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Examples of colloidal systems
and surface phenomena from daily life
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More examples of
colloids
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Historical note: The term ‘colloid” is derived from the Greek worg

= . =S O d
which were identified by Thomas Graham in 1860 in experiments on
osmosis and diffusion. ~ :
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0id science is both a multi- and

Physical chemistry
Physics
Biology

Medicine

Materials

Microelectronics
HDL, High-Density Lipoprotein oo sl sebeetor
8-11 nm sized biomolecule (inarganic salt A)

aggregates containing cholesterol, £
phospholipids, apolipoproteins A elc. % &

("good cholesterol”)

A_A
LDL, Low-Density Lipoprotein m
18-25 nm sized similar aggregates wrtactaot

("bad cholesterol”) /7 35\

Truly valuable to chemists, chemical engineers, ﬁ?ﬁ
biologists, material and food scientists and b
many more.
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Definition of colloidal systems

Finely-divided dispersion of one phase in another.

It concerns, in the main, systems containing
large molecules and/or small particles.

The adjective 'microheterogeneous’ provides an
appropriate description of most colloidal systems.

There is, however, no sharp distinction between
colloidal and non-colloidal systems.
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What are the colloids and interfaces?
Why do we study them together?

Colloidal dispersions are systems of particles or droplets with
the "right dimensions” (the dispersed phase), which are

dispersed in a medium (gas, liquid or solid).
But which are the “right dimensions”?
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The link between
colloids and surfaces
follows naturally from
the fact that particulate
matter has a high
surface area to mass
ratio.
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The characteristic properties

Surface matters of colloidal srystems are due
to the size of the particles or

droplets (i.e. the dispersed
phase), and not to any special
nature of the particles
Their high interfacial area is
the reason why colloidal

systems have special £

lamella

properties and also why we fibrilla
study colloids and interfaces
h L 10 nm { / 0
together. S— y = 3 corpuscula
1 om 10 nm
N 1 108 1012 107
A, (cm?) 6 2 4x10% 6x10"2
Ayt (€m?) 6 2x 108 4x10®  6x10°
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Another example

1 litre of a latex paint suspension containing 50%
solids with a particle size of 0.2 um has a total
particle surface area of 15000 m-.

However, to form such huge interfaces, e.g. by
dispersing water in the form of droplets in an oil,
we need "“to do a lot of work”.
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Colloids and interfaces .
An interface has a

thickness of afew
angstrom

Surface GAS

. Scale
tension Liquid-gas R e -
interface @ e Ll 26000
Liquid/A o a5 600 —
Interfacial Liquid-liquid - e wipaprte
tension interface Hemogioon 69.000
Liquid B N .o

{-lactoglobulin 90 000

|nte r[aC|a| | ‘ SOlld-llqwd 48000 p-lipoprotein

. . 1300 000
fension interface ——————————————

Fibrinogen
400 000

Different shapes of colloid particles with molecular weights providedin g mol™. Pr . L. Oncle
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Why are colloids important?

It is a highly interdisciplinary subject, of interest
to diverse fields of science and engineering.

Just to mention a few: pharmaceuticals, food,
cosmetics, detergents, medicine and biology, up
to materials and microelectronics.
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Some applications
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Three ways of classifying the colloids

Colloids (or colloidal dispersions) can be classified
according to the state of the dispersed phase and
the dispersion medium (gas, liquid, solid).

Dispersed phase Dispersion medium Name Examples
Liquid Gas Liquid aerosol Fog, mist, liquid sprays
Gas Liquid Foam "Chantilly” cream,
shaving cream
Liquid Liquid Emulsion Milk, mayonnaise, butter
Solid Liquid Dispersion Toothpaste, paints
Gas Solid Solid foam Expanded polystyrene
Liquid Solid Gel Pearl
Solid Solid Solid dispersion Pigmented plastics, bones
Co-funded by the
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Classification

colloids
incoherent systems coherent systems (gels)
colloidal macromolecular association porodin reticular spongoid
dispersions solutions colloids \K( )
liophobic liophilic
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Lyophobic and Lyophilic

Lyophobic (i.e. solvent hating) colloids are those in
which the dispersoid (dispersed object) constitutes a
distinct phase.

Lyophobic colloids are thermodynamically unstable.

Lyophilic colloids refer to single-phase solutions of
macromolecules or polymers.

These terms describe the tendency of a particle (in
general a chemical group or surface) to become
wetted/solvated by the liquid.

Erasmus+ Programme
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How to prepare colloid systems?

Basically, the formation of colloidal material
involves either degradation of bulk matter or
aggregation of small molecules or ions.

Dispersion of bulk material by simple grinding in
a colloid mill or by ultrasonics

Aggregation methods involve the formation of a
molecularly dispersed supersaturated solution
from which the material in question precipitates
in a suitably divided form.
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Key properties of colloids

They have very interesting kinetic,
rheological and optical properties.

The van der Waals attractive forces in
colloids are much stronger than those
between molecules and lead to
afggregation (instabi/ity/, but there are
(fortunately) also repulsive electrical
forces, when the particles are charged,
which “help stability”.

There are other types of repulsive forces,
e.g. steric, solvation.

Almost all lyophobic colloids are in reality
metastable systems.

When we use the term "stable” colloids,
we imply a kinetically stable colloid at
some arbitrary length of time (which can
be, forexample, two days or two years).

This project has been funded with support from the European Commission. This publication reflects the views only
of the authors, and the Commission cannot be held responsible for any use which may be made of the information
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Author, Editor and Referee References

This remote access laboratory was created thanks to work done primarily at University of Nis.
Contributors to this material were: Marjan Randelovi¢

Refereeing of this material was done by:

Editing into NETCHEM Format and onto NETCHEM platform was completed by: Milan Milosevic,
Tatjana Andjelkovic

Co-funded by the
_— . o i o . Erasmus+ Programme
This project has been funded with support from the European Commission. This publication reflects the views only of the European Union -
of the authors, and the Commission cannot be held responsible for any use which may be made of the information

contained therein.



(@

Erasmus+

NETCHEM

References and Supplemental Material

The NETCHEM platform was established at the University of Nis in 2016-2019 through the Erasmus
Programme.

Please contact a NETCHEM representatives at your institution or visit our website for an expanded
contact list.

The work included had been led by the NETCHEM staff at your institution.
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Colloid Stability —The Major Players
(van der Waals and Electrical Forces)
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Key forces and potential
energy plots

Colloidal dispersions have a high interfacial area and are
therefore unstable; they have to be stabilized.

_ Colloid stability
The most important D b
forces are: 0 0 0 etermine y forces

' O between particles:
= the van der Waals ® 0
(vdW) forces, which are 0O Elastic Repulsive
usually attractive and ,
are the cause of o L} van der Waals Attractive
instability Electrical (ions) Repulsive
= the, usually, repulsive | : :
forces due to electrical Stenc (polymets),  Repulsive
charges on the 200 0000 t
partiCIeS. | Usua"y!
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Colloid stability and mechanical stability

The colloid stability of a dispersion refers to small
particles that do not aggregate (in the practical
lifetime of the dispersion).

The mechanical stability refers to dispersed
particles that do not sediment or cream.
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Interactions
The potential
energy-distance o
plot (V-H curves) R
represents ¥ R

graphically the
behaviour of a
colloidal system.

The stability of
colloidal dispersions
is often described
quantitatively via
the DLVO
(Derjaguin—-Landau- ,

Verwey-Overbeek) ! V=Vg+Vy

This project has been funded with support from the European Commission. ~ :
Commission cannot be held responsible for any use which may be made of the — n
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Critical coagulation concentration (CCC)

In DLVO the total potential
energy is expressed as
simply the sum of the
repulsive and the
attractive energy.

Equation for V in the slide
is for equal-sized spherical
particles of equal and
small surface potentials
(less than 25 mV for 1 : 1
electrolytes) and small
electric double layer
overlap.

For very small particles
(radius less than about 10
nm) the secondary
minimum is not deep
enough to get flocculation.

Interaction enerqy

=

F =-dV/dH = 0

Repulsion

Composite

~ = |nterparticle distance
Secondary minimum

Attraction

Primary minimum

AR
V=Vg+V,=2rReequs expl—«H) - ——
AR+ Va EEqlrg BXp 1oH
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vdW and electrostatic forces

e are long-range (vdW forces dominate at high and
small distances, electrostatic forces may
dominateat intermediate distances);

o depend on the characteristics of the particles and
the medium;

o depend greatly on the shape of the
particles/surfaces (e.g. sphere, plates, cylinders),
their size and proximity.

- - . - - T - -f th
This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the E'asmolrsy:’(r’ggr::nmg
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Electrical and steric
stabilization

Schematic representation
of the electrical double-
layer forces (a) and of the
steric (or entropic)
stabilization (b).

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Erasmus+ Programme
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vdW forces

Colloid stability assumes a
balance between the van der
Waals (vdW) forces (typically
attractive) and the (typically
repulsive) electric (double-
layer) forces.

Attractive vdW forces between
particles and surfaces are
much more long-range (they
can be of importance at
distances as high as 100 nm)
than the vdW forces between
molecules

NETCHEM
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van der Waals force between
equal-sized spherical colloidal
particles when g << R

AR

Va=——r

12H

Th e Vd W fo rces d epe nd Table 10.1 Examples of non-retarded (distance-inde-

pendent) Hamaker constants for two identical materials

on t h € SiZze an d S h d p € interacting in a vacuum at room temperature. It should be
( geo me t7/) (o) f emphasized that values for the same material can differ
S

particles
their proximity but
above all they depend

significantly from one source to another. The Hamaker

ur. f aces an d constant of water is very low due to water being a small

molecule. Additional values can be found in, for exam-
ple, Bergstrom (1997) and Israelachvili (2011)

on the na ture Material Hamaker constant (x107%° J)

(chemistry) of the Water

Benzene

materials and the Fthanol
medium via the so- Mica

Diamond

called Hamaker Polystyrene
constant, A. Teflon

Hexadecane

3.7
5.0
22
13.5
29.6
7.0
3.8
5.2
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Eeffective value of the Hamaker constant in a
medium other than vacuum or air

when we have the same 2

Ag=A1a1 = (VA11-VAn
type of particles in a e ( - )
medium

the effective Hamaker

constant in the case of two

different types of particles Ay = A1z = (\/,alJ - \/AH) (x/A.u- \/;.H)
(1 and 3) in a medium 2 is

The effective Hamaker constant can be negative, which implies
repulsive van derWaals forces.
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Some examples of effective Hamaker
constants

Table 10.2 Some examples of positive and negative effective Hamaker constants. The magnitude of the van der
Waals attraction increases with the difference in dielectric properties between the medium and the particles. Fused
quartz is glass containing silica in amorphous form. The Hamaker constant for air is here taken to be 0

Interacting media (1-2-3) A (x107%9)) A (x1072°)) A (x10729)) Aerr (x10779))
2 is the medium Particle 1 Medium 2 Particle 3
Pentane-air-pentane 3.8 0 3.8 3.8
PS—water—PS 6.6 3.7 6.6 0.063
Pentane-water-pentane 3.8 3.7 3.8 0.28
Water—pentane-water 3.7 3.8 3.7 0.08
Fused quartz-air-fused quartz 6.3 0 6.3 6.3
Fused quartz-water—fused quartz 6.3 3.7 6.3 0.63
Fused quartz-air-fused quartz 6.3 0 6.3 -0.87
This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Easns’l:'s:urP?oU;r::n::: -
Commission cannot be held responsible for any use which may be made of the information contained therein. of the European Union
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vdW forces for different geometries -
examples

0
0- Sphere - sphere .
,""’;/” -50
& /
200007/ 100
/
/ Sphere - PS wall = ¥
. —400 - x —150 ¢
@ / X '
< / = !
E 600} / =200
> / !
/ -250 -
-800 f
|
—-1000 ' : '
0.1 1 10 100 H (nm)
H (nm) Figure 10.6 Oil (C,4) droplets in water and seawater.
Figure 10.5 Attractive interaction between tetrade- In seawater, the oil droplets are less sticky. The differ-

ence is due to the Hamaker constants in the two liquids.
Adapted from Goodwin (2009), with permission from
John Wiley & Sons, Ltd

cane (C,4) spheres and between spheres and the poly-
styrene (PS) wall they are contained in. Adapted from
Goodwin (2009), with permission from John Wiley &

Sons, Ltd
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Electrostatic forces: the electric double
layer and the origin of surface charge

The interfaces may have a positive or negative
charge, but the latter (negative) is the most
common.

Charge depends on pH, nature of surface groups and
salt concentration.

Most surfaces are negatively charged, since the
smaller cations are typically more hydrated than
anions.

Thus the cations remain in aqueous solution, while the
anions adsorb on the surface.

- . R - T - Co-funded by the
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Hydratation

_ _ Bulk water
Hydration of counter-ions Outer hydration shell

is good because it Inner hydration shell
restricts the ability to
approach the particle
surface and enter the
Stern layer.

Consequently, less
destabilization by
hydrated ions is obtained.

Ionic valency also plays
an important role in itself ;
(the Schulze-Hardy rule).

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the
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Charged interfaces

In the diffuse double-layer model, the ionic
atmosphere consists of two regions: a so-called
Stern (or near-Ste I '
after that.

Adsorption of ions Charged interfaces

Interface charge

Interface potential
—0.1V<yy<0.1V

O
O Diffuse
O (O Double layer
O
O
G

(O— Diffusion force

This project has been funded with support from the European Commission
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The surface of

shear Plarticle surface

The exact location of the Stern plane

surface of shear, of grea Siace it Sear

importance for the & | ©

measurement of the"zete ® ©

potential” . ® ' ©

It is considered to be qui S ®

close to the Stern plane. o '@ S,

The net charge of the !

Stern layer, diffuse layer S, ® ®

and the surface is zero ® I O

because of I ©

electroneutrality . Diffuse layer
Stern layer
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Why are the surfacesor =
- A a A A K-
particles charged? . o Bl Bl
Agl |49 no; g |7 ag [TAr, Kk
Differential ion Bl ;5 . B
SO / u b i / i ty,l surface charge. surface charge.
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direct ionization of N A
surface groups; e SSD
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Sources of surface charge in colloids

Adsorption of surface ions, e.g. ionic crystals, AgCl,
CaCoOs;

dissociation (dissolution) of surface groups, e.qg. latex,
celluloses, biomolecules, metal oxides (TiO,),

chemisorption of ions, e.g. phosphates on oxide
surfaces;

reaction with OH- and H*, e.qg. oxide surfaces;

adsorption of ionic surfactants or polyelectrolytes
(general — all surfaces),

isqmj)rphous substitution (clay minerals, kaolinite,
mica).

- - " — - . - Co-funded by the
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Isoelectric point (IEP) also called the
point of zero charge (PZC)

Metal oxide IEP Protein IEP

Alumina 9.1 Myoglobin 7.0
MgO 12.5 Lactoglobin 5.2
TiO, 3.5 Ovalbumin 4.6
Silica (SiO,) 2.0 Haemoglobin 6.9
ZnO 10.3 Myosin 5.4
210, 5.7 Fibrinogen 5.2
Fe,O, 6.7 Serum albumin 4.8
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Electrical forces: key parameters
(Debye length and zeta potential)

The Debye length ,, k=1" (or screening length) is
a measure of the length (thickness) of the double
layer and depends on the solvent, temperature
and the ionic strength of the solution.

The potential energy of repulsive forces
decreases exponentially with the distance and
increases with increasing Debye length, relative
permittivity and surface potential.

The surface potential ,, wo" is approximated by
the so called zeta potential ,C".

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Erasmus+ Programme
Commission cannot be held responsible for any use which may be made of the information contained therein. of the European Union
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Surface or zeta potential and electrophoretic
experiments

Yo

Vd

Potential

0

I
|
I
|
|
|
|
!
“re
)

1/x

v

Distance

The zeta potential can also
be defined as the potential
where the centre of the first
layer of solvated ions
moving relative to the
surface is located.

Goodwin (2009) states that
this is about 0.5 nm or so
from the surface.

A rule of thumb often cited
suggests that the absolute
value of the zeta potential,
for stability in many

practical situations, should
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Huckel Smoluchowski and Henry equation

The zeta potential is much lower than the Stern potential in
those cases where we have high potential and high salt

concentrations.
The limiting cases of very small

(Hickel) and very large

(Smoluchowski) particles, which Small Large particles  General

correspond to the point charge and ~ Particles equation

flat surfaces assumptions, xR<0.1 xR>100

respectively. 3un _ KM 1.5un

«“ . ” . . wo:z" WO_EEO ll/o:"f R

Approximate” equations, like the £€Q eeof (kR)
Hiickel Smoluchowski  Henry

Henry equation, which are valid

also in the intermediate range, are
useful.
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The f correction parameter of the Henry

equation for various values of kKR
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Variation of zeta potential
with both pH and salt
concentration

IEP

Z(mv)

5
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Figure 10.13 The zeta potential decreases with
increasing salt concentration and thus salts enhance
instability in two ways (also by decreasing the Debye
or double layer thickness). The isoelectric point, IEP, is
indicated in the figure. Adapted from Hunter (1993),
with permission from Oxford University Press
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Stability

Stabilization can be obtained if the pH is far from
the IEP and/or upon adding small charged
molecules that adsorb to the surface, e.qg. citric
acid or upon adding polymers (block-copolymers,
polyelectrolytes).

When the zeta potential is zero (at the IEP),
there is no charge on the particles and
flocculation will take place.
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How to reverse the
sigh of the zeta 60
pOtentiaI? sl N\®

-5 -4 28 =B 1
log (molar concentration)

Figure 10.15 Zeta potential (€) of alumina particles
under different conditions: (i) negatively charged
AlLO; (at pH 10) in the presence of BaCl,;
(ii) positively charged Al,O5 (at pH 6.5 in the presence
of Na,SO,). The x-axis shows the concentration of
BaCl, or Na,SO,. Hunter (1993), with permission from
Oxford University Press
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where:

¢ = electronic or elementary (or unit) charge (1.602 x
1077 C);
Cis, = concentration of ion / in the bulk solution;
z; = 1onic valency of ion i;
I = ionic strength. The Debye length, K'l_, is often
referred to as the "thickness of the
double layer” even though the

region of varying potential is of the
order of 3/k to 4/k (Hunter, 1993).
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Debye length for
aqueous solutions

for different types of

-1 .
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Double layer thickness—salt relationship

for water
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The dependence of
the double-layer
thickness on both
the electrolyte
concentration and

type

NETCHEM
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Figure 10.17 Debye-Hiickel decay length as a func-
tion of salt concentration for various types of salts. Re-
printed from Goodwin (2009), with permission from
John Wiley & Sons, Ltd
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Electrical forces

When two charged particles approach each other,
their double layers begin to overlap, and they
repel each other.

The force falls exponentially with distance and
with decreasing Debye length.

It is effectively zero after a few times the
thickness of the double layer.

Decreases less rapidly with distance compared to
the vdW forces.
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Electrostatic double-layer interactions
and the simplest mathematical expression

Eqguation is valid
for monodisperse
spherical colloidal
particles when the
so-called Debye-

Huckel

approximation is Va=2rReq ey e
fulfilled and when 2w, e

KR < 5, e T < 1

The Debye—HuckeI approximation (strictly valid when
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Approximate expressions for the potential
energy of electrostatic interactions, V,

Geomelry

Expression for the potential energy

Vi (H)

Two equal-sized spherical particles at close distances (H << R) and low
potential. xR < 5.

Debye-Hiickel approximation must hold:

|2y le

T

Equal-sized spheres (general) and xR > 10
Two cases:
Case 1. Constant surface potential (charge controlled by the concentration of
potential-determining ions in solution). Works well for all separations, H.
Case 2. Constant surface charge (e.g. isomorphous substitution in a lattice).
Should be used with caution, especially at close approach (Goodwin,
2009).

Unequal-sized spheres with different (or same) surface potential in a single
electrolyte and H << R;, Rx (Reerink-Overbeek expression).

Reducesto the first equation in this table for equal-sized spheres and when the
Debye-Hiickel approximation holds.

Two similar flat surfaces (low potential, i.e. Debye-Hiickel approximation).
For high potentials see Goodwin (2009).

Sphere-plate with same surface potential (H << R):
1. weak double-layer overlap (xR < 5);
2. close approach and large xR.

V= Zitrq,Rwole”‘H

Ve =2neeyRysin(1+e™)

Vi = = 2meegRyriIn (1—e™*)

(64muR| Ry krfI 1112

R:
{R] +R3}t”"["
P £
ekal —1
Yi= =va i=1,2
e2kel + 1]

2 -xH
Vi = 2eepxyrje

V= 4x£Q,Rv/(’,e"‘H

Vi =4meeyRyf In (1 + e ™)

)t‘_‘”

Data from Shaw (1992), from Israelachvili (2011) and from Goodwin (2009).
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Born repulsion

At very short distances of approach ,ﬁngstr@ms ),
H, there can be overlap of molecular orbitals.
This is known as Born repulsion and these

interactions are very short-range (proportional to
H-12).
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Schulze-Hardy rule and the critical
coagulation concentration (CCC)

The critical coagulation concentration, often abbreviated as
CCC, is the minimum concentration of an (inert) electrolyte
that is just sufficient to coagulate a dispersion.

The CCC depends only very weakly on factors other than
the counter-ion valency (like the charge number of co-ions
and the concentration of the particle, and even moderately
on the nature of the particle itself).

All these generalizations are known as the Schulze-Hardy
rule.

- - . - - T - -f th
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Small amounts af salt can reduce
drastically the stability of »_
colloids v

/ +
v_l\ ) \
Table 10.6 Critical coagulation concentrations (CCC) A "l
(in mmol L") for various particles l
Particle Electrolyte  CCC — |
(mmol L") ’ \ |/ no
AlLO5 ipositively charged) NaCl 43.5 NG
KCl 46 N
KNO, 60
K>S0, 030 K*
K>Cr>05 0.63
K;oxalate 0.69 e
K3 [Fe{CNJg] 0.08 VO
Fe>0s (positively charged) NaCl 925
KCl 9.0 z> 6
(1) BaCl, 96 CCC ‘6 = CCC(salt /) = CCC{salt I)
KNO, 12.0 V4 Z”
K.SO, 0205 2 ; , . 5
MgSO, 022 Figure 10.19 The role of salt in colloid stability as
K2 CryO5 0.195 described via the Schulze-Hardy rule for dispersions.
Au (negatively charged)  NaCl 24 T'he critical coagulation concentration (CCC) isinversely
2 B - -
E:‘g‘ “'3 A3 proportional to z° (the exponent 6 is an average value
BaCl. 035 and a reasonable number to use). This fact leads to the
(V2) Al(SOy)s  0.009 equation in the figure for two salts with different ionic
CelNOs)y 0.003 valencies (i.e. one can calculate the CCC of one salt from

CCC of another salt with a different counter-ion
valency). In the drawing, the particle is negatively
charged (e.g. a Agl particle), K* is the counter-ion and .

Data from Shaw (1992} and from Pashley and Karaman (2004).
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Concluding remarks: vdW forces

they are long-range and extremely strong — much longer range than
the vdW forces between molecules;

they are almost always attractive and thus contribute to instability;

they are always attractive in air and in vacuum (where the Hamaker
constant is zero),

they are always attractive between two identical surfaces or particles;

they depend on the size/shape, in general the geometry of the
particles (e. /g spherical, flat surfaces or cylindrical); thus there are
yt

several analytical expressions for the van der Waals forces;

they depend on the material and the medium (via the Hamaker
constant);

they decrease because of an intervening medium (this can help in
controlling the vdW forces!, e.g. by changing the solvent or adding a
layer containing a large amount of the solvent);

they are weak if particles and medium are chemically similar;

they can be repulsive (sometimes) between different surfaces (or
particles) in a medium (if the Hamaker constant of the medium has a
value intermediate to those of the particles, which means that one
material interacts more strongly with the medium than with the
second body).

. . 5 . . - . - th
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Concluding remarks:
Electrostatic/electric forces

decrease with increasing distance exponentially (and this is
a different dependency than for the vdW attractive forces),

depend on the size of particles (or surfaces);
depend on the medium (often water);
depend on the surface (potential) — zeta potential;

depend on the electrolyte used (concentration and
valency),

are always repulsive between identical surfaces but they
can be attractive between dissimilar surfaces
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The Debye length

It is a length (usually in nm) — a measure of the
thickness of double layer.

It depends on both electrolyte type and concentration.
It decreases with increasing salt concentration.

It "protects” — it helps stability! We want the Debye
thickness to be as high as possible for good stability!

The diffuse double layer fades away at a distance 2-3
times the Debye length.

- th
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For understanding electrical forces we
recall the following steps:

identify the source of surface charge;
measure surface charge (zeta potential) versus pH;

regulate surface charge (and via this the diffuse double
layer), e.qg. ion adsorption, adsorption of polymers
especially polyelectrolytes, proteins, (ionic) surfactants,
small charged molecules, surface treatment (curing,
chemical modification) -pH and common ions can help in
controlling the surface charge;

stability is obtained far from pH = IEP and far
from the point of zero charge (PZC);
control salt content, temperature and medium.

. . 5 . . - . - th
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Which colloid is the most stable?
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Stability?
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Ion concentration outside the double
layer
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Stability of particles in different

solvents
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The maximum :%300
stability is observed <
in moderately polar | G
solvents (with g
relative permittivities E S ’
between 20 and 45).
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Dielectic constant

Figure 10.24 Experimental data on the stability of alu-
mina particles in different solvents. The normalized set-
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This remote access laboratory was created thanks to work done primarily at University of Nis.
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References and Supplemental Material

The NETCHEM platform was established at the University of Nis in 2016-2019 through the Erasmus
Programme.

Please contact a NETCHEM representatives at your institution or visit our website for an expanded
contact list.

The work included had been led by the NETCHEM staff at your institution.
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Surfactants and self-assembly.
Detergents and cleaning
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Surface active agents or surfactants

Surfactants are amphiphilic compounds, consisting
of a "polar” head (ionic —anionic or cationic - or
polar group) and a hydrophobic part.

Surfactants adsorb on liquid—-air and oil-water
interfaces and decrease surface and interfacial
tensions and the corresponding works of adhesion.

Water molecules surrounding the hydrocarbon
groups order, so as to increase the number of
bonds to other neighbouring water molecules
(decreasing entropy and increases the free energy).

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use
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Basic properties

Important characteristics in surfactant sciei Chain length
include the following parameters: O

AN
V

» CMC,

» Krafft point, > ‘
» hydrophilic/lipophilic balance, s e i

» Temperature,

» Salts, hydro;::ilrgon —_— 2 é -
»Co-surfactants, @ . 00QQ O00Q0Q

»TiIMme. T PRSP < /- S
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Classification of surfactants

The surfactants can be classified
according to the nature of the
“head”, i.e. their hydrophilic group
(anionic, non-ionic, cationic).

ANIONIC:
Sodium dodecyl sulphate (SDS)
Sodium dodecyl benzene sulphonate

CATIONIC:
Cetyltrimethylammonium bromide (CTAB)
Dodecylamine hydrochloride

NON-IONIC:

Polyethylene oxides

ZWITTERIONIC:

Dodecyl betaine

Lecithins, e.g. phosphartidyl choline

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use

which may be made of the information contained therein.
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Detergents remain the most important use of surfactants

Surfactants have many e 5-16% anionic sur
appllcathnS.' L ver 25 compourn " <5% non-ionic surf

» as important parts of
detergents for cleaning,

» as emulsifiers,

» foaming agents or
stabilizers for colloidal
dispersions,

» in various applications in

Y ¢
blot?chnology and ST g2
catalysis : \
y r - on ’g E'R)A}QL — Sodium
» as components in many i a . = laureth
complex products, e.g. a2 3 sulfato
paints and coatings as well wetling med. =
as in lotions, shampoos, AT
etc. - Sodium C12-C13 pareth sulfate
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Critical micelle concentration

A decrease of water surface tension is
observed up to a certain concentration, called
the critical micelle concentration (CMC).

Above the CMC, surfactants create new liguid-
like often near spherical structures, calle
micelles .

Close to CMC micelles are spherical or semi-
spherical “liquid-like” ?gregates in a very
ynamic situation,; the life — time of micelles is
1-100ms and the occupancy time of one
surfactant in a micelle is 10-1000 us.

The radius of the micelles is of
the order of the length of the
surfactant molecules: a few
nanometres.

Micelle Free monomer

Hydrophlllc head

A

Hydrophobic tail

ety

O =H20
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Critical micelle concentration —

Surfactant head
group

Surfactant

Some molecules enter the -
solution but most of them stick
on the (water-air) surface.

During this process the surface

tension decreases.
When, however, all the surfaces

are “"saturated” (complete), the
surfactants will find other ways

to minimize the energy, this

happens by the creation of
(semi-spherical) liquid-like

aggregates, called micelles.

Hydrophobic
core

~funde L
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Critical packing parameter (CPP)

A very important characteristic of surfactant molecules,
which guantifies their hydrophilic and hydrophobic
character, is the so-called CPP (critical packing parameter).

CPP js a geometric parameter of the surfactant defined as

Vsuo‘

CPP=
ol

where V.- denotes the tail chain (or chains) volume, Ic is
the critical tail chain length and a, is the headgroup area
at the head-tail interface.
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Critical packing parameter (CPP)

The CPP depends significantly on salt, pH, co-surfactant, temperature,
counterion, double bonds and double chains.

Approximate expressions for v, (v) and Il (I..,) of surfactants as a
function of the carbon number chain have been presented

_ : 3 v/al. <1/3 Spherical micelles
v= (274 + 26.972)771 (umts, A ) 1/3<v/al. <1/2 Polydispersed cylindrical micelles
; A 1/2<v/al. <1 Vesicles, oblate micelles or bilayers
lmax =1.5+1.265n (uruts, ) vial.>1 Inverted strucutres

where n is the number of carbon atoms in the hydrocarbon (hydrophobic)
chain and m is the number of hydrocarbon (hydrophobic) chains. v is

expressed in A3 and | __. is in A.
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of the European Union
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The shape/structure of the micelles

Surfactants having CPP values below

Micelles

1/3 will create spherical micelles. Sphere
Higher CPP values result to other e
structures 3%% %
At concentrations higher than CMC, T?%W
are liquid crystalline structures like 980800041 Q,A*
hexagonal or lamellar, some of which SA0RRRARR ??I égé oo/
resemble the structure of biological SLLLELELLLE
membranes. iyt sefiective
Ivhh Emj ytbh mbd :thd dfw:t ppo t: m;r::hE opean Commission, This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use E{?E?‘(/,‘??,:’:%Z{%%IEE _
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Relationship between CPP values and
micelle structure

CPPvalue  Micelle structure Example

<1/3 Spherical micelles Single-chained surfactants, e.g. SDS in low salt
1/3-1/2 Cylindrical micelles  Single-chained surfactants with small head group areas, e.g. SDS and CTAB in
high salt concentrations, non-ionic surfactants

1/2-1 Flexible bilayers Double-chain surfactants with large head group areas, e.g. phosphatidyl
choline (lecithin), dihexadecyl phosphate
~1 Planar bilayers Double-chain surfactants with small head group areas
Anionic surfactants in high salt concentrations, e.g. phosphatidyl ethanolamine
>1 Reversed orinverted Double-chain surfactants with small head group areas
micelles Non-ionic surfactants

Anionic surfactants in high salt concentrations, e.g. cardiolipin + Ca**

Adapted from Israelachvili (1985).
SDS: sodium dodecyl sulfate, CTAB: hexadecyl{trimethyl)Jammonium bromide.

. N . . . . . . . Co-funded by tt
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Use of the critical packing parameter
(CPP) to predict aggregate structure

Lipid

Critical packing
parameter viaolc

Critical Structures formed

packing shape

Single-chained lipids (surfactants) with large
head-group areas:
SDS in low salt

Single-chained lipids with small head-group
areas:
SDS and CTAB in high salt, nonionics

Double-chained lipids with large head-
group areas, fluid chains:

Phosphatidyl choline (lecithin),
Phosphatidyl serine, Phosphatidyl
glycerol, Phosphatidyl inositol,
Phosphatidic acid, sphingomyelin,
DGDG! dihexadecyl phosphate, dialky!
dimethyl ammonium salts

< 1/3

1/3-1/2

1/2-1

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use
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Cone Spherical micelles

Truncated cone

ity

Cylindrical
micelles

Truncated cone
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Use of the critical packing parameter (CPP) to predict
Lipid Critical packing Critical Structures formed
ag g r egate StrUCtur € parameter viaolc packing shape

Double-chained lipids with small head-group ~1 Cylinder Planar bilayers

areas, anionic lipids in high salt, saturated o

frozen chains: ﬂ ﬁ ‘
phosphatidyl ethanolamine, phosphatidy!

serine + Ca’* ug ug
Double-chained lipids with small head- >1 Inverted Inverted KNS 1T

group areas, nonionic lipids, poly (cis) truncac:ed cone micelles £

or wedge

unsaturated chains, high T:

unsat. phosphatidyl ethanolamine,
cardiolipin + Ca®* phosphatidic acid +
Ca’* cholesterol, MGDG"

" DGDG, digalactosyl diglyceride , diglucosyl diglyceride.

» MGDG, monogalactosy! diglyceride,monoglucosyl diglyceride.
Reprinted from Israelachvili (1985), with permission from Elsevier.
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Surface tension and CMC

Surface tension (Nm-1) versus zzzz

logarithm of concentration (C in |

mol m-3) for an agueous solution —

of sodium dodecyl! sulfate (SDS) E 00500

at 20 °C. < 0.0450-

This plot can be used to estimate 0.0400°

the CMC (critical micelle 0.0350

concentration). 0.0300

InC
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Aggregation number of ionic and non-ionic ™
surfactants o
The number of surfactants in a micelle is _ " AN
called the “aggregation number” (N,,,) and v cnososl :
is about 50-100 for spherical micelles. "
The aggregation number can be estimated N | | |
from the ratio of the volume of the micelle TR ey e
to the volume of a surfactant molecule or, e
equivalently, as the surface area of a .
micelle divided by the surface area of the 5 \ s
surfactant head: - \ e
g C16En CHE z
_ Vmicelle _ Amicelle 2 COEON
Nagg = - 4
Vsur;famrﬂ A.'i'm:fﬂﬂi'ﬂ.l'ﬂ 1.E401 + ; :

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use
which may be made of the information contained therein.
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The aggregation number and CMC

The aggregation
number increases
with decreasing
CMC and with
increasing salt
concentration, as
shown for two
surfactant families
in Table.

Surfactant

Solvent

CMC

N

o
(mM)
SDS Water 8.1 58-80
0.02MNaCl 3.82 94
0.03MNaCl 3.09 100
0.10MNaCl 1.39  112-91
0.20MNaCl 0.83  118-105
0.40MNaCl 052  126-129
Dodecyl Water 5.60 87
pyridinium  0.0025 MKI 4.53 90
iodide 0.0050 MKI 3.87 94
0.0100 MKI 294 124
CgEe Water 9.9 41
Croks Water 095 260
Cqskg Water 0.068 1400at35°C

400 at 25 °C

Data are from various sources presented by Hunter (2001) and Jonsson

et al. (2001).

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use
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CMC salt concentration and chain length
For non-ionics, salts do not have an important B 402} | | |
influence. s | |
However, for ionic surfactants, salts result in 2 )l \\ )
a drastic decrease of CMC. % ] |
This is due to the reduction of the repulsions £ o6 i

between the charged head groups of the O
surfactants. 3 ” |
The effect of chain length is more pronounced 10435 10 15 20

for the non-ionic surfactants. The decrease of
CMC is pronounced until there are 18 carbon
atoms in the chain, after which CMC tends to
be rather constant, possibly due to coiling of
the hydrophobic chains in the water phase.

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use
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No. of carbon atoms in the alkyl chain, n,

—r— Cn(OCH2CH2)60H T — CnN+(CH3)2CHQCOO-
~»— C,CO0 Na* —=— C,0804Na*
—e— C,N(CHg)s"Br" in 0.5M NaBr
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Experimental versus predicted
(via the group contribution

method) values of CMC for a wide 7
range of non-ionic surfactants

—1og(CMC)

0(‘
0 1 2 3 4 5 6 7

—10g(CMC)gyp

- . Co-funded by the
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Micellization - theories and key parameters

Micelles only appear after a
certain temperature is
reached, the so-called
“"Krafft point”.

In other words, the Krafft
point is the temperature
above which micelles are
created.

The surfactant must be in
fluid form and thus the
Krafft temperature is
essentially close to the
melting point of the chain
term of the ionic surfactant.

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use

which may be made of the information contained therein.

Temperature

Two liquid phases

Cloud boundary
C
O
2 " Lower consolute point
8  iCMCline e
]
§ i =*—— Micelle solution
c |
s
\
Krafft point
Crystals + Liquid
Surfactant concentration
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Krafft temperature and cloud point

In general, the longer the hydrocarbon chain length, the
higher the Krafft temperature.

For this reason, shorter-chain-length surfactants or
branched chain soaps are used for cold-water detergent
formulations.

Non-ionic surfactants suffer the inverse problem and
become insoluble with increasing temperature.

This is because their polar head groups become less
hydrophilic with increasing temperature and a 'cloud point’
is reached where they precipitate from solution.

-funde i
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Krafft—CMC relationship for two families of surfactants
(black: sodium alkyl sulfates, white: sodium alkvl

sulfonates) 70
60

Low Krafft temperatures are linked

to surfactants having high CMC, i.e. o |

low chain lengths. £ 40-

This is because, long-chain ionic 3.8; &l

surfactants create micelles at low S

concentrations, but this happens at 20
rather high temperatures.

10
A length of the hydrophobic chain of
about 12-14 or 16 atoms is often a 7 - E s - . Bl
good compromise. CMC, molality

- . Co-funded by the
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The temperature dependency of CMC is rather complex

CMC does not depend very much on ; ' ' ' '
temperature (due to a balance 10 - -
between enthalpic and entropic
effects).

CMC increases with increasing
temperature for ionic surfactants
because micellization is an
exothermic process, but there are
exceptions.

SDS (sodium dodecyl sulfate)
presents a minimum in the CMC-
temperature plot and, thus, at low
temperatures the micellization must
be endothermic.

. . . 1
CMC decreases with increasin
temperature for non-ionic surfactants, 2 L = B o o
e.g. the polyoxyethylenes. Temperature (°C)

. A - T - I . . . Co-funded by 1t
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Enthalpy, entropy and Gibbs free energy change during the
micellization process

Surfactant Gibbs energy change of Enthalpy change of Entropy change of
micellization (k] mol™) micellization (k)] mol™) micellization (] K' mol™)

SDS -21.9 +2.51 +81.9

CioFe -33.0 +16.3 +49.3

Dodecyl pyridinium -21.0 ~4.06 +56.9
bromide

N,N-Dimethyl- ~-25.4 +7.11 +109.0
dodecylamine
oxide

N-Dodecyl-N,N- -25.6 -5.86 +64.9

dimethyl glycine

From various sources (Hiemenz and Rajagopalan, 1997; Prausnitz, Lichtenthaler and de Azevedo, 1999; Hunter, 2001) as summarized by
Kontogeorgis and Folas (2010). Reprinted with permission from John Wiley & Sons, Ltd.

It is an entropic phenomenon with high positive values of the entropy change, which are
typically attributed to the changes of the structure of water in the presence of surfactants
and micelles, i.e. the so-called hydrophobic effect

- - - — - — - o . Co-funded by tt
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The micellization process in surfactant solutions is an entropic effect.

Water mOIeCUIeS due tO thelr Very Micellization is (almost always) an entropic effect, i.e. the

stron g tenden cy to be with each driving force behind aggregation of surfactant molecules is
Oth er (“ an d fa rawa y fr om t h e a large positive value of entropy of micellization! why?

hydrophobic enemies”) create (in
the presence of hydrophobic
compounds) a higher degree of
local order than in pure liguid
water (entropy decrease).

Did
water

Water alone

; ]
' DS ™ .
Water + surfactants -

The protagonist is WATER!!

-f b t
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The energy and entropy changes
during the micellization AG =R;;TIn(CMC})
dG din(CMC
as=-96_ _g rdnEMO) . in(cMC)
Assuming that the enthalpy dr dr
of micellization is almost (5.4)
constant within a certain
temperature range, then the AH=AG+TAS=—R; T2 din(CMC)
quantity In(CMC) can be seen g d7T
to be linear with respect to
1/T. where R;, = 8.314 ] mol ' K' and CMC is trans-
The enthalpy of micellization formed from mol L' into mole fractions by dividing

could be obtained from the

the values which are provided in mol "' by 55.5 mol
slope of such a plot.

L.-' (water’s molarity at 25 °C).

~funde i
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Surfactants and cleaning (detergency)
A detergent is a very complex The composition of a typical powdered laundry detergent is given
chemical product. below:
Its cleaning ability depends on o
several factors: type of surfactant Nﬂhalil(?lbﬂ“Zﬂ“ES"‘lph”“ate 15 f‘
and other compounds (chemistry), Anhydrous soap | 37
the concentration of contaminants, Sﬂdmm tI-'l.lejiphDSphatE or powdered zeolite  30%
the mechanical energy used, the Sodium silicate 14%
time, the temperature, the type of Sodium carbonate 10%
surface, etc. Sodium sulphate 18%
In the detergency process, fatty Sodium carboxymethyl cellulose 1%
materials (i.e. dirt, often flrom Optical brighteners, perfume, moisture ~0
human skin) are removed from The creation of a foam is not necessary for detergent

surfaces, such as cloth fibres, and

: : action in a conventional washing machine.
dispersed in water.

e | i
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How do we clean the various surfaces? (@ Al

We can roughly summarize the major mechanisms of %

surfactant cleaning in the following three steps: o Water
» improving the wetting of surfaces by decreasing the surface =—=—=-——=-="=="7—"-
tension of water/aqueous solution (water alone cannot in "
most cases provide good wetting); M// 77
» good adhesion on substrate and dirt and reduction of the @
interfacial tensions between dirt(d) water(w) and solid e e e
substrate(s)-water and thus reducing the corresponding —— T e % TR
work of adhesion, since the interfacial tensions between A "'@
dirt-water and solid-water are reduced (W g 4s =Ysw + .
Yaw™ st) ' (d):'_" = = ST =
» solubilization of dirt inside micelles, which ensures that the — o~
dirt is removed with little mechanical help, thus avoiding _ '1 o _“__ =k
deposition of the dirt back on the surface 207777 %

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use
which may be made of the information contained therein.
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Dry-cleaning

An inverted type of detergency process is used in dry-
cleaning.

Usually tetrachloroethylene is used to dissolve grease
from materials that should not be exposed to water.

However, because complete cleaning must also
remove polar materials which are insoluble in C,Cl,,
surfactants and a small amount of water are added, =
forming inverted micelles.

Polar materials are then solubilized inside the agueous
core of the micelle and the material is not exposed to
water, even though the process is not entirely dry.

. - T - L . Co-funded by the
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Important parameters of detergency

The properties (e.qg. cleaning and stabilizing capabilities) of surfactants depend
on both solution properties (temperature, time, presence of salts and co-
surfactants) and the characteristics of the surfactants, especially CMC, the
Krafft point and their chemistry.

The surfactant chemistry and especially the balance between hydrophobic and
hydrophilic parts are quantified using tools like the CPP or HLB (critical packing
parameter, hydrophilic-lipophilic balance).

Important parameters affecting the performance of detergents are pH,
presence of additives, nature of contaminants, type of surface,
time/temperature and the mechanical energy used.

— - . - - . Co-funded by the
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Other applications of surfactants

Besides their use in detergents and in dispersions as stabilizers,
surfactants find many more applications. One interesting
application is their solubilization capability inside micelles.

For example, the dye xylenol orange (a colourant) dissolves
sparingly in pure water but gives a deep red solution with SDS at
concentrations above CMC. This method can be used
experimentally for determining (measuring) the CMC.

Hydrocarbons and non-polar compounds solubilize inside the
micelle, while fatty acids and alcohols solubilize in the area close
to the heads of the surfactants of the micelle

- - T - L . Co-funded by tt
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Other applications of surfactants

Reverse micelles can be used as mini-
reactors for enzyme-catalysed
reactions.

These reactions require an agueous
environment but often the reactants are
only sparingly soluble in water.

Surfactants play a crucial role in the
study of many biological systems, e.qg.
biological membranes

/
Phospholipid

-f t
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This remote access laboratory was created thanks to work done primarily at University of Nis.

Contributors to this material were: Marjan Randelovi¢

Refereeing of this material was done by:

Editing into NETCHEM Format and onto NETCHEM platform was completed by: Milan Milosevic,

Tatjana Andjelkovic
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References and Supplemental Material

The NETCHEM platform was established at the University of Nis in 2016-2019 through the Erasmus
Programme.

Please contact a NETCHEM representatives at your institution or visit our website for an expanded
contact list.

The work included had been led by the NETCHEM staff at your institution.
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Adsorption in Colloid and Surface Science
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Terms and definitions

A foreign material in gaseous or liquid form (the adsorptive)
becomes attached to a solid or liquid surface, the adsorbent, and
forms the adsorbate.

In the surface region, the interaction forces responsible for the bulk
properties change, they become asymmetric, since the outermost
bonds are unsaturated, resulting in a peculiar chemical reactivity of
the surface.

In our context the most important consequence is that the surface
becomes capable of adsorbing foreign atoms or molecules.

O
Adsorptiv ® O Q
O Adsorption
O DesorptionlO O
T O @ © @ <« Adsorbat

Adsorbens —»
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Universality of adsorption - overview

Adsorption versus Absorption

High surface areas exist in
porous materials: activated
carbon, alumina or silica gel.
These materials have "huge”
surface areas (per g).

Important parameters of the
SO/Id Surface . Gas film Liquid film Liquid film

the form, N N

. Gas bulk | | Liquid bulk Liquid bulk |
specific surface area, ol

Gas-liquid interface Liquid-solid interface

| 3
e porosity, © o < o €&
e polarity, |
. [
e surface energy and chemical °| i e "
homogeneity, including the © give¢ |
number of adsorption sites. Gas Liquid Liquid Solid
Lhr:iscﬁrr?]j:ctbr;a;:zno:ut:ceiei:f\gl::astlilopnp?;tngci):;;hte;]zieric:]pean Commission. This publication reflects the views only of the authors, and the Cor(r&)on cannot be held responsible for any use ; (trln)J-:urx?Ud by lmhu
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Application

There are numerous applications of adsorption:
e stabilization,
e cleaning,

e heterogeneous catalysis including catalytic
converters in cars,

e separations like drying,

e surface modification and change of properties
like foaming or rheological ones,

* measurement of the surface area of powders
and other solid surfaces,

o for selective separations (like removing
pollutants).

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
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Adsorption theories

The quality of the fit to the data is important but cannot
serve alone as a criterion for selecting the best theory.

This is because the ability of an equation to fit the shape of
an experimental isotherm does not provide a sensitive test
for the model on which the equation was based.

Comparison between direct (calorimetric) experimental data
of the heat of adsorption and the values obtained by the
adsorption theory can provide a much more rigorous test for
checking the theories.

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the -

which may be made of the information contained therein. Erasmus+ Programme
of the European Union



Erasmus+

.

NETCHEM

Adsorption of gases on solids

The adsorption of gases on
solids can be either of
physical or chemical

Chemical

nature.

The physical multilayer Physical
adsorption is often faster Weak van der Waals-
than the chemical type forces

adsorption but with a low  Fastreachedto
heat of adsorption, <10 equilibrium, reversible
1 . Multilayer (BET)

kcal mol™* versus 5-100 Low heat of adsorption

kcal mol-1 for the chemical (<10 kcal mol™)

Strong forces, like
chemical bonds
Slow, often irreversible

Monolayer (Langmuir)
High heat of adsorption
(5-100 kcal mol™)

one.

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use
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Langmuir model

The Langmuir theory is derived based on many simplifying
assumptions:

e “ideal” (clean, smooth, homogeneous, nonporous) surface;

o existence of active centres on the surface; Each centre (site)
can be free or occupied by an adsorbed molecule;

e only one molecule per active centre;

e NO interactions between adsorbed molecules, i.e. homogeneous
surface;

e all sites are equivalent (same heat of adsorption);
e no solute-solvent interactions;

e solute and solvent have same size;

e dilute solutions;

o monolaver coveraqe

This project has been funded with s ort from the Eu p n Commissiol reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
which may be made of the info rmat ontained ther Erasmus+ Programme
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Langmuir model

The Langmuir theory has been derived based on the
assumption that the adsorption rate is proportional to
the concentration in the solution and the fraction of
free non-covered area of the adsorbent.

The desorption rate, on the other hand, is assumed to
be proportional to the fraction of surface covered by
adsorbate molecules.

At equilibrium, the adsorption and desorption rates
are equal.

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
which may be made of the information contained therein. Erasmus+ Programme
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Langmuir model

All these assumptions do not restrict aplicability of Langmuir

model in chemical adsorption and physical adsorption at low
pressures and a high temperatures.

It can fit a plateau shaped curve, which many monolayers and in
general many adsorption phenomena follow.

The mathematical representation of the Langmuir equation is:

V. BP _}P_P_I_ 1
V. 1+BP 'V V, BV,

© is the fraction of occupied active centres. The volume Vs

expressed in, for example, cm3 g™ (solid). P is the pressure, while V|
and B are adjustable parameters, respectively, the volume of the

monolayer and the affinity parameter. The higher the B-parameter is,
the higher is the affinity of a gas for the solid.

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commissi

ission cannot be held responsible for any use Co-fundad by the
which may be made of the information contained therein. Erasmus+ Programme
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Langmuir model

The Langmuir equation can be derived both
thermodynamically and kinetically,;

The latter derivation is simple and assumes that the rate of
adsorption is equal to the rate of desorption.

Adsorption of gases is an exothermic process (with a negative
entropy of adsorption) as the molecules are confined in two
dimensions.

Direct (calorimetric) experimental data of the heat of
adsorption are very useful for checking adsorption theories

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commissi

i ol issil iews ission cannot be held responsible for any use Co-funded by the
which may be made of the information contained therein. Erasmus+ Prog(amme
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Typical Langmuir adsorption

(a) (b)

T
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5 v 353K | i
3 —| 425K > 0
S — 02 04 06 08 10

o

0.2 0.4 0.6 0.8 1.0 Pressure/105Nm—2
Pressure/ 10°N m2

Adsorption isotherms for ammonia on charcoal: (a) as plots of
the volume of gas (per mass of solid), V, as a function of
pressure (P) at constant temperature (T) and (b) in linearized
Langmuir plots. Shaw(1992). Reproduced with permission from

’ -
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Adsorption of gases on solids using
the BET equation

Stephen Brunauer (1903-1986), Paul Emmett and Edward Teller (1908-2003)
developed a theoretically based multilayer adsorption theory.

Like the Langmuir equation, it is also a two-parameter adsorption isotherm.

The parameter C of BET is a measure of the difference in the heat of
adsorption of the 2nd, 3rd and so on layer compared to the heat of the
creation of the first layer.

The results are not always in excellent agreement with calorimetric
measurements.

P 1 C-1P

V(Py—P)  CVyp ' CVp P,

Langmuir model Brunauer Emmett Teller (BET) model

3 Layer

2" Layer

Co-funded by the
Erasmus+ Programme
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(a)

v& ds

Comparison of Langmuir and BET adsorption
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(a) Comparison of two adsorptions: that of nitrogen on silica is a
physical BET adsorption at 77 K (curve 1), while oxygen’s adsorption
on charcoal at 150 K (curve 2) is a chemical Langmuir adsorption.
Notice that the y-axis is the pressure divided by the saturation

for n/tro%en on silica gel in

the
e BET equation. From Shaw (1992)  sxme e |

PP, PP
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BET equation

The two parameters can be obtained from a specific linear plot:

P _ 1 C-1p
V_ is simply calculated as 1/(slope + intercept) ~ V(Po=P) CVw CVp P,

With the exception of the first layer, all other layers are assumead 10 nave tne
same heat of adsorption.

The model has been used for the characterization of porous materials, i.e.
getting information about the surface area and the nature of the surface.

Vg =22.414 L mol™?

VinlNA A, is the area
A.spec = —Ao occupied by one gas
Vg molecule (0.162 nm?

for the often used N,
at 77 K)

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
which may be made of the information contained therein. Erasmus+ Programme
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The BET theory has also its
limitations

Absence of lateral interactions between adsorbed
molecules;

Valid up to relative pressures (P/P,) of 0.4,

Not always good agreement with calorimetric
measurements,

Extension to n-layer for porous materials yield
complex eguations that cannot be expressed in
linear form.

This project has been funded wi ith support from the European Commission. This publ ication reflects the v iews only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
which may be made of the informat ion conta ined therein. Erasmus+ Programme
of the European Union
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Improvements of BET theory

Most improvements destroy the simplicity of
the BET equation and the ease with which the
experimental data can be analysed in a linear
form to give values for the model’s two
parameters.

For these reasons, BET is typically used in its
well-known form.

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
which may be made of the information contained therein. Erasmus+ Programme
of the European Union
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Type I is the 4 —
monolayer chemical - Typell
Langmuir-type Type

adsorption.

Type II is the
multilayer physical
BET adsorption
isotherm.

)
Type I ﬁ!ﬂl:
Type III is for -

rather rarely — f
occurring — weak
adsorptions and

Addsorbed quantity
—

Types 1V and V are Type V
condensation.
-
Concentration (or pressure)
This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
which may be made of the information contained therein. Erasmus+ Programme
of the European Union
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Adsorption from solution

The competition of solute
and solvent for sites on
the solid surface are very
important.

The Langmuir theory is a
very useful tool also for
describing the adsorption
of various compounds
from solutions.

The two parameters of
the Langmuir equation
can be obtained in
practice from
experimental data using

This projg!

which nf

rrear-rormn.

%\as bee7q;\ded with support frol e European Commission. This publication reflects the views only of the authors, and the Commission
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Original and linear Langmuir form are:

IR N
que ge GmKiLCe  gm

e = C l C
1+ K,C, i .. .. G

qe KL qmax Qmax

Typical C, and q, units are respectively mol L' and mol g,
while A, is given inm? gL If A .. and q,,, are known then
the area occupied by a molecule (A,) can be calculated. K
is @ measure of the affinity of the solute for the surface

Aspec = qmNa4g

The parameter dp, is the adsorptlon at full coverage.

This project has been funded with s pp ort from the Eu p n Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any u Co-funded by the
which may be made of the information contained ther: Erasmus+ Programme
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Gibbs energy and Langmuir equation

From the value of the solute-surface affinity parameter K in

the Langmuir adsorption equation, it is possible to determine
the Gibbs energy of adsorption:

AGads = —R,-ngnk

The inverse of k (=1/k) is the concentration at which one half
of the surface is occupied by the solute.

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
which may be made of the information contained therein. Erasmus+ Prog,’amme
of the European Union
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The adsorption of dodecanol (from solution in
toluene) onto a sample of carbon black

y=8382x + 392.97
1800 1 R2_p.009

0 002  0.04 0.06  0.08 010 012 0.14 0.18
C (moliL)

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
which may be made of the information contained therein. Erasmus+ Programme
of the European Union
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Role of solvent

The adsorption of stearic acid on carbon black
reaches different limiting values in different
solvents; ranging from 10 mmol kg-1 when benzene
is the solvent up to more than 40 mmol kg-! when
cyclohexane is the solvent.

The competition of solute and solvent for sites on
the solid surface.

This project has been funded wi ith support from the European Commission. This publ ication reflects the v iews only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
which may be made of the informat ion conta ined therein. Erasmus+ Programme
of the European Union
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Example: fatty acids — non polar

The adsorption solution
sequence is determined
by the interaction
between the solvent and
the alkyl chains.

The longer the chain of
acids, the stronger the
interaction (i.e. higher
affinity ) with the non- A ———
'DO/ar SO/Vent’ the more = . Con(c):.ezntratio(rj\-ac /mool.:itm‘3 o o
the acid “wants to stay” N

in the solution and thus
the lower the
adsorption.

N
T

Propionic

Butyric

—h
I

Adsorption of acids from
carbon tetrachloride on
silica gel

Adsorption, (n&/m)/mol kg™

The adsorption of four fatty acids on a
polar surface (silica gel) from a non-polar
solution (carbon tetrachloride)

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
which may be made of the information contained therein. Erasmus+ Programme
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Example: Carboxylic acids — aqueous solution

The adsorption of carboxylic acids on a non-polar solid
surface (coal) from aqueous solutions increases with
increasing chain length.

Thus, the adsorption of valeric acid is much higher than that
of butyric acid which in turn is higher than the adsorption of
acetic acid.

With increasing chain length, the solubility in water
decreases and interaction with the solid surface increases.

Traube’s rule: for each additional methylene group in chain
the concentration required to give a certain surface tension
is reduced by a factor of 3.

The same rule can be used to predict the effect of chain
length on adsorption.

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
Erasmus+ Programme

which may be made of the information contained therein.
of the European Union
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Composite adsorption isotherms

This type of isotherm covers the whole concentration interval,
from 100% one component ("solvent”) to 100% the other

("solute”).

Ordinate: mol adsorbed multiplied by the change in the benzene

concentration per g of solid.

Adsorpticn from concentrated sclutions
2.4 | I I I

Ngs [Xs(suriace) —xs(solution)]

" —total amount of solute (2)
on surface, in excess of
what is expected to be there

At low concentrations:
Xa(solution) =0

Low solute bulk —) excess
solute at surface
High sclute bulk — excess
: I I l I solvent at surface

0.0 0.2 0.4 0.6 08 1.0

Mole fraction benzene

In dilute solutions, we have
indeed adsorption

of benzene, but in
concentrated solutions
ethanol 1s adsorbed instead,
while benzene is desorbed
(negative adsorption).

One maximum and one
minimum

Co-fundad by the
Erasmus+ Programme
of the European Union
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Adsorption of surfactants

The higher the CPP (critical packing parameter) is the higher the adsorption
(on hydrophobic surfaces).

All factors that increase CPP (increase of hydrophobic chain or temperature,
decrease of hydrophilic length, addition of salt, use of surfactants with two
hydrocarbon chains, addition of surfactants with opposite charge, addition
of long-chain alcohols or amines, etc.) result in increased adsorption.

Many adsorption isotherms for surfactants, can be well-represented by the
Langmuir equation.

Surfactants adsorb (1) with hydrocarbon part on non-polar surfaces (b) Temperature dependence of adsorption
(2) with polar part on polar surfaces of NP-E,, on a PMMA latex
- T | | | |
(1) (2) \; \ e s o ¢t iaoc
— * ¢
=T I E o, oo
= " ¢ t=60°C
37§?? ..\\?/. ..\\T} 2 < % o * ) A A t=40°C a
E Pan 4!—"1 Pl pik AEE A & R B R O
p = 0w m = Et=25C
l %& ) o gy v ¥ W TRE=1000
yv
Y 2 L 2
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Adsorption of polymers

Polymer adsorption and steric stabilization

Stability of colloidal dispersion
(paints, food, cosmetics,
pharmaceuticals, etc.);

Enhancing instability, e.g. e e
water purification, mineral steric stabilization
processing,

Surface modification
(hydrophilization), e.g. food
processing, bioapplications; Best if .

- Thick and dense layers

Surface fun Ctiona/iza tion/ e. g. - Good solvents, extended conformations

- Strong adsorption (“firmly anchored”) - best from

afflnlty C/?ron?atography/ blo- '[“(,,((),,1;2'1\1”;:;”.,«|p coverage
tech applications;

Change in properties, e.g. The adsorption of polymers is very important
foaming, rheology. for understanding and controlling the steric
stabilization of colloids

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
which may be made of the information contained therein. Erasmus+ Programme

of the European Union

Many (co-)polymers “protect”
(used as stabilizers for colloidal
systems)

Ina
good solvent

Ina
poor solvent




Erasmus+

NETCHEM

Molecular weight and adsorption.

Role of solvent

The adsorption of polymers typically
increases with polymer molecular
weight and is higher and best (e.q.
thicker, denser adsorbed layers) from
a solution containing a poor solvent.

The solvent quality influences the
adsorption in two ways.

»The first is by changes in the
polymer configuration.

»The second way a solvent
influences the adsorption

If the polymer is not “happy” in the
solution (low stability in solution) it
will seek any opportunity to escape
the solvent, e.qg. by adsorbing on a
surface.

which may be made of the information contained therein.
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A measure of the size Role of the radius of gyration
(extension) of the tails is

the so-called radius of

gyration, Rg.

This is a very important The radius of gyration for a random coil

concept, as two particles

repel each other and : % /

thus we have steric . ;Mz Other cases
stabilization only when - \/—, VT i (epere) <p™

/\ Proteins
the distance is about 2Rg e \Rg<f°d>~" _
(or lower), but the steric fiaagrabh Pebr
force is essentially zero
at higher distances. Number offfegments, 1 1 (s soent) o

<1 (poor solvent)

This project has been funded with support from the European Commission. This publication reflects the views eg [ =1 nm, M = 1 06. MC = 200
which may be made of the information contained therein.
Segment length Ry=29nm

Typical value of layers: 3-30nm
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Lewis acid-Lewis base (LA-LB) concept
and polymer adsorption

Very acid solvents compete I
(with the acidic surface) for  °12f i ;
the basic polymer and Very %, Competition for Competition for
basic solvents compete (with §008 |_hesuriace e pelymer: |
the basic polymer) for the = CeHe
acidic surface. B8
O
It seems that in many cases, 3 %% e i
solvents of “balanced” | o
acidity/basicity (i.e. not very ol y v 4§y
acid, not very basic, almost LT L. .
. H3° vs. BUOH (kJ/mol) H3° vs. EtAC
neutral) are the best choices | o
. . . ncreasing acidity
for accomplishing maximum
adso rption . Jncreasing basicity of the solvent

The figure illustrates the importance of the Lewis acid—base concept on polymer adsorption onto
acidic silica. LB solvents (e.g. benzene, esters, ethers, ketones, etc.) can adsorb on the surface instead
of-PMMA {poly(methyl-methacrylate):in-contrast, acid-solvents-can-adsorb-orrPMMA, prohibiting e b 1" -

us+ Programme

its adsorption on the surface. of the European Union
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The concept of the Flory—Huggins
(FH) - (X)-parameter

In this way we may assign “x-values” for the interaction with
surface by considering the interaction energies for the
polymer-solvent, polymer-surface and solvent-surface.

The polymer will not adsorb if the FH parameter (solvent-
polymer) < FH parameter (polymer-surface).

This is because the polymer wants to stay in the solution with
a good solvent.

In the opposite case (poor solvent), the polymer will adsorb.

This project has been funded with support from the European Commission. This publication reflects the views only of the authors, and the Commission cannot be held responsible for any use Co-funded by the
which may be made of the information contained therein. Erasmus+ Programme
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EXAMPLE

Example 7.1. Adsorption based on the BET equation.
The following data have been obtained for the adsorption of nitrogen on TiO; at 77 K:

P/P, 0.02 0.05 0.1 0.2 0.3 0.4 0.6 0.8 0.9
volume of gas (em® g) 1.2 1.5 1.9 2.4 2.7 3.0 338 4.6 6.7

I. Show that the adsorption isotherm is likely to be represented by the BET equation.
2. [Estimate using the BET equation:

which may be made of the information contained therein. Erasmus+ Programme
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Solution
The V versus P/P, plot clearly shows that the adsorption of nitrogen on titanium oxide has the BET shape.

8—

0 04 0.8 1.2
PIP,

I. According to the BET theory, the plot of PV(P, — P) versus P/P, should be linear. If we consider all the
points provided in the above table, i.e. up to very high pressures, the resulting plot is not linear. However,
the BET equation should be constructed based only on the points up to reduced pressures of about 0.4, i.e.
up to sixth or seventh point. Indeed the plot of P/ P, — P) versus P/P, is linear up to reduced pressure 0.4
(approximately even up to the seventh point of reduced pressure 0.6).
The straight line is shown in the plot below.

of the European Union “
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The straight line is represented by the equation:
P/|\V(P,—P) = 0.0052999 + 0.526907(P/P,)

(Notice that as only the ratio P/P,, is given, all sides of the fraction P/[V(P,— P)] should be divided by P,..)
Then, as known, the volume for monolayer coverage V,, = 1/(slope + intercept) = 1/(0.526907 +

0.0052999) = 1.8789 cm” g .
The specific surface area of solid Ti0, is then calculated based on this value of V,, as:

VN, 1.8789 x (6.0225x 102) x 16.2.107% :
=04, = ( ) =8.178m%g "

Asp Vv A 77414
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