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The electrophoretic behavior of a spherical dispersion of polyelectrolytes of arbitrary concentration is analyzed
theoretically under a salt-free condition, that is, the liquid phase contains only counterions which come from
the dissociation of the functional groups of polyelectrolytes. We show that, in general, the surface potential
of a polyelectrolyte increases nonlinearly with its surface charge. A linear relation exists between them, however,
when the latter is sufficiently small; and the more dilute the concentration of polyelectrolytes, the broader the
range in which they are linearly correlated. If the amount of surface charge is sufficiently large, counterion

condensation occurs, and the rate of increase of surface potential as the amount of surface charge increases

declined. Also, it leads to an inverse in the perturbed potential near the surface of a polyelectrolyte, and its
mobility decreases accordingly. For a fixed amount of surface charge, the lower the concentration of
polyelectrolytes and/or the lower the valence of counterions, the higher the surface potential. The qualitative
behavior of the mobility of a polyelectrolyte as the amount of its surface charge varies is similar to that of
its surface charge.

1. Introduction usually comprises a dispersion medium which is electrolyte-
free or the degree of dissociation of the electrolyte it contains
is negligible in comparison to those dissociated from the
dispersed phase. An aqueous polyelectrolyte dispersion can be
treated as a salt-free dispersion when the concentrations of
hydrogen ions and hydroxide ions are much lower than the

Electrophoresis, the migration of charged entities of colloidal
size as a response to an applied electric field, has various
applications in practice, including estimation of the charged
conditions of an entity, as a separation tool, and as a displayer
such as e-paper, to name a few. Under the conditions of . . - .
infinitely thin double layer and low surface potential, Smolu- concentration of the counterions dissociated from polyelectro-

chowskt was able to show that the electrophoretic velocity of lyte. o ) )
an isolated particle in an infinite electrolyte medium per unit _ The electrokinetic phenomenon of a salt-free dispersion was

of applied electric field is proportional to its surface potential. investigated first by Imai and Oosafvand Oosawaunder the

A similar analytical expression was derived by Hu@Ker the conditions of low particle concentration. The relation between
case of an infinitely thick double layer. Many attempts were the surface charge density and the surface potential of a spherical
made in subsequent Stud|es to extend these ana'yses to Condﬁispersion was discussed, and |t was COnCIUded that there eXiStS
tions that are more plausible and/or realistic. Unfortunately, @ critical value for the surface charge density or the surface

because of its complicated nature, solving a general electro-Potential. The so-called counterion condensation occurs when
phoresis problem is still challenging nowadays even if a this critical value is reached. On the basis of the theory of Imai

numerical approach is adopted. and Oosawd, Ohshim& was able to derive an analytical
Salt-free dispersions comprise a special class of dispersedexpression relating the surface charge density and the surface
system where the ionic species in the dispersion medium comePotential for spherical particles. The electrophoretic mobility
solely from the dissociation of the functional groups of the of a spherical dispersion was also derived under the conditions
dispersed phase. A typical example in practice includes an Of weak applied electric fieldand the approximate analytical
aqueous dispersion of polyelectrolyte, a macromolecule contain-result obtained was justified by solving two transformed
ing dissociable functional groups. The dissociation of these €lectrokinetic equations by an iteration metffddwas found
functional groups yields a poly-ion backbone and counterions that, if the amount of fixed charge carried by a particle is small,
in the liquid phase. The specific electrical interaction between its mobility increases linearly with the amount of fixed charge.
poly-ion backbone and counterions leads to behaviors that areOn the other hand, if the amount of fixed charge is large, because
unique to such a dispersed system. A polyelectrolyte such asof counterion condensation, the mobility becomes independent
polyacid, polybase, or polyampholyte can come from natural of the amount of fixed charge. The analysis of OhsKirhaas
sources such as proteins and nucleic acids. DNA, the carrier oflimited to a medium concentration of particles, and the rationale
the genetic code, is also a polyelectrolye. Artificial polyelec- behind the results observed was not discussed in detail. Adopting
trolytes are also ubiquitous in real life. The water-absorbing @ molecular simulation approach, Lobaskin et mvestigated
materials used in diapers and fixatures, for example, belong tothe electrophoresis of colloidal particles in a salt-free medium.
this category. Other areas in which synthetic polyelectrolytes If the amount of fixed charge carried by a particle is small,
can play a key role include reverse osmosis, ion exchange,they arrived at the same result as that of Ohshifhdowever,
frictional drag reduction, and oil recovety salt-free dispersion if it is large, they found that, because over half the amount of
counterions in the liquid phase move in the same direction as
*Tel: 886-2-23637448. Fax: 886-2-23623040. E-mail: jphsu@ntu.edu.tw. the particles, the mobility decreased with an increase in the
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amount of fixed charge. Colby et ®lapplied the scaling model U
of De Genne¥ to construct an alternating current conductivity ZE R E B AR AR
model and evaluated the degree of counterion condensation ‘ ‘

through experiment. On the basis of the counterion condensation

theory of Manning2 Bordi et al!? studied the conductivity of

a polyelectrolyte in a low-frequency electric field. The influences Al A

of the concentration of the polyelectrolyte, its molecular weight, il .4

and the temperature on the conductivity were investigated, and 1l

the results obtained were justified by experiment. Bordi ét al. = — )

showed that, if the concentration of polyelectrolytes is low, the AR ¢lilkins ) alimip

effective surface charge correlates positively with that concen- - - -

tration. On the other hand, if it is high, the concentration of

mobile counterions decreases with the concentration of poly- iy i il

electrolyte. aw L4 gy
In this work, the electrophoresis of a spherical dispersion of I litl I

polyelectrolytes in a salt-free solution is investigated. The E.U z

analysis of Ohshinfa® is extended to the case of arbitrary (b)

polyelectrolyte concentrations. The influences of the electric

Pelect number and the valence of counterions on the electro- =il

phoretic mobility of polyelectrolytes are examined. The ration- AN 5 # T

ales behind the occurrence of the specific behaviors of the S i p el

electrophoretic mobility before and after counterion condensa- i MEENE I

tion are explained in detail. The unit cell model of KuwabBara | R ¥

is adopted to simulate the spherical dispersion, and the governing \L / LA

equations and associated boundary conditions are solved by a i s e

pseudo-spectral methtfthased on Chebyshev polynomials. The M AN

influences of the key parameters of the system under consid- e i

eration on the electrophoresis behavior of polyelectrolytes are X

discussed. Figure 1. (a) Problem considered where an electric fi@ldn the
Z-direction is applied to a dispersion of spherical polyelectrolytes of

2. Theory radiusa, andU is the electrophoretic velocity. (b) Kuwabara’s unit

. . . . cell model where the dispersion in (a) is simulated by a representative

Referring to Figure 1a, we consider a dispersed system wherege|| comprising a polyelectrolyte and a concentric spherical liquid shell
the dispersed phase contains monodispersed spherical polyelewsf radiusb. The spherical coordinates, @, ¢) are adopted with its
trolytes of radiusa, and the dispersion medium is salt-free, origin located at the center of the polyelectrolyte.
containing only counterions dissociated from the functional
groups of polyelectrolytes. A uniform electric fieltlis applied o ) ) )
in the Z-direction, andU is the electrophoretic velocity of We assume that the liquid phase is an incompressible
polyelectrolytes. The dispersion system is simulated by Kuwa- Newtonian fluid having constant physical properties. For
bara’s unit cell model shown in Figure 1b where a representative electrophoresis, the flow field is in the creeping flow regime,
cell comprises a representative polyelectrolyte and a concentricthat is, the convective term in the equation of motion can be
spherical shell of radius. The spherical coordinate, @, ¢) is neglected, and it can be shown that in terms of the stream
adopted with its origin located at the center of the polyelectro- functiony this equation becomés
lyte. The volumetric fraction of polyelectrolytes can be estimated 96 9 96 9
by H3 = (a/b)*. uE" = (—¢—p - ﬁ—p) sin 0 (3)

2.1. Governing Equations. The spatial variation of the 30 or  ar a0
electrical potential can be described by the Poisson equation

ad’ where

4 g2 ith 2= |0 4 SO 91 1
) . . andu is the viscosity of dispersion medium. Note that, since
where V# is the Laplace operatoe, is the permittivity of the  the continuity equation is satisfied automaticallyspythe flow
dispersion medium, and = —zenis the space charge density, field is defined solely by eq 3. Also, in terms ¢f ther- and
with —z, n, ande being, respectively, the valence and the number 0-components of the velocity, » and vy, can be expressed,

density of counterions and the elementary charge. respectively, by
At the steady state, the conservation of the amount of
counterions leads 6 1 1 oy
U=~ 5 — o andy, = —— =
resin@ 200 rsiné or

Ze 2 1
V°n — ZX(Vn-V¢ + nV¢) — =(v-Vn) = 2
: kT( Vg +nvig) D(V n=0 2) Suppose that the applied electric field is weak relative to that

established by a polyelectrolyte. For an easier mathematical
whereV is the del operato is the diffusivity of counterions,  treatment’ 8¢ is partitioned into the equilibrium potentiak,
v is the velocity of the dispersion medium, akdndT are the or the potential in the absence Bf and a perturbed electrical
Boltzmann constant and the absolute temperature, respectivelypotentiald¢, which arises from the presence®fthat is,¢ =
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¢e + 0¢. It can be shown that the governing equations for the de,

equilibrium potentialpe and the perturbed electrical potential ar 0 r=b (15)

o¢ are, respectively’
whereo represents the surface charge density. Here, we assume

V2¢ _ Zen ex;{z—e ) 4) that the surface charge density remains constant and the unit

€ € kT¢e cell as a whole is electrically neutral, which implies that there

is net current across the cell boundary. The total amount of
surface charge on a polyelectrolyte can be expressed as

V2o = @[exr{i—%ﬁ) — ex;{i—%ﬁe)] (5) Q. = 4na’o = % a(b® — a’)zen, (16)

whereny is the bulk concentration of counterions. A perturbed The following boundary conditions are assumed for the per-
functiong is introduced below to take account of the deforma- tyrhed electric potentiade:

tion of the ionic cloud surrounding a polyelectrolyte arising from
its movement 30¢ _ 0 r=a

and

ar (17)
B z€p. + 04 + Q)
n=noexp—— 5 (6) d¢=—Ebcosd r=b (18)
Applying this expression yields whereE; is theZ-component oE. The first expression is based

on the fact that polyelectrolytes are nonconductive, and the

zen ze ze second expression was proposed by Shilov é? ahd arises
25, _ Z€ — £5
Viop = € exr{k_l_(d)e-i- 09 + g)] eXF(kT‘pe)} ) from the nature of Kuwabara'’s unit cell model, that is, since

d, 5 cell boundary corresponds to system boundary, the electric field
ﬂE41/J = ex? exp{z—_?qﬁe)—e—g sin® (8) over there is that contributed by the applied electric field only.
K dr 96 Since the ionic concentration should reach its bulk value on

In terms of scaled symbols, egs 4, 7, and 8 can be rewritten ast® Cell surfacer(= b), and the surface of polyelectrolyte is
ion-impenetrable, we have

o _ (@)’ «
Vs = — exp@p,) ) g_g -0 r=a (19)
r
2
a

vios =V fexpitss + 09" + @] — expi} (10) g=-0¢ r=b (20)

A e For convenience, we let the representative polyelectrolyte be
E*41/J* = (ka)? exp(zqﬁé)—: aism 0 (11) fixed in the flow field, and the fluid on the cell surface moves
dr* 96 in the Z-direction with a relative velocity of-U. Also, the

vorticity on the cell surface vanishes. In terms of the stream

2 — Q2y2 * — = =
where V" V5 g = ¢d(KTle), 0¢* = 0l(kTle), o~ functiony, these lead to the following boundary conditions for

g/(kTle), E*2 = a?E2, E** = E*2E*2, andk = [(z28)2ng/ekT]Y2,

which is the Debye Huckel parameteny* = y/a?Ug, andUg the flow field:
= ¢(kT/e)%ua, which is a reference velocity equivalent to the p=0 r=a (21)
electrophoretic velocity of an isolated particle predicted by the
Smoluchowski’s theory when an electric fielghfa) is applied I _ 0 r=a (22)
where(, is the ¢ potential of that particle. or

The governing equation for the perturbed functgpoan be

i i 1

derived from eqgs 2 and 6, and it can be shown’that w= 1 2Usi20 r=b 23)

2
Vg + E—_Er’ Vg (Vo + Voo + Vo) —

2 .
a_l/i_i_s'n@i(_l_@ﬁ):o r=b 24
%v-(V¢e+ Vog + Vg) =0 (12) a2 2 00\sin6 90 24)
In scaled form, we have Also, the symmetric nature of the present problem requires that
* * e 90p d
V*2gr + ZVEgE VR + 0 + gF) = Per* V(¢ + Te_000_0_ W _g g= -
g g*- V(¢ + 0¢* + g¥) (¢e 00 —ap -V Tag=0 0=00r0=x (25)

o¢* +g) (13)

where Pe= e(@kT)uD is the electric Pelect number of Equations 1425 can be expressed in terms of scaled symbols

counterions, and/* = v/Ug is the scaled velocity of the as follows:
dispersion medium. des? 243
2.2. Boundary Conditions.The following boundary condi- e _ (xa) l) _ 1] rr =1 (26)
tions are assumed for the equilibrium potental dr* 3z |\H
d¢e _ (0} d¢: _

_0 r*:

b_1
o e T8 (1) ar- a H @7
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. (k@)1ye
%="2m 1 (28)
agrﬁ =0 =1 (29)
b b 1
* — _[F* 2 * =2 ==
0 EZacose r 2 H (30)
g?*:o =1 (31)
b 1
* — _ Spk ok — 2 — &
g op* r a2 H (32)
*=0 =1 (33)
*
88%: =1 (34)
w*zlr*zu*sinze r=b_1 (35)
2 a H
Py* sinf a1 wy*\_ . ,_b_1
PRI 80(3in0 ae)_o “=a"n O
0 _ 009 _ 39" _ . _W* _ o o_ _
90 0 a0 VT g 0 0=00r0=x

(37)

In these expression€); =
andU* = U/UE.

By applying the method of separation of variables, each of
the scaled functiond¢*, g*, andy* is expressed as a product
of a radial function and an angular function, and the solutions
to egs 9, 10, 11, and 13 subject to eqs-26 take the forms

QJe/kT)/4rea, EX = EelkT)/a,

0¢p* = 0D*(r*) cos O (38)
g* = G*(r*) cos 6 (39)
Y* = WX(r*) sin® 0 (40)

whered®*(r*), G*(r*), and W*(r*) are, respectively, the radial
parts ofd¢*, g*, and y*. On the basis of these expressions,
egs 9, 10, 11, 13, and 287 lead to

L% = ("—:)2 exp@y) (41)

L*20®* — (ka)” explgt)o®* = (ka)’ expepl)G*  (42)
dgfj* =0 =1 43)

5<1>*=—E;‘2 r*=g—% (44)
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*
0 =1 (46)
b_ 1
— _ * * = 2= =
0P* rr=—=2 (47)
D*W* = —(ka)® exp(zqse)F G* (48)
Pr=0 r*=1 (49)
‘gf* 0 =1 (50)
* 1— *2 %k — k_) — i
y 5f u* r a2 H (51)
o 2w b_1
a2 2 =T hH (52)

The scaled one-dimensional operators used in these expressions
are defined by

e & 2d @ 2d_ 2
Togr? e dr® dr2  redr* 2
2
D*?= dd 5~ % andD** = D**D*?
=< r*

The electrophoretic mobility of a polyelectrolyte can be
evaluated on the basis of the fact that the sum of the forces
acting on it vanishes at steady state. For the present problem,
only the Z-component of those forces, which include the
electrical force gz, and the hydrodynamic forc&y,, need to
be considered. We have

Fg,+Fy,=0 (53)
or in terms of scaled symbols as
Fi,+ Fi =0 (54)

whereFg, = Fele(kTle)?, Fy,, = Fude(kTle)?. The Z-compo-
nent of the electrical force acting on a polyelectrolyte can be
evaluated by

e2= (Fgr0)s= j; [0(E)s * 0,]s dA (55)

where the subscript S denotes the surface of a polyelectrolyte,
Fe is the electrical force); is the unit vector in th&-direction,
and €E)s is the applied electric field o8. It can be shown that

d
- —Zne(k-l)zdie - (3(;45 ) sifodo=
§ne(k—T)2 e soe|  (56)
e/ dr* rr=1

The Z-component of the hydrodynamic force acting on a
polyelectrolyte includes the drag on a charge-free polyelectro-
lyte, and that arises from the presence of charge on its surface.
The former can be evaluated by the method of Happel and
Brenner2® It can be shown that
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_ KT po] a0 [EFZ0" 18F
FHZ—ne(e) A ’r sin 6= ||, do + ok
o 1 3 -6
2(kca)? _ ufp o H=I0 10" i
ne(l%r) (KZ) ﬁ)”{ r*2 sirf 6 expOupy) x b 10°
250 E 0.008
[1+ (0P + g¥)] —— do « nl0F
90 |l MoE 0.125
_4 kT)? *2d(D*21p*) _ *2(Ka)2 6F
—§ﬂ€ ; r ar* r Z X g
) aF 0.750
* * _8 (k_T) * D* Aqx 2E
explzpy)oP ey T3S (r )r*=1 | |
= Foey + Fus, (57) % 20 40 60 80 100 120

whereFyr, and Fys; are, respectively, the viscous form drag
and the viscous skin drag acting on a polyelectrolyte. In these
expressions

Figure 2. Variation of scaled; potential, iz, as a function ofQ; at
various values ofd for the case wher = 1.

11
E =1
_— 44&)[@ _ =
HFz 3 e dr* 95
2 -
42 (k) . ] s
et expp,)oP e (58) i:
8 (kT2 ) .
Frs:= — é”e(ér) (r*D*“y*) - (59) il SE
4F
Equations 58 and 59 can be rewritten in scaled form as 3k
25
g _dde g
¥ == * F
Fe, 37 g+ 0P e (60) 1
O'H|||H||||\\||||Hll\\\|||H|\||\|\||||||||||||||
40w 0 10 20 30 40 50 60 70 80 90 100
* _4 2
FHZ = é n[r* T - QS
2 110
a
r*zgexp(zdfg)éd)* —2r* D*ZIIJ*] | (61) 100
r*=
. . 90
=Fur t Fus, 80
where 7 ®)
, , < 60
« _4 | ,dDY) 5 («a) ) S ok *2°50
Fie, = 3n[r e r . explpy)oP e 0
(62) 30
and 20
10
Fiss= — S(r*D*2y%) (63) 0 ' ' '
HSz 3 w r=1 3* 4 5

are, respectively, the scaled viscous form drag and the scaleq:igure 3. (a) Variation of scaled potential, &%, as a function o

viscous skin drag a(_:ting on a polyelectrolyte. at various values of for the case wherH® = 0.008. (b) Spatial
The set of governing equations, eqs 41, 42, 45, and_ 48, andgjstribution of counterions at various valueszdbr the case whe@;
the associated boundary conditions are solved numerically by = 3 andH3 = 0.008.

a pseudo-spectral meth§dased on Chebyshev polynomials.
Previous experienééindicates that this approach is efficient
and accurate for a problem of the present type.

small, £ increases withQ; linearly. For example, foH3 =
1078, &7 = Q; for QF in the range [1, 10]. Note that the more
dilute the concentration of polyelectrolytes the broader the range
3. Results and Discussion in which g7 is linearly dependent o®;. These behaviors were
) L . also observed by Ohshinf&xcept that his results were limited

Figure 2 shows the variation of the scaled surface potential, 1, |ow polyelectrolyte concentrations; counterion condensation
& (= ¢e(1) — ¢e(1H)), as a function of the scaled total charge \as proposed to explain those behaviors without detailed
on a polyelectrolyteQ;, at various volumetric fractions of  discussions. The results shown in Figure 2 can be explained by
polyelectrolytes,H3. This figure reveals that, in general; the counterions in the liquid phase coming solely from the
increases withQ; nonlinearly. However, ifQg is sufficiently dissociation of the functional groups on the polyelectrolyte
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Figure 4. (a) Variation of scaled electrophoretic mobility, as a Axis of Revolution

function of Q¢ at various values off for the case whez = 1 and Pe . .
=0.256. (b) i/ariations of the scaled electric force, viscous form drag, Figure 5. Contours of scaled perturbed potenfia at different values

and skin drag acting on a polyelectrolyte as a functioQpffor the of Q; for the case whei® = 0'008'*2 =1 and*Pez 0.256. The
case of (a) except that® = 0.125. region wheredg* > 0 is shaded. (af); = 5; (b) Q¢ = 40.

surface, and the amount is the same as that of the fixed charge 5
on the polyelectrolyte surface. I®; is small, because the I
interaction between a polyelectrolyte and the counterions in the
liquid phase is unimportant, its surface potential is determined
mainly by the amount of surface charge. In the case when the

concentration of polyelectrolytes is low, the surface potential 3k
can be estimated by that established by a polyelectrolyte carrying . g [
a total amount of surface char@®, s = Qd4mea, or in terms =
of scaled symbols;; = Qf, which is the dashed line in Figure r
2. AsQ} increases, the electrical interaction tends to attract the [
counterions in the liquid phase to the surface of a polyelectrolyte, 1L

and the larger th€), the more significant is that phenomenon,
the so-called counterion condensation. In this case, the rate of

increase of;; asQ; increases declined and deviates from the 0650504650 605680 %0
linear relationg; = Q. According to Figure 2, for a fixed Q;

value ofQ§, the smaller the value df3, the larger the value of ) - . S

* . Iy . . Figure 6. Variation of scaled electrophoretic mobility;, as a
Cs. This is because, il is small, there is enough space in the . " . .
I'S id oh for th . f : d function of Qg at various valences of counterionsz for the case
liquid phase for the concentration of counterions to decay t0 \yhen 43 = 16-2 and Pe= 0.256.
its bulk value. The absolute value of the gradient of the electrical ] o o
potential near the polyelectrolyte surface is small, and £§.is phenomenon of counterion condensation is more significant for
On the other hand, i3 is large, the decay of the concentration counterions of a higher valence than that of a lower valence.
of counterions is limited, and so is the absolute value of the The variations of the scaled electrophoretic mobjifyas a
gradient of the electrical potential near the polyelectrolyte function of Q at various values ofi are shown in Figure 4a,

surface and:. and typical variations in the scaled electric foreg, scaled
Figure 3a indicates that, for a fixed value @}, the higher  Vviscous form drage,, and scaled skin drafg;s, as a function
the valence of counteriors the smaller the value df’. This of Qg are presented in Figure 4b. The qualitative behavior of

is expected because counterions of a higher valence are easigr,, observed in Figure 4a is similar to that f shown in
to attract to the surface of a polyelectrolyte than counterions of Figure 2. The dashed line in Figure 4a.§ = 2Q/3, the
a lower valence, as is illustrated in Figure 3b. That is, the Henry’s formula, which is expected, since as discussed previ-
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4

Pe0.01 (=20), a large amount of counterior)s are attracteql to the region

0.1 near a polyelectrolyte, and counterion condensation occurs. As
will be discussed later, this leads to an inversion in the perturbed
electrical potential near the surface of a polyelectrolyte, the
electrical force acting on it decreases accordingly, as can be
seen in Figure 4b, and therefopeg, should decrease with the
increase irQ;. However, because the reverseipr also leads
to a decrease in form drag;, remains roughly constant when
Q; exceedsQ; ; For the case wheh?® = 0.750, because the
separation distance between polyelectrolytes is small, the
hydrodynamic friction acting on a polyelectrolyte is large, and
ur is small. Also, since counterion condensation is inap-
T T TP O TV T T preciable,uy, varies roughly linearly withQf. The relation
0 10 20 30 40 50 60 70 80 90 betweenuy, and Q} was also discussed by Ohshifidor a

QS medium level of polyelectrolyte concentration, and the results

Figure 7. Variation of scaled electrophoretic mobility;, as a obtamed were e_Xpla'n_ed by Cou_ntenon Co_nd_ensa_‘tlon only
function of Q at various values of Pe for the case wit¢h= 0.008 without detailed discussions, especially the variations in relevant
andz= 1. forces.

Figure 5 shows the contours of the scaled perturbed potential
ously, if Q% is small, the electrical interaction between the d¢* for two levels of Q%. The region wherég* > 0 is shaded
polyelectrolyte surface and the counterions is unimportant and jn these figures. According to eq 48®*(r*), and therefore,
the presence of counterions can be neglected; therefore, theyg* is influenced by both the applied electric field and the
mobility of a polyelectrolyte can be determined solely by its presence of counterions measured3y Figure 5a reveals that,
surface charge, especially when the concentration of polyelec-it o js small, counterion condensation does not occur. In this
trolytes is low. As Qs increases, the electrical interaction case, the concentration of counterions in the dispersion medium
becomes important, counterions tend to approach the polyelecs |ow, their presence has a negligible influence on the perturbed
trolyte surface, and as a result, the electrical force acting on @potential, and therefore, it is mainly determined by the applied
polyelectrolyte does not increase proportionally to the increase glectric field. Note thab¢* is negative in the upper region of
in Qg. However, as shown in Figure 4b, because the skin drag a polyelectrolyte and is positive in the lower region of the
on a polyelectrolyte also increases Wi, the rate of increase  polyelectrolyte, so thaVd¢* has the same direction as that of

of uy, with the increase o} declines. For a given value #f, the applied electric field. Figure 5b shows thatQ{f is large,
when Q; reaches the corresponding saturation val@g counterion condensation occurs, leading to a high concentration
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Figure 8. Contours of scaled perturbed potentig at various values of Pe for the case whe¢h= 0.008,z = 1, andQ; = 40. The region where
0¢* > 0 is shaded. (a) Pe 0.1; (b) Pe= 0.5; (c) Pe= 1.
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Figure 9. Variation of scaled electrophoretic mobility;, as a
function of scaled; potential, g, at various values off for the case
whenz = 1 and Pe= 0.256.

of counterions near the surface of a polyelectrolyte. As the
polyelectrolyte moves in th&-direction, counterions tend to

migrate toward its rear part, that is, the bottom part of the
polyelectrolyte in Figure 5b. This leads to an induced electric
field which is in the reverse direction to that of the applied
electric field, and the former is strong than the latter. The
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of QZ, the higher the valence of counterions, the more easily
they are attracted to the surface of a polyelectrolyte; the

screening effect leads to a smaller electric force acting on the
polyelectrolyte, and therefore, its mobility becomes smaller.

Also, since the higher the valence of counterions, the more easily
they are attracted to the surface of a polyelectrolyte, it is easier
for counterion condensation to occur, which also yields a smaller
mobility.

The influence of the electric Peclet number Pe on the variation
of the scaled mobilityu,, as a function of the scaled total
amount of fixed chargeQ is illustrated in Figure 7. This
figure suggests that, i®; is sufficiently large, the larger the
Pe, the smaller the}, is. Again, this arises from the effect of
counterion condensation and the establishment of an induced
electric field near polyelectrolyte surface as illustrated in Figure
8 where the contours of the scaled perturbed potedalat
various levels of Pe for the case when counterion condensation
occurs Qi = 40). The region wheré¢* > 0 is shaded. Pe can
be interpreted as the ratio (rate of ion transfer through convec-
tion/sum of the rates of ion transfer through diffusion and
through migration). If counterion condensation occurs and Pe
is large, the convection term dominates, and its influence on
ionic distribution is significant. In this case, the reverse of the
perturbed electric field becomes serious, the electric force acting
on a polyelectrolyte declines, and accordingly, its mobility

occurrence of counterion condensation also yields a low becomes small. On the other hand, if Pe is small, the diffusion
concentration of counterions in the dispersion medium, and theand migration terms dominate, the reverse of the perturbed
perturbed potential in that phase becomes determined mainlyelectric field is less serious, and the mobility becomes larger.

by the applied electric field.
Figure 6 shows the variation of the scaled mobilify as a
function of the scaled total amount of fixed char@ at

The influence of the concentration of polyelectrolytes on the
variation of u,, as a function of¢} is presented in Figure 9.
This figure can also be viewed as a combination of Figures 2

various valences of counterions. This figure indicated that the and 4a. In practice, if the valence of counterions, the Peclet
higher the valence of counterions the smaller the scaled mobility number, and the concentration of particles are known, then

is. As pointed out previously, this is because, for a fixed value
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Figure 9 can be used to determiglewheny;, is measured.
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Figure 10. Variations of flow field at various values @ for the case whez = 1 andH® = 0.008. (a)Q; = 1; (b) Q; = 30; (c) Q; = 100.
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Figure 10 shows the variations of the flow field at various the amount of surface charge is low, the Huckel's formula is
values ofQ; for the case wheii = 0.008. In Figure 10aQ; applicable when the concentration of polyelectrolytes is low.
is small &1). Figure 10b represents the case when counterion Also, the higher the valence of counterions, the smaller the
condensation just occur®{ = 30), and Figure 10c represents scaled mobility is. If the amount of surface charge of a
the case whe; is large €100). Here, the direction of liquid pon_eIectrontg is sufficiently large, its moblllty_decreases with
flow is expressed by the arrows, and the magnitude of liquid the increase in the Peclet number of counterions.
velocity is measured by the length of the line segment. The . . .
flow of liquid in Figure 10 is toward th&-direction, because Acknowledgment. This work is supported by the National
we assume that a polyelectrolyte is fixed in the flow field. Figure Science Council of the Republic of China.

10 reveals that, while the liquid velocity increases with an
increase inQ;, it becomes inappreciable to the variationQjf
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