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Abstract

The sedimentation of a concentrated spherical dispersion of composite particles, where a particle comprises a rigid core and a membrane
layer containing fixed charge, is investigated theoretically. The dispersion is simulated by a unit cell model, and a pseudo-spectral method
based on Chebyshev polynomials is adopted to solve the problem numerically. The influences of the thickness of double layer, the con-
centration of particles, the surface potential of the rigid core of a particle, and the amount of fixed charge in the membrane layer on both
the sedimentation potential and the sedimentation velocity are discussed. Several interesting results are observed; for example, dependinc
upon the charged conditions on the rigid core and in the membrane layer of a particle, the sedimentation potential might have both a local
maximum and a local minimum and the sedimentation velocity can have a local minimum as the thickness of double layer varies. Also, the
sedimentation velocity can have a local maximum as the surface potential varies. We show that the sedimentation potential increases with
the concentration of particles. The relation between the sedimentation velocity and the concentration of particles, however, depends upon the
thickness of double layer.

0 2005 Elsevier Inc. All rights reserved.

Keywords:Sedimentation; Concentrated spherical dispersion; Composite particle; Double-layer polarization; Double-layer overlapping

1. Introduction of a particle[1-7]. Under general conditions, the analysis
of the sedimentation of colloidal particles involves solving

Sedimentation, the falling of dispersed particles driven by Coupled, nonlinear electrokinetic equations, and only if dras-
gravity, has various applications in practice. For instance, it iC @ssumptions are made, deriving an analytical solution is
can be used as a solid—liquid separation tool in both labora-&/Most impossible. For example, assuming low zeta poten-
tory and industrial scales. Alternatively, the physical prop- tial and thln_electrlcal double Iaygr, that. is, the mt_eractlon
erties such as the density of the dispersed particles can b@€tween adjacent double layers is negligible, Levine et al.

estimated through measuring their rate of sedimentation. Forl8] derived an analytical expression for both the sedimenta-
a charged, spherical colloidal particle, the original symmet- tion potential and sedimentation velocity for a concentrated

ric electric double layer surrounding it may become asym- susp_epsion of spherical c_olloidal 'particles. Und'er the same
metric when it sediments; counterions are accumulated in condition, Ohshim49] derived a simple expression for the

the downstream region and there is an excess of coions insetlmmenta;.tlon po;gntlal.t . f colloidal particles is oft
the upstream region. An induced electric field is established, r;pr?cdlce,dse |me(:jr.1t.a lon (; Cotﬁ' al par '(i e::_ 'S Of en
and, regardless of the sign of the surface charge, this inducedonducted under conditions where the concentration of par-

9 : ! . . licles is appreciable. Since the movement of a particle will
electric field has the effect of hindering the sedimentation be influenced unavoidably both electrically and hydrody-

namically by neighboring particles, it is expected that the
" Corresponding author. Fax: +886 2 23623040. sedimentation behavior of a dispersion of particles be dif-
E-mail addressjphsu@ntu.edu.td.-P. Hsu). ferent from that of an isolated particle. Considerable efforts
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have been made to estimate the effect of the concentration of
rigid particles on their sedimentation behaviors under vari-
ous conditiong8-12]. These analyses are common in that
the difficulty of solving a many-body problem is circum-
vented by adopting Kuwabara’s unit cell modi&8], where

a spherical dispersion is mimicked by a representative cell
comprising a particle and a concentric spherical liquid shell
possessing the properties of the dispersion medium. This
model, while is an idealized one, provides a concise de-
scription of a complicated system, and is capable of, at least
qualitatively, predicting its behavior.

Similarly to rigid particles, nonrigid particles also play an
important role in colloidal science. Typical example includes
biocolloids such as biological cells and microorganisms and
particles covered by a membrane or surfactant layer. These
particles are characterized by having an ion-penetrable sur-
face layer, which is capable of influencing appreciably the
transport behavior of a particle both in a flow field and in gig 1. schematic representation of the sedimentation problem considered
an electric field. Theoretical analysis on the sedimentation where a concentrated spherical dispersion of particles, each of them com-
of composite particles became active recently, and some an-prises a rigid core of radius and an ion-penetrable membrane layer of
lyical rsuits based on laweleticpotensls were derived Lo et e g o e e M o
[,14'],'5]' As stated above, the effect O_f dOUb_le_layer_ polar!za- charge. The system is simulated by a represented cell of radiwsich
tion is one of the key components in sedimentation. SinCe composed of a particle of radis(=a + d) and a concentric liquid shell
this effect is most important when the surface potential of of thicknessc — b. The spherical coordinates are chosen with the origin
a particle is sufficiently high and the thickness of double located at the center of the particld,andg are the sedimentation veloc-
ayer surrounding it s comparable (o fs near 28,17} 1Y 01 SOl sl e s el
an analysis based on these conditions is highly desirable. . .

In this study, previous analyses on the sedimentation of spherical coordinates.
concentrated rigid colloidal particles are extended to the case
of composite particles where a particle comprises a rigid

core and a membrane layer carrying fixed charge, which @nd anions witltz = —az;. LetU be the sedimentation ve-
arises from the dissociation of the functional groups. A rigid [°City of the particleg be the gravitational acceleration, and

particle is a special case of composite particle since the for- £ P aninduced electric field arising from the sedimentation
mer can be recovered as a limiting case of the latter by let- O the particle. As shown iftig. 1, the spherical coordinates

ting the thickness of the membrane layer approaches zero 20, 9) are adopted with its origin .Ioc'ated at the center of
We consider the case where both the concentration of thelN€ Particle. We assume that the liquid phase is an incom-
dispersed phase and the thickness of the double layer Surpres:;|ble Newtonian fluid with constant physical properties,

rounding a particle can be arbitrary. The latter implies that the flow of liquid phase is in the creeping flow regime, and
the interaction between neighboring double layers needs toth€ Sedimentation reaches a quasi-steady state. Under these
be taken into account. conditions, the governing equations of the present problem

are essentially the same as those for the corresponding elec-
trophoresis problenfil8]. The scaled governing equations

2. Theory and the_associated boundary conditions are summarized in
Appendix A

Let us consider the sedimentation of a concentrated dis-
persion of composite, spherical particles of radiust d), 2.1. Sedimentation potential
a andd being respectively the radius of the rigid core of
a particle and the thickness of its membrane layer. Both the ~ For the present case, the sedimentation of a particle leads
surface of the rigid core and the membrane layer are charged!o a polarized double layer; an excess amount of cations are
Referring toFig. 1, the system under consideration is simu- accumulated in the double layer beneath the particle and
lated by a representative cell of raditisvhich comprises a ~ an excess amount of anions in the double layer above it.
particle and a concentric liquid shell of thickne@s— b). This yields an induced electric field, which is in the oppo-
This so-called unit cell mod¢18] mimics the spherical dis-  Site direction as that of sedimentation, and the corresponding
persion with the volume fraction of particles measured by electrical potential is called the sedimentation potential. For
H = (b/c)3. A z1: z» electrolyte is present in the liquid convenience, the scaled sedimentation poteriiglU* =
phasez; andzy being respectively the valences of cations [EZ/(ga/a)]/[U/(sgaz/na)] =¢E,¢,/Un is used in subse-
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quent discussions:, = Ez/(¢q/a), whereEz is the mag- ip = 83¢r2 <k_T>3 (ka)?
nitude of the induced electric field ang is the surface nad \zie) (1+a)

potential on the rigid core of a particl&* = U/(egaz/na), qw

U is the magnitude olJ, ¢ andn are respectively the di- X i[exp(_(/)rﬁ) — (.:‘xp(o“pﬂpiﬁ)]F

electric constant and the viscosity of the liquid phase. The "

sedimentation potential can be evaluated from a current bal- 1

ance, that is, the current arises from the sedimentation of a % [@ exp(—¢r¢1)G1

particle is balanced by that arises from the induced electric

field [18]. The current can be expressed as y Pa_ez exp(aq&@i‘)GE} SLL*G} (5)

i:szenjVj, (1)
F wherer* =r/a is the scaled radial distancg, is the stream
function, and the scaled functios; andG?; are defined in

wheree is the elementary charge and andv; are respec-  or previous work18]. This expression can be rewritten as

tively the number concentration and the velocityjdf ionic

species. At steady state, the net current across any plane per- L. sing
pendicular to the gravitational field should vanish. Applying i = lalo(") PO (6)
this condition to¥ = /2 yields
where
c

. . 362 (kT \° (ka)?
(l):O:Z?TfVl@dI" _ 1 =8¢’ - , 7

|0_71/2 a nag 21€ (1+a) ( )

(2 _ b 19%
:27Tfr|:szenjvj9:| dr’gzﬂ/z, j=12, 2 lo = {[exp( #ré1) eXp(wpr(bl)]dr*

a Jj=1

1 * * o * *
where subscript denotes thé-component of a physical - E[@ exp(—¢r¢1) + Gl@ exp(a¢,¢l)G2”.
quantity.v; and the bulk liquid velocity are related by 8)

§ Vn Substituting Eq(8) into Eg.(2) yield
vj=v—Dj<£V¢+ﬂ), 3) ubstituting Eq(8) into Eq.(2) yields

kT nj y
whereD; is the diffusion coefficient of ionic specigsk and (i) = 0=27d?l, / T (™) dr*. @)
T are respectively the Boltzmann constant and the absolute J

temperatureg is the electrical potential, and is the gra-
dient operator. For simplicity, we assume that the diffusion Similarly to the treatment for the corresponding elec-
coefficients in and out of the membrane layer are the same.trophoresis problerfl9], the present problem is divided into

Substituting this expression into Hd.) gives two subproblems. In the first problem a particle is moving
with constant velocityJ in the absence of the induced elec-
32 (kT 3 (ka)? tric field. In this case, the average current(i§, = sU*.
I= na3 ze) 1+a) In the second pro'ble'm, the particle is re'mained fixed when
the induced electric field is present. In this case, the average
x 1 [exp(—¢r %) — explag,¢F) v* currentis(i)2 = BE?. Since the net current across the plane
{[ p( ' 1) p( ' 1)] 0 = /2 vanishes{i) = (i)1 + (i)2 = 0 and, therefore, the
scaled sedimentation potential is
+ 1 [i exp(—¢r97) Vet
r
¢r | Pa ! ! E* K}
< == (10)
+ s explad, 1) Ve | 1 (4)

2.2. Sedimentation velocity

wherex ™ = [ekT/ Y njolez;)?1Y2, ¢, = 2164/ kT, njo

and Pg are respectively the bulk number concentration and  The evaluation of the sedimentation velocity is based on
the electric Peclet number of thgh ionic species. The thatthe total force acting on a particle in thelirection van-
scaled gradient operat®t*, the scaled functionsy, g7, and ishes. The forces involved include the electric forég,,

g5, and the scaled velocity* are defined in our previous the hydrodynamic drag forcelp,, and the gravitational
work [18]. Thed-component of the curremtiyg, is force, F,. These forces can be expresse(ds21]
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_4 2| ..x2 dq&;l.k d¢2 * d¢i>lx.<
FEZ_3n8§“<r (dr* dr+ ) d dr* ®2
3n8§aFEz’
4
Fp, = —mel? r*z—(DleI) — 2r*(D?Y)
3 dr* r*=b/a
4 o2 KD
3 A+,

< |1 2fexe(-0,01) - explagri)lea]

4 4
3715‘{” (Fth + FDEez) 3n8§a FDz’

4
Fg — _:_37-[(13(1()[] — pf)g - Vs(ps - Iof)g’
with
x %2 1 —2r* L
FEZ_<r () (%)= <dr*>¢z)
r*=b/a
d
% *2 2 * 2
P, = [r - (DP0) —2(D uf)]r*:b/a,
. (ka)? 2 *
e = i, |7 1900000
_ *
exqa(ﬁr(l)l)]@z}r*:b/u.

. (14)
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Dividing Eq. (18) by this expression gives the scaled sedi-
mentation velocity:

s R {C=n) (R DR

3. Resultsand discussion

r*=b/a

(11)

(20)

The governing equations and the associated boundary
conditions are solved by a pseudo-spectral method based
on Chebyshev polynomials, which is found to be accurate
and efficient for solving electrokinetic phenomena of the
present typg20]. The influences of the key parameters of the
system under consideration on the sedimentation potential
and sedimentation velocity are examined through numeri-
cal simulation. These include the scaled thickness of dou-
ble layer(ka)~1, the scaled surface potential on the rigid
core of a particlep,, and the amount of fixed charge in
the membrane layer of a particlerx = (pfixa/e,). For
illustration, an aqueous KCI solution is considered; other
types of electrolytes can be treated in a similar manner. The
values of physical quantities assumed dre= 29815 K,
¢ =8.854x 10712 x 7854688 F/m, no = 0.8904 cp,os =
0.99704 gcm?®, p, = py = 1.05 g/cm?®, Z1 = Zg+ = 1,

Zp = Zg- = —1, D1 = D+ = 1.962297x 107° cn¥/s,
Dy = D¢~ = 2.037051x 107° cn?/s. Also, we choose
ra=10,H =0.421875d/a = 0.5, and Pe=Pe =0.01.

(12)

(13)

(15)

(16)

In these expressiongy, p,, andp;, are respectively the den-
sities of the fluid, rigid core of particle, and the membrane 3 1 |nfluence ofa
layer of particle, the operatap is defined inAppendix A

and the functiond; is defined in our previous workL8].

Figs. 2a, 3a, and 4ghow the variations of the scaled sed-

The total force acting on a particle vanishes when it reaches;antation potentiaE*/ U* as a function oka at various

the terminal velocity, that isfp, + Fg, + F; =0, or

4_ 3
=ma~(pp — pr)g

4 2
_”Sga(FEz+thz+FBez) - 3

3
= Vs(ps —pr)g =0,

values ofQjix, and the corresponding variations in the scaled
sedimentation velocity// Uy are presented iRigs. 2b, 3b,
and 4b Features common t6*/U* are that it approaches
a constant value whetu is either very small or very large,
and it has a local maximum #, is sufficiently high. These

17)

whereV; is the dry volume of the membrane layer. Note that features are similar to those for rigid sphef28]. Fig. 4a

Vs # 4 (b3 — a®)/3. Let(F}, + F}, +

lems 1 and 2. Then the sedimentation velocity is

_ [47a3(pp — py)8/31+ Vslos — pf)g
(4rrna/3)(f1 —8f5/B)
Alop(op — pr) + ds(ps — pp)lg

- 3

na(f{—38/3/B)

where¢, =

the volume fraction of the rigid core and that of membrane dw
material. For conveniencé] is scaled by the sedimentation
velocity of an uncharged, rigid sphere in an infinite fluig,

[22]:

24d%(pp — pf)g

Up=—
0 9 "

Dez) = (flU*
f2E®), f1 and f; being respecnvely the total force in prob-

(a/c)® andes = Vi/(4/3)c® are respectively

reveals that forQsx = 10, E*/U* may also have a local
minimum. The behaviors of*/U* observed inFigs. 2a,
3a, and 4a&an be explained as follows. According to its def-
inition, E*/U* = —§/8, wheres andg are respectively the
net currents across the plaéie= /2 in problems 1 and 2.
Equation(8) indicates that the currerdy (r*) comprises the
current arising from the flow of the liquid phask,., and

(18) arising from the diffusion of ionic specieg, 4; that is,
lo=1Ipc+1pa, (21)
]e’c = [exd—d)rqﬁ;f) — exp(a¢r¢f)]%, (22)
171
Ipg=——| =— exp(—¢, P
0.d =" [Pel N—¢r¢7)
(19) +Gigg exp(aqsrqb;‘)az] (23)
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Fig. 2. Variation of scaled sedimentation potenfidl/ U* (a) and scaled sedimentation velodify Uy (b) as a function oka at variousp, for Qjix = 0.
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Fig. 3. Variation of scaled sedimentation potenfidl/ U* (a) and scaled sedimentation velodify Uy (b) as a function oka at variousg, for Qsix = 10.

0.08 6,3 0.168
0.07F i
0.06 F 0.167s | b=
0.05F
5 0.167 |
% 0.04F - I (b)
2 2
[ 0.03F ) i
: 0.1665 |-
0.02fF i
N : 2
0.01F 1 0.166
OF : 1
%H SRR | Lol EEEEENEn | Lol L T” i N NN NIRRT L
0015 10 107 10° 107 0.1655 M Tk T i o
Ka Ka

Fig. 4. Variation of scaled sedimentation potenfidl/ U* (a) and scaled sedimentation velodify Ug (b) as a function oka at variousg, for Qsx = —10.
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Fig. 5. Variation of net current as a functioni for ¢, = 1.0 andQjix = 10. (a) Problem 1; (b) problem 2.
We define migration of ionic species due to the presence of the asso-

cla
8 = ( Iy, dr*

(24)
problem 1
cla
8d = ( Iy g ar* ) (25)
problem 1
cla
ﬂcz( I(,Cdr ) (26)
problem 2
cla
ﬁdE( Ieddr ) , (27)
problem 2
§="08c+84, (28)
B =Bc+ Ba. (29)

The variations ofs, 8., §;, and 8 as a function ofca at
two levels of¢, are illustrated inFigs. 5 and 6Figs. 5a
and 6ashow the currents in problem 1, where particles sed-
iment in the absence of an induced electric field. These fig-
ures suggest that, the current arising from the flow of the
liquid phase, approaches a constant value@as> 0 and
approaches zero ast — oo. For medium values ofta, it
decreases with the increase«n. In contrast, for medium
values ofka, the current arising from the diffusion of ionic
speciesd,, increases with the increasesn; it approaches

to a constant value ast — 0, and to another constant value
aska — oo. This is because ita is sufficiently small, the

ciated electric field still occurs and, therefobg, does not
approach zero. Aga increases to an extent such that the cor-
responding double layer becomes thinner than the radius of
a cell, the gradient of ionic concentration increases, so is the
driving force for ionic diffusion and, thereforé&, increases.

On the other hand, ika is large, because double layer is
thin, ionic species are close to particle surface and the liquid
outside the double layer is close to electroneutrality. Since
the flow of liquid occurs mainly outside the double layer, the
current arising from the flow of liquid phase is small, sé.is

If ka — oo, the double layer is infinitely thin, the flow of the
liquid phase yields essentially no current ad- 0. Since

8 = 8. + 84, Whenka is small, the current is mainly con-
tributed by the flow of the liquid phase, and it is mainly con-
tributed by the diffusion of ionic species when is large.

For an intermediate value afz, the behavior of is deter-
mined by the sum of the two competing factors. The general
trends of the currents in problem 2, are similar to those of
problem 1, shown irfrigs. 5a and 6aHere, because particle
remains fixed, the flow of liquid is relatively slow, and the
corresponding currer, almost vanishes. Since the current
is contributed mainly by the diffusion of ionic species, the
curve of8 almost coincide with that o8,;. The behaviors of
E*/U* observed irFigs. 2a, 3a, and 4are the net results of
the simultaneous variations fnandg.

As illustrated inFig. 2b, for the case when the membrane
layer of a particle is free of fixed charge, itz is suffi-
ciently small, the overlapping between neighboring double
layers is significant, which has the effect of retarding the

double layer surrounding a particle is thick enough to exceed sedimentation of particles. Also, because the distribution of

the boundary of a cell, which implies that the distribution
of ionic species in the system is essentially uniform. In this
case, the distribution of ionic species is insensible to the vari-
ation ofxa, so ares, ands,. Note that although the driving
force for ionic diffusion is negligible in this case, because

ionic species is rather uniform and almost uninfluenced by
the induced electric field, therefot&/ Ug remains at a con-
stant value. A% a increases up to abut 0.1, the distortion of
the double layer surrounding a particle becomes significant,
yielding an induced electric field which is in the opposite di-

the membrane layer of a particle carries fixed charge, therection as that of its sedimentation. When this occurs, the
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Fig. 6. Variation of net current as a functioni for ¢, = 3.0 andQsix = 10. (a) Problem 1; (b) problem 2.

sedimentation is retarded, the so-called polarization or re- Fig. 4b, because the sign of the fixed charge in the membrane
laxation effect. Furthermore, if the double layer is thinner layer of a particle is different from that on its rigid core,
than the outer boundary of the membrane layer of a parti- the general trends df/ Uy becomes different from that in
cle, because the fluid flow in the membrane layer becomesFigs. 2b and 3bHowever, they can be explained by similar
important, the hydrodynamic retardation increases accord-reasoning. Note that while the double-layer polarization as-
ingly and the sedimentation of the particle is slowed down. sociated with a positively charged core surface of a particle
However, if ka is sufficiently large, the electric gradient has the effect of retarding its sedimentation that associated
near the particlé/¢1 becomes significant. The correspond- with its negatively charged membrane layer has the effect
ing electric field, the so-called internal electric field, has the of accelerating its sedimentation. Under the conditions as-
effect of inhibiting double layer deformation, thereby reduc- sumed irFig. 4b, the latter is more important than the former
ing the effect of double layer polarization. The influence of and, therefore, the local minimum ©f/ Uy does not appear.
the internal electric field starts to dominateif is increased  The occurrence of an inflection point fig. 4b for the case
further. Also, because both the overlapping between neigh-wheng, is sufficiently high is a net result of the competition
boring double layers and the hydrodynamic retardation due of double-layer polarization, internal electric field, and hy-
to fluid flow in the membrane layer are unimportatit,Ug drodynamic retardation of membrane layer. Note that for the
increases withca. This is why U/ Up shows a local mini- present case, because double-layer polarization is advanta-
mum aska varies. Note that although only the results for geous to the sedimentation of a particle, the higher the level
ka < 20 are presented, it can be expected that the sedimen-of ¢, the larger the// Uy, which is different from that ob-
tation velocity will approach a constant value whedm is served inFigs. 2b and 3b

sufficiently large. It is interesting to note that a reversal rela-

tion betweenlU/ Uy and¢, is present irFig. 2b, where for 3.2. Influence o,

xa smaller tharr5, the larger the value af, the smaller

the value ofU/ Uy, but the reverse is true ifa exceeds Figs. 7-9illustrate the variations ol//Ug as a func-
~5. This can be explained by the fact that when the effect tion of ¢, for various combinations ofa and Qjsix. Fig. 7

of double-layer polarization is important, the higher the sur- shows that if the membrane layer of a particle is free of
face potential the stronger the induced electric field, which fixed chargel// Uy is insensitive to the variation @f. when

is in the opposite direction as that of sedimentation, and thexa = 0.1. As mentioned previously, this is because if double
slower the sedimentation velocity. On the other hand, the layer is thick, the distribution of ionic species is uniform and
higher the surface potential the greater the correspondingthe influence of surface potential on the sedimentation veloc-
electric gradient, and more the phenomenon of double-layerity is unimportant. Atkca = 1.0, U/ Up decreases monotoni-
polarization is inhibited, and the faster the rate of increase cally with the increase i, . Referring to the discussion of

in U/ Up. The general behaviors &f/ Up shown inFig. 3b Fig. 2b, this arises from the influence of double-layer polar-
for the case when the membrane layer of a particle is pos-ization, which is more significant at a higher leveldf. If
itively charged are similar to those for the case when it is xa = 10, thenU/Up increases monotonically with the in-

free of fixed charge. The decreaseldfUp nearka = 0.01 crease inp,. Referring to the discussion &fig. 2b, this is
arises from the effect of double-layer polarization. The re- because if double layer is sufficiently thin, double-layer po-
versal relation betweetV/Up and ¢, observed inFig. 2o larization is inhibited by the electric potential gradient near

is also present except that it occurs at a largef= 10). In particle surface, which increases with the increasg irmhe
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xa=10

layer of a particle carries negative fixed charg€iig. 9, and

we see that, regardless of the valuecaf U/Up increases
monotonically with the increase .. As mentioned previ-
ously, this is because the effect of double-layer polarization
is advantageous to the sedimentation of a particle, and the
reversal relation betwedri/ Uy and¢, does not occur.

0.166

0.165
o 3.3. Influence oDjix

=2

> The variations ofE*/U* andU/ Uy as a function ofka

0.164 at variousQjsix are summarized iRig. 10 Fig. 10a indicates
that if ka is small, E*/U* increases withQsx when it is
positive, and it shifts to a more negative value wh@gx is
negative. On the other hand it is large,E*/U* becomes

0.163 insensitive to the variation sy . As discussed previously,

for ka in the rangg0.1, 1.0], if ¢, is low, E*/U* has a lo-

e s e e cal minimum.Fig. 10a reveals that this local minimum is
b, influenced both byp, and by the charged conditions of the

membrane layer of a particle; depending upon the amount of

Fig. 8. Variation of scaled sedimentation veloclty Ug as a function of fixed charge and its sign, the local minimum may either pro-

scaled surface potentia) at variousca for the case whe®fix = 10. nounced or disappear. As can be seeﬁi@n 1, for ka in
the rangg0.1, 1.0], where the effect of double-layer polar-
general trends of/ / Up presented ifrig. 8 where the mem-  ization is significant, a positiv@yx will decelerate the sed-

brane layer of a particle carries positive fixed charge, are imentation of a particle, but a negativx will accelerate
similar to those for the case it is free of fixed charge, ex- its sedimentation. For bot®sx = —5 and—10 the influ-
cept thatU / Ug exhibits a local maximum wheka = 10. ence of double-layer polarization appears to be unimportant.
This is because the presence of the positive fixed chargeThis can be explained by that the electric force arising from
makes the effect of double-layer polarization more impor- the negative fixed charge in the membrane layer of a par-
tant, and a greater electric potential gradient is necessary tdticle is roughly balanced by that arising from the positive
compete with that effect. As mentioned in the discussion of charge on its rigid core. Note that it is not always true that a
Fig. 3, the value ofca at which the reversal relation be- negativeQsiy is advantageous to the sedimentation of a par-
tweenU/Up and ¢, occurs is larger than that for the case ticle, and the sedimentation velocity is not always increases
when the membrane layer is free of fixed charge. According with the amount of negative fixed charge. For instance, as
to Fig. 3b, the former occurs ata = 10, that is whyU /Uy illustrated inFig. 11, if xa = 1.0, U/Up reaches a maxi-
has a local maximum when this valuexaf. The membrane mal value whenQsix = —10; a more negativ®sx leads to
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Fig. 10. Variation of scaled sedimentation potenfidl/ U* (a) and scaled sedimentation velodify Ug (b) as a function oka at variousQsix for ¢, = 1.0.

0.1658 which leads to a greater hydrodynamic resistance for liquid

flow. The dependence &*/U* on H, however, depends on
bothka and¢, as illustrated irFig. 13 Fig. 13 indicates
that for the case when the surface potential is low, regardless
of the value ofca, the higher the concentration of particles
the higher the sedimentation potential. If the surface poten-
tial is sufficiently high, therE*/U* increases withtH when
ka is very small or vary large, and the reverse is truedf
takes a medium value, as shownFig. 13. These behav-
iors can be explained as follows. Whepis low, the effect
of double-layer polarization is insignificant. In this case if
H is high, the concentration of ionic species near a parti-
cle is relatively higher than that for the case when it is low
016540 bl i 1 and, therefore, the correspondiigf/ U* is higher. On the
80 -60 -40 -20 0 20 40 60 80 other hand, i, is high, the effect of double-layer polariza-
fix tion needs to be considered. However, if double-layer is very
Fig. 11. Variation of scaled sedimentation velodity Ug as a function of ,thICk’_Smce the overlapping between nelg_hbo,r dqublg layers
Oy at differentca for ¢, = 1.0. is serious, the effect of double-layer polarization is shielded.
For a medium thick double layer, again, due to the possible
. interaction between neighboring double layers, the higher
a smallerlU/Uo. This is because of the fact that when the o ¢oncentration of particles the less significant the effect of
negative fixed charge in the membrane layer of a particle ex- 4o hje |ayer, and therefore the lower the sedimentation po-
ceeds a certain amount, the positive charge on the surface ofgntia| |f the double layer is very thin, similarly to the case
its rigid core becomes relatlvely ummportant._ In this case, wheng, is low, the higher the concentration of particles, the
the effect of double-layer polarization is dominated by the pigher the concentration of ionic species near a particle, and
fixed charge and, because the direction of the correspond-herefore, the higher the corresponding sedimentation poten-
ing induced electric field is in the-direction, the more the 5| |y general, the influence of the concentration of particles
amount of fixed charge the greater the corresponding electricyp, the sedimentation potential is similar to that for the case

0.1657
=4

= 0.1656

-

0.1655

LA I ([N 1 B N B B Y N L B B B |

force is and the slower is the sedimentation velocity. of rigid particles[11,23]
In summary, the sedimentation of a concentrated disper-
3.4. Influence otf sion of composite spherical particles, which simulate biocol-

loids such as microorganisms and cells, and particles cov-

The influence of the concentration of particles, measured ered by a membrane layer, is modeled theoretically. The
by H, on the sedimentation velocity and sedimentation po- influences of the thickness of double layer, the surface po-
tential are illustrated irfFigs. 12 and 13respectively. The  tential on the rigid core of a particle, and the amount of fixed

former reveals thal/ / Up decreases witli/ . This is expected  charge in its membrane layer on the sedimentation potential
because the higher the concentration of particles the moreand sedimentation velocity are examined through numerical
significant the overlapping of the neighboring double layers, simulation. For the case when the rigid core of a particle is
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Fig. 12. Variation of scaled sedimentation veloclly Ug as a function ofca at variousH when¢, = 1.0 (a) andg, = 3.0 (b) for Qfix = 0, Aa = 10,
d/a=0.5, and P¢ =Pe =0.01.
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Fig. 13. Variation of scaled sedimentation potenfidl/ U* as a function ofca at variousH wheng¢, = 1.0 (a) andg, = 3.0 (b) for Qix = 0, ra = 10,
d/a=0.5, and P¢ =Pe =0.01.

positively charged, the results of numerical simulation can locity does not show if the membrane layer carries negative
be summarized as follows: fixed charge, and the higher the surface potential on the rigid
(1) If the surface potential on the rigid core of a parti- core of a particle the faster the sedimentation velocity is.
cle is sufficiently high and the membrane layer is either free  (3) |f the membrane layer of a particle is free of fixed
of fixed charge or carries negative charge, the sedimentationcharge, the sedimentation velocity is insensitive to the vari-
potential has a local maximum as the thickness of double 4ijo of the surface potential on the rigid core of a particle
layer varies. It can have both a local maximum and a lo- \ oy qouble layer is thick. The sedimentation velocity de-
gﬁ!irrggumum if the membrane layer carries positive fixed creases monotonically with the increase in the surface poten-
) tial when the thickness of double layer is on the order of the

(2) If the membrane layer is either free of fixed charge dius of the riaid ¢ il dih . i
or carries positive fixed charge, the sedimentation velocity ra |usq t eng 'core of a particle, and the reversg Istruel
it is sufficiently thin. If the membrane layer of a particle car-

shows a local minimum as the thickness of double layer ™ T ! ~
varies, which arises mainly from the effect of double-layer €S positive fixed charge and the double layer is sufficiently
polarization. For a thick double layer, the sedimentation ve- thin, the sedimentation velocity has a local maximum as the
locity decreases with the increase in the surface potentialsurface potential varies. If the membrane layer of a particle
on the rigid core of a particle, but the reverse is true if it carries negative fixed charge, regardless of the thickness of
becomes thin. The local minimum in the sedimentation ve- double layer, the sedimentation velocity increases monoton-
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ically with the_ increase in the surface potential on the rigid Dy — _@ [(HIGl + HEGZ) df/ﬁ}
core of a particle. dr*

(4) If double layer is thick, the sedimentation potentialin- b <r <c. (A7)
creases with the amount of positive fixed charge, and it shifts
to a more negative value when the fixed charge is negative.
On the other hand, if double layer is thin, the sedimentation
potential becomes insensitive to the variation of the amount
of fixed charge. For a medium thick double layer if the sur-
face potential is low, the sedimentation potential has a local
minimum. This local minimum is influenced both by the
surface potential and by the charged conditions of the mem-
brane layer; depending upon the amount of fixed charge and
its sign, the local minimum may either pronounced or dis-
appear. It is not always true that negative fixed charge is d? 2 d 2
advantageous to the sedimentation of a particle, and the sedl” = dr2 + P B
imentation velocity is not always increases with the amount and
of negative fixed charge.

(5) The sedimentation potential increases with the con- D% — D2p2 — < d? 2 )2

. ) ) . = =-—-—]. (A.9)

centration of particles. The relation between the sedimen- dr2  p*2
tation velocity and the concentration of particles, however,
depends on the thickness of double layer. If the double layer

In these expressionsix = pﬁxaz/s;a is the scaled total
amount of fixed chargep, = z1e¢,/kT is the scaled sur-
face potential of particles % = [¢kT/ Y njo(ez;)?1¥? is

the Debye length, Be= Uga/D;, j = 1,2, is the electric
Peclet number of ionic specigsa is the minus value of the
ratio of the valence of anion to the valence of cations, and
(ra)? = (ya?/n) is the dimensionless group for the friction
coefficient of the membrane layer. The linear operafc?s
and D* are defined respectively by

(A.8)

The associated boundary conditions are

is thick, the higher the concentration of particles the faster 492 —0 =1 (A.10)
the sedimentation velocity, but the reverse is true if it is thin. dr* ’ ’
b
Polps—p-ja = P2lpreptjar 1= - (A.11)
Acknowledgment do; _ 4o o b (A12)
. . . ) ) dr* r*=b~Ja di"* r*:b+/a7 a’ ’
This work is supported by the National Science Council Ao, c
of the Republic of China. —=—E!, r'=-, (A.13)
dr* a
dG;
d *J = 0’ r* = 1, ] = 1, 2, (A14)
Appendix A r
b
- , Gilrzbta=Gjlprmprse, " =—, j=12, (A15)
The scaled equations and the associated boundary condi- a
tions for the electric, the flow, and the concentration fields di _dG; « b 1,2, (A.16)
are summarized as follovw$8]: dr* _ dr¥ sy IR
. r*=b"Ja r=b%*/a
C
V291 = D [exp(—g,7) — explas )] Gr=-Pz and Gz=-2 =0 (A17)
A+ a)o, 1 du*
— QOfix, a<r<b, (A.1) vt = —Er*ZU* and = —r*U*, r*=1, (A.18)
2
V*2pr = —71(”) [exp(—¢,¢1) — explagr¢7)]. Vb ja =Wl ja - AN
A+ )¢ dw * dw* . b
b<r<ec, (A.2) P =g~ s = (A.19)
(Ka)2 T re=b=Ja I \re=b+/a a
L2; - [exp(—67) + o« explagr ;)] 2 2w P2y b
(1+05) W = W y r =-, (AZO)
(Ka)Z i . r r*=b~Ja r r*=b*/a a
= Lg o) OP-9r07)G1+ aexplad $7)Go].  (A3) Py ,dw* [Rw
depy doy dr3 —o dr* r¥*=b~/a CLdrs r*=b+/a,
L2G1— ¢ L =Pagfuf = (A.4) b
r 7 *
do; dp; g (A-21)
L2Go+ag? L =Peglul . (A.5) ® 2 ¢
W*ZO and <—2 — —2>11/*:0, r*: —. (A22)
(ka)? dr*2  p* a

d *
D*W — (rha)°D?Y = — [(n’{Gl +n3Ga) ¢1}, _ _ _
1+« dr* In these expressiong; (r*) = ¢1(r)/¢, is the scaled equi-
a<r<b, (A.6) librium potential, ®2(r*) = ¢2(r, 0) /¢, cOH is the scaled
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perturbed potential arising from the perturbation of the ap- [8] S. Levine, G.H. Neale, N. Epstein, J. Colloid Interface Sci. 57 (1976)

plied electric field,G ; (r*) = g;(r, 0) /¢, cOSH is the scaled
perturbed potential for ionic specigsarising from the per-
turbation of the flow field, and* (r*) = ¥ (r, 6) / Upa? sir?
is the scaled stream function.
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