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DESCRIPTION

Field of the Invention

[0001] The invention relates to methods and apparatus for determining properties of a
surface. Exemplary embodiments include methods and apparatus for determining a surface
zeta potential by electro-osmotic flow measurement in a dip cell arrangement.

Background of the Invention

[0002] The well known phenomenon of streaming potential is typically used to measure
surface potential or charge of a material in an electrolyte. Measurements of capillary flow and
on dispersions of finely divided particles may be used to determine surface charge.
Measurement techniques generally employ a specialist instrument dedicated solely to such
measurements. Measurements using capillary flow or dispersed particles may require that the
sample material be in a particular format that may not always be convenient or straightforward
to prepare.

[0003] US 7,217,350 discloses a method of automatically determining an electric charge-
related characteristic or derived parameter of particles in a dispersion or of a cell wall, in which
a dispersion is illuminated with light from a light source and light scattered by particles in a
detection volume is detected. In one arrangement the detection volume comprises a
transparent capillary cell with a pair of electrodes at opposing ends, forming a closed volume
for a dispersion of particles in a liquid. In another arrangement a pair of electrodes is provided
on opposing side walls of a cuvette that is partly filed with a liquid sample.

[0004] US 7,449,097 discloses an electrophoretic mobility measuring apparatus comprising a
cell for confining a sample, the cell having a transparent electrode side wall and another
electrode on an opposing cell wall. A voltage is applied across the electrodes and light is
incident upon the inside of the cell through the transparent electrode. Scattered light is
received through the transparent electrode and a Doppler displacement is measured.

[0005] US 2011/0210002 discloses a method and apparatus for measurement of
electrophoretic mobility of particles and molecules in solution, in which a sample of particles is
placed in a cell containing two electrodes across which is applied an alternating electric field. A
monochromatic light beam passes through the sample and light scattered by particles is
collected and collimated as it exits the cell. Optical phase information is used to measure
particle movement.

[0006] EP 2423671 discloses a particle characterization cell and instrument, in which a tubular
cell main body forms an internal space with a pair of electrodes arranged to face each other in
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the internal space, laser light irradiating a liquid sample in the internal space being scattered by
particles in the liquid sample and detected by a light detecting part.

[0007] Each of the above mentioned documents disclose measurement of electrophoretic
mobility of samples in the form of finely divided particles suspended in an electrolyte liquid.

[0008] GB2317706 discloses a zeta potential determining apparatus in which a distribution of
mobility of monitor particles is determined by laser Doppler measurement to determine the
zeta potential of a surface of a testing sample used as the bottom plate of a cell member.

Summary of the Invention

[0009] In accordance with the invention there is provided an apparatus for measuring a zeta
potential of a planar surface of a sample, and a method of measuring zeta potential of a planar
surface, as defined by the appended claims.

[0010] Several aspects of the invention are presented in this application. Systems according
to at least some of the aspects of the invention can be advantageous in that they can provide a
convenient, accurate, and reliable way to measure sample surface potentials.

[0011] Disclosed herein is an apparatus for measuring a surface charge of a sample,
comprising:

a sample holder having an opposed pair of electrodes and configured to hold a sample in
position in a measurement volume between the electrodes such that a planar surface of the
sample is aligned orthogonally to the electrode surfaces;

a measurement chamber for containing a liquid electrolyte and having an open end configured
to receive the sample holder to position the electrodes in a preset orientation;

a laser light source positioned and configured to direct a light beam through the measurement
chamber between the electrodes and parallel to the planar surface of the sample when the
sample holder is received in the measurement chamber; and

a detector positioned and configured to detect scattered light from the measurement volume,

wherein the apparatus is configured to allow for detection of the scattered light by the detector
over a range of distances from the surface of the sample.

[0012] Detection of scattered light over a range of distances from the surface of the sample
may be achieved by having a large illuminated area with multiple detection points, having
multiple illumination sources and multiple detection points, and/or by allowing relative
movement of the light beam and sample holder. The first option may be achieved by the light
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beam having a width extending over the range of distances, or multiple light beams, and a
detector, or multiple detectors, positioned for measuring scattered light at multiple detection
points at defined distances from the sample surface. The second option, which may be
provided in addition to the first, may be achieved by allowing manual or automatic movement
of the sample in situ relative to the light beam and/or by moving the light beam relative to the
sample surface.

[0013] An advantage of the apparatus according to the invention is that surface charge
measurements can be taken of a material in a quicker and more convenient way compared to
existing surface charge measurement systems, for example those using capillary cells. In
particular, the relative orientation of the sample surface to the electrodes, and the arrangement
where the sample holder is insertable in, and removable from, a measurement chamber,
allows for a convenient measurement system for easily prepared sample geometries.

[0014] The sample holder may comprise a first portion and a second portion, where the
electrode pair is disposed at a distal end of the second portion, the sample holder comprising
an actuation mechanism for translating the second portion relative to the first portion. An
advantage of the actuation mechanism is that the sample can be positioned such that the
sample surface is in a predefined position relative to the laser light beam, so that accurate and
repeatable measurements can be taken as the sample is translated relative to the light beam.

[0015] The actuation mechanism may be configured to translate the second portion relative to
the first portion in a direction parallel to the electrode surfaces, or orthogonal to the surface of
the sample. Maintaining an orthogonal arrangement between the light beam and the
electrodes, and between the electrodes and the sample surface, ensures that the light beam
can be used to accurately measure the charge properties of the surface when immersed in the
electrolyte.

[0016] The actuation mechanism may comprise a rotatable element such as a calibrated
micrometric screw for linear translation of the second portion relative to the first portion, an
advantage of which is in repeatable positioning over a range of positions of the sample relative
to the laser light beam. The actuation mechanism may be manually operable, or may be
electrically actuated.

[0017] The sample holder may be configured to be located in the measurement chamber in
two or more distinct orientations such that the electrodes are located in two or more
respectively different positions relative to the measurement chamber. The sample holder may
for example be configured such that the electrodes are rotated 180 degrees between the first
and second distinct orientations. An advantage is that the two or more configurations can be
used to position the sample in preset positions relative to the laser light beam for simple and
quick measurements on the sample without the need for fine adjustment of the sample holder.
The number of distinct configurations is preferably only two, although further configurations are
possible. The sample holder and measurement chamber may comprise correspondingly
shaped stepped mating surfaces to achieve the two or more configurations when the stepped
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mating surfaces are engaged with each other.

[0018] The apparatus may further comprise a calibration jig configured to hold the sample
holder in a predefined position such that the sample surface in position between the electrodes
can be translated to a predetermined location relative to the first portion of the sample holder,
and thereby relative to the laser beam when the sample holder is positioned in the
measurement chamber. An advantage of using a calibration jig is that the sample can be
accurately positioned without the need to determine the distance between the laser light beam
and the sample surface when the sample holder is positioned in the measurement chamber.

[0019] The apparatus is preferably configured to determine a measure of movement of tracer
particles suspended in the electrolyte in the measurement volume between the electrodes from
scattered light detected by the detector. The measurement of particle movement may be
determined by Doppler analysis of the scattered light. The apparatus may be further
configured to determine a measure of surface potential of the sample by extrapolation of two
or more measurements of movement of tracer particles at different relative distances between
the laser light beam and the sample surface. The apparatus is preferably configured to apply
an alternating voltage to the opposed pair of electrodes to provide an alternating electric field
between the electrodes across the planar surface of the sample during detection of the
scattered light by the detector. The alternating voltage may be in the form of a square wave
comprising half cycles with an optional interval between each half cycle where no voltage is
applied. Each half cycle, i.e. the portion of the alternating voltage where either a positive or a
negative voltage is applied across the electrodes, may be of 75 ms or longer in duration,
optionally between 75 ms and 1200 ms, and further optionally around or below 300 ms. The
optional interval between each half cycle may be between 0 and 1000 ms, with a particular
preferred interval of around 200 ms.

[0020] Also disclosed herein is a method of measuring surface charge of a sample,
comprising:

providing a sample holder having an opposed pair of electrodes with a sample held in position
in a measurement volume between the electrodes such that a planar surface of the sample is
aligned orthogonal to the electrode surfaces;

receiving the sample holder in an open end of a measurement chamber containing a liquid
electrolyte to position the electrodes in a preset orientation;

directing a light beam from a laser light source through the measurement chamber between
the electrodes and parallel to the planar surface of the sample with the sample holder received
in the measurement chamber; and

detecting scattered light from tracer particles suspended in the liquid electrolyte in the
measurement volume with a detector

wherein scattered light is detected by the detector over a range of distances between the laser
beam and the planar surface of the sample, wherein the sample holder includes an actuation
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mechanism supported by a static section, wherein the actuation mechanism adjusts a position
of the planar sample relative to the static section in a direction normal to the planar surface.

[0021] Also disclosed herein as example, is a zeta potential measurement apparatus for
measuring a zeta potential of a surface of a sample using tracer particles, comprising:

a first electrode surface,
a second electrode surface separated from the first electrode surface along a first axis,
a vessel defining a measurement volume between the first and second electrodes, and

a holder for holding the sample adjacent the measurement volume at a position between the
first and second electrodes, and

an optical detector responsive to one or more locations within the measurement volume and
operative to detect motion of the tracer particles at the plurality of different locations within the
measurement volume.

[0022] The apparatus may further include a motive mechanism provided between the sample
and the detector to induce relative motion between the sample and detector to cause the
detector to be responsive to a plurality of the locations. The motive mechanism may be
manually actuated. The motive mechanism may be joggle-based, i.e. based on the sample
holder being locatable in the measurement chamber or vessel in two or more distinct
orientations. The motive mechanism may be electrically actuated. The detector may be an
autocorellating PALS detector.

[0023] The apparatus may further include a processor operative to calculate the zeta potential
based on differences in reported potential and displacement at the plurality of different
locations.

[0024] The electrode surfaces may be parallel and the plurality of locations may be positioned
along a second axis perpendicular to first axis.

[0025] The first and second electrodes, the vessels, and the holder may all be held in a
removable cuvette that is constructed to sit in an instrument that includes the detector.

[0026] Also disclosed herein as example, is a method of obtaining zeta potential
measurements for a surface of a sample using tracer particles, comprising:

contacting the sample with an electrolyte,

introducing tracer particles in the electrolyte,
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applying an electric field across the electrolyte, and

measuring displacement of the tracer particles at one or more positions within the electrolyte.

[0027] The method may further include the step of deriving the zeta potential from results of
the step of measuring.

[0028] The method may be applied to a sample that includes a plastic material. The method
may be applied to a sample that includes a solid biological material.

[0029] The step of measuring displacement may include measuring a displacement at at least
two positions, optionally at least three positions, within the electrolyte.

[0030] Also disclosed herein as example, is a method of obtaining zeta potential
measurements for a surface of a sample using tracer particles, comprising:

means for contacting the sample with an electrolyte with suspended tracer particles,
means for applying an electric field across the electrolyte, and

means for measuring displacement of the tracer particles at one or more positions within the
electrolyte.

[0031] The means for contacting may include a dip cell that includes means for holding the
electrolyte with suspended tracer particles and means for holding the sample at a
predetermined position in the means for holding.

Detailed Description

[0032] Aspects and embodiments of the invention are described in further detail below by way
of example and with reference to the enclosed drawings in which:

Figure 1 is a perspective schematic diagram of an illustrative zeta potential measurement
instrument according to the invention;

Figure 2 is a schematic diagram illustrating flow geometry for a surface under test;

Figure 3 is an elevation view diagram of a sample holder test cell for the instrument of Figure
2;

Figure 4 is a cross-sectional diagram of a sample holder test cell head for the instrument of
Figure 2 showing different measurement beam positions for different test cell head positions;
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Figure 5 is a perspective drawing of an implementation of the sample holder test cell of Figure
3;

Figure 6 is a plan view diagram of the sample holder test cell of Figure 3 in position in an
adjustment or calibration jig;

Figures 7a to 7¢ are side elevation views of an exemplary sample holder test cell configured
for two distinct orientations relative to a measurement chamber;

Figure 8a is a plot of voltage applied to the test cell of Figure 3 as a function of time;

Figure 8b is a plot of voltage applied to the test cell along with current passing through the test
cell as a function of time;

Figure 9 is a schematic diagram of the test cell electrode assembly of Figure 4 illustrating
particle and fluid flow resulting from voltage applied to the cell at different measurement
positions;

Figure 10a is a family of plots of displacement (as indicated by phase) as a function of time for
the measurement positions A to E illustrated in Figure 9;

Figure 10b is a further family of plots of displacement as a function of time for an increased
number of measurement positions;

Figure 11 is a plot of reported potential as a function of displacement from the sample surface
for the measurement positions illustrated in Figure 9;

Figure 12 is a plot of RZ as a function of displacement for water at various temperatures;
Figure 13 is a plot of surface potential for a series of measurements for a PTFE sample;

Figure 14 is a plot of surface charge as a function of pH for a PTFE sample measured using
the instrument of Figure 1 and with other techniques;

Figure 15 is a plot of surface potential as a function of pH for a sample of silica measured
using the instrument of Figure 1 and with other techniques;

Figure 16 is a plot of surface potential normalized to a value recorded at 25°C as a function of
temperature for the instrument of Figure 1 and with other techniques;

Figure 17 is a plot of surface potential as a function of pC for a PTFE sample measured using
the instrument of Figure 1 and using other techniques;

Figure 18 is a plot of surface potential as a function of pC for a polycarbonate sample
measured using the instrument of Figure 1 and using other techniques;

Figure 19a is a plot of apparent zeta potential as a function of displacement for a sample of
clean PTFE in Goethite at pH 3.5;
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Figure 19b is a plot of apparent zeta potential as a function of displacement for a sample of
PTFE with dried-on Goethite in Goethite at pH 3.5;

Figure 19c is a plot of apparent zeta potential as a function of displacement for a sample of
PEEK 450G in DTS0230 at pH 9.0;

Figure 19d is a plot of apparent zeta potential as a function of displacement for a sample of
PTFE in DTS0230 at pH 9.0; and

Figures 20a to 20e are plots of normalised particle displacement measurements over time
intervals varying between 75 ms (Figure 20a) and 600 ms (Figure 20e) as a function of
displacement from the surface of a smooth flat PTFE block in 1mM KCI at pH 9.0 and pH 2.67.

[0033] Referring to Figure 1, an exemplary surface charge measurement instrument 10
according to an aspect of the invention includes a light source 14, a sample cell 16 for holding
a sample 22 under test with its test surface 12 in contact with an electrolyte, and a detector 18.
The instrument 10 may be used to determine the zeta potential of the test surface 12 of the
sample 22 under test. Although other configurations are possible, the light source 14 and the
detector 18 preferably form part of a particle measurement system along with other optical
elements that enable the system to perform a laser Doppler phase electrophoretic analysis
light scattering measurement protocol, such as is described in reference [12]. Particle
measurement instruments of this type are available from Malvern instruments Ltd of Malvern,
UK, examples of which are described further in international patent application
PCT/GB2009/051350, published as W0/2010/041 082.

[0034] Referring also to Figure 2, the instrument 10 operates according to an optical
technique that measures the electro-osmotic flow of an electrolyte near a single charged test
surface 12 with an external field applied parallel to the surface. The technique uses a single
test plate presented to the optical detection system in a convenient 'dip cell' format that can fit
inside a standard type of cuvette and can therefore be used in instrumentation intended for
electrophoresis measurements, such as the Zetasizer range of instruments from Malvern
Instruments Ltd.

[0035] A surface 12 under test is immersed in an electrolyte 96 with an external electric field
Ex applied. The technique is characterized by displacements of the order of 100's of
micrometres (um) and the slipping plane of the surface 12 under test can then be assumed to
coincide with the plane of y=0. The electric field E, and the presence of the ionic species within

the electrolyte cause electro-osmotic fluid motion along the surface at y=0.

[0036] Assuming that the system has no pressure gradients, is slow flowing and in a steady
state, the Navier-Stokes equation reduces to

v =n| Ly ¥ m
e’ dy?
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where v({,x,y) is the component of fluid velocity parallel to the boundary, p is the fluid density
and n is the fluid viscosity. The co-ordinate x is parallel to the boundary, and y is perpendicular.
Because there is no flow perpendicular to the boundary, continuity implies that v is not a
function of x, and the equation simplifies to the following one dimensional homogenous heat or
diffusion equation:
. av
v —k{ JVZ} (2)
where k = n/p. This, with the initial condition that v(0,y) = 0 and boundary condition v(t,0) = v,

where Vg, is the fluid velocity at the boundary we have a problem on the half line (0, «) with

homogenous initial conditions and Dirichlet boundary conditions and has a Green function
solution that can be expressed in closed form as follows:

oc

1 e .
viyg)= exp v ds (3)
! Jamk(r—s)  4kle—s)

[0037] This has the following closed form solution:

v(pt)=v,, {l—erf[z—jgﬂ 4)

where erf is the error function. For water at 25°C the term in square brackets in equation (4)
disappears at y2750 pm for 275 ms or y21.5 mm for 2300 ms. Time intervals of this
magnitude are typical for monitoring electrophoretic motion using PALS and adjustment of the
surface under test with respect to the detection optics is easily achieved within these distances
with a micrometer stage. Therefore, a fit of equation (4) to measurements of vi(y;) at various

points y; can then be extrapolated to the y-axis intercept to yield vg,. This is described in more

detail in section 2.2.2.1 of reference [35]. The relationship between the surface zeta potential ¢
and vg, is given by:
Vea —_— gg

£,

&)
where E, is the electric field strength, € the electrolyte relative permittivity and n the electrolyte

viscosity (see also reference [11]).

[0038] The fluid motion measurement (at points y;) is achieved by detection of the movement

of tracer particles dispersed in the electrolyte alongside the surface under test, with the mobility
being measured using a PALS (Phase Analysis Light Scattering) technique.

[0039] Referring also to Figures 3 to 5, the sample holder test cell 16 includes a first portion
34 and a second portion in the form of moveable section 36 having a test cell head 20
supported by, and located at a distal end. The test cell head 20, further detailed in figure 4,
includes a pair of electrodes 24, 26, which are preferably plate-shaped, i.e. planar. The
electrodes 24, 26 are positioned either side of a measurement volume 27 in which a test
sample 22 can be located with a planar test surface 12 oriented orthogonally to the planar
surfaces of the electrodes 24, 26. In use, the test cell head 20 comprising the electrodes 24,
26 and test sample 22 is immersed in an electrolyte that includes tracer particles, the
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electrolyte providing a medium across which an electric field is applied by the electrodes 24,
26.

[0040] The sample holder 30 includes an adjustment mechanism 32, such as a micrometer,
which is supported by a static section 34. The adjustment mechanism 32 allows the position of
the test cell head 20 to be adjusted relative to the static section 34 in a direction normal to the
test surface 12 so that a measurement beam 28 (figure 4) from the light source 14 is directed
across the test surface 12 over a range of distances from the test surface 12. The supporting
section 32 of the test cell body 30 may include one or more interface surfaces 38 that interface
mechanically and electrically with portions of the instrument to allow the test cell to be
removably and precisely positioned in the instrument with respect to the measurement beam
28. In the exemplary embodiment illustrated in Figure 5, the test cell 16 is designed to conform
to a standard form factor for test cuvettes for the above mentioned Zetasizer instrument line.
The adjustment mechanism 32 may be manually operated or may be motorized.

[0041] The test cell 16 may be mounted in a calibration jig 40, as shown in Figure 6. The
adjustment mechanism 32 can then be used to adjust the position of the surface of the test
sample 22 until there is no gap between the surface and a corresponding mating surface of the
calibration jig 40 (indicated at position A in figure 6). A user can then set the adjustment
mechanism 32, for example in the form of a micrometer, to a required measurement position
from this datum. This technique allows for different test plate thicknesses to be
accommodated. The test cell 16 can then be removed from the jig and immersed in the
measurement chamber, or cuvette, containing tracer particles dispersed in the target liquid
electrolyte, and placed in the instrument for measurement.

[0042] In general, the data obtained using the test cell of the type described herein tend to be
highly reproducible, with standard engineering tolerances being sufficient to reduce
uncertainties to a minimum. For increased reproducibility, an additional feature may be
incorporated in the test cell, an example of which is illustrated in Figure 7. In this embodiment,
a micrometer adjustment mechanism is used to set the correct height of the test surface with
respect to the beam to accommodate the thickness of the test sample, for example using a
calibration jig as described above. Once calibrated, the test cell may be positioned in two or
more preset measurement positions relative to the measurement chamber, each position
having a preset distance between the measurement beam and the test surface of the sample.
This may be achieved by providing a stepped region 38 on the static or supporting section 34
of the test cell, the stepped region 38 allowing for two different positions depending on the
orientation of the test cell relative to the measurement chamber. In the exemplary embodiment
illustrated in figure 7, the test cell may be rotated through 180° (1 radians) to select which
relative position is chosen. If the linear assumption according to the relationship in equation 2
is correct, two measurement positions should be sufficient to obtain a value for both m and vg,.
For increased accuracy, however, further preset positions may be preferred, which may be
achieved for example by providing a series of two or more stepped regions allowing for a
corresponding plurality of different measurement positions.
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[0043] In one exemplary embodiment, the test cell may have a 500um pitch thread and the
cell position y, i.e. the distance between the static section 34 and the end of the moveable
portion 36, may be adjusted by winding an adjustment knob against a biasing force provided
by a spring, thereby reducing hysteresis and relative positional uncertainty to low or negligible
levels. In order to set a zero point for a plate of arbitrary thickness, the cell can be adjusted
downwards relative to the measurement chamber until the laser beam is on the point of being
obscured, as determined by monitoring a count rate in the forward angle. In this exemplary
embodiment, the laser beam passes through the cell as shown in Figure 1 with a beam width
or around 40um, resulting in a maximum uncertainty of around +20um. Particle mobility data
may also be recorded and the results can be reduced using the relationship of equation 4.

[0044] In operation, referring also to Figure 9, charged tracer particles 95 suspended in the
liquid electrolyte 96 move under the application of the electric field between the opposing
electrodes 24, 26. The tracer particles 95 scatter light from the illuminating beam, which is
detected by the detector 18. By use of a reference beam 29 (figure 1) split off from the incident
beam 15 prior to illuminating the sample, the phase of the scattered light 17 relative to the
incident light 15 can be measured. This phase is linearly related to the speed of the tracer
particles 95 in the measurement liquid 96. Since the static or supporting section 34 of the test
cell 30 is fixed relative to the illuminating optical measurement beam 28 (figure 4), the plate
position can be altered by means of the adjustment mechanism 32 (figure 5), such as a
micrometer, thereby translating the moveable section 36 (figure 3) relative to the supporting
section 34 and therefore with respect to the measurement beam 28. Multiple measurements
can thereby be taken for a sample with the measurement beam 28 at multiple distances from
the test sample surface 12.

[0045] As illustrated schematically in Figure 9, on the application of an electric field across the
measurement volume between the electrodes 24, 26, the tracer particles 95 move under the
influence of both the electro-osmotic motion of the fluid, v;(y;) (indicated by solid vectors 91A-

D) and due to electrophoretic motion, vg, (indicated by dashed vectors 92A-E). The total

detected motion is given by the sum of these vectors, which in Figure 9 is indicated by dotted
vectors 93A-E. The field strength, Ey, can be determined from a measurement of the

conductivity of the measurement liquid and a measurement of electric current during
application of the field. This tends to yield a more accurate estimate of E, than by calculating

the field from the potential applied to the cell.

[0046] Figure 8a illustrates a plot of voltage applied to the electrodes of an exemplary test cell
over time. In this case, the voltage is switched at a frequency of around 0.42Hz, which is done
to minimize any polarization concentration effects due to charge migration, which can cause
increased uncertainty in the current estimate during the field application. An off-time 50 of
around 200ms between successive applications of opposing voltages over 600ms periods is
used in order to allow the system to relax to zero before a subsequent reverse polarity is
started.
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[0047] Figure 8b is a further plot of voltage 81 (left hand scale) and current 82 (right hand
scale) as a function of time for an exemplary test cell. The voltage 81 is applied in the form of a
series of square wave pulses, and the resulting current 82 peaks after the rising and falling
edges of each pulse, followed by a gradual decay.

[0048] Figure 10a illustrates a series of plots of phase (corresponding to particle
displacement) as a function of time. The displacement per unit time (i.e. particle velocity) falls
to around zero during the interval between successive voltage pulses. The overall
displacement during each on-time pulse is taken as the average over the whole of the on-time
period. This is based on a simplified model that ignores effects such as those due to inertia or
pressure gradients but, as the results in the following sections show, this simple model
provides measurements that are reasonably linear, in accordance with the relationship in
equation 2, and which yield results that are precise and accurate in comparison to literature
values based on other techniques. Figure 10b illustrates a similar series of plots of phase as a
function of time, for an increased number of beam positions relative to the sample surface.

[0049] Different measurement strategies can be employed to obtain a measure of surface
charge of a sample. A set of measurements may be taken using a slowly varying field, as
described above, at multiple beam positions, the positions set using adjustment of a
micrometer. The micrometer may be motorised or manually adjusted. Slowly reversing field
measurements may alternatively be taken at two positions only, for example by reversing the
orientation of a suitably configured sample holder, as illustrated in Figure 7 and described
above. This may lead to increased uncertainty due to an extrapolation based only on two data
points, but has an advantage of simplifying operation and improving repeatability.

[0050] Alternative types of measurements can be performed where one or two positions are
used for the measurement. An appropriate model is fitted to the slow field phase plot and the
electro-osmosis and electrophoresis calculated from the model. The electrophoresis may be
measured either at the same position as the slow field or at the second positions, further away
from the wall. This measurement strategy allows the determination of the sign of the wall
charge, and is discussed in more detail in US 7,217,350 and EP 11 54266.

[0051] The reported zeta potential values from measurements taken on a sample consisting
of a PTFE block immersed in a pH 9.2 buffer and using Carboxylated latex tracer particles are
shown in Fig. 11, as plotted against the displacement from the surface. As the optical detection
position moves away from the surface (points A to D), the electro-osmotic contribution to the
resulting motion reduces in value until, at some position E, the detected motion is in effect only
the electrophoretic motion of the tracer from which the tracer zeta potential Co, can be
calculated (corresponding to the region between positions D and E in Figure 11). The y-axis
intercept can be extrapolated from a linear fit to the data over points A to D and the surface

zeta potential at the slipping plane, i.e. where y=0, is then given by the following:
8 = ~Intercept + 5, (6)
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[0052] The data were reduced using a least squares linear regression of the potentials
reported at each displacement against the displacement from the surface. The standard error
in the intercept was then added in quadrature to the uncertainty in the electrophoretic mobility
(recorded at position E) in order to give a measure of overall uncertainty in the surface zeta
potential. A linear fit avoids the region beyond point D whilst, conversely, extending as far out
as possible from the surface, in order to provide a more accurate estimate of the slope and
thereby the intercept.

[0053] The viscosity of the dispersant in which the cell is immersed will change with
temperature. Specifically, less viscous fluids will couple less efficiently with increasing distance
from the sample surface and therefore we would expect higher temperatures to exhibit a lower
electro-osmotic component at the same distance than at lower temperatures. To assess this, a
silica plate was measured in 1mM KCI at pH7.0 +/-0.1 using a milk substitute as the tracer. The

results are presented in the form of RZ values of the mean values of reported potential at
displacements of up to y = 750pm and for a range of temperatures, as plotted in Fig. 12. At

25°C the fit is good (indicated by an R? value close to 1) out to greater than 750um but, as
expected, as the temperature increases the linear region reduces in extent with even a 5°C

increase in temperature enough to reduce the R? value from >0.99 to approximately 0.97 at
750pm. As a result, measurements are preferably conducted at or around ambient
temperature, nominally 25°C, and with a maximum displacement set by the point at which the

R2 value falls below 0.99.

[0054] Various measurements were performed to demonstrate the accuracy, precision and
reproducibility of the new technique using a comparison with measurements by other
techniques reported in the literature. Reproducibility of the technique was investigated for a
known well behaved system of a PTFE block and 300nm carboxylated latex beads dispersed in
pH9.2 buffer. Latex is known to have a stable zeta potential of - 68mV +/-10% at this pH, which
can be measured using Laser Doppler Electrophoresis (LDE) for extended periods without
degradation. Measured surface potentials of the PTFE sample are shown in Fig. 13. Each
experiment was conducted with a new tracer dispersion and after having cleaned the PTFE
block and electrodes with Helmanex® followed by copious amounts of deionised water and a
brush.

Table 1: Literature values for PTFE surface potential in a 1mM salt solution at pH 9.

Surface Potential / mV jReference
Capillary electrophoresis -57 [6]
Streaming potential -78 [1]
Capillary electrophoresis -65 [7]

[0055] No outliers were removed from the data in Fig. 13 and the overall surface zeta
potential result of -70.0mV +/- 7.5mV is in excellent agreement with the mean value from the
available literature values indicated in Table 1 above of -67.0mV +/- 11mV. The Goethite, NIST
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traceable standard for dispersed zeta potential measurements quotes a pass/fail RSD of 10%,
indicating that the technique is capable of reproducing surface potential measurements to
approximately the same uncertainty, given by - (7.5/70) x 100% = 11%.

[0056] Titrations of surface potential against pH are likely to be one of the primary applications
for this technique. A series of measurements of PTFE and silica were conducted in 1mM KCI
and the pH varied using HCIl and KOH. A milk substitute (described in further detail in reference
[35]) was used as a tracer for all measurements. Each pH point corresponds to a separate
measurement sequence using the cell.

[0057] Figures 14 and 15 show that the results are in good general agreement with streaming
potential, dispersed particles and capillary electro-osmosis measurements at all pH values
tested in the region of the isoelectric point (IEP). There is less general agreement at higher pH
values but this appears to be a general feature of all techniques. For data obtained by the new
technique, the surface potential would be expected to saturate at high (and low) pH as all
available surface charge groups are ionised. Looking at the error bars in both plots, no trend
between the uncertainty and pH is seen to exist, with a typical uncertainty of +/-2 to 3 mV. The
isoelectric point for the milk substitute is at pH4. No increase in uncertainty in the reported
surface potential is detected either when the surface IEP is at approximately the same value as
the surface (Fig. 14) or at a different value (Fig. 15). This indicates that the IEP of the tracer
may be ignored as long as the experiment does not extend for long enough for it to stick to the
surface under test. In this case, each displacement took 120s to record, but a single dispersion
was used for each pH point over five or six displacement positions so the samples were
immersed for up to 20 minutes without any apparent reduction in accuracy.

[0058] Kirby & Hasselbrink (reference [22]) note that the scientific record is sparsely populated
with studies concerned with the relationship between surface potential and temperature. A
small number of notable contributions exist which strongly disagree with each other. As a
comparison, the surface potential of a Silica test plate was measured as an application specific
demonstration of the performance of the technique with temperature. Much of the
experimental evidence for the relationship between zeta potential and temperature is due to
Ishido & Mizutani (reference [2]) and Somasundaran & Kulkani (reference [26]), whose
streaming potential measurements predict an increase of 1.75% per °C in zeta potential of
silica in TmM and 10mM KNO3 at pH7.0. An uncoated microscope slide was cut and mounted

in the cell and the surface zeta potential measured in 1mM KCI at pH 7.0 +/-0.1. The data are
shown in Fig. 16 with a plot of surface potential, normalized to the value recorded at 25°C,
against temperature. Our data predict a slope of 0.34%, which is in poor agreement with the
streaming potential results but is in excellent agreement with a more recent study using
capillary electrophoresis by Evenhuis et al (reference [5]), who measured a slope of 0.39% per
°C. The error bars demonstrate that the technique is reproducible with temperature variation
with an RSD varying from 5% to 10% and that no apparent increase in uncertainty exists with
temperature. The whole cell (dip cell, cuvette and dispersant) is immersed in the instrument's
temperature controlled cell block and setting each temperature is therefore simpler to
implement in comparison to other techniques as the whole apparatus can be kept at the same
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set temperature (See reference [22]).

[0059] Increasing salt concentration increases the current passed for the same field strength,
which can cause Joule heating and polarization concentration effects. These can increase the
uncertainty in the recorded particle mobility. Surface potential measurements of Polycarbonate
and PTFE test blocks in KCI were carried out between 0.1mM and 50mM salt concentration
with a milk substitute used as the tracer. In order to avoid Joule heating the conductivity of the
sample was measured before and after the electrophoresis measurement and the field
strength titrated down until the difference in conductivity and therefore sample temperature
was negligible. Table 2 below shows the field strengths and subsequent integration times used
to maximize the signal to noise at each concentration C, where, pC = -logC.

Table 2: Field strength and integration times against pC.

pC Field Strength, V/icm § Integration time per displacement point s
1.5 6.25 25
2 12.5 20
3 25 13
4 25 13

[0060] The data for PTFE are shown in Figure 17 and for polycarbonate in Figure 18. Firstly,
we note that with the field strengths and integration times used in Table 2, no relationship
between the uncertainty in the measurements and pC is apparent. The uncertainties in the
PTFE data are of the order of the spread in the mean results from all techniques and
significantly less so for the polycarbonate case.

[0061] We would expect a linear relationship between surface potential and pC passing
through the origin between surface potential and salt concentration for monovalent counter
ions. The polycarbonate dip cell data are self consistent in that they fit linearly with near zero
intercept but there is considerable variation amongst the references. Since both the dip cell
and the Roberts et al data (reference [23]) are linear with low intercept then we can attribute
the difference to a genuine difference in sample properties such as surface smoothness, for
instance - in our case, the polycarbonate was a small block removed from a moulded part with
a highly polished surface. The PTFE results are in good overall agreement with the literature
values although an overall intercept of zero is less convincing in these data, with a more likely
intercept nearer to +20mV.

[0062] Figures 19a to 19d illustrate further results of reported zeta potential for various
combinations of samples and electrolytes. Figure 19a indicates results from a clean PTFE
plate in a Goethite solution at pH 3.5. Figure 19b indicates results from a PTFE plate having
dried-on Goethite in a Goethite solution at pH 3.5. The differences between these sets of
measurements indicate the importance of ensuring a clean sample to obtain accurate
measurements of the sample material uncontaminated by suspended or dissolved material in
the electrolyte. Figure 19c indicates results from a PEEK 450G plate in a DTS023 solution at
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pH 9.0, and Figure 19d indicates results from a PTFE plate in the same type of solution. The
results from these measurements are summarised below in Table 3, with selected results
compared with those from reference [1].

Table 3: Summary of results from figures 19a-d, in comparison with literature values
(*streaming potentials from reference [1]).

Test surface Tracker particle pH Measured wall Streaming
charge potential result*
PTFE Carboxyated 9.0 -70mV -80mV pH9.0
latex KCI
PEEK 450G Carboxylated 8.0 45mV
latex
PTFE with dried Goethite 3.5 10mV
on Goethite
PTFE Goethite 3.6 45mV 2.5mV pH 3.5
KCI

[0063] Figures 20a to 20e illustrate plots of normalised particle displacement measurements
for time intervals between 0 and 75 ms (Figure 20a), 0 and 150 ms (Figure 20b), 0 and 300
ms (Figure 20c), 0 and 450 ms (Figure 20d) and 0 and 600 ms (Figure 20e) for a smooth, flat
PTFE block mounted and measured in 1 mM KCI at pH 9.0 and pH 2.67. At pH 9.0 the surface
is highly negatively charged and at pH 2.67, highly positively charged (see reference [1]). The
milk substitute used for the tracer particles was also negative at pH 9.0 and positive at pH 2.67
(see further details in Appendix B of reference [35]). Each field half cycle was 600 ms in total
duration. A least square linear fit was applied to the phase plot (Figure 10a) over various
subsets of 75 ms, 150 ms, 300 ms, 450 ms and 600 ms of this interval to yield an average
phase shift per unit time at each displacement point A-E. The total particle displacement in the
time interval in question, at each distance from the test surface, is directly proportional to the
average total phase shift during the ontime pulse (Figure 8a). This total particle displacement
is plotted in each of Figures 20a to 20e. The experimental data were also normalised between
a 2nd order polynomial extrapolation of the data to the intercept (y = 0) and from an estimate
of the asymptote towards point E indicated in Figure 9. This asymptote is due to the limiting
electrophoretic mobility of the tracer particles in the absence of any electro-osmotic flow far
from the surface. Normalisation removes the tracer velocity and allows direct comparison of
the data with the model indicated by equation (4) above. The fit to the model is excellent for
the phase data at and below 300 ms for both positively and negatively charged surfaces.
Above 300 ms the fit is less convincing and we attribute this to a gradual build up in back
pressure which works to suppress the electro-osmotic flow. Further explanation of these
results, and the associated model, is disclosed in reference [35].

[0064] In conclusion, a new, simpler technique for the measurement of surface zeta potential
using laser Doppler electrophoresis has been presented. The technique is shown to be
characterized by a relative standard deviation in reproducibility of less than or equal to around
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10% for well behaved systems, yielding accurate and reproducible surface potential values in
excellent agreement with literature values from streaming potential, electro-osmotic (capillary)
flow and particle dispersions for various surface types, temperatures up to 40°C and ionic
strengths in the range 0.1mM to 50mM.

[0065] The present invention has now been described in connection with a number of specific
embodiments thereof. However, numerous modifications which are contemplated as falling
within the scope of the present invention should now be apparent to those skilled in the art.
Therefore, it is intended that the scope of the present invention be limited only by the scope of
the claims appended hereto.
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PATENTKRAV

1. Apparat (10) til maling af et zeta-potentiale af en plan overflade (12) af en preve
(22), hvilket apparat omfatter:

en prgveholder (30), som har et modsat par af elektroder (24, 26) og er konfigure-
ret til at holde praven (22) pé plads i et malevolumen (27) mellem elektroderne (24,
26), saledes at den plane overflade (12) af pr@ven (22) er ortogonalt pa linje med elek-
trodeoverfladerne;

et malekammer til at indeholde en flydende elektrolyt og med en dben ende, som
er konfigureret til at modtage praveholderen (20) for at anbringe elekiroderne (24, 26) i
en forudindstillet orientering;

en laserlyskilde (14), som er anbragt og konfigureret til at rette en laserstrale (15)
gennem malekammeret mellem elektroderne (24, 26) og parallelt med den plane over-
flade (12) af pragven (22), nar prgveholderen (20) modtages i malekammeret; og

en detektor (18), som er anbragt og konfigureret til at detektere spredt lys (17) fra
malevolumenet (27),

hvor apparatet (10) er konfigureret til at tillade detektion af det spredte lys (17) af
detektoren (18) over et omrade af afstande fra den plane overflade (12) af prgven (22),

kendetegnet ved, at praveholderen (30) omfatter en aktiveringsmekanisme (32),
som er understattet af en statisk sektion (34), hvor aktiveringsmekanismen (32) er kon-
figureret til at indstille en position af den plane overflade (12) af preven i forhold til den

statiske sektion (34)i en i forhold til den plane overflade (12) normal retning.

2. Apparat (10) ifglge krav 1, hvor apparatet (10) er konfigureret til at tillade relativ be-
veegelse af laserstralen (15) og praveholderen (30) til detektion af spredt lys (17) af
detektoren (18) over et omrade af afstande mellem laserstralen (15) og den plane over-
flade (12) af praven (22).

3. Apparat (10) ifelge krav 1, hvor laserlyskilden (14) er konfigureret til at tilvejebringe
laserstralen (15) med en bredde, der straskker sig over omradet af afstande fra prove-

overfladen (12), og/eller at tilvejebringe flere lysstraler gennem malekammeret.

4. Apparat (10) ifelge et hvilket som helst af de foregaende krav, hvor detektoren (18)
er konfigureret til at detektere spredt lys (17) fra flere detektionspunkter over omradet

af afstande fra praveoverfladen (12).
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5. Apparat (10) ifalge et hvilket som helst af de foregaende krav, hvor prgveholderen
(30) omfatter en fagrste portion (34) og en anden portion (36), idet elektrodeparret (24,
26) er anbragt ved en distal ende af den anden portion (36), hvor aktiveringsmekanis-
men (32) er konfigureret til at forskyde den anden portion (36) i forhold til den farste
portion (34), idet aktiveringsmekanismen (32) eventuelt er konfigureret til at forskyde
den anden portion (36) i forhold til den fgrste portion (34) i en retning parallelt med
elektrodeoverfladerne, hvor aktiveringsmekanismen (32) eventuelt omfatter et roterbart
element sasom en kalibreret mikrometrisk skrue til linezer forskydning af den anden
portion (36) i forhold til den farste portion (34).

6. Apparat (10) ifalge et hvilket som helst af de foregdende krav, hvor pr@veholderen
(30) er konfigureret til at blive anbragt i malekammeret i to eller flere forskellige oriente-
ringer, saledes at prgven (22) er anbragt i to eller flere indbyrdes forskellige positioner i
forhold til malekammeret, idet prgveholderen (30) eventuelt er konfigureret saledes, at
elektroderne (24, 26) roteres 180 grader mellem en fgrste og en anden forskellig orien-
tering, idet prgveholderen (30) og malekammeret eventuelt omfatter tilsvarende forme-
de aftrappede parringsflader (38) for at tilvejebringe de to eller flere forskellige oriente-

ringer, nar de aftrappede parringsflader (38) er i indgreb med hinanden.

7. Apparat (10) ifelge et hvilket som helst af de foregaende krav, som omfatter en kali-
breringsskabelon (40), der er konfigureret til at holde praveholderen (30) i en foruddefi-
neret position, séledes at den plane prgveoverflade (12) i stilling mellem elektroderne
(24, 26) kan forskydes til en forudbestemt placering i forhold til den farste portion (34)

af prgveholderen (30), som defineres af kalibreringsskabelonen (40).

8. Apparat (10) ifglge et hvilket som helst af de foregaende krav, hvor apparatet (10) er
konfigureret til at bestemme et mal for beveegelse af sporingspartikler (95), som er sus-
penderet i elektrolytten (96) i malevolumenet mellem elektroderne (24, 26), fra spredt
lys (17), som detekteres af detektoren (18), idet maling af partikelbeveegelse eventuelt
bestemmes ved Doppler-analyse af det spredte lys (17), hvor apparatet (10) eventuelt
er konfigureret til at bestemme et mal for zeta-potentiale af den plane overflade (12) af
praven ved ekstrapolering af to eller flere malinger af bevaegelse af sporingspartikler
(95) ved forskellige relative afstande mellem laserlysstralen (15) og pr@veoverfladen
(12).
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9. Apparat (10) ifalge et hvilket som helst af de foregaende krav, som er konfigureret til
at pafare en vekselspaending pa det modsatte par af elektroder (24, 26) for at tilveje-
bringe et elektrisk vekselfelt mellem elektroderne (24, 26) tveers over den plane over-
flade (12) af praven (22) under detektion af det spredte lys (17) af detektoren (18), hvor
vekselspaendingen eventuelt omfatter halvcykler pa 75 ms eller laengere i varighed, idet

halvcyklerne eventuelt er mellem 75 ms og 1200 ms i varighed.

10. Fremgangsmade til méling af zeta-potentiale af en plan overflade (12) af en preve
(22), hvilken fremgangsmade omfatter:

tilvejebringelse af en preveholder (30), som har et modsat par af elektroder (24,
26), hvor prgven (22) holdes pa plads i et malevolumen (27) mellem elektroderne (24,
26), sdledes at den plane overflade (12) af pr@ven (22) er ortogonalt pa linje med elek-
trodeoverfladerne,

modtagelse af praveholderen (30) i en dben ende af et malekammer, som inde-
holder en flydende elektrolyt (96), for at anbringe elektroderne (24, 26) i en forudindstil-
let orientering;

retning af en lysstrale (15) fra en laserlyskilde (14) gennem malekammeret mellem
elektroderne (24, 26) og parallelt med den plane overflade (12) af praven (22), idet
praveholderen (30) modtages i malekammeret; og

detektion af spredt lys (17) fra sporingspartikler (95), som er suspenderet i den fly-
dende elektrolyt (96) i malevolumenet, med en detektor (18),

hvor spredt lys (17) detekteres af detektoren (18) over et omrade af afstande mel-
lem laserstralen (15) og den plane overflade (12) af pragven (22),

kendetegnet ved, at praveholderen (30) omfatter en aktiveringsmekanisme (32),
som er understogttet af en statisk sektion (34), hvor aktiveringsmekanismen (32) indstil-
ler en position af den plane overflade (12) af preven (22) i forhold til den statiske sekti-

on (34) i en i forhold til den plane overflade (12) normal retning.

11. Fremgangsmade ifalge krav 10, hvor den plane overflade (12) af prgven (22) ven-
der nedad ind i elektrolytten (96).
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