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Effects of Ammonium Chloride on the Rheological Properties and
Sedimentation Behavior of Aqueous Silica Suspensions
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The influence of ammonium chloride (NH,CI) on the rheologi-
cal properties and sedimentation behavior of aqueous silica
(SiO,) suspensions of varying solids volume fractiond.) was
studied. SiQ, suspensions with low NHCI concentration
(=0.08V, pH 5.2) exhibited Newtonian behavior and a con-
stant settling velocity U). The volume fraction dependence was
well described by the Richardson—Zaki form,U = Uy(1 — &J)",
where n = 4.63 and U, = 1.0419 x 10> cm/s. At higher
NH _CI concentrations (0.07-2.M, pH 5.2), suspensions exhib-
ited shear thinning and more complicated sedimentation be-
havior due to their aggregated nature. For all suspensions
studied, however, the apparent suspension viscosity, charac-
teristic cluster size, and initial settling velocity were greatest at
~0.5M NH,CI and exhibited a similar dependence on salt
concentration. Above 0.81 NH,CI, considerable restabiliza-
tion was observed. This behavior cannot be explained by
traditional DLVO theory.

I. Introduction

GLLOIDAL processing offers the potential to reliably produce
eramic films and bulk forms by tailoring suspension “struc-
ture” through careful control of interparticle potentials. Three
types of suspension behavior can be realized through this manip-
ulation: dispersed, weakly flocculated, or strongly flocculated
systems:=® It is well known that dispersed systems exhibit
improved flow behavior and higher packing densities relative to
their flocculated counterparts. However, recent work has shown
that weakly flocculated systems prepared with certain additives
(e.g., monovalent salfs? short-chain dispersantspr nonadsorb-
ing polymer speci€$ can be consolidated to packing densities
characteristic of those achieved by stable dispersions, despite the
increased flow resistance at low shear rates. For example, Lang
and co-workerd* have demonstrated that highly salted, aqueous
alumina (ALOZ) suspensions can be consolidated to volume
fractions approaching 0.60. In such weakly flocculated suspen-
sions, long-range van der Waals attractions between colloidal
particles are only partially screened by electrostatic (and possibly
hydration) forces at short separation distances such that aggrega
tion occurs in a shallow secondary minih&These observations
suggest that DLVO theory alone is not sufficient to predict
colloidal stability at elevated salt concentrations.

Much attention has been given to the rheological and sedimen-
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exhibited by other systems. Unfortunately, the rheological behav
ior of both stable and flocculated suspensions is often poorl)
described by hard sphere constitutive respohsds. addition,
dramatic deviations from hard sphere sedimentation behavior hay
also been reported for both stald@nd flocculated suspensiohs.
The observed sedimentation behavior of flocculated systems d
pends strongly on their solids volume fractioh). In dilute
suspensions, aggregation produces discrete clusters which set
more or less independently. Above some critical volume fraction
known as the gel poinid(y), the clusters become overcrowded and
an inhomogeneous space-filling network (or gel) forms, which
may or may not sediment depending on its strefgtRhilipseet
al.** have studied colloidal filtration of relatively dilute, aggre-
gated silica suspensions and shown that simultaneous aggreg
sedimentation leads to deviations from the known linear relation
ship between compact thickness and the square root of th
filtration time as well as a decrease in process time. Carpéteti
al.*® have studied fast, salt-induced colloidal aggregation phenorr
ena, and shown that growth from dilute systems ceases because
sedimentation when clusters reach some maximum size. Mor
recently, Allainet al*® have studied the simultaneous aggregation
and sedimentation in colloidal suspensions and have developed
model for relating the settling dynamics of gelled networks to their
specific spatial structure. Their work is useful in understanding the
various transitions from settling of isolated clustersat< ¢, to
collective settling of a gel network at, > &, to no settling when
b approaches an upper critical limit (i.e., when the gel network
formed can support itself).

The aim of our work is to study the effects of NEI
concentration on the rheological and sedimentation behavior c
aqueous silica suspensions of varying solids volume fraction. Fc
the first time, we show that colloidal suspensions exhibit a
aximum instability at a finite NECI concentration, as demon-
strated by their flow properties under both shear and gravitatione
forces. The origin of this remarkable behavior is not well under-
stood, but likely stems from how such species alter the variou
interparticle forces (i.e., van der Waals, electrostatic, and, possibl
structural forces) that govern colloidal stability in such systems.

m

(1) Materials System and Suspension Preparation
Monodisperse Si@spheresd = 0.25*+ 0.05um, GelTECH,

Experimental Procedure

tation behavior of dispersed systems. One of the most studiedAlachua, FL) were used as the colloidal phase. The particle densi
model systems, and the simplest, is that of monodisperse hardwas 2.25 g/criy as measured by helium pycnometry (Micrometrics
spheres. An understanding of their suspension rheétSggnd AccuPyc 1330, Norcross, GA). The specific surface area, mee
sedimentation behavith has been firmly established, and serves sured by BET (Micrometrics ASAP 2400, Norcross, GA), was

as a basis for understanding the more complicated behaviorafgrgzimatew 4.9 g, yielding an equivalent spherical diameter
or 0.94 pm.

Colloidal suspensions of varying Si@olume fraction ¢
107%-0.3) were prepared in deionized water and in aqueou
solutions with NHCI (Aldrich, Milwaukee, WI) concentrations
ranging between 0.04 and 2.0/. Upon addition of the appropri-
ate amount of SiQ each suspension was stirred for 24 h and
intermittently sonicated (550 Sonic Dismembrator, Fisher Scien
tific, Pittsburgh, PA) ever 2 h for a period of 5 min (whal1s
on/off pulse sequence at 20 kHz). All suspensions were initially
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adjusted to pH 5.2 0.1 pH unit), well above the measured 107! , ‘ ,
isoelectric point (IEP) of SiQat pH~ 2, using a stock solution of [NH,CI] (M)
analytical-grade NEOH and HCI, and then readjusted to this —_—
value prior to carrying out the experiments outlined below. Zeta 0
potential analysis (Penkem Lazer Zee Meter 501, Bedford Hills, 0.01
NY) was performed on dilute, aqueous Si€uspensions (pH 5.2, 0.05
0.0IM NH,CI). Under these conditions, SjOparticles were 0.07
negatively charged with a zeta potential 27 mV, an average 05
value derived from ten measurements. ;-8
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(2) Rheological Measurements

Concentrated suspensions, (= 0.10—0.30) and corresponding
aqueous solutions of varying NBI concentration were charac
terized using a Bohlin Controlled Stress Rheometer (Bohlin
Rheologi CS-10, Cranbury, NJ) fitted with a concentric cylinder
(C25) or double concentric cylinder geometry. Rheological mea-
surements were carried out at 22°C. Most of the measurements R PR,
were made with the Couette double gap cell (gap wiethzd mm)
which allowed measurements up to 30 Pa and down to 0.0035 Pa. 1072t . "
When necessary, the C25 cup and bob (bob diameter of 25 mm and 10 10 10
gap width of 1.25 mm) was used which extended the measured Shear Rate (s™")
Sss TG 0 240 P SOt ap, il W CoTesPOnI i, 5. g og ot of spptent suspenson sty s  nct of

! h ) h shear rate for SiQsuspensionsd{; = 0.10) of varying solution composi
be made over a period of several hours without noticeable changes;jgn.
in transport properties due to drying.

The rheological properties of the colloidal suspensions and
corresponding solutions were studied using stress viscometry. The . . _ - )
apparent viscosity was measured as a function of shear stress ifNH4Cl concentration in solution, and, hence, stability. SiO
ascending order. The solutions exhibited Newtonian behavior over SUSpPensions in deionized water or in agueous solutions of lo
the entire shear stress range independent of composition. TheNH4Cl concentration £0.05V) exhibited Newtonian behavior
rheometer was calibrated with standard silicone oils for all Over the shear stress range studied indicative of a stable
geometries, and viscosity measurements were found to be geomdispersed system. Additional saitQ.0M NH,CI) led to higher
etry independent. In addition, the results reported below do not Viscosities and modest shear thinning behavior. The most viscot
appear to depend significantly on shear history; e.g., analogousSuspensions were observed_ when the s_alt concentration w.
results were obtained when measurements were made after prestoughly 0.9 NH,CI. Interestingly, further increases in Néll
hearing suspensions at 100'sto break up the initial aggregates ~concentration led to a reduction in suspension viscosity.
formed or when suspensions were simply slow-rolled in the  The dependence of apparent suspension viscosity (at)lom

absence of milling media for 15 min prior to testing. salt concentration for SiOsuspensions of varying solids volume
fraction (b, = 0.1-0.3) is shown in Fig. 2A dramatic rise in

3) Ootical Mi apparent viscosity at low salt concentration was observed in eac
®) pucal Microscopy case, with a maximum viscosity observed at\d0.§H,Cl regard

Concentrated suspensionfs, (= 0.1) of varying solution com less of solids loading. Beyond this critical salt concentration, thert
position were diluted by adding three drops of each suspension to

1 mL of the corresponding solution of varying NEl concentra

tion. A representative sample of each diluted suspension was
placed upon a microscopic slide and then immediately covered 10'
with another slide. The edges were sealed with vacuum grease to i(= 1!
prevent solvent loss. Three photomicrographs were obtained for Lol

each specimen using an optical microscope (Olympus BH-2, / e

Japan). The images were then analyzed using the linear intercept 6 =03

method”’ from which their characteristic floc sizes were deter 1
mined.

Apparent Viscosity,n

(4) Sedimentation Measurements

The experimental cells for the sedimentation studies were
graduated cylinders (diameter 2.0 cm, height= 15 cm).
As-prepared suspensions of varying colloid volume fraction and
salt concentration were transferred to these cylinders to a height of
approximately 12.8 cm. Each cell was then capped to minimize
solvent loss during the experiment. The origin of the time scale
was taken as the suspensions were poured into the cylinder. The
top interface separating the supernatant and sediment was then i
recorded as a function of time. This interface was difficult to iy
distinguish in systems of very low,, leading to experimental )
error in dilute suspensions.

Apparent Viscosity (Pass)
;

0.0 0.50 1.0 1.5 2.0 2.5

Ill. Results NH 4Cl Concentration (M)
(1) NH,CI Effects on Rheological Behavior Fig. 2. Semilog plot of apparent suspension viscosity as a function of

A log—log plot of apparent viscosityy,,,, as a function of shear ~ NH,CI concentration for varying solids volume Si®uspensions fraction
rate is shown in Fig. 1 for Si9(¢ = 0.1) suspensions of varying (b = 0.10-0.30).




268 Journal of the American Ceramic Society—Guo and Lewis Vol. 83, No. 2

was a modest decrease in the suspension viscosity indicative of T T T
improved stability. Because of specific adsorption interactions .
between ammonium ions and silica, it is unclear whether this -
behavior would be expected for all monovalent salt species.
However, Lange and co-workérseported similar findings in a
related study on aqueous A&, suspensionsd(; = 0.2), although
observed improvements in stability in the high concentration
regime &0.5M monovalent salt) were neglected in their work.

H
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H

(2) NH,CI Effects on Characteristic Floc Structure

Optical micrographs of diluted SiOsuspensions of varying
solution composition are shown in Fig. 3. The observed features
are likely comparable in size to the primary clusters present in each
suspension prior to dilution, with “linkages” between clusters
disrupted by the dilution process. SiGuspensions in agueous
solutions of low NHCI concentration £0.05M) were well dis
persed and individual particles were observed. Upon increasing
NH,CI addition &0.07M), the suspensions became unstable, as .
demonstrated by an increase in the characteristic floc 8izg.X 1 Lo 1 L L
plotted in Fig. 4. Note, the mean floc size reached a maximum 0.0 0.50 1.0 L5 2.0
value of roughly 15.m for suspensions in a WsNH,Cl aqueous NH,Cl Concentration (M)
solution. Interestingly, further NiCl additions reduced the mean ) . o . .
floc size in suspension. Such trends were analogous to theFi9- 4. Semilog plot of characteristic floc siz®f.) as a function of
observed rheological behavior with increasing salt concentration. NH4C! concentration of diluted Sipsuspensions fractionb( = 0.10).

It is not unexpected that suspensions with the largest primary flow
units would exhibit a maximum apparent viscosity over the shear
rate range probed, as shown in Figs. 1 and 2. _2(ps—p) P)

Characteristic Floc Size, Dﬂoc (um)

(3) NH,CI Effects on Sedimentation

Semilog plots of suspension height as a function of settling time
are shown in Fig. 5 for Si©suspensions of varying solids loading
and solution composition. The data shown in Figs. 5(a) and (b) are
representative of those obtained for dispersed (@.8H,Cl) and

wherep, is the density of the colloidal phageis the density of the
liquid phase,m is the apparent solution viscosity, amdis the
gravitational constant. A log—log plot of the settling velocity as a
function of initial SiO, volume fraction is shown in Fig. 6or

h ; suspensions with an NJ&I concentration of 0.0M. The solid line
weakly flocculated (0.50 NH,CI) systems, respectively. SIO iy thig plot represents the best power law R & 0.99) of the

sispensionsh ig a(?ueo#s soluti?ns (t))f low J@i:]concentration Sxperimental data, where the power law exponentand the
(=0.03W) exhibited a sharp interface between the supernatant andjniercept. U, were found to be 4.63 and 1.0410 10 5 cm/s,

suspension, and required long settling timed.(f s) to reach an  aqhectively. The exponent is in good agreement with the value
equilibrium sediment height. The dispersed suspensions exhibited, — 4 g5 originally reported by Richardson and Z&kUsing Eq.

a constant settling velocity, as demonstrated by an excellent Iinear(z) one calculates a particle radias,of 196 nm for this value of
fit (linear regression coefficienR > 0.99) of the curves shownin  j "\yhich is equivalent to the lower bound of the Sigarticle size
the inset of Fig. 5(a). These data were correlated using a Richard-gictrinution @ = 0.25= 0.05um). Hence, not unexpectedly, the
. P .25* 0. . , ,
son-Zaki form: settling velocity corresponds to that of the smallest particles ir
U= Up(l— 9" (1) suspension in the dilute limity — 0). . '

Upon increasing NECI addition, SiQ suspensions displayed
whereU, is the settling velocity for an isolated sphere determined markedly different sedimentation behavior. At low colloid volume
by Stokes’ law: fractions, small aggregates were observed to form and then settl

Fig. 3. Optlcal micrographs of diluted SiOsuspensions fractionrp( = O. 10) of varying NHCI concentration: (a) 0.0d, (b) 0.50M, and (c) 2.0/1.
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Fig. 5. Semilog plots of suspension height as a function of settling time
for SiO, suspensions of varying Nj&I concentration and solids volume
fraction: (a) 0.0M and (b) 0.5M. (Note: Inset plots depict linear
dependence of suspension height on settling time for each system.)

resulting in a hazy interface. This mode, referred to as cluster
deposition, occurs wheths < g, where ¢, is defined as the
critical volume fraction for gelation in the presence of gravity-
driven mass segregatidf.In the cluster deposition regimeb{ <
¢y ~ 0.05), settling times roughly 2 orders of magnitude lower
than those required for sedimentation of dispersed systems of
analogous solids loadings were observed, as shown in Fig. 5(b).
Moreover, the time required to establish an equilibrium sediment
height exhibited a much stronger dependencepgrAt interme
diate SiQ volume fractions, settling of individual aggregates was
no longer detected; rather a continuous, gel network formed
quickly and then settled collectively. This mode, referred to as
collective settling, occurred whedyy = ¢ < b, whered, is
defined as the upper critical volume fractibhFor &g > &,
settling was not observed during the experimental time frame
probed.

The transition between cluster deposition and collective settling

can be understood by considering the respective time constants for 0

aggregationt,,) and settling processes.(q which occur simu
taneously during sedimentation of flocculated systems. When
TagdTsea = 1, Sedimentation begins prior to gelation and cluster
growth may be modified by the settling motion. The gel point is
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Fig. 6. log-log plot of settling velocity as a function of Sjrolume
fraction (¢ for aqueous suspensions (MNH,CI). Data are fit using
Richardson-Zaki formJ = Ugy(1 — ¢J)", wheren = 4.63 andU, =

1.0419% 10 cm/s.

therefore higher than would be observed in the absence «
gravity-driven effects. Whenr,,{7..q < 1, suspensions gel
quickly and then settle collectively provided the particle network
cannot support its own mass (i.€ 'Apg ¢(2) dz > P,(¢), where

Ap is the density difference between the solid and solution phase
g is the gravitational constant)(2) is the volume fraction at a
given heightz, P (¢) is the compressive yield stress of the particle
network of volume fractiong, andH is the suspension height).
The upper critical volume fractionp,., simply denotes the case
where ["°Apg ¢(2) dz = P,(dJ), i.e., when the as-formed gel
network can support its own maks.

Flocculated suspensions displayed dramatic variations in se
tling velocity whendg < ¢, as shown in the inset plot in Fig. 5(b).
Similar features have been identified in related work by Allein
al.*® One can define an initial settling velocity;, ., from the
linear dependence of the suspension height on time observed at t
early stage of this process. The dependencdJgf;,, on salt
concentration is shown in Fig. 7 for dilute SiG@uspensionsi(, =
0.01, whereds < dg). For comparison, the settling velocities of
dispersed suspensions are also plotted in Fig. 7. Note, dilut
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Fig. 7. log-log plot of settling velocity as a function of NBI concen
tration for aqueous SiOsuspensionsd = 0.01).
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systems were chosen to avoid complicating factors arising from (1) Modeling of Colloidal Interactions

gel formation. In such SyStemS, the Settling VeIOCity was observed The classic DLVO theory has been W|de|y used to model the
to increase by more than 2 orders of magnitude as the salttotal interaction potential energy,,) of aqueous colloidal sus
concentration increased from ONIZo 0.10M NH,CI. This sudden  pensions, and is expressed as a sum of attractive potential ener
rise in Settling VelOCity is a hallmark of the transition in SUSpenSion due to |ong_range van der Waals interaction forces betwee
stability from a dispersed- flocculated state, and reflects an  particles,V,,, and repulsive potential energy arising from elec

increase in the characteristic flow unit (or cluster) size. As trostatic charges on particle surfac¥s,.., For spherical particles
eXpeCted, given the flow behavior and direct observations of of equa| Sizer\/vdw is given by the Hamaker expressib‘-ﬁ:

particle clustering, a maximum settling velocity was observed for

. . 2
agueous suspensions at a salt concentration of roughlyl 0.5 Vyyy = — é( 22 N 32+ Ins i 4) 4
NH_,CI. 6\s?2—4 ' ¢ g

The final sediment volume fractiomb,..4 was determined by )
comparing the equilibrium sediment heighi,.4 to the initial wheres is
suspension heighH,, and initial SiQ, volume fraction ¢, using 2a+h
the following expression: s=— (5)

Psea= (HolHsed b ®) his the minimum separation between the particle surfassthe

This value,®.., is plotted as a function ofy in Fig. 8 for two particle radius, a_nd\ is_ the nonretarded Hamaker constant (valid
representative cases: (1) a dispersed system NDIOH,CI) and for short separation distancés= 5 nm)2° A Hamaker constant

(2) a weakly flocculated system (OONH,CI). The solid lineis ~ Of 6 X 10" ** J was used in the following analysis. For spherical
shown in Fig. 8 corresponds to the expected behavior in the particles of equal size that approach one another under conditiol
absence of gravity-driven consolidation. For the dispersed suspen-Of constant potentiaV..is given by
sions, &4 increased dramatically at low initial SiOvolume _ 2 _
fractions ¢ < 0.1) and then exhibited a slow rise dg,,, where Vetea = 2me€oaWo In (1 + exp( = kh)) ©)

¢m (—0.6-0.64) is the maximum solids volume fraction above whenka is sufficiently large £10). In contrast, when the double

which flow ceases. For the flocculated suspensidng,; essen layer around the each particle is extensika € 5), Vo oc iS given
tially corresponded to the plateau valde, ~ 0.23, over a broad by

range of initial SiQ volume fractions ¢, < ¢.). Hence, such ,
suspensions undergo gravity-driven consolidation until the sedi-  Velea= 2m&€aWg expl — kh) (7)
ment volume approaches the upper critical limitf upon which

the as-formed particle network can support itself where €, is the dielectric constant of the solvert, is the

permittivity of a vacuum,, is the surface potential, andklis the
Debye—Hiekel screening lengtht A measured potential of 27
IV. Discussion mV was L_Jsed in the above analysis independent of,GlH
concentration.

A striking feature of our work is the observation that aqueous ~ Using DLVO theory, the calculated potential energy curves for
SiO, suspensions exhibited a maximum instability at a finite Silica-silica interactions in solutions of varying salt concentration
NH,CI concentration, as evidenced by their flow behavior under are plotted in Fig. 9. As a benchmark, the solid curve depicts th
both shear and gravitational forces. Here, we examine the origin of attractive contribution stemming solely from van der Waals
these results with an aim of understanding how such species alterinteractions. At low NHCI concentrations £0.05M), the total
the various interparticle forces (i.e., van der Waals, electrostatic, interparticle potential energy curve exhibited a strong repulsive
and, possibly, structural forces) that govern colloidal stability in barrier exceeding 30" at short separation distances¥-2 nm).
such systems. Additionally, we discuss the implications of such At moderate NHCI concentrations+0.1M), a shallow secondary
observations on colloidal processing of ceramic films and bulk minimum of a fewkT was observed at separation distances of the
forms. order of 5 nm. Hence, this classic theory accurately predicted th
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Fig. 8. Final sediment volume fraction as a function of initial $iO

volume fraction ¢J) in suspension for systems with: (a) OMMNH,CI and Fig. 9. Total interparticle potential energy as a function of separation
(b) 0.5aM NH,CI. The solid line depicts the behavior expected in the distance for two SiQ spheres 4 = 250 nm) interacting in aqueous
absence of gravity-driven consolidation. solutions of varying NHCI concentration calculated using DLVO therapy.
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onset of the experimentally observed transition from dispersed to cluster growth, as predicted by DLVO theory. In the concentratec
weakly flocculated behavior in this regime-Q.0”™M NH,CI). limit, $s — b,,, a gel network formed via aggregation of primary
However, DLVO theory also predicted that system stability should clusters, whose size decreased with increasingVith these ideas
only decrease with increasing salt additions beyond this point. in mind, emerging processing routes rely on transforming dens
Thus, it failed to account for the observed restabilization effects at dispersions into weakly flocculated ones by altering their sal
elevated NHCI concentrations=£0.5M). contenf® or adjusting pHn situ via an enzyme-catalyzed decem
Other contributions to the total interparticle potential energy position proces® In either approach, the aim is to create
may give rise to the significant improvements in colloidal stability aggregating systems with tailored attractive interparticle interac
observed for highly salted, aqueous Si€uspensions. We have tions that yield consolidated bodies with high green densities an
separated such effects into two types; those providing additional minimal density gradients. Recently, Guo and Lefisave shown
terms toV,,,, such as structural forces, and those directly altering that severe microstructural inhomogeneities arise during drying ¢
DLVO interaction energies. Short-range structural forces have colloidal silica films which contain high NECI concentrations. As
been measured directly using the surface force appafattis-or drying proceeds, the salt concentration at the film surface become
aqueous solutions, a monotonically decaying repulsive force hasenriched due to the coupling between capillary-driven fluid flow
been observed which exhibits oscillations with a mean periodicity and evaporative processes. Therefore, use of responsive, adsort
of 0.25-0.3 nm at separations below 1 nm. These observationsspecies whose interaction strength can be tailored via changes

were originally attributed by Israelachvifito an extensive asso

ciation of water molecules bound to hydrated surface groups, and,

thus, referred to as a hydration force. More recently, Israelachvili
and WennerstroRf have suggested that monotonically repulsive
hydration forces may not exist. They propose, in the case of silica,
that a small density of charged, inorganic hairs (e.g., silicic acid)
extend outward from the solid surface shifting the plane of charge
away from the surface plane (i.e., the van der Waals plane). An
outward displacement) of the plane of charge by only a few
angstroms is all that is needed to recover a short-range, monoton
ically repulsive force from the summation of,q, and Vg e
contributions aloné® Another explanation, which is more broadly
applicable, is that this short-range force stems from finite ion size
effects. In calculating the electrostatic contributidfy.., using
DLVO theory, ions are modeled as point charges and, hence, bot
the van der Waals plane and the plane of charge are coincident

This assumption, valid at large separation distances, likely breaks

down at separations of the order of the ion size, again resulting in
a shift between these two planes. Feller and McQu&ttiave
shown that a short-range, monotonically repulsive force is pre-
dicted when such effects are taken into consideration. Alterna-
tively, Prieve and Russéfl have shown that the Hamaker constant
is reduced by a screening factor in highly salted, aqueous solu-
tions, thereby diminishing the strength of the long-range van der
Waals interactions. Finally, specific adsorption interactions be-
tween ammonium ions and silica may also alter the Hamaker
constant. It is plausible that any one or more of the aforementioned
contributions could lead to the interesting phenomena we have
observed in this work. Clearly, accurate modeling of colloidal
interactions in the high-salt regime hinges on developing a better
understanding of these complicating factors.

(2) Implications on Ceramics Processing
Colloidal processing of ceramics derived from weakly floccu-

solvent quality, temperature, and/or pressure may be a bett
approach.

V. Conclusions

We have studied the influence of NEI concentration on the
rheological properties and sedimentation behavior of aqueou
silica (SiQ,) suspensions of varying solids volume fractiap.)(

For the first time, we have shown that there is a critical sal

concentration that leads to maximum instability, as evidenced b
their flow properties under both shear and gravitational forces. Th
origin of this unusual observation is not well understood, but likely
stems from how salt species alter the various interparticle force

h(i.e., van der Waals, electrostatic, and, possibly, structural force:

that govern colloidal stability in such systems. While DLVO
theory successfully predicted the observed behavior at salt cor
centrations below this critical value, it failed to account for modest
restabilization effects found at elevated salt concentrations. T
achieve the desired interparticle lubricity in weakly attractive
systems, one must clearly understand how such species influen
such interactions or explore alternate approaches such as use
response, adsorbed species.
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