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Abstract The main features of polyelectrolyte titrations
with end-point indication by means of a particle-charge
detector (PCD) were investigated. Because of their well-
defined character, the charges of different synthetic poly-
electrolytes and of latex samples with different functional
groups were measured at different pH and ionic strength.
The results show that PCD is a valuable tool for detecting
effective or dissociated counterion charge without addi-
tional model assumptions. For negatively charged sam-
pleswith exclusively strong acid functional groups, an ex-
cellent agreement was obtained between cation-exchange
capacity and the charge measured by PCD over awide pH
range. For samples with additional carboxyl groups, the
PCD charge was significantly lower than the total charge
calculated from cation-exchange results. It can be con-
cluded that counterion immobilization by a Stern layer-
type arrangement is responsible for this effect.

Introduction

Electrokinetic techniques are widely used to characterize
the charge distribution around agqueous colloid particles.
Electrokinetic effects occur whenever distortion of coun-
terions is caused by movements of charged particles rela-
tive to the surrounding solution (Fig. 1). A dipoleisformed
around each particle and affects the speed of particlesin
an electric field (electrophoretic mobility) or, for particle
movement, forms an electric potential within the suspen-
sion (sedimentation potential or streaming potential) [1].
Whereas surface charge determined by titration or exchange
techniques measures the amount of total charge, electroki-
netic techniques furnish information about the mobile and
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weakly bound fraction of the counterions [2]. This frac-
tion, which is aso called the electrokinetic charge or the
effective particle charge, plays an important role in elec-
trostatic interaction among charged particles and hence
affects the stability of colloidal suspensions[1]. Theinter-
pretation of electrokinetic signals such as electrophoretic
mobility or streaming potential remains open to debate. The
models applied for the interpretation of electrokinetic data
in terms of charge properties require additional parameter
estimations and drastic simplifications[3]. Difficulties oc-
cur especialy for real colloidal dispersions, because they
are polydisperse in size, shape, and surface properties. The
calculation of surface charge from electrokinetic signals
would require special information about the distributions
of al particle properties [4].

A relatively new electrokinetic technique is used in the
particle-charge detector (PCD 03; Mtec, Germany). This
technique is supposed to measure the amount of electroki-
netic surface charge directly by combining an electrokinetic
probe with titration of a charge-compensating polyelec-
trolyte. The technique is relatively simple and requires no
additional model assumptions. The principle of the electro-
Kinetic experiment is based on the streaming current detec-
tor (SCD), first introduced by Gerdes [5]. The PCD tech-
nique is widely used in waste-water treatment, in the ce-
ramic or paper industries for controlling coagulant dosage
and rheological properties, or for monitoring particle prop-
erties in industrial processing [6, 7]. Less is known about
the rel ationship between the charge measured by PCD and
the total charge. Weis et a. [8] used the PCD technique to
measure the Cu(l1) complexation capacity of aquatic humic
substances as aresult of their change of surface charge, and
compared the results with Cu(I1) complexation determined
by polarography. They found a good relationship between
the results from both methods, even though the complex-
ation capacities measured with the PCD were, without ex-
ception, lower than those measured by polarography. They
explained this difference in terms of the lower pH of the
samples measured by use of the PCD. Bdckenhoff et al.
[9] investigated the charge characteristic of clay—humus
fractions from A-horizons of several chernozems as a
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Fig.1 Charge partition in the PCD cell for particles without (&)
and with (b) afixed counterion layer

function of Ca concentration and pH and observed a sig-
nificant decrease in surface charge whenever there was an
increase in Ca concentration and a decrease in pH. The neg-
ative particle charges measured with the PCD were signif-
icantly lower than had been expected from the cation ex-
change capacity (CEC), even at low ionic strengths. They
explained the difference between the negative PCD charge
and the CEC in terms of counterion immobilization and
interlayer charges which do not contribute to the electro-
kinetic effect.

The purpose of this investigation was to determine the
main features of PCD measurements and the relationship
between the total charge and the electrokinetic surface
charge measured by PCD. We performed our investigations
on synthetic latex samples and polyelectrolytes, because
of the well-defined properties of these materials.

Experimental
Materias

The latex suspensions used in this study were synthesized by the
Institut fir Angewandte Polymerforschung Teltow (Germany) and
were provided as agueous suspensions. The latex particles are con-
sidered to be spherical with exclusively outer surfaces but differing
in the kind of functional groups and in diameter. Most relevant prop-
ertiesare shown in Table 1. A solution of sodium polyethylene sul-
fonate (PES-Na) at a concentration of 102 mol L~ and a solution
of 10 mol: Lt benzyl(dimethylhexadecyl)ammonium chloride
(BDMHAC) were used as reference polyelectrolytes.

Methods

The electrokinetic surface charge was determined by means of a
Mitec (Herrsching, Germany) PCD 03 particle-charge detector

Table1l Characteristics of the latex particles investigated

Sample no. 22/11 24/11 283/111  154/111
Diameter (nm) 80+6 120+5 99+3 31748
Functional groups Sulfate, Sulfonate Sulfate, Sulfate,
sulfonate sulfonate carboxyl
Concentration (g L) 29 19 24 3.2
Surfacearea(m?g?) 71.2 47.4 575 18
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Fig.2 Schematic diagram of the particle-charge detector, PCD:
(1) PTFE cup; (2) oscillating PTFE-piston; (3) gold electrodes

(Fig.2), in combination with a Mettler (Gief3en, Germany) Toledo
DL 25 automatic titration unit. The principle of charge indication
is based on the generation of a streaming potential which is in-
duced by the oscillating movement of a plunger in a PTFE cell.
Two gold electrodes placed in the cell record the el ectrokinetic sig-
nal. The negative surface chargeis then quantified by titration with
a10-3 mol. L1 solution of a polymeric organic cation (polydiallyl-
dimethylammonium chloride, “Poly-Dadmac”, molecular weight
approximately 10*-10°g). Addition of the titration solution is per-
formed across the point of zero charge, i.e. the point at which the
electrokinetic potential is zero. For each measurement of the sur-
face charge we used 10 mL of the suspensions or of the solutions.

The amount of polyelectrolyte required to reverse the sign of
the PCD signal was approximated by linear interpolation of the
titration curve at the isoelectric point (IEP). The electrokinetic
charge (Qg) of the colloidal system can then be calculated from
the amount of required polyelectrolyte by use of the equation:

Qek = E

w
where V isthe volume of titrant added (L), c the charge of the titrant
(mol¢ L), and w the amount of titrated substance (kg).

The total charge of the negatively charged samples was calcu-
lated by measuring the cation-exchange capacity (CEC) by extrac-
tion with silver thiourea, according to a modification of the method
of van Reeuwijk [10]. The CEC of suspended latex particles was
determined by adding silver thiourea (5x10 mol L%, 10 mL) to
latex suspension (10 mL). The CEC of the PES-Na solution was
determined by adding silver thiourea (5102 mol L, 1 mL) to
this solution (10 mL); this leads to a complete coagulation of the
polymer. After reaction for 1 h in a shaker the flocculated colloids
were centrifuged. The concentration of Ag in the supernatant was
determined by AAS, and the CEC was calculated by subtracting
the amount of Ag in the supernatant from that in the blank.

Results and discussion
Determination of the surface charge from titration curves

The reproducibility of the titration is apparent from
Fig.3, which shows eight curves for titration of Poly-
DADMAC (10 mol L1, 10 mL) against PES-Na solu-
tion (10— mol L1). Each curve starts at positive poten-
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Fig.3 PCD titration of Poly-DADMAC (10 mol L1, 10 mL)
against PES-Na (102 mol. L1)

tials, owing to the electrokinetic effect of poly-DADMAC
cations. During addition of increasing amounts of PES-Na
the titration curves form a quasi plateau followed by a steep
decrease of the signal across the isoelectric point (IEP),
which marks the end of the titration.

Interpretation of both the initial PCD signal and the
shape of the titration curve is not simple. Several investi-
gations have been conducted to correlate the electrokinetic
signal from the SCD or PCD with those obtained by other
electrokinetic techniques. Although satisfactory linear (sta-
tistic) correlations have been found, the calculation of a zeta
potential from the signal is highly dependent on the type
of model selected [5, 6, 11, 12, 13]. Besides the general
criticism of deducing zeta potentials from electrokinetic
signals [3], the principal mechanism of the generation of
the PCD signal is still poorly understood [6]. Most investi-
gators assume that the signal is generated by the distortion
of counterions from colloids that are immobilized on the
piston and on the surface of the sample cell, which physi-
cally leads to a streaming potential. In contrast, Mller [6]
reported that for larger particles adsorption on PTFE walls
is unlikely. He assumed that the polarization is the result
of the different velocities of the solid particle and the mo-
bile counterions in the oscillating current. This mechanism
would physically be the same as for a sedimentation po-
tential. If, however, the mechanism of signal generationis
not known with certainty, a model that relates the PCD-
signal to the zeta potential is not useful. The PCD signal it-
self is, moreover, poorly reproducible. The signal is highly
affected by unstable streaming conditions, because of vari-
ation of the distance between piston and cell. Also, even
small impuritiesin the cell and on the piston have consid-
erable effects on the PCD signal.

More reliable information is obtained if only the sign
of PCD signal is used. For the polyelectrolyte titration in
the PCD, the point at which the sign of signal gets re-
versed is of sole interest. This point can be interpreted as
the isoelectric point (IEP) of the solution or suspension,
when the charge of the sampleis balanced by counterions.
The amount of titrated polyelectrolyte can be accurately

calculated by linear interpolation at the IEP. The repro-
ducibility of the amount of titrated agent is usually satis-
factory. From other experiments not reported in this study
we also found that the deviation from the averageis usualy
less than 3 %, although the reproducibility can decrease
markedly at increasing particle size. For particles coarser
than 20 pm, sedimentation can occur during the titration
and sufficient mixing is not guaranteed.

Measurable colloidal systems

The upper limit of the particle size for which the charge
can be measured in the PCD is given by the distance be-
tween the piston and the wall of the cell which, in the
probe commonly used, is approximately 900 um. As men-
tioned above, for particles coarser than 20 um particle sed-
imentation during the titration can affect the reproducibil-
ity of the results. For colloidal-sized fractions and organic
molecules the lower limit of particle or molecule size that
contributes to the electrokinetic effect is of more interest.
For this reason, the charge of 10* mol- L= benzyldi-
methylhexadecylammonium (BDMHAC) solution with a
molecular weight of only 414.1 g mol-twas measured. This
molecule was selected because its low molecular weight
and its ammonium group, with the expectation that the
counterions would nearly be fully dissociated at neutral
pH. Figure 4 shows the curve for titration of the positively
charged BDMHAC with 10-3 mol: L= PES-Na solution.
Like the poly-DADMAC molecules, the much smaller
BDMHAC molecules produce a sufficient electrokinetic
signal. At the IEP nearly 100% of the default molecule
charge (10 mol¢ L) was neutralized by PES-Na.

Effect of pH on the charge of the polyelectrolytes
If poly-DADMAC and PES-Na are used as titration agents

for studying counterion effects on charged colloids, their
charge measured in the PCD should be broadly indepen-
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Fig.4 PCD-Titration of benzyldimethylhexadecylammonium chlo-
ride (10 mol¢ L%, 10 mL) against PES-Na (102 mol L)
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Fig.5 PCD-Titration of poly-DADMAC (10% mol: L1, 10 mL)
against PES-Na (102 mol L) at different pH

dent of pH and from changes in ionic strength. Therefore,
10 mL 10 molc L~ Poly-DADMAC were titrated with
103 mol L1 PES-Na at different pH values. As shown in
Fig.5, the amount of PES-Na required to neutralize the
charge of poly-DADMAC, is not significantly affected
by pH between pH 3 and pH 10. Changes in the sodium
and chloride concentration, which necessarily occurred if
NaOH or HCI was added, will, therefore, not affect the
electrokinetic charge of these polyelectrolytes either. Ac-
cordingly, Mdller [6] reported that for both polyelec-
trolytes no effect on the titrated charge was measured over
a wide pH range and for ionic strengths <1 mol L. He
explained this result by the strongly acidic and strongly
basic character of the functional groups of poly-DADMAC
and PES-Na, respectively.

PCD charge and total charge of PES-Na

Assuming that electrokinetic effects result from the replace-
ment of dissociated counterions, the relationship between
total charge and PCD charge represents the extent of dis-
sociation. For PES-Na in a completely dissociated state
the PCD charge should be identical with the total charge
determined by exchange with silver thiourea (AgTU ).
Table 2 shows the specific charge of a 103 mol. L~ PES-Na
solution obtained both from PCD titrations and from mea-
surement of adsorption of silver thiourea. Results from
both methods were in good agreement with regard to the
amount of charge detected — the default charge value of
—10-3 mol. L1 for PES-Na solution found with the PCD
was amost exactly the same as that calculated from the
amount of adsorbed AgTU (-0.99x10-2 mol. L). The
good agreement between total charge and PCD charge,
and the independence of the titration from the pH value
support the idea of completely dissociated counterions of
PES-Na over awide pH range.

Although the titration of Poly-DADMAC against
PES-Na gives reasonable results, the mechanism of charge
compensation in the PCD is still poorly understood. It
seems rather unlikely that the charges of poly-DADMAC
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Table2 Negative charge of different latex samples determined by
PCD titration (poly-DADMAC) and by silver thiourea exchange

Sample No. 22/11 24/11 283/111  154/111
Functional groups Sulfate, Sulfonate Sulfate, Sulfate,
sulfonate sulfonate carboxyl
Surface area (m? g?) 71.2 47.4 57.5 18
PCDy; (mmolc kg)  66.8 48.7 1055 245
AgTUq (Mmolc kgl)  68.0 48.4 1068  40.0

and PES-Na are neutralized by a site-by-site interaction.
Lagaly et al. [7] assumed that the charge compensation in
the PCD is the effect of complexes with only statistically
balanced positively and negatively charged sites. The dis-
persing forces of the water current in the PCD cell, which
have an effect on the relatively large molecules, polyanions,
and polycations, might also separately produce opposi-
tional electrokinetic signals that overlay each other.

The role of functional groups

As mentioned above, the type of functional group plays an
important role in the relationship between the charge mea-
sured by the PCD and the total charge represented by the
exchange capacity. Latex samples with different kinds of
negatively charged functional groups were therefore used to
evaluate the respective effects on the PCD charge. For latex
samples with negative charge exclusively from strongly
acid sulfate and sulfonate groups, the charge titrated with
the PCD is in a good agreement with the amount of ad-
sorbed equivalents of AgTU. Effects from different sur-
face areas or from different charge densities were not de-
tected. In contrast, for latex particles with partly carboxyl
groups, the amount of adsorbed equivalents of AgTU
(40.0 mol ¢ kg3) issignificantly higher than is measured by
the PCD titration (24.5 mol kg3). This differenceis prob-
ably the effect of immobilization of cations in a sense of
Stern layer adsorption which influences the PCD charge.
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Fig.6 Influence of pH on the electrokinetic surface charge of differ-
ent latex particles with sulfate and sulfonate groups (283/111, 22/11,
24/11) and with additional carboxyl groups (154/111)
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Differences between latex samples with and without
carboxy! functional groups also occur in the pH depen-
dence of the PCD charge (Fig. 6). The charges of latex par-
ticles with sulfonate groups and latex with sulfate and sul-
fonate groups, measured by the PCD, are nearly pH-inde-
pendent, whereas the charge of latex with carboxyl groups
increased from 12.7 mmol ¢ kg to 116.3 mmol kg when
the pH was increased from 3 to 11.

The effect of pH on the particle charge of latex with
carboxy! groups is probably not only the result of proton-
ation and deprotonation of functional groups, but proba-
bly also an effect of a change in the amount of sodium
associated with the surface, because of variation of the
sodium concentration.

Conclusions

The particle-charge detector (PCD) is a valuable tool for
detecting the charge of colloidal-sized particles. The elec-
trokinetic signal should not be interpreted quantitatively
in the sense of a zeta potential, because of its strong de-
pendence on model assumptions and experimental condi-
tions. Aslong as the PCD signal is only used in combina-
tion with polyelectrolyte titration to detect the sign of par-
ticle charge and to indicate the point of zero charge, it pro-
duces reasonable results. Polyelectrolytes used for charge
titration should have functional groups with strong acid or
strong base character, to provide nearly completely dissoci-
ated counterions. The good agreement between the titrated
PCD charge of negatively charged colloids and the cation
exchange capacity, for systemswith strong acid functional
groups, demonstrates that the PCD techniqueis capable of
accurately detecting the dissociated charge. Differences

between total charge and PCD charge are indicative of the
presence of an immobile counterion layer, such as a Stern
layer. PCD charge measurements are, therefore, an excel-
lent tool for investigating interactions of ions with charged
surfaces and the structure of electrolyte interfacial re-
gions.
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