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Lecture Plan

April 11, Introduction and Physical chemistry

April 18, Nanoparticles and colloids in our daily experiences
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May 23, DLVO theory
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Let's take a look at the colloids around u

» Focus on colloidal dispersion and aggr
»What is "dispersion"?
»What is "aggregation”?

|

»If "dispersion” and "aggregation” can be_
controlled, colloids can be manipulat
freely.
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Add salt to coffee milk

Milk fat floating

1 mol/L KCIiE & coffee milk only
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Why did milk fat in coffee surface?

» Milk fat is lighter than water.
» Milk is a dispersion of milk fat.

.t

» By adding salt, it "agglomerated” and
surfaced.

TIE - B
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Dispersion and Aggregation

» What is dispersion?

- Particles drift in the solvent without
agglomeration.

» What is aggregation?
- Particles gather more and form larger

flocs.
- -

» Materials naturally aggregate.
> Intermolecular force
— van der Waals force
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Dispersion and aggregation
(Equilibrium consideration)

» Aggregation RESR
-vah der Waals interaction
» Dispersion T
- Electrostatic repulsion
- -

-Repulsion due to surface potential
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Dispersion or Aggregation?

» Equilibrium theory

° 8
°d

ectrostatic repulsion

Je to interfacial potential of colloid

» Kinetics
> Collisions between colloids «—

Thermal motion and collision probability
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WAL & LS

Theory of dispersion & aggregation, and
evaluation of dispersion stability

What is the essence of particle dispersion and aggregation behavior?




Intermolecular force

van der waals force
Attractive force acting between any molecule
(The larger the molecular weight, the larger it becomes.)
(Molecular melting point and boiling point increase in proportion to
molecular weight.)

ﬁ._.
Weak electrostatic force d+ ~ O N 84+ IKERER
Works between polar molecules H H
i_Dﬁ B
Hydrogen bond S+ ~7N &4+
Seen in H,O, HF, NH,, etc. H H

(O-H, F-H, N-H occur because the polarity
is particularly large)
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Johannes Diderik van der Waals
(23 November 1837 — 8 March
1923) was a Dutch physicist. In
1910, he became the third
Dutchman to receive the Nobel
Prize in Physics for his discovery
of the gas equation of state,
which takes into account
molecular size and
intermolecular forces.
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van der Waals force

» The van der Waals force is an electromagnetic interaction
force that acts between electrically neutral molecules.
When molecules and atoms approach each other, they are
momentarily polarized and an attractive force is generated.
This force is called van der Waals force.

» When molecules or atoms get closer than a certain
distance, a strong repulsive force is generated. About 0.2
nm is the minimum surface-to-surface distance.

» It also occurs when two macroscopic objects, such as
particles and particles, or particles and walls, come very
close to each other in the same way as molecules and
atoms.
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van der Waals force: features

- The force is much smaller than that of
ionic bonds and covalent bonds.

- In water, the force action is smaller than
In air.

-van der Waals forces decrease when
moisture is adsorbed on the contact
area.

> It becomes smaller in inverse
proportion to the surface roughness.

-van der Waals forces exist at all times,
independent of the surrounding
environment.
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van der Waals interaction energy between plates

) The Hamaker constant is named
o~ after the German scientist H. C.
'" Hamaker. His 1937 paper is

<« r> famous.

Al 1 1 I 1 .
V(h)=- = == = 5| ( perunitarea )
R (h+d)? (h+dy)’ (h+d,+d,)

A, = B#C,,N;N, = 2(C,C;)2N;N, = (A;A,) 213

Hamaker constants for dissimilar substances 1 and 2

A, =W'Ei(i=1,2) RLOFAE(ER X 5 Hamaker E%X)
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2 2 -4
van_der Waals forces between Voo=- A = i S :
particles 6|s>—4 s g
If h is significantly smaller S§=2a+th
than a, the potential energy is

__Aa
vdw 12]’1

A: Hamaker constant ;
For particles with different diameters. 4 e
Aaa,
7 6h(a, +a,)
Between planes.
A
127K

vdw




Hamaker constant

From Wikipedia, the free encyclopedia

The Hamaker constant A can be defined for a Van der Waals (VdW) body-body interaction:
A=1T2 XCXpl X p3,

where p; and py are the number densities of the two interacting kinds of particles, and C is the coefficient in
the particle-particle pair interaction.[1)[2] It is named after H. C. Hamaker.

The Hamaker constant provides the means to determine the interaction parameter C from the Van der Waals
pair potential, w(r) = —C/7".

Hamaker's method and the associated Hamaker constant ignores the influence of an intervening medium
between the two particles of interaction. In the 1950s Lifshitz developed a description of the VdW energy
but with consideration of the dielectric properties of this intervening medium (often a continuous phase).

The Van der Waals forces are effective only up to several hundred angstroms. When the interactions are too

far apart, the dispersion potential decays faster than 1/7'6; this is called the retarded regime, and the result
is @ Casimir-Polder force.
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N———EH(T—F—0»—T\99) | Hamaker constant

When drawing interaction potential curves between colloidal particles, values of Stem potential ¢ and
Hamaker constant A are required. It is assumed that ¢ is approximately equal to the experimentally
determined zeta potential. The value of A can be obtained both theoretically and experimentally. According to
Hamaker's microscopic theory, the Hamaker constant A of a substance in vacuum is related to the London
constant A by the following equation.

A = A
Here, q indicates the number of molecules per unit volume of the colloidal particles. The Hamaker constant
(A11/3) of the colloidal particles (1) dispersed in the liquid medium (3) is expressed by the following equation.

Ans =( An - VA’

Here, A11 and A33 are Hamaker constants in vacuum for colloidal particles and medium liquids. The method
of experimentally obtaining the value of A is to obtain the attractive force between bodies directly, and A is
calculated from the value of the critical aggregation concentration. method, and a method of obtaining from
the measurement of the surface (interfacial) tension.

(i)
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Let's take a look at the colloids around u

» Focus on colloidal dispersion and aggr
»What is "dispersion"?
»What is "aggregation”?

|

»The key to controlling "dispersion" and .
"aggregation" is zeta potential!
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R F & BB

There Is an electric charge of several tens of mV on
the surface of all “matters*
( "Surface potential” or "Zeta potential® )

It's on your face, on your desk, on your foam, on everything!

What is the theory behind this?

What is the essence of particle dispersion and aggregation behavior?




Zeta potential

» Zeta potential is a unique physical
character of each material.

» Zeta potential changes with pH of
aqueous solution.

» Zeta potential is a clue for
dispersion/aggregation.

» Low zeta potential usually results in
aggregation, called homocoagulation.
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Zeta potential
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© Electrophoresis
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Zeta potential as a function of pH
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. \
What can we learn from zeta pote

®

L= e
DNy DB Average
& W Zeta Potentia bt
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° I o Y —= Q) - ® Zeta potential "
B i fores @ +40 1800
5 - 1600
(58 - |E) (FRE - )
The Iarﬂer the absolute value of the zeta potential, the +20 1400
better the dispersibility. However, if it is small, it is unstable
and tends to aggregate. 1200
[ ! 0 1000
The alumina particles in the right figure have a positive
charge on the acidic side. The isoelectric point is around S
pH 9. It has a negative charge on the alkaline side.
' p— a =20 600
R — : L 400
The average particle size is small in the pH region where the
absolute value of the zeta potential is large. In the vicinity of the .10 200
isoelectric point, they aggregate and have a large particle size. | A Apparent particle size: —
i ' IR T RN B T B R B |

he larger the absolute value of the zeta potential, the befter the (pH)
ispersibility. If it is small, it is unstable and tends to aggregate.
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Tea, black tea, and coffee are coII0|ds
Zeta potential of coffee bean particles
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What is electrokinetic phenomenon?

A so-called electric double layer is formed at the phase interface
of substances in the liquid phase.

An electric double layer is approximately represented by two
electric layers with different signs, like a capacitor.

However, since one layer has the property of being diffusively
movable (diffusion layer), only one layer has the property of
deforming when subjected to external mechanical stimulation.
Due to this property, the motion of the electric double layer is
always accompanied by electrical strain. The phenomenon
caused by this electrical strain is the electrokinetic phenomenon
(Electrokinetic Phenomena).

The following electrokinetic phenomena are generally known.

Electrophoresis, electroosmosis, streaming potential, zeta potential
rorheological effect, oscillating potential

AL S b=
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Electrokinetic Phenomenon ~Electrophoresis~

» Suppose that a DC electric field E is applied from the outside
parallel to the solid-liquid interface with an electric double layer
on the solution side. Since the solid surface is stationary, a
laminar flow on the solution side causes a distribution of
velocities along the interface. Now, assuming a microcube in
the solution, the electric force and the viscous force acting on
the cube must balance in the steady state. If the average
charge density in the cube is p, the electric force is pE, which is
balanced with the viscous force (nd?u/dx?) in the steady state
(S| unit system) (equation 6).

iy oL P - =4
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Velocity HF:) When laminar flow occurs on the
0 l/k

. & solution side, a velocity distribution
occurs along the interface.

Now, assuming a microcube in the
/ solution, the electric force and the

Particle Electrolyte solution [} viscous force acting on the cube
must balance in the steady state.
u(x)=-U(1-e*)
T o ,
I E=p LY
. pE=n—;
Potential W/(x) Electric field E dx

Yo

Particle Electrolyte solution

surface
charge

density, p

Mobility 77 £
: p(xX)= o e™

BRIESF
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Electrokinetic Phenomenon ~Electrophoresis~

» Suppose that a DC electric field E is applied from the outside
parallel to the solid-liquid interface with an electric double layer
on the solution side. Since the solid surface is stationary, a
laminar flow on the solution side causes a distribution of
velocities along the interface. Now, assuming a microcube in
the solution, the electric force and the viscous force acting on
the cube must balance in the steady state. If the average
charge density in the cube is p, the electric force is pE, which is
balanced with the viscous force (nd?u/dx?) in the steady state
(S| unit system) (equation 6).

iy oL P - =4
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Electrophoresis and zeta potential

» U (u=VI/E) is the relative velocity of the interface or particle and solution, i.e. the
electrophoretic mobility. After substituting Poisson's formula into this relation and
rearranging it, the following formula is obtained by integrating both sides twice.

The potential in the diffusion layer is obtained based on Poisson's equation.
2 2 2
0 0
oy + d + V__ P

ox*  dy’ 0z’ £.&,

Ay =div (grad ) =

&+ Dielectric constant of solution
&- Dielectric constant in vacuum

p- Charge density
2l L v =4
AL+ & BB 2023/5/30



Smoluchowski formula

» Electrophoretic mobility, 7 = V/ E is represented by

%=<808r/77>C .......................................... (8)

» Where n indicates viscosity. Also, in equation (8), the surface potential g,
Is replaced with the zeta potential . This equation is called the
Smoluchowski equation and is the most widely used electrophoretic
equation. Although this formula was derived for flat plates, it can be
applied to spherical particles where the particle radius (a) is larger than
the thickness of the electric double layer (1/k) (a>1/k, or ka>1). It can
also be used for cylindrical particles with large radii. Furthermore, it can

pe said that it is a very useful formula because it can be applied to large

particles of any shape.

» In particular, in water at 25°C (¢, = 78.5, n = 0.89mPa), it can be
ssed as follows. C=12.8 u(mV)

WAL F & S
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Hiickel formula

» The second method is to think of the external electric field as “acting on a
point charge”, which is the opposite limit of the Smoluchowski equation,
.e., the limit of small particle radius a or thick double layer (a K1), which
is called Huckel's formula.

» Like Smoluchowski's equation (8), Huckel's equation does not depend on
the particle radius, a, but differs in that it has a factor of 2/3.

A an D F =4
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Henry formula

» Henry thought about this contradiction as follows. The Smoluchowski
equation takes into account the distortion of the electric field due to the
presence of particles (the electric field acts parallel to the interface),
whereas the Huckel equation ignores the distortion of the external
electric field due to the presence of very small particles. . This distortion
of the electric field is strictly treated as a function of ka, and the effect
(retarding effect) due to the movement of counterions in the liquid flowing
in the opposite direction, rather than the particles migrating in the
stationary liquid, is also considered. and derived the following equation.

> = (808r/77>é:'f(lcd) ................................. (12)
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Henry coefficient

» The function f(ka) is called Henry's
coefficient and expresses the degree
of distortion of the external electric field
due to the presence of particles. Here, TEAKEBEED
when ka — 0, f=2/3 and the Henry

equation becomes the Huckel equation. . Gu

» Conversely, when ka —, f=1and L= =
the Smoluchowski equation is obtained, PR
and in this limit the external electric peliheg TTSTp—
field is completely distorted. The — |
intermediate values of ka are shown in T 23080

the figure on the next slide.

A an D F =4
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f (xa)
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Relaxation effect

» One problem still remains in the relationship between electrophoretic mobility
and { potential. It is a well-known relaxation effect in the theory of electrical
conduction in strong electrolytes. It is the effect that the opposite electric force
acts on the particles because the double layer is deformed by an external
electric field and becomes asymmetric.

» a) In colloidal electrophoresis with a  potential of 50 mV or less, the relaxation
effect is negligible.

» b) In colloida

effect is small.

» ¢) In colloida

systems satisfying ka > 1 or ka < 1, the effect of the relaxation

systems with 1 < ka < 100 and a ¢ potential of 75 mV or more, u

Is greatly affected by the relaxation effect, making it difficult to estimate the (

potential from the value of u.

iy oL P - =4
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Electrophoresis measurement

» A major problem with performing electrophoretic measurements in thin glass
cells is the electroosmotic effect that occurs on the glass walls. Since the glass
wall is negatively charged with respect to the aqueous solution, the solution
flows due to the electroosmotic effect when an electric field is applied, and this
flow u,., is superimposed on the true electrophoretic mobility, u, of the colloidal
particles. That is, the apparent particle migration mobility, u, ., observed under a
microscope and u are related as follows.

uapp = 9 + gy ©* 00 (14)

» Uy, Varies parabolically with cell depth h and is given by the following equation
when k = (cell width/cell depth)>>1.

2
%osm:% <%_1> .................................. (15>

b : 1/2 of the cell thickness, uj is the electrophoretic mobility at the wall surface (h = =b)

app’
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Electroosmotic flow curve

Cell wall

.Positive

electrode

V% @ @ @ & ® &
é @—'U E: *Uosm
2 —

39

Negative charge inside the cell Electroosmotic flow

Quartz cells are generally used as measurement cells.
The isoelectric point of quartz is 2 ~ 3, and the
surface of the cell is usually negatively charged.
There are many ions.

When a voltage is applied to the cell, the positive ions
near the cell wall are pulled toward the cathode and
move, creating a flow. Since the cell is normally a
closed system, the flow in the vicinity of the cell wall

is circulated, and the flow in the opposite direction
occurs in the vicinity of the cell center.

Cell wall This flow inside the cell is called electroosmotic flow.
< e e e ) e
P




Electrophoresis measurement

» A major problem with performing electrophoretic measurements in thin glass
cells is the electroosmotic effect that occurs on the glass walls. Since the glass
wall is negatively charged with respect to the aqueous solution, the solution
flows due to the electroosmotic effect when an electric field is applied, and this
flow u,., is superimposed on the true electrophoretic mobility, u, of the colloidal
particles. That is, the apparent particle migration mobility, u, ., observed under a
microscope and u are related as follows.

uapp = 9 + gy ©* 00 (14)

» Uy, Varies parabolically with cell depth h and is given by the following equation
when k = (cell width/cell depth)>>1.

2
%osm:% <%_1> .................................. (15>

b : 1/2 of the cell thickness, uj is the electrophoretic mobility at the wall surface (h = =b)

app’
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Electrophore5|s measurement

(@) A5 —JHE

RFR
app at |eve| hS’ glVIﬂg ;///////////////////é D S
Osm'O gives the true d Cod) L > X
electrophoretic mobility u. -
This h, Is called the o=y
stationary level and given
T X

by the following equation.

b
73

(b)

= +0.577b

M4 FEHFEBEIUKENAITERE (a) & I)LRDOFERD SR & EZDE Y 4 (b)

A an D F =4
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Electrophoretic light scattering measurement method

» The electrophoretic light scattering measurement method is
also called the laser Doppler method. This is a method that
uses the “Doppler effect” to give the migration velocity of
particles. The Doppler effect is the phenomenon that when
light or sound waves strike a moving object and are reflected
or scattered, the frequency of the light or sound wave
changes in proportion to the speed of the object. When

electrophoretic particles are irradiated with laser light, the

scattered light from the particles undergoes a frequency shift
due to the Doppler effect. We can see the migration speed of
the particles.

iy oL P - =4
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Measuring cell

Pinhole
Pinhole

Detector ( Colloidal particles in Brownian motion )
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Electrophoretic light scattering measurement method

D
Half mirror 2/ Particles in electrophoresis
Laser - \\ = iég -
& ) Scattering angle 6

—] Half mirror
Scattered

light

Detector
photomultiplier tube

X -~

Reference beam Modulator
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Isoelectric point, i.e.p.

» Normally, the isoelectric point is the pH at which the  potential becomes
zero under the condition where specific adsorption (chemisorption) does
not occur.

» In oxide particles, the isoelectric point is on the acidic side for acidic
oxides and on the alkaline side for basic oxides.

» When specific adsorption occurs, the isoelectric point changes even for
the same material.

» On the other hand, the pH at which the true surface potential becomes 0
is called the point of zero charge. When chemisorption of sign ions
occurs, the isoelectric point changes even though the surface potential is

iy oL P - =4
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WAL & LS

3. Theory of dispersion & aggregation, and
evaluation of dispersion stability

DLVO theory




DLVOIE:H

Derjaguin-Landau-Verwey-Overbeek theory

Derjaguin, B.; Landau, L. (1941), “Theory of the stability of strongly charged lyophobic sols
and of the adhesion of strongly charged particles in solutions of electrolytes”, Acta Physico

Chemica URSS 14. 633.
Verwey, E. J. W.; Overbeek, J. Th. G. (1948), Theory of the stability of lyophobic colloids,
Amsterdam: Elsevier.
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Dispersion and Aggregation
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Dispersion and Aggregation

m What is dispersion?

Particles drift in the solvent without
agglomeration.

m What 1s aggregation?
Particles gather more and form larger flocs.

—
m Maternials naturally aggregate.

Intermolecular force
— van der Waals force
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Dispersion and aggfggation
(Equilibrium consideration)

m Aggregation ey

van der Waals interaction

m Dispersion

SEX

Electrostatic repulsion

V
Repulsion due to surface potential
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. | ~ Way to think
Dispersion and aggregation

m Interaction due to van der Waals forces

m clectrostatic repulsion

Vtotal — VH T Vel
VH . Interaction energy due to van der Waals force

V., ! interaction energy due to electrostatic repulsion
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, , ~ Way to think
Dispersion and aggregation

Vtotal — VH T Vel
VH . Interaction energy due to van der Waals force

Vel . Interaction energy due to electrostatic repulsion

Vtota
V....; Negative—Aggregation

; Positive— Dispersion
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Electrostatic repulsion

2023/5/30 AL F & BRAEF



Pl

Electrostatic repulsion

m Particle surface 1s charged
Electrostatic phenomena

m Could this be the source of the
electrostatic repulsion?

m Start here

2023/5/30 WAL F & BRIEF



Counter ions (positive)
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Counter ions (positive)

lon Concentration o,

' Secondary ions (Negative)

x=0 X

Near charged surfaces, counter ions (charges of the opposite to
the surface charge) accumulate, while secondary ions are scarce.
This graph is for the 1-1 electrolyte.
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Potential drops with distance

m Helmholtz theory
m Gouy-Chapman theory
m Stern theory

2023/5/30 MALF & EE



.............. Surface potential, W
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Surface potential, ,

Gouy-Chapman theory
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.............. Surface potential,
O
§ - Stern theory
% Go down 1n a straight line
In solvent
(Bulk)
Stern plane
...................... E /.Stern potential
............................ ¢ poten VDiffuse double layer
Oqr: Distance
Slip plane ne
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How to think realistically
m Only the ( potential can be measured

m The ( potentia

Stern potential.

s considered equal to the

m Then, consider the ( potential as the surface

potential.

m Instead of Stern theory, let us apply Gouy-
Chapman's diffuse double layer theory in

reality.

2023/5/30
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Consider the ( potential as the surface potential.

S
£
>
0p)]
In solvent
(Bulk)
O —

Distance
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1 . The ion concentration in the diffuse layer follows the Boltzmann distribution.

—z.ey (1)
kT

z_ey
kT

1. ' number concentration of ions in diffusion layer

n+ N n0+ eXp

n_=n, €xp

Ip- number concentration of ions in bulk solution
7. . lonvalence

k. Boltzmann constant

T Temperature
WZ Potential at distance x

+’-: Positive ions or negative ions
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Surface potential:

W, is defined by bulk activity ¢ of potential determining lon:

Vo= (2)

R: - Gas constant

«-cat yp =0

2023/5/30 WAL F & BRIEF



Potential in diffuse layer is defined as Poisson equation:

. Oy oy Jdw_  p
w =dwv (grad y) P e e

&+ Dielectric constant of solution

&p- Dielectric constant in vacuum

p: Charge density

2023/5/30 MR F &L



jol Charge_density is defined by

symmetrical electrolyte (Z+ =Z_=Z,n,, =Nn,_=n )

0 = Z€(ﬂ+—n_)

= nze-s €xXp _zV — exp s .
kT kT )
- . zely
= —2nze smh - (4)

2023/5/30 MR F &L



Therefore,
the Poisson-Boltzmann equation for the flat electric double layer is

derived from Egs. (3) and (4), considering only x-axis.

d’y 2nze .. zey

b = sinh (5)
X € E, kT

It is obtained by integrating Eq. (5).

zey _ zey,
Rk tanh _
o8 ( kT jeXp( ) (6)

2023/5/30 WAL F & BRIEF
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ze W/kT << 1 then, eq.(5) is simplified as

2
il )
where K = 2nz’e”
EENKT (8)
In an aqueous solution at 25° C, the following is obtained.
K =3.3%x10°z+/c (9)

Solving equation (7) yields the following.

W =y, exp(—kx) (10)

x 1s called as Debye-Huckel parameter.
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Next, consider MeTTeracion Detween
the flat plate electric double layers.

Let us first consider the interaction between plates

2023/5/30 MALF & EE



The force acting on two parallel plates (distance between
plates: h) in a solution is

P=P.+P, (15)

The electrostatic component P, is the force that is attracted inward by the
electric lines of force.

The osmotic pressure component, P, is the force pushed outward by the
osmotic pressure of the counterions.

2
PE . grgo dW
2 \dx
P, =(n, +n_)kT —2nkT (16)
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P, is always larger than P., and the plate receives a repulsive
force. If the surface potential does not change during the
approaching process of the plate, the repulsive force received
by the plate per unit area is given by the following formula
from Egs. (1) and (16), ignoring the contribution of Pr.

Let's supplement.

Consider the plane exactly halfway between the two planes
and the plane at infinity.

For the former, due to symmetry, the electric field is zero. For
the latter, the electric field is zero. Therefore, only the osmotic
pressure component should be taken into account.

( N

zevly, ,
P.(h)=2nkT- cosh 1

;yz The potential at exactly the middle between two plates
0

23/5/30 WA FERRIEE



If the interaction is weak, y,, can be thought of as twice the
potential, ), of a single electric double layer.

zey /4kT <<1 then tanh( zey/4kT)=zey /4kT

(This approximation holds when ¥<20mV, as will be described later.)

Eq. (6) is transformed as follows.
L
Wi = Y €Xp 5 (18)

ze

= tanh(ze%j

4kT (19)

2023/5/30 WAL F & BRIEF



Eqg. (17) is transformed as follows.

zey,,, | kT <<1 then P,(h)=nkT{zey,, /kT}’
Substituting eq. (18) into here yields the following.

(This approximation holds when kh>1, that is, when h is larger than
the thickness of the electric double layer.

For approximation, cosh y = 1+y? was used.)

P,(h)=64nkTy’ exp(—xh) (20)

2023/5/30 WAL F & BRIEF



Therefore, the interaction energy of the electric double
layer between the plates is as follows.

V() =~[ Py(h)dh =

64nkT
K

y* exp(—kh)

2023/5/30
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Next, con31der the 1ntéf5c:t10n
between spherical particles

Next, let us consider the interaction between spherical particles.
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Derjaguin approximation

2BK
" 9
4

Sphere 1 Sphere 2

_2maa, (»
Vi (H) = 2 | v,y

)4

FAT2M 4

_ | 2aa, [= dh
kD= L

(per unit length)

Cylinder 1 Cylinder 2

R AE

V. (H) =27\aa, I:Vp,(h)dh

Cylinder 1 Cylinder 2

R & BT
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From the Derjaguin aPProﬁsmation, the interaction
force of spherical particles can be obtained.

The interaction force between two spherical particles with radii a,
and a,, when the closest distance is H, is:

(H<<a 1 9a2)

P.(H)= 27{

a,d,

jVR (H)  (22)

a, ‘|‘Cl2

when a, = a, = a, the following eq.(23) is obtained.

P.(H)= 64”?(”” v exp(—xh)  (23)
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Therefore, the interaction energy acting between two
spherical particles with radius a is obtained as follows.

Vo (H) =~ Py(H)dH

_ 647[’??kT y” exp(—kh) (24)

2023/5/30 MALF & EE



Derivation of approximation formula.

zelW,/4kT <<1 then tanh(zey,/4kT)=zey,/4kT
Hence, Egs. (23) and (24) is changed to Eqgs. (25) and (26).
(zewy=4kT then
w=103 mV at 25°C for 1:1 electrolyte.
Wr=20 mV ormore, then zeyp/4kT to tanh{ ze yy/4kT} has

more than 1% difference.

Therefore, this approximation is allowed less than 20 mV. )

P, (H) = ngrgoKW02 exp(—x7) (25)

VR (H)= 27m£r80W02 exp(—Kn) (26)

MALF & b



Pl

P,(H)=27mag,e,ky, exp(—Kkh)  (25)

Vo (H) =2me, ey, exp(—xh)  (2¢)
Using Eq. (13),

a0’

P (H) = £ exp(—kH ) (27)
i) =2 ety )

O, =E&,.£KVY, (13)
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van der Waals Interaction

van der Waals force and energy are

A
P,(H)= lzaHz (29)
A
== (0)

A Is Hamaker constant.

2023/5/30 MALF & EE
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The total energy 1s given below.

20’ aA
P.(H)= —xH
r(H) KE £, exp( ) 12H? (31)
2mao” aA
V. (H)= —kH
r(H) K’e &, xp(—KH) 12H (32)
Or
V. (H)=2me € * ex (—xh) ad
T — EoWo €XP 197 (33)
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Consider the meaning of the formula.

How does it change depending on the
solution conditions?
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Vi (H)=2mag,egyy exp(—ki)

E,,Ey,W,,A are constants.
ais a‘particleyradius. \

Changing parameter is only k' .

2023/5/30 MR F &L
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E,.EkT
¢ elementary charge. grgO dielectric constants.
k Boltzmann constant.
71 number concentration of idns
7 lon valence

T temperature
BT AR
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K
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number concentration of ions is increased
lon valence Is increased

temperature is decreased

\

IS Increased

WAL & LS



Vi (H)=2mag,egyy exp(—kH )

Let's draw a diagram.

2023/5/30 WAL F & BRIEF
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Schematic diagram of the energy versus distance profile of the DLVO interaction
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- Energy barrier

secondary minimum (W)

primary minimum (W)
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Schematic diagram of the energy versus distance profile of the DLVO interaction
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As salt conc. Is
Increased, surface
potential is decreased
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Schematic diagram of the energy versus distance profile of the DLVO interaction

(a) Colloidal particles are stable.
(b) If the secondary minimum is deep enough, the colloidal
particles are stable.
(c) Colloids aggregate slowly
(d) and (e) Colloids aggregate rapidly.
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¢ 0 As the ion concentration, 7,
increases, the repulsive energy
decreases when compared at the
same distance.

As the 10n valence, z, increases, the

. Slip plane .
repulsive energy decreases when

compared at the same distance.

4

¢ potential is decreased.
Diéténée
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Colloids precipitate,
when electrolytes, 1.e. salts, are added

A

This phenomenon 1s proved by
the DLVO theory.
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4. Concept of Rapid Aggregation Theory
and Industrial Cases

Use aggregation




Go back to Beppu sea hell

- ”/n/ Was the silica colloid
~ responsible for the biue colof,
maller than the wavelenginorl;
light?

MHAFERIEE  2023/4/25



Why were the silica particles smaller than the wavelength?
That's because it didn't aggregate and was stably dispersed in water!

Isoelectric point of oxides

depending on crystal plane, structure, etc.
The isoelectric point is the pH at which the
» SIO 5 2~3 zeta potential becomes 0 (zero).

» TIO,  6~8 PH 7

» Fe;O0; 6~8
» ZrO, /~9 /\\
» ALO;  7~9 s \ \ pH

» MgO O~11

Zeta potential (mV)
?

pH of Umi Jigoku hot spring water : 8~9

WAL F & AL 2023/4/25



Aggregation and precipitation
of silica colloid

WA FERIESE  2023/4/25



Let's take a look at the colloids around u

»Focus on colloidal dispersion and
agdregation!

»What is "dispersion"?
»What is "aggregation"?

»Tofu is a typical example of a
“aggregation” product!

WHFERALE




IS8R RIBERESDWeb http://www.spa-u.net/shopping.html?cate=3

Ureshino specialty! Hot spring tofu

T
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The secret of Ureshino Onsen tofu

OThe relationship between Ureshino Onsen and

Why does boiled tofu dissolved in
Ureshino Onsen water?

T .

L "-- !
- . '!'.'Ir..l

g SR

A _
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Tofu

The isoelectric point of normal soybean protein is
about 4.5 to 5.0.

0 Over pH 5: —

0 Below pH 4.5 : + -
pH of household water
05.0~6.0 4
Homoaggregation near T
. . P 5 pH
the isoelectric point

They disperse when the pH is raised.

AL F & REE 2023/4/25
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Tofu is a product of rapid aggregation.
-

The main ingredient of nigari, which is used to harden
tofu, is magnesium chloride with a small amount of
magnesium sulfate.

Magnesium and calcium dissolve as divalent cations.

The sulfate ion of magnesium sulfate is a divalent
anion.,

INn general, when substances aggregate, there is a
certain trigger. This is called rapid agegregation, and the
trigger is electrolyte ions, that is, salts.

When you make butter from milk, you use salt, and it's
the same.
A FERIEE 2023/4/25
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Tofu is a product of rapid aggregation.

e
In aggregative sedimentation, divalent and
trivalent ions are overwhelmingly more
advantageous than monovalent ions for
obtaining the same aggregates. The effect is
inversely proportional to the sixth power of the
ion valence.

In other words, magnesium ions have the power
to aggregate 6 times, that is, 64 times more
than sodium ions even at the same
concentration.

AL F & REE 2023/4/25



Ingredients of Ureshino Onsen
I

Ureshino Onsen is a sodium-bicarbonate-chloride spring. It is a weakly
alkaline spring (pH7.5-8.5), and the sodium ion content is about 400-

500mg in 1kg of sample.

Since the amount of calcium and magnhesium that coagulates tofu is
small, the tofu is dispersed due to the pH effect.

This is nhot the decomposition of proteins, as is generally said, but a
physicochemical phenomenon called “dispersion”.

\%
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|Hardy—5chulze Rule

= Flocculationis controlled by the valency of the counter-ion (added
electrolyte with charge opposite that of the particle surface)

= Fewer 3+ ions than 2+ than 1+ ions are needed to cancel out colloid
charge on negatively charged colloid > more compact counter-ion
cloud (the critical coagulation concentration is lower for 3+ than 2+)

s 7 A 2 2023/5/30 Lecture 36-20



Rapid coagulation
-

Colloidal particles in water are dispersed by the electrostatic repulsion
between the particle surfaces, and the surface potential of the particles is
gradually neutralized by adding oppositely charged electrolyte ions to
the solution. The attractive force between the particles becomes strong,
finally causing coagulation and then sedimentation. If Cl, C2, and C3 are
the minimum concentrations of monovalent, divalent, and trivalent
counterions necessary to cause coagulation and sedimentation within a
certain period of time, the ratio of the reciprocals of the minimum
concentrations is 1/Cl: 1/C2: 1/C3 = 100: 1.6 : 0.13, which indicates
that the critical aggregation concentration of the colloidal system is
inversely proportional to the sixth power of the counter ion valence used.

This type of aggregation is called Schultz-Hardy aggregation.

MM F & RIEE 2023/5/30



Schulze-Hardy rule

This rule is given a theoretical basis from the DLVO theory.

aA
V.(H)=2 > exp(—Kh) — —— -

As the electrolyte concentration is
increased, a point corresponding to Vm
appears in the figure.

x

This is the critical coagulation
Concentration (C.), which is expressed
by the following equation. .

RFVY P VT RIVF—

_ P
e =8X1072 7 0 KT RABENE

The reciprocal of the valence, v, to the 6th power proved this rule.



Colloids in life

The concept of
colloidal surface
chemistry is also

included In
"Udon"!

The amount of salt used
for Sanuki udon is 3% or
more of the flour.

Udon
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Sanuki Udon
-
The fabric is stable and does not sag too
much.

Wheat flour can be kneaded in fresh water to
form gluten, but salt water produces stronger
gluten.

This is called the astringent effect of salt, and it
becomes the base of the udon noodles.

The salt helps keep the dough from getting mushy

if it's ripened for the right amount of time.
A FERIEE 2023/4/25



Flotation

» In flotation, after finely ground ore is suspended in
water, fine air bubbles are generated in the water.
Hydrophobic minerals adhere to the bubbles. Then,
the minerals are recovered along with the floating
bubbles. Flotation agents such as collectors are used
to create differences in wettability between minerals.
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Removal of Dioxin and PCB

Dioxins, PCBs adhering ”éﬂi!@*‘lmﬂ

to suspended solids @ ®@®
Dioxins, PCBs @Zkg‘r_[_@m;_,ﬁm

Dioxins, PCBs in water

Adsorption then
aggregation

WAL F & S

8K

Removal by
sedimentation
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Removal of radioactive cesium by
coagulation sedimentation treatment

(2L TAM] [REsAI A ] [FEELTAH]

r coagulant

Turbidity provn

vy

Turbidity repels each The coagulant eliminates ~ Turbidity aggregates
other and disperses. the repulsive force. and precipitates.

RIREVKERH D

flsg s 2 A o f o it
'ﬁ&*ﬂ%mﬂ“ —+ 2023/5/30



Development of dispersion/aggregation control

» protective colloid
- Polymer systems, biological systems, soft materials...

» Nanoink coating technology
- Metal nanoink, Conductive oxide nanoink, Nanocarbon material

ink
» slurry
- metal slurry, ceramic slurry
Controlling dispersion and aggregation is very important in practical processes
in many heterogeneous systems (solid-liquid, liquid-solid, etc.).
Basically, we can discuss only van der Waals and electrostatic repulsive forces,
but there are cases where hydrophobic interactions (outside the purpose of

today's lecture) should be taken into consideration.
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