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SUMMARY:  21 

We present a protocol to study the formation of hydrates in the presence of nonionic surfactants 22 

on the interface of a water droplet submerged in cyclopentane. The protocol consists of building 23 

a low-cost, programmable, temperature regulator. The temperature control system is combined 24 

with visualization techniques and internal pressure measurements.  25 

 26 

ABSTRACT:  27 

We introduce an approach to study the formation and growth of hydrates under the influence of 28 

nonionic surfactants. The experimental system includes a temperature regulator, visualization 29 

techniques, and inner pressure measurements. The temperature control system contains a low-30 

cost, programmable temperature regulator made with solid-state Peltier components. Along 31 

with the temperature control system, we incorporated visualization techniques and internal 32 

pressure measurements to study hydrate formation and inhibition in the presence of nonionic 33 

surfactants. We studied the hydrate-inhibiting ability of nonionic surfactants (sorbitane 34 

monolaurate, sorbitane monooleate, PEG-PPG-PEG, and polyoxyethylenesorbitan tristearate) at 35 

low (i.e., 0.1 CMC), medium (i.e., CMC), and high (i.e., 10 CMC) concentrations. Two types of 36 

crystals were formed: planar and conical. Planar crystals were formed in plain water and low 37 

surfactant concentrations. Conical crystals were formed in high surfactant concentrations. The 38 

results of the study show that conical crystals are the most effective in terms of hydrate 39 

inhibition. Because conical crystals cannot grow past a certain size, the hydrate growth rate as a 40 

conical crystal is slower than the hydrate growth rate as planar crystal. Hence, surfactants that 41 

force hydrates to form conical crystals are the most efficient. The goal of the protocol is to 42 

provide a detailed description of an experimental system that is capable of investigating the 43 
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cyclopentane hydrate crystallization process on the surface of a water droplet in the presence of 44 

surfactant molecules.  45 

  46 

INTRODUCTION:  47 

The incentive to understand the mechanism of hydrate crystallization and inhibition comes from 48 

the fact that hydrates occur naturally in oil pipelines and can result in difficulties in flow 49 

assurance. For example, the 2010 Gulf of Mexico oil spill1 was a result of hydrate accumulation 50 

in an underwater oil piping system, causing contamination to the environment. Hence, 51 

understanding hydrate formation and inhibition is crucial in order to prevent future 52 

environmental disasters. Much of the driving force for the study of hydrate crystallization in the 53 

past years is the oil industry’s effort to prevent hydrate plug agglomeration and the subsequent 54 

blockage of flow. The first study to determine that hydrates were responsible for plugged 55 

flowlines was done by Hammerschmidt in 19342. To this day, oil producers find it highly important 56 

to understand and inhibit hydrate formation for flow assurance3. 57 

 58 

One way to prevent hydrate formation is to insulate deep water pipelines so that ice does not 59 

form. However, it is expensive to adequately insulate the pipelines, and the additional costs can 60 

be in the order of $1 million/km3. Thermodynamic inhibitors, such as methanol, can be injected 61 

into wellheads to prevent the formation of hydrates. However, large volumetric ratios of water 62 

to alcohol, as great as 1:1, are needed in order to adequately prevent the formation of hydrates4. 63 

Recently, the global cost to use methanol for hydrate prevention has been reported as $220 64 

million/year. This is not a sustainable amount of alcohol usage5. In addition, the use of methanol 65 

is problematic because it is environmentally hazardous, and cannot be used for large-scale 66 

transport5. Alternatively, kinetic inhibitors, such as surfactants, can suppress hydrate growth at 67 

small quantities and temperatures of up to 20 °C6. Hence, surfactant presence can reduce the 68 

large amount of alcohols needed for hydrate prevention.  69 

 70 

Surfactants are considered good inhibitors for hydrate crystallization due to two main reasons: 71 

1) They can inhibit hydrate formation through surface property changes; and 2) They initially help 72 

the formation of hydrate cells but prevent further growth and agglomeration of the crystal down 73 

the pipeline7. Although surfactants have proved to be efficient inhibitors, there is still a large 74 

amount of information missing regarding the crystallization process in the presence of 75 

surfactants. While some studies have shown that the use of surfactants can extend the initial 76 

hydrate crystallization time at certain subcoolings, other studies have found exceptions at low 77 

surfactant concentrations. At low surfactant concentrations, the water droplets tend to coalesce 78 

and accelerate the process of hydrate formation8. The inhibition process has been explained by 79 

surfactant molecules interrupting planar hydrate growth, forcing the hydrate into hollow-conical 80 

crystal formation. The conical crystals form a mechanical barrier for crystal growth9, and thus 81 

inhibit the growth.  82 

 83 

In this study we designed and implemented a low-cost, integrated modular Peltier device (IMPd) 84 

along with a hydrate visualization cell and used them to study cyclopentane hydrate formation 85 

in the presence of nonionic surfactants. The reason for using cyclopentane instead of low 86 

molecular weight gases (e.g., CH4 and CO2) that usually form hydrates in deep sea reservoirs, is 87 



   

that these gases require higher pressures and lower temperatures to form stable hydrates. 88 

Because cyclopentane forms hydrates at ambient pressure and temperatures up to ~7.5 °C, it is 89 

often used as a model material for hydrate formation10. 90 

 91 

The integrated modular Peltier device (IMPd) consists of an open-source microcontroller, Peltier 92 

plate, CPU cooler (heat sink), and waterproof digital temperature sensor. The device can deliver 93 

a maximum temperature differential of 68 °C. The minimum temperature resolution is 1/16 °C. 94 

The entire system, including the electrical circuitry and hardware, can be constructed for less 95 

than $200. The temperature sensor reports to the microcontroller, which sends output signals to 96 

the transistor. The transistor then passes current from the DC power source through the Peltier 97 

element. The heat sink helps cool the Peltier element by convecting the heat coming from the 98 

hot side of the Peltier to the ambient air. The assembled hardware components of the IMPd 99 

system are shown in Figure 1a,b. Figure 1c shows the wiring schematic with all the components 100 

of the control loop (proportional-integral-derivative [PID] controller) and the pin-outs. The 101 

output current of the microcontroller was limited with the gate resistor R1 to a maximum current 102 

of 23 mA (I = 5 V/220 ). The pull-down resistor R2 in Figure 1c allows the gate charge to dissipate 103 

and to turn the system off. To tune the PID controller, Ziegler-Nichols based methods combined 104 

with an iterative process are used11. Microcontroller integrated development environment (IDE) 105 

software is used to monitor and send commands to the microcontroller for temperature 106 

regulation.  107 

 108 

Along with the IMPd, we applied a novel approach using visualization techniques and internal 109 

pressure measurements. The hydrate visualization cell, which is placed on top of the IMPd, is 110 

comprised of a brass cell equipped with two double-paned observation windows. The windows 111 

allow video recording of the hydrate formation process on the water droplet in cyclopentane. 112 

The complementary metal-oxide semiconductor (CMOS) camera is placed outside the window 113 

and the pressure transducer is connected to the water injection line in order to get the internal 114 

pressure measurements of the drop. A digital transducer application is used to get the readings 115 

from the pressure transducer. A camera viewer is used to capture the videos and images from 116 

the CMOS camera. The software controls the exposure and snapshot frequency. Image 117 

processing software programs are used to track the growth of the hydrate. Figure 2a shows a 118 

schematic description of the hydrate visualization cell and Figure 2b shows an overview of the 119 

entire experimental system. The seed hydrate (Figure 2a) is required for consistent nucleation 120 

and tracking of the hydrate growth rate. The seed hydrate is a small volume (e.g., 50–100 µL) of 121 

pure water deposited on the floor of the hydrate cell. As the temperature decreases, the drop 122 

forms ice, which then turns to hydrate as the temperature increases. The small piece of the seed 123 

hydrate then contacts the water droplet. This process controls the initiation of the hydrate in the 124 

submerged water droplet. Silica desiccant is inserted into the gap between the two glass slides 125 

(Figure 2c), which serve as viewing windows. The silica desiccant helps reduce the amount of 126 

frosting and fogging on the windows. Anti-fog is also applied to the outer window to reduce 127 

fogging. Images are captured with a CMOS camera and a 28–90 mm lens. A 150 W fiber optic 128 

goose-neck lamp is used for illumination. An acrylic cover is placed on top of the brass cell in 129 

order to limit evaporation of cyclopentane. Plumbing consists of a combination of flexible 130 

polytetrafluoroethylene (PTFE) tubing and rigid brass tubing. A syringe pump with a 1 mL glass 131 



   

syringe and a 19 G needle control the flow of water and surfactant solution. A pressure 132 

transducer monitors the pressure changes inside the water surfactant solution droplet. 19 G PTFE 133 

tubing connects the syringe to the T-fitting and 1/16 in. (1.588 mm) brass tubing connects the 134 

transducer and brass hook to the T-fitting (Figure 2d). A brass hook, approximately 5 cm in length 135 

with a 180° bend, generates the water/surfactant solution droplet. The bend ensures that the 136 

droplet generated by the syringe sits on top of the tube throughout the experiment. A 1/16 in. 137 

stainless steel T-fitting in conjunction with PTFE crush ferrules and PTFE thread tape seal the 138 

fittings.  139 

 140 

Using this apparatus, we examined four different nonionic surfactants with different hydrophilic-141 

lipophilic balances (HLB) that are commonly used in the oil industry: sorbitane monolaurate, 142 

sorbitane monooleate, PEG-PPG-PEG, and polyoxyethylenesorbitan tristearate. 143 

 144 

PROTOCOL:  145 

 146 

1. Hydrate formation on water droplet in cyclopentane 147 

 148 

NOTE: The experimental procedure described below is for the study of hydrate formation on a 149 

water droplet in cyclopentane using the IMPd and hydrate visualization cell described in the 150 

introduction.  151 

 152 

1.1. Attach a 19 G needle to the 1 mL glass syringe (Figure 2b, C). 153 

 154 

1.2. Rinse the 1 mL glass syringe and 19 G needle 3x with DI water.  155 

 156 

1.3. Fill the syringe with DI water.  157 

 158 

1.4. Fill the hydrate visualization cell (Figure 2b, E) with 25 mL of cyclopentane. 159 

 160 

1.5. Using the syringe, insert a droplet of DI water (i.e., 50−100 µL) at the bottom of the hydrate 161 

visualization cell. This water droplet is the seed hydrate.  162 

 163 

NOTE: The drop should be placed at the bottom of the hydrate visualization cell. The purpose of 164 

the seed hydrate is to initiate the formation of the hydrate and to form consistent nucleation and 165 

tracking of the growth rate.  166 

 167 

1.6. Place the temperature sensor inside the hydrate visualization cell, close to the bottom of the 168 

cell.  169 

 170 

1.7. Put the acrylic cover on the hydrate visualization cell to prevent evaporation of the 171 

cyclopentane. Use screws to keep the cover in place. 172 

 173 

1.8. Adjust the lights and camera to focus. Adjust the focus on the seed hydrate. 174 

 175 



   

1.9. Set the temperature of the Peltier plate to -5 °C in the temperature control device.  176 

 177 

1.10. Check the temperature values read by the temperature sensor. 178 

 179 

1.11. Once the temperature reaches -5 °C, make sure the droplet at the bottom (seed hydrate) 180 

turns to ice. 181 

 182 

1.12. Set the temperature of the Peltier plate to 2 °C in 0.5 °C increments.  183 

 184 

1.13. When the temperature reaches 2 °C, fill the plumbing with water using the syringe, and 185 

lower the brass hook into the cyclopentane to equilibrate for 5 min. 186 

 187 

NOTE: This temperature ensures the solid ice is converted to hydrate, because the system is 188 

above the melting point of ice, yet below that of cyclopentane hydrates11. 189 

 190 

1.14. Start recording with the camera. 191 

 192 

1.15. Press the Start Measurement on the pressure transducer software to start the digital 193 

transducer recordings. 194 

 195 

1.16. Connect the syringe to the syringe pump.  196 

 197 

1.17. Set the syringe pump to inject a volume of 2 µL and activate. The syringe will plunge the 198 

water into the cyclopentane bath to form the submerged droplet. 199 

 200 

1.18. Use a needle tip to remove a small piece of the seed hydrate. 201 

 202 

1.19. Bring the needle tip with the piece of seed hydrate (Figure 3a) into brief contact with the 203 

water droplet (Figure 3b) to initiate the formation of the hydrate on the water droplet.  204 

 205 

1.20. Press Record on the camera capture software. Record images of the crystallization process 206 

of the droplet hemisphere from the camera at 1 Hz. 207 

 208 

2. Hydrate formation on water surfactant droplet in cyclopentane 209 

 210 

NOTE: Hydrate crystallization experiments with surfactant solutions are performed in the same 211 

way as pure water. However, when using a surfactant solution to study the surfactant effect on 212 

hydrate crystallization there is a need to find the critical micelle concentration (CMC) of each 213 

surfactant. The CMC can either be found in the literature9 or using the method described below. 214 

 215 

2.1. Prepare 50 mL of standard solutions of sorbitane monolaurate, PEG-PPG-PEG, and 216 

polyoxyethylenesorbitan tristearate by dissolving a measured mass of each surfactant into 217 

deionized water to prepare a series of 12 solutions of each surfactant, each representing a 218 

different concentration ranging from 10-4 g/100 mL–1 g/100 mL. 219 



   

 220 

2.2. Prepare solutions of sorbitane monooleate in cyclopentane at different concentrations.  221 

 222 

NOTE: Cyclopentane is used due to the high level of hydrophobicity and low solubility of sorbitane 223 

monooleate in water. The same concentrations are used for sorbitane monooleate as well.  224 

 225 

2.3. Measure the surface tension of each surfactant solution using the stalagmometry method. 226 

 227 

2.3.1. Place the syringe pump and syringe vertically as shown in Figure 4 in order to count falling 228 

drops. 229 

 230 

2.3.2. Program the pump to expel 1 mL of solution at a rate of 0.5 mL/min and release the drops 231 

into the air. 232 

 233 

2.3.3. Obtain the drop volume (V) as an average by dividing 1 mL by the number of observed 234 

drops.  235 

 236 

2.3.4. Test each solution at least 3x.  237 

 238 

2.3.5. Calculate interfacial tension using 239 

 240 

𝛾 =
𝑔∆𝜌𝑉

𝑟
𝐹 241 

 242 

where 𝑔 is the acceleration due to gravity, Δ𝜌 is the density change at the interface (i.e., the 243 

density difference between the surfactant solution and air), 𝑉 is the droplet volume, 𝐹 is an 244 

empirical correction given by12 245 

𝐹 =
1

2𝜋
[0.99979 − 1.32045 (

𝑟

𝑉
1
3

) + (
𝑟

𝑉
1
3

)
2

]

−1

. 246 

 247 

NOTE: Alternatively, surface tension of some surfactant solutions can be found in the literature9.  248 

 249 

2.3.6. Plot the surface tension as a function of concentration. The surface tension will decrease 250 

with increasing surfactant concentration until it flattens and becomes constant. 251 

 252 

2.3.7. Find the CMC for each surfactant (i.e., the concentration where the surface tension 253 

flattens) and use it in the experiments.  254 

 255 

NOTE: Increasing the surfactant concentration will not change the surface tension.  256 

 257 

2.4. Repeat the experimental procedure in section 1, but instead of water use surfactant solution 258 

at various concentrations compared to the CMC (i.e., 0.1x CMC, 1x CMC, and 10x CMC).  259 

 260 

3. Image processing and interfacial stress measurements 261 



   

 262 

NOTE: Tracking the conical and planar hydrate growth is performed with visual analysis methods. 263 

The software programs used are described in the Table of Materials. An example of the contour 264 

detection and coloring can be found in Figure 5. Because the camera only captures 2D projection 265 

of the spherical droplet, a 3D reconstruction needs to be created.  266 

 267 

3.1. Tracking the hydrate growth 268 

 269 

3.1.1. Open the first image of the image sequence using image processing software. 270 

 271 

3.1.2. Use the Length tool in the software to measure the length of the brass tube in the image. 272 

 273 

3.1.3. Set the scale of the brass tube in the image based on the known diameter of 1/16 in. (1.588 274 

mm).  275 

 276 

3.1.4. Select 10 equally spaced snapshots from each sequence. The snapshots should capture the 277 

full process, from the point of nucleation to full droplet conversion. 278 

 279 

3.1.5. Repeat the scale setting (steps 3.1.1−3.1.3) for the 10 chosen snapshots. 280 

 281 

3.1.6. Use the software to manually detect the contour of the drop in every frame. Mark the 282 

contour in red (Figure 5b). 283 

  284 

3.1.7. Use the software to manually detect the contour of the hydrate in every frame. Color the 285 

entire area of the entire area of the hydrate in black (Figure 5b).  286 

 287 

3.1.8. Use mathematical modelling software to form a 3D reconstruction of the drop as a 288 

correction to the surface area. 289 

 290 

NOTE: Full details on the construction of the 3D surface area is described in Dann et al.13. 291 

 292 

3.2. Apparent average interfacial stress measurements    293 

 294 

NOTE: Apparent average interfacial stress is calculated using the internal pressure data collected 295 

from the pressure transducer.  296 

 297 

3.2.1. Use the recorded data from the pressure transducer (∆𝑃). 298 

 299 

3.2.2. For every data point, use the Young-Laplace relation14 to determine the apparent average 300 

interfacial stress (𝛾), 301 

 302 

∆𝑃 =
𝛾

1
𝑅1

+
1

𝑅2

≈
2𝛾

𝑅
 303 



   

 304 

where 𝑅1 and 𝑅2 are the droplet radii of curvature and ∆𝑃 is the change in pressure within the 305 

droplet relative to 𝑡 = 0. 306 

 307 

NOTE: In the initial period following droplet formation, the two radii are approximately equal, 308 

hence 𝑅1 and 𝑅2 in the Young-Laplace equation can be replaced with the radius of the 309 

predetermined 2 µL drop equal to 𝑅 = 782 𝜇𝑚.  310 

 311 

REPRESENTATIVE RESULTS:  312 

Using this experimental system one can examine the hydrate formation at the oil-water interface 313 

and measure the interfacial stress associated with the crystallization process. Figure 6 shows a 314 

representative set of results that include both crystal formation and interfacial stress. In the 315 

planar shell growth (Figure 6a), the crystal grew from the two poles towards the equator. For 316 

that reason, in the planar crystal, the hydrate shell grew constantly. In pure water and low 317 

surfactant concentrations the hydrate formed a planar shell morphology, as can be seen in Figure 318 

6a. The change in pressure and apparent average interfacial stress over time shown in Figure 6b 319 

showed a gradual decrease in apparent average interfacial stress as the hydrate growth 320 

progressed for the planar shell morphology. As the hydrate grew and covered the surface, there 321 

was less available area for the surfactant molecules, hence the same number of surfactant 322 

molecules occupied a smaller surface area, which resulted in decreased apparent average 323 

interfacial stress. The conical morphology (Figure 6c) was observed in high surfactant 324 

concentrations. Here the hydrate grew as a conical crystal. When the conical crystal became large 325 

enough, a portion of the cone broke free from the droplet surface. This growth pattern happened 326 

over and over again in an oscillatory manner. The crystal started to grow until it reached a critical 327 

size, then it broke and the process started all over again. Apparent average interfacial stress 328 

measurements (Figure 6d) showed an initial decrease in interfacial stress as the conical crystal 329 

started to grow. In the initial stages of the growth process there was a reduction of available 330 

surface area for the surfactant molecules. The conical crystal grew and at some point reached its 331 

critical size. Further growth of the crystal resulted in detachment from the droplet’s surface. The 332 

cone breakup from the surface resulted in a sudden increase in the available surface for 333 

surfactant molecules and an increase in the interfacial stress. A crystal then started growing 334 

again, which resulted in an oscillatory behavior of the apparent average interfacial stress. This 335 

oscillatory behavior can be seen in Figure 6d.  336 

 337 

By tracking the hydrate growth, we can get information on the ability of the surfactant to inhibit 338 

hydrate formation. The collective growth rates of all surfactant solutions at low (i.e., 0.1 CMC), 339 

medium (i.e., CMC), and high (i.e., 10 CMC) concentrations are presented in Figure 7. Because 340 

the standard deviation among the three independent measurements of every surfactant 341 

concentration was <5%, error bars are not presented. In general, surfactant solution inhibited 342 

hydrate growth compared to pure water. The surfactant that was most effective in inhibiting 343 

hydrate formation was polyoxyethylenesorbitan tristearate at high concentration (i.e., 10 CMC). 344 

The hydrates formed with this surfactant had a growth rate nearly 3x slower than the hydrates 345 

formed with the next best surfactant (i.e., sorbitane monolaurate at 10 CMC). We also found that 346 

the most efficient crystal formation in terms of hydrate inhibition was the conical crystal. We also 347 



   

found that conical crystals were the most effective for hydrate inhibition. Because a conical 348 

crystal cannot grow past a certain size, the hydrate grows slower than a planar crystal. Hence, 349 

surfactants that force the hydrate to form conical crystals were the most efficient.  350 

 351 

FIGURE LEGENDS:  352 

Figure 1: Hardware assembly of the Integrated Modular Peltier Device (IMPd). (a) Assembled 353 

temperature control system showing the arrangement of A) the power supply, B) Peltier on 354 

heatsink, C) temperature probe, and D) microcontroller. (b) Schematic description of the 355 

different components of the IMPd system. (c) Wiring schematic with all components of the 356 

control loop and the pinouts shown. 357 

 358 

Figure 2: Hydrate visualization cell. (a) Schematic description of the hydrate visualization cell. 359 

(b) Mounting hardware and equipment layout: A) power supply, B) pump, C) syringe, D) heatsink, 360 

E) brass visualization cell, F) camera lens, G) transducer, H) microcontroller, I) illumination. (c) 361 

Brass visualization cell with cover and silica desiccant. (d) Plumbing route from the syringe pump 362 

to the transducer and brass hook via PTFE tubing and T-fitting. Reprinted (adapted) with 363 

permission from Dann et al.13. 364 

 365 

Figure 3: Nucleation by seed hydrate. (a) The seed hydrate was picked from the bottom of the 366 

hydrate visualization cell using the tip of a needle. (b) The seed hydrate is brought into contact 367 

with the water droplet to initiate the hydrate crystallization process. Reprinted (adapted) with 368 

permission from Dann et al.13. 369 

 370 

Figure 4: Drop counting experimental setup for surface tension measurements. 371 

 372 

Figure 5: Example hydrate region for surface area analysis. (a) Raw image of the hydrate on the 373 

drop. (b) The drop contour is marked in red, the hydrate area is marked in black. The length scale 374 

is determined from the measurement of the known diameter of the brass tube at the bottom of 375 

the image. Reprinted (adapted) with permission from Dann et al.13. 376 

 377 

Figure 6: Time lapses and apparent average interfacial stress measurements for the different 378 

crystal types. (a) Time lapses of the planar growth for low surfactant concentration. (b) Pressure 379 

difference inside the drop read by the pressure transducer. The apparent average interfacial 380 

stress values were evaluated using the Young-Laplace equation as described in Dann et al.13. (c) 381 

Time lapse of conical hydrate growth for high surfactant concentration. (d) The change in 382 

pressure within the droplet relative to t = 0 and the corresponding apparent average interfacial 383 

stress values as a function of time during the hydrate growth process of the conical hydrate. 384 

Reprinted (adapted) with permission from Dann et al.13. 385 

 386 

Figure 7: Hydrate growth rate for all surfactant solutions at low (0.1 CMC), medium (CMC), and 387 

high (10 CMC) concentrations. Reprinted (adapted) with permission from Dann et al.13. 388 

 389 

DISCUSSION:  390 

In this article we describe an experimental technique to study hydrate crystallization at the oil-391 



   

water interface in the presence of nonionic surfactants. The apparatus is comprised of a 392 

temperature control system and a visualization cell that includes a brass chamber with windows, 393 

CMOS camera, and pressure transducer. The temperature control system is comprised of a 394 

microcontroller, powerful Peltier plate, 120 mm CPU cooler as the heatsink, and a waterproof 395 

digital temperature sensor. A hydrate visualization brass cell was designed with a camera fixed 396 

at a window and a pressure sensor capable of measuring the pressure inside a drop. The 397 

surfactants that were tested with the apparatus were sorbitane monolaurate, sorbitane 398 

monooleate, PEG-PPG-PEG, and polyoxyethylenesorbitan tristearate, which are commonly used 399 

in the oil industry. The apparatus allows the measurement of the growth rate of the hydrate 400 

crystals as well as the internal pressure changes inside the drops as they undergo hydrate 401 

crystallization. From the pressure changes one can extract the apparent average interfacial 402 

stress, which can indicate the shape of the hydrate crystal.  403 

 404 

This method combines visualization techniques and internal pressure measurements to produce 405 

apparent average interfacial stress. This results in the combination of the shape of the hydrate 406 

crystal with the crowding pattern of the surfactant at the interface.  407 

 408 

The critical steps in the protocol are: (1) putting the cover on the cell after filling with 409 

cyclopentane (25 mL), (2) inserting a water droplet to the bottom of the cell using a syringe to 410 

serve as a seed hydrate, (3) lowering the temperature of the cell to -5 °C and making sure that 411 

the seed hydrate turns to ice, (4) increasing the temperature to 2 °C in 0.5 °C increments, (5) 412 

filling the plumbing with water/surfactant solution and lowering the brass hook into the 413 

cyclopentane to equilibrate for 5 min when the temperature in the cell reaches 2 °C, (6) starting 414 

the camera and pressure transducer recordings, (7) generating the water/surfactant droplet from 415 

the brass tube using the syringe pump, and (8) scraping a small amount of the hydrate previously 416 

formed on the bottom of the cell and bringing it into brief contact with the droplet, which initiates 417 

the hydrate formation process.  418 

 419 

The apparatus and experimental techniques presented can be used to study formation of crystals 420 

at liquid interfaces and the effect of surfactants on the types of crystals and inhibition of the 421 

crystallization process.  422 
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Name of Material/Equipment Company Catalog Number Comments/Description

1/16 in. Swagelok 316 stainless steel T-fitting Swagelok 

19 gauge PTFE tubing Scientific Commodities, Inc. 

19-gauge needle (model: 1001 LTSN SYR)

1-Wire DS18B20 - waterproof digital temperature sensor

Anti fog RainX

Arduino Leonardo open-source microcontroller

Brass tubing 1/16 in.  K&S Precision Metals 

Chemyx Fusion 100 Infusion Pump Chemyx

cMOS camera acA640-750um Basler

Cyclopentane 98% extra pure ACROS organics AC111481000

Fiber optic goose-neck lamp 150W AmScope

Fotodiox macro extension tubes, 35 mm

Hamilton glass syringe 1 mL Hamilton

ImageJ software

Kipon EOS to C-mount adapter Kipon

Lens 28-90 mm Canon

Mathematica software Mathematica

OMEGA PX409-10WGUSBH pressure transducer OMEGA

Peltier plate TEC1-12715 Amazon

Pluronic L31 (PEG-PPG-PEG) Sigma Aldrich  9003-11-6

Pylon Viewer v5.0.0.6150 Basler

Span 20 (Sorbitan laurate, Sorbitan monolaurate) Sigma Aldrich 1338-39-2

Span 80 (Sorbitan Monooteate) Sigma Aldrich 1338-43-8

Thermaltake NiC C4 120mm CPU cooler Thermaltake

Tween 65 (Polyoxyethylenesorbitan Tristearate) Sigma Aldrich 9005-71-4

variable Tooluxe DC power supply 
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Dear Dr. Cao,  
 
We would like to thank you for the editorial comments. We have incorporated the changes in the 
manuscript.  
 
Editorial comments: 
 
1. The language in the manuscript is not publication grade. Please thoroughly proofread the 
manuscript to ensure that there are no spelling or grammar issues.  
 
Manuscript was edited and proofread.  
 
2. Please rephrase some text (see specific comments marked in the attached manuscript) to 
avoid textual overlap with previously published work. 
 
Text was rephrased.  
 
3. Protocol: Please revise to contain only action items that direct the reader to do something 
(e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in 
complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” 
and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense 
may be added as a “NOTE.” For instance, in section 1.1, describe in the imperative tense how 
to assemble the hardware; in section 1.3, describe how to in the imperative tune the software 
using Ziegler-Nichols based methods; in section 2, describe in the imperative tense how to build 
the hydrate cell apparatus. 
 
Protocol was revised according to comments.  
 
4. Please add more details to your protocol steps. There should be enough detail in each step to 
supplement the actions seen in the video so that viewers can easily replicate the protocol. 
Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, 
add references to published material specifying how to perform the protocol action. See specific 
comments marked in the manuscript for examples. 
 
More details were added to the protocol. 
 
5. After you have made all the recommended changes to your protocol section (listed above), 
please highlight in yellow up to 2.75 pages (no less than 1 page) of protocol text (including 
headers and spacing) to be featured in the video. Bear in mind the goal of the protocol and 
highlight the critical steps to be filmed. Our scriptwriters will derive the video script directly from 
the highlighted text. 
 
Protocol steps were highlighted.  
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6. Please highlight complete sentences (not parts of sentences). Please ensure that the 
highlighted steps form a cohesive narrative with a logical flow from one highlighted step to the 
next. The highlighted text must include at least one action that is written in the imperative voice 
per step. Notes cannot usually be filmed and should be excluded from the highlighting. 
 
Complete sentences were highlighted and notes were excluded.  
 
7. Please include all relevant details that are required to perform the step in the highlighting. For 
example: If step 2.5 is highlighted for filming and the details of how to perform the step are given 
in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be highlighted. 
 
All relevant details were highlighted.  
 
Hopefully, the revised manuscript is now proved acceptable.  
 
Best,  
Liat Rosenfeld 
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