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Adsorption of ions onto polymer
surfaces and its influence on zeta
potential and adhesion phenomena

Abstract The adhesion behavior that
governs many technologically and
biologically relevant polymer prop-
erties can be investigated by zeta
potential measurements with varied
electrolyte concentration or pH. In

a previous work [17 it was found that
the difference of the adsorption free
energies of C1~ and K* ions cor-
relates with the adhesion force caused
by van der Waals interactions, and
that the decrease of adhesion strength
by adsorption layers can be eluci-
dated by zeta potential measurements.
In order to confirm these
interrelations, zeta potential
measurements were combined with
atomic force microscopy (AFM) mea-
surements. Force—distance curves
between poly(ether ether ketone) and
fluorpolymers, respectively, and the
SizN, tip of the AFM device in
different electrolyte solutions were

measured and analysed. The adsorp-
tion free energy of anions calculated
from the Stern model correlates with
their ability to prevent the adhesion
between the polymer surface and the
SizNy tip of the AFM device. These
results demonstrate the influence of
adsorption phenomena on the
adhesion behavior of solids. The
results obtained by AFM confirm the
thesis that the electrical double layer
of solid polymers in electrolyte
solutions is governed by ion adsorp-
tion probably due to van der Waals
interactions and that therefore van
der Waals forces can be detected by
zeta potential measurements.

Key words zeta potential — atomic
force microscopy — X-ray photo-
electron spectroscopy — adhesion —
dispersion forces — ion adsorption

Introduction

Electrokinetic measurements are well established methods
for elucidating colloid stability according to the DLVO
theory and acid—base properties of solids or colloid par-
ticles [2, 3]. Furthermore, the adsorption thermodynamic
and kinetic of surfactant, polyelectrolyte and protein ad-
sorption onto different substances can be investigated
[2-6].

Although Stern’s double layer theory [ 7] considers the
adsorption of small monovalent ions such as CI~, OH",

etc. at the solid/electrolyte interface and its influence on
electrokinetic phenomena less attention has been paid to
the ion adsorption. A recent publication by Ninham and
Yaminski [8] has pointed out that specific ion adsorption
due to dispersion forces should not be neglected because it
influences many phenomena in colloid and surface science
such as conformation and solubility of electrolytes, floc-
culation, micelle formation, etc.

From this point of view, the origin of the electrical
double layer on polymers without dissociable groups and
the correlation between dispersion forces and ion adsorp-
tion will be discussed.
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Fig. 1 The build-up of an electrical double layer according to
Gouy—Chapman-Stern—-Graham model

The zeta potential concept

The validity of the Gouy—Chapman-Stern—-Graham
model (GCSQG) of the electrical double layer at the poly-
mer/electrolyte interface can be considered as confirmed.
The formation of the electrical double layer is mainly
caused by dissociation of acidic or basic molecule groups
and preferential adsorption of one kind of ions [2, 3].

According to the GCSG model the electrical double
layer is divided into the inner (IHP) and outer (OHP)
Helmholtz planes and the diffuse layer. In the elec-
trokinetic experiment, an external force field is applied to
the solid/liquid system and generates a relative movement
of the liquid and the solid phase. This leads to a charge
separation in the electrical double layer. Ions underlying
a higher attractive force as the external force remains on
the solid phase while charge carriers which are bounded
more weakly move with the liquid phase. The zeta poten-
tial is the electrical potential of the shear plane, where the
charge separation takes place (Fig. 1), relative to the bulk
phase. Therefore, the zeta potential reflects the force bal-
ance between the external force and the interaction forces
between ions and the solid surface. In other words, if the
external force is known, the zeta potential allows to char-
acterize the equilibrium between the ions in the electrolyte
solution and at the solid surface.

If the polymer surface does not contain a native surface
charge, it may however be charged by the preferential
adsorption of anions or cations, respectively. Therefore,
a non-zero zeta potential will be maesured. Also the sur-
face potential may appear to be different from zero, as can
be shown by direct force measurements for example. In
this case, it is useful to define the plane of the surface
potential at a distance é away from the surface, where 0 is

Ol ¢ [mv] )‘(KCI, max XKCH

max|...

Fig.2 Zeta potential of polymers as a function of KCI concentration

the radius of the adsorbed ions. In the Stern model, the
IHP is then represented by the adsorbed layer of potential
determining ions.

Stern [7] predicted a parabolic function { = {(x) for
solids in contact with 1:1-electrolyte solutions, where x is
the molar fraction of the electrolyte cations and anions
(Fig. 2).

The shape of the function { = {(x) predicted by Stern
was confirmed by the electrokinetic investigations of many
polymers (fibres or plates) by electro-osmosis and stream-
ing potential measurements also when considering the
surface conductivity [9-12]. However, different polymer
latices characterized by electrophoresis did not show an
extremum when the surface conductivity has been con-
sidered [13-15].

From the coordinates of the extremum [ Xy {max] the
molar adsorption free energies for monovalent anions
@ _ and cations @, can be calculated:

&+ &, =2RTIn[Xparl,
o — (p+ = 2F€maxa

(1)
(2)

where R is the gas constant, T the absolute temperature,
and F the Faraday constant.

The assumption that the extremum of the function
{ = {(x) is caused by preferential anion adsorption due to
dispersion interactions between the solid and the anions
was supported by experiments that show that

— the value of {,,, in KCI solution of poly(acrylonitril)
fibres increases with increasing Hamaker constant of the
fibres (varied by copolymerisation) and decreases with
increasing porosity of the fibres (varied by spinning
conditions) [1, 9, 16].

— there is a linear correlation between adhesion of fibres
towards pigments and {,, in KCI solutions [9, 17].

— the changing of the adhesion behavior of polymers by
adsorption layers can be described by zeta potential
measurements [1, 9, 16].
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The results reported above can be explained by the
microscopic theory of dispersion forces. According to this
theory the dispersion energy per area (Eg;,) between two
parallel plates is given by Eq. (3).

A apg
127d?~  124%°

3)

Edisp =

where A is the Hamaker constant, § the London constant,
g the number of particles per unit volume, and d the
distance between two parallel plates.

From this equation it is expected that the dispersion
energy between solids and ions should be direct propor-
tional to A and indirectly proportional to the solid’s por-
osity which corresponds indirectly with the number of
molecules per unit volume. This was confirmed experi-
mentally for poly(acrylonitrile) fibres [1, 9, 18]. However,
the uptake of colored pigment particles was detected with
optical methods.

Nowadays it is possible to investigate adhesion forces
(even between small particles) on a molecular level by
direct force measurements, e.g. atomic force microscopy
(AFM). The zeta potential of smooth polymer plates can
be measured as well, and we are planning to use these
techniques to give a more profound background to the
rather phenomenological results obtained until now (see
also [19, 20]).

Experimental
X-ray photoelectron spectroscopy

X-ray photoelectron spectra were recorded to get informa-
tion about the chemical surface structure. An ESCAlab
2201 (Fisons Instruments, East Grinstead, England) equip-
ped with a non-monochromized Mg K, X-ray source was
used. The pass energies of the hemispheric analyser were
constant with 80 eV for survey and 25 eV for high-resolved
spectra. Peak fitting procedures were carried out after
background subtraction according to Shirley [21]. Fit
parameters were the position of the peak maximum, the
full width at half maximum, the peak area, and the Gaus-
sian—Lorentzian ratio. The elemental surface compositions
were determined from the peak areas by using Wagner’s
sensitivity factors [22] and the spectrometer transmission
function.

Electrokinetic experiments

All streaming potential measurements to determine the
zeta potential values were carried out with the Elec-

trokinetic Analyzer (Anton Paar KG, Graz, Austria) and
the measuring cell for flat plates as described in Ref. [23].

Force measurements

An atomic force microscope (AFM, Digital Instruments,
Santa Barbara, USA) was used to measure the forces
between a Siz;N, probe, which is mounted on a cantilever
spring, and the solid polymer surfaces in aqueous electro-
lyte solutions. The interaction forces between the sample
and the Siz;N, tip cause a deflection of the cantilever. It is
detected via a laser beam on a split photo diode (Fig. 3).
Force—distance curves were obtained by recording the
cantilever deflection (which equals the interaction force if
multiplied by the spring constant) for a full exten-
sion—retraction cycle of the piezoelectric crystal which
holds the sample (Fig. 4). During the approach cycle,
a mechanical instability occurs when the gradient of the
attractive force equals the cantilever spring constant, and
the cantilever “jumps” into contact with the sample. This
“jump-in” distance is therefore a measure for the reach of
the net attractive interaction force. All force—distance
curves shown in this paper are typical for the respective set
of experiments.

The SizN, tip had been shown to have an isoelectric
point pHgp <3 [19]. Therefore, it is negatively charged in
aqueous solutions with higher pH values. The pHgp of
Si3N, can vary from 2 to 9 [24], depending on the relative
amount of Si—~OH groups in comparison to basic
silylamine groups on the surface. Obviously, the degree of
oxidation is very high for the AFM probes used here. The
surface potential of the Si;N, probe can be regarded as
constant in the electrolyte solutions which were used in
this work.

Materials

Two different polymer materials without dissociable
groups were chosen. A technical poly(ether ether ketone)
(PEEK) (Victrex 450G, Victrex GmbH, Germany) with the
chemical formula

A asass

was injection moulded as plane sheets.

The fluorocarbon polymer was provided by the Insti-
tute for Applied Polymer Research, Teltow, Germany.
It was plasma-deposited on a silicon wafer. After the
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Fig.3 Working principle of the atomic force microscope: the interac-
tion forces between the sample and the Si;N, probe cause a deflec-
tion of the cantilever. It is detected via a laser beam on a split photo
diode

treatment the fluoronated silicon surface was very hydro-
phobic (advancing water contact angle: @, = 116°).

Results and discussion

The survey X-ray photoelectron spectrum of PEEK is
shown in Fig. 5a. Carbon, oxygen and traces of silicon
were found in the surface region. The elemental ratio
obtained from the survey spectrum [O]:[C]xps = 0.1847
agrees roughly with the theoretical ratio of the structure
above ([O]:[Clieo = 3:19). The difference between the
theoretical and the measured ratio is conditional on the
presence of silicon traces. The high-resolved C 1s spectrum
shows three different component peaks which are expected
from the formula above (Fig. 5b). Component peak A4 rep-

Fig. 4 Force—distance
measurements in the AFM: tip
and sample approach each
other until contact and are
drawn apart again. The
interaction force is recorded by
measuring the cantilever
deflection continuously. The
actual distance between tip and
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Fig. 5 (a) XPS spectrum of the poly(ether ether ketone) (PEEK).
Traces of silicon are present, probably due to the silicon oil used to
remove the polymer from the mould. (b) High-resolved C 1s spec-
trum of PEEK. Peaks that appear on a binding energies of 276 eV
are satellites generates by Mg K,3 4 X-rays

resents the C.H, species. This peak was used as reference
peak to compensate electrostatic charging during the
measurement. It was set on a binding energy of BE =
284.70 eV [25]. The second component peak B shifted to
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Fig. 6 XPS spectrum of the fluorocarbon polymer plasma-deposited
to silicon wafer

higher binding energies (ABE = 1.48 eV) represents ether
groups (C-O-C). Carbonyl groups are reflected by C at
BE = 287.03 eV [26]. The ratio of the component peak
areas [A]:[B]:[C] = 16:4:1 agrees with the expected the-
oretical ratio [A]:[B]:[C] =14:4:1. Small differences
found may be explained by siloxane and hydrocarbon
impurities on the sample surface. The peak analysis of the
C 1s spectrum shows that no carboxyl groups, which are
able to dissociate, were found on the PEEK surface inves-
tigated.

Therefore, it can be concluded that there are no func-
tional groups on the sample surface, which could cause
a surface charge by dissociation in an aqueous environ-
ment.

The XPS spectrum of the fluorocarbon polymer is
shown in Fig. 6. In the surface range, only fluorine and
carbon were detected. The absence of oxygen, which would
be part of carboxylic groups, implies that no dissociable
groups are present on the sample surface.

Figure 7 shows the approach cycle of a force—distance
curve between PEEK and the AFM tip in a KCl solution
(3x 10" *moll™1).

A long range electrostatic repulsion between the tip
and the polymer sample is observed. The interaction force
F.q(D) decreases exponentially with the distance D, the
decay parameter is given by the inverse Debye length
Kk (see below). For long distances (down to 17 nm), the data
are described by a theoretical curve calculated by using
a linearized Poisson—-Boltzmann equation and Derjaguin’s
approximation for dissimilar surface potentials [27]:

Feq (D) = mrex[(y1 + 3)(1 — coth(x D))
+ 2y Y, cosech(x D)] , 4)

where D is the separation distance, r the tip radius, i, and
¥, the surface potentials (which are meant to be constant

cantilever deflection [nm]

"

20 %
o data points
theoretical curve
104
B R
0_ - -,

0 25 50 75
separation [nm]

Fig. 7 Force—distance curve for PEEK and the Si3;N4 AFM tip in
a 0.3 mmoll~! KClI solution, approach cycle. The parameters used
for calculating the theoretical curve are explained in the text

during the interaction), x the inverse Debye length and
¢ the electrical permittivity.

The Debye length depends on the valency and the
concentration of the electrolyte ions and accounts for the
screening of electrostatic potentials by the free charges in
the electrolyte solution

-1/2
KTl= (Z P €0 Z?/SkT> ; (5)

where p.,; [m~ 3] denotes the ion number density in the
bulk electrolyte, e, the elementary charge, z; the valency of
ion i, & = &g &, the electrical permittivity, and k the Boltz-
mann constant. At the distance k! from a surface, the
electrostatic potential is reduced to 1/e of its value on the
surface.

Approaching the tip to the sample, at first a repulsive
maximum occurs and at smaller distances attractive forces
(electrostatic and van der Waals) govern the total interac-
tion. Therefore, a “jump-in” is observed where the tip and
the sample are coming into contact. During the retraction
cycle (not shown in Fig. 7), a jump-out occurs, from which
the pull-off force can be calculated using Hooke’s law. If
the area of contact is well known, the adhesion force can be
determined via an appropriate contact mechanics model
[28,29].

The experimental data can be described by Eq. (4)
using the following parameters, which were determined by
a multiparameter fit of the data in Fig. 7:

Hamaker constant A = 1 x 107 2°7,
PEEK surface potential ¥; = — 49 mV,
tip surface potential ¥, = — 55mV,

tip radius r = 102 nm,

Debye length k= ! = 15.1 nm.
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As shown by Eq. (4) the long range electrostatic inter-
action plays an important role for the adhesion of solids in
aqueous media. Range and strength of the electrostatic
interaction are determined by the surface potential and the
Debye length.

Assuming that the zeta potential equals the surface
potential, the electrostatic surface potential of the solid
polymers investigated here also depends on the electrolyte
concentration. Streaming potential measurements show
the change of the surface potential with increasing electro-
lyte concentration. Using this method, an adsorption iso-
therm for the charge determining ions on the surface can
be measured.

In Fig. 8 the function { = {(x) curves are shown for
PEEK, KCI, KOH, and Na;PO,, respectively. The poly-
mer surface is charged negatively in all electrolytes, which
means that the anions are adsorbed in excess on the
surface [19]. The charging by OH™ and POj~ ions is
much stronger than by Cl~ ions. This results in different
amounts of the surface potential, whose effects can be
observed qualitatively in the force measurements (see be-
low). The zeta potential measured in KCI at 0.3 mmol 1!
({ = —13 mV) is much smaller than the surface potential
¥, = —49 mV derived from the fit in Fig. 7. This discrep-
ancy as well as the properties of the Si;N, probe have to be
a subject of further investigations.

If the surface potential is altered by the excess adsorp-
tion of the anion, the changes in the electrostatic interac-
tion should be detectable by force—distance measurements
with the AFM. An increase in the surface potential of the
solid polymer leads to a decrease of the overall attractive
interaction, if the tip surface potential is not altered.
Figure 9 shows schematically the force—distance curves for
different surface potentials, assuming interaction at con-
stant potentials. The interaction forces (F,,,) were cal-
culated according to the DLVO theory, using Eq. (4) for
the electrostatic interaction and an additive term repres-
enting the attractive dispersion contribution for a sphere
of radius r and a flat plate with the Hamaker constant A:

Flotal(D) = deW(D) + Fedl(D) (6)
with

A
Fuaw(D) = =25 (7)

In the following we assume that the Hamaker constant
is not altered by the adsorption of ions. The validity of this
first order approximation has to be discussed in detail in
further work.

Figure 9 shows that an increase in the sample surface
potential alters the force—distance curve significantly. Un-
der the assumption that the interaction takes place at
constant surface potentials, the electrostatic interaction
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Fig. 8 Zeta potential of PEEK and the fluorocarbon polymer in
dependence of the electrolyte concentration. (a) The PEEK is
charged with increasing KOH, KCIl, KBr and Na3;PO, concentra-
tions. The zeta potential (and therefore the surface potential) in KCl
and KBr is much lower than in KOH, but has an extremum in all
electrolytes. The extremum in NazPO, is much more pronounced
and occurs at lower concentrations than in the 1:1 electrolytes. For
higher electrolyte concentrations, the zeta potential decreases due to
double layer compression. (b) The fluorocarbon polymer is charged
in the KOH solution. The presence of Cl~ ions, however, does not
result in a more negative surface potential. The initial negative values
at low concentrations are the same for both electrolytes, because the
OH ™ concentration in pure Millipore water due to autodissociation
is identical
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,; distance [nm] Fig. 10 Frequency distribution of “jump-in” distances between
' PEEK and the SizN, tip in 0.3 mmoll~! KOH and KCI solution,

Fig. 9 Schematic force—distance curves for a sphere-plate system
with different surface potentials in a 1 mmol1~ ' monovalent electro-
lyte solution. A constant tip potential of — 70 mV and a Hamaker
constant of 10~ 2° J were assumed. The curves were calculated using
a linearized Poisson—Boltzmann equation and the Derjaguin ap-
proximation [11]. Under the assumption that the interaction takes
place at constant surface potentials, the electrostatic interaction
turns from repulsive to attractive at a certain distance. This “jump-
in” distance decreases with increasing surface potential

turns from repulsive to attractive at a certain tip—sample
distance. The height of the repulsive barrier is increased
with growing surface potential and its position is shifted
towards the surface. Experimentally, that means that the
jump-in distance is reduced for higher surface potentials. It
cannot be proved that the surface potentials of our poly-
mer surfaces remain constant during the interaction. In
[30] it is pointed out that this assumption is often made
for mathematincal convenience. It was shown that the
constant potential limit gives a reasonable fit for experi-
mental AFM force data measured on polypropylene surfa-
ces [31]. Since the polymers investigated here do not
contain dissociable surface groups either, this assumption
seems reasonable here, too.

In Fig. 10, the jump-in distances for the Si;N4,-PEEK
system are shown in 0.3 mmol1~* KOH and KClI solution,
respectively. The KOH experiment shows a smaller reach
of attraction than the KCl experiment. This is exactly what
one would expect from the schematic force—distance
curves in Fig. 9 since the PEEK surface potential in KOH
is much larger than in KCl. If the electrolyte concentra-
tions are increased, the jump-in distance is becoming
smaller and smaller. At a concentration of 0.5 mmoll ™ ?,
the attractive interaction disappears completely. This ef-
fect cannot be accounted for by the DLVO approximation
for the electrostatic forces. For such small distances

respectively. The average jump-in distance in KOH is 3 nm, in KCI
6 nm

(<1 nm), additional effects, such as ion-correlation forces
or finite ion-size effects are becoming important and can
determine the behavior of the system [32].

However, the basic step is the preferential adsorption
of anions which can be detected by zeta potential measure-
ments.

For the fluorocarbon polymer, the situation is similar.
The zeta potential increases with increasing KOH concen-
tration but decreases with increasing KCI concentration
[19]. Consequently, the position of the electrostatic repul-
sive barrier (Fig. 9) and therefore the jump-in distance
decreases in KOH and increases in KCl solution (Fig. 11).
The fact that there is no Cl~ adsorption at the fluoro-
carbon surface may be due to its low surface free energy.

The results show that the formation of electrical double
layers is due to non-electrostatic adsorption of anions and
can prevent adhesion.

In Table 1 the results of zeta potential and force
measurements published partially in [19] are summarized.
The difference of the anion and cation adsorption free
energies were calculated from the extremum of the func-
tions { = {(x) using Stern’s Egs. (1) and (2).

Figure 12 shows the influence of the electrolyte concen-
tration on the jump-out distance measured in the AFM
experiments between Siz;N, and PEEK.

It is evident that the attraction between the polymer
and the SizN, tip is lower, the higher the adsorption free
energy of the anion. The electrolyte concentration which
prevents adhesion corresponds roughly with the concen-
tration at which the maximum zeta potential occurs
(see Table 1). This value corresponds with a monolayer
coverage. Therefore we can conclude that a monolayer of
adsorbed ions can prevent adhesion.
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Fig. 11 “Jump-in” distance between the fluorocarbon polymer sur-
face and the Si;Ny tip in dependence of the KOH and KCl electro-
lyte solution, respectively. Each data point was averaged over at least
20 force curves from different experimental runs using the same tip
and cantilever, but different spots on the sample. The error bars show
the standard deviation of the values

In a subsequent paper we will discuss some examples
which show that this conclusion can be generalized for the
adhesion in a number of systems [33].

Conclusions

From the results obtained by AFM measurements we can
conclude the following: the solid polymers investigated
here do not have a “native” surface potential in aqueous
solutions, because they do not contain dissociable surface
groups. However, in the direct force experiments, a nega-
tive electrostatic surface potential is observed, which must
be due to the excess adsorption of anions from the electro-
lyte solution. Therefore, an electrical double layer is for-
med next to the solid polymer surface.

Zeta potential measurements can be used to measure
the “adsorption isotherm” of ions on the solid polymer
surface. The results can be taken as a measure for the
surface potential. They are qualitatively in good agree-
ment with the results from force—distance measurements in
the respective electrolyte solutions. The dependence of the
electrostatic interaction on the surface potential of the
sample, which is expected from the theory of hetero-
coagulation, can be observed experimentally. The ion ad-
sorption on primarily uncharged polymers can be ex-
plained by dispersion interaction as described by Ninham
and Yaminski [§8].

Table 1 Critical concentration values from zeta potential and force
measurements: extremum zeta potential values (o, and c.,, excess
anion adsorption free energy |®- — @ | and the electrolyte concen-
tration ¢,, jump, Which prevents a jump into contact. ¢no jump 1S
roughly in accordance with c.,, where there is a monolayer coverage
of ions on the solid surface. For CHF in KOH there is a significant
discrepancy, which cannot be explained at the moment. For PEEK
in KBr the error of c¢n jump is still large, because the number of
experiments is not yet sufficient

Polymer  Electrolyte (., Cex [®- — Di| Cro jump
[mV] [mmol/l] [kJ/mol] [mmol/1]

PEEK KOH —40 025 7.6 0.5
PEEK KCl —14 045 2.6 0.5
PEEK KBr — 15 0.20 2.8 1
PEEK Na; PO, —74 0.03 0.05
40 jump-out, pull-off/k [nm]
354
304
251
204

15+ —
10 T e

5. -

0 aﬁn—u—&—
_5

~ T T 1 il b | M | v

pure water 107 107 102

electrolyte concentration [mol/l]

jump-out distance in pull-off force in
—— KOH —O— KOH
--e-—- KCI —o—KClI
—M- KBr —A—Na;PO4
—A— N33PO4

Fig. 12 “Jump-out” distances and pull-off forces between Siz;N, and
PEEK in different electrolyte solutions with varying concentration.
Each data point shows the average of at least 10 force—distance
curves. The jump-out-distance (black symbols) indicates a minimum
in the force—distance-curve, which is not necessarily attractive. The
pull-off force (grey symbols) denotes the attractive force between the
surfaces in contact, which has to be overcome in order to separate
them again

From all these results we can see that zeta potential
measurements in combination with force measurements
can contribute to the understanding of adhesion phe-
nomena.
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