the grafted polymer layer 
thickness. When φ is increased to 0.465, GMis still higher than G',but the 
moduli values increase by about a factor of 2 compared to the values at 
φ = 0.44. As the volume fraction is increased, the steric interaction 
between the particles increases, since the surface-to-surface distance 
between the particles becomes smaller. The surface-to-surface distance 
between the particles at φ =0.465 is still larger than 2d and hence the 
dispersion shows a predominantly viscous response within the frequency 
range studied. When φ is increased to 0.5, G' becomes now larger than 
G "within the frequency range studied and the moduli values are increased 
by an order of magnitude compared to the values obtained at φ =0.44. 
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Fig.3 Variation of G \ C and G " with ω (Hz) for polystyrene latex 
suspensions (a = 175 nm), containing grafted PEO chains, at various 
volume fractions. 
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At φ =0.5, the interparticle distance (assuming random packing) is of 
the order of 30 nm, which is now smaller than 2d and elastic interaction 
between the grafted chains becomes strong. As the volume fraction is 
further increased above 0.5, such elastic interaction becomes stronger and 
stronger and ultimately the suspension behaves as a near elastic solid. 
This is illustrated by the results at φ =0.575, which shows that G' > >GM 

(and G' becomes close to G*) and the moduli show much less dependence 
on frequency. The interparticle separation distance at such volume 
fraction is of the order of 12 nm, which is significantly smaller than 25. 
This results in interpénétration and/or compression of the grafted PEO 
chains resulting in very strong elastic interaction. 

The correlation of the rheology of concentrated sterically stabilized 
dispersions with interparticle interactions has been recently investigated by 
Costello et al (9-12). Basically, one measures the energy E(D)-distance 
D curves for a graft copolymer consisting of poly(methyl methacrylate) 
backbone with PEO side chains (with similar molecular weight as that used 
in the latex) which is physically adsorbed on smooth mica sheets. The 
forces between mica surfaces bearing the copolymer are converted to 
interaction potential energy using the Deryaguin approximation for cross 
cylinders (13). Using de Gennes scaling theory (14), it is possible to 
calculate the energy of interaction between the polymer layers. The high 
frequency modulus can be calculated from the potential of mean force and 
the thoretical values are compared with the experimental results. The 
trends in the variation of the high frequency modulus with the volume 
fraction of the latex dispersions agreed well with the theoretical calculates 
based on the energy-distance measurements (9 - 12). 

Flocculated and Coagulated systems 

The rheology of unstable systems poses problems both from the 
experimental and theoretical points of view. This is due to the non-
equilibrium nature of the structure at rest, resulting from the weak 
Brownian motion (15). For this reason, advances on the rheology of 
suspensions, where die net force is attractive, have been slow and only 
of qualitative nature. On the practical side, control of the rheology of 
flocculated and coagulated systems is difficult, since the rheology depends 
not only on the magnitude of the attractive forces but also on how one 
arrives at the flocculated or coagulated structure in question. Various 
structures may be formed, e.g. compact floes, weak and metastable 
structures, chain aggregates, etc. At high volume fractions of the 
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suspension, a flocculated network of particles is formed throughout the 
sample whenever it is not being sheared, Under shear, however, this 
network is broken into smaller units of flocculated spheres which can 
withstand the shear forces (16). The size of the units which generally 
survive will be determined by a balance between the shear forces which 
tend to break the units down and the forces of attraction which hold the 
spheres together (17-19). The appropriate dimensionless group 
characterizing this process (balance of viscous and van der Waals forces) 
is η^ 4 γ/Α, where A is the Hamaker constant. 

Each flocculated unit is expected to rotate in the shear field, and it is 
likely that these units will tend to form layers as individual spheres do. As 
the shear stress increases, each rotating unit willultimately behave as an 
individual sphere and, therefore, a flocculated suspension will show 
pseudoplastic flow, with the relative viscosity approaching a constant value 
(pseudo-Newtonian) at high shear rates. The viscosity-shear rate curve 
willalso show a pseudo-Newtonian region at low and high shear rates, as 
with stable systems, although die values of the low and high shear rate 
viscosities (η 0 and η») will of course depend on the extent of flocculation 
in the system and the volume fraction. It is also clear that such systems 
will show an apparent yield stress (Bingham yield value, r8), normally 
obtained by extrapolation of the linear portion of the r-γ curve to γ =0. 
Moreover, since the structural units in a flocculated system changes with 
change in shear, most flocculated suspensions show thixotropy. Once 
shear is initiated, some finite time is required to break the network of 
agglomerated units into smaller units which persist under the shear forces 
applied. As smaller units are formed, some of the liquid entrapped in the 
floes is liberated, thereby reducing die effective volume fraction of the 
solid. This reduction in<£ef f is accompanied by a reduction in ij e f f and this 
plays a major role in generating the thixotropy. Similar arguments may be 
invoked to account for the shear thinning behaviour of flocculated 
suspensions. 

It is convenient to distinguish between two types of unstable systems, 
depending on the magnitude of the net attractive force. When this is 
relatively small, i.e. of the order of a few kT, the suspension is usually 
referred to as weakly flocculated. This is the case, for example, with 
suspensions that are flocculated in the secondary minimum or those with 
a "thin" adsorbed layer. Weak flocculation also occurs when a "free" (non-
adsorbing) polymer is added to a stable suspension. However, in this 
case the attractive energy may reach several tens kT units. The second 
type of unstable suspensions are those where the net attraction is large, 
as for example the case of flocculation in the primary minimum (usually 
referred to as coagulated systems) or those flocculated by reduction of 
solvency (to worse than a θ-solvent) for the chains of a sterically stabilized 
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suspension. The attractive energy in these cases is several hundred kT 
units. Below the rheology of these different systems will be described. 

Weakly Flocculated Systems. 

Weakly flocculated systems may be produced by the addition of free 
(non-adsorbing) polymer to a sterically stabilized suspension (20,21). 
Above a critical volume fraction of the free polymer, φρ\ weak flocculation 
occurs and this flocculation increases in magnitude with further increase 
in the free polymer concentration. Several rheological investigations of 
such systems have been carried out by Tadros and his Collaborators (22-
24). The results showed an increase in die rhological paramers of the 
system (e.g. the extrapolated Bingham yield value or storgae modulus), 
when φ9 exceeds φ9

+. The latter decreased with increase of the molecular 
weight of the polymer as predicted by theory. 

It is possible, in principle, to relate the extrapolated Bingham yield 
stress, r f t, to the energy required to separate the floes into single units, 
Es? (22,23), 

τ =

 3 φ * n E * » (11) 
P 8*a3 

where η is the average number of contacts per particle (the coordination 
number). The maximum value for η is 12 which corresponds to hexagonal 
or face-centered cubic lattice. This iwmmnm value is highly unlikely for 
particle arrangement in a flocculated system. A more realistic value for η 
is 8, corresponding to random arrangement of particles in a floe, again 
assuming a compact structure. Again, this is probably unlikely and a more 
realistic value, corresponding to an open floe structure would be a 
significantly smaller value than 8. 

In order to estimate from rB, a number of assumptions have to be 
made. Firstly, one has to assume that all of the particle-particle contacts 
are broken by shear. This may not always be realised, although viscosity 
measurements showed that the high shear value for a flocculated system 
is close to that of the latex before the addition of the free polymer. This 
implies that, under this high shear conditions, most of the particle-particle 
contacts are indeed broken. The second assumption that has to be made 
is the value to be assigned for n. As mentioned above, η becomes 
smaller the more open the floe structure is. It is, therefore, possible that 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

Ju
ly

 2
, 2

01
1 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

20
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
87

8.
ch

01
2

In Concentrated Dispersions; Somasundaran, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



181 

η may not remain constant, depending on the extent of flocculation, which 
depends on the volume fraction of the free polymer as well as its 
molecular weight. For the sake of comparison, values of η varying 
between 4 and 12 were used and the results of the calculations were 
tabulated by Liang et al (24). The results were compared with theoretical 
values of the free energy of depletion, calculated from the Asakura 
and Oosawa (AO) (25) and Fleer, Scheutjens and Vincent (FSV) (26) 
theories on depletion flocculation. Close agreement between 
(assuming a value of η of 4) and G ^ based on Asakura and Oosawa's 
theory (25) although this should only be considered fortuitous. 

Strongly Flocculated systems. 

These can be exemplified by flocculation of sterically stabilised systems 
produced by reduction of the solvency of the medium for the stabiliser 
chain. For example, sterically stabilised latex dispersions containing 
polyethylene oxide) (PEO) can be flocculated by addition of electrolyte, 
e.g. Na2S04 above a critical concentration (CFC). Alternatively, at a given 
electrolyte concentration the latex dispersion becomes flocculated above 
a critical temperature (CFT). 

The flocculation of concentrated dispersions can be investigated using 
rheological measurements (27). This was illustrated using polystyrene latex 
dispersions containing grafted PEO chain, to which N 2S0 4 was added to 
reduce die solvency of the medium for die PEO chains. The yield value 
showed a rapid increase above a critical electrolyte concentration (>0.3 
mol dm"3). Similar results were obtained when the storage modulus was 
plotted versus electrolyte concentration. 

The nature of the flocculated structure could be assessed using scaling 
laws using log-log plots of rfl or G' versus φ5 at various Na2S04 

Η - *Φ* { 1 2 ) 

G' = *'Φ* (0.35<φ5<0.53) <13> 

where k and k' are constants and m and η are exponents. The values of 
m and η showed a sudden drop in m value from a value of — 31 to ~ 9.1 
and of η from - 30 to - 12 as the Na2S04 concentration is increased from 
0.3 to 0.4 mol dm Λ With further increase in Na2S04 concentration from 
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0.4 to 0.S mol dm 3, m drops from 9.4 to 2.8, whereas η drops from 12 to 
2.2. This low exponent is an indication that an open network floe structure 
with low fractal dimensions is formed. 

The exponent of 2.8 or 2.2 at 0.S mol dm 3 Na2S04 is just in the range 
of the reported values in the literature. Many authors (27,28) have 
reported that the exponent for flocculated suspensions is in the range 2.0 -
4.S. However, the value of the exponent depends to some extent on the 

treatment a coagulated suspension has been subjected before the 
measurements were made. 

Rheological remits can also be applied to measure the critical 
flocculation temperature, CFT, of a suspension, by measuring the yild 
value or modulus as a function of temperature at a given electrolyte 
concentration. This was illustrated for the latex suspension in 0.2 mol dm 3 

Na2S04, which showed a rapid increase in the rhological parameters 
above 50°C. At 0.3 mol dm'3, the rapid increase occured above 35 °C, 
whereas at 0.4 mol dm 3 this increase occurred above 15 °C. 

Another example of strongly flocculated system is electrostatically 
stabilised polystyrene latex suspensions coagulated by addition of 
electrolyte, e.g. 0.2 mol dm 3 NaCl. In this case coagulation into the 
primary minimum occurs. The structure of such coagulated systems 
becomes partially broken down above a critical strain (deformation) that 
depends on the volume fraction of the suspension. Using scaling laws, 
one can obtain information on the structure of the flocculated system. 
Log-log plots of G' versus φ gave the following scaling equation, 

G' = 1 . 9 8 χ 1 0 7 φ β 0 <14> 

The high power in φ is indicative of a relatively compact flocculated 
structure. This is not surprising since the latex 
was coagulated at 0.2 mol dm 3 NaCl , which is not much higher than the 
CFC of the latex (-0.1 mol dm3). 
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Chapter 13 

Polymer Adsorption and Conformation in 
Dispersion-Flocculation of Concentrated Suspensions 

Zhonghua Pan1, Ponisseril Somasundaran1,*, and Laurence Senak2 

1NSF Industry/University Cooperative Research Center for Advanced 
Studies in Novel Surfactants, Langmuir Center for Colloids and Interfaces, 

Columbia University, New York, NY 10027 
2Research and Development, International Specialty Products, 1361 Alps 

Road, Wayne, NJ 07470 

Performance of polymers as stabilizers or floccultants for 
controlling the properties of concentrated suspensions depends 
upon both the extent of the polymer adsorption as well as 
conformation at solid-liquid interfaces. Solids loading, 
polymer molecular weight and fractionation, and dissolved 
solid species, among others, are important factors that control 
the polymer adsorption and conformation and the system 
behavior. In this study, polymer molecular weight 
fractionation and adsorption changes were monitored using 
stepwise adsorption tests with techniques such as TOC (total 
organic carbon) and GPC/LS (gel-permeation chromatography 
/light scattering). Fluorescence and ESR (electron spin 
resonance) spectroscopy were used to monitor the 
conformation/orientation of the polymers adsorbed on the 
solid particles. Dissolved aluminum species in the residual 
solutions was monitored using ICP (inductively coupled 
plasma) atomic emission. Zeta potential measurements of the 
suspensions were made using a Zeta-Meter Model D to 
investigate effects of the dissolved aluminum species on the 
system behavior. The adsorption of P A A on alumina did not 
change significantly with increase in solids loading from 2 
vol. % to 15 vol. % as a whole. However, there is large 
scattering of data at low solids loading (2 vol. %) and fixed 
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initial high P A A concentration as found in our previous study 
which showed a "greater" adsorption density at low solids 
loading with a marked decrease in adsorption with increase in 
solids loading in the same range. Interestingly, the polymer 
adsorption behavior at high solids loading is different from 
that at low solids loading when the polymer sample contains 
impurities such as dioxane. Under the test conditions, smaller 
polymer molecules were found to preferentially adsorb first at 
the interfaces. Polymer molecular weight fractionation due to 
such preferential adsorption is more evident at low solids 
loading than at high solids loading, suggesting an increasing 
effect of particle-particle interaction on the polymer diffusion. 
Concentration of the dissolved aluminum species in the 
residual solutions increased significantly as the system 
becomes denser. Dissolved aluminum species was found to 
affect the conformation of P A A in the solution: P A A 
molecules become more coiled in the presence of the species 
at pH<7 even though the concentration of the species is low. 
Zeta potential of PAA-alumina suspensions with additions of 
dissolved aluminum species was markedly higher than that of 
PAA-alumina systems at pH 4 to pH 10, suggesting that the 
alumina particle surface becomes more positive in this pH 
range due to increasing complexation of P A A with the 
dissolved alumina species. Our earlier fluorescence and ESR 
results had suggested that the adsorbed P A A molecules tend to 
stretch out or dangle more into the solution as the system 
becomes denser. It is clear that conformation of the adsorbed 
polymer is an important parameter for controlling 
flocculation/dispersion behavior of concentrated suspensions. 

Introduction 

The colloidal dispersions encountered in many industrial processes 
invariably involve concentrated or dense suspensions where the dispersed phase 
can be as large as 50 % or more by volume. Control of the state of concentrated 
suspensions for efficient performance is a critical and difficult issue to be dealt 
with in the industry. However, extensive studies on both theoretical and 
experimental aspects of polymer adsorption have been conducted almost 
exclusively with dilute suspensions (/- 4\ and hence there is very little known 
on the polymer behavior at interfaces in concentrated suspensions. While there 
have been many studies on the behavior of concentrated suspensions (5-32) 
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themselves, there have been virtually none dealing with the important aspect of 
polymer conformation/orientation as they relate to suspension properties. This is 
mainly due to the inherent difficulties, such as lack of suitable techniques and 
adequate equipment, as well as poor theories for studying polymer adsorption 
and conformation in situ in such dense systems. Recently, several spectroscopic 
techniques (33-47), such as fluorescence, electron spin resonance (ESR), nuclear 
magnetic resonance (NMR) and Fourier-transform infrared (FTIR) 
spectroscopy, as well as small angle neutron scattering (SANS), have been used 
to help determine the fraction of polymer segments bound on surfaces as well as 
the distribution of segments in the vicinity of the surface. It is to be noted here 
that all these studies apply to dilute suspensions. 

The features of concentrated suspensions differ from those of their dilute 
counterparts in many ways. For example, rheological behavior of concentrated 
silica suspensions showed a sharp rise in relative viscosity for solids fractions 
above 25 % (48). This is mainly due to the increase in multiparticle interactions 
in concentrated systems since such interactions are strongly dependent on the 
separation distance between the suspended particles in them. Multiparticle 
interactions may also affect polymer adsorption and conformation behavior at 
solid-liquid interfaces in such concentrated systems. On the other hand, changes 
in dissolved solid species and their concentration dpe to changes in pH and 
solids contents and possible complexation of these species with polymers can 
also have measurable effects on the polymer behavior. This article will present 
the results of our recent investigation on solids loading, polymer molecular 
weight and fractionation, as well as dissolved aluminum species on the polymer 
adsorption and conformation and zeta potential of suspensions, along with a 
brief review of our previous observations in monitoring of the polymer 
conformation in concentrated systems. 

Materials and Methods 

Materials 

The results discussed here were obtained from tests with two systems: 
polyacrylic acid (PAA) - alumina and polyethylene oxide (PEO) - silica. Both 
these systems are widely used in the industry. 

The alumina used was AKP-50 powder from Sumitomo Chemical Inc. 
Purity of the alumina powder was specified by the manufacturer to be 99.9%. 
The particles, with a density of 3.97 g cm"3, were nonporous as indicated by 
scanning electro microscopy. The average particle diameter was 0.21 μιη and 
the specific surface area as determined by nitrogen B.E.T. adsorption to be 10.9 m 2 

g"1. The silica was obtained from Geltech Inc. and had a nominal particle size of 1 
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μιτι and a specific surface area of 4.2m2 g"1. The silica particles, of a density of 2.1 
g cm"3, were nonporous. 

Unlabeled P A A , with a specified molecular weight of 90,000 and 
polydispersity of 2.98 ~ 3.7, was purchased from Polysciences Inc. Pyrene-labeled 
P A A , with a pyrene content of roughly 0.74 percent and a molecular weight of 
76,000, was synthesized by National Chemical Laboratory, India. NitroxyHabeled 
P A A with a molecular weight of 95,000 and a labeling ratio of 1:100 (molar basis) 
was prepared by Nalco Chemical Company. Unlabeled PEO, of average molecular 
weight between 6,000 and 7,500, was obtained from Polysciences Inc. Pyrene-
labeled PEO, with a 1 percent pyrene content and a molecular weight of7,500, was 
synthesized by Kumar and Aguilar in the Department of Chemistry at the 
University of Florida. 

A 0.03 M sodium nitrate solution was used for ionic strength control in 
preparing the polymer solutions and solid suspensions. 

Methods 

Polymer Adsorption 

Polymer adsorption on solids was determined by monitoring depletion of the 
polymer from the solutions after equilibration with solids using total organic carbon 
(TOC) analysis. 

Polymer Conformation 

The conformation of pyrene-labeled P A A and PEO was determined by 
analyzing the fluorescence spectra of the suspensions collected using an LS-1 
fluorescence spectrometer (Photon Technology International Inc.). Mixtures of 3 % 
pyrene-labeled P A A with 97 % unlabeled P A A in PAA-alumina systems, and 2 % 
pyrene-labeled PEO with 98 % unlabeled PEO in PEO-silica systems, were used to 
minimize any perturbative effects of the pyrene moieties. The effect of pyrene 
hydrophobicity on the solution behavior of pyrene-containing systems has been 
established (49,50). More recently, the pyrene label was found to affect 
significantly the stability of silica suspensions containing pyrene-labeled polymers 
(51). However, a low pyrene content, for example, 3 % pyrene-labeled PEO in a 
silica-PEO system was found not to have significant effects on the flocculation 
behavior of the system compared with such a system without any pyrene-labeled 
PEO (51). This suggests that at a low pyrene content in the labeled polymer and a 
low ratio of pyrene-labeled polymer in the mixtures, the behavior of the labeled 
polymer molecules is similar to that of the unlabeled ones as a whole. 
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The coiling index of pyrene-labeled P A A and PEO was used as an in-situ 
measure of the polymer conformation. This parameter is determined from the ratio 
of fluorescence emission intensity of the excimer peak at around 475-480 nm (Ie) 
to that of the monomer peak at around 375 nm (Im) in the pyrene fluorescence 
spectrum (43). A higher ratio, therefore, indicates presence of much pyrene 
excimers and hence a more coiled conformation of the polymer, while a lower ratio 
suggests a more extended conformation (Figure 1). 

Figure 1 Schematic representation of pyrene emission spectrum 
and its use in the determination of polymer conformation 

Molecular species with a free electron possess intrinsic angular momentum 
(spin), which in an external magnetic field undergoes Zeeman splitting. In electron 
spin resonance (ESR) spectroscopy, changes in the spin characteristics of a 
paramagnetic probe in an external magnetic field are monitored (52) in the form of 
absorption of microwave radiation. The line positions and splitting in ESR spectra 
depend on the direction of external magnetic field relative to the molecular axis. 
This phenomenon is called anisotropy. Information on the microviscosity and 
micropolarity of a spin probe environment can be obtained from changes in the 
ESR spectral line shape of this probe. The former measure is obtained from the 
spectrum in terms of a calculated rotational correlation time (τ), the time required 
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for spin label to rotate through an angle of one radian, while the latter is obtained 
from the measured hyperfine splitting constant (44). Spectral anisotropy of 
nitroxide spin label under various conditions of motion is illustrated in Figure 2. 
The rotational mobility of the nitroxide spin label under different conditions can be 
estimated from these ESR spectra (53). Specially, the mobility of nitroxide label in 
slow tumbling ESR spectra, which is typically the case for adsorbed polymeric 
nitroxide probe in concentrated particulate systems, can be obtained by calculating 
the rotational correlation time (54). The mobility of nitroxide label gives 
information on the conformation and mobility of the labeled polymer segments. 

In our experiments, mixtures of 5 % nitroxyl-labeled P A A (label molar ratio 
1:100) with 95 % unlabeled P A A were employed to monitor the mobility of 
adsorbed polymer. ESR spectra were collected using a Model 8300A X-Band 
spectrometer (Micro-Now Instrument Company) equipped with a 9 GHz 
microwave frequency generator. 

Figure 2. Representative ESR spectra for a nitroxide-labeloed polymer and the 
corresponding suggested orientation/mobility. 

(a) Anisotropic spectrum: nitroxide probes rotate lowly, suggesting a restricted 
orientation (e. g., when the polymer is coiled or extended at the solid surface); 
(b) Isotropic spectrum: nitroxide probes freely rotate in the solution, suggesting 
a non-restricted environment ( e. g., when the polymer dangles into the 
solution). 

The rotational mobility of nitroxide label can be qualified by the rotational 
correlation time (%):%>% 
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Polymer Molecular Weight Fractionation 

Polymer molecular weight fractionation was analyzed using GPC/LS (gel-
permeation chromatography/light scattering) in order to obtain absolute molecular 
weight distribution. The instrumentation employed for this work included a Wyatt 
Technologies D A W N DSP multi-angle light scattering photometer set in tandem to 
a Waters gel permeation chromatography system, including refractive index 
detection (The Waters system included a model 590 solvent delivery system, a 410 
refractive index detector, and a WISP 717 auto-sampler, all thermostated to 30 °C). 
A single Shodex SB-80MHQ linear GPC column was employed for this work. The 
mobile phase used was a pH-7 aqueous buffer that was 0.1 molar TRIS and 0.2 
molar lithium nitrate (brought to pH with nitric acid). 100 μΐ of 0.2 % w/v of P A A 
sample concentration was introduced to the chromatography system. A dn/dc value 
of 0.250 ml/g was applied to these experiments and all data was analyzed using 
Wyatt ASTRA software version 4.50. 

Stepwise adsorption tests were set up (Figure 3) to investigate such 
fractionation and its effects on the polymer adsorption and conformation in 
polydispersed polymer-particle systems. 

Solids suspension 

(pH, ionic strength) 
Polymer solution (MW, PD) 

( pH , ionic strength ) 

Stepl Mix (24 hrs), centrifuge & 

analyze supernatant 

Γ, Adsorption density in step 1 
MW,—Residual polymer molecular Wt. 
PD, Polydispersity of polymer 

Supernatant 
Fresh solids suspension 

( pH, Ionic strength ) 

Step 2 Mix (24 hrs), centrifuge 

& analyze supernatant 

Γ 2 Adsorption density in step 2 
MW 2 Residual polymer molecular Wt. 
PD2 Polydispersity of polymer 

Figure 3 Flow sheet of Stepwise Adsorption (@ pH 4 and 1=0.03 M NaN0 3 ) 
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Aluminum Concentration 

Aluminum concentration in the residual solutions was determined by Perkin-
Elmer ICP/6500 emission spectroscopy. 

Zeta Potential of Suspensions 

Zeta potentials were measured using a Zeta meter Model D. 

Results and Discussion 

Polymer Adsorption vs. Solids Loadings and Impurity 

Effect of solids loading on the polymer adsorption and conformation at the 
solid-liquid interfaces in concentrated suspensions is a key issue to be dealt with 
in developing mechanisms of flocculation/dispersion of such suspensions. Our 
previous adsorption test results have shown that solids loading has a marked 
effect on the adsorption density of P A A on alumina and PEO on silica (55,56): 
increase in solids loading was found to result in a decrease in the adsorption of 
the polymers. This effect was especially evident in the low solids loading range 
(less than 10 vol. % solids) at fixed initial high polymer concentration. One 
possible explanation for the "greater" adsorption density under these conditions 
has to do with precipitation/multilayer adsorption of the polymer under such 
conditions. Addition of small numbers of particles to a solution at a high 
polymer concentration may in fact result in the precipitation or multilayer 
adsorption of the polymer on the solids and thus a "greater" adsorption density, 
while solids surface area is no longer limited at high solids loading and the 
adsorption density approaches the "real" value. Additional experiments have 
been done recently to test these possibilities. The results obtained from these 
experiments are shown in Figure 4. It can be seen from Figure 4 that the 
adsorption density stayed within the experimental error with the increase in 
solids loading. Scattering of data is however rather large under these conditions. 
In addition to possible precipitation/multiplayer that results in a "greater" 
adsorption density, the "lower" or "greater" adsorption density at low solids 
loading and fixed initial high polymer concentration can also result from the 
relative error in measurements and calculation of the residual polymer 
concentration since even a small error could result in significant differences in 
the adsorption density. 

Interestingly, it was found in our experiments that the polymer adsorption 
behavior at high solids loading is different from that at low solids loading when 
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the polymer sample contains impurities such as dioxane (Figure 5)*. It can be 
seen that at low solids loading (1.3 vol. %), the isotherm of dioxane-containing 
P A A adsorption is similar to that of P A A without such an impurity. However, at 
high solids loading (15 vol. %), the isotherm is very different from that of P A A 
without dioxane. There still is significant polymer in the residual solution even 
though the initial polymer concentration is low and the solid surface is not 
saturated by the polymer. Reasons for this effect are not clear at present. 

ε 

c 

< 

4 6 8 10 

Solids loading, vol. % 

Figure 4 Polyacrylic acid adsorption vs. solids loading (PAA Mw=90,000; 
1=0.03 M N a N 0 3 , AKP-50 alumina) 

Closed symbol: P A A adsorption at fixed initial high concentrations; Open 
symbol: P A A adsorption at reduced initial concentrations. 

Polymer Molecular Weight Fractionation in PAA-Alumina Systems 

It is well known that polymer adsorption on solid increases with increase in 
its molecular weight. For example, in PAA-alumina systems, the adsorption 

* In collaboration with Dr. B . Pethica 
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1.4 τ 

Ο J •• ' 

Ο 600 1200 1800 2400 3000 
Residual P A A concentration, ppm 

(a) 

C 

Ό 

C 

.2 
t 
< 

f 
1.4 

1.2 10 
1 

0.8 

0.6 

0.4 

0.2 

1.3 vol. % solids 
-Q---Q 

15 vol. % solids 

0 1000 2000 3000 4000 5000 6000 
Residual P A A concentration, ppm 

(b) 

Figure 5 Polyacrylic acid adsorption on alumina 
(pH=4,1=0.03 M N a N 0 3 , AKP-50 alumina) 

(a) Dioxane-containing P A A (PAA Mw=148,200, from Polymer Sources Inc.). 
(b) P A A without dioxane (PAA M w =90,000, from Polyscience, Inc.) 
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density of a 150,000 molecular weight P A A is much higher than that of a 2000 
P A A (Figure 6). Such changes in adsorption due to different molecular weight 
(different chain of polymers) could also lead to changes in the polymer 
conformation. In this study, stepwise adsorption tests (see Figure 3) were done 
to investigate possible polymer molecular weight fractionation in concentrated 
alumina-polydispersed P A A systems since such fractionation could also result in 
changes in adsorption, which in turn could lead to changes in the polymer 
conformation. 

Mw 150,000 

20 40 60 80 
PAA residual concentration, ppm 

100 

Figure 6. P A A molecular weight effect on adsorption 
(AKP-50 alumina, 5 wt.% solids loading, pH 4,1=0.03 M NaCl) 

Results from these tests showed that both the polymer molecular weight of 
the solutions and the adsorption increase with increase in adsorption steps at 
both high and low solids loadings (Figures 7). Gel-permeation 
chromatographic/light scattering analysis clearly revealed a shift of the polymer 
molecular weight in the solutions to higher values with increase in adsorption 
steps (Figures 8, 9), suggesting that smaller polymer molecules are adsorbed 
preferentially at the interface in the earlier stages. Compared with evident 
fractionation at low solids loading (1.3 vol.%), there is less fractionation in the 
first adsorption step and a marked fractionation in the second step at high solids 
loading (15 vol.%), implying that it is more difficult for the polymer species to 
fractionate in concentrated particulate systems possibly due to difficulties for the 
polymer species to diffuse to the surface preferentially in such systems. 

These findings about polymer molecular weight fractionation and the 
difference in the extent of such a fractionation between dilute and concentrated 
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systems have important implications in determining the mechanisms involved in 
changes in the polymer conformation. Monitoring of such changes due to 
molecular weight and fractionation by designing mixed labeled monodispersed 
polymers of different molecular weights and with different order of addition of 
those polymers is necessary in all investigation of polymer adsorption. 

on 
ε 

S 

< 

480000 

280000 M 

Oil 
"S 

80000 5 
"ο 

0 1 2 3 
Adsorption step 

(b) 

Figure 7 P A A adsorption and residual P A A molecular weight as a function of 
adsorption step 

(Polyacrylic acid M w ~ 90,000; AKP-50 alumina; pH=4; 1=0.03 M N a N 0 3 ) 
(a) 1.3 vol. % solids loading, (b) 15 vol. % solids loading. 
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J.U 

2.0 

.25 1.0H 

After the second step +. 

After the first step̂ - ^ 

/ 

Initial polymer solutioi 

1.0 xW l.OilO* 1.0x10s LOxW 

Molecular Weight, g/mol 
l.OxlO7 

Figure 8 P A A molecular weight distribution of the solutions as a function of 
adsorption step at low solids loading (Polyacrylic acid Mw=90,000, AKP-50 

alumina, 1.3 vol. % solids loading, pH=4,1=0.03 M NaN0 3 ) 

Figure 9 P A A molecular weight distribution of the solutions as a function of 
adsorption step at high solids loading (PAA Mw-90,000; AKP-50 alumina ,15 

vo l .% solids loading: pH=4; 1=0.03 M NaNQ 3 ) 
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Conformation and Mobility of Adsorbed Polymers 

Our fluorescence work on PAA-alumina systems and PEO-silica systems 
showed that the coiling index (Ie/Im) of the pyrene-labeled polymers decreased 
with increase in solids loading, suggesting that the adsorbed polymer molecules 
tend to become extended as the system becomes denser (55,56). ESR 
spectroscopy of absorbed nitroxide-labeled P A A on alumina showed that the 
portion of non-restricted (free rotational) components in the spectra increased 
with increase in solids loading, suggesting that the portion of "loops" and/or 
"tails" of the adsorbed polymer chains increased with increase in solids loading. 
The average rotational correlation time calculated based on these ESR spectra 
decreases with increase in solids loading, implying that the adsorbed polymer 
segments tend to become less restricted with increase in solids loading, which is 
the case when the adsorbed polymer segments stretch out or dangle into the 
solution (55, 56). 

Dissolved Alumina Species and Their Effects on the PAA Conformation 
and Zeta Potential of Suspensions 

When alumina is brought into contact with water, its dissolution is followed 
by pH-dependent hydrolysis and complexation of the dissolved species with 
polymers in solution, which in turn can affect polymer adsorption and 
conformation, as well as the stability of resultant suspensions. Therefore it is 
necessary to investigate aluminum concentration in residual solutions and its 
effects. 

Aluminum concentration of the residual solutions was found to increase 
significantly with increase in solids loading (Figure 10). Effect of such dissolved 
aluminum species on the conformation of polyacrylic acid (PAA) is illustrated 
in Figure 11. Supernatants containing dissolved aluminum species were 
obtained from 5 wt.% (~ 1.3 vol.%) alumina suspensions. It can be seen that the 
coiling index (Ie/Im) for P A A in the dissolved aluminum species-PAA solution 
is measurably higher than that for P A A in the P A A solution alone at pH < 7, 
which suggests that the PAA molecules do become more coiled in the presence 
of the dissolved aluminum species at low pH values. At pH 5, for example, P A A 
could complex with A l 3 + , AI ( O H ) 2 + and AI(OH 2 ) + due to the electrostatic 
interactions between these positively charged species and the COO " groups on 
the polymer, leading to a lowering of the electrostatic repulsion and more 
coiling of the polymer chain; hence the higher Ie/Im ratio for PAA/dissolved 
species systems. With increase in pH, even though the polymer is still ionized, 
because of the decrease in the concentration of the positive charged species, the 
extent of interaction between the polymer and the species is reduced. 
Consequently due to the increase in the intra-polymer and polymer/Al (OH) 4 " 
repulsion, P A A retains its stretched conformation (lower Ie/Im ratios). 
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Figure 11 Coiling index (Ie/Im ratio) for Polyacrylic acid solutions alone 
And Polyacrylic acid-alumina supernatants as a function of pH (PAA 

Mw=90,000, P A A concentration^ 00 ppm; 1=0.03 M NaCl) 
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Effects of dissolved aluminum species on zeta potential of PAA-alumina 
suspensions are shown in Figure 12. In this study, P A A solutions were prepared 
using triply distilled water and alumina supernatants that were obtained from 5 
wt.% alumina suspensions, respectively. The P A A solution was then added to 
the alumina suspensions. Zeta potential is seen to be markedly higher for 
alumina supernatant-PAA/alumina suspensions than that for PAA/alumina 
suspensions at pH 4 to pH 10, which implies that the alumina particle surface 
becomes more positive in the former system possibly due to increasing 
complexation of P A A with the dissolved aluminum species from both the 
alumina suspension itself and the introduction of alumina supernatants. 

60 ρ 
40-

6 20-

15 

ι °-
a. -20-

Ν -40--60-

-801 I I I I I 1 I 1 
3 4 5 6 7 8 9 10 11 

pH 

Figure 12 Zeta potential of alumina with P A A solution and with P A A solution 
-alumina supernatant as a function of pH (PAA Mw=90,000, P A A 

concentration^ 00 ppm; solids loading=5 wt. %; 1=0.03 NaCl) 

These results have enabled us to narrow the list of possible factors 
controlling the polymer behavior in concentrated systems. It is clear that 
monodispersed polymer samples with fluorescence and spin labels are required 
to monitor the polymer conformation and to ascertain the mechanisms involved 
in changes in the polymer conformation. Further controlled experiments on the 

Δ with PAA + alumina supernatant 
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conformational studies are also needed to monitor and minimize perturbative 
effects of these labels on the systems. 

Summary 

1. Under the test conditions described in this- article, polyacrylic acid 
adsorption on alumina did not show significant changes with increase in solids 
loading. Interestingly, the polymer adsorption behavior at high solids loading is 
different from that at low solids loading when the polymer sample contains 
impurities such as dioxane. Our earlier fluorescence and ESR results implied 
that the adsorbed polyacrylic acid and polyethylene oxide molecules tend to 
stretch out or dangle more into the solution as the system becomes denser. 

2. Marked molecular weight fractionation was observed at both low and 
high solids loadings in the stepwise adsorption tests, suggesting that smaller 
molecules are adsorbed preferentially at the solid-liquid interfaces in the early 
stage of adsorption. However, such fractionation in the system at high solids 
loading occurred only in the second step, indicating that it is more difficult for 
the polymer to diffuse to the surface preferentially in such systems. Polymer 
molecular weight fractionation leads to changes in its adsorption. This could in 
turn result in changes in the polymer conformation. 

3. Concentration of dissolved aluminum species increased significantly with 
increase in solids loading. These dissolved aluminum species showed 
measurable effects on polyacrylic acid conformation as well as system behavior 
such as zeta potential and flocculation/dispersion. 
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Chapter 14 

Conformation and Aggregation Properties 
of Associative Terpolymer in Aqueous System 

and Correlation with Rheological Behavior 

Anjing Lou, Ning Wu, and Richard Durand, Jr. 

Daniel J. Carlick Technical Center, Sun Chemical Corporation, 
631 Central Avenue, Carlstadt, NJ 07072 

Abstract 

The conformation and the aggregation properties of the 
H E U R A S E thickener, U C A R P O L Y P H O B E 106HE, at 
different pH and concentration in aqueous solutions have been 
studied by using Fluorescence and Dynamic Light Scattering 
techniques. It was found that the polymer possesses a coiled 
structure at low pH and stretched at high pH, which 
corresponds to the particle size variation. Since the pH goes 
down with the increase of the concentration, at about 0.02 wt% 
corresponding to pH 5.6 the molecules reach a minimum size. 
The polymer is completely stretched when the solution pH is 
above 7.8 and the molecular aggregates are formed when the 
concentration is high enough. However, the aggregate size is 
limited before cross-linking. The sharp increase of the solution 
viscosity at pH 7.8 is believed to be due to the formation of 
cross-link network. 

© 2004 American Chemical Society 205 
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Introduction 

Hydrophobically modified water-soluble polymers, better known as 
associative thickeners, have achieved commercial acceptance in controlling the 
rheological properties in products such as paints, inks and paper coatings. 
Among these thickeners there are three main types of polymer backbones: 
ethylene oxide-urethane block copolymers, carboxylated polyacrylates and 
cellulose derivatives. The first type is also known as H E U R (hydrophobically 
modified ethoxylated urethane) thickeners (1). These associative thickeners 
usually provide the expectation of high film build and excellent leveling 
characteristics. Other important properties provided are reduced spatter and a 
non-flocculative thickening mechanism (2) resulting in increased gloss and 
hiding (3). Because of these advantageous properties, associative thickeners 
have drawn considerable attention from both industrial and academic 
professionals, especially for H E U R A S E (3-6) (hydrophobically modified 
ethoxylated urethane alkali-swellable/soluble emulsions). These polymers 
provide rheology comparable to that of an H E U R with the handling convenience 
of an A S E (alkali-swellable/soluble emulsion). These thickeners are ter-polymers 
produced by the emulsion polymerization of a earboxyl-functional monomer, a 
relatively water-insoluble monomer and a hydrophobe-terminated urethane-
funetional exthoxylated macromonomer (5,7,8). The general structure of these 
thickeners is shown in figure 1 (4,8), in which R = C33H 5 10 2 . 

Most of the published studies on associative thickeners have been 
focused on their rheology properties by determining the variation of the viscosity 
with pH or concentration and interpreted by proposing different models (1,9). It 
is generally agreed that the hydrophobic modifications of thickeners aggregate in 
an aqueous medium, leading to the formation of large networks of the polymers. 
A qualitative model describing such networks was first proposed by Bieleman et 
al (9). Further it is assumed that the surfactants interact with the hydrophobic 
aggregates formed by the associative thickeners, resulting in some form of mixed 
surfactant-thickener aggregates that affects the network structure and thus the 
rheology (1). 

While the formation of a network is an important mechanism that would 
be helpful in understanding the system rheology performance, equally important 
is the conformation and orientation of the polymers in solution and at 
solid/liquid interfaces, especially for the systems such as various printing inks 
and paints, in which polymers are introduced to control the dispersity and 
stability as well as viscosity. It is well known that particle dispersion/aggregation 
is highly dependent on the polymer conformation in solution and orientation at 
particle surfaces (10). 

In this work, we investigated the molecular conformation and particle 
size of the terpolymer 106 HE, one of the H E U R A S E products from Union 
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ΝΗ4 + 

CH2 

CH2 

Ο 
Φ Ν = 5 0 

R 
Figure 1. Alkali-soluble thickener structure 
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Carbide Corp., at different pH and concentrations in aqueous systems by using 
pyrene fluorescence and dynamic light scattering techniques. The results were 
then compared with the viscosity measurements. 

Experimental 

Materials: 

The H E U R A S E thickener emulsion, 106HE, was obtained from Union 
Carbide Corp. The concentration was based on the solid material percentage. 
The water we used here was distilled and the pH is about 6.6. 

Methods: 

Fluorescence 

Fluorescence spectroscopy, with pyrene as photosensitive probe, has 
been used to determine the polymer conformation in solution by measuring the 
polarity parameter (I3/I1) and coiling index (Ie/Im)[ll-13]. It has been well 
known that as the pyrene molecule experiences a change in its environmental 
hydrophobicity, the relative intensities of the third (I3) and first (Ij) vibrational 
bands of the monomer emission are affected. The ratio, I3/I1 (also known as 
polarity parameter), is a measure of the effective polarity of the medium where 
the pyrene molecule is located. A low value of I3/I1 indicates a hydrophilic 
environment and a high value hydrophobic environment respectively. Thus when 
the polymer molecules are streched the pyrene I3/I1 ratio should be low; when the 
molecules are coiled and/or form inter-molecular aggregates the ratio is high. 
The coiling index (Ie/Im), on the other hand, is an indication of the coiling level 
of polymer in solution. When pyrene molecules have a chance to meet each 
other, an excited state pyrene Py* can interact with a ground pyrene Py to form 
an excimer Py 2*. The ratio of pyrene excimer to monomer emission intensities 
(Ie/Im) is a useful measure of excimer concentration, and hence of local pyrene 
concentration. It is clear that a coiled polymer molecule will provide more 
opportunities for pyrene molecules to see each other than a stretched molecule 
would. Therefore, a coiled molecule will give a higher Ie/Im value than a 
stretched one. That is why the Ie/Im has been called "Coiling Index." If polymer 
molecules form aggregates, the Ie/Im value will go up based upon this principle. 

A l l the fluorescence works in this report were carried out on a Photon 
International PTI-LS 100 spectrometer. A pyrene stock solution was prepared by 
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stirring solid pyrene in water for 24 hours and filtering off the excess probe. This 
solution was added as required to the polymer solutions, for which the pyrene 
concentration was kept constant (11,12). 

Viscosity 

The viscosity was measured on T A Rheolyst AR1000-N at the shear 
rate of 1 s"1 at 25°C. 

Light Scattering 

Dynamic Light scattering (DLS), also known as photon correlation 
spectroscopy (PCS) and quasi-elastic light scattering (QELS), was run using a 
Brookhaven research-grade system with a BI-9000AT corrector and BI-200SM 
goniometer with adjustable angles of detection from 15° to 155°. A water-cooled 
Lexel Argon laser light source was used at a wavelength of 488 Angstrom. The 
samples were temperature controlled to +/- 0.1 °C and a refractive index 
matching liquid was used to reduce light bending at the glass interfaces. The 
measurements were done at a constant 90° angle in this work (14,15) and the 
particle size was recorded as mean hydrodynamic diameter. 

Results and Discussions 

Figure 2 shows the pH effect on the viscosity of the 106 H E polymer 
solution at a fixed concentration of 0.1 wt%. It is seen that the solution viscosity 
is extremely dependent on the pH. Below about pH 7.8, the viscosity is low and 
almost keeps constant. Above ~ pH7.8, the viscosity increases sharply and 
reaches a high plateau in a very small range of the pH growth. The plateau 
viscosity is about 7 times higher than the solution at low pH. This is believed due 
to cross-linking. Similar results can be found for most of these kinds of 
thickeners (1-5). 

In figure 3, we plot the results of the natural pH of the solution as 
concentration is varied. As expected the solution has a high pH at diluted 
concentration and the pH decreases sharply with the increase of the 
concentration. Above about 0.1 wt% the solution is approaching the equilibrium 
reflected by the slight pH change. It is then possible to study the variation of the 
molecule conformation (or structure) with solution pH at different 
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4 6 8 10 

P H 

Figure 2. pH effect on the viscosity of the polymer solution at 0.1 wt% at 25 °C 
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concentrations, especially when the concentration is below 0.1 wt%. Therefore, 
without controlling the solution pH (at natural pH), we determined the particle 
size (mean hydrodynamic diameter) by using dynamic light scattering, pyrene 
polarity parameter (I3/I1) and coiling index (Ie/Im) on fluorescence at different 
concentrations at 25 °C. 

As shown in figure 4, the particle size reduces strikingly as the 
concentration increases in the very diluted range, suggesting that the polymer 
molecules alter their structure from stretched to coiled with the pH decrease that 
is caused by the concentration increase. However, when the concentration is 
above about 0.02 wt% the particle size reduction is much slower with further 
addition of the polymer and eventually the mean hydrodynamic diameter 
approaches a constant value. This can be interpreted by considering that the 
coiling level of the molecules is restricted due to the molecular chemical 
configuration. Although the pH continued to decline with the concentration (far 
below 0.1 wt% ), further alteration of the structure becomes difficult. 

On the other hand, the inter-molecular reaction is also impossible 
because of the high coiling level of the molecules at that pH condition. This 
particle size result and the interpretation is confirmed by the pyrene fluorescence 
polarity parameter (I3/I1) measurement as can be seen in Figure 5. The I3/I1 ratio 
goes up quickly with the increase of the concentration in the diluted solution, 
indicating that the molecules change their conformation to the more coiled level. 
Again the limited coiling level leads to the constant I3/Ij ratio when the 
concentration is higher than about 0.02 wt%. 

Figure 6 gives a direct indication of how the coiling level of the 
molecule varies with the concentration. The ratio Ie/Im increases with the 
concentration below 0.02 wt%, and approaches a constant value above 0.02 wt% 
consistent with the same mechanism as described above (the higher the Ie/Im 
value, the higher the coiling level of the molecules in solution). Both I3/I1 and 
Ie/Im results correspond to the particle size result. Above a concentration of 
0.02wt% (or below ~ pH 5.6) the polymer molecules are entirely coiled and 
result in a minimum molecular size. With further increases the concentration the 
molecular structure as well as the size does not change any more. 

To form a cross-link network in solution, the polymer molecules have 
to be in stretched conformation and the concentration has to be high enough to 
allow the molecules to see each other. In this case the critical pH is about 7.8 for 
106 HE, above which the molecule is completely stretched and a cross-link can 
be formed (see figure 2). By controlling the solution pH at 8.2, we examined the 
aggregation properties of the polymer in solution. Since at pH 8.2 the molecules 
are completely stretched, the I3/I1 ratio is only attributed to the molecular 
aggregation. The continued increase of the pyrene I3/I1 ratio, as can be seen in 
figure 7 is, therefore, entirely due to the formation of aggregates. However, it is 
hard to distinguish whether the polymer forms more aggregates or the aggregates 
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Figure 4. Particle size variation with the polymer concentration at natural pH 
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Figure 5. Pyrene polarity parameter (13/11) variation with polymer 
concentration at natural pH 
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Figure 6. Coiling Index (Ie/Im) variation with polymer concentration at natural 
pH 
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become bigger with the increase of the concentration by figure 7 alone. 
Therefore, we measured the particle size under the same condition, and the result 
is shown in figure 8. Remarkably, the particle size increases sharply at diluted 
range, but approaches a constant value with further increase of the concentration. 

The mechanism of this phenomenon is considered as due to the 
aggregation restriction of the polymer in solution. In other words, there is a 
limitation for the size of aggregates to grow to. Beyond this limitation the 
molecules start to form new aggregates instead of enlarging the existing 
aggregates with the increase of the concentration before cross-linking. We have 
found that it is impossible to determine the particle size at even higher 
concentration because of the interaction among the aggregates at higher 
concentration, which eventually leads to cross-linking. 

Figure 9 shows the pH effect on the pyrene I3/I1 ratio at a fixed 
concentration of 0.1 wt%. The mechanism is similar to the concentration effect 
on the I3/I1 ratio as described above. At low pH the molecules are coiled, which 
results in a high ratio. With the increase of the pH, the molecules have 
gradually stretched out leading to a lower ratio. However, when the molecules 
stretch out, the interaction among them becomes possible at that relatively high 
concentration. Bearing in mind that this inter-molecular reaction is a positive 
contribution to the I3/I1 ratio. The compromise of the single molecule stretched 
out (reduce I3/I1 ratio) and the inter-molecule reaction (increase I3/I1 ratio) 
results in the apparent I3/I1 ratio decrease, albeit slowly. 

Based upon the mechanism described above, we introduced an 
appropriate amount of the 106 H E into our water-based lithographic inks at a 
proper pH. The ink performance in sense of toning, misting and transferring has 
been significantly improved. It can be concluded that polymer conformation is a 
crucial criterion through which not only can we better understand the 
performance of suspension systems (including inks and paints, etc.), but also 
how to manipulate the formulae to the desired properties. Since polymers have 
been widely used in most printing inks and paints, it is believed that more 
attention will be paid to polymer conformation studies in the future, specifically 
their effects on network formation. 

Summary 

The conformation of the ter-polymer, 106 HE, varied from stretched to 
coiled with the decrease of the solution pH, or the increase of the concentration. 
This structure change correlates with the particle size alteration. At concentration 
0.02 wt% (the corresponding pH 5.6) the polymer molecules reach the minimum 
coiled size and cannot be reduced further with an increase of the concentration 
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Figure 9. pH effect on the pyrene polarity parameter of the polymer solution 
at 0.1 wt% 
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or a decrease in pH. When the solution pH is equal to 7.8 or higher, the 
molecules are completely stretched out, and the aggregates eventually cross-links 
may form i f the concentration is high enough. However, it was observed that the 
aggregation number of this polymer is restricted. Once the aggregate grows to a 
certain size, addition of more polymer leads to the formation of new aggregates 
instead of the expansion of old ones. 
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Chapter 15 

Effects of Process Variables and Their Interactions 
on Rheology of Concentrated Suspensions: Results 

of A Statistical Design of Experiments 

H. El-Shall1, W. H. Kim1, A. Zaman2, S. El-Mofty3, 
and I. Vakarelski2 

1Department of Materials Science and Engineering and 2Engineering 
Research Center for Particle Science and Technology, University 

of Florida, Gainesville, FL 32611 
3Mining Engineering Department, Cairo University, Cairo, Egypt 

Control of the rheological behavior and stability of 

concentrated dispersions is critical for the successful 

manufacturing of high quality products of particulate 

suspensions. Thus, a basic understanding of the role of 

different variables such as dispersant dosage, volume fraction 

of the solids, particle size distribution, and colloidal forces on 

flow properties of suspensions is required. In the past, studies 

have been conducted using one-variable-at-a time research 

strategy. In this research, statistical design of experiments used 

to provide predictive tools for the behavior of the system 

under various conditions. In this paper, role of dispersant 

dosage, solids loading, and pH of the suspension is studied. 

© 2004 American Chemical Society 221 
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Introduction 

Advanced ceramics are used in many fields, such as electronic, magnetic, 

optical, mechanical, thermal, biological and aesthetic products (/). General 

requirements for these applications are high and uniform densities for green 

body and final sintered products (2, 3). To avoid excessive shrinkage during 

fluid removal and/or densification, molding methods require slurries containing 

the highest possible fraction of particles (4). It is well known that processing 

high solid content slurries poses several challenges including high values of 

rheological parameters such as yield strength, viscosity, etc. It is also equally 

known that such rheological properties could be modified by changing the 

dispersion/aggregation characteristics of the colloidal suspensions. In this 

regard, an enormous amount of research (5-9) has been done to disperse 

particles and overcome attractive van der Waals force in aqueous media 

environment by using electrostatic and steric repulsive force. This research 

also focuses on modification of these forces to achieve optimum processing 

conditions. In past studies, however, one-variable-at-a time research strategy 

has been used. Besides being time consuming, this research strategy does not 

yield interaction effects as well as optimization opportunities. On the other hand, 

statistical design of experiments overcomes these disadvantages and 

mathematical models can be developed to provide predictive tools for the 

behavior of the system under various conditions. 

In this paper, role of dispersant dosage, solid loading, and ionic strength of 

the suspension is studied. The main and interaction effects of these variables on 

slurry viscosity and adsorption density of the studied dispersant are presented. 

Surface response methodology is employed to determine the conditions that may 

be used to produce highly concentrated slurries of minimal viscosity. 
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Experimental 
Materials 

Alumina A16SG (Alcoa chemicals, PA) of 99.8% purity, average BET 

surface area of 7.9m2/g and mean particle size of 0.47 micron was used. 

Sodium salt of polyacrylic acid with a molecular weight equal to 2100 

(Polysciences) was tested as dispersant. Sodium chloride (Fisher Scientific) was 

added to control ionic strength. 

Slurry Preparation 

Alumina powder was poured into a 150 ml glass flask containing a 

dispersant solution at required dosage and then was mixed thoroughly by 

shaking using a wrest-hand shaker for 1.0 hour. The suspension was sonicated 

using a probe type sonicator, for 75 seconds at 115W, and then sodium chloride 

was added to adjust the ionic strength, and finally the samples were agitated for 

13 more hours. 

Viscosity Measurements 

Viscosity was measured using a modular compact rheometer with a 

concentric-cylinder measurement system (Models M C R 300 A N D CC27, Paar 

Physica USA, Inc., Edison, NJ) having an inner cylinder diameter of 27 mm. 

Flow curves were determined at shear rates ranging between 0.01 and 1000/sec. 

It was important to pre-shear the samples at 600/sec for 40 seconds to remove 

air bubbles. The viscosity was then measured (30 points with 10 seconds 

duration between points). 

Zeta Potential Measurements 

Zeta potential was measured by using Accoustosizer (Matec Applied 

Science Inc., Hopkinton, M A ) . Since the natural pH values of the suspensions 
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were mostly in the alkaline range, only HC1 was used to lower the pH to the 

desired values. 

Adsorption Density Measurements 

After centrifuging alumina suspensions, the supernatant was used for 

determining residual polymer concentration utilizing Tekmar-Dorhman Phoenix 

8000 TOC (Total Organic Carbon) Analyzer. 

FTIR Spectroscopy 

Sediments from centrifuged samples were dried at room temperature for 24 

hours, then further dried at 50°C for lhour. Infrared measurements were 

conducted using TNicolet M A G N A 760 Bench with Spectra Tech Continuum IR 

Microscope. To obtain absorbance peak of Na-PAA, a solution of Na-PAA in D.I. 

water was used in a silicon liquid cell. 

AFM Measurements 

Digital Instruments Nanscope III in a fused silica liquid cell was used in 

A F M measurement. Forces normal to the flat surface were measured according 

to the method described by Drucker et al. (JO). Alumina plate and Silicon 

Nitride tip were used in this measurement. Before the force measurement, 30 

minutes of adsorption time were used in this study. 

Statistical Design 

The statistical design used for viscosity and adsoiption density 

measurements is given in Table I. The studied variables included solids loading 

and dispersants (PAA) dosage. The pH was kept constant at 9.6510.15, which 

was the natural pH. After measuring viscosity and adsorption density, the data 
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were analyzed by Design-Expert 6.0.5 (JJ). Viscosity values at 92.8 sec shear 

rate are used for data analysis. 

Result and Discussion 

Zeta Potential Measurements and Calculated Force-Distance Curve 

Zeta potential values of alumina suspensions in presence and absence of 

different dosages of the dispersant sodium salt of P A A , are given in Figure 1 as a 

function of pH. In these experiments, 0.03M NaCl was added. The data show 

that the isoelectric point of alumina is at about pH of 8.5 in absence of 

dispersant. This value agrees with that obtained by other investigators. It is 

important to note, however, that when P A A is added, the isoelectric point has 

shifted towards the acidic pH range as the dosage is increased. This behavior is 

also in agreement with other findings (6, 12, 13). The change in isoelectric point 

may indicate a specific adsorption of P A A on alumina surface as discussed later 

in this paper. Considering the zeta potential values at different pH ranges, we 

may be able to predict the dispersion behavior of these suspensions. For 

example, in the acidic pH range (around pH 4.0) the particles are highly 

positively charged. Thus, it is expected that the electrostatic repulsive forces wil l 

be larger than van der Waal forces leading to electro-statically dispersed slurry. 

This is clear from the calculated total forces shown in Figure 2. Based on the 

shown barrier, it is expected that the suspensions will be dispersed and the 

viscosity of high solid content slurries could be measured as shown in Figure 3. 

On the other hand, at pH values close to the isoelectric point, van der Waal 

forces are expected to overcome the weak electrostatic forces as can be seen in 

Figure 4. Thus, slurries prepared in these pH ranges are expected to have very 

high viscosity values and high shear yield strength. Several researchers (14, 15) 

have experimentally proven this finding. Thus, it is expected that processing 
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-*~0.03M 
-4 -2mg/g, 0.03M 
-«-4mg/g,0.03M 
-«-6mg/g,0.03M 

-*~0.03M 
-4 -2mg/g, 0.03M 
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-«-6mg/g,0.03M 

6 u 8 

pH 
10 12 

Figure 1. Zeta potential of 3.0Vol.% alumina suspensions at different 
dispersant dosages and in presence of 0.03 M NaCl 

Separation Distance (nm) 

Figure 2. Calculated sphere/sphere interaction curve at pH=4.0, zeta 
potentiaI=58mV & 0.03M of added NaCl 
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Shear Rate, 1/s 
Figure 3. Viscosity of alumina slurries prepared at pH 4.3. 

(Reproduced with permission from Chem. Engr. Commun. 1998, 169 (Oct/Nov.) 
203-221. Copyright 1998 Taylor and Francis.) 

0 10 20 30 40 50 60 70 80 90 100 

Separation Distance (nm) 

Figure 4. Calculated sphere/sphere interaction curve at pH=9.8, zeta 
potential—16m V & 0.03M of added NaCl 
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slurries at these pH values may require use of low solids loading or the use of 

dispersants. Such dispersants may induce repulsive forces (steric and/ or 

electrosteric) depending on dispersant structure, molecular weight, conformation 

in the bulk and at the surface, etc. 

The increase in the negative zeta potential values of alumina suspensions 

upon addition of P A A in the alkaline pH range is obvious from Figure 1. Such 

increase could be attributed to adsorption of negatively charged folly ionized 

P A A molecules at this pH range (pK a of P A A is around pH 4.5). 

Table I. Statistical design with central point for viscosity measurements 

Run # Solid loading Dispersant dosage 

1 — — 

2 + — 

3 — + 

4 + + 

5 — 0 

6 + ο 

7 ο — 

8 ο Ί

9 ο Ο 

10 ο Ο 

11 ο Ο 

Variables Levels: Low (-) Middle (0) High(+) 

Solids Loading (Vol%) 40 45 50 

Dispersant dosage (mg/g) 2 4 6 
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P A A Adsorption on Alumina at High p H Range 

P A A adsorption isotherms on alumina in solutions of low and high ionic 

strength values are given in Figure 5. The data indicate that ionic strength does 

not have a significant effect on adsorption density. Also, this type of isotherm 

is similar to the polyelectrolyte adsorption isotherms as discussed by other 

researchers (5, 6, 16). Since the P A A is highly negative in this pH range and 

the alumina surface is also negatively charged, then such adsorption could be 

due to complexation with Α Γ 3 ions on alumina surface as suggested in literature 

(17). To confirm such adsorption mechanism, FTIR spectra of P A A , in 

presence and absence of alumina particles, was obtained. Figure 6 shows FTIR 

spectra of Na-PAA at pH=8.5. The sharp peak at 1557 cm" 1 is due to the 

asymmetrical stretching of COCK Figure 7 depicts the FTIR spectra of pure 

alumina and alumina coated with P A A at dosages of 2mg/g and 6mg/g at 0.01 M 

of added NaCl. It can be seen that after adsorbing P A A on alumina, the 

absorbance peak 1557 cm""1 of asymmetrical stretching of COO- in Na-PAA is 

shifted to 1576 cm" 1 (18). This may explain the polymer adsorption on 

negatively charged alumina surface under these research conditions. 

Adsorption of P A A has resulted in an increase in negative charge as well as 

increase in repulsive forces between A F M tip and Alumina plate as can be seen 

in Figures 1 and 8. It is important to note that in absence of P A A , the forces 

are attractive as expected from the low zeta potential values at this pH range. 

Most importantly, the adsorbed polymer does not desorb by washing as 

indicated by the strong repulsive forces even after washing alumina surface by 

NaCl solution. This confirms die complexation mechanism as mentioned 

above and described in literature (17). 
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CD 
Ε 
CO 
c 
φ 

Ό 
C 
Ο Έ ο 
5 

0.35 
0.3 

0.25 
0.2 

0.15 
0.1 

0.05 

2000 4000 6000 8000 

Residual amount(mg/L) 

10000 

• O.OIMNaCl • 0.2518MNaCl 
Figure 5. Adsorption isotherm in 40Vol% alumina suspensions at 

pH=9.70±0.10 

Statistical Design Analysis of Viscosity Measurements 

Rheological Response 

Viscosity of alumina slurries is measured at different shear rates. Data for 

low and high ionic strength conditions are given in Figure 9. It is interesting to 

note that all slurries show a shear thinning behavior. In other words, any 

network structure built in these slurries breaks down as shear rate is increased. 

In addition, viscosity of up to 50 vol.% slurries (at a pH value close to the 

isoelectric point) could be measured. This is attributed to the electrosteric 

repulsion induced by P A A adsorbed molecules (Figure 8). The viscosity values 

at high solid content is higher than at lower solid content slurries due to 

increased probability of network and structure formations in these slurries as 

indicated by other researchers (9, 19). However, the viscosity values obtained at 

high ionic strength are much higher than that at low ionic strength solutions. 
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Figure 8. Atomic force measurement curves at pH=9.80 

Figure 9. Viscosity of alumina slurry at different conditions 

pH=9.65±0.15 
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This could be due to changes in polymer conformation due to high content of 

sodium ions. It should be remembered, however, that ionic strength did not 

significantly affect amount of PAA adsorbed on alumina as mentioned above 

(Figure 5). Increasing PAA dosage has resulted in decrease in viscosity as can 

be seen from Figure 10. However, further increase in PAA dosage beyond 3.5 

mg/gm, did not produce a significant decrease in viscosity. This is not surprising 

since die saturation adsorption value is reached at this dosage as can be seen in 

Figure 5. 

0-i , , , 1 
2 3 4 5 6 

Added dosage(mg/g) 

Figure 10. Viscosity measurement at different added Na-PAA dosage 
Alumina A16SG(40Vol%), 0.2518M(Na+), pH=9.60±0.1 

Viscosity values at 92.4/sec shear rate were used for statistical analysis at 

each statistical design condition. Figure 11 is the contour plot of viscosity values 

that could be obtained as the solids loading and PAA dosage are changed. The 

data clearly show that viscosity increases as solids loading is increased 

especially at low levels of PAA additions. Increasing PAA minimizes effect of 

solids loading due to the dispersion effect of PAA. It is important to notice here 

also that after 3.5mg/ gm viscosity reaches a low value that is represented by a 
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wide valley at the level of 73.3 mPa.s. This again confirms the previous 

finding that higher dosages of P A A are not required either for adsorption or 

viscosity reduction. 

Viscosity(mPa.s) 
50. 

47. 
Solids 
loading 
(Vol%) 

45.00 

42.50 

40.00 

2.00 3.00 4.00 5.00 6.00 

PAA (mg/g) 
Figure 11. Contour plot of viscosity of alumina slurries( pH 9.6+/-

0.1) as a function of Na-PAA dosage and solids loading at 
92.4/sec shear rate ( R2=0.9608f experimental error=1.76) 

Summary and Conclusions 

Alumnia slurries of high solid contents could be prepared in a stable 

condition at low pH values where electrostatic repulsive forces induce 

stabilization of these slurries. Closer to the isoelectric point (pH of 8.6) slurries 

are coagulated and of high viscosity that may render processing of such slurries 
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difficult. Thus, dispersants should be added to obtain high low viscosity-solids 

content slurries. In this regard, P A A is a good dispersant for such slurries. Due 

to its specific adsorption on alumina surface, it increases the repulsive forces by 

the electrosteric mechanism. 

It is also important to note that ionic strength was found to affect 

rheological behavior of alumina slurries. Ionic strength is proposed to affect the 

conformation of the polymer in bulk of solution leading to increased viscosity at 

high ionic strength values. FTIR, A F M , Zeta potential measurement, and 

adsorption isotherms are used to confirm the above conclusions. Statistical 

design of experiments is used to generate surface response of viscosity as a 

function of solids loading and P A A dosage. The response surface generated from 

this design is proved helpful in identifying the conditions that may be used to 

achieve low viscosity and high solid content slurries. 
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Chapter 16 

Stability of Highly Loaded Alumina Slurries 

S. Chander and M. Chang 

Department of Energy and Geo-Environmental Engineering, 
The Pennsylvania State University, University Park, PA 16802 

Stability of highly loaded alumina slurries was studied as a 
function of reagent type and concentration. The reagents 
investigated include several A B A and A B type nonionic block 
copolymers. The stability profiles of various slurries were 
mapped by measuring the position of the 'sediment line' and 
the 'mud line' as a function of time. A new method to detect 
sediment and mud lines is described. Using this method the 
stability measurements were made as a function of both 
reagent concentration and molecular weight, within 
homologous series of reagents. A critical stability parameter 
was defined as the time at which the dispersed phase just 
disappears. This parameter was used as one of the stability 
parameters. The other parameter used to characterize the 
sediment after prolonged settling was the volume percent 
solids in the sediment. The effect of reagent concentration and 
molecular weight on these two parameters is discussed. 

© 2004 American Chemical Society 239 
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Highly loaded colloidal suspensions are important in many industries such 
as ceramics, coatings, paints, pesticides, water treatment, mineral processing, 
pharmaceutical and food industry. With increased emphasis on environmental 
concerns, the dispersion of particles in aqueous media is getting more emphasis. 
Low and high molecular weight polymers are frequently used as dispersants and 
wetting agents to modulate flow and stability properties. The stability of aqueous 
dispersions in the presence of various polymers has been extensively studied 
from a practical and a theoretical aspect by many researchers, the mechanism of 
the stabilization is still not well elucidated, and the practical solution of most 
dispersion problems is still empirical. 

Ionic reagents have been widely used as dispersants or stabilizers to obtain 
electrostatic stabilization of aqueous alumina suspensions (/), while the use of 
nonionic reagents for aqueous dispersion is less common (2). The possible 
reason is that nonionic reagents alone do not improve stability and rheological 
properties of aqueous alumina suspensions; therefore, a combination of 
electrostatic and steric stabilization is required for optimal performance. 

In this study, citric acid was selected as the reagent to obtain electrostatic 
stabilization. It is known to be a good dispersant for alumina. The amount 
needed to produce low viscosity alumina suspension is very small. Also, it does 
not introduce undesirable species such as nitrogen, sulfur, etc. It is also 
biodegradable i f discharged into the environment as process fluid. The effect of 
molecular stucture of nonionic surfactants on stability of electrostatically 
stabilized suspensions was investigated and the results are discussed. 

Materials and Methods 

High purity alumina powder (AKP-50, Sumitomo Chemical Co., Japan) was 
used in this study. Density, B E T surface area, and particle median size of this 
alumina powder were reported by the manufacturer as 3.99 g/cm3,10.1 m 2/g, and 
0.3 μηι respectively. The PZC (point of zero charge) of this alumina was found 
to be pH 9.1. 

The nonionic ΑΒΑ-type triblock copolymers were received from B A S F 
Corp. A list of the reagents used in this study is given in Table I. The A B A block 
copolymers were water-soluble and consist of a polypropyleneoxide block linked 
to polyethyleneoxide block at both ends; their structure is shown in Figure 1. 
Citric acid [HO-C(COOH)(CH 2 COOH) 2 )H 2 0, M W 210.1] was obtained from 
J.T. Baker Chemical Co. The nonionic AB-type block copolymers used in this 
study were: polyethylene glycol-co-polypropylene glycol [H(OCH 2 CH 2 )x 
(OCH 2 CH(CH 3 )) Y -OH] of M W 2500] containing 75% wt.% ethylene glycol and 
polyethylene glycols [H(OCH 2 CH 2 ) n -OH] of M W 1500 & 4000. Analytical 
grade H N 0 3 and NaOH were used for pH adjustment. Distilled water was used 
throughout the invsestigation. 

Alumina slurries of 75 wt. % (43 vol. %) were prepared by mixing 30 g 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
IC

H
IG

A
N

 o
n 

Ju
ly

 2
, 2

01
1 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

pr
il 

20
, 2

00
4 

| d
oi

: 1
0.

10
21

/b
k-

20
04

-0
87

8.
ch

01
6

In Concentrated Dispersions; Somasundaran, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



241 

alumina with 10 ml distilled water in 60 ml plastic bottles. The bottles were 
vigorously shaken by hand after the desired solution was added to adjust the pH. 
The slurries were further dispersed with a high intensity ultrasonic processor 
(Sonics & Materials Inc.) for 20 seconds. The desired amounts of reagents, 
based on the dry weight of alumina powders, were added and the bottles were 
mixed with a wrist action shaker (Burkell Corporation) for at least 5 hours before 
the measurements. 

PPO group 

PEO group H H —C — H PEO group 

Figure 1. A schematic representation of A B A type surfactants. These surfactants 
are commercially available as Pluronic® series of reagents. 

Table I. Selected properties of the surfactants used in this study. The data for 
A B A triblock copolymers was obtained from Vaughn and Dekker (3). 

Copolymer Formula Molecular 
Weight 

NPO/NEO H L B 

L-44 E10P21E10 2200 1.05 12-18 
L-64 E13P30E13 2900 1.15 12-18 
P-84 E19P39E19 4200 1.03 12-18 

P-104 E27P56E27 5900 1.04 12-18 
P-103 E17P56E17 4950 1.65 7-12 
P-65 E19P30E19 3400 0.79 12-18 
P-85 E26P39E26 4600 0.75 12-18 
P-105 E37P56E37 6500 0.76 12-18 
F-38 E42P16E42 4650 0.19 >24 
F-68 E76P30E76 8400 0.20 >24 
F-88 E103P39E103 11400 0.21 >24 

PAA(D-3031) [-CHjCH(COOH)-)x 3000 - -
NP-15 C,H | 9-F-(OCH 2CH2) l s .OH 880 - -

PEG/PPG H(OCH 2CH 2) x(OCH 2CH(CH 3)) 
v -OH 

2500 - -

P E G H(OCH 2CH 2) x-OH 1500,4000 
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Centrifugal Settling Test and Stability Profile 

Centrifugal settling tests were performed by using a constant temperature 
centrifuge (Model: Centra MP4R, of International Equipment Company). In a 
typical experiment, suspensions were loaded into the 6.5 ml centrifuge tubes, and 
sealed by a wax paper film. The centrifuge was set to run at the speed from 2000 
to 3500 rpm (500 to 1500 g) and various periods of time ranging from 10, 20, 
30, to 60 minutes. After each centrifugation, the sediment height of the 
suspension was measured and the final sediment height was obtained to estimate 
solids content in the sediment. For comparison with gravitational settling, the 
centrifugation time was converted to equivalent gravitational settling time by the 
formula: Τ = co2Rt/g, where, Τ is the equivalent gravitational settling time (in 
days), ω is the centrifuge angular speed (in s"1), R is the distance between the 
centrifuge rotor and the center of the suspension (in meter), and t is the 
centrifugation time (in days) g is the gravitational acceleration (in m/s2). The 
time taken to accelerate and stop the centrifuge was usually less than 1 minute 
and was therefore neglected. 

A simple method was developed in this study, as illustrated in Figure 2 to 
monitor settling behavior. After centrifugation, the sample tube was placed under 
a fiber optics light. Several zones could be observed due to the light absorption, 
scattering and diffraction. At the bottom was the sediment zone with a slightly 
bright white color. The next was the dispersed zone, which is considered to have 
the same solids content as the suspension before settling. Wedlock et al. (4) used 
an ultrasonic technique to confirm that the solids content in the dispersed zone 
remains essentially constant. The appearance of the dispersed zone was darkest 
because of the relatively small amount of scattered light. The turbid zone was 
composed of very fine particles that settled very slowly. The height of each zone 
was recorded as a function of time, t and the results from such measurements at 
several times were plotted to obtain the settling profiles as presented in Figure 2. 
It can be seen that the height of sediment zone increased and that of the 
dispersed zone decreased with time. For suspensions with high solids loading 
(-43 vol.%) the turbid zone was very thin (less than 3%) in most cases. The 
percent solids in this zone are negligible compared to those in the sediment and 
dispersed zone. As far as the stability is concerned, the dispersed zone is 
considered the most important because this zone is expected to have about the 
same solids content as the original suspension. Therefore, the time for 
disappearance of the dispersed zone marked as t* in Figure 2, was used as a 
measure of stability. The second settling parameter, that is volume percent solids 
in the sediment was determined from the volume of the sediment layer after 
completion of the settling test. 
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Figure 2. A schematic of the settling profile of suspensions obtained by 
centrifugal settling method. Various zone in the settling tube at time't ' are 

shown on the right and the settling profile is shown on the left. 

Results and Discussion 

Effect of pH. Suspensions containing 43 vol.% of alumina were dispersed by 
H N 0 3 at pH 4, 5, and 6 were and the parameter t* for the suspension was 
determined to be 125 days at pH 4. The final solids content in sediment were 
63.6 vol.%. For the suspensions at pH 5 and 6, t* could not be obtained because 
at these pH values, the alumina particles appear to be flocculated and the 
dispersed zone could not be determined. The final solids content in sediment for 
pH 5 and 6 were 61.6 vol.% and 56.4 vol.%. At pH 4, the electrostatic repulsion 
forces between alumina particles are sufficiently strong to disperse the particle. 
In separate measurements, viscosity and yield stress were found to be 
significantly lower at pH 4 compared to pH's of 5 and 6. The sediment packing 
after settling was also the highest compared to the suspensions at pH 5 and 6. 
The suspension at pH 6 was most flocculated, it had the highest viscosity and 
yield stress as well as the lowest sediment packing density. 
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Effect of Citric Acid Concentration. The value of the parameter t* obtained 
for suspensions in the presence of 0.2,0.3 and 0.5% citric acid at pH 7 were 140, 
200,200 days respectively. The corresponding solids content for their sediments 
were 62.4,60.1, and 61.5 vol.% respectively. The stability increased when citric 
acid concentration was increased from 0.2 to 0.3%. However, further increase in 
the citric acid concentration to 0.5% did not increase the stability. These results 
correlate well with the rheology properties. Both the viscosity and yield stress 
were higher for the suspension with 0.2% citric acid when compared to 
suspensions with citric acid concentration of 0.3% and 0.5%. These results 
indicate that a minimum of 0.3% citric acid is needed for good dispersion of 
alumina at pH 7. 

Effect ofNonionic PEO/PPO/PEO Triblock Copolymers. The centrifugal 
settling tests were performed in the presence of various amounts of 
PEO/PPO/PEO triblock copolymers and the results are presented in Figures 3 
and 4. The results show that the stability of suspension increased with increase in 
the polymer concentration and molecular weight of the reagent. No such trend 
was observed for % solids in the sediment. For each reagent a complex 
relationship was observed between % solids in the sediment and the reagent 
concentration. Two peaks were observed in the sediment packing vs. 
concentration plots shown in Fiures 3 and 4, especially for reagents containing 
40% EO. The first maximum occurred at low concentrations (-0.5%) and the 
second at higher concentration of about 5%. Results with other reagents, shown 
in Figures 3 and 4 were similar but the effect of reagent type and concentration 
was more complex. At low reagent concentration, the alumina surface covered 
with the adsorbed polymer could lead to better packing. The EO groups are 
expected to adsorb at the alumina surface by hydrogen bonding leaving the PO 
groups extended in to the solution. When the suspensions settled, the 
hydrophobic PO groups around the alumina particles functioned as lubricant and 
thus generated denser sediment. A further increase in polymer concentration 
would result in multi-layer formation reducing percent solids in the sediment. On 
the basis i f these results we consider that hydrophobic lubrication promotes 
sediment packing. The results in Figure 4 show that highest packing density is 
obtained with Ρ104 that contains 40% EO. In comparison, regents with 30% and 
50% EO groups gave lower sediment density. 

The settling test results for the suspensions in the presence of various 
amounts of polymers containing 80% EO groups are also shown in Figure 3. The 
stability parameter increased with increase in the polymer concentration and 
molecular weight. For concentrations greater than 2%, the sediment packing was 
greater for lower molecular weight reagents. This trend is inverse of the one 
observed for reagents with 40% EO where higher sediment packing was 
observed for reagents with higher molecular weight. 
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Effect ofNonionic Diblock Copolymers. Two reagents, namely PEG/PPD 
diblock copolymer of molecular weight 2500 and Tergitol NP-15 of molecular 
weith 880 were used in this series of tests. These reagents did not have a very 
large effect on the stability but the effect on percent solidents in the sediment 
was significant as can bee seen from Table II. The suspension stability increased 
slightly with increase in the reagent concentration. The percent solids in the 
sediment increased at a reagent concentration of 0.5% with PEG/PPG and at 5% 
with Tergitol NP-15. At higher reagent concentrations, the suspensions are most 
likely flocculated resulting in a lower sediment packing density. 

Table II. Effect of AB Type Nonionic Surfactants on Stability of Alumina 
(43% by volume). 

Surfactant Concentration t* Volume Percent 
Solids in 
Sediment 

PEG/PPG 0.0 200 60.1 
0.5 200 62.3 
2.0 315 60.7 
5.0 395 60.8 

Tergitopl NP-15 0.0 200 60.1 
0.5 200 60.3 
2.0 255 61.2 
5.0 420 62.9 
8.0 895 62.1 

Effect of Polyethylene Glycol. The stability parameter, t* of suspensions in 
the presence of 5% PEG-1500 (MW: 1500) and PEG-4000 (MW: 4000) was 
400 and 760 days, respectively. The solids contents in sediment after settling 
were 60.8 and 61.9 vol.%. The effect was considered to be small. 

Summary Discussion 

A centrifugal settling method was developed to map the stability profile of 
highly loaded slurries. Based on these measurements two parameters were used 
to define stability. These were: a critical settling parameter (t*) and volume 
percent solids in the sediment. The critical settling parameter, was defined as the 
time for disappearance of the dispersed layer. 
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The nonionic copolymers tested in this investigation increased the stability 
of highly loaded alumina slurries, as measured by the stability parameter, t* 
This behavior was observed for both the slurries dispersed with nitric acid at pH 
4 and citric acid at pH 7. To a large extent the increase was a function of the 
molecular weight and the reagent concentration as can be seen in Figure 5. The 
molecular structure of the reagent playing less important role on the settling 
parameter, t*. The data presented in Figure 6 shows that there is no significant 
correlation between percent solids in the sediment and molecular weight. The 
effect of reagent concentration on packing density was complex as dicussed in 
Figures 3 and 4. 

M O L E C U L A R W E I G H T 

Figure 5. Effect of molecular weightof nonionic reagents tested in this study on 
the settling parameter. Varios symbols correspond to different reagent 

concentrations. 

A n increase in the stability with increasing concentration could be attributed 
to hydrophobic interaction forces between the particles covered with adsorbed 
polymers leading to steric interaction. As reported by Napper (4), the EO group 
is hydrophilic and can form hydrogen bond with carboxylic groups. Hidber et al. 
(J) reported that only one or two carboxylic groups of each citrate molecule 
attached to the alumina surface to form covalent bonds with alumina surface. 
Thus, the free carboxylic groups formed hydrogen bonds with the EO groups of 
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MOLECULAR WEIGHT 

Figure 6. Correlation between percent solids in the sediment and molecular 
weight of nonionic reagents tested in this study. Varios symbols correspond to 

different reagent concentrations 

the polymer. The PO groups of the polymer extended in to the solution. 
Because the PO groups are hydrophobic, they would interact with the PO groups 
of other particles or the free polymers in the solution. With an increase in reagent 
concentration the hydrophobic interactions between the PO groups increased 
resulting in higher stability. The interaction forces between the PO groups would 
be maximum when the particles are covered with a monolayer of adsorbed 
polymer. At higher concentrations, the PO groups interacted with the PO groups 
of the free polymers in the solution to form bilayer promoting stability. 

The hydrophobic interactions between PO groups also increased lubrication 
between particle promoting increase in percent solids in the sediment. Highest 
packing density was obtained for A B A block copolymers with 86 PO groups and 
40% EO groups. 
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fluorescence spectroscopy, 208-209 
focus of published studies, 206 
general structure, 207/ 
industry and academia, 206 
ink performance, 217 

D
ow

nl
oa

de
d 

by
  o

n 
Ju

ly
 3

, 2
01

1 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
pr

il 
20

, 2
00

4 
| d

oi
: 1

0.
10

21
/b

k-
20

04
-0

87
8.

ix
00

2

In Concentrated Dispersions; Somasundaran, P., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2004. 



255 

light scattering, 209 
materials, 208 
methods, 208-209 
network formation mechanism, 206 
particle size variation with 

concentration at natural pH, 212, 
213/ 

particle size variation with 
concentration at pH 8.2, 217,218/ 

pH effect on pyrene polarity 
parameter, 217, 218/ 

pH effect on viscosity, 209,210/ 
photon correlation spectroscopy 

(PCS), 209 
pH variation with polymer 

concentration, 209, 211/ 212 
polymer conformation, 217 
pyrene polarity parameter variation 

with polymer concentration at 
natural pH, 212, 214/ 

pyrene polarity parameter variation 
with polymer concentration at pH 
8.2,212,216/217 

quasi-electric spectroscopy (QELS), 
209 

viscosity, 209 
See also Concentrated suspensions 

Atomic force microscopy (AFM) 
alumina suspensions, 233/ 
effect of geometry of tip, 72, 73/ 
method for alumina suspensions, 224 
surface forces, 71 
See also Surface forces for 

nanoparticles 

Benzene 
charged and esterified colloids, 34 
mixtures of esterified silica and 

esterified aluminosilicate, 34, 35/ 
36 

Binary systems 
phase behavior, 28 
See also Colloidal systems 

Bingham yield stress, flocculated 
systems, 180 

Biopolymer, cellulose, 80 
Biosynthesis, cellulose, 80 

C 

Calcium carbonate coated emulsion 
droplets 

biomimetic process, 19 
cross-polarized light micrographs 

with gypsum wave plate of, 22/ 
emulsion substrate synthesis, 18 
energy dispersive spectroscopy 

(EDS), 23,24/ 
experimental, 18-19 
freestanding films of mineral, 19, 21 
hollow sphere particles, 16-17 
morphology and uniformity, 21, 23 
oil-filled nanocapsules, 16 
particle characterization, 19 
particle synthesis, 18 
polarized light micrographs of thin 

C a C 0 3 films under stearic acid 
monolayers, 20/ 

polymer-induced liquid-precursor 
(PILP) process, 17-18 

scanning electron microscopy 
(SEM),21,23, 24/ 

surface-induced deposition of 
mineral shell onto charged, 21 

synthesis, 17 
Cell model, wave equations, 137 
Cellulose 
biosynthesis, 80 
crystalline and amorphous regions, 

80 
dimensions of rods, 80 
orientation of rods in aqueous dilute 

suspensions, 80, 82 
polyelectrolyte nature of whiskers, 

82 
renewable biopolymer, 80 
well defined color bands, 82 

Cellulose whiskers 
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angular variation of reciprocal 
diffusion coefficient, 85, 88/ 

crossed polarized microscopy in 
dilute suspension, 81/ 

diffusion coefficients, 85, 89 
equipment and data analysis, 83 
experimental, 82-83 
Ferrel-Kawasaki expression for 

apparent diffusion coefficient, 85 
form factor of rod, 84 
light scattering experiments, 83 
polyelectrolyte nature, 82 
"salt-free" suspensions, 85, 87/ 
sample preparation, 82-83 
scattered intensity for rod-like 

particles, 84 
scattering behavior of polyelectrolyte 

systems in "salt-free" conditions, 
83-84 

structure factor for spherical 
particles, 84 

structure factor vs. wavevector q 
from tunicate whisker suspensions, 
86/ 

variation of log q ^ vs. log C, 87/ 
Cement hydration, acoustic 

spectroscopy, 61-63 
Centifugal settling test 
method, 242 
stability, 247-248 

Ceramics, applications of advanced, 
222 

Cetyltrimethylammonium bromide 
(CTAB) , surfactant, 2 

Charged particles, interaction models, 
124 

Citric acid concentration 
effect on alumina slurries, 244 
electrostatic stabilization, 240 

Closed-form approximations, wave 
equations, 137 

Coagulated systems. See Flocculated 
systems 

Coiling index 
poly(acrylic acid) (PAA) and P A A -

alumina vs. pH, 198, 199/ 

pyrene-labeled P A A and PEO, 189 
variation with polymer concentration 

at natural pH, 212, 215/ 
Colloid science 

acoustics, 92 
acoustics unknown in, 95-96 
Epstein-Carhart-AUegra-Hawley 

(ECAH) theory, 100-101 
penetration of ultrasound, 101 
recognition of acoustics, 101, 

104 
sound unknown i n , 100-101 
ultrasound for concentrated colloids, 

91-92 
Colloid vibration current (CVI), 63-

64, 97 
Colloid vibration potential (CVP), 63-

64,97,123 
Colloidal suspensions 
change in effective particle surface 

charge owing to Rhodamine 6G 
(R6G) adsorption, 131-132 

change of isotropic scattering 
coefficients with ionic strength, 
128, 130 

change of isotropic scattering 
coefficients with R6G adsorption, 
130-131 

experimental, 126-127 
fitted effective average charge of 

mean spherical approximations 
(MSA) models, 130* 

form factor, 125 
frequency domain photon migration 

(FDPM), 123 
hard-sphere Yukawa interaction 

(HSY), 124 
industrial applications, 240 
interaction models among charged 

particles, 124 
interactions, 122 
isotropic scattering coefficients, 124-

125 
isotropic scattering coefficients vs. 

volume fraction vs. wavelength 
and ionic strength, 129/ 
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isotropic scattering coefficient vs. 
total R6G concentration at 
constant PS volume, 131/ 

M S A , 125 
Ornstein-Zernike (O-Z) integral 

equation, 125 
parameter estimate of z e f f vs. total 

R6G concentration in PS, 132/ 
primary model (PM), 124 
R6G adsorption on polystyrene, 127 
samples and sample characterization, 

126-127 
scattering properties of dense, 124-

125 
structure factor, 125 
techniques for characterizing, 123 
theory of F D P M , 125-126 
total R6G concentration in 

polystyrene suspension, 131/ 
See also Alumina slurries; Colloidal 

systems; Concentrated suspensions 
Colloidal systems 
binary mixture of esterified silica 

esterified aluminosilicate in 
benzene, 35/ 

binary mixture of esterified silica 
esterified aluminosilicate in 
cyclohexane, 35/ 

binary mixture of esterified silica 
esterified aluminosilicate in 
ethanol, 36f 

contrast variation, 28, 29/ 
contrast variation approach, 32-37 
contrast variation experiments, 32-

34 
core-shell approach, 29-31 
core-shell experiments, 30-31 
core-shell titania/silica particles in 

shell index-matching solvent, 31 / 
dehydration of acid to form 

amorphous aluminosilicate, 33 
esterification of silica and 

aluminosilicate particles, 33 
hydrolysis of ester to acid, 33 
index-matching solvents, 28,29/ 
light scattering, 37-38 

mixed systems of silica and silica-
coated titania particles, 31 

optical trapping, 37 
structure factors by light scattering, 

34, 36 
technique, 28-29 
See also Colloidal suspensions 

Colloids 
acoustics and colloid science, 91-92 
advantages of ultrasound over 

traditional, 98,104-110 
applying ultrasound, 97 
characterization of dense 

suspensions, 123 
commercially available ultrasound 

instruments, 96 
effect of colloidal probe size, 74, 76 
electroacoustic measurements, 94 
information from ultrasound, 96-97 
interactions among particles, 122 
light scattering for electrical 

phenomena, 92 
mechanical wavelengths by sound or 

ultrasound, 92, 94 
non-equilibrium colloidal 

phenomena, 93* 
polymers as dispersants, 70-71 
ultrasound characterizing, 91 
understanding sound for, 102*, 103* 
why acoustics, 94-95 
See also Ultrasound 

Color bands, cellulose whiskers, 82 
Comparative gel electrophoresis, 

deoxyribonucleic acid (DNA), 150 
Complex modulus, dynamic 

measurements, 169-170 
Concentrated suspensions 

Bingham yield stress, 180 
colloidal dispersions, 186 
control for efficient performance, 

186-187 
Deborah number, 171 
differing from dilute counterparts, 

187 
factors controlling polymer behavior, 

200-201 
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flocculated and coagulated systems, 
178-182 

hard-sphere interactions, 172-174 
industrial applications, 53* 
polystyrene latex suspensions, 176-

178 
relative viscosity, 172 
relative viscosity-volume fraction 

curve, 172-173 
rheology, 170-171 
spectroscopic techniques, 187 
stable systems with soft interactions, 

174-176 
sterically stabilized suspensions, 

176-178 
strongly flocculated systems, 181— 

182 
theory for rheology of hard-sphere 

dispersions, 173-174 
weakly flocculated systems, 180-181 
See also Alumina suspensions, 

concentrated; Colloidal 
suspensions; Colloidal systems; 
Measurement techniques for 
concentrated systems; Poly(acrylic 
acid) (PAA)-alumina; 
Polyethylene oxide (PEO)-silica; 
Rheology 

Concentration, cellulose whiskers, 80, 
82 

Conformation, polymer 
associative thickeners, 217 
method, 188-190 
poly(acrylic acid) (PAA)-alumina, 

198,199/ 
Contour plot, viscosity of alumina 

slurries, 235/ 
Contrast variation 

aluminosilicate sols preparation, 32-
33 

binary mixture of esterified 
silica/esterified aluminosilicate in 
benzene, 35/ 

binary mixture of esterified 
silica/esterified aluminosilicate in 
cyclohexane, 35/ 

binary mixture of esterified 
silica/esterified aluminosilicate in 
ethanol, 36/ 

binary systems, 28, 29f, 32 
colloidal systems, 32 
dehydration of acid to amorphous 

aluminosilicate, 33 
esterification of silica and 

aluminosilicate particles, 33 
experiments, 32-34 
hydrolysis of ester to acid, 33 
light scattering, 33 
solvents, 34, 36-37 
structure factors, 34, 36 

Copolymers 
methyl acrylate and 2-hydroxyl ethyl 

acrylate, 42,44* 
See also Alumina slurries; Magnetic 

dispersions 
Core-shell approach 

colloidal systems, 29-30 
experiments, 30-31 
index matching, 28, 29/ 
silica and silica-coated titania 

particles, 31 
See also Index matching 

Core-shell particles 
applications, 16 
fabrication of hollow sphere 

particles, 16-17 
synthesis of oil-filled nanocapsules, 

16 
See also Calcium carbonate coated 

emulsion droplets 
Coupled-phase theory, wave 

equations, 137 
Creep, transient measurements, 169 
Critical flocculation temperature, 

rheology, 182 
Crosslinked network. See Associative 

thickeners 
Cyclohexane 

charged and esterified colloids, 34 
mixtures of esterified silica and 

esterified aluminosilicate, 35/ 
36 
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Deborah number, concentrated 
suspensions, 171 

Deoxyribonucleic acid (DNA) 
bare elastic modulus, 158-159 
buffer and structural characteristics 

of ionic oligomer, 158-160 
cleavage of tandem dimer, 151/ 
comparative gel electrophoresis, 150 
comparing model to experiment, 160, 

162 
effective charge of molecule, 155-

156 
effective size or radius of migrating 

macromolecule, 158 
electrophoretic mobility, 150, 152, 

156-157 
external electric field, 152-153 
friction coefficient, 153-155 
hydrodynamic velocity field, 154— 

155 
Manning counterion condensation 

phenomenon, 155, 155-156 
migration patterns of D N A 

fragments, 150 
model describing gel electrophoretic 

mobility, 152-157 
origin for reduction in mobility, 150, 

152 
prediction of reptation model for 

relative mobility, 161/ 
ratio of mobility of bent to straight 

D N A , 157,161/ 
restraining force, 155 
schematic of D N A bent at center, 

159/ 
solvent contributing to friction, 154 
structural features of B - D N A 

entering model, 158 
Derjaguin-Landau-Verwey-Overbeek 

(DLVO) theory, 69-70 
Diblock copolymers. See Alumina 

slurries 
Diffusing wave spectroscopy (DWS) 

applications, 55-57 

illustration of diffuse scattering and 
basic measurement set-up, 54/ 

optical microrheology, 56-57 
scattering method, 53-57 
scattering strength, 55 
sol-gel transition, 55-56 

Diffusion coefficients, cellulose 
whiskers, 85, 89 

Dioxane, poly(acrylic acid) (PAA) 
adsorption on alumina, 194/ 

Dispersants. See Alumina slurries; 
Alumina suspensions, concentrated 

Dispersions, metal nanoparticles, 6-8 
Dougherty-Krieger equation, relative 

viscosity, 173 
Drug detoxification. See Calcium 

carbonate coated emulsion droplets 
Dynamic light scattering (DLS), 

cellulose whisker suspensions, 85 
Dynamic measurements, principles, 

169-170 

ε 

Elastic modulus, deoxyribonucleic 
acid (DNA), 158-159 

Electroacoustics 
colloid vibration current (CVI), 63-

64 
colloid vibration potential (CVP), 

63-64 
development, 65 
electrokinetic sonic amplitude 

(ESA), 63-64 
illustration of basic design, 63/ 
isoelectric point, 65-66 
measurement method, 63-66 
particle sizing and ζ-potential 

characterization, 108-109 
phenomenon, 97 
thermodynamic considerations, 99 
unique properties, 65 
See also Acoustics; Acoustic 

spectroscopy; Ultrasound 
Electroacoustic sonic amplitude, 123 
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Electrokinetic sonic amplitude, 
electroacoustics, 63-64 

Electromagnetic waves, 136 
Electron spin resonance (ESR), 

anisotropy, 189-190 
Electrophoretic mobility 
deoxyribonucleic acid (DNA) 

fragments, 150,152 
expression, 156-157 
See also Deoxyribonucleic acid 

(DNA) 
Electrosonic amplitude, 97 
Electrostatic interactions, stable 

systems with, 174-176 
Emulsion droplets. See Calcium 

carbonate coated emulsion droplets 
Emulsions, electromagnetic waves, 

136 
Energy dispersive spectroscopy 

calcium carbonate coated core-shell 
particles, 23,24/ 

characterization method, 19 
Epstein-Carhart-AUegra-Hawley 

(ECAH) theory 
Nissan MP1040,143-144,145/ 
Nissan MP3040,144,145/ 
Nissan MP4540,146,147/ 
single scattering, 136 
ultrasound, 100-101 

Ethanol 
charged and esterified colloids, 34 
mixtures of esterified silica and 

esterified aluminosilicate, 36-37 

F 

Field equations, METAMODEL™, 
140-141 

Flocculated systems 
Bingham yield stress, 180 
critical flocculation temperature, 182 
rheology, 178-179 
strongly, 181-182 
weakly, 180-181 
See also Concentrated suspensions 

Force-distance curve, alumina 
suspensions, 225, 228 

Forces, surface. See Surface forces for 
nanoparticles 

Fourier transform infrared 
spectroscopy 

alumina with and without Na-PAA, 
232/ 

method for alumina suspensions, 
224 

silver nanoparticles, 3,9-12 
sodium salt of poly(acrylic acid), 

231/ 
See also Alumina suspensions, 

concentrated 
Fractionation, polymer molecular 

weight, 191 
Frequency domain photon migration 

(FDPM) 
background, 123 
colloidal suspensions, 121,123 
theory, 125 
See also Colloidal suspensions 

Friction coefficient, mobility of 
deoxyribonucleic acid, 153-155 

Functional groups, magnetic 
dispersions, 42, 50-51 

G 

Gel electrophoresis, deoxyribonucleic 
acid, 150 

H 

Hamaker constant, van der Waals 
force, 70 

Hard-sphere interactions 
Dougherty-Krieger equation, 

173 
relative viscosity-volume fraction 

curve, 172-173 
suspensions, 172-174 
theory for rheology of, 173-174 
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Hard sphere Yukawa (HSY) model 
background, 123 
interaction among charged particles, 

124 
See also Colloidal suspensions 

Hydrophobically modified water-
soluble polymers. See Associative 
thickeners 

Hydrosols 
preparation of silver sols, 3 
See also Silver nanoparticles 

2-Hydroxyl ethyl acrylate. See 
Magnetic dispersions 

Hydroxyl groups 
magnetic dispersions, 42, 50-51 
optimizing concentrations in 

copolymer, 43,45 

Impurity, polymer adsorption, 192-
193 

Index matching 
binary systems, 28, 32, 37-38 
core-shell system, 28, 29/ 
core-shell titania/silica particles, 31/ 
light scattering, 37-38 

Infrared spectroscopy. See Fourier 
transform infrared spectroscopy 

Ink performance, associative 
thickeners, 217 

Inversion engine, 142 
Ionic reagents, dispersants or 

stabilizers, 240 
Isoelectric point, electroacoustics, 65-

66 
Isotropic scattering coefficients 

change with ionic strength, 128, 130 
change with Rhodamine 6G (R6G) 

adsorption, 130-131 
total R6G concentration in 

polystyrene suspension, 131/ 
volume fraction, 129/* 
See also Colloidal suspensions 

Light, dominance of sound over, 100 
Light scattering 

binary mixtures, 37-38 
binary studies, 28 
cellulose whiskers, 83-84 
structure factors, 34, 36 

Loss modulus, dynamic 
measurements, 170 

M 

Macroscopic approach, radiative 
theory, 137 

Magnetic dispersions 
characterization methods, 43 
copolymers of methyl acrylate and 2-

hydroxyl ethyl acrylate (CPA), 42, 
44* 

effect of polymer molecular weight, 
47 

experimental, 43 
frequency dependence of storage 

modulus, 43, 44/ 47, 48/ 
functionality, 42, 50-51 
functionality and inherent viscosity 

of C P A polymers, 44* 
optimizing hydroxyl group 

concentration, 43,45, 47, 50 
stability, 42 
steady shear viscosity, 45, 46f 
transverse susceptibility, 45, 47,48/ 

49/ 
Manning counterion condensation 

phenomenon, 155 
Mean spherical approximation. See 

Colloidal suspensions 
Measurement techniques for 

concentrated systems 
acoustic applications, 61-63 
acoustic sensing of cement hydration, 

61-63 
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acoustic spectra vs. hydration time 
for portland cement suspension, 
62/ 

acoustic spectroscopy, 59-63 
attenuation and velocity, 60-61 
diffusing wave spectroscopy (DWS), 

53-57 
double-crystal slit-smeared Bonse-

Hart U S A X camera, 57/ 
DWS applications, 55-57 
electroacoustics, 63-66 
industrial applications of 

concentrated suspensions, 53/ 
loss mechanisms, 59-60 
National Institute of Standards and 

Technology U S A X S facility, 58 
optical microrheology, 56-57 
scattering and basic measurement 

set-up for DWS, 54/ 
schematic of basic electroacoustic 

design, 63/ 
sol-gel transition, 55-56 
ultra small angle X-ray scattering 

(USAXS), 57-59 
U S A X applications, 59 

Metal nanoparticles 
dispersions, 6-8 
properties, 2 

METAMODEL™ 
acoustics, 142-143 
field equations, 140-141 
fundamental and generic, 138 
models for Nissan M P 1040,143-

144, 145/ 
multiple scattering prediction engine, 

138 
Nissan MP3040,144, 145/ 
Nissan MP4540,146,147/ 
pair-correlation function, 140 
quasi-crystalline approximation, 

139-140 
SCATTERER™, 142 
solution of field equations, 141 
stochastic field descriptors, 138-140 
validating, 142-146 
See also Multiple scattering 

Methyl acrylate. See Magnetic 
dispersions 

Microscopic approach, analytical 
wave scattering theory, 137 

Mobility 
adsorbed polymers, 198 
See also Deoxyribonucleic acid 

(DNA) 
Models 

electrophoretic mobility of D N A 
fragment, 152-157 

interaction models among charged 
particles, 124 

Percus-Yevick (ΡY) for colloidal 
suspension, 125 

See also Deoxyribonucleic acid 
(DNA); METAMODEL™; 
Multiple scattering 

Modulus, complex, dynamic 
measurements, 169-170 

Molecular weight 
copolymers for magnetic dispersions, 

47, 50 
fractionation in poly(acrylic acid) 

(PAA)-alumina systems, 193, 
195-196 

Molecular weight distribution. See 
Poly(acrylic acid) (PAA)-alumina 

Morphology, calcium carbonate 
coated core-shell particles, 21,23, 
24/ 

Multiple scattering 
acoustic and electromagnetic waves, 

136 
analytical wave scattering theory, 

137 
approaches to mathematical 

modeling, 137 
cell model, 137 
classical fundamental models, 137 
classical models, 137 
closed-form approximations, 137 
coupled-phase theory, 137 
Epstein-Carhart-AUegra-Hawley 

(ECAH) model, 136 
METAMODEL™, 138-141 
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radiative (transport) theory, 137 
See also METAMODEL™ 

Multiwalled nanotubes (MWNT) 
atomic force microscopy (AFM), 71 -

72 
force-separation distance profile with 

M W N T probe, 74, 76, 77/ 

Ν 

Nanoparticles. See Silver 
nanoparticles; Surface forces for 
nanoparticles 

Network. See Associative thickeners 
Newton, sound, 98 
Nissan Chemical Company 

models for Nissan MP1040, 143-144 
MP3040, 144, 145/ 
MP4540, 146, 147/ 

Nonionic diblock copolymers 
effect on alumina slurries, 247 
See also Alumina slurries 

Nonionic triblock copolymers, effect 
on alumina slurries, 244,245/ 246/ 

Ο 

Optical microrheology, diffusing wave 
spectroscopy, 56-57 

Optical trapping, colloidal system, 37 
Organosols, silver nanoparticles, 8-9 
Orientation, cellulose rods, 80, 82 
Oscillatory measurements, principles, 

169-170 

Ρ 

Particle size 
electroacoustics, 108-109 
interactions, 70 
ultrasound for characterizing, 106* 
variation with polymer concentration 

at natural pH, 212, 213/ 

variation with polymer concentration 
atpH 8.2,217,218/ 

See also Associative thickeners 
Percus-Yevick (PY) models, colloidal 

suspension, 125 
PH 

adsorption of poly(acrylic acid) 
(PAA) on alumina at high, 229 

coiling index of P A A and P A A -
alumina vs., 198, 199/ 

effect on alumina slurries, 243 
effect on pyrene polarity parameter, 

217,219/ 
effect on viscosity of polymer 

solution, 209, 210/ 
particle size variation with polymer 

concentration, 213/218/ 
pyrene polarity parameter variation 

with polymer concentration, 214/ 
216/ 

variation with polymer 
concentration, 209, 211/212 

See also Associative thickeners 
Phase behavior, binary systems, 28 
Polarized light micrographs, calcium 

carbonate coated emulsion droplets, 
19 ,20/21,22/ 

Poly(acrylic acid) (PAA)-alumina 
aluminum concentration, 192 
aluminum concentration of residual 

solutions vs. solids loading, 199/ 
coiling index for P A A and P A A -

aluminavs. pH, 198, 199/ 
coiling index for pyrene-labeled, 189 
conformation and mobility of 

adsorbed polymers, 198 
dissolved alumina species, 198-201 
factors controlling polymer behavior, 

200-201 
materials, 187-188 
methods, 188-192 
P A A adsorption and residual P A A 

molecular weight vs. adsorption, 
196/ 

P A A adsorption on alumina with and 
without dioxane, 194/ 
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P A A adsorption vs. solids loading, 
193/ 

P A A conformation and dissolved 
alumina species, 198, 199/ 

P A A molecular weight distribution 
vs. adsorption at high solids 
loading, 197/ 

P A A molecular weight distribution 
vs. adsorption at low solids 
loading, 197/ 

P A A molecular weight effect on 
adsorption, 195/ 

polymer adsorption, 188 
polymer adsorption vs. solids loading 

and impurity, 192-193 
polymer conformation, 188-190, 

195-196 
polymer molecular weight 

fractionation, 191,193,195-196 
zeta potential and dissolved alumina 

species, 200 
zeta potential of suspensions, 192 
See also Alumina suspensions, 

concentrated; Polyethylene oxide 
(PEO)-silica 

Polyelectrolytes. See Cellulose 
whiskers 

Polyethylene glycol, effect on alumina 
slurries, 247 

Poly(ethylene oxide) blocks. See 
Alumina slurries 

Polyethylene oxide (PEO)-silica 
alumina concentration, 192 
coiling index for pyrene-labeled, 189 
conformation and mobility of 

adsorbed polymers, 198 
materials, 187-188 
methods, 188-192 
polymer adsorption, 188 
polymer adsorption vs. solids loading 

and impurity, 192-193 
polymer conformation, 188-190 
polymer molecular weight 

fractionation, 191 
zeta potential of suspensions, 192 

See also Poly(acrylic acid) ( P A A ) -
alumina 

Polyethyleneimine 
silica substrate, 72, 76 
See also Surface forces for 

nanoparticles 
Polymer conformation, poly(acrylic 

acid) (PAA)-alumina, 188-190, 
198,199/ 

Polymer-induced liquid-precursor 
(PILP) process 

calcium carbonate hard shell-soft 
core particles, 17-18 

polarized light micrographs of 
calcium carbonate films under 
stearic acid monolayers via PILP, 
20/ 

See also Calcium carbonate coated 
emulsion droplets 

Polymer molecular weight 
copolymers for magnetic dispersions, 

47, 50 
fractionation in poly(acrylic acid) 

(PAA)-alumina systems, 193, 
195-196 

fractionation method, 191 
See also Poly(acrylic acid) ( P A A ) -

alumina 
Polymers, dispersants in colloidal 

industry, 70-71 
Poly(propylene oxide) blocks. See 

Alumina slurries 
Polystyrene 

Rhodamine 6G adsorption on, 127 
viscoelasticity of latex suspensions, 

176-178 
See also Colloidal suspensions 

Primary model 
interaction among charged particles, 

124 
See also Colloidal suspensions 

Pyrene-labeled polymers 
coiling index, 189, 198,199/ 
schematic of emission spectrum, 

189/ 
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See also Poly(acrylic acid) ( P A A ) -
alumina; Polyethylene oxide 
(PEO)-silica 

Pyrene polarity parameter 
effect of pH, 217, 219/ 
variation with polymer concentration 

at natural pH, 212, 214/ 
variation with polymer concentration 

atpH 8.2,212,216/217 
See also Associative thickeners 

R 

Radiative (transport) theory, 
macroscopic, 137 

Reduction, silver nitrate, 4 
Reptation model. See 

Deoxyribonucleic acid (DNA) 
Restraining force, mobility of 

deoxyribonucleic acid (DNA), 155 
Rheology 

concentrated alumina suspensions, 
230,234-235 

critical flocculation temperature, 182 
flocculated and coagulated systems, 

178-179 
polystyrene latex suspensions, 176-

178 
stable systems with soft interactions, 

174-176 
sterically stabilized suspensions, 

176-178 
strongly flocculated systems, 181-

182 
suspensions with hard-sphere 

interactions, 172-174 
theory for, of hard-sphere 

dispersions, 173-174 
ultrasound, 109 
weakly flocculated systems, 180-181 
See also Alumina suspensions, 

concentrated; Magnetic 
dispersions 

Rods, cellulose 
dimensions, 80 

form factor, 84 
orientation, 80, 82 
See also Cellulose whiskers 

S 

Scanning electron microscopy 
calcium carbonate coated core-shell 

particles, 21, 23, 24/ 
characterization method, 19 

SCATTERER™, METAMODEL™, 
142 

Scattering 
classical models, 137 
colloidal suspensions, 122 
dense colloidal suspensions, 124-125 
strength, 55 
See also Multiple scattering 

Shear viscosity, ultrasound, 109-110 
Silica. See Polyethylene oxide (PEO)-

silica 
Silica, esterified. See Colloidal 

systems 
Silver colloids, wet-chemical 

synthesis methods, 2 
Silver nanoparticles 

applications, 2 
asymmmetric and symmetric 

stretching modes of CH 3 - (N + ) , 10-
11 

cetyltrimethylammonium bromide 
(CTAB), 2 

C H 2 scissoring and bending bands, 
11 

C H 2 stretching modes, 11 
dispersions, 6-8 
experimental, 2-3 
Fourier transform infrared (FTIR) 

spectra of C T A B , CTAB-capped 
hydrophilic, and CTAB-capped 
hydrophobic, 10/ 

high resolution T E M images of 
CTAB-capped, If 

hydrosols stabilized with C T A B , 4, 
6-8 
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measurements, 3 
mechanistic considerations of 

CTAB-stabilized, 9-12 
normalized UV-visible spectra and 

peak positions of CTAB-capped 
A g colloids, 9 / 

normalized UV-visible spectra of 
CTAB-capped A g hydrosols, 6f 

organosols stabilized with C T A B , 8-
9 

preparation of silver sols, 3 
reduction of A g N 0 3 reaction, 4 
spectra of hydrophilic nanoparticles, 

11-12 
stability and size distribution of 

silver colloids, 4 
transmission electron microscopy 

images, 5f 
Silver nitrate, reduction reaction, 4 
Single scattering. See Multiple 

scattering; Scattering 
Size distribution, silver colloids, 4 
Slurry. See Alumina slurries; Alumina 

suspensions, concentrated 
Small-angle x-ray scattering. See Ultra 

small-angle x-ray scattering 
(USAXS) 

Sodium salt of poly(acrylic acid) (Na-
P A A ) 

dispersant, 223, 225 
zeta potential of alumina suspensions 

at different dosages, 225, 226/ 
See also Alumina suspensions, 

concentrated 
Soft interactions, stable systems with, 

174-176 
Sol-gel transition, diffusing wave 

spectroscopy (DWS), 55-56 
Solids loading 
contour plots of alumina slurries vs. 

sodium salt of poly(acrylic acid) 
(Na-PAA) dosage and, 235/ 

P A A adsorption vs., 193/ 
P A A molecular weight distribution 

of solution vs. adsorption step at 
high, 197/ 

P A A molecular weight distribution 
of solution vs. adsorption step at 
low, 197/ 

polymer adsorption, 192-193 
See also Poly(acrylic acid) ( P A A ) -

alumina 
Solvents 
contrast variation, 32, 36-37 
See also Colloidal systems 

Sound 
current understanding, 98 
dominance over light, 100 
thermodynamic aspect, 98-99 
understanding, for colloids, 102f, 

103/ 
wave motion, 99-100 
See also Ultrasound 

Spectroscopy, methods for 
concentrated suspensions, 187 

Sphere/sphere interaction curve 
alumina suspensions, 226/ 227/ 
See also Alumina suspensions, 

calculated 
Stability 

centifugal settling test, 247-248 
magnetic dispersions, 42 
silver colloids, 4 
See also Alumina slurries 

Static measurements 
principles, 168-169 
stress or creep, 169 
stress relaxation modulus, 168 

Statistical design 
alumina suspensions, 2281 
analysis of viscosity measurements, 

230,234-235 
method, 224-225 
See also Alumina suspensions, 

concentrated 
Steady shear viscosity, copolymers for 

magnetic dispersions, 45,46f, 47, 
49 / 

Stearic acid, emulsion droplets, 21 
Sterically stabilized suspensions 
viscoelasticity, 176-178 
viscoelastic measurements, 176-178 
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Storage modulus, dynamic 
measurements, 170 

Stress, transient measurements, 169 
Structure factors, light scattering, 34, 

36 
Surface-enhanced Raman 

spectroscopy (SERS), silver 
nanoparticles, 2 

Surface forces for nanoparticles 
atomic force microscopy (AFM) tool, 

71 
calculated van der Waals interaction 

between cone shaped A F M tip and 
flat plate, 73/ 

Derj aguin-Landau-Verwey-
Overbeek (DLVO) theory, 69-70 

effect of colloidal probe size, 74, 
76 

effect of geometry of A F M tip, 72, 
73/ 

experimental, 71-72 
force-separation distance plot with 

bare Si tip and silica substrate, 
76, 77/ 

force-separation distance profile 
with multiwalled nanotubes, 74, 
76, 77/ 

Hamaker constant, 70 
particle size, 70 
polymers as dispersants in colloidal 

industry, 70-71 
van der Waals force, 72 

Surfactants 
low and high molecular weight 

polymers, 240 
properties, 241* 
schematic of A B A type, 241/ 
stearic acid and emulsion droplets, 

21 
See also Alumina slurries 

Suspensions 
electromagnetic waves, 136 
See also Alumina suspensions, 

concentrated; Colloidal 
suspensions; Concentrated 
suspensions 

Τ 

Techniques. See Measurement 
techniques for concentrated systems 

Thickeners, associative. See 
Associative thickeners 

Transverse susceptibility, copolymers 
for magnetic dispersions, 45,47, 
4 8 / 4 9 / 

Transient measurements 
principles, 168-169 
stress or creep, 169 
stress relaxation modulus, 168 

Transmission electron microscopy 
(TEM), silver nanoparticles, 3,4, 
5 / 7 / 

Transport theory, macroscopic, 137 
Triblock copolymers, effect on 

alumina slurries, 244, 245/ 246/ 

U 

ULTRASIZER™, acoustical data, 143 
Ultra small-angle x-ray scattering 

(USAXS) 
applications, 59 
development, 58 
double-crystal slit-smeared Bonse-

Hart camera, 57/ 
method, 57-59 

Ultrasound 
absorption and scattering separation, 

107-108 
advantages over traditional 

techniques, 98, 104-110 
characterizing colloids, 91 
characterizing particle size, 106* 
Epstein-Carhart-AUegra-Hawley 

(ECAH) theory, 100-101 
information, 96-97 
instruments for characterizing 

colloids, 96 
penetration into colloid science, 101 
propagation through concentrated 

suspensions, 104 
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ranges of attenuation curves, 108 
rheology, 109 
scattering attenuation and viscous 

absorption, 107/ 
volume viscosity and shear viscosity, 

109-110 
wavelength dependence, 106-107 
wavelength in water, 105-106 
where to apply, 97 
See also Colloids; Sound 

Ultraviolet-visible spectroscopy, silver 
nanoparticles, 6ft 9 / 

Uniformity, calcium carbonate coated 
core-shell particles, 21,23,24/ 

V 

van der Waals 
Hamaker constant, 70 
See also Surface forces for 

nanoparticles 
Viscoelastic measurements 
Deborah number, 171 
dynamic, 169-170 
oscillatory, 169-170 
polystyrene latex suspensions, 176-

178 
principles, 167-170 
stable systems with soft interactions, 

174-176 
static, 168-169 
sterically stabilized suspensions, 

176-178 
suspensions with hard-sphere 

interactions, 172-174 
transient, 168-169 
See also Rheology 

Viscosity 

alumina slurries, 227/ 
alumina slurry at different 

conditions, 233/ 
alumina with different sodium salt of 

poly(acrylic acid) (Na-PAA) 
dosage, 234/ 

contour plots of alumina slurries vs. 
Na-PAA dosage and solids 
loading, 235/ 

effect of pH for associative 
thickeners, 209,210/ 

method for alumina suspensions, 
223 

statistical design with central point, 
228/ 

Volume viscosity, ultrasound, 109-
110 

W 

Water-soluble polymers. See 
Associative thickeners 

Wave phenomena, sound, 99-100 
Waves. See Multiple scattering 
Whiskers, cellulose. See Cellulose 

whiskers 

Ζ 

Zeta potential 
alumina suspensions, 225, 226/ 228 
characterization of electroacoustics, 

108-109 
method for alumina suspensions, 

223-224 
poly(acrylic acid) (PAA)-alumina, 

192,200 
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