Lecture Note #7

Charged Interfaces & electro-
Kinetic phenomena

Reading: Shaw, ch. 7



Origin of the charge at colloidal surfaces

1. lonization

 Proteins acquire their charge by ionization of -COOH and NH,, group.

* The degree of ionization, hence the charge, is pH-dependent.

* |Isoelectric point (pH) : the pH at which the net charge is zero . pa

* Experimentally measured electrophoretic mobility can provide fo
information on the sign and magnitude of the surface charge 50| b
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‘NH.  + H*— -NH. * Myosin 5-4 c) Arabic acid (carboxylated polymer),
2 8 Bushy stunt virus 4'1 d) Serum albumin adsorbed on to
o ' oil droplets
2. lon adsorption
» Unequal adsorption of (+) and (-) ions at colloid surfaces form the bulk solution. H
* lons may be electrolytes, the ubiquitous H* and OH" present in the solution. I
*(+) ions are usually small and so more hydrated than (-) ions. Q

* (-) ions are less hydrated and easily polarized. O:SIZO
* Larger hydrated (+) ions have a smaller adsorption tendency: weaker electrostatic
interaction with the surface.

« Surfaces in contact with aqueous media are more often (-)ly charged than (+)ly charged.

Sulfonic acid



» Hydrocarbon oil droplets and even air bubbles in aqueous media are (-)ly charged, which can be
explained in terms of Gibbs adsorption at the interface:
* The smaller (+) ions usually have a more negative adsorption at the interface than (-) ions.

* (-) ions dislike to be at the interface than (+) ions do.
*v1 by addition of NaCl in water has the same origin.

ex: M (oil droplet) = - 6 x10®m?/V.s vs. p (Clion) = - 7.8 X108 m?/V.s

Electrophoresis: F = F,.. — Fsic = 0 at equilibrium — qE = fvy = 61Tnav,
mobility p = v, /E = g/61Tna
* Similar p values mean that the oil droplet has a very large surface charge.

3. lon dissolution

* lonic substances can acquire a surface charge by unequal dissolution of (+) and (-) ions.
Ex: Agl(s) <> Ag*(aq) + I'(aq) : Ks, = [Ag*][ I'] ~ 10-1® at RT.
* Zero point of charge is achieved at pAg = 5.5 — [Ag*] = 3.16 x10° M

* The smaller Ag* ion is less strongly bound than I ion in Agl(s) and so it is mobile. Ag |
* The smaller ion has a stronger tendency of solvation (hydration) than a larger ion. - Ag*
Ag*(s) — Ag*(aq); AG,, and I(s) — I'(aq); AG, > AG,4 (more negative). A
g+
Ag* I
 Additionally added Ag* or I- ions can modify the surface charge by via adsorption. Ag*

* Thus, Ag* or |- is called the potential-determining ion.

« H+ and OH- ions are the potential-determining ions for hydrous metal oxide sols.
*-M-OH + H* — -M-OH,*
*-M-OH + OH — -M-O- + H,0



Diffuse (electrical) double layer

* Electrolytes present in the solution. ©po © @
* Electrical neutrality.

« Coions and counter ions
» Coions are repelled and counter-ions are attracted by the ia® O @

surface charges. S'a © o @
» How are these ions distributed near the charged surface ?

Helmholtz model |

« Simplest model but it does not accurately represent the Q

actual double layer.
* Inner Helmholtz plane: charged surface
« Outer Helmholtz plane: fixed distance from the surface
equal to the radius of a solvated counter-ion. :
* Inner region: only solvent molecules present. Electiic N\
» Outside OHP: random distribution of both ions. P by
* Electrical potential variation as show in the right figure. . Q

| Outer Helmholtz
plane



Gouy-Chapman model

Assumptions
1. Uniformly charged flat surface of infinite extent. = :
: . . < Counter-ions
2. lons in the diffuse layer are point charges. 2
3. Symmetrical ions of z*z" type. €
Sioks, o
Boltzmann distribution law. T Codions
0 1/x
—.ZEQ')‘ +zey Distance (x)
n, =n,exp n_=n,ex
fota £ [k'r] “p[kr]
p=ze(n,—n_) =zeno(exp[—zedl:]—exp[-'-zew]) ==2zen, sinhff-lp-
kT kT . kT
di ¢i; op: d*y  2zen; . p 2e¥
d® € 2 e ™77  Poisson-Boltzmann equation

Boundary conditions: y(0) = y, at the flat surface and dy/dx =0 at x =

g 2kT i 1+ yexp[—«x] _exp|zey / 2kT] -1
1 - yexp[—«x] explzeyo / 2kT]+1

ze

2., 2NN 2 2 \% 2 2\%
K=(2e fio# J =(__—28 e ) =[2F = ] 1/ k = Debye screening = avg. EDL
kT ekT €RT (shielding) length  thickness



Debye-Huckel approximation

If zeyo/2kT < 1 (kTle = 25.6 mV at 25°C)

—zey

n+=nnexp[ T _:no(l- zey/KT)

+ze-,b_
n_=n, exp,: XT :n0(1+Ze\|]/kT)
p=ze(n,—n_)==2 et
* “h i
2
(:ix_;p = _fe’- = (2nyz2e?/ekT)y = x?y
d’ ¢ 5

*y = y,exp(k X) was discarded because of
dy/dx =0 at x = e,

o0
Ug=—J pdx—>0'0=EKl}I9
0 :
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Surface charge vs. surface potential For a symmetrical
electrolyte at 25 °C

Oo = €k

% g
k=0.320x10""| ——— |'m™"
moldm

* Meaning of 1/ « : thick of diffuse double layer.
* y, determined by o, and « or k~1nmforc=0.1Mand

0, determined by vy, and « k ~ 10 nm for c = 10-3 M

of 1:1 electrolyte
Two cases

1) v, fixed and o, adjusted:

« When the surface charge is due to adsorption of potential-determining ion. ex: Agl sol.
— \, IS determined by the concentration of Ag* (and I") ions in solution.

 Addition of inert electrolyte increases k and results in more adsorption of ion to keep
W, approximately constant.

2) o, fixed and vy, adjusted:
» The charge density at an ionogenic surface remains constant upon adding an inert
electrolyte and vy, decreases.
ex: protein solution



Gouy-Chapman model for spherical interface
( r’dy ] _ 2zen, ol zey (7.11)

1 d
V2 y=—

r-dr\ dr € kT

within Debye-HUckel approximation
Vi = iy
Boundary conditions

y=0,dy/dr=0atr= o
¥ =do 7 expl-x( - a)]

 Debye-Hiickel approximation (zey << ~ 25 meV) is often not a good one
for colloid and surface phenomena. Unapproximated, numerical solution
to eq.(7.11) can be computed.



Stern model

Modification of the Gouy-Chapman model by considering
1. Finite size of ion: ions cannot approach the
surface (Stern plane) within the radius of hydrated ion.
2. Specific ion adsorption in the Stern layer is included.
3. EDL is divided into two parts: inner part + diffuse DL, the
boundary of which is the Stern plane.
4. Surface of sheer is located outside of the Stern plane
because of the hydrated ions
5. The potential at the sheer plane is called electrokinetic or
zeta (¢) potential, which can be measured experimentally.

Inner part of EDL(Stern layer)

* Thickness of & ~ 5 A
 Specifically adsorbed ions may be present.
* Oriented solvent molecules in the Stern layer has a smaller

£'(~5-10) < g( = 78.5 for H,0O) due to mutual depolarization.

Particle surface

Stern plane
Surface of shear
|
b © o
KU =
ol 2 ®
50 |©
|
@l ® ®
% Y Diffuse layer
- - Stern Ia:Zr

Potential

d 1/x Distance



Specific ion adsorption

soll/ent
* Counter-ion adsorption in Stern plane ion © (@) o _
« I(bulk) + S(surf) < I(surf) + S(bulk); solvent =1, ion = 2 . atnePlg" e
K'=a,"a," a,° a,° 00000000000000 0NNt
* Assuming a 2D ideal solution for the adsorbed layer I
* 3, ~ C; = n X ; n=total moles/unit surface area, x; = mole fraction
s azs / als = XZS / Xls = XZS / (1' XZS)
« K a,l /a;?= a5 /a,5 = x,5 [ (1-X,%) wol ! (a)
* Solving for x,5, x,° = K’ (a,° /a,?) I {(1+ K’(a,P /a;)} = 1/ {1+ (a,° IK’a,P)} l
* Since x,° + x,5=1, x,° = 0 (coverage). !
« Letting K’ /a,P = K (a new constant), 8 = K a,° / (1+ Ka,). 3 ||!  Distance
. . . - €0
* This is one form of the Langmuir adsorption isotherm. g ]
cf: for gas adsorption 6 = Kp/ (1+Kp) R /
¥d
|

*AGP=-RTInK ‘
* AG? = AH? - TAS® ~ AH? = AE® (no PV term involved) :

=N, (ze y4+ ) — K =exp{- N (ze y,+ P)/RT} '

(® = van der Waals term) E
* The electrical interaction is the dominant term at RT. 2 |
* Let 0, is the surface charge density due to specifically adsorbed ions. 3 o :
* X% =0,/ 0, = 1/ {1+ (a,° IKa,P)} ~ 1/ {1+ (c,P /Kc,P)} o Diskce
«c,P/c,t = (V) ! (ny/N,), where V,, is the molar volume of solvent. i
« 0, = o-m/ [1+ (NA/anO) eXp{(Ze\vd + CD)/kT}] a) Reversal of charge due to the adsorption of

surface-active or polyvalent counter-ions.
b) Adsorption of surface-active co-ions.



Capacitance of EDL

* Usually counter-ion adsorption is dominant.
» Adsorption of polyvalent ions can result is charge reversal.
l. If there is no specifically adsorbed ions

0
% == d‘d Iﬂd Cl +Cz Wy
Yo
II. If specifically adsorbed ions are present
oo + oy + o, = 0 ; electrical neutrality
€ o,
00 = = (Yo — Ya), o= T
o
1+ i exp[ze¢d+¢] 0
T
oy + o+ oy = e & . 1/x
€ o, . Y
— (Yo — va)+ = —(Sn EkT)wsmh—'-zﬁpi =)
o 1 N, explze% +¢] 0 P Vo 15
T — nV.. kT
—_—=——
CC e s
C, =% e =228 i__i' Fm for aqueous electrolyte at 25°C (1)
4 mol dm

» For Hg- aqueous electrolyte interfaces C can be measured from electrocapillary measurements and

« for Agl- aqueous electrolyte interfaces from potentiometric measurements.
« C, can be calculated from the eq.(1) above.

« Then, from C; = €/6 (Stern layer capacitance) can be obtained.

«  For the Agl- aqueous electrolyte interface C1!0.1- 0.2 Fm=2.

« Taking d=5A, one gets € = 5-10 ( << £ = 78.5 for H,O at RT) — ordering of H,O in the Stern layer.



Electrocapilarity

H
Lippmann apparatus ’
« Ideally non-polarizable normal calomel electrode (reference)
» Hg electrode in contact with nonreactive salt solution (ideally T (|
polarizable electrode). microscope

« When a potential @ is to the Hg electrode, charge accumulates at its surface.  calomel electrode
 Simultaneously, the y of Hg changes to cause a shift of the meniscus, which
Is observed with a microscope.
+dG =y dA + ® dQ at fixed T,P, and p.
« Similarly to the Gibbs-Duhem equation,
Ady+Qdd=0— (dy/ dD)rp,=-Q/A=0

Lippmann apparatus

* The capacitance of the EDL is
C= (0Q/ o®)/A = - (0%y [ 0D?) ; constant — parabolic y - ® curve.

* v is maximum when the surface is not charged.

* For an inert electrolyte such as K,CO,, v,,. OCcurs at ® - Oy = - 0.48 V.

* For other electrolytes the maximum shifts due to specific ion adsorption.
Ex: - ion adsorption (OH-, CI-, Br, CNS- etc.) as shown in the Figure.

A "l Sl A e
08 06 04 02 O -02 -04 -06 -08 -10 -12 -4

D — Qe (volt)
electrocapillary curve



Surface potentials

The measurable electric potential difference ¢ between the solid interior and the
bulk solution varies according to the Nernst equation; E = E° - RT InQ/ vF ¢ Yo 0
Ex: For a Agl-aqueous electrolyte interface |X
do /d(pAg) = - 2.303 RT/F (=-59 mV at 25 C) '
¢ =y + y, where y is due to adsorbed ions and orientation dipolar solvent. 8

@

G

Experimentally, ( d¢ =-40 mV at RT was found. solid !
d(pAg)/c — o

AR, e
d(pAg)/c — o \d(pAR) \ diy /., C+G I\ (5.3 -pAg) x 59 mV

+50

-

The measures C, and C, values are qualitatively consisten \
with the above eq.(1)

The Stern layer model and the assumptions made are
gualitatively correct.
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Electrokinetic Phenomena

Relative motion between charged surface and diffuse double layer

Electrophoresis: & — charge particle movement.

Electro-osmosis: & — DL layer movement against fixed surface charge.
Streaming potential: DL layer movement — & generation.
Sedimentation potential: charge particle movement— & generation.

A

« All arising from the relative movement of particle

with respect to the liquid.
» #field — relative motion: Electrophoresis, electro-osmosis

* relative motion — & field: Streaming potential,
sedimentation potential



Electrophoresis
1. Particle (microscope) electrophoresis

» Microscopically visible particles or droplets.
» Adequate selection of electrode material to

avoid gas evolution due to electrochemical red-ox reactions.

Ex: reversible electrodes: Cu/CuS0O4, Ag/AgCl
« Simultaneous electro-osmotic and return flow of liquid.
« Laminar flow: parabolic velocity distribution
» Observation has to be made at the stationary levels
located at r = 0.707 r, for a cylinderical cell and
x = 0.3t for a flat cell.

dV _ (p7 — pr)mr
d 16Inp,

Glass strengthening
rod attached to

Side view

microscope stage

Top view

Sintered glass
disc

Reversible
electrode

‘ Je———— Condenser
__/_x——__:.{—_

Long-working-

distance
objective

Calibrated

[ —————
eyepiece scale

Poisellie’s formula




2. Tiselius moving boundary electrophoresis

* Movement of a boundary formed between a
colloidal solution and a pure dispersion medium is
observed by an optical method (Schlieren technique).

* Electrophoretic mobility is measured.

» Widely applied for separating, identifying, and
estimating dissolved macromolecules, particularly
proteins.
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Figure 7.7 Zeta potentials (calculated from electrophoretic mobility data) relating to
particles of different ionogenic character plotted as a function of pH in acetate-veronal
buffer at constant ionic strength of 0.05 mol dm 3. (a) Hydrocarbon oil droplets. (b)
Sulphonated polystyrene latex particles. (c) Arabic acid (carboxylated polymer)
adsorbed on to oil droplets. (d) Serum albumin adsorbed on to oil droplets
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Schlieren technique

 Used for ultracentrifuge and moving boundary electrophoresis

*n ~n, + ajc] : refractive index.

* light bends (refracts) when propagating in a medium of
non-uniform concentration.

* Light deviate most where dn/dr is maximum.

* Boundary appears as a peak. (a)

| : (b)

Corresponding J

« dc times
n1 dr _\

3. Zone electrophoresis fros) tifhed e, o

"top” r "bottom"



Electro-osmosis and Streaming potential measurements

Reversible working Compressed
air

elec%rod\es C s i o
R = A éz%%@f SRS
resistance

[ Perforated platinum |-
| measuring ]
| electrodes Bl
voltmeter

__—-—————i -----  EEET A . 2 ;
' l Figure 7.10 A streaming potential apparatus®® (By courtesy of Academic Press
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Theory of Electrokinetic Phenomena

1. The Hiickel equation (small ka)

ka<<l

OrE = 6mvea

Electrophoretic mobility u g :u, = Ve _ Qs
0 0 .

b =B E - 0y e
4mea 47re(a+_] 4mea(l + ka) Area

K

Up = ce

1.57m

* The ¢ potential can be estimated from the measured uc.
* If a is measured by other method, Q can be obtained.

For a symmetrical
electrolyte at 25 °C

1
% g
k=0.329%10""| —— | 'm™
moldm

k~1nmforc=0.1 M and
k~10nmforc=103°M
of 1:1 electrolyte

1/ x




2. The Smoluchowski equation (large a)

Kk a << 1 usually corresponds to a nearly flat surface. o = :.. i ‘l ) J '
Feee = - Fyis : Steady flow i afining o
* Consider the force acting on a slab of thickness dx at x Wore - e
dv dv g 107 NG 4
Epdx=(17——) —(T’_) =—d—- 1’1‘: dx 4 comm;roe :
dx x+dx dx X dx dx 107 - E E
. . . d dl/l 00 | DRREIEEER -
Inserting the Poisson equation p=——| €— -
dx dx o 0 10 10 10 1|0 10
1 6 7 ] 9 10 11
- EeW”dx = nv’dx . Integrating, this eq. K (m-!)

1 | | | 1 ]

Since E is the externally applied electric field, which is constant. 107 10° 10° 1" 10 10

¢ (moles/liter)

e ¥ _ Y nstant dWdx = 0 and dvidx =0
dx dx at x = ® —» constant = 0.

—Eey = v + constant ¥ =0, v =0atx =
— constant = 0.

tP - {, Vv = —Vg at the surface of shear .
Eel = mvg >

s B £ HITTHTTTTTTT
]

i E fixed surface




Deviation from the two limits
The Henry equation

Assume that

1. # =% (external) + &(particle) + #(DDL): mutual distortion neglected.
lonic atmosphere is not distorted.

2. Debye-Huckel approximation valid:
low v, (< 26 meV) limit.

3. € and n are constant throughout the mobile part of the DL.

» Surface and bulk conductance affect the distribution of E field near
to the surface of the charged patrticle

le Ko: bulk conductivit
"Ez?;g[l + AF(ka)] A = (ko—k1)/(2ko+k,) ki: pgrticclzncouncdll\;::t)i/vity

* F(xa) = 0~1; 0 for xa <<1 and 1 for ka >>1
* For non-conducting particles, A =1/2 and ug reduces to

Ug =£—Ef(xa) f(ka) =0 ~1.5
1.57m

* In reality, two mutual distortion effects exist:
1) electrophoretic retardation and 2) relaxation effect
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€ s 3 % 14
u=;<§‘+SR,S dr—2R,S°7dr> (43)
where r is the radial distance from the center of the particle. To go beyond Equation (43), it is
necessary to know  as a function of r. The resulting expressions are mathematically intracta-
ble unless a relatively simple expression is used for y. We may use the Debye-Hiickel approxi-
mation given by Equation (19) for this, but the constant in that equation is best evaluated
somewhat differently before proceeding.

We return to the solution of the Poisson-Boltzmann equation for a spherical particle,
Equation (19), with B = 0:
gl A exp (—«r) (44)

r

In the present development we evaluate A by recalling that ¢ = {whenr = R.. Therefore

A = R, exp (kR,) (45)
and Equation (44) becomes
R
g =Rt

Texp[—x(r = R,)] (46)
This equation, with ¥, instead of {, was given without proof as Equation (11.38) in Section
11.4c. Combining Equations (43) and (46) and integrating leads to the result

e £ ) (47a)
3n

where



f(a) =<l + —a -—a —-—a - —« (47b)

—[%a‘—%a“]exp () L%—dr) with a= xR <1
For kR, > 1, the function f(«) becomes (see Hunter 1981)
7
f(a) = (% - %a"' + ?Soz'2 - 330 a") (47¢)

The above result (Equations (47a)-(47c) ) is known as Henry’s equation. Two specific
assumptions underlying its derivation should be pointed out:

1. The ion atmosphere is undistorted by the external field.

2. The potential is low enough to justify writing ey/kzT < 1, which is equivalent to
requiring that y < 25 mV (Section 11.2b).

It should also be noted that in the limit of kR, — 0, Equation (47a) reduces to the Hiickel
equation, and in the limit of kR, = o, it reduces to the Helmholtz-Smoluchowski equation.
Thus the general theory confirms the idea introduced in connection with the discussion of
Figure 12.1, that the amount of distortion of the field surrounding the particles will be totally
different in the case of large and small particles. The two values of C in Equation (40) are a
direct consequence of this difference. Figure 12.5a shows how the constant C varies with kR,
(shown on a logarithmic scale) according to Henry’s equation.



Deviation from Henry equation

* Electrophoretic retardation:
lonic atmosphere moves to the opposite direction,
resulting in an enhanced viscous drag.
* Relaxation: nonsymmetrical lonic atmosphere,
forcing the particle in the opposite direction.
 Surface conductivity
Yy~ (> 26 meV.
* Deviation occurs in the mid-range of xa
and for a high counter-ion charge umber.
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- ef/kT = 2 in each case
E£0 @ qo = (2N cz?/ekT) "2
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Figure 7.12 Electrophoretic mobility and zeta potential for spherical colloidal
particles in 1-1 electrolyte solutions (A, = A_ = 70 ™! cm® mol~"). The curves refer
to el/kT = 1,2, 3 and 4 (i.e. /mV = 25.6, 51.2, 76.8 and 102.4 at 25°C) [After
P.H. Wiersema, A.L. Loeb and J.Th.G. Overbeek, J. Colloid Interface Sci., 22, 78
(1966) |
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Figure 7.13 Electrophoretic mobility and zeta potential for spherical colloidal
particles in electrolyte solutions containing polyvalent ions (A,/z, = A_/z_ = 70 Q!

cm? mol~!). Electrolyte type is numbered with counter-ion charge number first:



Poiseuille’s equation
_ pQQax- x° )
4nl

dJ = 27(a — x)v,dx
B 2wp(2ax—x2 )Na— x)dx

4nl
streamlng current
mepa*
Is =_L de = j

l,b=§atx=()ando,b 0,
dy/dx =0atx =a




