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SUMMARY: 20 
Two protocols for determining the equilibrium surface tension (EST) values using the emerging 21 
bubble method (EBM) and the spinning bubble method (SBM) are presented for a surfactant-22 
containing aqueous phase against air. 23 
 24 
ABSTRACT: 25 
We demonstrate two robust protocols for determining the equilibrium surface tension (EST) 26 
values with area perturbation tests. The EST values should be indirectly determined from the 27 
dynamic surface tension (DST) values when surface tension (ST) values are at steady-state and 28 
stable against perturbations. The emerging bubble method (EBM) and the spinning bubble 29 
method (SBM) were chosen, because, with these methods, it is simple to introduce area 30 
perturbations while continuing dynamic tension measurements. Abrupt expansion or 31 
compression of an air bubble was used as a source of area perturbation for the EBM. For the 32 
SBM, changes in the rotation frequency of the sample solution were used to produce area 33 
perturbations. A Triton X-100 aqueous solution of a fixed concentration above its critical micelle 34 
concentration (CMC) was used as a model surfactant solution. The determined EST value of the 35 
model air/water interface from the EBM was 31.5 ± 0.1 mN·m-1 and that from the SBM was 30.8 36 
± 0.2 mN·m-1. The two protocols described in the article provide robust criteria for establishing 37 
the EST values. 38 
 39 
INTRODUCTION: 40 
The determination of the equilibrium surface tension (EST), or the equilibrium interfacial tension 41 
(EIFT), of a given air/water or oil/water interface is a critical step for applications in a wide range 42 
of industrial areas such as detergency, enhanced oil recovery, consumer products, and 43 
pharmaceutics1–4. Such tension values should be determined indirectly from the dynamic surface 44 
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tension (DST) or the dynamic interfacial tension (DIFT), because only dynamic tension values are 45 
directly measurable. Dynamic surface tension values (i.e., measuring tension values as a function 46 
of time) are determined at regular time intervals. Equilibrium tension values are deemed to be 47 
determined when the DST values are at steady state. True equilibrium surface tension values are 48 
better established when they are stable against perturbations5. Several observations of the 49 
tension relaxation after surface area compression have been previously reported by Miller and 50 
Lunkenheimer, who used  two classical tensiometry methods, the Du Noüy ring and the  Wilhelmy 51 
plate methods6–8. Those methods are less accurate than the ones used in this study, and those 52 
DSTs were measured every few minutes. Numerous techniques have been developed for 53 
measuring the surface tension (ST) or interfacial tension (IFT) values of interfaces, but there are 54 
only a handful of techniques that can be used to measure DST or DIFT values and allow one to 55 
apply perturbations to test the stability of the acquired steady-state tension values9. If the 56 
aqueous solution contains surfactant mixtures, and when one of the components adsorbs much 57 
faster than the others, then there may be a temporary plateau in the DST curves10. Then the 58 
presented methods may not work well in the short time-scales as for one component surfactants, 59 
but they still may work if the procedures are extended slightly to cover longer time-scales. 60 
 61 
The protocols described here show representative data only for surface tension values of an 62 
air/aqueous solution. However, these protocols also apply for the IFT of an aqueous solution 63 
against a second liquid, such as an oil, which is immiscible with the aqueous solution and has a 64 
smaller density than that of the aqueous solution. Here, we present two robust methods that 65 
satisfy these criteria, the emerging bubble method (EBM) and the spinning bubble method (SBM). 66 
In both methods, one determines ST values that are based on bubble shapes and do not require 67 
contact angle information, which can introduce significant uncertainties and errors to the 68 
measurements. For the EBM, area perturbations are introduced by abruptly changing the volume 69 
of the bubble emerging from a syringe needle tip. For the SBM, changes in the rotation frequency 70 
of the samples are used for area perturbations. The detailed protocols are aimed to guide 71 
researchers in the field, such that they can avoid common mistakes or errors in dynamic and 72 
equilibrium tensiometry and help prevent inaccurate interpretations of the acquired data. 73 
 74 
PROTOCOL: 75 
 76 
1. Minimum instrument specifications 77 
 78 
1.1. Prepare a tensiometer for the EBM with the following specifications: (i) a dispensing 79 
system for controlling the dispensing gas volume; (ii) a camera for capturing the bubble image; 80 
(iii) an image analysis software for solving the Laplace-Young equation (LY equation) with the 81 
axisymmetric bubble shape analysis algorithm11,12; and (iv) a temperature-controlled sample 82 
chamber. 83 
 84 
NOTE: Usually, the instrument for the EBM can also be used for the pendant drop method, in 85 
which a small drop is formed and hangs vertically from the end of a syringe needle.  86 
 87 
1.2. Prepare a tensiometer for the SBM with the following specifications: (i) a sample tube 88 
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holder that is capable of spinning a sample tube holder horizontally at high rotation frequencies 89 
of at least 6,000 rpm; (ii) a camera for capturing the image of the spinning bubble in the tube; 90 
and (iii) an image analysis software to solve the general LY equation and Vonnegut equation13. 91 
 92 
NOTE: The protocol can be paused here. 93 
 94 
2. Materials and sample preparation 95 
 96 
2.1. Obtain pure water from a water purification apparatus. The resistivity of the water at 25 97 
°C at the device output should be 18.2 MΩ·cm or close. 98 
 99 
2.2. Clean all borosilicate vials, quartz cells, glassware, and magnetic stirring bars by soaking 100 
them in pure water for at least 8 h and repeat the soaking process at least one more time. 101 
 102 
NOTE: The soaking process is aimed at removing residual ions from the glass containers, which 103 
can affect the surface tension values significantly. 104 
 105 
2.3. Prepare a surfactant solution of interest in the cleaned glassware. 106 
 107 
NOTE: The surfactant concentration should be lower than its solubility limit in the water. 108 
 109 
2.4. Wash each container that will be used for the tension measurements with the sample 110 
solution that will be used for the actual measurements prior to sample loading. 111 
 112 
2.5. Measure the densities of the liquid samples prior to the tension measurement to three or 113 
four significant figures.  114 
 115 
NOTE: The protocol can be paused here. 116 
 117 
3. Surface tensiometry with the emerging bubble method (EBM) 118 
 119 
3.1. Calibrate the image-acquiring device of the tensiometer according to the vendor’s user 120 
manual. 121 
 122 
NOTE: The protocol can be paused here. 123 
 124 
3.2. Select an inverted stainless-steel needle based on the estimated maximum bubble 125 
diameter from the estimated surface tension values. 126 
 127 
NOTE: the maximum bubble diameter can be estimated from the capillary length, dc (𝑑𝑐 =128 

√(2𝛾/Δ𝜌𝑔), where γ is the surface tension (N·m-1), Δρ is the density difference of the liquid 129 

phase and the air (kg·m-3), and g is the gravitational acceleration (m2·s-1)). The maximum bubble 130 
volume (Vmax) can be estimated as πdc

3/6. 131 
 132 
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NOTE: The protocol can be paused here. 133 
 134 
3.3. Place the inverted stainless-steel needle, obtained from the same vendor of the 135 
tensiometer, at the tip of the dispensing device. 136 
 137 
NOTE: An automated dispenser is recommended compared to a manual syringe, because it is 138 
easier and more accurate for the users to produce the desired volume, and then, volume and 139 
area perturbations to the surface. The smallest volume step of the dispenser is recommended to 140 
be less than 1 µL, from 0.2-0.5 µL, in order to produce precise area perturbations. The protocol 141 
can be paused here. 142 
 143 
3.4. Determine the volume of the liquid sample for the tension measurements such that the 144 
depth of the liquid sample is long enough to have the entire inverted part of the dispensing 145 
needle submerged, and to have an additional ~20 mm depth of liquid sample between the 146 
inverted needle tip and the liquid sample surface. 147 
 148 
3.5. Load a liquid sample in the quartz cell and place the cell on top of the sample platform. In 149 
our example, the liquid sample volume was 40 mL. 150 
 151 
3.6. Adjust the height of the inverted needle such that the tip of the needle is at least 20 mm 152 
below the surface of the liquid sample. 153 
 154 
3.7. Adjust the position of the inverted needle such that the boundary of the needle tip is 155 
parallel to the liquid-air surface. 156 
 157 
3.8. Inject ~1 mL of air through the submerged inverted needle to remove impurities that 158 
could possibly be present on the tip of the syringe. This procedure is used to improve the surface 159 
chemical purity of the air/liquid interface. 160 
 161 
3.9. Estimate the maximum bubble volume (Vmax) with a procedure described as follows. First, 162 
dispense ~2 µL of air to form a bubble at the tip of the syringe and observe the bubble shape. 163 
Then, increase the bubble volume by ~0.5 µL and observe the bubble shape. Repeat the two 164 
previous steps until the bubble detaches from the needle tip. This step specifies the Vmax. 165 
 166 
3.10. Determine the appropriate range of the bubble volume, based on the previous set of 167 
observations.  168 
 169 
NOTE: The bubble shape should be non-spherical, substantially deformed by gravity, to allow 170 
accurate use of the axisymmetric drop shape analysis algorithm, and the bubble volume should 171 
be quite smaller than the Vmax to avoid bubble detachment from the needle tip. For the syringe 172 
tip with the inner diameter of 0.84 mm, the preferred initial bubble volume is about 4 µL. 173 
 174 
3.11. Determine the initial bubble volume based on the bubble volume range determined from 175 
the previous step. The initial bubble volume should be close to the middle of the bubble volume 176 
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range so that the volume, and area, perturbations produce bubbles inside the range. 177 
 178 
3.12. Dispense the predetermined initial bubble volume from the previous step to form a 179 
bubble at the tip of the inverted syringe tip. Make sure that the bubble is in hydrostatic 180 
equilibrium, which means that the surface tension forces balance the gravity (buoyancy) forces. 181 
 182 
NOTE: It is important to have the bubble pinned outside of the needle tip perimeter to prevent 183 
the presence of surfactant solution inside the syringe needle. If the bubble is pinned inside of the 184 
needle tip, repeat the step 3.7 to purify the needle tip. 185 
 186 
3.13. Measure the dynamic surface tension based on the shape of the produced air bubble at 187 
the tip of the needle tip every 1 s, or another predetermined time interval. The recommended 188 
numerical algorithm for calculating surface tension is one based on the axisymmetric drop shape 189 
analysis method of the LY equation11,12. 190 
 191 
3.14. Compare the actual shape of the bubble with the calculated shape. If the two shapes 192 
overlap completely, or nearly, one infers that the equilibrium LY equation is valid for each 193 
dynamic and slowly-varying shape. This inference is completely valid when the bubble stops 194 
moving, and the ST stops changing, to have hydrostatic equilibrium. 195 
 196 
NOTE: The criterion that the surface tension value is uniform throughout the interface and that 197 
hydrodynamic effects are not important is that the calculated bubble interface shape based on 198 
the optimal inferred surface tension values overlaps visually with the actual bubble interface 199 
shape. More quantitative tests are possible but will not be considered in this article. 200 
 201 
3.15. Measure the surface tension as a function of time until the first steady-state surface 202 
tension (SST1) is achieved. The SST is defined as a plateau value beyond which the surface tension 203 
changes by less than 1 mN·m-1 (or by less than 5%) in several (10 to 100) consecutive dynamic 204 
surface tension measurements. 205 
 206 
3.16. Record the bubble volume (V1) and the surface area (A1) 207 
 208 
3.17. Decrease the bubble volume by removing ~1 µL of air, and record the new bubble volume, 209 
V2 and area, A2 (see Figure 1). 210 
 211 
3.18. Continue measuring the DST and the areas until the DST reaches the second SST (SST2) at 212 
the bubble volume of V2. 213 
 214 
3.19. Expand the bubble volume by injecting ~1 µL of air so that V3 ≈ V1 and A3 ≈ A2. 215 
 216 
NOTE: Having V3 and A3 exactly equal to V1 and A1 is not essential. 217 
 218 
3.20. Continue measuring DST values until a third SST (SST3) is reached. If the three SST values 219 
differ from each other by less than 1.0 mN·m-1, or by 5%, then their average is defined as the 220 
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equilibrium surface tension (EST). 221 
 222 
NOTE: The protocol can be paused here. 223 
 224 
4. Surface tensiometry with the spinning bubble method (SBM) 225 
 226 
4.1. Calibrate the image-acquiring device of the tensiometer according to the vendor’s user 227 
manual. 228 
 229 
NOTE: The protocol can be paused here. 230 
 231 
4.2. Fill the glass tube of the sample holder, compatible with the spinning tensiometer for the 232 
measurement, with a liquid sample and close the lid. No air bubbles should be present inside of 233 
the glass tube. 234 
 235 
NOTE: It is recommended that the sample holder and the glass tube, which are provided by the 236 
instrument vendor or are compatible with the tensiometer, be used. 237 
 238 
4.3. Place the filled sample holder inside of the spinning chamber of the spinning tensiometer. 239 
 240 
NOTE: The protocol can be paused here. 241 
 242 
4.4. Spin the tube at a low rate of ~500 rpm to prevent the injected bubble from migrating 243 
upward and/or attaching to the tube wall. 244 
 245 
NOTE: The protocol can be paused here. 246 
 247 
4.5. Load ~2.0 μL of air in the syringe. 248 
 249 
NOTE: The protocol can be paused here. 250 
 251 
4.6. Insert the syringe needle piercing through the polymeric septum sealing the top of the 252 
spinning tube. 253 
 254 
4.7. Inject an air bubble of ~2.0 μL into the spinning tube. 255 
 256 
NOTE: The bubble volume usually remains constant, unless the bubble breaks. If the bubble 257 
breaks, it is better to start the process again. 258 
 259 
4.8. Increase the rotation frequency of the sample holder to ν1 so the bubble inside the glass 260 
tube is deformed such that the ratio of the horizontal bubble length (L) and the radius of the 261 
middle of the bubble (R) to reach a value of 8 or greater. 262 
 263 
NOTE: If, with the available instrument, the sample tube cannot be spun at a sufficiently high 264 
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rotation frequency to allow substantial bubble deformation and have a L/R ratio of 8 or greater, 265 
the general LY equation can be used to calculate DST values. 266 
 267 
4.9. Adjust the tilt angle of the measuring chamber containing the tube, if necessary, to 268 
position the sample tube oriented horizontally, to prevent bubble movement, and to help 269 
achieve gyrostatic equilibrium (hydrostatic equilibrium in a rotating fluid) for an axisymmetric 270 
shape assumed in the LY equation and algorithm used. 271 
 272 
NOTE: Gyrostatic equilibrium is defined for rotating bubbles, analogously to the hydrostatic 273 
equilibrium of non-rotating bubbles, when the bubble is not moving. 274 
 275 
4.10. Measure the DST values at a predetermined time interval. The typical value is 1 s. 276 
 277 
4.11. Continue to measure the DST at a fixed rotation frequency, ν1, until it reaches a steady-278 
state value (SST1) and record SST1 and the rotation frequency ν1 (see Figure 2). 279 
 280 
4.12. Record the bubble volume, V1 and area, A1. 281 
 282 
4.13. Alter the rotation frequency to a second rotation frequency, ν2, to vary the surface area. 283 
 284 
4.14. Continue to measure the DST at a fixed rotation frequency, ν2, until it reaches a second 285 
steady-state value (SST2) and the rotation frequency ν2. 286 
 287 
4.15. Record the bubble volume, V2 and area, A2. 288 
 289 
NOTE: V2 should be very close to V1. 290 
 291 
4.16. Change the rotation frequency to ν3. 292 
 293 
NOTE: Having ν3 exactly equal to ν1 is not essential. 294 
 295 
4.17. Measure DST values at a fixed rotation frequency, ν3, until the third steady-state value, 296 
SST3, is reached. 297 
 298 
4.18. Record ν3 and A3. 299 
 300 
4.19. When the three SST values differ from each other by less than 1.0 mN·m-1 (or by less than 301 
5%), their average is taken to be the “EST”. 302 
 303 
REPRESENTATIVE RESULTS: 304 
Dynamic surface tension and equilibrium surface tension of an aqueous Triton X-100 solution 305 
with the EBM 306 
The SST values of the Triton X-100 solutions against air were measured, and their stability was 307 
tested for 5 mM aqueous solution; the CMC for this surfactant in water is 0.23 mM14. The SST1, 308 
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31.5 ± 0.1 mN·m-1, was obtained approximately 20 s after the bubble was formed (Figure 3). After 309 
about 25 s, the surface area was compressed from A1 = 11.4 mm2 to A2 = 9.0 mm2 by reducing 310 
the bubble volume from V1 = 3.8 μL to V2 = 2.8 μL. The DST first dropped to 31 mN·m-1, and within 311 
1 s, it increased to the SST2 of 31.5 ± 0.1 mN·m-1. After about 50 s, the surface area was expanded 312 
abruptly from A2 = 9.0 mm2 to A3 = 11.4 mm2 by increasing the bubble volume from 2.8 μL (V2) 313 
to 3.8 μL (V3). The DST value changed little and hence, the SST3 was determined to be 31.5 ± 0.1 314 
mN·m-1. The three SST values were about the same. Therefore, the EST was determined to be 315 
31.5 ± 0.1 mN·m-1. 316 
 317 
Dynamic surface tension and equilibrium surface tension of an aqueous Triton X-100 solution 318 
with the SBM 319 
At 9,000 rpm, the SST1, 30.9 ± 0.1 mN·m-1, of the same Triton X-100 solution as that described 320 
above was reached about 500 s after the bubble was injected (Figure 4). Then the surface area 321 
was reduced by abruptly changing the rotation frequency from ν1 = 9,000 rpm to ν2 = 8,500 rpm. 322 
Then, the DST was decreased to 27.5 mN·m-1, and then within 1 s rose to 30.6 mN·m-1. Hence, 323 
the SST2 was 30.6 ± 0.1 mN·m-1. After ~630 s, the surface area was expanded by increasing the 324 
rotation frequency from ν2 = 8,500 rpm to ν3 = 9,000 rpm. The DST jumped to ~34 mN·m-1, and 325 
then it decreased rapidly to a steady-state value of 30.8 ± 0.1 mN·m-1, the SST3. Hence, the EST 326 
was determined as 30.8 ± 0.2 mN·m-1. The 2.2% difference in EST values from the two methods 327 
is probably due to certain systematic error; the discussion of these errors is beyond the scope of 328 
the current paper. 329 
 330 
FIGURE AND TABLE LEGENDS: 331 
Figure 1. Schematic diagram of DST, steady-state surface tension values (SST1, SST2, and SST3), 332 
and EST with the EBM. V1 is the initial bubble volume, and V2 and V3 are the bubble volumes after 333 
the first and the second volume, and area, perturbations, respectively. 334 
 335 
Figure 2. Schematic diagram of DST, steady-state surface tension values (SST1, SST2, and SST3), 336 
and EST with the SBM. Here, ν1 is the rotation frequency prior to area perturbations, and ν2 and 337 
ν3 are the rotation frequencies after the first and the second frequency, and area, perturbations, 338 
respectively. 339 
 340 
Figure 3. DST of the model surfactant in DI water (5 mM) against air with the EBM. In this figure, 341 
V1 is the initial bubble volume, and V2 and V3 are the bubble volumes after the first and the second 342 
volume, and area, perturbations, respectively. Prior to each perturbation, the DST values reached 343 
a plateau value, which is defined as the SST. 344 
 345 
Figure 4. DST of the model surfactant in DI water (5 mM) against air evaluated with the SBM. 346 
In this figure, ν1 is the rotation frequency prior to area perturbations, and ν2 and ν3 are the 347 
rotation frequencies after the first and the second frequency, and area, perturbations, 348 
respectively. Similar to the EBM method, prior to each perturbation, the DST values reached a 349 
plateau value, which is defined as the SST. 350 
 351 
DISCUSSION: 352 
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The EBM and the SBM are simple and robust methods for determining tension values for 353 
air/water or oil/water interfaces at atmospheric pressure. Prerequisite information for these 354 
methods is the density of each phase, and no contact angle information is required for 355 
determining tension values9. A major limitation of the techniques is that the samples should have 356 
a low viscosity, and be single-phase or below the surfactant solubility. The two protocols, the 357 
EBM and the SBM, are used for measuring DST values to monitor them as a function of time. 358 
When an SST value is reached, the stability of the SST value is tested by measuring the DST after 359 
applying area perturbations. Then, unstable or metastable SST values can be screened out5, and 360 
reliable EST values can be determined. 361 
 362 
The critical steps of the EBM protocol are (i) the removal of impurities from the syringe needle 363 
tip (Step 3.8) and (ii) the choice of a proper extent of each area perturbation. If the syringe needle 364 
tip contains surface-active impurities, the measured DST values may have significant errors 365 
compared to the ones with a purified tip. By forming and detaching a series of air bubbles at the 366 
syringe tip, surface-active impurities can be removed with the air bubbles. In addition, if the EST 367 
values have been found to vary significantly from bubble to bubble, it is recommended to begin 368 
the experiment with a new liquid sample and with properly-washed liquid sample containers and 369 
syringe needles. The washing process for the liquid containers is described in Step 2.2 and the 370 
same procedure can be used, if needed, for washing the syringe needles. Moreover, if the surface 371 
area has been compressed so much that the shape of the air bubble becomes close to a spherical 372 
shape, the resulting DST values may have significant errors due to the difficulties in obtaining 373 
accurate solutions with the available software. In such cases, the extent of area compression 374 
should be smaller, or the initial bubble volume, prior to the surface area compression, should be 375 
larger. 376 
 377 
The critical steps of the SBM protocol are (i) injecting an air bubble without any intrusion of air 378 
bubbles and (ii) preventing the injected air bubble from contacting any solid surfaces (e.g., 379 
sample tube’s inner wall or septum), such that the gyrostatic equilibrium can be maintained 380 
throughout each measurement. If multiple air bubbles are injected or formed in the spinning 381 
sample glass tube, and if those bubble are in close proximity to one another, then the resulting 382 
DST values may have significant errors due to hydrodynamic interactions between air bubbles. In 383 
such cases, it is recommended to begin the experiment again from the surfactant solution loading 384 
step (Step 4.2). Also, in order to maintain gyrostatic equilibrium throughout a measurement, it is 385 
highly recommended to keep monitoring the location of the spinning air bubble. Any drifting of 386 
the spinning bubble to either the left or the right direction can be minimized by controlling the 387 
tilt angle of the spinning sample holder. 388 
 389 
The same tensiometer used for the EBM protocol can be also used for a pendant drop method 390 
configuration where the surfactant solution is suspended vertically at the end of the syringe tip. 391 
The pendant drop method has a disadvantage, relative to the EBM for the experiments requiring 392 
long times (over than about 1 h), as the drop volume may decrease due to solvent evaporation. 393 
The pendant drop method may be preferred, however, when the available liquid sample volume 394 
is smaller than the minimum volume required for the EBM. The SBM method has certain 395 
advantages over the pendant drop method, the Du Noüy Ring method, or the Wilhelmy plate 396 
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method because the sample is in a sealed tube throughout the measurements, thereby 397 
eliminating errors due to any solvent evaporation. In addition, as described in the introduction 398 
section, interfacial tensions (IFTs) between two immiscible liquids, such as oil and water for 399 
enhanced oil recovery applications5,15 or hydrocarbon and fluorocarbon for firefighting fluids16, 400 
can be determined with the same tensiometers and with the same protocols. 401 
 402 
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Name of Material/ Equipment Company

10 µL, Model 1701 SN SYR, Cemented NDL, Custom gauge, length, point style Hamilton

Anton Paar Density Meter Anton Paar

Barnstead MicroPure Water Purification System Thermo Fisher Scientific

Emerging bubble tensiometer Ramé-Hart Instrument Company

Spinning bubble tensiometer DataPhysics Instruments

Triton X-100 Sigma-Aldrich
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Catalog Number Comments/Description

80008 gauge: 26s, needle length: 2.5 inch, point style: 2

DMA 5000 

50132374

Model 790

SVT 20
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Dear Dr. Wu, 
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We thank you for your time, careful reading, and helpful and detailed comments. Our point-by-point 
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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 
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b) Any modifications and troubleshooting of the technique 
c) 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. 
c) 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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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 aqueous 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-1 and that from the SBM was 30.8 37 
± 0.2 mN·m-1. 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 
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pharmaceutics1–4. Such tension values should be determined indirectly from the dynamic surface 45 
tension (DST) or the dynamic interfacial tension (DIFT), because only dynamic tension values are 46 
directly measurable. Dynamic surface tension values (i.e., measuring tension values as a function 47 
of time) are determined at regular time intervals. Equilibrium tension values are deemed to be 48 
determined when the DST values are at steady state. True equilibrium surface tension values are 49 
better established when they are stable against perturbations5. Several observations of the 50 
tension relaxation after surface area compression have been previously reported by Miller and 51 
Lunkenheimer, who used  two classical tensiometry methods, the Du Noüy ring and the  Wilhelmy 52 
plate methods6–8. Those methods are less accurate than the ones used in this study, and those 53 
DSTs were measured every few minutes. Numerous techniques have been developed for 54 
measuring the surface tension (ST) or interfacial tension (IFT) values of interfaces, but there are 55 
only a handful of techniques that can be used to measure DST or DIFT values and allow one to 56 
apply perturbations to test the stability of the acquired steady-state tension values9. If the 57 
aqueous solution contains surfactant mixtures, and when one of the components adsorbs much 58 
faster than the others, then there may be a temporary plateau in the DST curves10. Then the 59 
presented methods may not work well in the short time-scales as for one component surfactants, 60 
but they still may work if the procedures are extended slightly to cover longer time-scales. 61 
 62 
The protocols described here show representative data only for surface tension values of an 63 
air/aqueous solution. However, these protocols also apply for the IFT of an aqueous solution 64 
against a second liquid, such as an oil, which is immiscible with the aqueous solution and has a 65 
smaller density than that of the aqueous solution. Here, we present two robust methods that 66 
satisfy these criteria, the emerging bubble method (EBM) and the spinning bubble method (SBM). 67 
In both methods, one determines ST values that are based on bubble shapes and do not require 68 
contact angle information, which can introduce significant uncertainties and errors to the 69 
measurements. For the EBM, area perturbations are introduced by abruptly changing the volume 70 
of the bubble emerging from a syringe needle tip. For the SBM, changes in the rotation frequency 71 
of the samples are used for area perturbations. The detailed protocols are aimed to guide 72 
researchers in the field, such that they can avoid common mistakes or errors in dynamic and 73 
equilibrium tensiometry and help prevent inaccurate interpretations of the acquired data. 74 
 75 
PROTOCOL: 76 
 77 
1. Minimum Instrument Specifications 78 
 79 
1.1. Prepare a tensiometer for the EBM with the following specifications: (i) a dispensing system 80 
for controlling the dispensing gas volume; (ii) a camera for capturing the bubble image; (iii) image 81 
analysis software for solving the Laplace-Young equation (LY equation) with the axisymmetric 82 
bubble shape analysis algorithm11, 12 (iv) a temperature-controlled sample chamber. 83 
 84 
NOTE: Usually, the instrument for the EBM can also be used for the pendant drop method, in 85 
which a small drop is formed and hangs vertically from the end of a syringe needle.  86 
 87 
1.2. Prepare a tensiometer for the SBM with the following specifications: (i) a sample tube holder 88 



2 

that is capable of spinning a sample tube holder horizontally at high rotation frequencies of at 89 
least 6,000 rpm; (ii) a camera for capturing the image of the spinning bubble in the tube; and (iii) 90 
image analysis software to solve the general LY equation and Vonnegut equation13. 91 
 92 
NOTE: The protocol can be paused here. 93 
 94 
2. Materials and Sample Preparation 95 
 96 
2.1. Obtain pure water from a water purification apparatus. The resistivity of the water at 25 °C 97 
at the device output should be 18.2 MΩ·cm or close to it. 98 
 99 
2.2. Clean all borosilicate vials, quartz cells, glassware, and magnetic stirring bars by soaking them 100 
in pure water for at least 8 h and repeat the soaking process at least one more time. 101 
 102 
NOTE: the soaking process is aimed at removing residual ions from the glass containers, which 103 
can affect the surface tension values significantly. 104 
 105 
2.3. Prepare a surfactant solution of interest in the cleaned glassware. 106 
 107 
NOTE: The surfactant concentration should be lower than its solubility limit in the water. 108 
 109 
2.4. Wash each container that will be used for the tension measurements with the sample 110 
solution that will be used for the actual measurements prior to sample loading. 111 
 112 
2.5. Measure the densities of the liquid samples prior to the tension measurement to three or 113 
four significant figures.  114 
 115 
NOTE: The protocol can be paused here. 116 
 117 
3. Surface Tensiometry with the Emerging Bubble Method (EBM) 118 
 119 
3.1. Calibrate the image-acquiring device of the tensiometer according to the vendor’s user 120 
manual. 121 
 122 
NOTE: The protocol can be paused here. 123 
 124 
3.2. Select an inverted stainless-steel needle based on the estimated maximum bubble diameter 125 
from the estimated surface tension values. 126 
 127 
NOTE: the maximum bubble diameter can be estimated from the capillary length, dc (𝑑𝑑𝑐𝑐 =128 
�(2𝛾𝛾/Δ𝜌𝜌𝜌𝜌), where γ is the surface tension (N·m-1), Δρ is the density difference of the liquid 129 
phase and the air (kg·m-3), and g is the gravitational acceleration (m2·s-1)). The maximum bubble 130 
volume (Vmax) can be estimated as πdc3/6. 131 
 132 
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NOTE: The protocol can be paused here. 133 
 134 
3.3. Place the inverted stainless-steel needle, obtained from the same vendor of the tensiometer, 135 
at the tip of the dispensing device. 136 
 137 
NOTE: An automated dispenser is recommended compared to a manual syringe, because it is 138 
easier and more accurate for the users to produce the desired volume, and then, volume and 139 
area perturbations to the surface. The smallest volume step of the dispenser is recommended to 140 
be less than 1 µL, from 0.2-0.5 µL, in order to produce precise area perturbations. 141 
 142 
NOTE: The protocol can be paused here. 143 
 144 
3.4. Determine the volume of the liquid sample for the tension measurements such that the 145 
depth of the liquid sample is long enough to have the entire inverted part of the dispensing 146 
needle submerged, and to have an additional ~20 mm depth of liquid sample between the 147 
inverted needle tip and the liquid sample surface. 148 
 149 
3.5. Load a liquid sample in the quartz cell and place the cell on top of the sample platform. In 150 
our example, the liquid sample volume was 40 mL. 151 
 152 
3.6. Adjust the height of the inverted needle such that the tip of the needle is at least 20 mm 153 
below the surface of the liquid sample. 154 
 155 
3.7. Adjust the position of the inverted needle such that the boundary of the needle tip is parallel 156 
to the liquid-air surface. 157 
 158 
3.8. Inject ~1 mL of air through the submerged inverted needle to remove impurities that could 159 
possibly be present on the tip of the syringe. This procedure is used to improve the surface 160 
chemical purity of the air/liquid interface. 161 
 162 
3.9. Estimate the maximum bubble volume (Vmax) with a procedure described as follows. First, 163 
dispense ~2 µL of air to form a bubble at the tip of the syringe and observe the bubble shape. 164 
Then, increase the bubble volume by ~0.5 µL and observe the bubble shape. Repeat the two 165 
previous steps until the bubble detaches from the needle tip. This step specifies the Vmax. 166 
 167 
3.10. Determine the appropriate range of the bubble volume, based on the previous set of 168 
observations.  169 
 170 
NOTE:  The bubble shape should be non-spherical, substantially deformed by gravity, to allow 171 
accurate use of the axisymmetric drop shape analysis algorithm, and the bubble volume should 172 
be quite smaller than the Vmax to avoid bubble detachment from the needle tip. For the syringe 173 
tip with the inner diameter of 0.84 mm, the preferred initial bubble volume is about 4 µL. 174 
 175 
3.11. Determine the initial bubble volume based on the bubble volume range determined from 176 
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the previous step. The initial bubble volume should be close to the middle of the bubble volume 177 
range so that the volume, and area, perturbations produce bubbles inside the range. 178 
 179 
3.12. Dispense the predetermined initial bubble volume from the previous step to form a bubble 180 
at the tip of the inverted syringe tip. Make sure that the bubble is in hydrostatic equilibrium, 181 
which means that the surface tension forces balance the gravity (buoyancy) forces. 182 
 183 
NOTE: It is important to have the bubble pinned outside of the needle tip perimeter to prevent 184 
the presence of surfactant solution inside the syringe needle. If the bubble is pinned inside of the 185 
needle tip, repeat the protocol 3.7 to purify the needle tip. 186 
 187 
3.13. Measure the dynamic surface tension based on the shape of the produced air bubble at the 188 
tip of the needle tip every 1 s, or another predetermined time interval. The recommended 189 
numerical algorithm for calculating surface tension is one based on the axisymmetric drop shape 190 
analysis method of the LY equation.11, 12 191 
 192 
3.14. Compare the actual shape of the bubble with the calculated shape. If the two shapes 193 
overlap completely, or nearly, one infers that the equilibrium LY equation is valid for each 194 
dynamic and slowly-varying shape. This inference is completely valid when the bubble stops 195 
moving, and the ST stops changing, to have hydrostatic equilibrium. 196 
 197 
NOTE: The criterion that the surface tension value is uniform throughout the interface and that 198 
hydrodynamic effects are not important is that the calculated bubble interface shape based on 199 
the optimal inferred surface tension values overlaps visually with the actual bubble interface 200 
shape. More quantitative tests are possible but will not be considered in this article. 201 
 202 
3.15. Measure the surface tension as a function of time until the first steady-state surface tension 203 
(SST1) is achieved. The SST is defined as a plateau value beyond which the surface tension changes 204 
by less than 1 mN·m-1 (or by less than 5%) in several (10 to 100) consecutive dynamic surface 205 
tension measurements. 206 
 207 
3.16. Record the bubble volume (V1) and the surface area (A1) 208 
 209 
3.17. Decrease the bubble volume by removing ~1 µL of air, and record the new bubble volume, 210 
V2 and area, A2 (see Figure 1). 211 
 212 
3.18. Continue measuring the DST and the areas until the DST reaches the second SST (SST2) at 213 
the bubble volume of V2. 214 
 215 
3.19. Expand the bubble volume by injecting ~1 µL of air so that V3 ≈ V1 and A3 ≈ A2. 216 
 217 
NOTE: Having V3 and A3 exactly equal to V1 and A1 is not essential. 218 
 219 
3.20. Continue measuring DST values until a third SST (SST3) is reached. If the three SST values 220 
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differ from each other by less than 1.0 mN·m-1, or by 5%, then their average is defined as the 221 
equilibrium surface tension (EST). 222 
 223 
NOTE: The protocol can be paused here. 224 
 225 
4. Surface Tensiometry with the Spinning Bubble Method (SBM) 226 
4.1. Calibrate the image-acquiring device of the tensiometer according to the vendor’s user 227 
manual. 228 
 229 
NOTE: The protocol can be paused here. 230 
 231 
4.2. Fill the glass tube of the sample holder, compatible with the spinning tensiometer for the 232 
measurement, with a liquid sample and close the lid. No air bubbles should be present inside of 233 
the glass tube. 234 
 235 
NOTE: It is recommended that the sample holder and the glass tube, which are provided by the 236 
instrument vendor or are compatible with the tensiometer, be used. 237 
 238 
4.3. Place the filled sample holder inside of the spinning chamber of the spinning tensiometer. 239 
 240 
NOTE: The protocol can be paused here. 241 
 242 
4.4. Spin the tube at a low rate of ~500 rpm to prevent the injected bubble from migrating upward 243 
and/or attaching to the tube wall. 244 
 245 
NOTE: The protocol can be paused here. 246 
 247 
4.5. Load ~2.0 μL of air in the syringe. 248 
 249 
NOTE: The protocol can be paused here. 250 
 251 
4.6. Insert the syringe needle piercing through the polymeric septum sealing the top of the 252 
spinning tube. 253 
 254 
4.7. Inject an air bubble of ~2.0 μL into the spinning tube. 255 
 256 
NOTE: The bubble volume usually remains constant, unless the bubble breaks. If the bubble 257 
breaks, it is better to start the process again. 258 
 259 
4.8. Increase the rotation frequency of the sample holder to ν1 so the bubble inside the glass tube 260 
is deformed such that the ratio of the horizontal bubble length (L) and the radius of the middle 261 
of the bubble (R) to reach a value of 8 or greater. 262 
 263 
NOTE: If, with the available instrument, the sample tube cannot be spun at a sufficiently high 264 
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rotation frequency to allow substantial bubble deformation and have a L/R ratio of 8 or greater, 265 
the general LY equation can be used to calculate DST values. 266 
 267 
4.9. Adjust the tilt angle of the measuring chamber containing the tube, if necessary, to position 268 
the sample tube oriented horizontally, to prevent bubble movement, and to help achieve 269 
gyrostatic equilibrium (hydrostatic equilibrium in a rotating fluid) for an axisymmetric shape 270 
assumed in the LY equation and algorithm used. 271 
 272 
NOTE: Gyrostatic equilibrium is defined for rotating bubbles, analogously to the hydrostatic 273 
equilibrium of non-rotating bubbles, when the bubble is not moving. 274 
 275 
4.10. Measure the dynamic surface tension (DST) values at a predetermined time interval. The 276 
typical value is 1 s. 277 
 278 
4.11. Continue to measure the DST at a fixed rotation frequency, ν1, until it reaches a steady-279 
state value (SST1) and record SST1 and the rotation frequency ν1 (see Figure 2). 280 
 281 
4.12. Record the bubble volume, V1 and area, A1. 282 
 283 
4.13. Alter the rotation frequency to a second rotation frequency, ν2, to vary the surface area. 284 
 285 
4.14. Continue to measure the DST at a fixed rotation frequency, ν2, until it reaches a second 286 
steady-state value (SST2) and the rotation frequency ν2. 287 
 288 
4.15. Record the bubble volume, V2 and area, A2. 289 
 290 
NOTE: V2 should be very close to V1. 291 
 292 
4.16. Change the rotation frequency to ν3. 293 
 294 
NOTE: Having ν3 exactly equal to ν1 is not essential. 295 
 296 
4.17. Measure DST values at a fixed rotation frequency, ν3, until the third steady-state value, SST3, 297 
is reached. 298 
 299 
4.18. Record ν3 and A3. 300 
 301 
4.19. When the three SST values differ from each other by less than 1.0 mN·m-1 (or by less than 302 
5%), their average is taken to be the “EST”. 303 
 304 
REPRESENTATIVE RESULTS: 305 
Dynamic Surface Tension and Equilibrium Surface Tension of an Aqueous Triton X-100 Solution 306 
with the Emerging Bubble Method 307 
 308 
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The SST values of the Triton X-100 solutions against air were measured, and their stability was 309 
tested for 5 mM aqueous solution; the CMC for this surfactant in water is 0.23 mM14. The SST1, 310 
31.5 ± 0.1 mN·m-1, was obtained approximately 20 s after the bubble was formed (Figure 3). After 311 
about 25 s, the surface area was compressed from A1 = 11.4 mm2 to A2 = 9.0 mm2 by reducing 312 
the bubble volume from V1 = 3.8 μL to V2 = 2.8 μL. The DST first dropped to 31 mN·m-1, and within 313 
1 s, it increased to the SST2 of 31.5 ± 0.1 mN·m-1. After about 50 s, the surface area was expanded 314 
abruptly from A2 = 9.0 mm2 to A3 = 11.4 mm2 by increasing the bubble volume from 2.8 μL (V2) 315 
to 3.8 μL (V3). The DST value changed little and hence, the SST3 was determined to be 31.5 ± 0.1 316 
mN·m-1. The three SST values were about the same. Therefore, the EST was determined to be 317 
31.5 ± 0.1 mN·m-1. 318 
 319 
Dynamic Surface Tension and Equilibrium Surface Tension of an Aqueous Triton X-100 Solution 320 
with the Spinning Bubble Method 321 
 322 
At 9,000 rpm, the SST1, 30.9 ± 0.1 mN·m-1, of the same Triton X-100 solution as that described 323 
above was reached about 500 s after the bubble was injected (Figure 4). Then the surface area 324 
was reduced by abruptly changing the rotation frequency from ν1 = 9,000 rpm to ν2 = 8,500 rpm. 325 
Then, the DST was decreased to 27.5 mN·m-1, and then within 1 s rose to 30.6 mN·m-1. Hence, 326 
the SST2 was 30.6 ± 0.1 mN·m-1. After ~630 s, the surface area was expanded by increasing the 327 
rotation frequency from ν2 = 8,500 rpm to ν3 = 9,000 rpm. The DST jumped to ~34 mN·m-1, and 328 
then it decreased rapidly to a steady-state value of 30.8 ± 0.1 mN·m-1, the SST3. Hence, the EST 329 
was determined as 30.8 ± 0.2 mN·m-1. The 2.2% difference in EST values from the two methods 330 
is probably due to certain systematic error; the discussion of these errors is beyond the scope of 331 
the current paper. 332 
 333 
FIGURE AND TABLE LEGENDS: 334 
 335 
Figure 1. Schematic diagram of dynamic surface tension (DST), steady-state surface tension 336 
values (SST1, SST2, and SST3), and equilibrium surface tension (EST) with the emerging bubble 337 
method (EBM). V1 is the initial bubble volume, and V2 and V3 are the bubble volumes after the 338 
first and the second volume, and area, perturbations, respectively. 339 
 340 
Figure 2. Schematic diagram of dynamic surface tension (DST), steady-state surface tension 341 
values (SST1, SST2, and SST3), and equilibrium surface tension (EST) with the spinning bubble 342 
method (SBM). Here, ν1 is the rotation frequency prior to area perturbations, and ν2 and ν3 are 343 
the rotation frequencies after the first and the second frequency, and area, perturbations, 344 
respectively. 345 
 346 
Figure 3. Dynamic Surface Tension (DST) of the model surfactant in DI water (5 mM) against air 347 
with the emerging bubble method (EBM). In this figure, V1 is the initial bubble volume, and V2 348 
and V3 are the bubble volumes after the first and the second volume, and area, perturbations, 349 
respectively. Prior to each perturbation, the dynamic surface tension (DST) values reached a 350 
plateau value, which is defined as the steady-state surface tension (SST). 351 
 352 
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Figure 4. Dynamic Surface Tension (DST) of the model surfactant in DI water (5 mM) against air 353 
evaluated with the spinning bubble method (SBM). In this figure, ν1 is the rotation frequency 354 
prior to area perturbations, and ν2 and ν3 are the rotation frequencies after the first and the 355 
second frequency, and area, perturbations, respectively. Similarly to the EBM method, prior to 356 
each perturbation, the dynamic surface tension (DST) values reached a plateau value, which is 357 
defined as the steady-state surface tension (SST). 358 
 359 
DISCUSSION: 360 
The Emerging Bubble Method (EBM) and the Spinning Bubble Method (SBM) are simple and 361 
robust methods for determining tension values for air/water or oil/water interfaces at 362 
atmospheric pressure. Prerequisite information for these methods is the density of each phase, 363 
and no contact angle information is required for determining tension values9. A major limitation 364 
of the techniques is that the samples should have a low viscosity, and be single-phase or below 365 
the surfactant solubility. The two protocols, the EBM and the SBM, are used for measuring 366 
dynamic surface tension (DST) values to monitor them as a function of time. When a steady-state 367 
surface tension (SST) value is reached, the stability of the SST value is tested by measuring the 368 
DST after applying area perturbations. Then, unstable or metastable SST values can be screened 369 
out5, and reliable equilibrium surface tension (EST) values can be determined. 370 
 371 
The critical steps of the EBM protocol are (i) the removal of impurities from the syringe needle 372 
tip (Step 3.8) and (ii) the choice of a proper extent of each area perturbation. If the syringe needle 373 
tip contains surface-active impurities, the measured DST values may have significant errors 374 
compared to the ones with a purified tip. By forming and detaching a series of air bubbles at the 375 
syringe tip, surface-active impurities can be removed with the air bubbles. In addition, if the EST 376 
values have been found to vary significantly from bubble to bubble, it is recommended to begin 377 
the experiment with a new liquid sample and with properly-washed liquid sample containers and 378 
syringe needles. The washing process for the liquid containers is described in Step 2.2 and the 379 
same procedure can be used, if needed, for washing the syringe needles. Moreover, if the surface 380 
area has been compressed so much that the shape of the air bubble becomes close to a spherical 381 
shape, the resulting DST values may have significant errors due to the difficulties in obtaining 382 
accurate solutions with the available software. In such cases, the extent of area compression 383 
should be smaller, or the initial bubble volume, prior to the surface area compression, should be 384 
larger. 385 
 386 
The critical steps of the SBM protocol are (i) injecting an air bubble without any intrusion of air 387 
bubbles and (ii) preventing the injected air bubble from contacting any solid surfaces (e.g., 388 
sample tube’s inner wall or septum), such that the gyrostatic equilibrium can be maintained 389 
throughout each measurement. If multiple air bubbles are injected or formed in the spinning 390 
sample glass tube, and if those bubble are in close proximity to one another, then the resulting 391 
DST values may have significant errors due to hydrodynamic interactions between air bubbles. In 392 
such cases, it is recommended to begin the experiment again from the surfactant solution loading 393 
step (Step 4.2). Also, in order to maintain gyrostatic equilibrium throughout a measurement, it is 394 
highly recommended to keep monitoring the location of the spinning air bubble. Any drifting of 395 
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the spinning bubble to either the left or the right direction can be minimized by controlling the 396 
tilt angle of the spinning sample holder. 397 
 398 
The same tensiometer used for the EBM protocol can be also used for a pendant drop method 399 
configuration where the surfactant solution is suspended vertically at the end of the syringe tip. 400 
The pendant drop method has a disadvantage, relative to the EBM for the experiments requiring 401 
long times (over than about an hour), as the drop volume may decrease due to solvent 402 
evaporation. The pendant drop method may be preferred, however, when the available liquid 403 
sample volume is smaller than the minimum volume required for the EBM. The SBM method has 404 
certain advantages over the pendant drop method, the Du Noüy Ring method, or the Wilhelmy 405 
plate method because the sample is in a sealed tube throughout the measurements, thereby 406 
eliminating errors due to any solvent evaporation. In addition, as described in the introduction 407 
section, interfacial tensions (IFTs) between two immiscible liquids, such as oil and water for 408 
enhanced oil recovery applications5, 15 or hydrocarbon and fluorocarbon for firefighting fluids16, 409 
can be determined with the same tensiometers and with the same protocols. 410 
 411 
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