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Control of the surface charge density of colloidal silica by sodium hydroxide in salt-free
and low-salt dispersions
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Electrical conductivity measurements and conductometric titrations were performed on dilute salt-free aque-
ous dispersion of a colloidal silica~diameter: 0.1160.0131026 m) whose charge number can be varied with
the quantity of coexisting sodium hydroxide. In the absence of sodium hydroxide, the silica particle had an
effective~net! surface charge densityse of 831028 C cm22. Titrations by hydrochloric acid were performed
in the presence of sodium hydroxide. When the NaOH concentration was sufficiently high, the titration curve
could be divided into three regions with regard to slope values. These regions could be ascribed to titrations of
excess sodium hydroxide, ionizable surface groups having Na ions as counterions, and excess hydrochloric
acid. The analytical surface charge densitysa , estimated from the titration curves, increased with increasing
@NaOH#. It was found that the concentrations of Na and OH ions in excess were negligible when the@NaOH#
was smaller than 2.531024 M and the volume fraction of the silica,f, was larger than 2.631023. The value
of sa at this threshold was 1.831025 C cm22. Under these conditions we could control thesa value by
varying@NaOH#. The present system provides larger possibilities in studying the influence of charge density on
the physico-chemical properties of ionic colloidal systems. Viscosity measurements were performed for salt-
free and low-salt dispersions at@NaOH#’s where its excess concentration was found to be negligible. The
sa dependence of the viscosity was in good agreement with previous results obtained from ionic latices having
varioussa’s. A relationship between the effective charge density at an infinite dilution,seuf50, andsa was
examined for latex systems. An empirical relation, lnseuf5050.49 lnsa21.0, was obtained by usingseuf50

values determined by the conductivity for latices with varioussa’s from 0.2131026 to 5.631026 C cm22.
By assuming that this relation holds also for the silica system, viscosity data were analyzed. Satisfactory
agreement was observed between the experimental value and Booth theoretical value on the first-order elec-
troviscous effect.@S1063-651X~97!08902-2#

PACS number~s!: 82.70.Dd, 83.70.Hq, 61.66.Fn, 72.80.2r
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I. INTRODUCTION

Dispersions of ionic colloidal particles exhibit characte
istic behavior at salt-free and low-salt conditions, due
strong electrostatic interparticle interactions@1#. In spite of
extensive studies of colloidal phenomena, it is notewor
that the number of electric charges on colloidal particles
not been given due attention. This is an unfortunate situat
since the interaction in such ionic systems is expected to
largely determined by the Coulombic interaction, which is
sensitive function of the charge number. Thus it is fund
mentally important to examine the influence of charge d
sity on the behavior of colloidal properties while keepi
other properties of the system constant. However, suc
study has been formidable, because of experimental diffi
ties in preparing particles with various charge densities a
constant size. Very recently, Palberget al. @2# studied poly-
mer latex particles, whose charge density was varied by
addition of ionic surfactant.

To facilitate understanding, we would like to mentio
here a long-accepted practice in simple salt and polyelec
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lyte solutions. Simple salts are safely assumed to dissoc
completely into ions at very low concentrations. Thus, Na
is treated to dissociate fully into Na1 and Cl2 in the Debye-
Hückel scheme. However, even in this case, experime
data show the presence of a tiny amount of undissocia
species as a result of attractive interaction between two io
species. This problem was discussed by Bjerrum@3#. The
incomplete dissociation took place even for a pair
monovalent anions and cations. On the other hand, polye
trolytes ~ionic polymers and colloidal particles! generally
carry very large numbers of dissociable groups and cou
rions. A portion of counterions would exist as free ions co
tributing to electrical conductivity and the rest would be a
sociated with ionized groups on colloidal particles; the ra
of these two kinds of counterions is considered to determ
the effective ~net! charge numberNe , or effective ~net!
charge densityse , while the self-dissociation of ionizable
groups and the amount of added dissociating agent~such as
sodium hydroxide to weak acid! determine the analytica
charge numberNa , and hence analytical charge dens
sa .

There appear to exist three different attitudes regard
the colloidal charge number. In the first category, colloid
phenomena are discussed in terms of the analytical ch
numberNa , which arises from the chemistry of the partic
synthesis@4#. This quantity may be determined by approp

ent
ci-
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55 3029CONTROL OF THE SURFACE CHARGE DENSITY OF . . .
ate experimental methods such as conductometric titrat
In the second@1,4#, colloidal properties are discussed
terms of a theoretical framework usingNa and then, if a
disagreement with the theory is found, an effective cha
numberNe is introduced to rescaleNa in such a way that
reasonable agreement with observation is reached. In
third @5,6# theNe is determined by independent experimen
methods such as conductivity measurements and tran
ence experiments. The second approach is found very o
in the literature, particularly in computer-simulation studie
This would be satisfactory if the theory applied and the
sumptions introduced were perfect, and if the resultingNe
could also be considered reliable, but even in this case
independent check of theNe values is still desirable as a te
of the theory discussed. Generally speaking, we have at
two factors to be critically examined in the second approa
namely, the theory~or the assumptions! andNe . Unless ei-
ther of these two is determined independently, the argum
become circular at best, and cannot be conclusive. It is
possible to obtain a correct understanding of colloidal p
nomena unless the charge number of colloidal particle
experimentally determined, however tedious the experim
tal procedure may be.

Aqueous dispersions of colloidal silica particles as well
those of ionic polymer latices have been frequently stud
Colloidal silica has attracted attention for various reasons
high electron density contrast in aqueous dispersions, for
ample, has made detailed ultra-small-angle x-ray scatte
studies possible@7#. In the present paper, we would like t
demonstrate their possibility that the charge density can
conveniently adjusted at salt-free and low-salt conditions
changing the solvent compositions without rather tedious
not highly reproducible synthetic manipulation required
other colloidal systems such as latex particles.

One of the particular features of colloidal silica is that
surface charge is strongly affected by the properties of
dispersion medium@8#. A number of studies@9–18# have
hitherto been made and the following characteristics
widely accepted, at least under relatively high-salt con
tions: ~1! The isoelectric point of silica is at apH of about 2,
~2! the surface bears negative charges at higherpH’s, and~3!
the analytical surface charge densitysa increases with in-
creasingpH and with increasing salt concentration. The p
vious studies, however, have chiefly been concerned w
relatively high-salt conditions, and only a few studies@10,18#
have been made so far under salt-free and low-salt co
tions. Therefore first we studied the salt-free conditions.
this purpose, we applied electrical conductivity measu
ments and conductometric titrations. Potentiometry has
been employed in most of the previous studies@9–15,17#,
although applications of a chromatographic method@16# and
electrophoresis@18# have recently been reported. Under sa
free conditions, when the conductivity of the dispersion m
dium was sufficiently small, the conductometric method
lows a much more accurate determination of ion
concentrations than the potentiometric methods, so we w
able to determine accuratelyse of the order of
1028–1025 C cm22.

Secondly, we studied control of surface charge density
adding sodium hydroxide to the dispersion. We found
conditions where NaOH added is used up to neutralize
n.
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anol groups, and concentrations of excess NaOH were n
ligible. At these conditions,sa is proportional to@NaOH#
added and salt concentration is independent of@NaOH#. Thus
the present system would be useful for systematic study
charge density on colloidal behaviors@19#. In the coexistence
of NaOH,se value could not be determined by the condu
tivity. Instead we examine these-sa relationship for latex
systems. An empirical relation was derived by usingse val-
ues determined by the conductivity for latices with vario
sa’s. By assuming that this relation holds also for the sili
system, viscosity data were analyzed. Satisfactory agreem
was observed between the experimental value and Bo
theoretical value on the first-order electroviscous effect@20#.

The surface charge of silica particles has been ascribe
two sources, namely, dissociation of weakly acidic silan
groups on the silica surface and adsorption of char
determining ions, such as OH ions@8#. Here we follow the
explanation in terms of dissociation of the silanol groups

II. EXPERIMENTAL SECTION

A. Materials

The colloidal silica, Seahoster KE-P10W, was kindly d
nated by Nippon Shokubai Co. Ltd.~Osaka, Japan! in the
form of an aqueous dispersion stabilized by ammonium
droxide. The dispersion was purified by dialysis against
rified water. The completion of the dialysis was judged
electrical conductivity measurements. The dispersion~about
100 ml! was then placed in an ultrasonic bath for 10 min
destroy aggregates. Next, 50 ml of a purified bed of mix
cation and anion-exchange resin beads, AG 501-X8~D!
~20–50 mesh, Bio-Rad Labs, Hercules, CA!, was added to
the dispersion, which was then kept standing for at least
days. Dynamic light scattering measurements showed
the quantity of aggregates in the stock dispersion was ne
gible. The diameter of the particles was (0.1160.01)
31026 m, according to ultra-small-angle x-ray scatterin
measurements@7#. The colloidal silica thus purified had
H1 ~H3O

1) ions as counterions~hereafter designated a
H-type!. The volume fraction of the silica in the stock dis
persion, determined by a drying-out method, was 2
31022. Polystyrene-based latex, N-100E, was purcha
from Sekisui Chemical Co.~Osaka, Japan!, and purified by a
method described earlier@21#. The surface charge was due
strongly acidic sulfonic acid groups. Characteristics of t
latex are shown in Table I. Samples for measurements w
prepared by diluting the stock dispersion under a nitrog
atmosphere using polyethylene bottles as containers, as
scribed elsewhere@21#. The water was purified as reporte
earlier @22#, and had an electrical conductivity of (0.4–0.6
31026 S cm21.

B. Methods

The electrical conductivity measurements and the cond
tometric titrations were performed by using a conductiv
meter, type DS-14, Horiba Co. Ltd.~Kyoto, Japan! at 25
60.05 °C. Glass cells with platinum electrodes having c
constants of 1.244 and 0.996 cm21 were used. The viscosi
ties were measured at 2560.02 °C by using an Ubbelohde
type viscometer, a variable-shear viscometer described e
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TABLE I. Characteristics of latices.

No. Latex Diameter
(1026 m)

sa

(1026 C cm22)
seuf50

(1026 C cm22)
Reference

1 1P30A 0.11 0.21 0.13 @22#
2 1P30B 0.11 0.42 0.22 @30#
3 MS-5 0.1 0.82 0.48 @21#
4 1B76 0.11 0.88 0.33 @21#
5 N-100B 0.12 0.93 0.45 @30#
6 SS-114 0.13 0.97 0.29 @30#
7 N-100C 0.12 1.4 0.66 @32#
8 N-100D 0.12 1.6 0.48 @34#
9 MS-1 0.13 3.7 0.81 @21#
10 N-100E 0.12 4.8 0.47 this work
11 N-100A 0.12 5.3 0.74 @30#
12 N-100 0.12 5.6 1.0 @21#
13 N-601 0.60 0.70 0.32 @30#
14 N-1000 1.0 1.6 0.48 @30#
15 0.08 2 0.46 @5#

16 0.13 4.6 0.74 @6#
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where@21#, and another variable-shear capillary viscome
which was similar to that described previously@21# and was
applicable to lower shear rates~about 5–200 s21 for water!.
All apparatus were cleaned as described previously@22#.

III. RESULTS AND DISCUSSION

A. Properties of surface charge

First, properties of the surface charges of H-type silica
salt-free conditions were studied by conductivity measu
ments and conductometric titrations. The silica dispersi
were slightly conductive. Figure 1 shows the differenceDk

FIG. 1. DifferenceDk between dispersion conductivity and th
of water for salt-free dispersions of the H-type silica at vario
colloid volume fractionsf.
r

t
-
s

between the measured conductivity of the dispersionk and
that of the water used (0.5631026 S cm21) at various col-
loid volume fractionsf. The Dk’s observed here can b
attributed to electrical conduction by the counterions~H
ions!, since the transport number of the ionic colloidal pa
ticles was found to be negligibly small for the H-type collo
@6#. The concentration of the counterions was estimated fr
theDk value and the equivalent conductivity of H1 at infi-
nite dilution (349.8 S cm2 mol21 at 25 °C!. The effective
surface charge densityse of the H-type silica was then cal
culated at variousf’s. The se value thus obtained was 8
31028 C cm22, which did not change significantly withf
under the present conditions. These value estimated by
Dunstan@18# by using electrophoresis under salt-free con
tions ~particle diameter: 0.16531026 m) was 531028

C cm22, which is close to the present value.
Furthermore, conductometric titrations were carried o

by using sodium hydroxide. Figure 2 shows a plot ofk vs
sodium hydroxide concentration@NaOH# at f56.831023.
The value ofk first decreased with increasing@NaOH#, and
after passing through a minimum it increased linearly@23#,
with a slope of 0.077 S cm21 M21. This minimum should
not be ascribed to the neutralization point ofstrong acidic
groups, since the~positive! slope value was much smalle
than that due to the excess sodium hydrox
(0.248 S cm21 M21), although several authors@24# have er-
roneously attributed the minimum in the conductometric
tration plots of weakly acidic colloid to strongly acidi
groups. Figure 3 shows titration curves for aqueous soluti
of acids with variouspKa’s calculated on the basis of th
law of mass action.~The acid concentration was 1025 M.
The molar conductivitiesl of the ions were those at infinite
dilution at 25 °C. Thel value of the acid ions was taken t
be zero, for convenience.! It can be clearly seen from Fig. 3
that there exists a minimum in the titration curve for aweak
acid solution, due to exchange of H1 and Na1 @25#, and that
with increasingpKa , the minimum shifts toward smalle
@NaOH# and the~positive! slope becomes larger. Although
s
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55 3031CONTROL OF THE SURFACE CHARGE DENSITY OF . . .
more quantitative discussion is difficult, since thepKa value
for the present silica is not known@26#, the present argumen
allows us to conclude that the surface ionic groups of
silica particle were weakly acidic. The present result is c
sistent with the view, which has been accepted at least u
high-salt conditions, that the surface charges of colloi
silica are generated by dissociation of weakly acidic sila
groups.

B. Conditions where bulk NaOH concentration is negligible

In Sec. III A, it was shown that sodium hydroxide coe
isting in the dispersion partially neutralizes the surface i

FIG. 2. Conductometric titration for a salt-free dispersion of t
H-type silica by sodium hydroxide.f56.831023.

FIG. 3. Conductometric titration curve calculated for aqueo
solutions of acids having variouspKa values.
e
-
er
l
l

-

izable groups, at salt-free conditions. This implies that
charge number increases with increasing@NaOH#, and the
silica has Na ions as counterions~hereafter designated a
Na-type!. However, when@NaOH#’s are sufficiently large,
Na and OH ions could also be present, in equilibrium w
those in the Na-type silica. To evaluate the NaOH conc
trations, titrations were carried out for Na-type silica disp
sion using hydrochloric acid. Figure 4 shows results for
dispersion atf59.3531024 and at@NaOH#5 531023 M.
The plot could be divided into three regions with regard
the slope. The slopes in regions 1, 2, and 3~hereafter desig-
nated ass1 , s2, and s3) were 20.12 ~the initial slope!,
10.06, and10.44 S cm21 M21, respectively. The value o
s1 was in a good agreement with that due to exchange
OH2 and Cl2 ~20.122 S cm21 M21), which indicates that
region 1 corresponded to the neutralization of~excess! so-
dium hydroxide present in the bulk. On the other hand,
boundary between regions 2 and 3 agreed with the equiva
point for the total amount of coexisting sodium hydroxid
and thes3 value was very close to the slope due to exc
hydrochloric acid (0.426 S cm21 M21). This suggests tha
the Na-type silica was titrated in region 2.

It should be noted, however, that the colloidal silica
hydrolyzed at highpH’s to monosilicate. The concentratio
of the dissolved monosilicate was determined for a disp
sion havingf58.431023 at @NaOH#51023 M, by the mo-
lybdenum blue method@27#. After having been kept at room
temperature for one day, 231024 M of monosilicate, which
corresponded to 0.1 wt % of the colloidal silica particle
was present in the dispersion medium. Since thepKa of
monosilisic acid ~about 9! @8# is larger than that of the
H-type colloidal silica~5–7! @8#, the sodium monosilicate is
titrated by hydrochloric acid prior to the Na-type silica. Th
value ofk for a sodium monosilicate solution decreases w
increasing@HCl#. Therefore the presence of the monosilica
s

FIG. 4. Conductometric titration by hydrochloric acid for
silica dispersion (f59.3531024) in the presence of sodium hy
droxide (531023 M).
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would make the end point of region 1 unclear.
The influence of sodium hydroxide and silica concent

tions on the titration curve were then examined to clarify
conditions when the excess concentration of Na1 and OH2 is
negligible. Heston, Iler, and Sears@10# described how the
OH2 concentration in the bulk could be neglected
@NaOH#53.3431024 M and at@silica#50.5 g/100 ml~this
corresponds tof52.331023, if the density of silica is as-
sumed to be 2.2 g/cm3 @28#!, as determined bypH measure-
ments. In our opinion, however, it is worthwhile to apply th
conductometric method, in light of its much higher accura
under salt-free conditions. In Fig. 5 the titration curves fo
silica dispersion atf58.531024 are shown at four
@NaOH#’s. In each case the bending points between region
and 3, which agreed with the neutralization points for co
isting sodium hydroxide, were clearly observed. At hi
@NaOH#’s the boundary between regions 1 and 2 was
clear enough to determine the bending point. This might
partly due to small amounts of monosilicate dissolved fr
the silica. However, it was obvious that region 1 beca
narrower with decreasing@NaOH#, and was quite small a
@NaOH#52.531024 M. Titrations were then performed a
larger f’s holding @NaOH# constant at 2.531024 M. As
seen in Fig. 6, region 1 was not observed whenf was larger
than 2.631023. In other words, the excess concentrations
Na1 and OH2 were found to be negligible atf52.6
31023 and at@NaOH#5 2.531024 M. With respect to the
present finding, it is noteworthy that the fraction of bu
sodium ions markedly decreases with decreasing@NaOH# for
aqueous solutions of polyacrylic acid, which is a linear we
polyelectrolyte@29#.

Under conditions where the concentration of exc
NaOH is negligible, the analytical surface charge dens
sa is proportional to@NaOH#/ A, whereA is the total surface

FIG. 5. Influence of the concentration of coexisting sodium h
droxide on the titration curve for a silica dispersion withf58.5
31024.
-
e

t

y
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t
e

e

f
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s
y

area of the silica particles in a unit volume of the dispersi
When expressed by silica volume fractionf,

sa5~1023/3!NAea@NaOH#/f ~C cm22!, ~1!

whereNA is Avogadro’s number,e the elementary charge~in
C!, a the particle radius~cm!. The largest value ofsa ob-
tained under conditions where the excess concentratio
NaOH is negligible was 1.831025 C cm22, as calculated by
usingf and @NaOH# values at the boundary shown above

C. Relationship between analytical
and effective„net… charge densities

For the Na-type silica,se could not be estimated from th
conductivity of the dispersion, because the equivalent c
ductivity of the Na ion is so small that conduction due to t
silica particle itself is not negligible@6#. On the other hand
for H-type latex particles, we can evaluate both these and
sa values by the conductivity measurements and the cond
tometric titrations, respectively. Here we derive an empiri
relationship betweense andsa for the H-type latex system
from experimental results in the present and previous wo
In Sec. III D, we will analyze the viscosity data for Na-silic
assuming that the samese-sa relation holds for the silica
system.

In Table I, se values at infinite dilution,seuf50, for
latices with varioussa’s are compiled. The values o
seuf50 were determined by applying the first-order lea
squares method forse-f plots at salt-free conditions. Th
plot for N-100E latex is shown in Fig. 7. Previous data
Ito, Ise, and Okubo@6#, which were obtained from the trans
port number measurements, and by Schaefer@5# from the
conductivity are also shown in Table I, for comparison. T
surface charges are due to dissociation of strong acidic

-
FIG. 6. Influence of colloid volume fraction on the titratio

curve.@NaOH#5 2.531024 M.
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55 3033CONTROL OF THE SURFACE CHARGE DENSITY OF . . .
fonate and sulfate groups in all cases. The diameters of
latices were about 0.131026 m, except sample nos. 13 an
14. It seems that the particle diameter has little influence
the relation betweenseuf50 andsa . As demonstrated in Fig
8, a double-logarithmic plot forseuf50 andsa shows good
linearity. By using the first-order least-squares meth
through all the data points, we obtain an empirical relatio

lnseuf5050.49 lnsa21.0, ~2!

for sa values from 0.2131026 to 5.631026 C/cm22. Here-
after we use Eq.~2! in calculatingseuf50 values at given
sa’s @31#.

Furthermore, we examine the influence of salt concen
tion on the relation betweense andsa . Hydrochloric acid

FIG. 7. The effective charge densityse vs f plot for N-100E
latex at salt-free condition.

FIG. 8. Relationship between the effective charge density af
50, seuf50, and the analytical charge densitysa for H-type lati-
ces. Figures by the data points are sample nos. given in Table I.
line was drawn by the first-order least-squares method.
he

n

d
,

a-

was used as a salt to avoid an exchange of counterions
added cations. Figure 9 shows ase-@HCl# plot for N-100E
latex atf51.4831022. It is clearly seen that these value
does not appreciably change with salt concentration. In
dition, it should be noted thatse did not remarkably vary
with f, as seen in Fig. 7. These findings imply that the e
pirical relations obtained above can be reasonably app
even in the presence of extraneous salts and for finite la
concentrations.

D. Comparison of dispersion viscosities
for silica and latex systems

In Sec. III A, it was demonstrated that we could contr
the surface charge density of the colloidal silica wh
@NaOH# was sufficiently low andf was sufficiently large.
Thus the present system could be useful for studying
effect of charge density of various colloidal phenomena.
nally we investigated the influence of the surface charge d
sity on the viscosity of the colloidal silica dispersions, a
compared it with data of ionic polymer latex system. Fu
thermore, the validity of theseuf50-sa relation obtained in
Sec III C was examined by comparing with the Booth theo
on the first-order electroviscous effect@20#.

As reported previously@21,22,32–34#, dispersions of
ionic colloids have a much larger viscosity than those
nonionic colloids, due to electroviscous effects@35#. We
have already studied this effect using ionic polymer latic
with varioussa’s. Since the electroviscous effect depen
strongly on these value and on the salt concentration in th
bulk, examining the effect in the colloidal silica system
useful for judging the validity of the conclusions drawn
the previous sections.

The viscosities of the silica dispersions were measure
f53.431023 and at@NaOH#’s smaller than 1024 M, when
the excess concentrations of Na1 and OH2 were known to be
negligible. Figures 10~a! and 10~b! show the plot of the re-
duced viscosity,hsp /f @hsp[(h2h0)/h0, where h and
h0 are the viscosities of the dispersion and the medium,
spectively#, vssa under salt-free conditions and at@NaCl#5
531025 M, respectively. The viscosity was measured w
the Ubbelohde-type viscometer, at shear rates of about
s21 @36#. The data reported for the latex dispersions at
he

FIG. 9. Influence of HCl concentration onse for N-100E latex.
f51.4831022.
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samef are also shown in Figs. 10~a! and 10~b! for compari-
son. In Fig. 10~b! we also show the data for latex extrap
lated tof→0 using the least-squares method for thehsp /f
2f plot. As reported earlier@21#, hsp /f decreased with
increasingsa under salt-free conditions, whereashsp /f in-
creased with increasingsa at @NaCl#5531025 M. It is
clear from Figs. 10~a! and 10~b! that for both the latex and
silica systems the viscosity behavior as a function ofsa

shows good correspondence both in the presence and i
absence of salt. This finding supports the conclusion deri
above from the conductivity study that we can control t
surface charge and the particle size of a silica colloid with
affecting the salt concentration in the dispersion.

Furthermore, viscosity data in the presence of salt w
compared with theoretical study on the first-order~primary!
electroviscous effect developed by Booth@20#. The first-
order effect arises from a deformation of counterion atm
sphere under shear. Booth calculated the viscosity for dis
sions of a charged sphere as a power series in thez potential,
or the effective charge numberNe to the second-order term
The first-order term was found to be zero. When expresse

FIG. 10. The reduced viscosityhsp /f vssa plot for dispersions
of the Na-type colloidal silica and those of the ionic latices at~a!
salt-free condition, and at~b! @NaCl#5531025 M. Circles, silica;
triangle, latex. Open symbols,f53.431023; filled symbols, ex-
trapolated values tof→0. Sample nos.~same as in Table I! are
given by symbols. CurvesKB,a andKB,e , Booth theory forse and
sa ; KE , Einstein theory.
the
d

t

re

-
r-

in

terms ofNe , hsp /f atf50 ~hereafter designated byKB! is
given by

KB5~5/2!@11q* ~Nee
2/eakT!2Z~ka!#, ~3!

with

q*5~ekT/h0e
2!S (

i51

N

niZi
2wi

21Y (
i51

N

niZi
2D ~4!

and

k25~4pe2/ekT!(
i51

N

niZi
2, ~5!

wheree is the elementary charge,e is the dielectric constan
of the dispersion medium,k is the Boltzmann constant,T is
the temperature,a is the particle radius,N is the number of
ionic species, andni , Zi , andwi are the number concentra
tion, valency, and mobility of the ion speciesi , respectively.
The first term in Eq.~3! corresponds to the contribution from
the hydrodynamic effect, formulated by Einstein@37#.
The deformability of the counterion atmosphere is expres
by the functionZ(ka). Satisfactory agreements betwee
Booth theory and experiment have been repor
@21,22,32,33,38,39#, especially at smallNe and at largeka.

By using Eq.~2! and a relation

Ne5~4pa2/e!seuf50 , ~6!

Booth theoretical value~hereafter designated byKB,e! was
calculated for variousNe’s at @NaCl#5531025 M, as a
function ofsa . The theoretical value was calculated also f
the analytical charge numberNa for comparison (KB,a). Val-
ues ofKB,a , KB,e , and Einstein theoretical value,KE5 5

2,
are also shown in Fig. 10~b!. It can be seen from Fig. 10~b!
that KB,e values are in fairly good agreement with the e
perimental ones for silica, whileKB,a values are much large
than the observed values especially at highsa’s. The differ-
ence betweenKB,e and experimental value is partly due
use of viscosity data at finite concentration. In fact, expe
mental values from latex atf50 show satisfactory agree
ment with KB,e . Thus the viscosity data were reasonab
explained by Booth theory, when the empirical relation b
tween the effective and analytical charge densities, Eq.~2!,
was used for the Na-silica system.

IV. CONCLUDING REMARKS

In the present paper, we have examined the surface ch
of colloidal silica under salt-free conditions by means
electrical conductivity measurements and conductometric
trations. The ionizable group on the surface was wea
acidic and the effective charge densityse for the H-type
silica was 831028 C cm22. The analytical surface charg
densitysa increased with increasing concentrations of add
NaOH. It was found that the concentration of Na and O
ions in the bulk were negligible when@NaOH# was smaller
than 2.531024 M and the volume fraction of the silica wa
larger than 2.631023. In other words, it was revealed tha
under these conditions we could control thesa value by
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varying @NaOH#. The value ofsa at this threshold was 1.8
31025 C cm22. An empirical relation between the effectiv
and analytical charge densities, lnseuf5050.49 lnsa21.0,
was derived for H-type latex system forsa5(0.21–5.6)
31026 C cm22. Viscosity measurements were perform
for salt-free and low-salt dispersions at@NaOH#’s where the
bulk ion concentrations were negligible. Thesa dependence
of the viscosity agreed well with the previous results o
tained for ionic latices having varioussa’s. Satisfactory
agreement was also obtained for the silica system betw
the experiment and Booth theory on the first-order elec
l

i,

,

:

nd

C.

id

H

id
.

oid

h

-

en
-

viscous effect, whense was calculated fromsa by applying
the empirical relation obtained above.

ACKNOWLEDGMENTS

The authors express their appreciation to Nipp
Shokubai Co. Ltd. for providing the colloidal silica sampl
J. Y. is grateful to H. Miyoshi, Fukui University for his hel
with the experiments. We would like to express sincere gr
tude to Dr. M. V. Smalley, Hashimoto Polymer Phasi
Project, ERATO, JRDC, and Dr. B. V. R. Tata, Rengo Co
pany, for their kind help in preparing the manuscript.
o-
is-
be
o
lue
as
ace

,
lcu-
out

ffect
c-

ent

m.

se,

ys.

lym.

E.
@1# For review articles, see S. Doshoet al., Langmuir 9, 394
~1993!; K. S. Schmitz,Macroions in Solution and Colloida
Suspension~VCH, New York, 1993!.

@2# T. Palberg, W. Mo¨nch, F. Bitzer, R. Piazza, and T. Bellin
Phys. Rev. Lett.74, 4555~1995!.

@3# See, for example, R. H. Fowler and E. A. Guggenheim,Statis-
tical Thermodynamics~Cambridge University, Cambridge
England, 1939!.

@4# For a review article, see A. K. Sood, inSolid State Physics
Advances in Research and Applications, edited by H. Ehren-
reich and D. Turnbull~Academic, New York, 1991!, Vol. 45,
p. 1.

@5# D. W. Schaefer, J. Chem. Phys.66, 3980~1977!.
@6# K. Ito, N. Ise, and T. Okubo, J. Chem. Phys.82, 5732

~1985!.
@7# T. Konishi, N. Ise, H. Matsuoka, H. Yamaoka, I. Sogami, a

T. Yoshiyama, Phys. Rev. B51, 3914~1995!; T. Konishi and
N. Ise, J. Am. Chem. Soc.117, 8422~1995!.

@8# For a review, see R. K. Iler,The Chemistry of Silica~Wiley,
New York, 1979!.

@9# G. H. Bolt, J. Phys. Chem.61, 1166~1957!.
@10# W. M. Heston, R. K. Iler, and G. W. Sears, J. Phys. Chem.64,

147 ~1960!.
@11# R. P. J. Abendroth, J. Colloid Interface Sci.34, 591 ~1970!.
@12# D. N. Strazhesko, V. B. Strelko, V. N. Belyakov, and S.

Rubanik, J. Chromatogr.102, 191 ~1974!.
@13# D. E. Yates and T. W. Healy, J. Colloid Interface Sci.55, 9

~1976!.
@14# T. Hiemsta, C. M. de Wit, and W. H. van Riemsdijk, J. Collo

Interface Sci.133, 105 ~1989!.
@15# J. J. Sonnefeld, J. Colloid Interface Sci.155, 191 ~1993!.
@16# C. S. Burgisser, A. M. Scheidegger, M. Borkovec, and

Sticher, Lamgmuir10, 855 ~1994!.
@17# R. Long and S. J. Ross, J. Colloid Interface Sci.26, 434

~1968!.
@18# D. E. Dunstan, J. Colloid Interface Sci.166, 472 ~1994!.
@19# Our recent study on influence of charge density on the liqu

solid transition of the silica system@J. Yamanaka, T. Koga, N
Ise, and T. Hashimoto, Phys. Rev. E53, R4314 ~1996!# is
based on the present findings.

@20# F. Booth, Proc. R. Soc. London, Ser. A203, 533 ~1950!.
@21# J. Yamanaka, H. Matsuoka, H. Kitano, and N. Ise, J. Coll

Interface Sci.134, 92 ~1990!.
@22# J. Yamanaka, H. Matsuoka, H. Kitano, N. Ise, T. Yamaguc

S. Saeki, and M. Tsubokawa, Langmuir7, 1928~1991!.
.

-

i,

@23# At higher @NaOH#’s, thek value increased with@NaOH#, and
the plot was concave with respect to@NaOH#. Even at@NaOH#

;231022 M, the slope was smaller than that for excess s
dium hydroxide, which means that ionizable groups in the d
persion were not completely neutralized. However, as will
described in Sec. III B, hydrolysis of the colloidal silica t
monosilicate should be taken into account at such a high va
of @NaOH#. If we assume that all of the sodium hydroxide w
used in neutralizing the surface silanol groups, the surf
charge density is calculated to be 231024 C cm22 at
@NaOH#5 231022 M. This value is physically unreasonable
since the upper bound for the surface charge density, ca
lated from the surface structure of amorphous silica, is ab
631025 C cm22. ~See R. K. Iler, Ref.@8#, p. 360.!

@24# T. Palberget al., J. Colloid Interface Sci.169, 85 ~1995!: T.
Okubo, Ber. Bunsenges. Phys. Chem.96, 61 ~1992!.

@25# Since the equivalent conductivity of Na1 at infinite dilution
~50.1 S cm2 mol21 at 25 °C! is smaller than that of H1, substi-
tuting H1 by Na1 causes a decrease ink.

@26# Under salt-free conditions, the measuredpH value is consid-
erably higher than the true value, due to the suspension e
@9#, namely, the electric field effect of the particle on the a
tivity coefficient of proton. The apparentpKa value obtained
by using potentiometric method was about 6 for the pres
system.

@27# J. P. Mullen and J. P. Reiley, Anal. Chim. Acta12, 162
~1955!.

@28# R. K. Iler, Ref. @8#, Chap. 1.
@29# J. R. Huizenga, P. F. Grieger, and F. T. Wall, J. Am. Che

Soc.72, 2636~1950!.
@30# J. Yamanakaet al. ~unpublished!.
@31# It should be noticed that Eq.~2! should be valid in thesa

region shown in the text. Atsa,0.1431026 C/cm2, Eq. ~2!
becomes unrealistic, namelyseuf50 /sa.1.

@32# J. Yamanaka, S. Hashimoto, H. Matsuoka, H. Kitano, N. I
T. Yamaguchi, S. Saeki, and M. Tsubokawa, Langmuir8, 338
~1992!.

@33# J. Yamanaka, N. Ise, H. Miyoshi, and T. Yamaguchi, Ph
Rev. E51, 1276~1995!.

@34# J. Yamanaka, S. Yamada, N. Ise, and T. Yamaguchi, J. Po
Sci. Part B33, 1523~1995!.

@35# For a review article on the electroviscous effects, see B.
Conway and A. Dobry-Duclaux, inRheology, edited by F.
Eirich ~Academic, New York, 1960!, Vol. 3, Chap. 3; R. J.
Hunter, Zeta Potential in Colloid Science~Academic,



ob

3036 55YAMANAKA, HAYASHI, ISE, AND YAMAGUCHI
New York, 1981!, Chap. 5; K. S. Schmitz,Macroions in So-
lution and Colloidal Suspension~VCH, New York, 1993!,
Chap. 4.

@36# Under salt-free conditions, shear-thinning behavior was
served:hsp /f ’s at shear rates of 10 and 300 s

21 were about 90

-

and 40, respectively, at@NaOH#50 (se5831028 C cm22).
@37# A. Einstein, Ann. Phys.~Leipzig! 19, 289 ~1906!.
@38# J. Stone-Masui and A. J. Watillon, J. Colloid Interface Sci.28,

187 ~1968!.
@39# R. W. McDonogh and R. J. Hunter, J. Rheol.27, 189 ~1983!.


