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(57) Abstract: A method and system (100) for measuring a surface tension of a liquid is provided. The method is carried out using
an electrospraying apparatus (103) connected in the system (100). At a first step a voltage source (113) applies a voltage between a
capillary (107) through which the liquid is drawn and an electrode (111) of the electrospraying apparatus (103). An ammeter (115)
continuously measures current flowing in the system (100) and if no current or a current less than a predetermined threshold current
is measured in the system (100), the strength of the electric field at the capillary (107) is increased. As soon as current is measured in
the system (100), a reading of a parameter of the system (100) is taken, which is used to calculate the surface tension of the liquid.
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A METHOD AND SYSTEM FOR MEASURING SURFACE TENSION

CROSS-REFERENCE(S) TO RELATED APPLICATIONS

This application claims priority to South African provisional patent application number 2014/01533
filed on 28 February 2014, which is incorporated by reference herein.

FIELD OF THE INVENTION

This invention relates to a method and system for measuring the surface tension of liquids. In
particular, it relates to a rapid method of measuring surface tension with a system that is
configured to use a relatively small volume of liquid per analysis.

BACKGROUND TO THE INVENTION

Surface tension is a term that describes the tension that results from cohesive forces between
liquid molecules at an interface between a liquid and a gas. It is the property of the surface of a
liquid that allows it to resist an external force.

The surface tension of a liquid is related to the physical properties of the liquid. Therefore, systems
that measure the surface tension of liquids have wide-ranging applications. In many scientific,
engineering and medical applications, it is either necessary to determine the surface tension of a
liquid or, for a variety of purposes, to at least have an indication of the surface tension of a specific
liquid. Various techniques and devices exist for measuring the surface tension of liquids. These
include, amongst others, the capillary rise, Du Noly ring, Wilhelmy plate, drop weight and the
bubble pressure method.

Common problems associated with known techniques and devices for measuring surface tension
include, for example, that they are limited in the types of liquids for which they can be used. In
addition, known methods can typically be time consuming and may require several seconds or in

most cases minutes of analysis to determine the surface tension of a particular liquid.

Moreover, known methods generally require a large volume of liquid, varying between 10 and 30
ml, to be able to determine the surface tension of the liquid with reasonable accuracy. To the
applicant’s knowledge, recent developments regarding a minimized version of the Du Nody ring
method requires approximately 50 pl of liquid in order to yield useful results. While such volumes

are much more acceptable, it is desirable to use even smaller volumes of liquid in a single
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measurement, such that measurements can be done with liquids that are not readily available

and/or such that multiple measurements can be done on a single sample.

An electrospray is an apparatus that employs electricity to produce a fine spray of nano- or micro-
sized droplets. Electrosprays are used in electrospray ionization applications such as mass
spectrometry, the electrospinning of nanofibres, space-based electrostatic propulsion systems,
the deposition of particles for nanostructures, drug delivery, air purification, and advanced printing
techniques, amongst others.

An electrospray apparatus in its most basic form includes a chamber for holding a liquid
connected to a capillary with a small aperture at its tip that channels the liquid to be sprayed
through the aperture. The capillary acts as a first electrode and a second counter electrode is
positioned at an appropriate distance from the capillary. A voltage source applies a voltage to the
electrodes. In use, the liquid to be sprayed is drawn out of the capillary to form a droplet at the
aperture of the capillary and at a particular threshold voltage, the electric field at the tip of the
capillary is sufficiently strong such that the slightly rounded tip of the liquid inverts, i.e. forms a
Taylor cone, and emits a jet of liquid. As this jet travels away from the aperture, it eventually
becomes unstable and separates into a spray of highly charged droplets.

The preceding discussion of the background to the invention is intended only to facilitate an
understanding of the present invention. It should be appreciated that the discussion is not an
acknowledgment or admission that any of the material referred to was part of the common general
knowledge in the art as at the priority date of the application.

SUMMARY OF THE INVENTION

In accordance with the invention there is provided a method of measuring a surface tension of a
liquid, the method being carried out using an electrospraying apparatus connected in a measuring
system and comprising the steps of:

applying, with a voltage source, a voltage between a capillary of the electrospraying
apparatus through which the liquid is drawn and an electrode of the electrospraying apparatus;

measuring if current is flowing in the system;

if no current or a current less than a predetermined threshold current is measured in the
system, increasing the strength of an electric field at the capillary; and

taking a reading of a parameter of the system as soon as a current or a current greater
than the predetermined threshold current is measured in the system, the reading of the parameter
being useful in calculating the surface tension of the liquid.
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A further feature of the invention provides for the step of increasing the strength of the electric

field at the capillary to include increasing the applied voltage between the capillary and the
electrode of the electrospraying apparatus, preferably in predefined and distinct increments.

A further feature of the invention provides for the step of taking a reading of a parameter of the
system to include taking a reading of the applied voltage.

Yet a further feature of the invention provides for the step of increasing the strength of the electric
field at the capillary to include decreasing a distance between the capillary and the electrode,
preferably in predefined and distinct increments.

Still a further feature of the invention provides for the step of taking a reading of a parameter of
the system to include taking a reading of the distance between the capillary and the electrode.

A further feature of the invention provide for at least the steps of monitoring the ammeter,
increasing the strength of the electric field and taking a reading of the parameter of the system
that was adjusted to increase the strength of the electric field to be controlled by a processing
module onto which machine readable instructions for generating suitable control signals to a

motor, ammeter and voltmeter are loaded.

Yet a further feature of the invention provide for the current measured in the system, or a current
that is greater than a predetermined threshold current to result from an electrospray of the liquid
between a tip of the capillary and the electrode which completes an electrospraying circuit, the
electrospray indicating that the surface tension force of the liquid has been overcome by forces
from the applied electric field.

Still a further feature of the invention provides for the predetermined threshold current to be a

background current contribution from corona discharges and/or ion emissions.

A further feature of the invention provide for the method to include the step of calculating the
surface tension of the liquid taking into consideration one or more of the readings taken from the
voltage source or a voltmeter, a distance between a tip of the capillary and the electrode, a
vacuum permittivity constant and a selected radius of an aperture in the tip.

The invention also provides for a system for measuring a surface tension of a liquid, comprising:

an electrospraying apparatus including a chamber for housing the liquid, a conductive
capillary through which the liquid is drawn, a tip of the capillary defining an aperture therein which
forms an outlet for the capillary, at least one electrode positioned proximate the tip and a voltage

3
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source configured to apply a voltage and thereby create an electric field between the tip and the

electrode;

an ammeter connected in series with the capillary and the electrode; and

a processing module configured to monitor the ammeter, to adjust a parameter of the
system that increases the applied electric field if no current or a current less than a predetermined
threshold current is measured, and to read the parameter as soon as a current or a current greater
than the predetermined threshold current is detected in the system, the reading being useful in
calculating the surface tension of the liquid.

A further feature of the invention provides for the voltage source to be a programmable and
adjustable direct current voltage source.

Yet a further feature of the invention provides for the processing module to be configured to
increase the voltage applied between the tip of the capillary and the electrode and to read a
voltage from the voltage source as soon as a current or a current greater than the predetermined
threshold current is detected in the system.

Still further features of the invention provide for a voltmeter to be connected in parallel with the
voltage source and for the processing module to be configured to read a voltage from the
voltmeter as soon as a current or a current greater than the predetermined threshold current is
detected in the system.

A further feature of the invention provides for a software application to be resident on the
processing module and executable by the processing module to increase the applied voltage in
predefined voltage increments within a selected voltage range, and to stop increasing the applied
voltage when a current or a current greater than the predetermined threshold current is detected
by the ammeter in the system.

Yet a further feature of the invention provides for the tip and the electrode to be positioned a
specific, predefined distance apart, preferably a distance that is approximately ten times that of
the radius of the aperture in the capillary.

In one embodiment of the invention, the system includes at least one electrical actuator which is
mechanically connected to one or both of the electrode and the capillary and is operable to adjust
the distance between the tip of the capillary and the electrode.

Further features of this embodiment of the invention provide for the at least one electrical actuator

to be programmable and for a processing module in electronic communication with the at least
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one electrical actuator and the ammeter to be configured to continuously monitor the ammeter,

to decrease the distance between the capillary and the electrode, and to read a distance as soon
as a current is detected in the system, the distance reading being useful in calculating the surface
tension of the liquid; for a software application to be resident on the processing module and
executable by the processing module to decrease the distance between the capillary and
electrode in predefined increments within a selected distance range, and to stop decreasing the
distance when a current or a current greater than the predetermined threshold is detected by the

ammeter in the system.

Yet a further feature of the invention provides for the aperture in the tip to have a predefined
radius, preferably a radius of approximately 5 pm.

Still a further feature of the invention provides for the tip to be coated with or made from a material
selected from gold, platinum, silver, copper or their alloys.

A further feature of the invention provides for the system to include a heating and/or cooling unit
and an external temperature controller configured to heat or cool the capillary so as to measure
a surface tension of a liquid at different temperatures.

Further features of the invention provide for the electrospray apparatus to be configured to
electrospray under atmospheric conditions or for at least the electrospray apparatus to be isolated
in a hermetically sealed container and for the container to be filled with an isolation medium other
than air.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described, by way of example only, with reference to the accompanying

representations in which:

Figure 1 is a schematic illustration of a first embodiment of a system for measuring
the surface tension of a liquid according to the invention;

Figure 2 is a flow diagram that illustrates a first embodiment of a method of
measuring the surface tension of a liquid using the system of Figure 1;

Figure 3 is a schematic illustration of a second embodiment of a system for
measuring the surface tension of a liquid according to the invention; and
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Figure 4 is a flow diagram that illustrates a second embodiment of a method of

measuring the surface tension of a liquid using the system of Figure 3.

DETAILED DESCRIPTION WITH REFERENCE TO THE DRAWINGS

In the embodiment of the invention illustrated in Figure 1, a system (100) for measuring a surface
tension of a liquid is shown. The system (100) includes an electrospraying apparatus (103)
comprising a chamber (105) for housing a liquid. A conductive capillary (107) extends from the
chamber and terminates in a narrow tip (109) which has a small aperture that forms an outlet for
the capillary. The tip (109) is selected to be coated with or made from a material selected from
gold, platinum, silver, copper or their alloys. An electrode (111) is positioned proximate the tip at
a selected distance of approximately ten times that of the radius of the aperture in the tip (109),
however the separation distance may be varied depending on the experimental conditions
required. The electrode (111) has any suitable shape and size in accordance with the required
electric field characteristics, it can, for example, be a plate with a planar surface or a ring
electrode. An adjustable, direct current voltage source (113) is connected across the electrode
(111) and the capillary (107) so as to apply an adjustable voltage between them. An ammeter
(115) is connected in series with the electrode (111) and capillary (107) to measure the current in
the electrospraying system (100) and a voltmeter (117) is connected in parallel with the voltage
source (113). A resistor (119) is connected in series with the electrospray apparatus that acts as
a ballast to stabilise the current, decrease the likelihood of undesirable electrical discharges
occurring and stabilise the electrospray of a liquid. The system (100) is further provided with a
processing module (121) in electronic communication with the voltage source (113), voltmeter
(117) and ammeter (115). The processing module (121) is configured to continuously monitor the
ammeter and to increase the voltage applied by the voltage source (113), as well as to take
readings of the voltage and current. It should be appreciated that in order to do so, the processing
module (121) may have suitable software operating thereon, which is capable of issuing
instructions to the various components of the system (100) to allow it to perform the appropriate

functions.

A method of determining the surface tension of a liquid using the system (100) described above
with reference to Figure 1 will now be described with reference to the flow diagram shown in
Figure 2. At a first step (131), a voltage is applied between the capillary and electrode of the
electrospraying apparatus. At a next step (133), the processing module continuously monitors the
ammeter to detect and measure any current that flows in the system. If no current is detected in
the system at step (135), the processing module issues instructions to the voltage source to
incrementally increase the applied voltage at step (141). Once the voltage has been increased,
the system resumes to monitoring the ammeter for current flowing in the system at step (133).

6
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If a current is detected in the system at step (135), the processing module takes a reading of the
exact voltage applied by the voltage source from the voltmeter at step (137). Obviously as soon
as a current is detected in the system at step (135), it implies that the surface tension of the liquid
has been overcome, that an electrospray has occurred and that charged particles are making
their way across the gap between the tip of the capillary and the electrode, thereby allowing
current to flow in the system. The exact voltage reading at which a current starts flowing therefore
corresponds to the voltage that is required to overcome the surface tension of the liquid in the
electrospray apparatus, and is then used at step (139), to calculate the surface tension of the
liquid. If a background current from corona discharge, ion emissions or the like is measured in the
system prior to electrospray, the method will be accordingly modified such that the current
detected in the system at step (135) must be more than a predetermined threshold current before
the processing module takes a reading of the applied voltage at step (137).

As is common with electrospraying apparatuses, the liquid is drawn through the chamber to the
tip by the voltage or potential difference between the tip and the electrode. A pump may be
provided in the system to pump liquid from the chamber into the capillary.

Using software that is programmed onto a memory of the processing module, it is possible to
program the adjustable direct current voltage source in such a manner that it iterates from a zero
voltage, in predefined increments, to a voltage at which electrospraying occurs and a net current
is detected in the system. Such a voltage is commonly referred to as a threshold voltage. When
the particular threshold voltage for the liquid is reached, the electric field at the tip of the capillary
and the associated Coulombic repulsion between like charges on the surface of the liquid present
at the tip of the capillary causes the rounded tip of the meniscus of the liquid to deform and a jet
of particles, which is referred to as an electrospraying cone-jet or Taylor cone, to be expended.

As the jet travels away from the tip, it becomes unstable and disintegrates into a plume of highly
charged droplets. The droplets generated can have charge magnitudes close to half the Rayleigh
limit, which is the magnitude of charge required to overcome the surface tension force and
promote droplet fission. The movement of the droplets from the tip of the capillary towards the
electrode forms a net ion current that completes the electrospraying circuit such that a net current
is detected by the ammeter. When the current is detected, the specific applied voltage can be
used to determine the surface tension of the liquid under investigation.

In one embodiment of the invention, the strength of the electric field at the tip of the capillary is
varied by changing the distance between the tip of the capillary and the electrode whilst the
voltage applied to the system is kept constant. In this embodiment, a threshold distance, which is

7
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a distance between the capillary tip and the electrode at which electrospraying occurs, can be

used to measure the surface tension of a liquid.

A second embodiment of a system (200) for measuring the surface tension of a liquid according
to the invention is illustrated in Figure 3. In Figure 3, like reference numerals used with reference
to Figure 1 above are used to refer to like features. The system (200) includes a programmable
motor as an electrical actuator, in this embodiment a programmable step motor (223) that is
configured to move the electrode (211) relative to the tip of the capillary so as to vary the distance
between the tip (209) of the capillary (207) and the electrode (211). Preferably, a nanostep motor
is used to ensure that the steps taken are sufficiently small. A processing module (221) is in
electronic communication with the step motor (223), ammeter (115) and, in this embodiment, the
voltmeter (117). The processing module (221) is configured to continuously monitor the ammeter
(115) and to instruct the step motor (223) to decrease the distance between the tip (209) of the
capillary (207) and the electrode (211) in predefined increments within a selected distance range
and to stop decreasing the distance when a current or a current above the predetermined
threshold is detected by the ammeter (115) in the system (200). It should be appreciated that in
order to do so, the processing module (221) may have suitable software operating thereon, which
is capable of issuing instructions to the various components of the system (200) to allow it to
perform the appropriate functions.

The step motor (223) may be provided with a controller or processor for generating step signals
and a driver configured to convert the signals into power that energises the step motor. In the
embodiment shown in Figure 3, the step motor is operable to move the electrode (211), while in
other embodiments the step motor may be operable to move the capillary (207) towards the
electrode (211) or to move both the capillary (207) and the electrode (211). However, it is
foreseen that the vibrations associated with the operation of the step motor may affect the
electrospraying process if the step motor is operable to move the capillary.

The processing module (221) is further configured to read a distance between the capillary and
electrode, optionally, using data from the step motor, as soon as a current or a current above the
predetermined threshold is detected in the system, the distance reading being useful in calculating
the surface tension of the liquid. In the embodiment shown in Figure 3, the voltage source (213)
need not be an adjustable or programmable voltage source, as the applied voltage must remain
constant to measure the surface tension using the system (200).

In the embodiment of the invention illustrated in Figure 3, borosilicate glass capillaries are used,
which permits the temperature at which the measurement of surface tension is performed to be
varied, using a heating or cooling unit (225) and an external temperature controller (227)

8
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configured to heat or cool the capillary and thus the liquid that is under investigation. The system

and method of the invention therefore also lends itself to conducting variable temperature surface
tension measurements. The maximum temperature at which a determination can be done may
be limited by the thermal properties of the material that the capillary is made of and the
temperature at which the sample evaporates. The softening point of borosilicate glass, for
example, is approximately 820 °C. Borosilicate glass also has a low thermal expansion coefficient,

which makes it suitable for variable temperature measurements in an electrospraying apparatus.

A method of determining the surface tension of a liquid using the system (200) described above
with reference to Figure 3 will now be described with reference to the flow diagram shown in
Figure 4. At a first step (331), a voltage is applied between the capillary and electrode of the
electrospraying apparatus. At a next step (333), the processing module continuously monitors the
ammeter to detect and measure any current that flows in the system. If no current is detected in
the system at step (335), the processing module issues instructions to the step motor to
incrementally decrease the distance between the tip of the capillary and the electrode at step
(341). Once the distance has been decreased, the system resumes to monitoring the ammeter
for current flowing in the system at step (333).

If a current is detected in the system at step (335), the processing module takes a reading of the
exact distance between the tip of the capillary and the electrode at step (337). Obviously as soon
as a current is detected in the system at step (335), it implies that the surface tension of the liquid
has been overcome, that an electrospray has occurred and that charged particles are making
their way across the space between the tip of the capillary and the electrode, thereby allowing
current to flow in the system. The exact distance reading at which a current starts flowing therefore
corresponds to the separation distance that is required to result in an electric field at the capillary
tip that is able to overcome the surface tension of the liquid in the electrospray apparatus, and is
then used at step (339), to calculate the surface tension of the liquid.

It has been shown that slightly conductive liquids may be channelled through a capillary and then
electrosprayed from the capillary aperture once the electric field the liquid drop experiences at
the tip of the capillary is strong enough such that the surface tension of the liquid is overcome.

The electric field at the capillary tip (E:p) is given by the following equation:
2V

Etip = Fn(D) (1)
wherein, Vis the applied voltage, R is the capillary radius, and L is the distance between the tip
of the capillary and the electrode. The above equation does not take into account the effect of
space charge, which would result in a reduced field at the liquid tip and is only valid for R K L =
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10R < L. The effects of polarization fields on the electric field are described further below, with

references to equation 11.

The critical voltage (Vei) and electric field (Ec) applied to the tip and the electrode, initiating the
liquid surface instability and therefore leading to electrospraying are given by the equations:

= PR (2

Verit = o ln(R) and 2
_ Y

Ecrit =2 coR’

wherein y is the liquid surface tension and & is the vacuum permittivity.

When the Taylor cone is generated, a net ion current (/) is observed as the charged droplets are
moving between the capillary and the electrode:

=22 /ykQ, (3)

wherein ¢ is the relative permittivity of the liquid, K is the electrical conductivity of the liquid, Qis
the volumetric flow rate and wherein the empirical function f(e) = €/2 is defined for € < 40 and
f(e) = 20 for € = 40 respectively.

The measurable current can be increased by applying a hydrostatic pressure to the liquid to be
dispensed through the tip, however this will influence the amount of sample used during a single
measurement and it will adjust the threshold voltage at which electrospraying occurs, which is not

desirable.

As described above with reference to Figures 2 and 4, the surface tension of a liquid can be
measured by one of two possible methods. The first method includes the step of increasing the
applied voltage while the distance between the capillary tip and electrode is kept constant. The
second method includes the step of decreasing the distance between the capillary tip and
electrode while the applied voltage is kept constant.

Using the first method, the surface tension is obtained by rewriting equation 2 as:

2

which can be simplified by taking the following constants:

-1
a= %" and B = <ln (4—;» : (5)
The final equation is then given as:
Y= a(BVcrit)Z- (6)

10
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As can be seen from equation 6, the voltage at which electrospraying occurs ( Vei) is proportional
to the liquid surface tension (y). Equation 2 is used to calculate the voltage at which the
electrospraying initiates. Therefore, using equation 6, it is possible to determine the surface
tension from the voltage measurement at which spraying initiates, when the distance between the
capillary tip and electrode is constant.

Using the second method, the surface tension is obtained by rewriting equation 2 as:

2
_ V(1
=5 ) ”

which can be simplified by taking the following constant:

=22 (8)

The final equation is then given as:

y=o.ln (%)_2. 9)

As can be seen from equation 9, the distance between the tip of the capillary and the electrode
(Lerie) is inversely proportional to the surface tension. Therefore, using equation 9 it is possible to
determine the surface tension from the distance between the capillary tip and electrode at which
spraying occurs, when the applied voltage of the system is constant. For both of the approaches
the same critical electric field, as given by equation 2, is required to overcome the surface tension
of the liquid.

The main effects that limit the capabilities of the invention are electrical and corona discharges.
It has been found that the voltage range or separation distance range of the system can be
adapted to detect lower surface tensions, while the maximum measurable surface tension may
be limited by the onset electric field of corona discharges. The electric fields generated by some
electrospraying geometries are inhomogeneous, causing electric and, more specifically, corona
discharge to occur before electrospraying. Corona discharge is an electrical discharge brought
on by the ionization of fluid surrounding a conductor that is electrically energized. These types of
discharges may occur when the strength of the electric field around a conductor is high enough
to form a conductive region, but not high enough to cause electrical breakdown or arcing to nearby
objects. Corona discharges are undesirable, as they result in sudden current increases that affect
the Taylor cone stability, shorten capillary lifetimes and, most importantly, interfere with the
detection of the threshold voltage or threshold distance at which electrospraying occurs.

11
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Consequently, the corona onset fields (Ec) must be considered, as these fields will determine the

limitations of the method and system described, and can be determined according to the following
equation:

be+1

Ec=Eo—Ep+x(p,6.T) = (52) B, (10)

wherein Eo is the corona onset field of the Rousse model and Ep is the polarization field at the

capillary tip; with the function b(R) = p1 - R + p2, and wherein p1 = 11229 m~* and p2 = 0.1092.
The function y accounts for empirical experimental factors (pressure p, humidity ¢ and
temperature T). It has been proposed that calculating the polarization fields of electrospraying

geometries is necessary:

_ —Eup —2v
P ™ 2e+1 ~ (2e+1)Rlog(4L/R) (1)

Cloupeau proposed an approximation method, to calculate corona onset fields for such
geometries. This adapted version was first postulated by Rousse:

Eo =30+9R7%5 R > 100 um
=627+ 1.74R7%75 15 um < R < 100 um’

with results of the form kV/cm. Cloupeau verified that these equations hold for the above and radii

(12)

as small as 2.5 um. The above Rousse model is permittivity independent, and therefore does not
account for polarization effects.

A model that is similar to the Rousse model is used to calculate the corona discharge onset (E¢)
for the current invention in terms of the specific geometry of the aperture of the tip and the relative
permittivity of most liquids. Using this model and for one embodiment of the invention, in which
air is the isolation medium between the capillary and electrode, for example under atmospheric
conditions, an average relative permittivity upper limit of € = 10 is employed (determined using
published dielectric statistics) to determine the maximum surface tensions measurable under

atmospheric conditions before the corona discharge onset:

Yo = %Eg, suggesting  yc~R795. (13)
The maximum surface tension that can be measured before corona discharges occur is inversely
proportional to the size of the aperture radius, therefore, an aperture radius of 5 um or less is

preferred. For a proposed minimum aperture radius (R) of 5 um, an upper limit for the surface
tension measurable before corona onset (y¢) of approximately 80 mN/m is obtained.

The accuracy of the system will primarily depend on the size of the predefined increments in
which the applied voltage is increased or the distance between the capillary and electrode is
decreased. In the first embodiment of the invention in which the electric field is varied by means
of adjusting the voltage, voltage resolutions of 2 mV have been obtained. However, if a voltage
resolution of 10 mV is assumed for the purposes of the current embodiment, a surface tension of

12
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a liquid can be measured with a calculated resolution of approximately 2 uN/m. It is foreseen that

the accuracy or resolution of the system will be improved if the voltage is kept constant and the
distance between the capillary and electrode is varied with a step motor, as it is possible to obtain
higher resolution mechanical actuators than voltage sources. The only disadvantage of
incorporating a motor may be that the incorporation of mechanical actuators may introduce
vibrations and possibly other sources of error.

The accuracy will also depend on the synchronization quality between the ammeter and voltage
source or the synchronization quality between the ammeter and step motor afforded by the
processing module. Due to the quadratic form of equation 4 and 7, surface tension determinations

will, inherently, be more accurate for lower surface tension liquids.

In the embodiment of the invention in which the distance between the capillary and the electrode
is kept constant, an aperture radius of 5 um or smaller is preferable. If the radius of the aperture
in the tip is selected to be 5 um; the distance between the tip and the electrode should ideally be
approximately ten times the radius, in other words 50 um, in order to reduce the likelihood of
electrical discharges occurring when relatively high voltages are applied. A separation distance-
radius ratio of approximately 10:1 will result in the highest corona onset fields, enabling
measurement of higher surface tension liquids without corona discharges obscuring the current
reading. Using the selected distance of 50 um, the majority of pure liquid compounds can be
measured by applying a voltage of less than 800 V. It is possible to use a separation distance-
radius ratio of less than 10:1, but then a correction factor must be introduced in the model.

The total time it takes to determine the surface tension of a liquid using the invention is restricted
only by the time it takes to form a Taylor cone. The characteristic Taylor cone formation time (7):

r=s[5(Z) o
€0 Etip

wherein, p is the liquid mass density. This equation may be simplified by taking constant

n=m (33) < 853>, suchthatT =7 <Z,F>

tip

The effects of polarization fields, described above with reference to equation 11 should be
considered when calculating the formation time. Due to the lack of physical relation between the
surface tension and liquid mass density, it may be required to assume that the liquid possibly has
a density as high as 2000 kg/m?.

Using this approach, the maximum time required per voltage or distance increment may be
calculated, enabling allocation of sufficient time to wait for electrospray before proceeding to the
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next voltage or distance. The measurement time is approximately 500 ms for this embodiment of

the invention.

The present invention provides numerous advantages over the prior art. One such advantage is
that the method and system for measuring the surface tension of liquids is not restricted to only
specific liquids. In addition, embodiments of the present invention have been shown to use as
little as 5 pl of liquid per measurement owing to the low flow rates of the liquid towards the tip and
the small aperture size. The liquid is not under hydrostatic pressure but is drawn out of the
capillary by the applied voltage. This sample volume for a single measurement is a fraction of that

used by other surface tension measurement methods.

Further advantages of the invention include: measurement times of approximately 500 ms per
sample, which is significantly less than is required by other, known methods; and high accuracy
with, for instance, a measurement resolution of approximately 2 uN/m when the voltage resolution
is set at 10 mV. Using voltage sources that have a superior voltage resolution of 2 mV, it is
foreseen that the surface tension resolution may be improved to approximately 0.2 pN/m. This
measurement resolution or accuracy is comparable with prior art methods and is attributable to
the minimum increments in which the applied voltage can be varied using the voltage source that
is available to the applicant. It is foreseen that the embodiment of the system and the method that
varies the distance between the capillary and the electrode will be capable of measuring surface
tension with greater accuracy than existing systems and methods.

Furthermore, the minimum detectable surface tension of the system and method according to the
invention may be as low as approximately 1TmN/m, while the maximum is determined by the
maximum voltage that can be applied before corona discharges occur. The applied voltage may
be maximized by having a smaller aperture in the tip, such that a shorter distance between the
tip and the electrode is necessary and by using an isolation medium other than air such as, for

example, an insulating and/or inert gas.

A further advantage of the system of the invention is that, an operator may not have to possess
vast technical skills in order to operate the system described.

The above description is by way of example only and it should be appreciated that numerous
changes and modifications may be made to the system and method described, without departing
from the scope of the invention. It should, for example, be immediately apparent that the voltage
applied between the capillary and the electrode need not be increased incrementally, but may
also be increased continuously over a predefined voltage range and time period, in which case
the rate of the increase of the voltage and a timer may be used to determine the threshold voltage
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at which a current from electrospray was measured in the system. In a similar manner, the

distance between the capillary and the electrode may be continuously decreased in which case
the speed of movement of either the capillary, the electrode or both the capillary and the electrode
and a timer can be used to determine the exact distance at which a current from electrospray was
measured in the system. In such an embodiment of the invention, the need for a step motor is
alleviated, and a conventional motor can be used to move the capillary or the electrode closer
together.

It should also be apparent that if the voltage source is capable of being digitally controlled by
specifying the exact voltage it is to apply, then the need for an additional voltmeter in the system
may be alleviated, as the exact voltage applied between the capillary and electrode will already
be known to the processing module when a current is detected in the system.

It will also be apparent to those skilled in the art that the operation of system may be controlled
by suitable software instructions and algorithms and that the calculations used to derive the
surface tension of a liquid from the threshold voltage or threshold distance may be programmed
onto the processing module. The system of the invention may therefore be provided as a
standalone unit, or may be connectable to existing, external processors or other computers.

Throughout the specification and claims unless the contents requires otherwise the word
‘comprise’ or variations such as ‘comprises’ or ‘comprising’ will be understood to imply the
inclusion of a stated integer or group of integers but not the exclusion of any other integer or group
of integers.
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CLAIMS:

A method of measuring a surface tension of a liquid, the method being carried out using
an electrospraying apparatus (103) connected in a measuring system (100) and
comprising the steps of:

applying, with a voltage source (113), a voltage between a capillary (107) of the
electrospraying apparatus (103) through which the liquid is drawn and an electrode (111)
of the electrospraying apparatus (103);

measuring if current is flowing in the system (100);

if no current or a current less than a predetermined threshold current is measured
in the system (100), increasing the strength of an electric field at a tip (109) of the capillary
(107); and

taking a reading of a parameter of the system (100) as soon as a current or a
current greater than the predetermined threshold current is measured in the system (100),
the reading of the parameter being useful in calculating the surface tension of the liquid.

The method as claimed in claim 1, wherein the step of increasing the strength of the
electric field at the tip of the capillary includes increasing the applied voltage between the
capillary and the electrode of the electrospraying apparatus.

The method as claimed in claim 2, wherein the step of increasing the applied voltage
includes increasing the voltage in predefined, distinct increments.

The method as claimed in any one of claims 1 to 3, wherein the step of taking a reading
of a parameter of the system includes taking a reading of the applied voltage.

The method as claimed in claim 1, wherein the step of increasing the strength of the
electric field at the tip of the capillary includes decreasing a distance between the capillary
and the electrode.

The method as claimed in claim 5, wherein the step of decreasing the distance between
the capillary and the electrode includes decreasing the distance in predefined, distinct

increments.
The method as claimed in claim 5 or claim 6, wherein the step of taking a reading of a

parameter of the system includes taking a reading of the distance between the capillary
and the electrode.
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The method as claimed in any one of the preceding claims, wherein the current measured
in the system, or a current that is greater than a predetermined threshold current, results
from an electrospray of the liquid between a tip of the capillary and the electrode which
completes an electrospraying circuit, the electrospray indicating that the surface tension
force of the liquid has been overcome by forces from the applied electric field.

The method as claimed in any one of the preceding claims, wherein the predetermined
threshold current is a background current contribution from corona discharges and/or ion

emissions.

The method as claimed in any one of the preceding claims, which includes the step of
calculating the surface tension of the liquid taking into consideration one or more of the
readings taken from the voltage source or a voltmeter, a distance between a tip of the
capillary and the electrode, a vacuum permittivity constant and a selected radius of an
aperture in the tip.

A system (100) for measuring a surface tension of a liquid, comprising:

an electrospraying apparatus (103) including a chamber (105) for housing the
liquid, a conductive capillary (107) through which the liquid is drawn, a tip (109) of the
capillary (107) defining an aperture therein which forms an outlet for the capillary, at least
one electrode (111) positioned proximate the tip (109) and a voltage source (113)
configured to apply a voltage and thereby create an electric field between the tip (109)
and the electrode (111);

an ammeter (115) connected in series with the capillary (107) and the electrode
(111); and

a processing module (121) configured to monitor the ammeter (115), to adjust a
parameter of the system (100) that increases the applied electric field if no current or a
current less than a predetermined threshold current is detected, and to read the parameter
as soon as a current or a current greater than a predetermined threshold current is
detected in the system (100), the reading being useful in calculating the surface tension
of the liquid.

The system as claimed in claim 11, wherein the voltage source (113) is a programmable
and adjustable direct current voltage source.

The system as claimed in claim 11 or claim 12, wherein the processing module (121) is
configured to increase the voltage applied between the tip (109) of the capillary (107) and
the electrode (111) and to read a voltage from the voltage source (113) as soon as a
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current or a current greater than a predetermined threshold current is detected in the

system.

The system as claimed in any one of claims 11 to 13, wherein a voltmeter (117) is
connected in parallel with the voltage source (113) and the processing module (121) is
configured to read a voltage from the voltmeter as soon as a current or a current greater

than a predetermined threshold current is detected in the system.

The system as claimed in any one of claims 11 to 14, wherein a software application is
resident on the processing module (121) and executable by the processing module (121)
to increase the applied voltage in predefined voltage increments within a selected voltage
range, and to stop increasing the applied voltage when a current or a current greater than
a predetermined threshold current is detected by the ammeter (115) in the system.

The system as claimed in claim 11, which includes at least one electrical actuator (223)
which is mechanically connected to one or both of the electrode (211) and the capillary
(207) and is operable to adjust the distance between the tip (209) of the capillary (207)
and the electrode (211).

The system as claimed in claim 16, wherein the at least one electrical actuator (223) is
programmable and a processing module (221) in electronic communication with the at
least one electrical actuator (223) and the ammeter (115) is configured to continuously
monitor the ammeter (115), to decrease the distance between the capillary (207) and the
electrode (211), and to read a distance as soon as a current or a current above a
predetermined threshold current is detected in the system, the distance reading being
useful in calculating the surface tension of the liquid.

The system as claimed in claim 17, wherein a software application is resident on the
processing module (221) and executable by the processing module (221) to decrease the
distance between the capillary (207) and electrode (211) within a selected distance range,
and to stop decreasing the distance when a current or a current above a predetermined
threshold current is detected by the ammeter (115) in the system.

The system as claimed in any one of the preceding claims, wherein the aperture in the tip
(109) has a predefined radius, preferably a radius of approximately 5 pum.
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20. The system as claimed in any one of the preceding claims, which includes a heating and/or

cooling unit (225) and an external temperature controller (227) configured to heat or cool
the capillary (207) so as to measure a surface tension of a liquid at different temperatures.

19



WO 2015/128844 PCT/IB2015/051461

1/4

100

111

5

<§
V%

AN

117 113 /

—_ g?—————119

115

Figure 1



WO 2015/128844

131
APPLY A VOLTAGE
BETWEEN THE CAPILLARY
AND ELECTRODE IN THE
SYSTEM

'

133

MEASURE THE CURRENT
IN THE SYSTEM

135

CURRENT
DETECTED?

141

INCREASE THE APPLIED
VOLTAGE

PCT/IB2015/051461

2/4

YES 137

TAKE A READING OF THE
APPLIED VOLTAGE

139

CALCULATE THE SURFACE TENSION
FROM THE THRESHOLD VOLTAGE

Figure 2



WO 2015/128844

200

117

3/4

N
N
~l

—
5
»/M
(@]
/LO

PCT/IB2015/051461

211

t119

115

N
N
—

Figure 3



WO 2015/128844

331
APPLY A VOLTAGE
BETWEEN THE CAPILLARY
AND ELECTRODE IN THE
SYSTEM

'

33

MEASURE THE CURRENT
IN THE SYSTEM

35

CURRENT
DETECTED?

341

DECREASE THE
DISTANCE BEWEEN THE
CAPILLARY TIP AND THE

ELECTRODE

4/4

YES

PCT/IB2015/051461

337
TAKE A READING OF THE
DISTANCE BETWEEN THE
CAPILLARY TIP AND THE
ELECTRODE

39

CALCULATE THE SURFACE TENSION
FROM THE THRESHOLD DISTANCE

Figure 4




INTERNATIONAL SEARCH REPORT

International application No

PCT/IB2015/051461

A. CLASSIFICATION OF SUBJECT MATTER

INV. GOIN13/02 GOIN27/00
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GOIN BO5B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 4 569 226 A (MATTESON MICHAEL J [US]) 1-20
11 February 1986 (1986-02-11)
the whole document
X US 2010/155496 Al (STARK JOHN P W [GB] ET 1-20
AL) 24 June 2010 (2010-06-24)
paragraphs [0002], [0051] - [0063];
figure 1
X US 2009/152371 Al (STARK JOHN P W [GB] ET 1-20
AL) 18 June 2009 (2009-06-18)
the whole document
X US 2009/109594 Al (AKISADA SHOUSUKE [JP] 1-20
ET AL) 30 April 2009 (2009-04-30)
paragraph [0024]; figure 1
_/ -

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

29 April 2015

Date of mailing of the international search report

15/05/2015

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Cantalapiedra, Igor

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/1B2015/051461
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A SU 1 741 020 Al (KOVROVSKIJ VLADIMIRSKOGO 1-20
POLT [SU]) 15 June 1992 (1992-06-15)
figure 1
A WO 96/18877 A2 (UNILEVER NV [NL]; UNILEVER 1,11

PLC [GB] UNILEVER NV [NL]; UNILEVER PLC
[NL) 20 June 1996 (1996-06-20)
abstract

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/1B2015/051461
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 4569226 A 11-02-1986  NONE

US 2010155496 Al 24-06-2010 AT 550105 T 15-04-2012
CN 101678373 A 24-03-2010
EP 2162228 Al 17-03-2010
ES 2385803 T3 01-08-2012
HK 1142213 Al 26-10-2012
JP 2010530795 A 16-09-2010
KR 20100021609 A 25-02-2010
TW 200911380 A 16-03-2009
US 2010155496 Al 24-06-2010
WO 2008142393 Al 27-11-2008

US 2009152371 Al 18-06-2009 AT 464124 T 15-04-2010
CN 101356012 A 28-01-2009
EP 1963024 Al 03-09-2008
HK 1126159 Al 19-04-2013
JP 5294871 B2 18-09-2013
JP 2009520951 A 28-05-2009
KR 20080075221 A 14-08-2008
US 2009152371 Al 18-06-2009
WO 2007066122 Al 14-06-2007

US 2009109594 Al 30-04-2009 CN 101454084 A 10-06-2009
EP 2022567 Al 11-02-2009
JP 4821437 B2 24-11-2011
JP 2007313461 A 06-12-2007
TW 200803991 A 16-01-2008
US 2009109594 Al 30-04-2009
WO 2007138920 Al 06-12-2007

SU 1741020 Al 15-06-1992  NONE

WO 9618877 A2 20-06-1996 AU 4172596 A 03-07-1996
DE 69507644 D1 11-03-1999
DE 69507644 T2 17-06-1999
EP 0797761 A2 01-10-1997
ES 2128106 T3 01-05-1999
WO 0618877 A2 20-06-1996

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - wo-search-report
	Page 26 - wo-search-report
	Page 27 - wo-search-report

