[ New Frontiers in Colloidal Physics]

Modeling of Drying Processes of Polymer Solutions

Dept. of Applied Physics, Univ. of Tokyo; JST/CREST  Tohru Okuzono *, Masao Doi

EOTERE X7 MCHT 2 Z/HETETVERW T, BEER EOES FIRIROEEARIC
B4 27 NVEBEST D, ZOETNLVTIR. BEOEREIf>» TREREMETERIND TV
RO (RXV) OFATFT I ABR L, AX L OREIPEHERBICRIETTHEICONWTEE
T2, AX VOIS T, B TOBRIEBREENRELS 2D 2L & BEOEKREE D/
I RBIEDELLL, AFX Y (FAHE) KBT2EMEDRORBRL L TREINS,

Based on the two-fluid model for polymer solutions or gels, we construct a simplified model
of drying processes of polymer solutions on a solid substrate. In this model, effects of gelation
near the free surface due to the solvent evaporation are taken into consideration. We show that
the elastic stress in the gel phase affects both the evaporation rate of solvent and the collective

diffusion coefficient.

Here we consider an isothermal system of a polymer solution extended on a solid substrate
whose normal lies in z-axis. If the system is homogeneous in z and y directions, we can express
the system with a one-dimensional model. In a drying process, we assume that only the solvent
evaporates at the free surfaces z = h(t) and the volume fraction ¢ of polymers near the free
surface increases in time t. When ¢ at z = h reaches a certain value, ¢g4, a thin gellike layer,
called a skin, is formed near the free surface.

The above dynamical processes can be described by the two-fluid model [1] for polymer
solutions or gels with appropriate boundary conditions discussed later. One of the key concepts

in the two-fluid model is the stress—diffusion coupling which is expressed, in our simplified model,
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where ( is the friction coefficient between polymers and solvent, f(¢) the mixing free energy of

the Flory-Huggins type, K(¢) is the bulk osmotic modulus. The last term in Eq.(2) expresses
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the dynamical coupling between stress and diffusion. Since K(¢) reflects the elastic effect of
polymer network, it can be modeled as
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where K is a large positive constant [2]. Hence the collective diffusion coefficient A(¢) increases,
when ¢ exceeds ¢q [3].
In the gas phase, we introduce a diffusion layer h < z < h+ 1 with a fixed thickness [ [4]. In

this diffusion layer the solvent number density 1 is assumed to obey a simple diffusion equation,
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with a diffusion constant D,. Provided that the local equilibrium condition at the interface
z = h is always valid, the chemical potential of the solvent must be continuous at z = h, which

leads to the relation between 1) just above the interface and ¢ just below the interface,

p/P* = (1— ¢)explp + x> — K(4)In(¢/dy)]  at z=h, (5)

where 1)* is the number density of saturated vapor of pure solvent, K (¢) = (v;/kpT)K (¢) with
the volume v; per a monomer. In Eq.(5) we have used the expression f(¢) = (kT /u)[(1 —
#)In(1 — @) + x¢(1 — @)] with the parameter .
From the mass conservation of polymers and solvent we obtain
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where h = dh/dt. The above equations together with Eq.(5) give the boundary conditions for
Eqgs.(1) and (4) and the time evolution of h. When a constant value 1o, of ¥ out side of the

h= at z = h, (6)

diffusion layer (z > h+1) is given and a steady state holds, h is written as
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Therefore, the evaporation rate |h| decreases, when ¢ exceeds ¢,, whereas the A(¢) increases

as mentioned before. These two properties come from the same origin that the elastic effect is

relevant in the skin layer.
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