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Synopsis

An attempt was made to account for the adverse effect of the preferential adsorption of solvents
onto particles from polymer solution (negative adsorption of polymer) on the stability of a dispersion
in terms of osmotic attraction. The change in the energy of osmotic attraction on collision of solvated
particles in a solution of macromolecules was calculated as a function of an osmotic pressure of the
media, the thickness of the solvation layers, and the size of solute molecules, based on the assumption
that the adsorption is irreversible and the adsorbed layers are impenetrable. The result showed that
the energy of osmotic attraction is of the same order of magnitude as that of the electrostatic repulsion,
indicating that the flocculation caused by the negative adsorption of polymers is mainly due to the
osmotic attraction.

INTRODUCTION

In a previous study! it was shown that the flocculation of a dispersion is en-
hanced by preferential adsorption of solvents from polymer solution (negative
adsorption of polymers). A theoretical approach to the mechanism of the sta-
bilization effect, as a function of the adsorption of polymers, has been reported
by several investigators.2~? No work, however, has appeared on the effect of
negative adsorption of polymers on the dispersion.

This work was initiated for the purpose of accounting for the adverse effect
of negative adsorption on the stability of a dispersion in terms of osmotic at-
traction. The change in the potential energy was calculated on the assumption
that the solvation layers should be impenetrable and not be distorted by the
collision of particles. The magnitude of the calculated potential energy was
compared with that of electrostatic repulsive energy to observe the effect of os-
motic attraction.

THEORY

A preferential adsorption of solvent molecules on the particles from polymer
solution results in an increase in polymer concentration in the bulk of the solu-
tion. The particles are shielded by solvation layers in which none of solute
molecules exists. If the solvated particles approach so close together that the
distance between two solvation layers becomes smaller than the diameter of
solute molecules, there appears a space between the particles into which solute
molecule can enter (see Fig. 1). Then this region becomes a phase of pure solvent.
Therefore, interaction takes place between the particles because of the difference
in polymer concentrations between the inside and outside of the particles. A
force equivalent to the osmotic pressure of the solution acts inwards on each
particle.
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Fig. 1. Model for calculation of osmotic attraction between two solvated particles in a solution
of spherical macromolecules.

When the medium is very dilute and the solute is monodisperse, the force P
between two bodies in the medium can be given by8?

0ln@ _oFE
OH oH

where E denotes the change in free energy with the approach of the particles,
N is the total number of solute molecules,  is the partition function of the sys-
tem, and H is the distance between the two particles.

Applying the formula to the case of a collision of two spherical particles of
radius R, each of which has a solvation layer of thickness 6, as shown in Figure
1, the force is expressed as a function of the distance of approach. The area of
the plane of intersection is given by

a(R+6+r)2—(R+6+d))]=7(r—d)2R+20+r+d) (2)

P=kTN (1)

Therefore the force between two particles is given by
P=—-p,7r(2R+ 20+ r+d)(r —d) X0<d=<r (3)

where p, is the osmotic pressure of the medium, d is the distance between the
surface of the solvation layer and the center of separation distance, and r is the
radius of the solute molecules. When the interparticle distance 2d equals the
diameter of the solute molecule 2r, P vanishes, since there is no region of pure
solvent phase in this condition. The change in attractive energy between the
solvated particles as they approach is obtained by integrating p over the sepa-
rating distance:

E(d)=2 j;rPdH=-_§%7rpo(r——d)2!2r+d+3(R+ 5)) (4)

Since 3(R + 6) > 2r + d, eq. (3) can be approximated by
E(d) = 27p,(r — d)*(R + 5) (5)

The change in the force and the energy of attraction with the distance of approach
are illustrated in Figure 2.
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Fig. 2. Change in force and energy of osmotic attraction between two solvated particles upon their
approach.

COMPUTATIONS

If the concentration of polymer in the bulk of the solution has increased from
C (g/ml) to C’ by the negative adsorption of polymers, the volume of solvent
adsorbed onto the surface of particles from a unit volume of the solution is given
by 1= (C/C").

Assuming that the dispersion is comprised of monodispersed spherical particles
and that these particles are evenly covered with solvent molecules, the thickness
of the layer is obtained by solving the following equation for &:

4 4l 4R3D 1 - (C/C’)

3 w{(R + 6) — R¥] 3 W (6)
where W is the weight of total particles per unit volume of the solution and D
is the density of the particle. It should be noted that the amounts of negative
adsorption of polymers reported up to date,!:19:11 although very limited, are al-
most of the same order of magnitude as those for positive adsorption. This in-
dicates that the thickness of the solvation layers, due to the negative adsorption,
1s in general much greater than those of the layers of adsorbed polymers.

The osmotic pressure p, of polymer solution is given by

p./C = RT(1/Ms + BC)

where B is a second virial coefficient and M is the molecular weight of the
polymer. If the solution is dilute and the molecular weight of the solute molecule
is small, the osmotic pressure of the solution obeys van’t Hoff’s equation
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Fig. 3. Potential energy of osmotic attraction between solvated particles vs distance between

surfaces of solvation layers.

po/C =RT/M, (7)
Therefore, the osmotic attraction energy is given by
E _ 2aCN(r — d)*(R + 6) ®)
kt M,
TABLE 1

Summary of Results of Calculation

Amount of
negative

Solute absorption, (r2y1/2,
polymer? mg/g 5, A A po X 10719
Polyamide A -6 8H 22 1.0
Polyamide C —15 175 13 3.3
Polyamide E -16 187 9 6.0

4 The characteristics are shown in ref. 1.



PREFERENTIAL ADSORPTION OF SOLVENTS 1697

The mean size of an isolated polymer molecule in solution may be estimated
from the intrinsic viscosity.1213 Flory’s theory predicts that the intrinsic vis-
cosity is related to the mean square radius of gyration, {(r2), by

[n] = ®63/2(r2)¥2/M, (©)

where & should be a universal constant independent of the nature of macro-
molecule and the solvent medium. Using the result of the calculation of Auen
and Gardnen!4 or Zimm,15 & should have the value of 2.1 X 1021,

RESULTS

The above-mentioned theoretical treatment was applied to the previous ex-
perimental data to account for the adverse effect of negative adsorption of
polymers on the stability of dispersions. The polymers, pigment, and solvent
used were fatty polyamides, red iron oxide, and isopropyl alcohol, respectively.
The amount of negative adsorption of polyamides, the thickness of solvation
layers, the osmotic pressure of the media, and the size of macromolecules in so-
lution were calculated and are given in Table L.

The potential energy of osmotic attraction under the conditions of the previous
work (R = 500 A, C = 0.05 g/ml) is shown in Figure 3 as a function of the distance
of approach of the particles. By referring to the previous results, it will be found
that the energy of osmotic attraction is large enough to reduce the energy barrier
of electrostatic repulsion to the order of the thermal energy. It must be concluded
from the foregoing that the flocculation caused by the negative adsorption of
polymers is mainly due to the osmotic attraction.

The author wishes to thank Dr. C. L. Sieglaff of Diamond Shamrock Corporation for his helpful
discussions.
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