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Hydrodynamic thickness and deformational properties
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From the measurements of surface potentials of quartz capillaries before and after
adsorption of poly(ethylene oxides) (PEO) of various molecular mass, an assessment of the
equilibrium hydrodynamic thickness § of the adsorption layers has been obtained. The results
have been compared with those of independent measurements of 3. The flow of the polymer
solution under increasing pressure drops at the ends of a capillary, which causes the
corresponding shear stress (t) on the surface of adsorbed PEO layers, results in the
deformation of the latter, which manifests itself in decreasing 8. The § values decrease by
several times when the shear stress t rises to 2x102 N m™2. Such values of © have been
obtained using thin capillaries (r = 5+6 mm) and by application of the capillary electrokinetic
method with pressure drops up to 5+6 MPa.
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Adsorption of nonionic water soluble polymers is
often used for the stabilization of colloid systems by the
repulsive forces that appear due to overlapping of the
peripheral parts of the saturated adsorption layers (AL)
of the approaching moieties. This steric protection can
provide stability to the dispersion even in the absence of
electrostatic repulsion forces.1>2

Direct measurements of the steric repulsion forces of
polymer adsorption layers by the crossed cylinders
method have shown3—% that exponentially increasing
repulsion forces appear when the distance between the
surfaces is less than twice the thickness of a single

adsorption layer. However these are not equilibrium
forces and their value depends on the rate at which the
surfaces approach one another. This is a result of the
rheological properties of adsorption layers and their slow
reconstruction after disturbance caused by contact de-
formation. Times of fast relaxation can be up to ten
minutes. The establishment of complete equilibrium
accompanied by desorbtion of the polymer, requires a
considerably longer period. In this case, repulsive forces
can change to attractive ones,? and both the properties
of the single adsorption layers and the structural effects
in the overlapping zone caused by reciprocal penetration
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of "tails" and "loops" are significant.

Steric interaction has been investigated theoretically!»?
and experimentally3—% using model systems and by
experiments with colloidal systems.1:2:18—-17 Neverthe-
less, the deformational properties of a single AL have
not been studied much, mainly due to the difficulty in
creating high tangential shear stresses necessary to ob-
serve deformation.

Experimental

We managed to obtain the target results by the capillary
electrokinetic method.'8:19 The use of thin capillaries (r =
5+10 pm, / = 7+8 cm) and considerable pressure drops Ap
(up to 5 MPa) makes it possible to obtain up to 200 N +m™2
shear stresses (v = rAp/2l) on the surface of a capillary with
solution flow. The arising deformation of the adsorption layer
is seen in a change in its thickness, which is reflected in
a corresponding change in the position of the slip plane and
in the value of the electrokinetic {-potential. Since r is
much greater than the Debay radius (1/x), the {-potential
value can be calculated by the Helmholtz—Smoluchowski
equation:

AE/Ap =el/4mK, M

where AFE is the streaming potential; ¢ — dielectric permitti-
vity; n — viscosity, and K — specific electroconductivity of
the solution in the capillary.

To find the hydrodynamic thickness (8) of adsorbed poly-
ethylene oxide layers, which defines the position of the borders
of the tails of the macromolecules,28-23 the Gouy equation for
a 1—1 electrolyte was used

dx = In[th(ep/4kT)/th(et/4kT)], (2)

where ¢ is the potential of a quartz surface, e — the charge of
an electron, £ — Boltzmann constant.

Measurements of the £-potential at various pressure drops
Ap and at various 1, respectively, make it possible to obtain the
deformation characteristics of single layers — 8(t). The thick-
ness of an adsorbed layer is measured beginning when { = ¢y
and 8 = 0. When the thickness of the adsorbed layer is much
more than 1/x, the values of ¢ decrease, and it becomes
difficult to measure 8. In this case, the possibility of measuring
5 depends upon the accuracy of the measurement of the flow
potentials.

To determine the dependence 8(z) using Eq. (2), two
assumptions were made. The first one implies that the poten-
tial of a solid quartz surface is not changed after adsorption of
PEO. In a series of works,!2:17—19:24 it was shown that this
assumption is unsuitable for PEO. In this case, the ¢, potentials
of the surface under the PEO layer, which have a lower
absolute value than ¢, should be used in Eq. (2).177—19

According to the second assumption, an adsorption layer
of PEO does not affect the distribution of ions and potentials
near the solid charged surface. This allows one to apply the
constant values of ¢ and 1/« of the bulk solution to the zone of
the adsorption layer. Theoretical consideration of this ques-
tion23 led us to the conclusion that the corresponding correc-
tions in Eq. (2) are only essential at a high volume fraction of
polymer (m = 0.1) in the AL. PEO have low values of m at
1073—107% mol L~! concentrations of the KCl background
solution and at pH 6.5.16:17 On the other hand, when the

electrolyte concentration is increased to 1072 mol L~!, the
values of m increases to 0.3—0.4. Thus, it is convenient to
investigate deformation when the concentration of the back-
ground electrolyte is low. This allows one not only to exclude
any corrections in Eq. (2), but also to carry out the measure-
ments when k8 < 1 and the adsorption layer is within a
diffusion layer of ions. In this case, ¢ values can be measured
with a higher accuracy.

The first results obtained by the capillary electrokinetic
method for adsorbed layers of PEO with molecular mass M =
6-10% on the surface of quartz capillaries,’3:19 jed us to the
conclusion that the saturated adsorption layer becomes notice-
ably deformed as soon as t is more than 20 N m™2. At
©> 100 N m™2, & decreases to half of the starting thickness,
but with a further increase in 1, deformation fades.

The study was continued on PEO samples with different
molecular masses: M = 2.1-10% (PEO-1), M = 4.5-10¢
(PEO-2), M =2.7+10% (PEO-3), and M = 6.0+ 105 (PEO-4).
Investigations were carried out by the capillary electrokinetic
method using thin (r = 5+10 pm) quartz capillaries drown
from high grade purity of fused quartz tubes. When stretched
with a shooting method, thin capillaries up to 5 m long with
constant diameter are obtained. Pieces of the capillary with
[ =7+8 cm were used in the electrokinetic experiments. They
were sealed when stored and were opened directly before the
beginning of the experiments. The juvenile surface of the
capillaries does not require additional cleaning. Measurements
of the streaming potential in a standard 1074 mol L™! KCl
solution showed that the equilibrium values of the ¢-potential
are established within a few minutes of contact with a solution
and do not change further for several months.

The experiments first involved measurements of the surface
oj-potentials of the original quartz capillaries, and then meas-
urements of the {-potentials after the formation of a PEO
adsorption layer equilibrated with a solution of polymer with
fixed concentration C, (in the same capillary). {-Potentials
were measured at different rates of solution flow through a
capillary, and these rates determine different values of the
tangential shear stress t. All of the experiments were carried out
at the same concentrations of the background electrolyte
(1074 mol L~! KCI). Solutions were prepared using trice
distilled water with specific electroconductivity 1076 Q! cm™!
and pH 6.5.

The ¢, and ¢-potentials were calculated with Eq. (1) using
the ¢ and h values for the bulk solutions. Specific electrocon-~
ductivity K was determined by the volt-ampere characteristics
of the electrokinetic cell1%28 during the experiment, and the
radii of the capillaries were determined by the electric resist-
ance Ry = I/nr?Ky of a 6.1 mol L1 KCI solution, which filled
a capillary. In this case, the surface conductivity is completely
suppressed, therefore the bulk specific conductivity of the
solution Kj could be used for the determination of .

Computer processing of the experimental results was used
to find the values of the ¢; and ¢-potentials from the
electrokinetic data. Error of the potential measurement was
less than 1.5—2 %.

Results and Discussion

Figure | presents the results of the measurements of
the surface potentials of quartz capillaries ¢, and the
C-potentials of AL of PEO-1 equilibrated with PEO
solutions of different concentrations C, (from 107 to
1071 g L1y flowing through the capillaries. The ;-
and C-potentials are given versus the pressure drop Ap,
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Fig. 1. Surface potentials ¢, (I) of quartz capillaries and &-potentials (2), measured after adsorption of PEO with M = 2.1- 104
versus pressure drop Ap at different equilibrium concentrations of PEO solution, g+ L71: g, G = 1074, ¢; = =111, £ =—103; b,

Cp = 1073, ¢; = —113, { =-98; c, Cp =1072, ¢ =~112,¢ =

which is characteristic for the shear stress 1 affecting a
surface of the adsorption layer. In this series of experi-
ments the 1 values varied from 7 to 110 N m™2. Before
each series of experiments the surface of the capillary
was treated with a flowing solution of C, concentration
at the pressure drop value Ap =0.2 MPafor 1—1.5 h. It
is knownl:!? that within this time interval the equilib-
rium values of the {-potential of the adsorption layer are
established. Adsorption kinetics is determined not by
diffusion rate, but by adsorption itself and by the
conformational reconstruction of the adsorption layer.
The time of establishment of adsorption equilibrium in
thin capillaries does not exceed 10 s.13 The ratio of the
capillary surface A = 0.02 cm? to the solution volume is
A/V = 3 m? L1 At this A/V value the surface of the
capillary is preferentially enriched with longer mole-
cules, if the polymer is polydispersional.27:28

The pressure drop was then gradually increased and
at each Ap the corresponding values of the {-potential
were measured. Constant {-potential values were estab-
lished during the time required for creating a new
pressure drop, i.e., within several minutes.

The data presented show the {-potentials to be lower
in absolute value than the @-potentials and, therefore,
formation of the adsorption layer of PEO moves the
position of the slip plane deeper into the solution. It can
also be concluded that, in the case of PEO with low
molecular weight, the increase in the 1 value to
110 N m™2 hardly changes the ¢-potential, ie., no
notable deformation of the adsorption layer is observed.

-95,d, C, = 1071, 9 = =121, § =—101.

If a shift of the slip plane is considered to be the
single reason for the difference between ¢ and ¢, then
the hydrodynamic thickness of the adsorption layer calcu-
lated by Eq. (2) increases from 1.3 to 3 nm as C,
increases (Fig. 2, curve ). Saturation of the adsorption
layer occurs at C, > 1072 g L7}, in accordance with the
isotherms of adsorption of PEO on silicon oxide.16:17

An alternative approach implies the possibility of a
correlation between the change in the {-potential and
changes in the surface potential of the quartz under the
PEO layer. At low concentrations of PEQO in solution
(C, = 107* g L™!) the hydrodynamic thickness of the
adsorption layer does not exceed 0.3 nm according to
measurements by the photon-photon correlation
method.16:17 This corresponds to an almost flat confor-
mation of the molecules of the adsorption layer. The
corresponding changes in potential calculated by (2)
should not exceed 1 mV, which is less than experimen-
tal error. Therefore, it is reasonable to account for the
decrease in the potential from 111 to 103 mV mainly by
the change in the surface potential of quartz under
influence of PEO adsorption. It is known that PEO
adsorption occurs through the formation of hydrogen
bonds between the oxygen atoms of PEO and the non-
dissociated hydroxyl groups on the quartz surface. The
latter effect can also be caused by a decrease in the
dielectric permeance of the medium within the adsorp-
tion layer and by the relative decrease in the rate con-
stant of the dissociation of the surface hydroxyls.

If the value of the {-potential measured at C, =
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Fig. 2. Dependencies of 5 of PEO adsorption layers versus G
at M: 2.1-104 (4, 1); 4.5-104 (2, 2); 2,7-10° (3, 3).

1074 g L7! is accepted to be the value of the
9jo-potential under the adsorption layer of PEO, then
the thicknesses & should naturally be lower (curve I’ in
Fig. 2). A choice in favor of one or another interpreta-
tion of the results can be made only if ¢}, are measured
by an independent method.

Independently of the chosen procedure for the calcu-
lation of 8, the results of the first series of experiments
show that AL of PEO with low molecular weight are
only very slightly deformed by the tangential shear stresses

used by us. The possible deformation does not exceed
the experimental errors of the measurement of § by the
methods described above.

The results of experiments with polymer PEO-2,
which has a higher molecular weight (M = 4.5+ 10%, in
capillaries with » = 6.5+7 um are shown in Fig. 3. As
follows from the £(Ap) correlations obtained, in this case
also, no significant deformation of the adsorption layer
is observed, i.e., the {-potentials do not change when Ap
is increased to 4 MPa and < increases to 180 N m™2
accordingly. In this case, the hydrodynamic thickness is
higher and attains 7.8 nm for the saturated adsorption
layer at C, = 0.1 g L™! (Fig. 2, curve 2). Unfortu-
nately, no measurements of the {-potentials at C, =
107* g L~! were carried out in this case, which made it
impossible to determine the corresponding value of ¢,
for this polymer. If ¢, is accepted to be —103 mV, then
the values of § correspond to the data of curve 2’ in
Fig. 2. According to this calculation method, the limit-
ing values of 3., for PEC with molecular weight M =
4.5+10% are ~4 nm, and this is close to the data ob-
tained in Ref. 29, in which the hydrodynamic thickness
8max Of @ saturated adsorption layer was determined by
an independent methed based on a decrease in silica gel
pore diameter after pumping of PEO water solutions.
For M =4-10% 8 was 4.5 nm. The same value of § was
also obtained by the measurement of the Brownian
diffusion coefficient of silica drop hydrosol particles
with 19 nm radius before and after adsorption of
PEG.16,17 These data give some evidence for the validity
of our calculations of 8, taking into account the change
in the surface potential after adsorption of PEO.
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Fig. 3. Surface potentials ¢, (/) of quartz capillaries and ¢-potentials (2), measured after adsorption of PEO-4 with M =4.5- 104
versus pressure. drop Ap at different equilibrium concentrations of PEO solution, g-L1a, G = 1073, @ = —110, ¢ = —87;
b, C, = 1072, 9y = —108, ¢ ==7% ¢, C, = 1, 9, = =109, £ =74
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Fig. 4. Surface potentials ¢; (/) of quartz capillaries and {-potentials equal to —75 (2), measured after adsorbtion of PEO with
M = 2.7- 105 versus pressure drop Ap at different equilibrium concentrations of PEO solution, g L™1:g, G = 1074, ¢ = —100;
b, C, = 1073, g = —106; ¢, C, = 1072, ¢; = =99; d, C, = 107}, ¢; = —95.

AL of PEO-2 formed at C, = 1073 g L7! can be
partly washed off the capillary surface by constant pump-
ing of the background electrolyte solution at Ap =
2 MPa for 24 hours. After this treatment the surface
potential of the capillary changed from —87 mV to
~97 mV (see Fig. 3, a). However, the potential of the
pure quartz surface (p; = —110 mV) did not reappear.
Calculations show that the hydrodynamic thickness of
the adsorption layer decreased from 3 to I nm as a
result of desorption. It was found that the saturated
adsorption layer formed at C, =1 g L~! (Fig. 3, ¢) can
be more readily removed from the surface of the capil-
lary.

Similar desorption processes at decreased concentra-
tions of the equilibrium PEO solution have been ob-
served earlier,30 but they were explained by preferential
desorption of small molecules less strongly bound with
surface molecules.

For PEO with M = 2.7 - 105 the situation is notice-
ably different (Fig. 4). Measurements were carried out
in quartz capillaries with 5.6+6.9 pm radii. Only at
C,=10"g L™, when the adsorption layer was thin,
did increasing T to 100 N m™2 not cause changes in the
¢-potential (Fig. 4, a). It can be proposed that, in this
case also, the differences between ¢ and ¢ were mostly
caused by a change in the surface potential of the quartz
under the adsorption layer. Analysis of the stability of
wetting films of water solutions of PEO on a flat quartz
surface!8:1? gave independent evidence of latter assump-
tion. In these works the ¢, values were obtained on the
basis of the theory of electrostatic forces which define
the thickness of water films.3! Ellipsometric measure-
ments of the film thicknesses 4 made it possible to find
910, Using a portion of the isotherm of the disjoining
pressure TI(#) and the values of the potential of the
second surface of the film, which is contiguous with the
gas phase.

The results of calculating the values of & by both
methods are given below. Fig. 2 (curve J3) shows &
calculated by Eq. (2) using the ¢ and ¢ potentials and
also using @; = —75 mV and the { potentials (curve 3").
The ¢ values for the non-deformed equilibrium layers
measured at the lowest Ap were used in these calcula-
tions.

The value of hydrodynamic thickness obtained for a
saturated adsorption layer (8,0 = 13.8 nm) is equal to
that measured earlier3® for PEO with a similar molecu-
lar weight (M = 4:10%) at the same equilibrium
concentration of solution (0.1 g L7!). In Fig. 2 the
horizontal lines represent the values of 8., taken from
Ref. 30 published previously. Values close to these
(®max = 13.6 nm) were also obtained by two independ-
ent methods, i.e., by the coefficients of Brownian diffu-
sion!6:17 and by filtration of PEO solutions through
silica gels.?? For PEO with M = 2.7 - 10% these values
were somewhat lower (8,,,,, = 10 nm, see Ref. 21, 32).

In all cases the values of 8,,, calculated assuming a
change in the surface potential under the adsorption
layer coincide better with the experimental results ob-
tained by independent methods. The value 8, =
18.6 nm (Fig. 2, curve 3) is probably overestimated. All
of these facts attest to the validity of the proposal that
the adsorption of PEO affects the surface potential of
quartz. The £ values measured at low concentrations of
equilibrium PEO solution (C, = 107 g L7!), when the
PEO molecules are spread out in the plane of the quartz
surface, can be used as estimations of ¢,.

Comparison of the 8., values with the radians of
gyration of polymer molecules in bulk solution <s2>1/2
shows that the ratio 8,,,,/<s*>1/2 increases together with
the molecular weight of PEO from 0.3 at M =2-10% to
0.5atM =4-10%and to 0.7 at M = 2.7 - 10°. This fact
means that the strongest conformational changes during
adsorption occur with molecules of low M, which ac-
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quire a stretched shape in the adsorption plane. The —~&/mV
shape of molecules with higher M is changed less after
adsorption. ' 100+
Washing out the adsorption layer of PEO-3 (M =
2.7-10%) with background electrolyte gives an increase 25h
in the absolute values of £ to ~75 mV at C, =
1073 g L™ and to —86 mV at C, = 10~ g L. A pure
capillary surface free of PEO can not be attained. After 50}k
pumping background electrolyte solution at Ap =3 MPa
for 72 h, the most strongly bound molecules were still
left on the surface. 25r
The results of electrophoresis measurements of £ for
particles of silica hydrosol with a 69 nm radius at vari- 0 : : : ‘ ' .

ous pH values are given in Fig. 5. Tabulated data taking
into account the effect of polarization of the double
electric layer of the particles?! were used for converting
the electrophortic mobility measured on a Malvern
Zetasizer-2C instrument into the ¢ values. The measure-
ments were carried out with a 3+ 107 mol L™! NaCl
background concentration at 20 °C. Curves 4, 5 charac-
terize the £ values expected in the case when the hydro-
dynamic thicknesses of AL measured for the same sols
(6 =4.5 nm for PEG-2 and 8 =15 nm for PEO-4) are
taken into account in Eq. (2). The curves calculated
with this method lie considerably higher than the ex-
perimental ones, which indicates a decrease in the ¢
surface potential of the sol particles under the AL of
PEO.

The experimental dependencies of 8 versus Ap and t
are shown in Fig. 6. In this plot the values of § are
calculated by Eq. (2) using the surface potential of
quartz under the adsorption layer of PEO (¢, =
—75 mV). As follows from Fig. 6, the thicker the ad-
sorption layer, the greater is the relative thinning of the
adsorption layer. Thus, a saturated adsorption layer is
thinned from §,,, = 13.6 nm to 3 nm (curve 3), and
an unsaturated one is thinned from 5 to 1.5 nm (curve I).

The resulis of similar measurements for PEO-4 with
the still higher M = 6 10° are given in Fig. 7. Defor-
mation of the unsaturated adsorption layer (curve 2)
proceeds in the same way as of that of the saturated
layer (curve I).

Changes in 8 are not caused by desorption processes.
It has been shown previously!8:19 that the establishment
of an adsorption equilibrium and desorption require
considerable time. Deformation proceeds rapidly and
reversibly during ‘the time required for a change in
pressure drop. The positions of the points in a 8(1) plot
are independent of the consequence of maintaining the
pressure drop.

Based on the known exponential profile of PEO
segment concentration near a quartz surface,?2833 jt
can be concluded that at first, when shear stresses are
small, deformation of "tails" of the molecules occurs. As
1 increases, the "loops" zone disposed deeper is also
affected by deformation. The effect of deformation mani-
fests itself in pressing of the adsorption layer and its
compression, which leads to gradual deformation decay

Fig. 5. Influence of pH on ¢-potentials of silica hydrosol
particles before (I) and after adsorption of PEQ-2 with M =
4.5-10% (2) and PEO-4 with M = 6.0+ 10% (3), and results of
the calculation of ¢, by Eq. (2) using 8 values for adsorption
layers of PEO-2 (4) and PEO-4 (5).

§/nm
15+
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2
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1
L § ! L

)
0 1 2 3 4 5 Ap/MPa

L

I i {
0 10 2:10° /N2
Fig. 6. Changes of § (M = 2.7+ 10%) under the influence of
tangential shear stress created by the flow of equilibrium PEQ

solution through a capiilary at pressure drop 4p C, (g L7y
1073 (1); 1072 (2); 1071 (3).

at T > 150 N m™2. The compression of the adsorption
layer leads to an increase in the volume fraction of the
polymer to m = 0.3. Therefore, the estimations of §
obtained at 1 > 100 N m™2 should be regarded with
care. In the area of such m values, corrections taking
into account the change in dielectric permiitivity in the
adsorption layer zone and the change in the ion concen-
tration within the adsorption layer caused by the dielec-
tric exclusion effect3*—37 should be introduced into
Eq. (2). The increase in the Debay length as the ion
concentration in the adsorption layer decreases leads to
underestimated & values, and a decrease in ¢ reduces
1/x. The extent to which these effects can compensate
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Fig. 7. Hydrodynamic thickness of PEO adsorption layers
with M =6 - 10° versus 7 at C, (g L™1): 1071 (1) and 1072 (2).

for one another can be established after the development
of an appropriate theory of the diffusion layer of
ions near surfaces covered with AL of nonionic poly-
mers.
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