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Solute adsorption effects on structure formation
of colloidal particles during drying
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Particle film formation
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Colloidal suspensions Coating, Drying Functional thin films
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Addition of solutes f----------- > Particle configuration

*Dispersant
Binder

Mesoscale Modeling & Direct Numerical Simulation



Adsorption of solutes 2

Adsorption layer overlapping
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e
Interparticle force

Physical adsorption
(Reversible adsorption)
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Model

Particles: Newton-Euler equations of motion

Fluid: Hydrodynamic equations
Free surface: Advection equation

Solute: Advection-diffusion equation
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Objective

Drying - Recession of free surface

* Arrangement of particles

* Distribution of solute



Particle-solute adsorption interaction
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Square-well potential

u(r) 4 (-
@) >
r
—&
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(0 r<a

u(r)=<—-¢ asr<a+w

\O r=>2a+w

Adsorption energy: &
w Adsorption layer thickness: w

Physical adsorption (Reversible): € ~ RT



Solute transport e

% Y () =V
ot cw)=-v-J

Diffusion flux
J =—cDVyu

Chemical potential

i = RTIn— +fz u; + (1 — f)Apg

Excess chemical
potential in gas

Particle-solute
interaction

Apg/RT > 1 = Impermeability to gas
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Particle-solute mteractlon
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Free surface

. 0f v

E + v Vf = SA£
............................................................... N
Evaporatlon mass flux on free surface liquid n gas
p(—vy) -N=1-P)w f=1] =0

¥

Velocity of free surface

w/\
vsf=v—(1—CI>);n

Contactangle Vf/

—— -7, = cos
A

M. Fujita et al., J. Comput. Phys. 281, 421 (2015).
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Simulation conditions

Particle diameter Initial volume fraction
d = 100 nm ®o = 30 vol. % (3 particle layers)
Contact angle

a = 45°

Kinematic viscosity

v =5.0x10"°m?/s
Surface tension

y =2.0x 1072 N/m
Evaporation rate

Ve = 1.0 X 1072 m/s

Solute concentration Tﬁ’
co = 5.0 x 1073 mol/L

Periodic boundaries: x,y



Diffusion of particle/solute
Ved
Dq

Péclet number

Pe, =

Diffusion coefficient
Particle: Dy = 10714~107"" m? /s
Solute: Dg¢ = 10719~1078 m?/s

Pe D
prt _ slt > 1

Peslt Dprt

Approximation: Pep — o

(Non-Brownian particle)
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Simulation conditions

el

0.02 5.0x10°°

(b) Yes 025 05 0.02 50x10°8

(c) Yes 025 05 0.4 25x107°

P(l) Solute adsorption (a) <> (b)
Effects of -

(2) Solute Péclet number (b) <> (c)
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Interpaticle force

(Equilibrium solute distribution)
(1) Solute adsorption = Interparticle force

l Analytical solution

#’E%Ija/

(Brldgmg attractlon

Gap width 0 0.1 O%l /69.3 0.4 0.5




14/23

Solute distribution during drying

(without particles)
(2) High solute Péclet number - Concentration gradient
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Diffusiophoresis (JL &k 8)) %

(2) High solute Péclet number -
Concentration gradient - Diffusiophoresis

A Solute concentration
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Solute adsorption
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(1) Solute adsorption = Interparticle force
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Solute Péclet number
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(2) Concentration gradient - Diffusiophoresis
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Concentration gradient below free surface:

Steep

Shallow
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Volume fraction (Packing efficiency
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Particle distribution

Structural order
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z/d [height]

Solute distribution

(a) < (b) Attraction by particles

(b) <(c)

Low diffusivity of solute
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Particle migration to free surface

0.7 — | O free surface
0.6 (a) > (b) Assembly by intéerparticle force
o b) < (c) Diffusiophoresis
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Coordination number

Coordination number
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(a) > (b)
(b) < (c)

éDispersibiIity
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Summary

Solute adsorption effects on structure formation
of colloidal particles during drying

-Solute adsorption = Interparticle force
Particle ordering

High solute Péclet number =
Concentration gradient - Diffusiophoresis

Increase in particle migration to free surface
— Decrease in packing efficiency



