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 Introduction



Colloids

Colloid: Short synonym for colloidal system.

Colloidal: Either molecules or polymolecular particles that are dispersed in a medium
and have at least one dimension between approximately 1 nm and 1 um, or
discontinuities in a system that are of this order.

The energy of inter-particle interactions is around k,T.
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Colloids in our daily life

igpersion: certain stwa creams Emulsion: mayonnaise
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Emulsion: salad dressing




Dispersions

Dispersions are liquids containing particles.

Example of a stable Example of an
colloid unstable colloid

Aggregation | ™

[Simenation |




Colloids in nature

http://photobiology.info/Ball.html http://www.scienceinschool.org/content/structur
al-colour-peacocks-romans-and-robert-hooke
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Motion of particles

How fast do particles sediment?
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http://www.bbc.co.uk/education/guides/zgr2pv4/revision/5

https://www.youtube.com/watch?v=cDcprgWiQEY



https://www.youtube.com/watch?v=cDcprgWiQEY

Particle motion

Forces that drive the motion of particles

Forces that drive the Force that contributes to the
destabilization of dispersions: stabilization of dispersions:
gravitational force if p, > p; drag force

buoyance force if Pp < Py

4
Fp = Ap§HR3g F; = 6mnRv

2R?Apg
Used =
l..4: sedimentation length [m]
m: mass of particle [kg]

g: gravitational constant [N/kg]

V.q: S€dimentation velocity [m/s]



Sedimentation speed of particles

_ 2R*Apg 2kgT
Usea = T Ubrownian = m
assuming Ap = 1.6 g/cm3:

r (nm) Vsed (M/) Vsed Vbrown (M/s)
1 3.5x10%? 13 nm/h 35
10 3.5x1010 1.3 um/h 1
100 3.5%108 125 um/h 0.04
1000 3.5%x10° 12.5 mm/h 0.001

The sedimentation of these colloids can be neglected

compared to their thermal motion.




Do particles sediment?

Particles are considered to be Brownian if I, > r,, 1. -
In this case, sedimentation can be neglected.

The sedimentation length is calculated by equating the
potential energy of a particle with its thermal energy.

kT
sed — m*g

4
m* ==nr3Ap



What is the sedimentation velocity for
a grain of sand, 200 um in diameter, o, = 2200 kg/m?3, that
is dispersed in water (p,,,:.,= 1000 kg/m?3) ?

A. 30 cm/s
B. 3cm/s
C. 300 um/s
D. 30 um/s
E. 3 um/s

Nyoo = 1 mPas
g =9.8 N/kg



What is the sedimentation velocity for
a virus, 50 nm in diameter, p,;,,. = 1050 kg/m?3, that is
dispersed in water (p,,..,= 1000 kg/m?3) ?

70 mm/s
70 um/s
70 nm/s
. 70 pm/s
70 fm/s

m O O m >

Nyoo = 1 mPas
g =9.8 N/kg



Brownian particles

Brownian particles are colloids that undergo Brownian motion.
The motion path of particles can be described with the random
walk model.

How far do particles move per time?

A =/2D,t
A =+6Dt

How can we determine D?

energy loss from viscous drag = thermal energy

67‘[77th — kBT n: viscosity [Pas_] . _
r,: hydrodynamic radius of particle [m]
D: diffusion coefficient [m2/s]
kBT A: diffusion distance [m]
D = t: measurement time [s]
61Ny,




Which of the following statements
about colloids is TRUE?

A. Colloids are always
smaller than 1 nm

B. Colloids are always
larger than 10 um

C. Colloids have at least
one dimension
between ~1 nm and 1
LLm

D. Colloids are not
affected by Brownian
motion
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Forces in colloidal dispersions

A: Hamaker constant [J]
A nn r: particle radius [m]
Uyaw = — d: inter-particle distance [m]
12d (rl + TZ) o: characteristic distance at which

1 =
note, for molecules: Uyaw 7 U(0)=0 [m]

Van-der-Waals forces:

Forces between colloids are much longer ranged than those between molecules.

" 2a = 100
25 2a = 100c
0.5 ] L5 2 2.5

d/2a
Rajagopalan, T.; et al., Reports on Progress in Physics 2013, 76 (6), 066501

20
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Electrostatic stabilization

--- --- k 1: Debye screening length [m]

- . = - c: ion concentration [molecules/m?3]

z: valency of ions [-]
e: dielectric permeability [-]
- - - e: charge of an electron [C]

Ugr = Ugroe™"
1 EOETkBT
P 2 2
K e ). CiZ

Debye length:
The Debye length is the length scale over which
charged colloids repel/attract each other.



Which factor does NOT influence
the Debye screening length?

A. Temperature
B. lon concentration
C. Particle size

D. Dielectric constant



DLVO interactions

The DLVO theory describes the interactions between
two charged surfaces that are contained in a liquid.

— Double-layer
Uprvo = Uyaw + Ugy | rendion Eneray bamer

Flocculation occurs.
Kinetically trapped,
metastable state which
prevents aggregation.

Secondary minimum (W,)

Primary minimum nv')

Distance, D (nm)

Interaction energy W

The electrostatic stabilization works well in
aqueous solutions with a low ionic strength
at a pH far away from the point of zero

charge (PZC) of the colloids because of the
electrostatic repulsion forces.

, .
'
A °

4 van der Waals attracion

24
Israelachvili, J. Intermolecular & Surface Forces; Academic Press: London, UK, 2002.



Charge of particles

The zeta potential is the electric potential of the interfacial double layer at the
slipping plane.

stable dispersion

unstable
10 — dispersion
:‘ l.'(
¥ o8 ls 8 7

TiO,

Surface charge (negative)

zeta potential (mV)
=

Stern layer

stable dispersion |

i Slipping plane 0
o @ BRIE B http://www.quantachrome.nl

Nominal composition IEP (pH )™

- 0,05 0.5
Bulk fluid WO, ¥
Sio,
1.00 Na,0-0.58 Ca0-3.70 Si0,
K,0 - AL,O,-6 SiO,
Zr0O,

1

2
2-3
3-5
s 4-6

" a;(PO,),(OH) 7
Surface potential Ca(PO,)(F, OH) 6
4.7
6.2
4.8
6-8
7

TiO,
~— . TiO,

\ C potentla! ALO; - Si0,-2 H,0 ‘
mV L 3 Al,0,-2 Si0, .
~ Cr,0,4
- Fe,04 8-9

~ - ZnO 9
e ———— Alea 7-9
P g CB.COs 9-10
Distance from particle surface PbO 10.3
MOOg 12
MgO 12

Ring, T. A. Fundamentals of Ceramic Powder
Processing and Synthesis; Academic Press: San

. - . 25
Liese, A.; Hilterhaus, L. Chemical Society Reviews 2013, 42 (15), 6236-6249. Diego, California, 1996



Influence of ions on the zeta potential

Potential y(mV)
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Distance x (nm)
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T Slipping plane
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4r
Bulk fluid
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Cd
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(b) Distance x (nm)

H.-J. Butt, K. Graf, M. Kappl, Physics and Chemistry of Interfaces. (Wiley-VCH, 2013)
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Zeta potential measurements

- Force that drives the particle flow:
F=qE
Force that counteracts the particle flow:
F= 6mnur (drag force)
In equilibrium, the two forces are balanced:
v q
E =~ émnr
/ NS / Zeta potential:
/ — “‘f" (can be derived from the Debye-Hickel theory)
ll.' i
Electrode (|® E—.“JEEHWGQ g _ ( q q
] B Lol - S = — - charge [C]
, @ 1 q: Charg
[ i ' ATET  pne (r + = E: electric field [V/m]
Capillary —L = - 24 n: viscosity [Pas]
\ L] e v: velocity [m/s]
F:/r in the limit kr < 1 r: particle radius [m]
u: mobility [m?/V/s]
http://www.materials-talks.com/blog/2015/09/24/zeta- 377u Z: Zeta pOtential [V]
deviation-larger-than-the-mean-how-can-that-be/ { = 2— €: dielectric permittivity [-]
3

27



Which force is responsible for the
stabilization of charged colloids in
a dispersion?

. Van der Waals force

. Electrostatic
repulsion

. Gravitational force

. Drag force



Charged particles with a radius of 100 nm are dispersed in an
agqueous solution containing NaCl. What is the Debye
screening length if the solution contains 0.1 mM NacCl?

A. 40 um
B. 4 um
C. 400 nm
D. 40 nm
E. 4 nm
F. 0.4 nm

€, = 8.85x1012F/m
g,=80
k, = 1.38x1023J/K J

Eo&rkpT

e? O CiZi2

T=298 K
e=1.6x101°C
N, = 6.02x10%3

1
- =




Charged particles with a radius of 100 nm are dispersed in an
agqueous solution containing NaCl. What is the Debye
screening length if the aqueous solution contains 1 M NaCl?

A. 40 um
B. 4 um
C. 400 nm
D. 40 nm
E. 4 nm
F. 0.4 nm

€, = 8.85x1012F/m
g,=80
k, = 1.38x1023J/K J

Eo&rkpT

e? O CiZi2

T=298 K
e=1.6x101°C
N, = 6.02x10%3

1
- =
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Steric stabilization

Steric stabilization is the process by which adsorbed nonionic dispersants produce
strong repulsion between particles in a dispersion.

=%

Colloidal
Surfaces

+

Steric Repulsion Bridging Flocculation

Requirements for polymers to induce steric stability to particles:

* They firmly adsorb to the colloid surface.

* They form a dense polymer brush of a certain minimum
thickness at the particle surface.

* Each polymer adsorbs on the surface of a single particle only.

&
&Y

Polymers

Gong, X.; Wang, Z.; Ngai, T. Chemical Communications 2014, 50, 6556. 32



Thickness of the polymer brush
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Sterically stabilized colloids are stable:
* inorganic and inorganic media.
e under high ionic concentrations.

AG A

Low coverage

l

H
~=y

'High coverage

http://depts.washington.edu

What is L?

51
L, ~ NI3T3

2L

el

N: number of repeat units [-]

I: length of a repeat unit [m]

I: grafting density [molecules/m?]
p4: disjoining pressure [Pa]

T: temperature [K]



Maximizing packing density

How do you get to such a high grafting density?

l'll'l"lil‘!':'l g I{jli — éeﬁ% { r

Polymer
Kocak, G.; Tuncer, C.; Butun, V. Polymer Chemistry 2017, 8 (1), 144-176
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Arcot, L.; et al. Applied Surface Science 2015, 341, 134-141.

High solubility

34



Cloud point grafting

Adsorption from poor solvent Swelling in good solvent

Cloud point grafting:

— Polymers are adsorbed from a poor solvent where they are collapsed.

— They adsorb at a high density because the steric repulsion is minimized.

—The substrate with the polymers adsorbed is transferred into a good solvents where the
polymers swell.

—Because of the high packing density, the polymers cannot form coils but they must be rather
extended thereby increasing the brush thickness.

35



Disjoining pressure
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' N: number of repeat units [-]
L, I: length of a repeat unit [m]

' I': grafting density [molecules/m?]
p4: disjoining pressure [Pa]

T: temperature [K]

L,: contour length [m]

- H -l

http://depts.washington.edu

1
for low grafting densities, T < W
kBTr<2n2R5 1) ?

Pa X xz

keTTx (5

2
Pa ™ —p7—¢€ ) for x < 3v2R,

9

for x < 3\/§Rg

Distance (nm)

1
for high grafting densities, ' < —
4R

3

kT | 220 (Y
Pa = Kp X 2L,

O

36



How can polymers be bound to
colloids?

Polymers can be bound to particle surfaces through anchoring
groups that have a high affinity to the particle surface.

Au, Ag particles many oxide particles:
[l
H,C
R, OH cl ’ \?
thiols -5, catechols silanes  l-® s _cn,
R Yo R (|) 0o
] OH CH,
\ 2 }/ Y
%S - /S o<
N\/Ss s Q_O_/Si\/\/N3
//////S ° S\‘ O\
Roy, S.; Pericas, M. A. Organic & Kobayashi, M., et al., Science Amstad, E., et al. E. Nano Semsarilar, M.; Perrier, S.
Biomolecular Chemistry 2009, 7 (13) and Technology of Advanced Letters 2009, 9 (12) Nat Chem 2010, 2 (10)
Materials 2006, 7 (7)
Polymeric particles:
37

Dispersants can be covalently bound to the particle surface.



The DLVO theory describes the
balance between...

. Brownian motion and
sedimentation

. Gravitational and

buoyancy forces

. Van der Waals

attraction and
electrostatic
repulsion

. Diffusion and
convection
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Characterization of colloids

I. Microscopy

light microscopy

‘<l scanning electron microscopy (SEM) >
transmission electron microscopy

I

o

1A 1nm 10 nm 100 nm 1 um 10 um
light scattering (LS)

wide angle scattering
(WAXS) small angle X-ray scattering (SAXS)

small angle neutron scattering (SANS)

Il. Scattering

40



Scanning electron microscopy (SEM)

high-voltage
cable

L wehnelt cap

ﬁ filament —
anode —
clectron beam —f— 1| > %
condensor lens spra +
agers:ures
scanning coils adjustable
. aperture
objective lens
b.l':lckscattered '
o detoctors :
secondary £ Y
electrnn_ ':'-“-' :
detechor | semple Sampie § | camera
Stage
-------- »
]
v
to pumps
Good for
* measuring the particle size (down to =10 nm)
e visualizing the surface topology
e characterizing the chemical composition with electron dispersive X-ray
41

spectroscopy (EDS)



SEM: Detectors

Backscattered Electrons (BE) Secondary Electrons (SEs)

Electrons from
~_the source
(primary electrons)

Back-scattered
electrons

@ Primary electron

hs.ecnndary electron

%_r}gigsctensllc econdary

electrons Atom with nucleus

and electrons @ inthe
K, L and M shell

————J= Primary electrons (Pe")

———== Secondary electrons (Se”)
= Back-scattered electrons
Electron hole in a scale

Electron from L scale fills hole in K
Emitted X-ray radiation

o
s
CN{ Difference in energy level

converted to liberate an

Agerclecon @) Atoms with high Z numbers Low energy of SEs: Only
backscatter more efficiently such the SEs located within a
that surfaces made from these few nm from the surface
molecules appear brighter. can be ejected from the
Electrons localized up to 200 nm sample. Hence, only the
below the surface can be surface is imaged.
detected. 42

http://www.vcbio.science.ru.nl/en/fesem/eds/ http://www.ammrf.org.au/myscope/



SEM: Detectors

Energy Dispersive X-ray Analysis

Electrons from (EDX)

~_the source C
(primary electrons)

Back-scattered
electrons

Characteristic
X-rays

econdary
electrons

————J= Primary electrons (Pe")

|——= Secondary electrons (Se”)
= Back-scattered electrons
Electron hole in a scale

\*‘ Electren from L scale fills hole in K S
ﬁ Emitted X-ray radiation bmdmg energy (keV)
CN{ Difference in energy level
converted to liberate an .
Auger electron (e”) ma p p 18] g

http://www.vcbio.science.ru.nl/en/fesem/eds/ http://www.sensore-electronic.com/

Auger Electrons
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https://fas.dsi.a-star.edu.sg/equipments/auger.aspx



Characterization of soft materials

I. Microscopy

light microscopy

scanning electron microscopy (SEM)
<fransmission electron microscopy (TEM) >

I

1A 1nm 10 nm 100 nm 1 um 10 um
light scattering (LS)

wide angle scattering
(WAXS) small angle X-ray scattering (SAXS)

small angle neutron scattering (SANS)

Il. Scattering

44



Transmission electron microscopy
(TEM)

Filan B . l.-l:
W electron source

. " Magnetic kns
I | ,
& B e electromagnetic
S==2 lens system
s &
Airlock
s & .. sample holder
- Specime
[c ,}— Projection lens
.'I|||'.|i.'| 12 plat imaging System
Good for: Electron microscopy course taught by
* measuring the size and morphology of Alexander Duncan
nanoparticles Cécile Hebert
e determining the crystal structure
e visualizing the arrangement of block- 4

copolymers at surfaces



In which mode would you operate the light microscope
to visualize aggregates of gold nanoparticles contained
in cells?

A. bright field

B. dark field
C. polarized light



What technique would you use to determine if the core
of a TiO, nanoparticle is crystalline?

A. Bright field light
microscopy

B. dark field light
microscopy

C. SEM
D. TEM



What detector would you use to determine the bulk
chemical composition of a microparticle with SEM?

A. Secondary electron
detector

B. Backscattered
electron detector

C. Electron dispersive
X-ray detector

D. Auger electron
detector
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Applications of sterically
stabilized particles

UV light absorber Magnetic resonance
UV radiation reflected ligh Imaging Contrast agents
cream
s} NN S w J : .
. L e : S g+
x absorption of UV light = = a!:sorptlonaf UV light r‘i =
i . \Q-\"’F\- @ - & W A\ WA
¥ ¥iion- absorbed UV light Taweighted MRI

tKin UV-absorberin cream UV-absorberin lipid nanoparticles

Li, Z. et al. Adv. Funct. Mat.
2012, 22 (11)

Labels that specifically bind to certain substances/objects

S S
i e &
~OHAL>
Sl 4 R
EER AR | Au s
ff \s s/ ELI‘ ~L~ A
ACTGA é’;_\_g:r‘-r .

http://www.rsc.org/chemistryworld/News/2011/October/07101101.asp 50
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* Assembly of particles



Percent Absorption

100

50—

400

450

L T
500 550

Wavelenath (nm)

T
600

T
650

Colors
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Structural colors

. Relaxed

guanine crystals

Relaxed Excited

J. Teyssier, et al., Nat. Comm., 2015, 6, 6368

53



Colloidal crystals

Colloidal crystals are ordered arrays of colloid particles.

Lytle, J. C.; et al. Journal of Materials Chemistry 2004, 14, 1616.

Colloidal crystals form if the interaction energy gained by assembling
particles into colloidal crystals exceeds the energy penalty that is
caused by the decrease in entropy.

54



Maximum packing density

For hard spheres:

The maximum packing density that can The maximum volume fraction that
be achieved if hard spheres are arranged can be achieved if hard spheres are

into a close packed structure is 0.7404. randomly arranged is around 0.63.

. Al2.B80808 8
A. Imhof, in Nanoscale Materials, Springer US, Boston, MA, 2003,

55



Assembly of colloids on surfaces

Direct assembly on solid surfaces

EVAPORATION
L

WATER SURFACE

‘;_ vl

*:3“. S WATER FLUX >;_ v WATER FLUX -y %

/////// /SUBSTF{ //

http.//crystaI.che.ncsu.edu/coIIO|daI/2_3_2Dwetdyn.htm

Requirements:
e The substrate must be wet#ng.
he particle-surface in

Liquid interface mediated assembly

Water

Lee, S.; et al., S. Physical Chemistry Chemical Physics 2009, 11
(19), 3628-3633

actions must be small.

https://www.youtube.com/watch?v=m9x_xSYcguk https://www.youtube.com/watch?v=7KxDzt7nsVA



https://www.youtube.com/watch?v=m9x_xSYcguk
https://www.youtube.com/watch?v=7KxDzt7nsVA

Which inter-particle interactions are NOT involved in
the direct assembly of particles into colloidal crystals?

A. Thermal energy
(Brownian motion)

B. Drag forces

C. Electrostatic
attraction forces

D. Gravitational forces



Inter-particle interactions

hydrodynamic
drag forces

o
g

Brownian
motion

g

1 | gravitational
ES LS S, forces

N. Vogel, M. Retsch, C.-A. Fustin, A. del Campo and U. Jonas, Chemical Reviews, 2015, 115, 6265-6311

58



Direct assembly of particles on solid
surfaces

59



What drives the particle assembly?

evaporation
At T [ g 4 | contact line starts to move
T
> N "\
' N e e R e
.r" mun{:!ﬂ}rers rf
. piuned !r '.‘1,‘ unplnned _
“ M £ M
L B e o)

'I.

Tang, Y.; He, W.; Wang, S.; Tao, Z.; Cheng, L. Nanotechnology 2014, 25.

Marangoni effect: The Marangoni effect is a mass transport along an
interface that is caused by gradients in the interfacial tension.

evaporation fram thin film k

high surface tension
’ —

Marangoni SH'ESS/"
| ion ]

law surface tensi
— —_—

60



Coffee ring effect

The coffee ring is caused by the Marangoni effect.

The coffee ring effect can be overcome using
e surfactants or
* anisotropic particles.

Effect of surfactants Effect of anisotropic particles

b
a=1.0

no surfactants a::a.s

Height [um]

0 400 . 3,600
Distance from center [um]

with surfactants

-y
co
o

Sl:?strate

- 4—-——— -+ —
Yunker, P. J.; et al. Nature 2011, 476 (7360), 308-311

The stronger adsorption of anisotropic
particles at the air-liquid interface
prevents particles from leaving this

Height [um]

30

0

0 400 3,600

Distance from center [ur] interface. Instead, they form a stable

Sempels, W.; et al., Nature Communications 2013, 4. monolayer at quuid-air interface.



Assembly of colloids on surfaces

Direct assembly on solid surfaces quid interface mediated assembly

EVAPORATION
L

WATER SURFACE

‘:3“. S WAT‘EHFLUX >§_ o WATER FLUX -y \

0 s

http://crystal.che.ncsu. edu/coIIO|daI/2_3_2Dwetdyn htmI

Water

Lee, S.; et al., S. Physical Chemistry Chemical Physics 2009, 1
(19), 3628-3633

Requirements:
* The substrate must be wetting.
* The particle-surface interactions must be sm

62



Example: Langmuir-Blodgett films

a | il Prassura sensor
] iJ -

i i ";D? s l-h i
well-defined Ptcubes e )
Teflon trough e

/Lnngmuira Blodgeit experiment

A = Y

P = surlace presswne (mn)

d = average inlerpanicle
spmwing (nm)

15 -

lih

Surfaee Pressun: imMNim)

monclaver of Ptoubes 20 maodel catalyst g
an wiler surfaee Pt cubes on 510, ]
50
C.-J. Jia and F. Schuth, PCCP, 2011, 13, 2457-2487. Area 1[4:|'|'|:}
Advantages: Disadvantages:
* High order of particles. * Itis aslow process.
e Large freedom in the choice of the * Itis an experimentally complex
substrate. process.
e Patterning over large areas is
possible.

63
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e Colloidal crystals made of microgels



Crystallization of microgels

Microgels can be assembled into colloidal crystals if they are weakly attractive.

Dynamics of crystallization

d=2um

Microg

)

Meng, Z.; Cho, J. K.; Breedveld, V.; Lyon, L. A. The Journal of Physical Chemistry B 2009, 113 (14), 4590-4599

The formation of colloidal crystals can take a long time.

65



Colloidal crystals made of microgels

PNIPAM microparticles, d, = 216 nm

Gao, J.; Hu, Z. Langmuir 2002, 18 (4), 1360-1367



Why does the color of the dispersions change with the
particle concentration?

A. The absorption wavelength is
a function of the polymer
concentration.

B. The mobility of the particles
changes and thus also their
scattering behavior.

C. The effective diameter of the
microgels and thus the
interference pattern changes.

D. Adjacent particles start to
entangle, resulting in a bulk
hydrogel



Colloidal crystals made of microgels

PNIPAM microparticles, d, = 216 nm

c (wt%) c (vol%)
A 0.064
B 1.47 50
C 3 59
D 3.4
E 4.2
F 4.6 61
G 5.95
H 7.92
| 13.7
A-C: The scattering area increases. clear e millky
clear - Rl <= - color = opaque - clear

D, E: These samples are crystals. Their |
iridescent color is due to Bragg reflections. s —— 1o0g 4
F-1: These samples are glasses. The inter- | |

particle distance is determined by the e cryst?l R
particle size and results in the coloring of the

samples. As the concentration increases,the 1~ H G FEDC B A
particle size decreases and hence, the coloris 5 12 9 6 3 0
blue-shifted. C/ (10 g/mL) -

Gao, J.; Hu, Z. Langmuir 2002, 18 (4), 1360-1367
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* Applications of colloidal crystals
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http://clxy.snnu.edu.cn/jhzeng/res/rnews.html

-

Applications of colloidal crystals

Why have certain colloidal crystals colors?

The size of colloids is between 1 nm and 1 um. The wavelength of visible light is

in this range. Hence, if only certain reflective wavelengths constructively
interfere, the colloidal crystals appear to be colored.

colorant

'\_‘L‘

http://people.umass.edu/~

Examples:

touch sensor

Tauch sensing

| I¥ photoni
migchanoch rasnim

Materials 2014, 2 (7)

Wang, X.-Q., et al. Advanced Optical

dinsmore/softcmp.html

humidity sensor

+H,0
LA L ———

(L L L X J -H,0
glass slide o glass slide
humidity

20% 50% 70% 80%  90% 100%

=

Tian, E., et al. Journal of Materials
Chemistry 2008, 18 (10), 1116-1122 /0
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 Agglomeration



Agglomerate vs. Aggregate

primary particle

primary particles
Ao % 4 ¢
O ® <D Il
agglomerate agglomeration by

physical interactions
of primary particles

adhesion (agglomerate)

new formed particle

sintered body (aggregate)

(crystal structure)

Agglomerates are assemblies of primary particles whose total surface area does not differ
appreciably from the sum of specific surface areas of each particle.

Aggregates are assemblies of primary particles whose total surface area differs appreciably
from the sum of the specific surface areas of each particle. 72



Agglomeration of particles

Sterically stabilized particles Electrostatically stabilized particles

Steric Repulsion N E

Agglomeration can be caused through

» the addition of a poor solvent to collapse ¢ the addition of salts. They screen
the polymers at the particle surface. charges at the particle surface thereby

* physical or chemical removal of decreasing the Debye length.
dispersants.

* the addition of non-adsorbing polymers ¢ the addition of non-adsorbing polymers
that induce attractive depletion forces. that induce attractive depletion forces.

What are depletion forces? 73



Depletion forces

A depletion force is an attractive force that occurs between large colloidal particles, which
are dispersed in a diluted solution containing depletants.
A depletant is a small solute that is preferentially excluded from the vicinity of particles.

Depletion forces are present if the distance between adjacent
colloids is on the order of R, of the depletant.

PN

wyw c@‘&’w@o

°60

c;=C, c;>¢C,
There is no osmotic pressure and hence there There is an osmotic pressure, resulting in
are no depletion forces. depletion forces.

74



Depletion force between two plates

p,: osmotic pressure [Pa]
n,: bulk number density of particles [particles/m?]
W: interaction potential [J]

R,: Radius of gyration of the depletant [m]

‘ Po = —nkaT h < ZRg
Po =0 h > 2R,

po = NpkgT

W(h) = —nuksT(2R;, —h) h <2R,
W(h) =0 h > 2R,
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Depletion forces between two
spheres

R

for h=d—2r<Rg

Edep = ~Po Vdep

v —4(+R)31 d_, &
dep = 3T\ T Ny 4r +d)  16(r + d)3
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Agglomeration

Diffusion limited agglomeration Reaction limited agglomeration
Encountering particles stick There is a finite probability for two
irreversibly to each other. encountering particles to stick to
each other.
Diffusion limited agglomeration Reaction limited agglomeration
results in loose structures. results in dense structures.

_ 0.5um

0 5um

http://www.unige.ch/cabe/research2.html
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Agglomeration that induces
clogging events

clogging of filters

—_—

) http://aaetunin o.uk/dpf/
clogging of blood vessels

Arterial thrombosis

http://pharma.bayer.com
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You disperse CaCO, particles or agglomerates in an aqueous
solution (pH = 6) using two different approaches and let them
sediment. The structure has the higher density if

A. you take
agglomerated
particles

B. you take individually
stabilized and
dispersed particles

Isoelectric point of CaCO, = 8.5



Rain washes fine clay particles (CaCO, particles approximately
0.15 pum in diameter) from the soil of a farmer into a river. Why
do particles stay dispersed while they are in a stream of fast
flowing fresh water? Because they are

A. electrostatically
stabilized

B. sterically stabilized

C. electrosterically
stabilized

Isoelectric point of CaCO, = 8.5



What happens to clay particles when
the river empties into an ocean?

A. they sediment
because they are
too large

B. they remain well
dispersed

C. they agglomerate
and sediment

D. they go to the
liquid-air interface

Isoelectric point of CaCO, = 8.5



Delta formation

Colloids (clays) become unstable if they are suspended in
water containing high salt concentrations and agglomerate.

Wl B e Tt i

82
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e Applications of agglomerated particles



Agglomeration during cheese
formation

Sterically stabilized casein micelles begin to flocculate if the steric
brush, made from casein, collapses due to changes in pH.

84



Cheese production

9 9
g j U i casein micelles
~ . .
="\ * e calcium
% viead ¥
Fal ghobul Lastic acid ADD ADD :
g i o RENNET ‘/ \ ACID
Y ¥ 449
\ @ 5
o\o ~ s 55 & .
© 00\ g oo T
€ e @ : AL A
G o - water ks by
(-'. U . & . ‘:- .'r_\l \_’! = .
o o water Gy, G, 0 W iy
g f o g T WO BT
@0 Q 9 g el - gy S AN
00 ga 0 { x Seedls
2 -~ O =0 Lo R, .
o 9 ’ s o /Y
Ve L 4 o A
Iil'rl - g fat A fat [ ( B '.l .
Casain micels, rich Casain mabrix, rich o ’ Seoe
I calcium phosphats I callciurn phosphate : i
HEAT
APPLIED
http://slowfoodwellesleysnail.blogspot.ch/2014/01/wasiks-cheese-lecture.html \
DOESN’'T
MELT
Rennet-Coagulated Cheeses: Acid-Set Cheeses:
Great Melters Poor Melters

http://luckypeach.com/guides/science-melting-cheese/

85



Emmentaler cheese

Pockets « intact » fat globules with various sizes

of whey Aggregate of (covered by the MFGM*)
fat globules

Colony of bacteria

Non-globular
fat, also called
free fat (fat
not protected
by the MFGM)

Products of TG hydrolysis:

DG, MG and FFA*
$ 4— Mmicelles —p %
e

Phospholipids

Fat crystals localised

: s g arke peﬁpljery i “+— Proteins: caseins, whey proteins
Aggregate or partially ~ dispersed in fat _
coalesced fat globules Primary membrane of the MFGM:
maintained by fat crystals mainly proteins from the ER* and PL*

* MFGM: native milk fat globule membrane;TG: triacylglycerals; Fragments of Ihe,IM FGMf: gETaW
DG: diacylglycerols; MG: monoacylglycerols; FFA: free fatty membrane and bilayer o
acids; ER: endoplasmic reticulum; PL: phospholipids <———> Thickness: 5-10 nm

C. Lopez, M.-B. Maillard, V. Briard-Bion, B. Camier and J. A. Hannon, J Agric Food Chem., 2006, 54, 5855-5867
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Direct coagulation casting

+40mV —

Zeta potential

R Sio, R Al,O,
= 1 = 1
E Coagulated E Coagulated
£ 0.1 £ 0.1
[9)] {@)]
5 5
£ 0.0 £ 0.01-1
L2 9
c c
2 Noot L2 0.001
coagulation

pH 4

stable suspension

rigid body

http://www.nonmet.mat.ethz.ch 87

Si, W. J.; Graule, T. J.; Baader, F. H.; Gauckler, L. J. Journal of the American Ceramic Society 1999, 82, 1129


http://www.nonmet.mat.ethz.ch

Colloidal gels

What happens during this transition?

88



Colloidal gels

89



Colloidal gels

Why does this phase separation occur?

90



Syneresis

Syneresis is the collapse of a gel that is accompanied by the expulsion of liquid.

Syneresis is unwanted in yoghurts. Syneresis is wanted during
cheese production.

91



Application:
3D printing of structural colors

A.F. Demirors, et al., Nat Commun 13, 4397 (2022)
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