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A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) N 
B.  Software: Does your protocol include detailed, step-by-step instructions involving computer-controlled instrumentation or other software? (Y/N) N
[bookmark: BackToQues]C.  Procedure Highlights: Of the steps to be filmed, which will viewers benefit most from seeing? Please list 4-6 steps from this script by their step numbers (e.g. 2.1).
Steps 2.5, 3.1, 3.2, 3.6, 3.7
D.  Critical Steps: What is the single most difficult aspect of this procedure? Please list 1-2 steps from this script and briefly describe how you ensure success.
Steps 3.2, 3.7
E.  Filming: Will filming need to take place in multiple locations? (Y/N) Y
If yes, how far apart are the locations? 170 miles (University of Minnesota, Minneapolis; and Morris, MN)
Section 2, interview statement 1.4, and shot 1.5.2 from the demonstrator introduction will be filmed in Morris.
Section 3 and the rest of the interview statements will be filmed in Minneapolis.
Authors: Please review the above list of sections to be filmed at each location and make any necessary corrections before the date of filming.


1. Introduction (Experimental Goal and Author Interviews)

A. Experimental Goal (Spoken by voice talent at JoVE.)

The overall goal of this procedure is to produce ammonia from air, water, and wind-generated energy in a low-pressure process with negligible carbon dioxide emissions. (Intro)

B.  Required Interview Statements (Said by you on camera. Don’t forget to smile!)  
1.1. Ed Cussler: This method can help address key issues in ammonia production, such as reaction efficiency, product distribution, and carbon dioxide emissions.
1.2. Alon McCormick: The process uses a solid ammonia-selective absorbent rather than a condenser. Continually removing ammonia from the system decreases the occurrence of the reverse chemical reaction.
C.  Optional Interview Statements (Said by you on camera. Don’t forget to smile!)
1.3. Mahdi Malmali: The main advantage of this process is that it can be performed at lower pressures, which is safer and less expensive.
1.4. Mike Reese: Cory Marquart and I operate a plant for the conventional process that is 30,000 times smaller than typical plants. This gives a standard for comparison with the absorbent process.
Authors: Some statements have been moved to the conclusion or combined to accommodate length restrictions. Please note that funding sources should not be selectively mentioned in the video itself. Please instead include all funding information and acknowledgments in the Acknowledgments section of the manuscript, as it will be displayed with the video.

D. Introduction of Demonstrator (Said by you on camera. Don’t forget to smile!)
1.5. Ed Cussler: Mike Reese and Cory Marquart will operate the conventional small-scale plant in Morris, MN. Demonstrating the absorbent-based process will be Mahdi Malmali, a postdoctoral fellow affiliated with my laboratory.
1.5.1. Ed Cussler speaks towards the camera, interview style.
1.5.2. Mike Reese and Cory Marquart look up from the plant control stations and acknowledge the camera.
1.5.3. Mahdi Malmali looks up from the control interface of the laboratory plant and acknowledges the camera.
2. [bookmark: IntroStatements]Ammonia Generation in a Conventional Mini-Plant
To be filmed in Morris, MN
2.1. Prior to beginning the process, start up the ammonia generation plant and ramp the catalytic (cat-ll-it-ick /ˌkæt lˈɪt ɪk/) reactor to 440 °C. [1-WIDE-TXT] Set the condenser temperature to -18 °C. [2-MED-Over shoulder]
2.1.1. The small-scale plant, already ready for ammonia synthesis. (TEXT: See text protocol for plant startup procedure and system schematic.)
2.1.2. Talent at the control computer in the control room, with the reactor and condenser already at the respective reaction temperatures.
2.2. Next, turn on the air dryer, the air compressor, and the nitrogen generator. Turn on the nitrogen gas booster to fill the nitrogen supply tanks. Turn on the chiller, water deionization unit, electrolyzer and the hydrogen gas booster. Verify that the chiller is operational and cooling liquid is flowing through. [1-MED-Over shoulder-TXT] [2-MED-Over shoulder-TXT] Not sure where which shot belongs, will have to watch the footage. The text was long; I have trimmed it as much as possible.
2.2.1. Talent opens the turns on the electrolyzer unit. TEXT: Nitrogen supply tanks pressure -17 MPa.
2.2.2. Talent closes the turns on the nitrogen generator system. TEXT: Hydrogen supply tanks - up to 17 MPa.
Authors: When you finalize this script, please verify that the pressure values and units in the script match the software and instruments that were filmed. Please also update the manuscript (MS steps 1.3.1.5-1.3.1.7), if necessary.
2.3. Next, set the nitrogen inlet regulator to 300 psi (P-S-I). Open the nitrogen valve to begin pressurizing the process skid. [1-MED-Over shoulder] Close the nitrogen bypass valve when the skid reaches 300 psi. [2-MED-Over shoulder]
2.3.1. Talent sets the nitrogen inlet regulator and opens the nitrogen valve.
2.3.2. With the skid pressure at 300 psi, talent closes the nitrogen valve.
2.4. Then, set the hydrogen inlet regulator to 1200 psi and open the hydrogen valve. [1-MED-Over shoulder] Once the skid reaches 1200 psi, close the hydrogen valve. [2-MED-Over shoulder]
2.4.1. Talent sets the hydrogen inlet regulator and opens the hydrogen inlet valve.
2.4.2. With the skid pressure at 1200 psi, talent closes the hydrogen valve.
2.5. Start the skid to begin cycling the 1:3 nitrogen to hydrogen gas mixture through the system. [1-MED-Over shoulder] After the process has finished, store the condensed ammonia at 150 psi. [2-MED]
2.5.1. Talent starts the recirculation pump and monitors the system condition as the gas begins circulating.
2.5.2. The liquid ammonia storage container.
3. Ammonia Generation in an Absorber-Based Plant
To be filmed in Minneapolis, MN
Note: This section is structured on the assumption that the system will be ready for a demonstration of the synthesis, so the startup steps will effectively be done in mock. The control software should not be visible on camera until 3.4.1, as the readings would be inconsistent with the narration of 3.3.

Experimental Apparatus Preparation:
3.1.  [1-MED] To prepare the reactor, use a mortar and pestle to grind the catalyst particles to less than 1 mm in size. [2-MED-Over shoulder] Pack the ground catalyst into 0.25-in tubing. [3-MED]
3.1.1. Talent weighing out a sample of a pre-reduced iron-based catalyst. This shot was not taken, the authors say that it is not important.
3.1.2. Talent grinding the catalyst sample with a mortar and pestle. TEXT: 3 g of catalyst. For preparation, see the text protocol. Not sure how this is slated: 3.1.2. or 3.1.1.
3.1.3. Talent packs the catalyst into a 0.25-in tube to make an example reactor. Not sure how this is slated: 3.1.3. or 3.1.2.
3.2. To prepare the absorber, pack 80 g of calcium chloride, or an equivalent amount of another ammonia-selective absorbent, into a 30-cm column with an inner diameter of 2.3 cm. Plug the ends of the column with sufficient packing support material to immobilize the absorbent. [1-MED] [2-CU] [3-MED]
3.2.1. Talent packs CaCl2 into the column. Talent taps the tube to settle the CaCl2 in the column. Talent places glass wool or other support material at the top of the packed column to make an example absorber. Editor: 3.2.1., 3.2.2. and 3.2.3. combined in single shot.
3.2.2. Talent taps the tube (or other preferred settling method) to settle the CaCl2 in the column.
3.2.3. Talent places glass wool or other support material at the top of the packed column to make an example absorber.
3.3. Install the reactor… [1-MED-TXT] and absorber in the plant [4]. Heat the absorber to 350 °C under a 200-SCCM (S-C-C-M) flow of nitrogen. [2-MED] Maintain those conditions for 24 hours to remove moisture. [3-WIDE]
3.3.1. Talent points out the locations of the already-installed reactor. Editor: The original shot 3.3.1. is divided into two shots, not sure how they are slated, marked here as 3.3.1. and 3.3.4
3.3.4. Added Shot: Talent points out the locations of the already-installed absorber. (TEXT: See text protocol for absorber-based system schematic.) Not sure how this shot was slated.
3.3.2. Talent checks the nitrogen supply, and then goes to the control computer.
3.3.3. Talent moves away from the system, as though leaving it overnight.
Authors: If the reactor and absorber are covered with insulating material or otherwise difficult to see, then please indicate their approximate locations.

Catalyst Activation:
3.4. Heat the reactor to 400 °C over the course of four days while flowing hydrogen through the reactor at 500 SCCM to finish the catalyst reduction. [1-MED-Over shoulder] Keep the reduced catalyst under a blanket of ultrapure nitrogen gas when the system is idle. [2-MED-Over shoulder]
3.4.1. Talent monitors the readings in the software with the reactor at 400 °C and H2 flowing at 500 SCCM.
3.4.2. Talent stops the hydrogen flow and starts the nitrogen flow to put the catalyst under a nitrogen blanket.

Reaction-Absorption Experiments:
3.5. To begin the ammonia generation process, ramp the reactor to 400 °C and the absorber to 180 °C. Flush the system with ultrapure nitrogen gas by repeatedly pressurizing and venting the system. [1-MED-Over shoulder-TXT]
3.5.1. Talent pressurizes the system with nitrogen gas and then releases the pressure. (TEXT: Adjust absorber temperature for the reaction as needed based on the system pressure and the absorbent used.)
3.6. Then, pressurize the system with a 1:3 mixture of nitrogen and hydrogen gases. [1-MED-Over shoulder] Close the nitrogen and hydrogen inlet valves, open the reactor outlet valve, and start the recirculation pump. [2-WIDE]
3.6.1. Talent sets the nitrogen setpoint and monitors the system as it is pressurized with nitrogen.
3.6.2. With the nitrogen and hydrogen at the target pressures, talent closes the inlet valves, opens the outlet valve, and starts the pump.
3.7. Monitor the reactor and absorber temperatures as the reaction starts and adjust them as necessary to compensate for exothermic processes. [1-MED-Over shoulder]
3.7.1. Talent monitors the readings in the software as the reaction begins.
3.8. Run the process for 5 hours, or until the absorber starts to break through, as indicated by a decrease in the change in system pressure over time. [1-MED-Over shoulder LM]
3.8.1. [bookmark: _GoBack]Talent looks at the recorded decrease in pressure change over time from a previously acquired dataset. Editor: Shot not taken, but we should use lab media. Authors left the note that they could provide it.

Regenerating Absorbents:
3.9. Open the nitrogen inlet valve and the ammonia outlet valve and reduce the system to atmospheric pressure. [1-MED] Flow nitrogen through the system at 100 SCCM while heating the absorber for 5 hours to release the ammonia. [2-MED-Over shoulder]
3.9.1. Talent opens the nitrogen and ammonia valves.
3.9.2. Talent sets the nitrogen flow rate and increases the absorber temperature.

4. Results: Ammonia Production in the Presence of an Ammonia-Selective Absorbent
4.1. The high pressures used in the conventional method are necessary to favor the forward reaction at high temperatures. [1-LM] In the low-pressure separation method, the ammonia was trapped before it could undergo the reverse reaction. [2-LM] A significant increase in the rate of conversion was observed relative to the conventional method. [3-LM]
4.1.1. Fig 2.tiff and Table 2 video.xlsx: Highlight the second row of the table (the Pressure (bar) row).
4.1.2. Fig 3.tiff: During “the ammonia…reaction”, highlight the red X over ‘NH3’ in the upper right quadrant of the figure and the Absorber oblong.
4.1.3. Fig 5.tiff
4.2. The initial reaction rates of the separation method were consistent with published values and separate chemical kinetics experiments. Temperature variation was observed in the initial reaction rates of the separation method. [1-LM] 
4.2.1. Fig 4.tiff: During “The initial…kinetics experiments”, highlight the right graph. During “Temperature…method”, add light background shading to the left half of the left graph (x = 13 to x = 15).
4.3. The overall reaction rate showed much less temperature dependence, indicating that the catalytic reaction rate is not a major limiting factor for the conversion rate in the separation method. [1-LM]
4.3.1. Fig 6.tiff
4.4. The absorbent efficiently removed the ammonia from the system, but the capacity of the column decreased after each cycle. Investigation into prolonging the life of the absorbent column is underway. [1-LM]
4.4.1. Fig 7.tiff
4.5. The absorption kinetics were not found to be a significantly limiting factor for ammonia production. The recirculation flow rate was found to correlate with the reaction rate, indicating that it is the primary controlling step for the process. [1-LM]
4.5.1. Fig 9.tiff: On “recirculation flow rate”, box the x-axis label (1/Pump Flow (s/mL)). On “the reaction rate”, also box the y-axis label (1/r1 (s/bar)).
5. [bookmark: ProvidedMedia]Conclusion (Said by you on camera. Don’t forget to smile!)
5.1. Ed Cussler: This process can make ammonia from air, water, and wind. The air and water are sources of nitrogen and hydrogen by pressure swing absorption and electrolysis, respectively. The energy for the process comes from wind.
5.2. Alon McCormick: The Haber-Bosch process is a century-old reaction that feeds a large fraction of the world’s population. Trying to improve it has high risk and potentially high reward.
5.3. Ed Cussler: My original idea for this work was to make family farms in rural Minnesota more self-sufficient for their nitrogen fertilizer. The promise of a fuel for energy-short cities by storing wind-based energy as liquid ammonia is an unexpected gain.
5.4. Mahdi Malmali: The key to the absorption-based process is to develop a stable, reusable absorbent that efficiently traps ammonia as it is produced.
5.5. [bookmark: Conclusion]Ed Cussler: By replacing the conventional condenser with an absorbent bed, we are closer to a cheaper, safer ammonia generation process suitable for small-scale manufacturing. Editor: 5.1. to 5.5. are slated as 2.1. to 2.5. in the video.
PROVIDED MEDIA
Authors: Name new or modified files with the scheme 01234_PIname_Figure1.tif, where 01234 is your JoVE video ID and PIname is the corresponding author’s surname. For example:

5.2 – 01234_PIname_Figure1.tif – dual color imaging of tumor angiogenesis at 40X
5.3 – 01234_PIname_Figure2.tif – dual color imaging of tumor angiogenesis at 100X

Minimum dimensions: 720 x 480 pixels
Minimum resolution: 300 dpi

Preferred image formats: .tiff, .png, .eps, .ai, .psd, .pdf
Preferred movie formats: .mov, .mp4, .avi

If figures or tables were created as .pptx or .xlsx files, please provide those as well.

Upload each file to your project folder: https://www.jove.com/account/file-uploader?src=16985803
Please list the provided files below and specify the step or steps where the files will be used. If a file is not based on an existing figure, please provide a short description.

· 4.1.1 – Table 2 video.xlsx – Table 2 with units


General Preparation

It is critical for a smooth and organized shoot that your samples, reagents, instruments, glassware, and software are ready to go. This ensures that filming can quickly move from step to step.

Reagents, samples, and solutions should be prepared or collected and labeled before we arrive. All tubes, flasks, and plates should be clean, dry, and neatly labeled.

If your procedure includes long incubation, reaction, heating, or calculation times, prepare the products of those steps before we arrive. Please notify your script editor if the product of a long step is too unstable to be prepared in advance.

Please see JoVE’s FAQ at http://www.jove.com/author/submission-faq if you have general questions about filming. For detailed preparation instructions, please see the email that accompanied this script.
 2016, Journal of Visualized Experiments

