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ke gol) B olalrh B A7 egieh,

Abstract—The extended approximate analysis on the electrostatic potential distribution around a spherical
colloidal particle in asymmetric electrolytes has been performed. This analysis originated from the accurate
perturbed scheme of Ohshima et al.[8] pertaining to the spherical Poisson-Boltzmann equation for symmetric
electrolytes. The advantage of this approach lies in the analytic expression for a flat plate very near the
particle surface as well as its ability to yield the correct asymptotic behavior at distances far from the particle.
The second order approximate solution for the surface charge density as functions of A(=xa) and surface
potential has also been obtained from the similar method of perturbations to the Poisson-Boltzmann equation
in spherical and cylindrical coordinates and compared with the exact numerical results. This study herein
consisted of an analysis combined with experimental investigations to examine the changes in surface charge
density and surface potential due to the variations of particle size and ionic concentration. Over an ionic
strength range of 0.1 to 10 mM, the evaluated surface potentials were found to lie in the ranges of about
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60-230 mV, and 72-194 mV for three different sizes of polystyrene latices as a model spherical particle and
the xanthan gum anionic polyelectrolyte as a cylindrical particle, respectively. Indeed, the surface potential
value increased as the particle size increased, but decreased as the ionic concentration increased.
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Fig. 1. The spherical colloidal model and electrostatic po-
tential distribution.
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Fig. 2. Electrostatic potential distributions around a sphe-
rical particle and near a flat plate in symmetric
electrolytes according to the numerical result of
Loeb et al.[3], approximate solutions, and their
asymptotic forms. Numerical result coincides with
the approximate solution of spherical particle.
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Fig. 3. Electrostatic potential distributions around a sphe-
rical particle and near a flat plate in asymmetric
electrolytes according to the numerical result of
Loeb et al.[3], our approximate solutions, and
their asymptotic forms.
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Fig. 4. The plot of the dimensionless surface charge den-
sity versus A(=Ka) relation for various dimension-
less surface potentials in spherical particle.
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4. EUMSUTO YN AN

4-1. RADEX ER0/ERQXIS MH

T3zt 2d 24 A=A F(hard-sphere) o] HEA
el Fe|reloldll Fol A e AgiAbE, AMT Y
JARDZe YRR Lol (H) o
2222 8l A (anionic polysaccharide polyelectrolyte)
Ql A7l A=)

Zej2etolal gt~z F31F el o5 oA
=], £ Adg A+ Sigma Chemical Co. AFo2 H
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Fig. 5. The plot of the dimensionless surface charge den-
sity versus A(=Ka) relation for various dimension-
less surface potentials in cylindrical particle.
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bR 2] ke ¥]EE Z7(no flow condition) oA AF
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E] o)} Zo]-= 7w (aspect ratio) 7} 7zt 1.154
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A2 7) EA7I7 HRFEe] A o8 gixte] A7)
FEE AH AYINE FARE Glde] fEH e, o)
Hobk= Mo 77} H 7o FEF Holth &
213t 2eb o] O gk ZEnfE 1 X 22 A9 frac-
togram 0. 2 %-€] ¢]zx}=7|7} Aeds] HEAH(monodis-
perse) & Ealstedch
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Table 1. Experimental condition of spherical polystyrene latex particle

Run NaCl Conc. (mM) $KX 1077 Debye length A
No. (=Ionic strength) (m™1) (nm) (=xa)
a(um) =0.0455, *S.S.A.X 10" %(cm?/g) =6.279
PA-1 No addition - - -
PA-2 0.1 3.278 30.51 149
PA-3 1.0 10.37 9.643 4.72
PA-4 10.0 32.78 3.056 149
a(um) =0.148, SS.A.X10"%(cm?%/g) =1.931
PB-1 No addition - - -
PB-2 0.1 3.278 30.51 4.85
PB-3 1.0 10.37 9.643 15.3
PB4 10.0 32.78 3.056 485
a(um)=0.230, S.S.A.X10"%(cm?/g) =1.242
PC-1 No addition - - -
PC-2 0.1 3.278 30.51 7.54
PC-3 1.0 10.37 9.643 239
PC4 10.0 32.78 3.056 754

$ x(nm~1)=3.278-y/1 from Eq. (6) (g, for water at 294.15 K=80.0)
*#Specific surface area ~ 3/(a-p) (p : density of particle)

Table 2. Experimental condition of cylindrical xanthan gum particle

Run NaCl+KCl Ionic strength KX 1077 Debye length A
No. Conc.(mM) (mM) (m™1) (nm) (=xa)
a(nm)=1.36, *S.S.A.X 107 %(cm?%/g) =9.12
XT-1 No addition - - - -
XT-2 0.1+0.0 0.1 3.278 30.51 0.0446
XT-3 0.1+0.1 0.2 4.636 21.57 0.0630
XT-4 05+0.5 1.0 10.37 9.643 0.1410
XT-5 10.0+0.0 10.0 32.78 3.056 0.4458

*Specific surface area=2(a+L)/(aL:p) (L: length of particle)

4-2. M@ o] Ex A} 9] ionogenic groupell A AFHAY EH F9ol

A3 A ql gja}s Aa) Al NaCl(Kanto Chemical Co., trapping= el AFAH o2 HolA}, i W LW}
extra pure) ¥ KCl(Junsei Chemical Co., extra pure) & o] A% (residing) & 7o)t o714, ¢iAE el A A
7}7] o o] &3 A7E HEE A s} 13 =F ZA3E ool HIE EF H'ZE upite] F7] 94
F, ol A& AA distilled-deionized ZHTF ol 2w ES Fhr} 33 o)Aty A zAo T FHAS
Aol Al&30ch Table 13 20 Q9F5e] gl wle} H*e} OH 2 #4138t A7l Ambelite IR-120 7FAHA
7o), B Ado| A= Azt 7|(=a)9} HalAe] o] ofo]-2- =22} Ambelite IRA-401S 71714 So]&

FE7 AQAFY Zolth o 2¥Est FNYFE F FAF WA el F2e] Barle] o T
A3}= DebyeZols AT FAHE ol 2827) atgict 6417k o] Aol FEF Wk 2, Bk A g

o AR AALL ko] dAF EAsts Ao AAx o}9]2] Maske Na*, K9} CI7 o]&e] zzt

2] ] gt H*e} OH™ ooz nw#sl Az}, FA5ste] 23le]
HAES Ha| AgAol| HAH3] wulstd A EA4HA] 7] 2Eo] EAEHA WA €t

=y, 24" 5= gy gl zke oF 0.06 wt%(solids

contents), %Heb7]2 <F 0.01-0.02 wt%H $1gic}. 2 20) 4-3. =HHelz|

=gl A, 9ol &(Na*, KN)E-2 {xpEd Az o] 2R E A AAZ A& NaOH

B13H25t H30H HM2E& 199244 4%
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Fig. 6. Typical conductometric and potentiometric titra-
tion curves for the measurement of surface charge
density.

fNo g HAstg, HAFAAAN FLHE AAYY ¢
A Ak} ErAEFo] Ad Fae]-&9) weke A
At Elo} o)le AtEwAre] $A0]&8 NaOHZ
F3A7)= 4-97] Wl pH S37]0 23 A=)
Ao 2 F0A Fexe Az g3 WHilks
g3 odolff7] oFc}. o] GAHE RAsr] s, 7]
A= 247)(YSI Model 32 Conductance meter ; 3402
Cell, K=0.1/cm)ol] &3t Ax % HA[9, 13]L 3}
ol:= Ohme] Y& 43 w2 NaOH7} 7}sf Hell
w2} dip-type conductance cells} AZAE 2317 ofcle]
Apdsrl A W 7jEE A= flgole 23]

Y2 E B ¥ Fig 6914 F3A7b19] A a4l e
Na“ofl ojs 285 H* o] o] UAEHAA tie} OH™
o} F3urg-g do AAH Aol A
o], o]elA A& el NaOHe| F9je & OH™ o] o]
AF3Ee Aol T3 o) F9 AAA Fi2 Jehd
o} S F2oxe HEe =dEb)zbA] a2
Alzte] &R FE ul, AnbA o Z o] opd T U3 e
FAE Holx, fj2e H*7} o) 2t HAlelA 4
ApxellAle] Azle] wpE H o] 298] M2 o 0|54
ZellA 27] HAAAde] FA4E Holr|= gt

5. dojoll st 0

5-1. BHNsIUTel BH D{HlHo AE

Zh 2eglal gatede] s A 38} 1gol] g
AL E A} o)) ks 9lAbe) v E A (speci-
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(sulfate anion), ZrelZi o) A= 7284 7)o}, 28,
dAsE Y FHAAEE 24 dot y= T2
A A mwidstds DE (36)3 (374 o
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Table 3. Evaluation of surface charge density and surface potential from experimental results

Total number of

Run Eq. H*/g polymer L c Vs
No. X 10° lor;ia_l?:( 1g Or ? :xgps (uC/em?) D Ys (mV)
PA-1 1.60 1.53 245 - - -
PA-2 1.40 1.34 2.14 359 7.01 180
PA-3 1.30 1.25 2.00 10.6 4.60 118
PA-4 1.20 1.15 1.84 3.09 2.36 60.6
PB-1 0.68 212 3.39 - - -
PB-2 0.64 1.99 3.19 535 793 204
PB-3 0.56 1.75 2.80 14.8 537 138
PB-4 0.56 175 2.80 4.69 3.15 80.9
PC-1 0.76 3.68 5.89 - - -
PC-2 0.68 3.30 5.28 88.5 8.95 230
PC-3 0.72 349 5.58 29.6 6.77 174
PC-4 0.60 291 4.66 7.81 413 106
XT-1 79.2 5.23 8.37 - - -
XT-2 58.3 3.85 6.16 103 7.57 194
XT-3 54.2 3.58 5.73 67.9 6.73 173
XT-4 45.8 3.02 4.83 25.6 4.90 126
XT-5 375 248 397 6.65 2.80 71.9
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Fig. 7. Experimental results on the surface charge density
and surface potential of polystyrene latex with dif-
ferent particle sizes and ionic concentrations. Dot-
ted lines are plotted from Eq. (36), all data points
are found to lie between these two lines.
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Fig. 8. Experimental results on the surface charge density
and surface potential of xanthan gum polyelectrolyte
with different particle sizes and ionic concentra-
tions. Dotted lines passing over the each data points
are obtained from Eq. (37).
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Fig. 9. The surface charge density behavior of polystyrene
latex with three different particle sizes as ionic con-
centration(=K value) is varied.
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Fig. 10. The surface potential behavior of polystyrene la-
tex with three different particle sizes as ionic con-
centration(=X value) is varied.
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Fig. 11. The changes in surface charge density and surface
potential of xanthan gum polyelectrolyte with a(=
1.36 nm) as ionic concentration(=X value) is var-
ied.
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NOMENCLATURE
A :reduced particle radius(=Xa)
a  :radius of particle [um]

S8T8 H30H M2 1992 42

es

:molar concentration of kth ionic species [M]
: dimensionless surface charge density

: elementary electric charge [uC]

: function of the dependent variable

: function of the dependent variable

: ionic strength [M]

: equilibrium dissociation constant [M]

: thermal energy (J]

: dimensionality of differential equation

: Avogadro’s constant

: total number of ionizable groups/area

:bulk concentration of kth ionic species [m~3]
: ={2exp(y,) + 1}

: electric charge [C]

: dimensionless radial distance(=Kr)

[

: radial coordinate, physical component

w" ™o :’»EZB 55"‘@’11(3@@

: closed surface area

: spherical variable

: substituted term

: physical component from particle surface
: approximate asymptotic constant

: dimensionless potential

: dimensionless surface potential

: valency of kth ionic species

NS % o

Greek Letters

g :permittivity of a vacuum [C%J-m]

g, :dimensionless dielectric constant

g : planar variable, dimensionless distance from par-
ticle surface(=R-A)

K :Debye-Hiickel parameter [m™']

A :fitting parameter

o :surface charge density [uC/cm?]

v :electrostatic potential [mV]

v, :electrostatic surface potential [mV]

Superscripts

c : cylindrical particle
s : spherical particle
Subscripts

Oth :approximate solution correct to zeroth order
1st : approximate solution correct to first order
2nd :approximate solution correct to second order
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Mathematical Symbols

i

: unit normal vector
: asymptotically equal to(in some limit)
: equal or approximately equal to
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