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2PHIM IN DAILY LIFE

Ubiquitous, e. g. in food and care formulations

Emulsions:

Kliek - CC BY-SA 3.0, stux - http://pixabay.com/en/cream-skin-

https://commons.wikimedia.org/w/index. care-cream-colors-194126/, CCO, Tricia - CC BY-SA 2.0,
php?curid=1149434 https://commons.wikimedia.org/w/index.php https://commons.wikimedia.org/w/ind
2curid=37898285 ex.php?curid=19118083

Foams:

o . o Fire Brigade Neder-Betuwe, base Ochten,
https://commons.wikimedia.org/wiki/File: A. Mole - CC BY 2.0, the Netherlands CC BY-SA 3.0
Crema_para_afeitar.JPG#Licensing; https://commons.wikimedia.org/w/index.p https://commons.wikimedia.org/w/index.ph
CC-license hp?curid=10269221

p?curid=3263914
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https://commons.wikimedia.org/wiki/File:Crema_para_afeitar.JPG#Licensing
https://commons.wikimedia.org/wiki/File:Crema_para_afeitar.JPG#Licensing

EMULSIONS AND FOAMS

Freeze fracture SEM of a Freeze fracture SEM of a
commercial skin care cream PU foam before curing

Micrograph courtesy Markus Drechsler University Bayreuth Reignier et al J. Coll. Inter. Sci. 552, 153 (2019).
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2PHIM: TWO PHASE HIGH INTERFACE MATERIALS

single droplet volume:
V., =£7zaz3 =i7r um’ :i7r><10_12 cm’
3 3 3
single droplet interface area:
R=1cm A4, =4ra*=4r uym’=47x10" cm’

<= > <

& :
c<\1J volume is conserved
]
= agitation
droplet radius:
N
a=l ym ~
starting volume number of droplets:
V=hxzR*=27x cm’ V 3x10"
t Nd == t V ju—y
sd 2

starting interface area
total droplet interface area:

A,=N,xA,=6rx10* cm®

A=7R’ =7 cm’
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INTERFACIAL TENSION

Von Andreas Hendrik - Selbst
fotografiert, Gemeinfrei,
https://commons.wikimedia.org/w/index.
php?curid=10234192

CCBY 2.0,

Mechanical definition
Interfacial tension is the work

ow
it takes to create additional surface area = 7
dx
/ i
. AG — Gend _Gstart — 7 Aend - Astart > 0
OW = Fdx oW F | ( )
dA =L2dx d4 2L if Aend > gstart

units: force per length (mN/m)

Von brokenchopstick - Flickr,

https://commons.wikimedia.org
/w/index.php?curid=627807

S. Hoppe GFDL 2005
https://commons.wikimedia.org/wiki/
File:Wassertropfen.jpg?uselang=de

Thermodynamic approach

G=H-TS

dG =dU + pdV +Vdp — dTS — SdT

dG =dq+oW,, + oW + pdV +Vdp —TdS — SdT
@dp=0and dT =0

dG,, =oW,, + oW + pdV

dG,, =—pdV + oW + pdV

dG

p.T

dA

7/:

Change of free energy with area



INTERFACIAL TENSION

Practical considerations

R=1cm Energie needed
Y
cE> — SW = y54~40 mN/m 67 x10* cm’
i = 40x107 -6 Nm
L . .
agitation ~0.75 ]
droplet radius: — Microscopic level : hups;_}/omons.wikimedia.
a=l ym -~ oW, ~10%k,T per droplet pggvékFD?mL/Kc%chﬂ

k,T~4.1x107" Jat T =295 K

A oV, =W oV,

Sicherheitsoffizier ALU - PzLehrBtl 334

volume scaling factor: 10° "CELLE", Gemenirel,

https://commons.wikimedia.org/w/index.php?cu
=877386

h=2 m

agitation SW =0.75x10° J
=750 kJ

droplet radius:
a =l um ~




2PHIM INSTABILITY

Coalescence and colloidal droplet interactions

A: disjoining pressure overcomes
attractive DLVO forces, contact time smaller
than drainage time

_/4

N

Droplets moving towards each other le

Flux causes disjoining pressure .

/‘

B: Attractive DLVO forces over-
compensate disjoining pressure
contact time larger
than drainage time

A | / \ B By definition of the interfacial tension:
‘ I ’ AGB = yAA4

‘ For two droplets of equal size:

'.

Colloidal forces become active at small distance

AG, ~-y0.24

start

0 )
IJ JULICH
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2PHIM INSTABILITY

Coalescence and colloidal droplet interactions DLVO in Derjaguin approximation
C d
DLVO interactions: Superposition of van der Waals =2 +B, exp{——}
and electrostatic interactions 6 Ap
‘d' C,: Hamaker constant, order of k,T

B, : electrostatic amplitude, function
of charge density and particle size

van der Waals van der Waals ﬂu D: Debye Iength Order 1 -1 00 nm
— electrostati — electrostati H .
' oA “ ectiostac function of salt concentration
T S
[ m— g \ I Type of electrolyte | example | 4, / nm
5 5 . 0.304
g (f L 1 NaCl =
E _ g 1:2 or 2:1 CaCl L0t
5 Ap =96 nm 8 A, =0.8 nm ’ v Caalt
£ £ D ’ 2:2 MsaSO, 0.152
) o 4 v/ Csalt
10> M NaCl solution: A ,=96 nm
separation distance separation distance

Mitglied der Helmholtz-Gemeinschaft 150 mM NaCl Solution: ﬂ«DZO-S nm



2PHIM INSTABILITY

Ostwald ripening Po
y , y
P, P,
> pi <
Von brokenchopstick - Flickr, 4
CC BY 2.0, 7/ 7/
https://commons.wikimedia.org
/w/index.php?curid=627807
P,

Video courtesy Vorlesungsassistenz der Physik — TU Darmstadt
https://vla.iap.physik.tu-darmstadt.de/experiment/334/description/

Two forces acting from outside
 Ambient pressure
« Surface tension

Young-Laplace equation
for balancing inner pressure

2
pi:po 7/
a

Analogue for droplet emulsions

2yV,
u(a) =+

. chemical potential, measure for
the tendency of molecules
to leave the droplet

V.. molar volume of dissolved molecules

/.
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INCREASING STABILITY

Stabilizing compounds and mechanisms

Amphiphiles, surfactants

augi amphi ,both sides“ and
¢@ilog philos ,loving”

AR

sodium dodecyl sulfate, SDS

Mitglied der Helmholtz-Gemeinschaft

) ——) Z;\/f =— RAT units {

Reduction of the interfacial tension
due to amphiphile adsorption

Interface excess: I'= N/ 4
number of excess molecules per unit area

Gibbs adsorpti tion: T =———| -7
| S a Sorp IoN equa 1oNn. RT\ dlne

Langmuir adsorption isotherm: I o«cc

mol m* }

On the single molecule level:

Reduction of interfacial
tension per droplet:

=

a =l ym
A, =47x10° nm’
A, ~0.5 nm’

Number of surfactant
molecules per droplet:

Nsm — d/Asm :87Z-X106

(ﬂ} —_N kT
dN ), "4

sm

~2.5x107k,T
~0.256W,
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INCREASING STABILITY

Stabilizing compounds and mechanisms

Colloidal particles
Pickering-Ramsden 2PHIM

Eqiulibrium
immersion depth 4 )= 27mph

Aremoved — - <2aph - hZ )

how

agitation

A,,=4,-2rah

AG =7
AG — Gend _ Gstart

_ removed end start

- ?/h,pAh,p + )/w,pAw,p - 7/;2,11;14;2,“,’ _yw,pAp + )/h,w(Ah,w o Ah,e )

_ 2 . end _ qstart
= Zﬂaph(yh’p ~Vwp ) - 7z(2aph —h )j/,w general with 4,"0 ~ 4,

Interfacial free energy of the h/w interface

Gh,w - }/Ah,w

Maximum negative if 7, =7., = h=a,

AG, = —ﬂa; Y

max

Interfacial free energy of the particle

G,,=Vu,4,=7,,47a, ‘J JULICH
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INCREASING STABILITY

Stabilizing compounds and mechanisms Free energy gain on single particle level
Colloidal particles v, ~40 mN/m AG, =—407(100x10°° )2 mNm
Pickering-Ramsden 2PHIM _
g a, =100 nm ~-3x10"k,T
Equilibrium

immersion depth

Free energy gain on droplet level

Experiments show full interface coverage by particles

T
-lattice: O = —
A 0 2

AG = Gend _ Gstart 4a2
—v A A A A N,=0—
= 7/h,p h,p + 7/w,p w,p y/“w how ]/W’p . ap N )
Dinsmore et al D'lattlce. Q e
Science 298, 1006-1009 (2002). 2 \/5

DOI: 10.1126/science

= 27Z'Clph(7/h’p — yw,p)— 7T(261,)h - hz)%,w

Maximum negative if 74, =7, = h=a, i,
AG, ~N,AG,=-0—-ra,y,, =047,

_oow. @) JULICH

Forschungszentrum

AG_ = —ﬂai Vi

max
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STABILIZING COMPOUNDS

Synthetic and biological examples

Surfactants, lipids

O ——
iONi NN A A Nat
anionic > ~"0-5-0"Na
o)
OO~ detergents,
nonionic K\O O OH >_softeners, personal
© care products
pharmaceutical
H3C 3
kationic  +c \M\:CH
CH?

Phospholipids _ o
(DPPC) \N+/\/Ojﬁ/0\)io
/\ o

Patrick J. Lynch CC BY 2.5
https://commons.wikimedia.or
g/wlindex.php?curid=1493050

Mitglied der Helmholtz-Gemeinschaft

For food formulations:

Mono- and diglycerides of fatty
acids O\[\OH
ey (¥

OH

Polysorbates
(E432-436)

H,.C

Lecithine o
(E322) § j .
\N+/\/O\\,|:/ ° OJKR2

/\ !
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STABILIZING COMPOUNDS

Synthetic and biological examples

Colloidal particles (Pickering 1907; Ramsden 1903)

Synthetic particles Proteins
» silica * e.(.caseins
* polystyrene

José Manuel Ageitos GFDL
https://en.wikipedia.org/wiki/File:K-
case%C3%ADna_comic.jpg

Applications

« enhanced oll recovery

« waste water remediation

« pharmaceutical formulations
(due to stability under gastric
conditions)

Stefan Kiihn, CC BY-SA 3.0,
https://commons.wikimedia.org/
w/index.php?curid=23754

Mitglied der Helmholtz-Gemeinschaft

Cellulose (starch) nano-crystals

Animation courtesy Wim Thielemans

Parajuli et al, "Fundamental aspects
of nanocellulose stabilized Pickering
emulsions and foams"

VERY S\ Advances in Colloid and Interface
ful? \ % Science 299 (2022) 102530

Applications:
« reinforcing fillers in nano-composites
« food formulations
« pharmaceutical formulations



STABILISATION MECHANISMS

Wrap up

Surfactants Colloidal particles

Dinsmore et al,
Science 298, 1006-1009 (2002).
DOI: 10.1126/science

« Reduced surface tension « Reduced surface free energy
* reduces coalescence
 reduces Ostwald ripening  Steric repulsion
* reduces coalescence (d>2a)
 Electrostatic repulsion » reduces Ostwald ripening (reduced h,w interface)

* reduces coalescence
« Particle adsorption energy

* Molecular adsorption energy « order 10> k,T

« order k;T ‘J JUL'CH
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STABILITY

Kinetic vs thermodynamic

er
>
S
()
C
()
Boltzmann: S
©
pcon OCeXp{—Ea} %
> < D
Thermodynamically unstable dispersion £’
C
AG<O0, small £, spontaneous g
phase separation )
AG<O0, large E =
o a : Q ~
Kinetically stable dispersion *g
n
Thermodynamically stable dispersion
AG>0 no Efor dispersion .
spontaneous 4 g conversion ~ macroscopically
isperse >
AG>0 large E_for dispersion P phase separated

kinetically hindered

IJ JULICH
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STABILITY

Kinetic vs thermodynamic

Change of free system energy due to dispersion: AG =)A4-TAS

Thermodynamic stability requires: AG <0

Dispersion of a given volume:

Decreasing droplet size
* increasing number of droplets N,=»increasing entropy
* increasing total surface of dispersed phase 4, =»increasing A4

Aend > Astart

AG — 7(Aend _Astart)_T(Send _Sstart) ~ 7Aend _TSend assum|ng that ) .
Sen > Ssar

V. volume of the continuous phase

Entropy of an ideal gas ) A5y ;
(dilute suspension of S =Nk, ln[—3j A, = de Broghlie wavelength
non interacting droplets) Nal\p © o 2wmk,T

m: droplet mass

h: Planck constant 'J J U LICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



STABILITY

Kinetic vs thermodynamic

Gedankenexperiment: disperse 2z mL oil with mass density (0.95 g/mL) in 1L water

3

2.5
AG =y A" —TN k, ln[; d j

d* "B
Large droplets a= 1um Small droplets a= 10 nm

N, =1.5x10" N, =1.5x10"
A, ~29x107"° m A, ~=29x10"" m

ez'SV Aend _ 672' mZ ez'SV Aend — 67Z_X102 m2
In — |=75 In — | =40 _

N, A5 y =40 mN/m N A, y =40 mN/m
§7 ~45x107 YK yA7=075] S ~25x107" K VAT =T51]

AG =(0.75-295x4.5x107) I ~0.75] AG =(75-295x0.25)J =117

Only for very small droplets or very low surface tension the entropy term cannot overcompensate the energy term
Emulsions are always instable over time or kinetically stable (PR) .o
@) JULICH
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PREPARATION OF 2PHIM

Stirring, shaking, etc. causes flow, velocity gradients eddies ...

Simplest case: laminar flow with velocity gradient

VA - > > >

L —— = y—— A — =

| x S — . A -

flow velocity u shear rate 7 = d% . Break up criterion
: nya 0.1 (stable) < Ca <1 (break up)
capillary number: Ca = —<—
Y
here: a =1 um, 77, =1 mPas, y =40 mN/m Turbulent flow, Hinze scale

| , o s R =0.0211y°"
Viveat ¥~ —=4x10"s R =~ C(L] g =690 um @ y =40 mN/m

an, ’
‘ =7.5 um @ y =1 mN/m
Typical water pipe: 7 ~20s" C: empirical constant 0.7-0.8
p. . mass density of continuous phase

& : energy dissipation rate l ' J U LICH

Mitglied der Helmholtz-Gemeinschaft &~ 10 JS/kg regular 1ab Stirrer Forschungszentrum



PREPARATION OF 2PHIM

Stator rotator mixers
turbulent flow by stirring

Typical droplet size 1-10 um

Chris 73 / Wikimedia Commons, CC
BY-SA 3.0
https://commons.wikimedia.org/w/index.
php?curid=19672

A, - g
e G W Eat

Image: THALETEC GmbH — BE-type enameled mixing
tank with a volume of 16,000 | — www.thaletec.com

Mitglied der Helmholtz-Gemeinschaft

High pressure homogenizers

Turbulant flow by small slits or nozzles

Typical droplet size 100nm- 1 um

Seat

Impact ring

\\‘D e » Homogenized

Valve

product

JULICH
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http://www.thaletec.com/

PREPARATION OF 2PHIM

Ultrasonic homogenizers Droplet microfluidics
Turbulant flow by sound waves Uniform break up by pressure pulses
Typical droplet size 100nm- 5um Typical droplet size <100nm

C@' https://youtu.be/eroy6zfj8HE

Droplets =—>
H,O—>

https://ussolid.com/products/1000-w-2-in-1-
ultrasonic-homogenizer-ultrasonicator-cell- By Kimbalm - Own work, CC BY-SA 4.0,
disruptor-mixer-integrated-type-copy ﬁ https://commons.wikimedia.org/w/index.php?curid=91060642

Oil

IJ JULICH
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https://youtu.be/eroy6zfj8HE

CHARACTERIZATION OF 2PHIM

 Rheometry: mechanical properties (dedicated lectures and lab courses)
* Microscopy: Droplet size and distribution (dedicated lectures and lab courses)

« Light scattering: Droplet size and distribution
I djg

och K general
I Vs

rl‘

. incident intensity

d,, : sample to detector distance
Incident beam

in air

V, : scattering volume

Index-matching bath:

Toluene P . number density

sample:
200 nm polystyrene

. V,: single particle volume
spheres in water

Mitglied der Helmholtz-Gemeinschaft K : contrast factor



DYNAMIC LIGHT SCATTERING










DYNAMIC LIGHT SCATTERING
g,(0.0) = (1,0, 0)[(0.1))

M
ﬁ,.f:_ 1 Y (I(g,n x At)I(q, (n+1) x At))

n=0

g1(g. 1 x At) =

Normalisation:

,(0,0=g,(0,t) {I(Q))

For ideally spherical
particles with uniform size

scattered intensity / a. u.

8,(0,t) =1+ Bexp{-2D,0’t|
kT
" 67ng Ry

g(®)

R, : hydrodynamic radius

\

t IJ JULICH

Forschungszentrum
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DYNAMIC LIGHT SCATTERIN

Data
Sph

Non-linear least squares fitting with  ,(0.¢) =1+ Bexp{-Tt}

éI(Qnt)

1.251

1.151

___________________________________

____________________________________

--------------------------------------

analysis

erical particles with uniform size

..............................................................

__________________________________________________

__________________

_______________________________________________
----------------------------------------
"""""""""""""""""""""
---------------------------------------------------------------------
--------------------------------------------------------------------

__________________________________

___________________________________

--------------------------------

-------------------------------

---------------------------------------

______________________________________________________________________

____________________________

________________________________________

vector

T R R R L R |
0.0M oM 0.1 1 10 100 1.001 10.000

Mitglied der Helmholtz-Gemeinschaft

'=2D,0’ Stokes Einstein
‘l’( . R,= 468 nm
R, =—8" a=475nm
671D, (TEM)
0.5 1

0.4 -

r/ms’
o
w
1

0.2

0.1

m  Experiementelle Daten
Lineare Regression

T T T T T T T T T T T T
1.0x10*  2.0x10* 3.0x10* 4.0x10* 5.0x10* 6.0x10* 7.0x10*
Q2 /nm2



DYNAMIC LIGHT SCATTERING

Data analysis
For particles/droplets with size distribution: g, (0,?) =1+,BZ.W~gl-(Q,t)

Input: simulated TCF o ~1+,3_[‘P exp{T't} ds
<a>=500 nm, various standard deviations o
2
2.0 Cumulant method g7"(0,1) :exp{—2<F>t}(l+ /212' >+ 53 £+, j
] T 2 (R,)= [ (a) 2 (T'): average relaxation rate
5 o= \'ﬁ;""- . H = ~ . .
- | 0 | I') 6777 L, : variance
= 1.61 5=100 nm
Cj o 6=250 nm
Q\'/ 1.4 cum IZ\?]??? "
2] e 0.149
<r>=0.120 ms™
104 <I>=0.084" ° 50 0.149 501 1
e ettt 100 0.143 520 1.04
0.001 0.01 0.1 1 10 100 250 0.120 621 124

Mitglied der Helmholtz-Gemeinschaft t / ms 500 0084 891 1 78



DYNAMIC LIGHT SCATTERING

Data analysis

For particles/droplets with size distribution:

g7 (0.0 =1+, 2(0.1)

2.0
1.8
= 1.6
g/ simulated
g 1.4 = <a>=500 nm 6=250 nm
best fit wit CONTIN
1.2
1 0 . ‘Iﬂlﬁﬁf‘:‘i‘;ﬁvs:.mz::

0001 001 01 1 10 100

t/ ms

Mitglied der Helmholtz-Gemeinschaft

CONTIN:

N 2
tQ k.T
g7 (0,0 =1+ ) wexpy ——— R, =1,-2 0
i1 2 ’ 67n
7, : relaxation time of particles with radius q,
1.0- decay time distribution 1.0- distribution of raddii
0.8- 0.8-
E’Z 0.6—_ ctf 0.6
= 041 =04
0.2- 0.2
0.0 0.0+
1 10 100 100 1000
. R, . /nm
WmS - (R,)=670 nm, =520 nm
R [ X )
Ru) _y 4 l' JULICH
<a> Forschungszentrum



CONCLUSIONS

2PHIM are ubiquitous

Generally unstable due to surface tension

Pickering Ramsden 2PHIM
o kinetically stable
o advantageous mechanical properties

Characterization

O Mmicroscopy

o rheomtery

o light scattering (be careful about the numbers)

Mitglied der Helmholtz-Gemeinschaft J Forschungszentrum
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