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Dynamical evolution of particles in emulsion droplets
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Niemann, Veit , Sundmacher: Langmuir 24, p.4320 (2008).
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Motivation

Nanoparticle growth with changing shape

Experimental observations
Emulsion droplets as reactors for nanoparticle production
Microemulsion precipitation of BaSO, nanoparticles
Monte-Carlo simulation of single microemulsion droplets
Time and space discretization of Monte-Carlo simulation
Simulation of nanoparticle growth inside droplets
with variation of growth anisotropy and droplet properties

Summary and Outlook
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Experimental and Theoretical Investigation of Partic le
Precipitation in Emulsion Droplets
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Feed-Controlled Microemulsion-Precipitation

Feed tank_rj\ 1 _KJ\ Reactor

Microemulsion ﬁ::g

with reactant A @2(
=——=1

Microemulsion
with reactant B

1. Prepare two similar water-oil microemulsions with A or B in the droplet cores

2. Feed one microemulsion into the other with given strategy

3. Use thermodynamical coalescence and exchange mechanism between droplets
4. Nanoparticles are nucleated and growth inside droplets in a controllable fashion
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Droplet/Particle Phenoma in Microemulsion Precipitati on

Oil phase (O)
Water droplets (W) Surfactant molecule (S)
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Chemical Nucleation Growth Shaping
Coalescence Reaction of BaSO, of single of particle
BaCl, + K,SO, particle inside
® BaSO, + 2 KCl droplet
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Crystal Shape Observation of BaSO , Particles

Niemann et al: Langmuir 24, p.4320 (2008). Piana et al: J.JAM.CHEM.SOC. 128(41), p. 13569 (2006).
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Previously: 2D-Simulations of Anisotropic Particle Gr owth

Experimental Observation: Lattice Monte-Carlo Simulation
« simple 2-dimensional square lattice
* anisotropic unit attachment probability
« different concentration of reactants
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3D-Simulations of Particle Growth in Droplets
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Space Discretisation of 3D-Simulation

Lattice Monte-Carlo Simulation in 3D
» simple cubic lattice for molecule movements

AL 4
YA A4

« lattice spacing defined by BaSO, molecules

Crystall structure Material data Model data
unit cell geometry Molar mass, density lattice spacing
_ 9
O - -
BaSO, single BaSO, single
BaSO, unit cell molecule sphere molecule cubicle
Picture from: Jang et al, VBaSO4 = 00861rn3 dunit — 054nm

JPhysChemB 106, p.9951,2002
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Space Discretisation of 3D-Simulation

Lattice Monte-Carlo Simulation in 3D

» simple cubic lattice for molecule movements

* molecules movement to:
Nearest Neighbors — NN (6 places)
. % Next-Nearext Neighbors — NNN (12 places)

Next-Next-Nearest Neighbors - NNNN
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Space Discretisation of 3D-Simulation

Lattice Monte-Carlo Simulation in 3D

» simple cubic lattice for molecule movements
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* molecules movement to:
Nearest Neighbors — NN (6 places)
Next-Nearest Neighbors — NNN (12 places)
Next-Next-Nearest Neighbors - NNNN
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Space Discretisation of 3D-Simulation

Lattice Monte-Carlo Simulation in 3D

» simple cubic lattice for molecule movements

* molecules movement to:
Nearest Neighbors — NN (6 places)
Next-Nearext Neighbors — NNN (12 places)

OvGU/MPI Magdeburg AIChE Meeting 2008, Philadelphia 13



Time Discretisation of 3D-Simulation

Lattice Monte-Carlo Simulation in 3D

« Brownian diffusive motion of BaSO, molecules
D= Kg>T
3 WHZO >dBaSO4
« Experimental data: T = 298 K and n,o= 103Pa-s
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] e Time-step of Monte-Carlo simulation from average
4 single molecule step length x. .., using Einstein-
Smoluchowski relation
1 2
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Initial and Boundary conditions of 3D-Simulation

Lattice Monte-Carlo Simulation in 3D

* Number of BaSO, molecules inside sphere initialy
depends on reactant concentration

* Increases during simulation due to droplet exchange

» Droplet exchange is related to droplet concentration
l.e. depends on micromulsion composition (oil-water ratio)

mol
- 3
Cyroplet > 10
roplet m3
=3 » Molecules echange is related to the bimolecular diffusive
+ g ’ exchange rate between droplets
L 3
m
kexchange» 103 - 104
«New BaSO, molecules ran- mol>s

domly introduced at the inner

» Molecules addition can be simulated with exchange time
droplet surface

Number of new molecules 1
depends on initial reactant Lexchange™ »10°- 10°ns
concentration and on feed kexchangex'\’droplets

strategy
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Surface-Energy related Crystal Growth in 3D-Simulatio n

Lattice Monte-Carlo Simulation in 3D

» Crystal growth of BaSO, depends on

(i ) k)-surface

» Free molecules attach to crystal nucleus at
different faces with corresponding probability

» Monte-Carlo attachment probability relates to
energy difference AE between surface site and

free site
Piana et al: J. AM. CHEM. SOC. 128(41), p. 13569 2006. ] kDZ
— B
pattach —€
AE, Assumption:
AE, = AEysaﬁAEZ

AEy Anisotropy parameter

— DE
X,y

AE, ~=

Jones et al: J. Phys. Chem. B 110(14), p. 7418 2006. Z
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3D-Simulations of Particle Growth in Droplets
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Variation of Growth Anisotropy: Typical Particle Shap

€S

- Plate-like shape for xy-preferred growth
« Cubic-like shape for isotropic growth
« Needle-like shape for z-preferred growth (but not a single rod shape)
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Variation of Growth Anisotropy: Time Evolution
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Total number of crystal molecule units [-]

Time evolution of crystal via number ratio of molecules in xy-direction (N,,) to z-direction (N_)
For isotropic growth (yellow) relation this number ratio is about 1 (fluctuations in initial stage)
For xy-preferred growth (pink, blue) ratio is small but approaches 1 for large total number
For z-preferred growth (light blue, brown) initial high value drops to 1

Large total number limit refers to complete filling with molecules with spherical shape
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Dynamical Shape evolution at Droplet Surface

DE,
Y =01
DE

t,cs =200NS tyes =2000nS tes =5000nS

- ———= (Growth of complete layer

Quick Feed - Distortion of plate-like shape
Medium Feed with increase in thickness

G-Radius,,,, [nm]

- Layer-by-Layer growth

« Droplet surface may act as
shape template

Time [ns]
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Particle Shape at Attractive Droplet Surface

DE
DExy — 02 Xy — 1 DEsurface — 1
DE DE DE,

« Shape evolution follows droplet surface even for xy-preferred growth
- Half-sphere like shape for z-preferred growth

- Shell-like growth for attractive inner droplet surface

OvGU/MPI Magdeburg AIChE Meeting 2008, Philadelphia 21



Particle Growth with Variation in Droplet Size

DE, DE,
_ Y =1 Y =10
E DE, DE,
._cad
o
o
Time [ns] Time [ns]

« Growth dynamics changes with droplet size

« Change in growth regime when reaching inner droplets radius in case of anisotropy

« Bigger droplets contain more initial molecule units for longer steady growth velocity
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Summary and Outlook

- Emulsion-based particle production is a promising way for tailor-made particles with well-
defined properties like size, distribution and shape

- Enhanced understanding of particle growth at the nano scale by simulations
- Droplet confinement and coalescence exchange influences particle growth dynamics

- Growth anisotropy leads to different particle shapes in microemulsion droplets
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