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20 SUMMARY:
21  Two protocols for determining the equilibrium surface tension (EST) values using the emerging
22 bubble method (EBM) and the spinning bubble method (SBM) are presented for a surfactant-
23 containing agqueous phase against air.
24
25  ABSTRACT:
26 We demonstrate two robust protocols for determining the equilibrium surface tension (EST)
27  values with area perturbation tests. The EST values should be indirectly determined from the
28  dynamic surface tension (DST) values when surface tension (ST) values are at steady-state and
29 stable against perturbations. The emerging bubble method (EBM) and the spinning bubble
30 method (SBM) were chosen, because, with these methods, it is simple to introduce area
31 perturbations while continuing dynamic tension measurements. Abrupt expansion or
32  compression of an air bubble was used as a source of area perturbation for the EBM. For the
33  SBM, changes in the rotation frequency of the sample solution were used to produce area
34  perturbations. A Triton X-100 aqueous solution of a fixed concentration above its critical micelle
35 concentration (CMC) was used as a model surfactant solution. The determined EST value of the
36 model air/water interface from the EBM was 31.5 + 0.1 mN-m™ and that from the SBM was 30.8
37 +0.2 mN-m™. The two protocols described in the article provide robust criteria for establishing
38 the EST values.
39
40 INTRODUCTION:
41  The determination of the equilibrium surface tension (EST), or the equilibrium interfacial tension
42  (EIFT), of a given air/water or oil/water interface is a critical step for applications in a wide range
43  of industrial areas such as detergency, enhanced oil recovery, consumer products, and
44  pharmaceutics’™. Such tension values should be determined indirectly from the dynamic surface
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tension (DST) or the dynamic interfacial tension (DIFT), because only dynamic tension values are
directly measurable. Dynamic surface tension values (i.e., measuring tension values as a function
of time) are determined at regular time intervals. Equilibrium tension values are deemed to be
determined when the DST values are at steady state. True equilibrium surface tension values are
better established when they are stable against perturbations®. Several observations of the
tension relaxation after surface area compression have been previously reported by Miller and
Lunkenheimer, who used two classical tensiometry methods, the Du Noliy ring and the Wilhelmy
plate methods®®. Those methods are less accurate than the ones used in this study, and those
DSTs were measured every few minutes. Numerous techniques have been developed for
measuring the surface tension (ST) or interfacial tension (IFT) values of interfaces, but there are
only a handful of techniques that can be used to measure DST or DIFT values and allow one to
apply perturbations to test the stability of the acquired steady-state tension values®. If the
aqueous solution contains surfactant mixtures, and when one of the components adsorbs much
faster than the others, then there may be a temporary plateau in the DST curves®. Then the
presented methods may not work well in the short time-scales as for one component surfactants,
but they still may work if the procedures are extended slightly to cover longer time-scales.

The protocols described here show representative data only for surface tension values of an
air/aqueous solution. However, these protocols also apply for the IFT of an aqueous solution
against a second liquid, such as an oil, which is immiscible with the aqueous solution and has a
smaller density than that of the aqueous solution. Here, we present two robust methods that
satisfy these criteria, the emerging bubble method (EBM) and the spinning bubble method (SBM).
In both methods, one determines ST values that are based on bubble shapes and do not require
contact angle information, which can introduce significant uncertainties and errors to the
measurements. For the EBM, area perturbations are introduced by abruptly changing the volume
of the bubble emerging from a syringe needle tip. For the SBM, changes in the rotation frequency
of the samples are used for area perturbations. The detailed protocols are aimed to guide
researchers in the field, such that they can avoid common mistakes or errors in dynamic and
equilibrium tensiometry and help prevent inaccurate interpretations of the acquired data.

PROTOCOL:

1. Minimum instrument specifications

1.1. Prepare a tensiometer for the EBM with the following specifications: (i) a dispensing
system for controlling the dispensing gas volume; (ii) a camera for capturing the bubble image;
(iii) an image analysis software for solving the Laplace-Young equation (LY equation) with the
axisymmetric bubble shape analysis algorithm¥'%; and (iv) a temperature-controlled sample

chamber.

NOTE: Usually, the instrument for the EBM can also be used for the pendant drop method, in
which a small drop is formed and hangs vertically from the end of a syringe needle.

1.2.  Prepare a tensiometer for the SBM with the following specifications: (i) a sample tube
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holder that is capable of spinning a sample tube holder horizontally at high rotation frequencies
of at least 6,000 rpm; (ii) a camera for capturing the image of the spinning bubble in the tube;
and (iii) an image analysis software to solve the general LY equation and Vonnegut equation?®3,
NOTE: The protocol can be paused here.

2. Materials and sample preparation

2.1.  Obtain pure water from a water purification apparatus. The resistivity of the water at 25
°C at the device output should be 18.2 MQ-cm or close.

2.2.  Clean all borosilicate vials, quartz cells, glassware, and magnetic stirring bars by soaking
them in pure water for at least 8 h and repeat the soaking process at least one more time.

NOTE: The soaking process is aimed at removing residual ions from the glass containers, which
can affect the surface tension values significantly.

2.3.  Prepare a surfactant solution of interest in the cleaned glassware.
NOTE: The surfactant concentration should be lower than its solubility limit in the water.

2.4. Wash each container that will be used for the tension measurements with the sample
solution that will be used for the actual measurements prior to sample loading.

2.5. Measure the densities of the liquid samples prior to the tension measurement to three or
four significant figures.

NOTE: The protocol can be paused here.
3. Surface tensiometry with the emerging bubble method (EBM)

3.1. Calibrate the image-acquiring device of the tensiometer according to the vendor’s user
manual.

NOTE: The protocol can be paused here.

3.2. Select an inverted stainless-steel needle based on the estimated maximum bubble
diameter from the estimated surface tension values.

NOTE: the maximum bubble diameter can be estimated from the capillary length, d. (d, =

J 2y /Apg), where y is the surface tension (N-m), Ap is the density difference of the liquid
phase and the air (kg'm3), and g is the gravitational acceleration (m?:s!)). The maximum bubble
volume (Vmax) can be estimated as nid:3/6.
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NOTE: The protocol can be paused here.

3.3. Place the inverted stainless-steel needle, obtained from the same vendor of the
tensiometer, at the tip of the dispensing device.

NOTE: An automated dispenser is recommended compared to a manual syringe, because it is
easier and more accurate for the users to produce the desired volume, and then, volume and
area perturbations to the surface. The smallest volume step of the dispenser is recommended to
be less than 1 pL, from 0.2-0.5 ulL, in order to produce precise area perturbations. The protocol
can be paused here.

3.4. Determine the volume of the liquid sample for the tension measurements such that the
depth of the liquid sample is long enough to have the entire inverted part of the dispensing
needle submerged, and to have an additional ~20 mm depth of liquid sample between the
inverted needle tip and the liquid sample surface.

3.5. Load aliquid sample in the quartz cell and place the cell on top of the sample platform. In
our example, the liquid sample volume was 40 mL.

3.6. Adjust the height of the inverted needle such that the tip of the needle is at least 20 mm
below the surface of the liquid sample.

3.7.  Adjust the position of the inverted needle such that the boundary of the needle tip is
parallel to the liquid-air surface.

3.8. Inject ~¥1 mL of air through the submerged inverted needle to remove impurities that
could possibly be present on the tip of the syringe. This procedure is used to improve the surface
chemical purity of the air/liquid interface.

3.9. Estimate the maximum bubble volume (Vmax) with a procedure described as follows. First,
dispense ~2 L of air to form a bubble at the tip of the syringe and observe the bubble shape.
Then, increase the bubble volume by ~0.5 pL and observe the bubble shape. Repeat the two
previous steps until the bubble detaches from the needle tip. This step specifies the Vmax.

3.10. Determine the appropriate range of the bubble volume, based on the previous set of
observations.

NOTE: The bubble shape should be non-spherical, substantially deformed by gravity, to allow
accurate use of the axisymmetric drop shape analysis algorithm, and the bubble volume should
be quite smaller than the Vmax to avoid bubble detachment from the needle tip. For the syringe
tip with the inner diameter of 0.84 mm, the preferred initial bubble volume is about 4 puL.

3.11. Determine the initial bubble volume based on the bubble volume range determined from
the previous step. The initial bubble volume should be close to the middle of the bubble volume
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range so that the volume, and area, perturbations produce bubbles inside the range.

3.12. Dispense the predetermined initial bubble volume from the previous step to form a
bubble at the tip of the inverted syringe tip. Make sure that the bubble is in hydrostatic
equilibrium, which means that the surface tension forces balance the gravity (buoyancy) forces.

NOTE: It is important to have the bubble pinned outside of the needle tip perimeter to prevent
the presence of surfactant solution inside the syringe needle. If the bubble is pinned inside of the
needle tip, repeat the step 3.7 to purify the needle tip.

3.13. Measure the dynamic surface tension based on the shape of the produced air bubble at
the tip of the needle tip every 1 s, or another predetermined time interval. The recommended
numerical algorithm for calculating surface tension is one based on the axisymmetric drop shape
analysis method of the LY equation'*2,

3.14. Compare the actual shape of the bubble with the calculated shape. If the two shapes
overlap completely, or nearly, one infers that the equilibrium LY equation is valid for each
dynamic and slowly-varying shape. This inference is completely valid when the bubble stops
moving, and the ST stops changing, to have hydrostatic equilibrium.

NOTE: The criterion that the surface tension value is uniform throughout the interface and that
hydrodynamic effects are not important is that the calculated bubble interface shape based on
the optimal inferred surface tension values overlaps visually with the actual bubble interface
shape. More quantitative tests are possible but will not be considered in this article.

3.15. Measure the surface tension as a function of time until the first steady-state surface
tension (SST1) is achieved. The SST is defined as a plateau value beyond which the surface tension
changes by less than 1 mN-m™ (or by less than 5%) in several (10 to 100) consecutive dynamic
surface tension measurements.

3.16. Record the bubble volume (V:) and the surface area (A1)

3.17. Decrease the bubble volume by removing ~1 pL of air, and record the new bubble volume,
V> and area, A; (see Figure 1).

3.18. Continue measuring the DST and the areas until the DST reaches the second SST (SST») at
the bubble volume of V..

3.19. Expand the bubble volume by injecting ~1 uL of air so that V3 = V4 and Az = A..
NOTE: Having V3 and Az exactly equal to V1 and Az is not essential.

3.20. Continue measuring DST values until a third SST (SST3) is reached. If the three SST values
differ from each other by less than 1.0 mN-m™, or by 5%, then their average is defined as the
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equilibrium surface tension (EST).
NOTE: The protocol can be paused here.
4. Surface tensiometry with the spinning bubble method (SBM)

4.1. Calibrate the image-acquiring device of the tensiometer according to the vendor’s user
manual.

NOTE: The protocol can be paused here.
4.2.  Fill the glass tube of the sample holder, compatible with the spinning tensiometer for the
measurement, with a liquid sample and close the lid. No air bubbles should be present inside of

the glass tube.

NOTE: It is recommended that the sample holder and the glass tube, which are provided by the
instrument vendor or are compatible with the tensiometer, be used.

4.3.  Place thefilled sample holder inside of the spinning chamber of the spinning tensiometer.
NOTE: The protocol can be paused here.

4.4.  Spin the tube at a low rate of ~500 rpm to prevent the injected bubble from migrating
upward and/or attaching to the tube wall.

NOTE: The protocol can be paused here.
4.5. Load ~2.0 pL of air in the syringe.
NOTE: The protocol can be paused here.

4.6. Insert the syringe needle piercing through the polymeric septum sealing the top of the
spinning tube.

4.7. Inject an air bubble of ~2.0 pL into the spinning tube.

NOTE: The bubble volume usually remains constant, unless the bubble breaks. If the bubble
breaks, it is better to start the process again.

4.8. Increase the rotation frequency of the sample holder to vi so the bubble inside the glass
tube is deformed such that the ratio of the horizontal bubble length (L) and the radius of the

middle of the bubble (R) to reach a value of 8 or greater.

NOTE: If, with the available instrument, the sample tube cannot be spun at a sufficiently high
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rotation frequency to allow substantial bubble deformation and have a L/R ratio of 8 or greater,
the general LY equation can be used to calculate DST values.

4.9. Adjust the tilt angle of the measuring chamber containing the tube, if necessary, to
position the sample tube oriented horizontally, to prevent bubble movement, and to help
achieve gyrostatic equilibrium (hydrostatic equilibrium in a rotating fluid) for an axisymmetric

shape assumed in the LY equation and algorithm used.

NOTE: Gyrostatic equilibrium is defined for rotating bubbles, analogously to the hydrostatic
equilibrium of non-rotating bubbles, when the bubble is not moving.

4.10. Measure the DST values at a predetermined time interval. The typical value is 1 s.

4.11. Continue to measure the DST at a fixed rotation frequency, vi, until it reaches a steady-
state value (SST1) and record SST1 and the rotation frequency v1 (see Figure 2).

4.12. Record the bubble volume, V; and area, A;.
4.13. Alter the rotation frequency to a second rotation frequency, v», to vary the surface area.

4.14. Continue to measure the DST at a fixed rotation frequency, v, until it reaches a second
steady-state value (SST2) and the rotation frequency v».

4.15. Record the bubble volume, V, and area, Az.
NOTE: V> should be very close to V.

4.16. Change the rotation frequency to vs.

NOTE: Having vs exactly equal to vi is not essential.

4.17. Measure DST values at a fixed rotation frequency, vs, until the third steady-state value,
SST;, is reached.

4.18. Record vz and As.

4.19. When the three SST values differ from each other by less than 1.0 mN-m™* (or by less than
5%), their average is taken to be the “EST”.

REPRESENTATIVE RESULTS:

Dynamic surface tension and equilibrium surface tension of an aqueous Triton X-100 solution
with the EBM

The SST values of the Triton X-100 solutions against air were measured, and their stability was
tested for 5 mM aqueous solution; the CMC for this surfactant in water is 0.23 mM?. The SST;,
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31.5+0.1 mN-m, was obtained approximately 20 s after the bubble was formed (Figure 3). After
about 25 s, the surface area was compressed from A; = 11.4 mm? to A2 = 9.0 mm? by reducing
the bubble volume from V1 =3.8 puLto V> = 2.8 uL. The DST first dropped to 31 mN-m, and within
1s,itincreased to the SST; of 31.5 + 0.1 mN-m*. After about 50 s, the surface area was expanded
abruptly from A2 = 9.0 mm? to Az = 11.4 mm? by increasing the bubble volume from 2.8 uL (V2)
to 3.8 uL (V3). The DST value changed little and hence, the SST3 was determined to be 31.5 £ 0.1
mN-m. The three SST values were about the same. Therefore, the EST was determined to be
31.5+0.1 mN-m™.

Dynamic surface tension and equilibrium surface tension of an aqueous Triton X-100 solution
with the SBM

At 9,000 rpm, the SST1, 30.9 + 0.1 mN-m?, of the same Triton X-100 solution as that described
above was reached about 500 s after the bubble was injected (Figure 4). Then the surface area
was reduced by abruptly changing the rotation frequency from v1 = 9,000 rpm to v, = 8,500 rpm.
Then, the DST was decreased to 27.5 mN-m, and then within 1 s rose to 30.6 mN-m™. Hence,
the SST» was 30.6 + 0.1 mN-mL. After ~630 s, the surface area was expanded by increasing the
rotation frequency from v, = 8,500 rpm to v3 = 9,000 rpm. The DST jumped to ~34 mN-m, and
then it decreased rapidly to a steady-state value of 30.8 + 0.1 mN-m™, the SSTs. Hence, the EST
was determined as 30.8 + 0.2 mN-m™. The 2.2% difference in EST values from the two methods
is probably due to certain systematic error; the discussion of these errors is beyond the scope of
the current paper.

FIGURE AND TABLE LEGENDS:

Figure 1. Schematic diagram of DST, steady-state surface tension values (SST1, SST2, and SST3),
and EST with the EBM. V1 is the initial bubble volume, and V> and V3 are the bubble volumes after
the first and the second volume, and area, perturbations, respectively.

Figure 2. Schematic diagram of DST, steady-state surface tension values (SST1, SST2, and SST3),
and EST with the SBM. Here, v1 is the rotation frequency prior to area perturbations, and v, and
vz are the rotation frequencies after the first and the second frequency, and area, perturbations,
respectively.

Figure 3. DST of the model surfactant in DI water (5 mM) against air with the EBM. In this figure,
V1 is the initial bubble volume, and V> and V3 are the bubble volumes after the first and the second
volume, and area, perturbations, respectively. Prior to each perturbation, the DST values reached
a plateau value, which is defined as the SST.

Figure 4. DST of the model surfactant in DI water (5 mM) against air evaluated with the SBM.
In this figure, v1 is the rotation frequency prior to area perturbations, and v2 and vs are the
rotation frequencies after the first and the second frequency, and area, perturbations,
respectively. Similar to the EBM method, prior to each perturbation, the DST values reached a
plateau value, which is defined as the SST.

DISCUSSION:
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The EBM and the SBM are simple and robust methods for determining tension values for
air/water or oil/water interfaces at atmospheric pressure. Prerequisite information for these
methods is the density of each phase, and no contact angle information is required for
determining tension values®. A major limitation of the techniques is that the samples should have
a low viscosity, and be single-phase or below the surfactant solubility. The two protocols, the
EBM and the SBM, are used for measuring DST values to monitor them as a function of time.
When an SST value is reached, the stability of the SST value is tested by measuring the DST after
applying area perturbations. Then, unstable or metastable SST values can be screened out>, and
reliable EST values can be determined.

The critical steps of the EBM protocol are (i) the removal of impurities from the syringe needle
tip (Step 3.8) and (ii) the choice of a proper extent of each area perturbation. If the syringe needle
tip contains surface-active impurities, the measured DST values may have significant errors
compared to the ones with a purified tip. By forming and detaching a series of air bubbles at the
syringe tip, surface-active impurities can be removed with the air bubbles. In addition, if the EST
values have been found to vary significantly from bubble to bubble, it is recommended to begin
the experiment with a new liquid sample and with properly-washed liquid sample containers and
syringe needles. The washing process for the liquid containers is described in Step 2.2 and the
same procedure can be used, if needed, for washing the syringe needles. Moreover, if the surface
area has been compressed so much that the shape of the air bubble becomes close to a spherical
shape, the resulting DST values may have significant errors due to the difficulties in obtaining
accurate solutions with the available software. In such cases, the extent of area compression
should be smaller, or the initial bubble volume, prior to the surface area compression, should be
larger.

The critical steps of the SBM protocol are (i) injecting an air bubble without any intrusion of air
bubbles and (ii) preventing the injected air bubble from contacting any solid surfaces (e.g.,
sample tube’s inner wall or septum), such that the gyrostatic equilibrium can be maintained
throughout each measurement. If multiple air bubbles are injected or formed in the spinning
sample glass tube, and if those bubble are in close proximity to one another, then the resulting
DST values may have significant errors due to hydrodynamic interactions between air bubbles. In
such cases, it is recommended to begin the experiment again from the surfactant solution loading
step (Step 4.2). Also, in order to maintain gyrostatic equilibrium throughout a measurement, it is
highly recommended to keep monitoring the location of the spinning air bubble. Any drifting of
the spinning bubble to either the left or the right direction can be minimized by controlling the
tilt angle of the spinning sample holder.

The same tensiometer used for the EBM protocol can be also used for a pendant drop method
configuration where the surfactant solution is suspended vertically at the end of the syringe tip.
The pendant drop method has a disadvantage, relative to the EBM for the experiments requiring
long times (over than about 1 h), as the drop volume may decrease due to solvent evaporation.
The pendant drop method may be preferred, however, when the available liquid sample volume
is smaller than the minimum volume required for the EBM. The SBM method has certain
advantages over the pendant drop method, the Du Noliy Ring method, or the Wilhelmy plate



397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440

method because the sample is in a sealed tube throughout the measurements, thereby
eliminating errors due to any solvent evaporation. In addition, as described in the introduction
section, interfacial tensions (IFTs) between two immiscible liquids, such as oil and water for
enhanced oil recovery applications>* or hydrocarbon and fluorocarbon for firefighting fluids?'®,
can be determined with the same tensiometers and with the same protocols.
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provisions contained herein that do so conflict shall be
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maximum rights permissible within such statute.
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JoVE to take steps in the Author(s) name and on their behalf
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might infringe the copyright of either the Author’s Article
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published, that the copyright interest is owned by the
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author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
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represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.
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Dr. Bing Wu, Review Editor April 20, 2019
1 Alewife Center, Suite 200
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Dear Dr. Wu,

Please find enclosed the final version of our manuscript (Manuscript Number 59878), “Accurate
Determination of the Equilibrium Surface Tension Values with Area Perturbation Tests,” co-authored by
Jaeyub Chung, Elias Franses, and myself for possible publication in the Journal of Visualized Experiments.
We thank you for your time, careful reading, and helpful and detailed comments. Our point-by-point
responses to the editorial comments are addressed below. We hope that you agree that the manuscript is
suitable for publication in the Journal of Visualized Experiments. If you need any further information or
have any specific comments, please do not hesitate to contact me for any reason. Thank you for your
consideration.

Sincerely,

Bryan W. Boudouris

Weist Associate Professor of Chemical Engineering
Associate Professor of Chemistry (by Courtesy)

Purdue University

Editorial Comments

Comment 1
Representative Results and Discussions are different sections.

The revised manuscript has the Representative Results section (lines 305 to 332) placed separately from
the Discussion section (lines 360 to 410).

Comment 2

In Representative results, please include at least one paragraph of text to explain the results in the context
of the technique you have described, e.g., how do these results show the technique, suggestions about how
to analyze the outcome, etc.

The revised Representative Results section (lines 305 to 332) has two paragraphs, one for each protocol.

Comment 3

In Discussions, please include 3-6 paragraphs covering the following in detail with citations:
a) Critical steps within the protocol

Charles D. Davidson School of Chemical Engineering Forney Hall of Chemical Engineering, Room 1051
480 Stadium Mall Drive West Lafayette, IN 47907-2100
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b) Any modifications and troubleshooting of the technique
¢) Any limitations of the technique

d) The significance with respect to existing methods

e) Any future applications of the technique

In the Discussion section, we have now four paragraphs containing all the items requested.

a) The critical steps of each protocol are now described in lines 369 to 392.

b) Several troubleshooting guidelines have been described in the protocol section. Some
additional troubleshooting guidelines are now in lines 376 to 385 and lines 390 to 394.

¢) We have added some limitations of the methods in lines 364 to 366.

d) The “significance with respect to existing methods” is described further in lines 401 to 407.

e) Future applications of the techniques are available in lines 407 to line 410.

Comment 4

Representative Results should follow the Protocol section and Discussions should follow Figure and Table
Legends.

We have modified the sequence of several sections of the manuscript as requested.
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22 Two protocols for determining the equilibrium surface tension (EST) values using the emerging
23 bubble method (EBM) and the spinning bubble method (SBM) are presented for a surfactant-
24 containing agueous phase against air.
25
26  ABSTRACT:
27  We demonstrate two robust protocols for determining the equilibrium surface tension (EST)
28  values with area perturbation tests. The EST values should be indirectly determined from the
29  dynamic surface tension (DST) values when surface tension (ST) values are at steady-state and
30 stable against perturbations. The emerging bubble method (EBM) and the spinning bubble
31 method (SBM) were chosen, because, with these methods, it is simple to introduce area
32 perturbations while continuing dynamic tension measurements. Abrupt expansion or
33  compression of an air bubble was used as a source of area perturbation for the EBM. For the
34 SBM, changes in the rotation frequency of the sample solution were used to produce area
35  perturbations. A Triton X-100 aqueous solution of a fixed concentration above its critical micelle
36 concentration (CMC) was used as a model surfactant solution. The determined EST value of the
37 model air/water interface from the EBM was 31.5 + 0.1 mN-m* and that from the SBM was 30.8
38 +0.2 mN-m™. The two protocols described in the article provide robust criteria for establishing
39  the EST values.
40
41 INTRODUCTION:
42  The determination of the equilibrium surface tension (EST), or the equilibrium interfacial tension
43  (EIFT), of a given air/water or oil/water interface is a critical step for applications in a wide range
44  of industrial areas such as detergency, enhanced oil recovery, consumer products, and
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pharmaceutics'™. Such tension values should be determined indirectly from the dynamic surface
tension (DST) or the dynamic interfacial tension (DIFT), because only dynamic tension values are
directly measurable. Dynamic surface tension values (i.e., measuring tension values as a function
of time) are determined at regular time intervals. Equilibrium tension values are deemed to be
determined when the DST values are at steady state. True equilibrium surface tension values are
better established when they are stable against perturbations®. Several observations of the
tension relaxation after surface area compression have been previously reported by Miller and
Lunkenheimer, who used two classical tensiometry methods, the Du Noliy ring and the Wilhelmy
plate methods®®. Those methods are less accurate than the ones used in this study, and those
DSTs were measured every few minutes. Numerous techniques have been developed for
measuring the surface tension (ST) or interfacial tension (IFT) values of interfaces, but there are
only a handful of techniques that can be used to measure DST or DIFT values and allow one to
apply perturbations to test the stability of the acquired steady-state tension values®. If the
aqueous solution contains surfactant mixtures, and when one of the components adsorbs much
faster than the others, then there may be a temporary plateau in the DST curves!?. Then the
presented methods may not work well in the short time-scales as for one component surfactants,
but they still may work if the procedures are extended slightly to cover longer time-scales.

The protocols described here show representative data only for surface tension values of an
air/aqueous solution. However, these protocols also apply for the IFT of an aqueous solution
against a second liquid, such as an oil, which is immiscible with the aqueous solution and has a
smaller density than that of the aqueous solution. Here, we present two robust methods that
satisfy these criteria, the emerging bubble method (EBM) and the spinning bubble method (SBM).
In both methods, one determines ST values that are based on bubble shapes and do not require
contact angle information, which can introduce significant uncertainties and errors to the
measurements. For the EBM, area perturbations are introduced by abruptly changing the volume
of the bubble emerging from a syringe needle tip. For the SBM, changes in the rotation frequency
of the samples are used for area perturbations. The detailed protocols are aimed to guide
researchers in the field, such that they can avoid common mistakes or errors in dynamic and
equilibrium tensiometry and help prevent inaccurate interpretations of the acquired data.

PROTOCOL:

1. Minimum Instrument Specifications

1.1. Prepare a tensiometer for the EBM with the following specifications: (i) a dispensing system
for controlling the dispensing gas volume; (ii) a camera for capturing the bubble image; (iii) image
analysis software for solving the Laplace-Young equation (LY equation) with the axisymmetric

bubble shape analysis algorithm?®¥ 12 (iv) a temperature-controlled sample chamber.

NOTE: Usually, the instrument for the EBM can also be used for the pendant drop method, in
which a small drop is formed and hangs vertically from the end of a syringe needle.

1.2. Prepare a tensiometer for the SBM with the following specifications: (i) a sample tube holder
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that is capable of spinning a sample tube holder horizontally at high rotation frequencies of at
least 6,000 rpm; (ii) a camera for capturing the image of the spinning bubble in the tube; and (iii)
image analysis software to solve the general LY equation and Vonnegut equation®3.

NOTE: The protocol can be paused here.

2. Materials and Sample Preparation

2.1. Obtain pure water from a water purification apparatus. The resistivity of the water at 25 °C
at the device output should be 18.2 MQ-cm or close to it.

2.2. Clean all borosilicate vials, quartz cells, glassware, and magnetic stirring bars by soaking them
in pure water for at least 8 h and repeat the soaking process at least one more time.

NOTE: the soaking process is aimed at removing residual ions from the glass containers, which
can affect the surface tension values significantly.

2.3. Prepare a surfactant solution of interest in the cleaned glassware.
NOTE: The surfactant concentration should be lower than its solubility limit in the water.

2.4. Wash each container that will be used for the tension measurements with the sample
solution that will be used for the actual measurements prior to sample loading.

2.5. Measure the densities of the liquid samples prior to the tension measurement to three or
four significant figures.

NOTE: The protocol can be paused here.
3. Surface Tensiometry with the Emerging Bubble Method (EBM)

3.1. Calibrate the image-acquiring device of the tensiometer according to the vendor’s user
manual.

NOTE: The protocol can be paused here.

3.2. Select an inverted stainless-steel needle based on the estimated maximum bubble diameter
from the estimated surface tension values.

NOTE: the maximum bubble diameter can be estimated from the capillary length, dc (d, =

J(2y/Apg), where y is the surface tension (N-m?), Ap is the density difference of the liquid
phase and the air (kg'm3), and g is the gravitational acceleration (m?:st)). The maximum bubble
volume (Vmax) can be estimated as rid:3/6.
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NOTE: The protocol can be paused here.

3.3. Place the inverted stainless-steel needle, obtained from the same vendor of the tensiometer,
at the tip of the dispensing device.

NOTE: An automated dispenser is recommended compared to a manual syringe, because it is
easier and more accurate for the users to produce the desired volume, and then, volume and
area perturbations to the surface. The smallest volume step of the dispenser is recommended to
be less than 1 pL, from 0.2-0.5 uL, in order to produce precise area perturbations.

NOTE: The protocol can be paused here.

3.4. Determine the volume of the liquid sample for the tension measurements such that the
depth of the liquid sample is long enough to have the entire inverted part of the dispensing
needle submerged, and to have an additional ~20 mm depth of liquid sample between the
inverted needle tip and the liquid sample surface.

3.5. Load a liquid sample in the quartz cell and place the cell on top of the sample platform. In
our example, the liquid sample volume was 40 mL.

3.6. Adjust the height of the inverted needle such that the tip of the needle is at least 20 mm
below the surface of the liquid sample.

3.7. Adjust the position of the inverted needle such that the boundary of the needle tip is parallel
to the liquid-air surface.

3.8. Inject ~1 mL of air through the submerged inverted needle to remove impurities that could
possibly be present on the tip of the syringe. This procedure is used to improve the surface
chemical purity of the air/liquid interface.

3.9. Estimate the maximum bubble volume (Vmax) with a procedure described as follows. First,
dispense ~2 pL of air to form a bubble at the tip of the syringe and observe the bubble shape.
Then, increase the bubble volume by ~0.5 puL and observe the bubble shape. Repeat the two
previous steps until the bubble detaches from the needle tip. This step specifies the Vmax.

3.10. Determine the appropriate range of the bubble volume, based on the previous set of
observations.

NOTE: The bubble shape should be non-spherical, substantially deformed by gravity, to allow
accurate use of the axisymmetric drop shape analysis algorithm, and the bubble volume should
be quite smaller than the Vmax to avoid bubble detachment from the needle tip. For the syringe
tip with the inner diameter of 0.84 mm, the preferred initial bubble volume is about 4 pL.

3.11. Determine the initial bubble volume based on the bubble volume range determined from
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the previous step. The initial bubble volume should be close to the middle of the bubble volume
range so that the volume, and area, perturbations produce bubbles inside the range.

3.12. Dispense the predetermined initial bubble volume from the previous step to form a bubble
at the tip of the inverted syringe tip. Make sure that the bubble is in hydrostatic equilibrium,
which means that the surface tension forces balance the gravity (buoyancy) forces.

NOTE: It is important to have the bubble pinned outside of the needle tip perimeter to prevent
the presence of surfactant solution inside the syringe needle. If the bubble is pinned inside of the
needle tip, repeat the protocol 3.7 to purify the needle tip.

3.13. Measure the dynamic surface tension based on the shape of the produced air bubble at the
tip of the needle tip every 1 s, or another predetermined time interval. The recommended
numerical algorithm for calculating surface tension is one based on the axisymmetric drop shape
analysis method of the LY equation.'? 12

3.14. Compare the actual shape of the bubble with the calculated shape. If the two shapes
overlap completely, or nearly, one infers that the equilibrium LY equation is valid for each
dynamic and slowly-varying shape. This inference is completely valid when the bubble stops
moving, and the ST stops changing, to have hydrostatic equilibrium.

NOTE: The criterion that the surface tension value is uniform throughout the interface and that
hydrodynamic effects are not important is that the calculated bubble interface shape based on
the optimal inferred surface tension values overlaps visually with the actual bubble interface
shape. More quantitative tests are possible but will not be considered in this article.

3.15. Measure the surface tension as a function of time until the first steady-state surface tension
(SST1) is achieved. The SST is defined as a plateau value beyond which the surface tension changes
by less than 1 mN-m™ (or by less than 5%) in several (10 to 100) consecutive dynamic surface
tension measurements.

3.16. Record the bubble volume (V1) and the surface area (A:)

3.17. Decrease the bubble volume by removing ~1 uL of air, and record the new bubble volume,
V2 and area, Az (see Figure 1).

3.18. Continue measuring the DST and the areas until the DST reaches the second SST (SST») at
the bubble volume of V..

3.19. Expand the bubble volume by injecting ~1 pL of air so that V3 = V1 and A3z = A,.
NOTE: Having V3 and Az exactly equal to V1 and A;z is not essential.

3.20. Continue measuring DST values until a third SST (SSTs) is reached. If the three SST values
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differ from each other by less than 1.0 mN-m, or by 5%, then their average is defined as the
equilibrium surface tension (EST).

NOTE: The protocol can be paused here.

4. Surface Tensiometry with the Spinning Bubble Method (SBM)

4.1. Calibrate the image-acquiring device of the tensiometer according to the vendor’s user
manual.

NOTE: The protocol can be paused here.

4.2. Fill the glass tube of the sample holder, compatible with the spinning tensiometer for the
measurement, with a liquid sample and close the lid. No air bubbles should be present inside of

the glass tube.

NOTE: It is recommended that the sample holder and the glass tube, which are provided by the
instrument vendor or are compatible with the tensiometer, be used.

4.3. Place the filled sample holder inside of the spinning chamber of the spinning tensiometer.
NOTE: The protocol can be paused here.

4.4, Spin the tube at a low rate of ~500 rpm to prevent the injected bubble from migrating upward
and/or attaching to the tube wall.

NOTE: The protocol can be paused here.
4.5. Load ~2.0 pL of air in the syringe.
NOTE: The protocol can be paused here.

4.6. Insert the syringe needle piercing through the polymeric septum sealing the top of the
spinning tube.

4.7. Inject an air bubble of ~2.0 pL into the spinning tube.

NOTE: The bubble volume usually remains constant, unless the bubble breaks. If the bubble
breaks, it is better to start the process again.

4.8. Increase the rotation frequency of the sample holder to vi so the bubble inside the glass tube
is deformed such that the ratio of the horizontal bubble length (L) and the radius of the middle

of the bubble (R) to reach a value of 8 or greater.

NOTE: If, with the available instrument, the sample tube cannot be spun at a sufficiently high
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rotation frequency to allow substantial bubble deformation and have a L/R ratio of 8 or greater,
the general LY equation can be used to calculate DST values.

4.9. Adjust the tilt angle of the measuring chamber containing the tube, if necessary, to position
the sample tube oriented horizontally, to prevent bubble movement, and to help achieve
gyrostatic equilibrium (hydrostatic equilibrium in a rotating fluid) for an axisymmetric shape

assumed in the LY equation and algorithm used.

NOTE: Gyrostatic equilibrium is defined for rotating bubbles, analogously to the hydrostatic
equilibrium of non-rotating bubbles, when the bubble is not moving.

4.10. Measure the dynamic surface tension (DST) values at a predetermined time interval. The
typical valueis 1 s.

4.11. Continue to measure the DST at a fixed rotation frequency, v, until it reaches a steady-
state value (SST1) and record SST1 and the rotation frequency v1 (see Figure 2).

4.12. Record the bubble volume, V; and area, A;.
4.13. Alter the rotation frequency to a second rotation frequency, v, to vary the surface area.

4.14. Continue to measure the DST at a fixed rotation frequency, v, until it reaches a second
steady-state value (SST) and the rotation frequency v..

4.15. Record the bubble volume, V> and area, A..
NOTE: V2 should be very close to V;.

4.16. Change the rotation frequency to vs.

NOTE: Having vs exactly equal to vi is not essential.

4.17. Measure DST values at a fixed rotation frequency, vs, until the third steady-state value, SST3,
is reached.

4.18. Record vz and As.

4.19. When the three SST values differ from each other by less than 1.0 mN-m™ (or by less than
5%), their average is taken to be the “EST”.

REPRESENTATIVE RESULTS:
Dynamic Surface Tension and Equilibrium Surface Tension of an Aqueous Triton X-100 Solution
with the Emerging Bubble Method
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The SST values of the Triton X-100 solutions against air were measured, and their stability was
tested for 5 mM aqueous solution; the CMC for this surfactant in water is 0.23 mM?. The SST;,
31.5+0.1 mN-m, was obtained approximately 20 s after the bubble was formed (Figure 3). After
about 25 s, the surface area was compressed from A; = 11.4 mm? to A2 = 9.0 mm? by reducing
the bubble volume from Vi = 3.8 uL to V2 = 2.8 pL. The DST first dropped to 31 mN-m, and within
1s, it increased to the SST> of 31.5 + 0.1 mN-m™. After about 50 s, the surface area was expanded
abruptly from A2 = 9.0 mm? to A3 = 11.4 mm? by increasing the bubble volume from 2.8 pL (V>)
to 3.8 pL (V3). The DST value changed little and hence, the SST3 was determined to be 31.5 + 0.1
mN-m™L. The three SST values were about the same. Therefore, the EST was determined to be
31.5+0.1 mN-m™.

Dynamic Surface Tension and Equilibrium Surface Tension of an Aqueous Triton X-100 Solution
with the Spinning Bubble Method

At 9,000 rpm, the SST3, 30.9 + 0.1 mN-m?, of the same Triton X-100 solution as that described
above was reached about 500 s after the bubble was injected (Figure 4). Then the surface area
was reduced by abruptly changing the rotation frequency from v1 = 9,000 rpm to v, = 8,500 rpm.
Then, the DST was decreased to 27.5 mN-m™, and then within 1 s rose to 30.6 mN-m™. Hence,
the SST2 was 30.6 + 0.1 mN-m™L. After ~630 s, the surface area was expanded by increasing the
rotation frequency from v, = 8,500 rpm to vs = 9,000 rpm. The DST jumped to ~34 mN-m*, and
then it decreased rapidly to a steady-state value of 30.8 + 0.1 mN-m?, the SSTs. Hence, the EST
was determined as 30.8 + 0.2 mN-m™. The 2.2% difference in EST values from the two methods
is probably due to certain systematic error; the discussion of these errors is beyond the scope of
the current paper.

FIGURE AND TABLE LEGENDS:

Figure 1. Schematic diagram of dynamic surface tension (DST), steady-state surface tension
values (SST1, SST», and SSTs), and equilibrium surface tension (EST) with the emerging bubble
method (EBM). V1 is the initial bubble volume, and V, and V3 are the bubble volumes after the
first and the second volume, and area, perturbations, respectively.

Figure 2. Schematic diagram of dynamic surface tension (DST), steady-state surface tension
values (SST1, SST», and SST3), and equilibrium surface tension (EST) with the spinning bubble
method (SBM). Here, vi is the rotation frequency prior to area perturbations, and v, and vs are
the rotation frequencies after the first and the second frequency, and area, perturbations,
respectively.

Figure 3. Dynamic Surface Tension (DST) of the model surfactant in DI water (5 mM) against air
with the emerging bubble method (EBM). In this figure, V1 is the initial bubble volume, and V,
and V3 are the bubble volumes after the first and the second volume, and area, perturbations,
respectively. Prior to each perturbation, the dynamic surface tension (DST) values reached a
plateau value, which is defined as the steady-state surface tension (SST).
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Figure 4. Dynamic Surface Tension (DST) of the model surfactant in DI water (5 mM) against air
evaluated with the spinning bubble method (SBM). In this figure, v1 is the rotation frequency
prior to area perturbations, and v, and vs3 are the rotation frequencies after the first and the
second frequency, and area, perturbations, respectively. Similarly to the EBM method, prior to
each perturbation, the dynamic surface tension (DST) values reached a plateau value, which is
defined as the steady-state surface tension (SST).

DISCUSSION:

The Emerging Bubble Method (EBM) and the Spinning Bubble Method (SBM) are simple and
robust methods for determining tension values for air/water or oil/water interfaces at
atmospheric pressure. Prerequisite information for these methods is the density of each phase,
and no contact angle information is required for determining tension values®. A major limitation
of the techniques is that the samples should have a low viscosity, and be single-phase or below
the surfactant solubility. The two protocols, the EBM and the SBM, are used for measuring
dynamic surface tension (DST) values to monitor them as a function of time. When a steady-state
surface tension (SST) value is reached, the stability of the SST value is tested by measuring the
DST after applying area perturbations. Then, unstable or metastable SST values can be screened
out?, and reliable equilibrium surface tension (EST) values can be determined.

The critical steps of the EBM protocol are (i) the removal of impurities from the syringe needle
tip (Step 3.8) and (ii) the choice of a proper extent of each area perturbation. If the syringe needle
tip contains surface-active impurities, the measured DST values may have significant errors
compared to the ones with a purified tip. By forming and detaching a series of air bubbles at the
syringe tip, surface-active impurities can be removed with the air bubbles. In addition, if the EST
values have been found to vary significantly from bubble to bubble, it is recommended to begin
the experiment with a new liquid sample and with properly-washed liquid sample containers and
syringe needles. The washing process for the liquid containers is described in Step 2.2 and the
same procedure can be used, if needed, for washing the syringe needles. Moreover, if the surface
area has been compressed so much that the shape of the air bubble becomes close to a spherical
shape, the resulting DST values may have significant errors due to the difficulties in obtaining
accurate solutions with the available software. In such cases, the extent of area compression
should be smaller, or the initial bubble volume, prior to the surface area compression, should be
larger.

The critical steps of the SBM protocol are (i) injecting an air bubble without any intrusion of air
bubbles and (ii) preventing the injected air bubble from contacting any solid surfaces (e.g.,
sample tube’s inner wall or septum), such that the gyrostatic equilibrium can be maintained
throughout each measurement. If multiple air bubbles are injected or formed in the spinning
sample glass tube, and if those bubble are in close proximity to one another, then the resulting
DST values may have significant errors due to hydrodynamic interactions between air bubbles. In
such cases, it isrecommended to begin the experiment again from the surfactant solution loading
step (Step 4.2). Also, in order to maintain gyrostatic equilibrium throughout a measurement, it is
highly recommended to keep monitoring the location of the spinning air bubble. Any drifting of
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the spinning bubble to either the left or the right direction can be minimized by controlling the
tilt angle of the spinning sample holder.

The same tensiometer used for the EBM protocol can be also used for a pendant drop method
configuration where the surfactant solution is suspended vertically at the end of the syringe tip.
The pendant drop method has a disadvantage, relative to the EBM for the experiments requiring
long times (over than about an hour), as the drop volume may decrease due to solvent
evaporation. The pendant drop method may be preferred, however, when the available liquid
sample volume is smaller than the minimum volume required for the EBM. The SBM method has
certain advantages over the pendant drop method, the Du Noty Ring method, or the Wilhelmy
plate method because the sample is in a sealed tube throughout the measurements, thereby
eliminating errors due to any solvent evaporation. In addition, as described in the introduction
section, interfacial tensions (IFTs) between two immiscible liquids, such as oil and water for
enhanced oil recovery applications™ > or hydrocarbon and fluorocarbon for firefighting fluids?®,
can be determined with the same tensiometers and with the same protocols.
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