Ostwald ripening

From Wikipedia, the free encyclopedia

Ostwald ripening is an observed phenomenon in solid solutions
or liquid sols which describes the change of an inhomogencous
structure over time. Over time, small crystals or sol particles

dissolve, and redeposit onto larger crystals or sol particies.m

Dissolution of small crystals or sol particles and the redeposition
of the dissolved species on the surfaces of larger crystals or sol
particles was first described by Wilhelm Ostwald in 1896.1%!

Ostwald ripening is gencrally found in water-in-oil emulsions,
(3]

Basic schematic of the Ostwald ripening process

while flocculation is found in oil-in-water emulsions.
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Mechanism

This thermodynamically-driven spontaneous process 0ccurs because larger particles are more energetically favored
than smaller par[icles.[d'} This stems from the fact that molecules on the surface of a particle are energetically less
stable than the ones in the interior.

Consider a cubic crystal of atoms: all the atoms inside are bonded to 6
neighbors and are quite stable, but atoms on the surface are only bonded to 5
neighbors or fewer, which makes these surface atoms less stable. Large
particles are more energetically favorable since, continuing with this example,
more atoms are bonded to 6 neighbors and fewer atoms are at the unfavorable
surface. As the system tries o lower its overall energy, molecules on the
surface of a small particle (energetically unfavorable, with only 3 or 4ors
bonded neighbors) will tend to detach from the particle, as per the Kelvin
equation, and diffuse into the solution. When all small particles do this, it
increases the concentration of free molecules in solution. When the free
molecules in solution are supersaturated, the free molecules have a tendency

1o condense on the surface of larger particies.m Therefore, all smaller _ ,
. . . . ) ) . . Cubic crystal structure (sodiuvm
particles shrink, while larger particles grow, and overall the average size will Hlorid :
increase. As time tends to infinity, the entire population of particles becomes chlotide)
one large spherical particle to minimize the total surface area.



tical investigation of Ostwald ripening in the case where
diffusion of material is the slowest process. They began by stating how a single particle grows in a solution. This
equation describes where the boundary is between small, shrinking particles and large, growing particles. They
finally conclude that the average radius of the particles (R}, grows as follows:
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In 1961, Lifshitz and Slyozov [5] performed a mathema

where

(R) = average radius of all the particles
~ = particle surface tension or surface energy
Ca = solubility of the particle material
2 = molar volume of the particle material
[ = diffusion coefficient of the particle material
R, = ideal gas constant
T = absolute temperature and

{ = time.

Note that the quantity (R)3 is different from (R3), and only the latter one can be used to calculate average volume,
and that the statement that (R} goes as 13 relies on (R)

outside the bounds of validity of the equation, In contexts where the actual vakue of

0 being zero; but because nucleation is a separale process

from growth, this places (R)O
(R)O is irrelevant, an approach that respects the meanings of all terms is to take the time derivative of the equation

climinate (R)() and t. Another such approach is to change the (R)O to (R)i with the initial time 1 having a positive

{0

value,

Also contained in the Lifshitz and Slyozov derivation is an equation for the size distribution function f(R, t) of
particles. For convenience, the radius of particles is divided by the average radius to form a new variable, p =

RUR).
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At the same time that Lifshitz and Slyozov published their findings, Carl Wagner performed his own mathematical
investigation of Ostwald ripening,[6] examining both systems where diffusion was slow and also where attachment
and detachment at the particle surface was slow. Although his calculations and approach were different, Wagner
came to the same conclusions as Lifshitz and Slyozov for slow-diffusion systems, This duplicate derivation went
unnoticed for years because the two scientific papers were published on opposite sides of the Iron Curtain in
1961 Leiration needed) 1 \ac yyot until 1975 that Kahlweit addressed the fact that the theories were identicall”!
combined them into the Lifshitz-Slyozov-Wagner or LSW Theory of Ostwald ripening. Many experiments and
simulations have shown LSW theory to be robust and accurate. Even some systems that undergo spinodal

en shown to quantitatively obey LSW theory after initial stages of growth.[g}

Ut
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decomposition have be

Wagner derived that when attachment and detachment of molecules is slower than diffusion, then the growth rate



becomes
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where kS is the reaction rate constant of attachment with units of length per time. Since the average radius is usually

something that can be measured in experiments, it is fairly easy to tell if a system is obeying the slow-diffusion
equation or the slow-attachment equation. If the experimental data obeys neither equation, then it is likely that
another mechanism is taking place and Ostwald ripening is not occurring.

Although LSW theory and Ostwald ripening were intended for solids ripening in a fluid, Ostwald ripening is also
observed in liquid-liquid systems, for example, in an oil-in-water emulsion polymerization.m In this case, Ostwald
ripening causes the diffusion of monomers (i.e. individual molecules or atoms) from smaller droplets to larger
droplets due to greater solubility of the single monomer molecules in the larger monormer droplets. The rate of this
diffusion process is linked to the solubility of the monomer in the continuous (water) phase of the emulsion. This can

lead to the destabilization of emulsions (for example, by creaming and sedimelltation).[9]

Specific examples

An everyday example of Ostwald ripening is the re-crystallization of water
within ice cream which gives old ice cream a gritty, crunchy texture. Larger
ice crystals grow at the expense of smaller ones within the ice cream, creating
a coarser texture.“o]
Another gastronomical example is in the ouzo effect, where the droplets in
the cloudy microemulsion grow by Ostwald ripening.

In geology, it is the textural coarsening, aging or growth of phenocrysts and
crystals in solid rock which is below the solidus temperature. It is often
ascribed as a process in the formation of orthoclase megacrysts,[ Tas an
alternative to the physical processes governing crystal growth from
nucleation and growth rate thermochemical limitations.

In chemistry, the term refers to the growth of larger crystals from those of
smaller size which have a higher solubility than the larger ones. In the :
process, many small crystals formed initially slowly disappear, except for a Oil droplets in pastis mixed with
few that grow larger, at the expense of the small crystals. The smaller crystals water grow by Ostwald ripening.
act as fuel for the growth of bigger crystals. Limiting Ostwald ripening is

fundamental in modern technology for the sotution synthesis of quantum

dots.l'?! Ostwald ripening is also the key process in the digestion of precipitates, an important step in gravimetyic
analysis. The digested precipitate is generally purer, and easier to wash and filter.

1so occur in emulsion systems, with molecules diffusing from small droplets to large ones

Ostwald ripening can a
Ision is desired, an extremely hydrophobic compound is added to

through the continuous phase. When a miniemu
stop this process from taking place.

See also

B Rock microstructure



Cahn-Hilliard equation

From Wikipedia, the free encyclopedia

The Cahn-Hilliard equation (after John W. Cahn and John E. Hilliard) is an equation of mathematical physics
which describes the process of phase separation, by which the two components of a binary fluid spontaneously
separate and form domains pure in each component. If ¢ is the concentration of the fluid, with ¢ = -1

indicating domains, then the equation is written as

e .

= = DV? ((1‘3 - — W'Vgc) \

ot
where [) is a diffusion coefficient with units of [Len gt‘hg / Time and \/’:j_ gives the length of the transition
regions between the domains. Here & / Ot is the partial time derivative and vg is the Laplacian in 1.
dimensions. Additionally, the quantity g4 = c3 _ — ,},VQC is identified as a chemical potential,

Related to it is the Allen—Cahn equation, as well as the Stochastic Cahn-Hilliard Equation and the Stochastic
Allen—Cahn equation.

Features and applications

Of interest to mathematicians is the existence of a unique solution to the Cahn-Hilliard equation, given smooth

initial data. The proof relies essentially on the existence of a Lyapunov functional. Specifically, if we identily

Pl = [dnm H (& - ) %;vcgz] ,

as a free energy functional, then
dF 9
—=— |V,
g / Vil

50 that the free energy decays to zero. This also indicates segregation into domains is the asymptotic outcome of
the evolution of this equation.

In real experiments, the segregation of an initially mixed binary fluid into domains is observed. The segregalion
is characterized by the following facts.

B There is a transition layer between the segregated domains,

with a profile given by the function

c(x) = tanh -
o V27

because this function is an equilibrium solution of the

,and hence a typical width /¥

Cahn-Hilliard equation.

® Of interest also is the fact that the segregated domains grow

Livolution of random initial data under the

P



in time as a power law. That is, if L{¢)is a typical domain size, then [,(#) o #1/3. This is the
Lifshitz—Slyozov law, and has been proved rigorously for the Cahn-Hilliard equation and observed in

numerical simulations and real experiments on binary fluids.

i

. C _—
B The Cahn-Hilliard equation has the form of a conservation law,g._t. =V - j(x),with jl)y = DV

Thus the phase separation process conserves the total concentration (/' = / A" e (g;! t) so that

dC’ 0
at
B When one phase is significantly more abundant, the Cahn—Hilliard equation can show the phenomenon

known as Ostwald ripening, where the minority phase forms spherical droplets, and the smaller droplets

are absorbed through diffusion into the larger ones.
The Cahn-Hilliard equations finds applications in diverse fields: in interfacial fluid flow, polymer science and
in industrial applications. The solution of the Cahn-Hilliard equation for a binary mixture demonstrated to
coincide well with the solution of a Stefan problem and the model of Thomas and Windle. N Of interest to
rescarchers at present is the coupling of the phase separation of the Cahn-Hilliard equation to the
Navier—Stokes equations of fluid flow.
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