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Conventional water treatment process?
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Coagulation - destabilize the colloidal particles & to
overcome the negative charge of particles with
chemical addition

Flocculation - gently mix the destabilized particles to
promote interparticle collisions in order to achieve
particle growth



How can we achieve good coagulation?
=» Initial Mixing (very fast!)

~ Intend to provide good encounters between molecules and colloidal
particles in the source water and the coagulent species

~ stability of particles — Electrical double layer, Zeta potential



Initial Mixing and Mechanism of Coagulation
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Figure 1. Reaction schematics of coagulation



Aluminum coagulation chemistry
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FIGURE 68 Aluminum hydrolysis products (from Letter-
man, 1991).




Particles in water

Representative particles in water

~Clay, Silt A ES20 =2 & E, N K)

~ Algae

~ Bacteria (~0.5u), Virus (~0.03p), Giardia Cysts (Protozoan, 3~10p),
NOM (Natural organic matter), Humic substances

~ Abestos fibers
How about Nanoparticles?

Reference : O‘melia “ Aquasols : The Behavior of small particles
in Aquatic System " ES & T 14(9) 1052 (1980)



Nanoparticle
@ Nanoparticle ?
1) nano-sized particles at dimensions of usually 1 to 100 nanometers (nm) (nano = 10-9)

2) - higher reactivity with the large surface area
- used as excellent adsorbents, catalysts, and sensors

@ Properties of nanoparticles

1) optical

2) electromagnetic

)
)
3) mechanical
4) photonic
)

5) antimicrobial



Toxicity of nanoparticles

@ Toxicity of various engineered nanomaterials

Type of nanomaterial Effects observed

C¢o Water suspension antibacterial; cytotoxic to human cell lines;
taken up by human keratinocytes; stabilizes
proteins

C¢, fullerene derivatives (e.g., adducts of oxidative eukaryotic cell damage; bactericidal

carboxylate and multihydroxide) for Gram-positive bacteria; cytotoxic to human
cell lines

Carbon nanotubes antibacterial; cell membrane damage;

mitochondrial DNA damage; inhibitory effect
on respiratory function

Quantum dots (CdSe) antibacterial; toxicity toward human cell due to
metal release; oxidative DNA damage

Metal nanoparticle (Cu) acute toxicity to liver and kidney
10Metal oxides (TiO,, Fe,0,, Co;0,, Mn;0,)  oxydative stress to human lung epithelial cell



Colloidal impurity in drinking water

(1) Particles
- Clay
- Silt

(2) Macromolecules
- Fulvic acid
- Humic acid
- Proteins
- Polysacchrides
- Bacteria
- Viruses

(3) Nanomaterials



Size distribution of representative particles in water
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Figure 3-1 Particulates present in raw and finished water
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Size distribution of representative particles in water
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Why are particles important in water treatment?

> 4 High specific surface area (m?/g)

Clay and silt tend to be adsorbed by impurities such as :

~ Natural organic material (Humic substance)

~ Trace metals (such as Hg, N1, Cd) associated with organics
~ Trace organic Contaminants, ex) Pesticides, SOCs

Clay and silt - high specific surface area/settle slowly

Colloidal size particles 5 nm ~ 10 um, (10 m ~10 m)

These colloidal particles tend to be charged in water
" Negatively charged" = electrical double layer

=» They do not come together to form aggregate.
Thus, they stay as small stable particles



Several models of Humic substances
Humic Substance (1)
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FIGURE 16-7. Proposed models for humic acid structure: (a) from Christman and Ghassemi (1966); (b} from Perdue (1978)
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Fig. 5-9. Suggested chemical structure of fulvic acid. Reprinted from M. Schnitzer
and S. U. Khan, Humic Substances in the Environment, p. 196, Marcel Dekker, New
York, 1972, by courtesy of Marcel Dekker, Inc.



STRUCTURE OF HUMIC SUBSTANCES AS PROPOSED
BY VARIOUS AUTHORS
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Particles and their Structure

~ negatively charged (-) at natural water

R-COOH and 6 dissociate as pH increases
fulvic acid : soluble in strong acid, MW 200 ~10,000
humic acid : insoluble in strong acid, MW 100 ~ several millions

Composition by weight for fulvic acid:
(Carbon content :40~50% )/(Hydrogen: 4~6% )/(Oxygen: 44~50%)



Stoke's law (Sedimentation)

- glp,—p)d’
18 u

V, o @2

Vs : settling velocity (cm/sec)

g: gravity constant (cm/sec2)

p: density of water (g/cm3)

p,: mass density of particles (g/cm3)

d : particle diameter (cm)
~ discrete particle (independent settling)
~ small particle (& less dense) settles very slowly
u: Pasec =1 (N/m,) sec = 1 kg /(sec m)



Stocks™ Law
e Independent settling, terminal velocity exists

settling force (F,) = drag force (Fp)
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Stokes’ law example

. 2
V. _ 8o —p)d
181

e 0, =2g/cmsd, (At 20C Uy e = 1.003%x1073 Pa-sec = 1 kg /(sec m),
Pwater=0.998 g/cm3)

(1)d=0.1 um (100 nm) Vs =5%x109m/s = 0.0018 cm/h
= 0.0432 cm/day = 0.3024 cm/week

(2) d=1pum, Vs =5x107"m/s =0.18 cm/h = 4.32 cm/day
= 30.24 cm/week

(3) d=10um, Vs =5%x10°m/s = 18 cm/h = 4.32 m/day
= 30.24 m/week



Origin of Charge Property ?

1. Crystal Imperfection (Clays : 1~ 2 ym)

The silica tetrahedra have an average composition of SiO,.
If an Al atom is substituted for an Si atom, =» negatively charged

VaVaVaNERIAVAaVaN
Si Si Si Si| —=> | Si Al Si Si

NN NN




Origin of Charge Property ?

2. Ionization of surface functional group
~ surface groups on the solid may accept or donate protons

(humic subatances)
-COOH, Ar-OH

- charge 1s pH dependent
- Net surface charge is zero at the 1soelectric point (IEP)
in case of humic acid pHzpc ~ 3.0 (zero point of charge)

(cf: pHIgp 1s more comprehensive )



Origin of Charge Property ?

3. Preferential Adsorption

~ 1f the adsorption of NOM (negatively charged) onto particles occurs,

) Fulvic acid




pHzpc & pHiep

pHzpc : pH where 6, = zero i.e, (I'H = I'OH)
zpc : zero point of charge

pHiep : in the presence of specifically adsorbable 1on other than H™ and OH-

IEP : 1soelectric point

Net surface charge

6, = F(TH - TOH)

o, = surface charge density (coulombs/cm?)

I'H, I'OH ; quantities of bound H, or OH- (mole/cm,)
F = Faraday constant (coulombs/mole)

1 F=96500C (1 C=6.25 X 108 ¢)
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Change of surface charge property of humic substances



Principle Mechanisms of Stability

Electrical Double Layer - uneven distribution of charge (Net charge in solution is zero
=> principle of electroneutrality

Figure 4-1. Schematic diagram
showing the distribution of
charge and potential near a
negatively charged particles

1\—--- — = Suriace Polantial

L. — = Difuge Layer Potenlal
. = Teta Potental
Electrostatic
Potental
o Distance From Surface

The potential ; The force required to move a unit charge through the field



Interactions between Particles
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Electric double layer
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Electric double layer

N > ~200nm - 300nm

ion conc

\

Distance from surface

pH 9 Electrical double layer at solid-liquid interface
(Gouy-Chapman Model)

Interfacial electroneutrality
co+os+aod=0
oo = fixed surface charge (-)
os = stern layer charge (+)
od = diffusive layer charge (+)



. Electrical double layer
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Concentration of 1ons
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Figure 6.3 Schematic
representations of (a) the
diffuse double layer; (b) the
diffuse layer potential; and
(c and d) two cases of
particle-particle interaction
energies in electrostatically
stabilized colloidal systems
The result termed as the
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well presented by Verwey
Overbeek



Charge Gradient — Electrical Field
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Measurement of Zeta Potential

Zeta potential ( {)): the potential at shear plane (mV)

Electrophoresis (& J| 3 &) : the movement of charged particles relative to
a stationary fluid due to applied potential

Electrophoretic mobility (EPM)
EPM = Cee /m
&: relative dielectric permittivity
g, : permittivity in a vaccum
N : fluid viscosity
EPM o<

Effective coagulation : at EPM =0

=» The classical approach
How do we measure zeta potential in our laboratory?



pHZDC

Zero Point Charge

Al,(Si,0,,)(OH),, 2 E M

TADBLE 6-2. Surface Characteristics of Particulates
Commonly Found in Natural Waters and Wastewaters

Zero Point of

Charge,
PH__ ZPC
INORGANIC (hydrophobic)
“*AINOH),:"” (amorph) 7 508 &
Al,O, . o1 -
CuOs; 9.5 7
MgO 12.4
MnOz 2—4.5
Si10-> 2—-3.5
Montmorillonite 2.5
Asbestos B ' :
Chrysotile . 10—12
Crocidolite 5—6
CaCO; 8-9
C35(PO4)3OH Ve 6-7
FePOy,4 i 3
AIPO, 4
Algae : 33
Humic acid i 3
O1l droplets : 2-—5

SOURCE: Parks (1967) and Stumm and Morgan (1981).



How to measure particle concentration ?

(1) by turbidity
~ A measure of light scattering characteristics of a particle at 90-

-~"Hach Device" — measure nepheolometric turbidity unit (NTU)
Maximum Concentration Level for turbidity " 0.5 NTU”

~ Turbidity does not correlate to the number of particles
~ Low turbidity does not guarantee the absence of particles

(2) by particle counter
~ count the number of particles
~ size distribution of particles



Drinking water
Water Quall Ocean | fromCommuni
Classification Inspection It:ym TapWater | Spring Water [I]:;ek'i:\g Water facility{mour'tai;y Remarks
pond, etc.)
Diazinon 0.02Zng/L 0.02ng/L 0.02ng/L 0.02ng/L
Parathion 0.06mg/L. 0.06mg/L 0.06my/L 0.06mg/L
Pestiide]  Fenitrothion 0.04ng/L 0.04mg/L 0.04mg/L 0.04ng/L
Carbaryl 0.07ng/L 0.07mg/L 0.07mg/L 0.07ng/L
1,2-Dibromo-3-Chloropropan |  0.003mg/L 0.003mg/L 0.003mg/L 0.003mg/L
Free Residual Chlorine 40mg/L - - -
THMs; Trihalomethanes 0.1mg/L - - -
Applied
Hazardous Bromodichloromethane 0.03ng/L - - - starting from
norganic 2009
Substances AppliEd
Disinfection Dibromochloromethane 0.1mgy/L - - - starting from
Residues 2009
Chloroform 0.08ng/L - - -
Chloralhydrate 0.03mg/L - - -
Dibromoacetonitrile 0.1mg/L - - -
Dichloroacetonitrile 0.09mg/L - - -
Trichloroacetonitrile 0.004mg/L - - -
HAA; Haloacetic acid 0.1mg/L - - -
Hardness 300ng/L 500ng/L 500mg/L 1,200mg/L
Consumption of KMnO: 10mg/L 10mg/L 10mg/L 10mg/L
0dor (except disinfection) ND ND ND ND
Taste [except disinfection) ND ND ND ND
Cu; Copper Tmg/L Tmg/L Tmg/L Tmg/L
Color 5PCU 5PCU 5PCU 5PCU
Materials ABS; Alkyl Benzene Sulfate 0.5mg/L ND ND 0.5mg/L
that are pH 58~8.5 58~85 58~85 5.8~85
Offensive to Zn;Zinc 3ng/L 3ng/L 3ng/L 3ng/L
;":n”s"';’; Cl-; Chloride 250mg/L 250mg/L 250mg/L 250mg/L
System Total Solids 500ng/L 500ng/L 500mg/L 500mg/L
Fe:lron 03my/L 0.3mg/L 03ng/L 0.3ng/L
2011: 0.05ng/L
Mn; Manganese 03 mg/L 0.3mg/L 0.3mg/L 0.3mg/L only for
tapwater]
Turbidity 05NTU TNTU TNTU TNTU
200m/L. 200ng/L 200mg/L 200mg/L_
Al; Atuminum 02ng/L 0.2ng/L 0.2ng/L 0.2ng/L
V\.i"?iter. Viruses :9&?::’: d - - -
Purification
Standard Giardia lambia 7% - - -
removed




Mechanism of Destabilization
(Four Coagulation theory)

(1) Electrical Double Layer Compression
(2) Adsorption-Charge Neutralization
(3) Sweep Precipitation (or sweel floc)

(4) Interparticle Bridging
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(1) Double Layer Compression

~ the interactions of some coagulent species with a colloidal particle are
purely electrostatic - " indifferent" electrolyte

~ the destabilization of a colloid 1s brought by 1ons of opposite charges to
that of a colloid, and the effectiveness of these 1ons increases markedly

with charge.

=» Schultz-Hardy rule
~ Verway and Overbeek (1948)

~ Increasing the 1onic strength compresses the double layer
< £20 mV — rapid coagulation

~VODL theory (Verwey-Overbeek, Derjaguin-Landau) or DOVL
theory (Schultz-Hardy Rule) was proposed

~ not important water/waste water treatment (overdosing not possible)



(1) Double Layer Compression
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(1) Double Layer Compression
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Figure 2-2 Schematic coagulation curves for several different coagulants.



(2) Adsorption—Charge neutralization

C,,HysNH;"
~ Many possible colloid-coagulent interactions can overshadow
the coulombic effect in the destabilization of colloids

(1 At the lower concentration in comparison with Na+,
stabilization occurs

(2) Restabilization with charge reversal; the net charge on the
colloidal particle 1s reversed from negative to positive by the
adsorption of an excess of counter-ions



(2) Adsorption—Charge neutralization

Surface active maten als
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Drosage of coagulent 25 mg/L.

by emeshment of colloidal particles in a precipitate of aluminum hydroxide



(2) Adsorption—Charge neutralization

~ clay silica, most organic particulates =»
at pH 7.0, negatively charged
~ zero point of charge (ZPC)

~ The ability of a coagulent to destabilize a colloidal
dispersion is actually a composite of coagulent -colloid,
coagulent-solvent, and colloid-solvent interactions



Restabilization of Particles

siilica particle qlumifl::: r:;:roxide
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Figure 6.13 Schematic diagram of alum-treated particles. (a) Negatively
charged particle; (b) particle destabilized by charge neutralization;
(c) particle restabilized by excess alum hydrolyses species; (d) destabili-
zation by adsorption of sulfite ions. (After Letterman and
Vanderbrook.?®)



(3) Enmeshment in a precipitate, Sweep Floc

~ When high concentration of a metal salt such as Al,(SO,), or
FeCl, 1s used as a coagulent to cause rapid precipitation of a
metal hydroxide(ex, AI(OH)3(s), Fe(OH)3(s), colloidal
particles can be enmeshed 1n these precipitate as they are
formed.

~ The colloidal particle can serve as nuclei for the formation of
the precipitate, so that the rate of precipitation increases with
increasing concentration of colloidal particles to be removed.

~ overdose 1s not possible

AP +3H,0 — Al(OH),,, +3H"



4. Polymer Bridging
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4. Polymer Bridging
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Reaction |
Initial Adsorption at the Optimum Polymer Dosage

Polymer Particle Paorticle

Reaction 2
Floc Formation

Flocculation

(perikinetic or
orthokinetic)

Destobilized Particles loc Particle

Reaction 3
Secondary Adsorption of Polymer

No contact with vaocant sites
on another particle

Destobilized Particle Restabilized Particle

Reaction 4
Initial Adsorption Excess
Polymer Desage

() rmee
Stable Particle

Euccn Polymers Particle {no vacont sites)
Reaction 5

Rupture of Floc | , S

Intense or Floc

Prolonged
Floc Particle Agitation Fragments

Reoction &

@\Qs“ondary Adsorption of Polymer ;

fRestabilized Floc
Fioc Frogment Fragmen!

Figure 2-3 Schematic representation of the bridging model for the destabilization of
colloids by polymers.



Organic coagulents

Some Synthetic Ploymers,

n

Polyvinyl alcchol
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Polyethylene oxide

. .Y From Gregory '°
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Interactions Between Particles

Inorganic Coagulents
Salts of Aluminum and Ferric Ions

Aluminum Sulfate (or Alum) ~ very popular
Al2(S0O4)3.x H20 X ~ 14



Interactions between Particles

Interaction with particulates
pH <6 ~ charge neutralization  for alum

pH <4 for ferric ion
Stoichiometry

pH>6 = sweep floc for alum

pH >4 for ferric

require a greater quantity of coagulant than charge neutralization
=» larger quantities of solids (sludges)

No Stoichiometry
larger nymber of clay particulates =» accelerate the aggregation
of the coagulent-clay floc particles

example) Fig 6-6 pl25
(sweep floc is not influenced by the types of particulates)



Aluminum Chemistry

Al(H20) 23 + H,0 2 [AI(H,0)s0H]2 + HaO* v vvvvnne (1)

Equilibrium constant Ku

A3+ + 4|_|20 2 AIIOH)4 + 4HY  eeeeee (2)

Equilibrium constant KH

ARR* + 3H,0 2 AI(OH)4(s) ) + 3H*  oeeeeinn (3)

Equilibrium constant Ks

[A|3+] [OH‘]S — KS — 10—15 .......... (4)
[AIS*] |:1014:|3 _ 107" [A13+]= 10

| i)




Aluminum Chemistry

Ks
0—42

pAl=log +3pH

K, = [AI(O_HL ]:[H +]4 ~10°2
" NS

KK

PAl(OH);1 =—log 10~% - pH
[All;; = [ABRT] + [AI(OH) ]2+ + «- - -+ + [AI(OH), ]~

[Alj5(OH)g,""]
[AI.(OH)-**] charge neutralization mechanismdil =2

pH
aluminum concentration
a coagulent demand®2 =i



Aluminum Chemistry

Cg — Cu = [HCO4 1 + 2[CO27] + [H*] = [OH-]

Al,(SO,)3 2 2AIR* + 350,2

Tppm Ca
! = 1.68%10-5M
594 x 1000

Alk — C,' = Alk — 6x(1.68x1076)x50 eq/L

Cp = 0.5 mg/L as CaCO;,
6x(1.68x1076)M x50mg/eq
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Aluminum Chemistry
(M.W 594, 15% Al,O,) 1ppmS JtotA S M

—
=

=0.079mg

,0O5 = 0.15mg
O| Ot

o & 0.15x 27%2

02

ShAt

205 222 9
=0.873mg as Al, (SO,)314H,0

0.079 x
27x2
Alk

Al,(SO,)3.14H,0
Topm : 0.5mg/L
0.873ppm : X
X =0.44 ppm
mg/L as CaCO,



Coagulation and Zeta potential

b 0 T | L
o5 ppm atum, 1.5 x 10-5 M
420 ppm alum, 6.0 x 10-5M
| a50ppmalum, 1.5 x 10-4 M .
{The broken curve indicates results
calculated from the mobitity of basic
alum.}
@200 ppm alum, 6.0 x 10-4 M
2049—
10—
=
S
=
5y 0
g
[
kS
-30—
I
1 2 3 9 10

FIGURE 6-3. Effect of pH and alum dose on zeta potential of
kaolin (after Packham, 1965).
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Aluminum coagulation chemistry

AHLORY aquo Al ion

H —— hydrogen ion

Al(OH)H, 0% * mononuclear species
'
i: —= hydrogen ions
7+ .
Al, 3 G, (OH),, polynuclear species
. s
;; —— hydrogen ions
Al(OH),(s) | precipitate
“ —» hydrogen ion

Al{OH), aluminate ion

FIGURE 68 Aluminum hydrolysis products (from Letter-
man, 1991).




Solubilty of Aluminum Coagulent

'y 5 6 7 8 0 10

e el 5-9 'Solubility diagram for amorphous, freshly precipitated alu-
BRNA hidroxide. Water molecules are omitted in species notation.

A




ALUMINIUM CHEMISTRY

1) Al + H,0 = AKOH)" " + H+

2) Al + 2H,0 = AI(OH)," + 2H+
3) 2AF + 2H,0 = AL(OH), + 2H™*
4) AP + 3H,0= AI(OH); + 3H*

. Precipitate form: AI(OH),5(S04)y.25 over
a wide range of alum neutralization.
. Active types of alum: at about 1/3 to 1/2

neutralization.
. A’ will be more precipitated in the form

of AI(OH); with a longer residence time.



pH dependant Aluminum species

Total [Al]l = 1T x 10°

1.2
= 1.0 -+ L
B = AL = AKOH)
Bari.-- £ os ANOH) [/
- o} —_
RINT 'S 0.6 N A Ll
: - =
AU Boa o 7
o ) PATAN F ANOHD; precipitate
Ay L N .
0.2 AN
2B 0.0 Vi N
E?ﬁ 2 3 4 s 6 7 8 9 10
36 pH
It (a)
3o Total [Al} = 3 x 104
E};..
EE 1.2
Xic.-
ﬁ"!} T 2 1.0 A13* I _
- g o8 rd AMNOI), precipitate [AI(OI-D4
_?-‘ff —_ ™ NS
3 ‘5 0.6 )\ A
=
-§ 0.4 A\
D4
e AL(OHD /1 \
0.2 , i 1\
0.0 __-—l/ l
2 3 4 5 6 7 8 o 10
pH
(b)
P : FIGURE 6.11 Effect of pH and total aluminum concentration on

3 the speciation of AI(III): (a) Aly =1 > 10°M_and (H) Al = 3 < 10 M.



Alum coagulation diagram

-2 7 —T
AZ{QH)E: i-s\-re a L|1§r$+ur'e
Caagulafior / ara
3 N , 300
Restabiliziotion \ \\\ N - - g
Zone bk S A s el ol tioo =
{boundarigs chenge 1\ ‘\ g s ~Optimum_Swee = e
5 _, | with colloid) . Il 4 [ A7) 430 ¢
= - N g | . . o
= Charge lleu?rolizu- , //-E:Paq,ge Neutralization ,1 0 =
= tion to Zero Zeta . : -v_’;-r-xbmb;')“ t':;“v'”"-" E :
e Potential |with —— — : 5 = =
_— -5 e tomS 7y BIORT; ST S - |- = 43 _-
= Combination ) 8"'
o | N (sweep and adsorption) =
o [ \ | <
= 0.3
-® | \! 8
A2(0H)]  NREGION FOR =
7 ‘ BEST | =
l DIREC'F[‘
! FILTRATION
i
-8 - !
8 i0 12

pH of MIXED SOLUTION

Figure 6.16 The domain for “best” direct filtration on the alum coagulation diagram.
Other studies from the literature are also shown.




How to determine the charge of particles ?

(1) Create an Electrical Field
(2) Negative Particles move toward positive pole
(3) Electrophoresis : Zeta Potential



Zeta-potential Measurement

(1) Streaming potential; the electrolye existing in compressed flow inside a
shallow channel creating streaming potential

a. Electric Double Laver at Rest

solution / counterions
_|_ -
+ + + + + T 5 &+
- - Sl;l.‘facé - T~ surface charge

b. Movement of Tons Due to Liquid Flow

Movement of ions

Is

produces a streaming

- o [y @ ey @~ current, Is

c. Accumulation of Tons Downstream

E Accumulation causes
. - ) .
= + =+ formation of potential
+ - o differ E
+ + T+ + e + + ifference.

I, + Potential difference. E.
causes leak current. IL




Zeta—potential of RO membrane (2)
(1) Streaming potential

Electrolyted} 22 S 21 SF2 M0l 2 M streaming potential0] & A 8L},

a. Electric Double Layer at Rest

solution counterions o} o= XM L ol ol
A 20| Sl= ZHO0IA = elctrolyteOfl 2o
= el ZHO electric double layerJt

surface surface charge =l F AOH )

b. Movement of Ions Due to Liquid Flow
Is Movement of ions

ovement ol tons &2 21 S2= FH = streaming currentE SIJHAIA
ploduces a streamng ; t tial i|_0| = H}-/\H Al 2' EI_
@-'-@_. @-@_’@}»@__ © @*G}v current, Is poten = =S .

¢. Accumulation of Ions Downstream

E Accumulation causes AN O ol Ol Ct : =
= — . + o formation of potential —> < '_l- 1 _E I'_:i Il._'l = Ejl’ E_ E'l. Il }"_ EI m_DOtentlal II‘O'
4. = e + 4 == = - diffrence b &I JtollE current2 80l CHoll SS50| 210k

(leak current).

I + Potential difference, E.

pha b e b B0l SLUES M SE = potentialOl streaming
— — h o potentialO| Ct.




Zeta—potential of RO membrane (streaming potential)

2. Movement of ions due to liquid flow

Counterion Flow @ > @ > @ > @ >

1. Electric double layer at rest

Solution
PPPPPPPD > @> @> @
RO membrane Surface RO membrane
charge
230| ez 220U M= electrolyte 0l 2/off 2 Edf| Q! dEZIIoIHN SES FH 0I2=2 SH0IJ| AIE
HO &I|0/=S50| &2a4stlh. ot MXES2 LT IF G| Al &HEHTH

3. Accumulation of ions downstream

RO membrane
Sz +HAZ0 MUECZ E YN L UetA Xt FEBUA 2

SSOl et 82 2= LEZROI oUHE
S

4
2
of

tCH

P

EH =L Ol 2 &7 E leak currentct 1)
4

. Streaming potential

e
=
m
10
o
O
o
0
02
0z
o
=
H

RO membrane

i
B
|0
HU

[d]]

K
o

3

rir

z

ot &I U= [ 2 potential 2| Xt Ol E streaming potential O]

[d]]



‘ Ag/AgCH 1 Helmholtz-Smoluhowski equation
J | /Electrode. | t
Find zeta-potential with streaming potential
RO membrane Z& @ L= — ———

TEE EF EED A R
ypacer .

. T~

\/\ Sample in each channel Location studs é . 7@ ta-po tential

Ug : induced streaming potential

I -~ o AP : hydraulic pressure
t ® p : liquid viscosity
sample”’ \Streaming e € : liquid permittivity
€, : permittivity in vacuum

R : electric resistance

. . L : length of channel
Schematic of stream current measuring cell A . .ross-sectional area of

channel



Zeta-potential measurements by streaming current measurement

—@—— SW30HRLE400
........ O SW30HR
20 ——-y——  TMS820-400
Streaming l'?t{'ﬁl‘l-‘-il '~ — B — RE-BE
Analysis 10 -

Zeta Potential (mV)
—
=)

zeta-potential measurements
of several types of membrane



Measurement of zeta potential
(2) Principle of electrophoretic light scattering method

< Doppler Shift >

AOIN & -~ YXt BRIGHD s F2 M2
%\\\%\ ‘ ® == MO 2 =02 voF 204,

1014 4 : RO OIS U B e
\ 0 @ ¥ k== dlOlA 3 $uLTv’:w+f_w§
\\ = 3B LY,

1=y LA} 01 STH=

i
H0




Measurement of the surface zeta—potential

< Electroosmotic flow >

zero flow

\/eO

Stationary layer

< Electrophoretic movement >

zero flow

Q-

o~ | |P
@—»

i vobs = veo+v

ep




Analysis of the surface zeta—potential

< Electroosmotic flow > < Electrophoretic movement >
zero flow Stationary layer zero flow
= o=,
Veo /i -1l o Veo |+
@—»
—_ ‘_ _ — e e — s — —— I —_ J— J_ —_ —_
veo, zeta
< Electroosmotic flow + Electrophoretic movement >
zero flow
_ Vobs +
— — vobs = veo+vep
e veo = vobs B Vep
A — — — _ _ _— _—— — _
vobs, zeta
_ _ V,m
veo, zeta — vobs, zeta vep,zeta B c-E




Analysis of the surface zeta-potential using electrophoresis — light scattering method

< Electroosmotic flow >

zero flow Stationary layer
— veo +
d /
+— L L L

« MotE JHAlL) Rle HB8 e &

0 & 52| counter ion= 0] MI|01 =SS
(electrical double layer) = & & GHH &

« Ol & E™ ALOI0 EXHotE SFAH(ES2 ZEH)0l MIE2 JitotH &0 0
SM2 SE0| LMSHAH S Ol et 2 LR M A R S50l E4E.
0| £ electroosmitoc flowct & .

« S0|, &E HO| LY t Dz'“l_ FHe SE0 | NI 8t&l O OF Xl pressure-driven
ﬂowﬂ FAtet R M2l = & profile (V, )% JEXIA &

« HHUME V0, (B0 EotH HE H|9| Jb OtLlet MII0I=5

LH HMEIZEH &S =XNot= Of ™ el A 1t

01A-| | £5)= 0 EHEE &0
o4

2| i
NFAMOI B UCH 012 SHSOR M HOI0| NEIEHES & £

=
_ Vam
g_gE



« OHH, X HUHO| 22 MEIZEIZ S JtXl= X0| OtL 2t M= &0/ %
Ot O 1 Z0IHItHE &2 =5 profiles JHAIA H =0, 0l BLRUE V,, 0,
S 72 =AU Fote DNHEHS| HEEEES A& = JUAH = L

< Electroosmotic flow >

zero flow Stationary layer

N

—
&
_ Veo /+
— o | T
4—
4—

AN

Solid sample

‘

Jl =20l =2 =50

« ot AIBH Ol 8t =5 profile2 JAIH L2 & == 8l =
(et =sot=dolE I SAE =AMl AR = HIotW 0 B A2 &
CE Ao E EAHole = &AMV, & AHlbtol LA =L



r

Qﬂ

g

U >
ZErlr

electroosmotic flowJ+ S = (DI water) S M OIA &I EO| &IHE

st
2= 55 proﬁle(V o= LA = CH 2 Ate] MEtZEIE 0 3
SUHMNM F=HE 7Ejlm()ﬂ/\‘lol Oleistv 2 EX= &8

cxZ= 58 AL=S
ULt

oy °
v 0

N
Syoyo

& rir o

Ul
ol
4> 0

< Electrophoretic movement >

zero flow

O—| |

et M, & Jl 2 SO0l &N electroosmotic flow 2k 2} A+ 2| electrophoretic
movelt SAI0 LY B3R ZAetHE Soff ANZE 2=5EH=" g8 =55
[

(V= LSt 0] & & L



- [tetM, A M Z SO0l SN electroosmotic flow 2 &4 X+2] electrophoretic
move )t SAI0 Y B At S Soll A HZ 255 =" X2 =5
<

(V)= CHe D 20] B SIC

< Electroosmotic flow > < Electrophoretic movement >
e U— —
_>
— > Veo + + — @ Vep +
— s L — oO— -
4—
— Sl

. Vobs
— — Vobs = veo+vep
veo = vobs - vep
A — — — _ _ _— _ _ — —
__Vem
vobs,zeta &k
V, 2010 2D YCBZV, S HAGH & 4 00 0l JeHZO IIES Soi DH AIZ BB VeoS H 4t
LH OtXI2t ez 9 &= Sol &M 2M Az E3HC MEIZElE= ol LAl = Cf.

o



Example I: zeta-potential of particle

Smoluchowski equation

4277'#:77'/1
E  &.&

0.001C-V -5
m’ cm® 107'm’
_np_ 0.8878x(-2.349x10) X —— o Xy
£.&, 78.3x8.855%x107"

2
cm

4

C
V-m

E : Electric field: =16.01 (V/cm)

n - Viscosity: 0.8878 (cP)

¢, - Dielectric const.: 78.3

&, - Permittivity in free space: 8.855 x 10712 (C/Vm)
H: Mobility: =2.349 x 1074 (cm?2/Vs)




Example II: zeta-potential of solid surface

_ Ven _ Vem
- = e-E &L
0.001C-V -s
3
Ve 0.01x0.8878 m “T00em TP
ce, E 78.3x8.855x107% x(—25.63) ¢ ¥V 100cm
V-m cm m

E : Electric field: —25.63 (V/cm)

V,, : Velocity at the surface: 0.01 (cm/s)

n - Viscosity: 0.8878 (cP)

¢, : Dielectric const.: 78.3

g, - Permittivity in free space: 8.855 x 10712 (C/Vm)




