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Critical experimental data on competitive adsorption and exchangeabllity of adsorbed polymer are pro-
duced under the various conditions using the gel permeation chromatography technique. It is apparent that
the competitive effects and the exchangeability were found to depend not only on the molecular weight of
the polymer, but also on the concentration of each component at which the corresponding adsorption is

carried out.

This can be explained as follows; the conformation of the adsorbed polymer would be influenced

extensively by the polymer concentration in bulk. The polymer molecules adsorbed from a dilute solution
would take on a flat conformation being rich in train segments, but the polymer layer formed under a con-
centrated solution would occupy a small of sites and adopt an extended loop configuration which would be
desorbed more easily than the flat one. Also, in the mixed sample the effects of adsorption Kinetics play
an important role on the structure of the adsorption layer, because at first the surface is convered by an
adsorption layer of small components due to its rapid adsorption rate,

Among the various branches of surface and polymer
chemistry, the problem on polymer adsorption at solid-
liquid interface is still new and much attention has
been paid to it, both theoretically and experimentally.
Especially, the problems on (ir)reversibility of polymer
adsorption are fundamental and essential ones, because
these are concerned with the thermodynamic back-
ground in these approaches.

On the question of whether or not polymer mole-
cules adsorb reversibly on a solid surface, experimental
data sometimes give conflicting answers. For example,
often no detectable desorption can be observed upon
dilution,’»?) whereas the adsorbed polymer is easily
desorbed by altering the quality of the solvent.?) Sim-
ilar confusing facts can be observed in the theoretical
field.¥ Some theories predict irreversible properties,
and others reversible ones.

Recently, Cohen Stuart et al.5 showed that many
experimental observations ascribed to irreversibility can
be explained in therms of polydispersity of the sample,
i.e., in a polydisperse sample, preferential adsorption
of a large molecule over a smaller one occurs.®? Es-
pecially, with increasing molecular weight(M) the pol-
ymers adsorb progressively more strongly and exchanges
for molecules of smaller M. If the polymer concen-
tration is increased, larger molecules are available to
replace smaller ones. Therefore, the molecular weight
distribution on the adsorption layer changes with the
amount of adsorption and may differ considerably from
that in the bulk phase. This fractionation process
continues as long as there are larger molecules in the
bulk phase than on the adsorption layer and the ad-
sorption isotherm is strongly influenced by the molec-
ular weight distribution of the sample. Hence, in
such an adsorption, it is impossible practically to follow
the isotherm back by dilution alone and the process
appears to be irreversible.

Under the concept proposed by Cohen Stuart et
al., it is important to obtain an exact knowledge of
competitive effects of polymer molecules and exchange-
ability of the adsorbed polymer. In this work, com-
petitive and displacement effects in a polymer adsorp-
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tion process, were examined in some detail using
polystyrene samples with narrow-molecular-weight dis-
tribution at the ©-conditions. Furthermore, much
attention has been paid to the effects from adsorption
kinetics which were neglected in the Cohen Stuart
theory, because at the beginning the adsorption layer
of a mixed sample is occupied entirely by the small
components due to their rapid adsorption rate. These
analyses were performed quantitatively by the gel
permeation chromatography technique. We believe
that these data will shed some light on the problem
of (ir)reversibility of polymer adsorption.

Experimental

Materials. Linear polystyrene samples having a nar-
row molecular weight distribution were supplied by Toyo
Soda Co. Ltd., (Shinnanyo, Yamaguchi, Japan). The char-
acteristics of the samples used are given in Table 1.

Cyclohexane, employed as the theta solvent, was purified
by the procedure described in a previous paper.® Com-
mercial porous glass beads with a particle size of 120—
200 mesh were mainly used as substrate which were supplied
by Electron-Nucleonics Inc.(Fairfield, N.J.) and designated
as CPG-10. The surface area and the average pore-radius
of these beads were reported by the supplier to be 15.0 m?/g
and 1000 A, respectively. The pore radius is about 3—
30 time larger than the radius of gyration of the dissolved
polymers in cyclohexane at 35 °C. Under these conditions,
the effect of the porosity of the adsorbent can be ignored

TaBLE 1. CHARACTERISTIC OF POLYSTYRENE SAMPLES
Sample M, Mg /M,
S-1.72 16 700 1.02
S-5b) 50 000 1.06
S-10.72 107 000 1.01
S-18.6% 186 000 1.07
S-41.12 411 000 1.06
S-77.5% 775 000 1.01
S-128% 1280 000 1.05
S-200®) 2000 000 1.06

a) Supplied by Toyo Soda Co. Ltd., (Yamaguchi, Japan).
b) Supplied by Pressure Chemicals (Pittsburg, Pa.
U.S.A)).
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in the adsorption process of these polymers.®) The glass
beads were cleaned carefully by the method described pre-
viously.?

Adsorption Experiments. The determination of the
amount of polymer adsorbed was carried out by measuring
the change in concentration of the supernatant liquid using
a digital precision density meter(Anton paar. K.G. PHA02C).
The temperature of the adsorption tube was controlled within
0.05 °C. The details concerning the adsorption process and
the analysis of these data were reported previously.?

GPC  Measurements. The measurements were carried
out with a Toyo Soda Model 803-A GPC at 25 °C, with
chloroform as a solvent. The GPC chromatograph was
equipped with two 7.5 mm X 600 mm stainless-steel columns,
types TKS-DMH and G200H. 0.4-ml portions of the poly-
mer solution with 1.0 to 2.0 g m—3 was injected and eluted
at 25°C under a flow rate of 1-ml/min.

Measurements of Competitive Adsorbability. In order to
determine the competitive(or preferential) adsorbability be-
tween different molecular weight species, adsorption iso-
therms of mixtures were constructed. The total adsorption
amounts of the mixtures were determined by the usual pro-
cedure using the density meter. For evaluation of each
component in the adsorption layers, the GPC technique
was employed. After the adsorption period(usual adsorption
time is 24 h), the supernatant solution of the mixture and
the original solution were evaporated, and the polystyrene
films obtained were subsequently dissolved in benzene for
freeze drying. The polymer was allowed to remain to a
vacuum line for 12h in 10-% Torr (1 Torr=133.322 Pa).
Both samples were finally dissolved in chloroform within
the concentration range 1.0 to 2.0 g m=3 so as to present
no appreciable concentration effect on the elution curve.
In Fig. 1, an example of GPC chromatograms obtained for
both samples is illustrated. The amounts of adsorption for
individual components in the binary mixture were calculated
by the following relations deduced from a simple mass balance
analysis:

4y = Afxtaf’—o'f),

Ay = A (B+oB—af). 1)
Here, 4,, 4y, and 4, indicate the amounts of adsorption for
the components a, b, and their total, and «, B, «’, and p’

show the areas of normalized chromatograms for components
a and b before and after the adsorption process. For a

g

Adsorption
—_—

Fig. 1. Gel permeation chromatograms showing rela-
tive change of two components before (a,b) and after
(a’,b") the adsorption process. (a,8), («’B’): Areas
of normalized chromatogram for the components
before and after adsorption.
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Fig. 2. A schematic picture for showing the procedure
to determine the exchangeability of absorption layer.

tertiary mixture, the chromatogram was also analyzed under
the same consideration.

Measurements of Exchangeability of Adsorption Layer. The
exchangeability of the adsorbed polymer was also measured
by the GPG technique. A schematic picture of the proce-
dure is shown in Fig. 2. The surface of the adsorbent was
first occupied with one polymer species according to the
usual adsorption process and then the amounts of adsorption
was determined by measuring the residual concentration
of the polymer. Thereafter, the supernatant was substituted
with another polymer solution used as displacer(usually the
concentration of displacer is 35 gm=3). The half-volume
of the new supernatant was immediately taken from the
tube and after determining the concentration(Cy), the solu-
tion was prepared as the GPC sample to analyse the compo-
nents at the beginning time. Then, the ‘“second-time ad-
sorption” was performed in the other half-volume of the
displacer. After the adsorption period of 24 h, the deter-
mination of polymer concentration(C;) and the GPC analysis
for the supernatant were conducted in the same way as
described above. From these measurements, the adsorption
amounts of the total(4,) and each component(4,,, A4,,)
in the adsorption layer after completion of the second ad-
sorption process, can be calculated by the following relations
which were deduced by a simple analysis and the mass bal-
ances,

Azc = Am + (C—b;‘gf‘)‘» (2)
Ay = Ay + -(—g%@(awﬂ'—a'ﬂ), 3)
= {OZE) proipap). )

Where 4,, is the amount of adsorption for the component
“a” after the first-time adsorption, S the total surface area
of adsorbent employed, G, and C; the total polymer con-
centrations before and after the second-time adsorption.

Results and Discussion

Adsorption Rate of Mixed Sample. To measure
the apparent rate of adsorption, the adsorbed amounts
of mixed polymers were determined at various time
intervals from 0.1 to 24 h at an initial polymer con-
centration of 60 g m—2 which gives enough saturated
amount of adsorption. Figure 3 shows a plot of ad-
sorption rate for a mixture containing two components
of different molecular weight samples(S-18.6 and S-
77.5) in 1:1 ration. In the same figure, the calculated
adsorptions of individual component in the mixture
which were determined by the GPC analysis, are also
shown. It is seen that the apparent adsorption of
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Fig. 3. Adsorption rate of a mixture containing two
components (C,=60g m=3, in cyclohexane, 35 °C).
(@®): Mixture (S-18.7+8S-77.5), (A): S-18.6 in mix-
ture, (O): 8-77.5 in mixture.
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Fig. 4. Adsorption rate of a mixture containing three
components (G,=60 g m~3, in cyclohexane, 35 °C).
(@) : Mixture(S-1.7+4S-18.6+S-77.5), ((J): S-1.7 in
mixture (A): S-18.6 in mixture, (O): S-77.5 in
mixture.

the mixture reach an equilibrium within 1 h, but the
relative change of each component in the adsorption
layer continued for a long time. This tendency can
be explained by the differences of the adsorption rates
of each polymer species. The surface of the adsorbent
will be occupied at first by the law molecular weight
species because of their rapid adsorption rate and then
exchanged by the later arrivals with higher molecular
masses, displaying, as a rule preferential adsorbability.
In Fig. 4, we have plotted adsorption rates for a mix-
ture containing three components of different molec-
ular weights(S-1.7, S-18.6, and S-77.5) in 1:1:1 ratio.
As may be seen in the figure, the time required for
attaining real equilibrium is very long and is barely
established after 20 h. From these data, we can im-
agine that an enormous period will be necessary for
a polydisperse sample to attain real equilibrium of
adsorption.

Competitive Effects of Polymers Having Different Molecular
Weighis. In Fig. 5, a molecular weight depend-
ence of saturated adsorption, 4,, for a series of different
molecular weight species, is shown in the form of a
log A, vs. log M, plot. As may be seen in the figure,
log 4, and log M, are related by a straight line and
the molecular weight dependence parameter for the
adsorption(v==dlog 4,/dlog M) was calculated to be
r=0.29; from the slope of the line. Thus there will
be a competitive effect between the different molecular
weight species when a mixed sample is used as the
adsorbate.

Figure 6 shows an example of an adsorption isotherm
for a mixture containing three components of different
molecular weights in 1:1:1 ratio. The mixture iso-
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Fig. 5. Molecular weight dependence of saturated
adsorption of polystyrene on porous glass from cyclo-
hexane solution at 35 °C.
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Fig. 6. Adsorption isotherms for a mixture containing
three components of different molecular weights (in
cyclohexane, 35 °C).

(O): Mixture (S-1.7+8S-18.6-+8-77.5), ((J): S-1.7 in
mixture, (A): S-18.6 in mixture, (O): S-77.5 in
mixture,

therm shows a round shape as may be expected from
the Cohen Stuart’s theory and finally tends to an
adsorption of the highest-molecular-weight component.
In the same figure, the calculated adsorptions of indi-
vidual components in the mixture are also shown. It
appears that the preference for large molecules over
smaller ones can be seen over the whole concentration
region and the composition of the adsorption layer
is much dependent on the solution concentration at
which the corresponding adsorption is carried out.
However, it is noteworthly that some adsorption of
the lowest-molecular-weight species are found over the
the whole concentration region. This result suggests
that preferential adsorption of large molecules over
smaller ones is not complete and the composition of
both the bulk and the adsorption layer varies smoothly
with the molecular weight of the polymer.
Exchangeability of the Adsorption Layer. From
analysis of the exchange process of one adsorbed poly-
mer by another, we can get much knowledge on the
peculiarity of polymer adsorption. Figures 7, 8, and
9 show the results for three combinations of different
molecular weight species. In these figures, demon-
strating the degree of displacement of adsorption layers
formed under the various residual concentrations
(Cyq-1) by a definite displacer solution(usually we
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Fig. 7. Exchangeability of adsorption layers formed

under the various equilibrium concentrations of
primal adsorbate (Co,q—;) by a definite displacer
solution (Cy;s.: 35 g m™3).
(O): Total adsorption amounts after 2-time adsorp-
tion, (A): residual amounts of adsorbate after 2-
time adsorption, ([J): exchanged amounts of displacer
after 2-time adsorption, (1): adsorption isotherm of
primal adsorbate (S-1.7), (2): adsorption isotherm of
displacer (S-77.5).
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Fig. 8. Exchangeability of adsorption layers formed
under the various equilibrium concentrations of
primal adsorbate (Ceq—;) by a definite displacer
solution (Ggis.: 35 g m=3).
(O): Total adsorption amounts after 2-time adsop-
tion, (A): residual amounts of adsorbate after 2-
time adsorption, ((J): exchanged amounts of dis-
placer after 2-time adsorption, (1): adsorption isotherm
of primal adsorbate (S-18.6), (2): adsorption isotherm
of displacer (S-77.5).

fixed the concentration at 35 gm=2%). For the sake
of comparison, Figs. 7 and 8 include isotherms of
the adsorbate and the displacer themselves. As may
be seen from these figures, the small component ad-
sorbing on the surface is displaced extensively by the
large-size molecules used as a displacer. The degree
of displacement is greatly dependent on the difference
of molecular weights of both polymers: ‘.e., in a much
different combination(Fig. 7), the degree of displace-
ment is extensive and in the small differences(Figs.
8 and 9), the degree is not so extensive. A striking
feature seen from these figures is that the exchange-
ability is found to depend not only on the molecular
weight of the adsorbed polymer but also on the solution
concentration at which the corresponding initial ad-
sorption was carried out. It appears that the polymer
molecules adsorbed at high concentrations are ex-
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Fig. 9. Exchangeability of adsorption layers formed
under the various equilibrium concentrations of
primal adsorbate (Co—;) by a definite displacer
solution (Cyj.: 35 g m3).
(O): Total adsorption amounts after 2-time adsorp-
tion, (A): residual amounts of adsorbate after 2-
time adsorption, ([J): exchanged amounts of displacer
after 2-time adsorption.
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Fig. 10. Exchangeability of adsorption layer of big
molecules (S-77.5) formed under a definite concen-
tration (Ceq—;=27 gm=3) by different concentrated
solutions (Geq—5) of small molecules (S-18.6).
(O): Total adsorption amounts after 2-time adsorp-
tion, (A): residual amounts of adsorbate after 2-time
adsorption, ((J): exchanged amounts of displacer
after 2-time adsorption, (1): line showing adsorption
amount of primale adsorbate, (S-77.5).

changed more easily than the polymer layer formed
at low concentrations. If the exchangeability is related
to the number of adsorbed segments, this suggests
that the polymer layer formed at high concentrations
has smaller adsorbed segments than the layer formed
at low concentrations. This can be explained by the
polymer molecules in a dilute solution arriving at the
sparsely populated surface and adopting a relatively
flat conformation; however the polymer molecules in
a more concentrated solution, especially when some
later arrivals come to the surface, would occupy a
smaller number of sites and therefore must adopt a
considerably extended loop conformation which would
be desorbed more easily than the flat ones. Also, it
is interesting to notice that the total adsorbances after
the second-time adsorption show an increasing tendency
with decreasing the equivalent concentrations of the
displacer. This will be due to different couples of
residual molecules with a flat conformation and dis-
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placed molecules with an extended conformation.

Another peculiarity in the polymer adsorption is
shown in Fig. 10, where the large molecules adsorbed
previously are exchanged by a displacer having a small
molecular weight, though such a trend is not as pro-
nounced as those found in the opposite combination.
However, this result shows crucially that the preference
in polymer adsorption depends not only on the molec-
ular weight of the adsorbate, but also on the solution
concentration of each species. Furthermore, Fig. 10
shows another indication that the big molecules re-
maining in the adsorption layer are maintained con-
stant over the whole concentration region of the dis-
placer. This shows that there are ‘“weakly adsorbed
matters” in the adsorption layer(ca. 25%,) and they
are classified essentially with the other firmly adsorbed
components. Existence of the “weakly adsorbed mat-
ters” were also found by Terashima et al.19 in their
direct adsorption measurements using microbalance.

In this article, we have attempted to produce critical
experimental data on the competitive effects in the
polymer adsorption and exchangeability of the ad-
sorption layer. All these data support the Cohen
Stuart’s theory and are well explained by the concept
of reversible adsorption of the polymer.
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