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Author Questionnaire 
1. We have marked your project as author-provided footage, meaning you film the video yourself and provide JoVE with the footage to edit. JoVE will not send the videographer. Please confirm that this is correct. 
√ Correct 
☐ Incorrect 

 2. Microscopy: Does your protocol require the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or something similar?  No   

3. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Yes
If Yes, we will need you to record using screen recording software.
We recommend using the screen capture program OBS. JoVE’s tutorial for using OBS Studio is provided at this link: https://review.jove.com/v/5848/screen-capture-instructions-for-authors?status=a7854k

As these files are necessary for finalizing your script, please upload all screen captured video files to your project page as soon as possible.

4. Proposed filming date: To help JoVE process and publish your video in a timely manner, please indicate the proposed date that your group will film here: 18/08/2026

When you are ready to submit your video files, please contact our Content Manager, Utkarsh Khare. 

Current Protocol Length

Number of Steps:  30
Number of Shots:  48 

Interviews 

Authors: Answers are slightly edited in accordance with journal guidelines. Please note that the questions will not appear on screen. Please answer in stand-alone full sentence with sufficient context.

INTRODUCTION:
REQUIRED: Summarize your research focus and the main questions it aims to answer.
1.1. Ashika Dilshani Wackwella Gamage: This study presents a protocol for VPSA cycle design and investigates how cycle design influences hydrogen purity and recovery.
1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 


Describe the research contexts or systems in which this protocol can be applied.
1.2. Sachin Maruti Chavan: This protocol can be applied to verifying other adsorbent materials for hydrogen purification and other adsorption-based gas separations, including CO₂ capture.
1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 

CONCLUSION:
What does this protocol allow researchers to study or measure?
1. 
1.1. 
1.2. 
1.3. Ashika Dilshani Wackwella Gamage: This protocol allows the researchers to study adsorbent performance through breakthrough and PSA experiments and understand purity–recovery relationships.
1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 


Describe the most important consideration or challenge when performing this protocol.
1.4. Ashika Dilshani Wackwella Gamage: The challenge is ensuring accurate calibration, reproducibility, and proper VPSA cycle design because purity, recovery, and productivity influence each other.
1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 

How can future studies build on this work? Describe the questions or research directions that can be investigated next.
1.5. Sachin Maruti Chavan: Future studies can evaluate different adsorbents, improve energy efficiency by optimizing cycle designs, and investigate more complex gas mixtures.
1.5.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera. 


Protocol  

2. Preparation of the VPSA System and Leak Testing
Demonstrator: Ashika Dilshani Wackwella Gamage 

2.1. To begin, obtain the two-bed vacuum pressure swing adsorption or VPSA (V-P-S-A) system [1].
2.1.1. WIDE: Shot of a two-bed vacuum pressure swing adsorption system. 
2.2. Activate the zeolite in an oven at 250 degrees Celsius for 12 hours [1]. Cool the zeolite to room temperature [2]. Weigh zeolite for each column [3]. Fill both columns with the zeolite and close them tightly [4].
2.2.1. Talent placing the zeolite in the oven for activation.
2.2.2. Talent placing the zeolite at room temperature.
2.2.3. Talent weighing zeolite.
2.2.4. Talent filling both columns with the zeolite and closing them tightly.
2.3. Switch on the pressure swing adsorption or PSA (P-S-A) unit [1]. Open the software on the computer [2].
2.3.1. Talent switching on the pressure swing adsorption unit.
2.3.2. SCREEN: Open the pressure swing adsorption control software. Authors: Please create screen capture videos of the shots labeled as SCREEN,
create a screenshot summary, and upload the files to your project page as soon as possible:  https://review.jove.com/account/file-uploader?src=21978653
2.4. Perform a leak test by pressurizing the columns to 3 bar with helium [1].
2.4.1. SCREEN: Shot of columns being pressurized with helium for the leak test.
2.5. In the FlowMX (flow-M-X) software, set the feed flow rate to 500 standard milliliters per minute and start the helium flow [1].
2.5.1. SCREEN: Show the FlowMX software, enter a feed flow rate of 500 standard milliliters per minute, and start the gas flow.
2.6. In the PSA software, open the feed valves [1] and the product valves [2].
2.6.1. SCREEN: Show the pressure swing adsorption software and open the feed valves ( V1-1 and V2-1) on both of the columns.
2.6.2. SCREEN: Show the pressure swing adsorption software and open the product valves (V1-6 and V2-6) on both of the columns.
2.7. Close the feed and product valves after the pressure reaches 3 bar and stabilizes [1]. Wait 30 to 60 minutes, then confirm the pressure drop while checking for leaks using snoop [2].
2.7.1. SCREEN: Show the pressure swing adsorption software with the feed and product valves being closed after pressure stabilization.
2.7.2. Talent inspecting the unit for leaks using snoop.
2.8. Open the waste valves to depressurize the columns to 1 bar by removing helium [1]. Close all open valves [2].
2.8.1. SCREEN: Show the pressure swing adsorption software opening waste valve (V1-2, V2-2, and VW-2).
2.8.2. SCREEN: Show all the valves being closed.
2.9. Turn on the vacuum pump and open the vacuum valves to remove all gases and run the vacuum for 4 hours [1]. Close all the valves [2].
2.9.1. Shot of vacuum pump being turned on and placing the system under vacuum.
2.9.2. SCREEN: Show all the valves being closed after evacuation.
2.10. In the FlowMX software, set the helium feed flow rate to 500 standard milliliters per minute at 1 bar and start the gas flow [1]. In the PSA software, open the feed valves and the product valves to purge the adsorbent beds with helium for 2 hours [2].
2.10.1. SCREEN: Show the FlowMX software setting a helium feed flow rate of 500 standard milliliters per minute at 1 bar and starting the gas flow.
2.10.2. SCREEN: Show the pressure swing adsorption software opening the feed and product valves (V1-1, V2-1, V1-6, and V2-6) for helium purging.

3. Breakthrough Experiment
Demonstrator: Sachin Maruti Chavan

3.1. Pressurize column 1 to the operating pressure of 3 bar with helium by opening the feed valve and the product valve and controlling the helium flow using the FlowMX software [1].
3.1.1. Show the FlowMX software controlling the helium flow while the pressure swing adsorption software opens V1-1 and V1-6 to pressurize column 1 to 3 bar.
3.2. Close all the valves after the pressure reaches and stabilizes at 3 bar [1].
3.2.1. SCREEN: Show the pressure swing adsorption software with all valves closed after the pressure stabilizes at 3 bar.
3.3. In the FlowMX software, set the feed mixture to 70% hydrogen and 30% carbon dioxide [1]. Send helium directly to the mass spectrometer [2].
3.3.1. SCREEN: Show the FlowMX software entering the 70% hydrogen and 30% carbon dioxide flow rates for the feed mixture and directing helium at 466.6 standard milliliters per minute to the mass spectrometer.
3.3.2. Show the valve of the He being opened to MS.
3.4. Prepare the FlowVision 2 software for flow rate data recording [1]. Start logging the data [2].
3.4.1. SCREEN: Show the FlowVision 2 software configured for flow rate data recording.
3.4.2. SCREEN: Show the FlowVision 2 software with data logging started.
3.5. Start sending the feed mixture by selecting Start Flow in the FlowMX software [1]. In the PSA software, open the feed valve and the product valve [2]. 
3.5.1. SCREEN: Show the FlowMX software with Start Flow being selected.
3.5.2. SCREEN: Show the pressure swing adsorption software opening feed (V1-1) and product (V1-6) valves
3.6. Measure the hydrogen and carbon dioxide breakthrough times from the column using online readings in the PV MassSpec software [1].
3.6.1. SCREEN: Show the PV MassSpec software displaying the online hydrogen and carbon dioxide breakthrough readings.
3.7. Repeat the breakthrough experiment for column 2 [1]. Measure the lag time by replacing the column with the tube [2].
3.7.1. Talent repeating the breakthrough experiment using column 2.	Comment by Ashika Dilshani Wackwella Gamage: The breakthrough experiment includes steps from 3.1 to 3.6. Do we need to repeat everything again, or simply show the talent operating the machine?	Comment by Lakshmi Priya: Just show the talent operating the machine 
3.7.2. Talent replacing the column with the tube for lag time measurement.
3.8. Determine the adsorption and evacuation times based on the corrected carbon dioxide breakthrough time so that both are shorter than the breakthrough time [1].
3.8.1. SCREEN: Show the breakthrough data being reviewed to determine the adsorption and evacuation times.
3.9. Regenerate the adsorbent by heating it in an oven at 250 degrees Celsius for 20 hours [1]. Fill the columns with the regenerated adsorbent and purge them with helium at 100 standard milliliters per minute overnight [2].
3.9.1. Talent placing the adsorbent in the oven for regeneration.
3.9.2. Talent filling the columns with the regenerated adsorbent and purging them with helium.

4. Vacuum Pressure Swing Adsorption Cycle
Demonstrator: Ashika Dilshani Wackwella Gamage

4.1. Ensure that the adsorption step time is shorter than the breakthrough time [1]. Review the step times for each stage of the PSA cycle [2].
4.1.1. LABMEDIA: Figure 3
4.1.2. LABMEDIA: Table 2
4.2. In the PSA software, configure the cycle by setting the step times and the corresponding valves according to the designed cycle [1].
4.2.1. SCREEN: Show the pressure swing adsorption software entering the step times and assigning the corresponding valves for the cycle.
4.3. Set the purge-to-feed ratio to 0.1 by setting the purge flow rate to 200 standard milliliters per minute [1].
4.3.1. SCREEN: Show the pressure swing adsorption software setting the purge flow rate to 200 standard milliliters per minute.
4.4. Update the configured cycle to the PSA unit by selecting Update to PSA [1].
4.4.1. SCREEN: Show the pressure swing adsorption software with the Update to PSA button being selected.
4.5. Pressurize the column with hydrogen to the operating pressure [1].
4.5.1. SCREEN: Shot of the column being pressurized with hydrogen to 3 bar.
4.6. Send the feed mixture through the system and start the PSA cycle while recording the data in the PSA software [1], the PV MassSpec software [2], and the FlowVision 2 software [3].
4.6.1. SCREEN: PSA software recording the experimental data.
4.6.2. SCREEN: PV MassSpec software recording the experimental data.
4.6.3. SCREEN: FlowVision 2 software recording the experimental data.


5. Calibration of the Mass Spectrometer
Demonstrator: Ashika Dilshani Wackwella Gamage

5.1. Use a gas mixture with known carbon dioxide, hydrogen, and helium compositions and send it directly to the mass spectrometer [1].
5.1.1. SCREEN: Shot of gas bypassing the PSA and going directly to the MS with the PSA setup.
5.2. Record the signal for each gas in the PV MassSpec software [1]. Wait until the signals stabilize [2].
5.2.1. SCREEN: Show the PV MassSpec software recording the signal for each gas.
5.2.2. SCREEN: Show the stabilized gas signals in the PV MassSpec software.
5.3. Calculate the average stabilized signal intensity and the corresponding gas composition [1].
5.3.1. SCREEN: Show the stabilized signal intensity values and the corresponding gas compositions being averaged.
5.4. Change the gas composition and repeat the procedure to obtain multiple data points [1]. Plot the calibration curve for each gas and determine the gas composition in the product line throughout the PSA experiments [2].
5.4.1. SCREEN: Shot of changing the gas composition for additional calibration measurements
5.4.2. LABMEDIA: Suppl. Figures 6,7,8


















Results
6. Results 

6.1. At 3 bar, zeolite 5A showed carbon dioxide uptake of 3.82 millimoles per gram [1] and hydrogen uptake of 0.06 millimoles per gram [2].
6.1.1. LAB MEDIA: Figure 2. Video editor: Highlight the orange curve labelled "CO₂" at the 3 bar position on the horizontal axis.
6.1.2. LAB MEDIA: Figure 2. Video editor: Highlight the blue curve labelled "H₂" at the 3 bar position on the horizontal axis.
6.2. Carbon dioxide exhibited steep uptake below 1 bar [1] and reached 3.53 millimoles per gram at 1 bar [2].
6.2.1. LAB MEDIA: Figure 2. Video editor: Highlight the steep initial section of the red curve labelled "CO₂" below the 1 bar mark on the horizontal axis.
6.2.2. LAB MEDIA: Figure 2. Video editor: Highlight the red curve labelled "CO₂" at the 1 bar position on the horizontal axis.
6.3. At 0.002 gas component concentration at the outlet of the column to the gas component concentration at the inlet of the column, or C by Co (C-over-C-note), for hydrogen exhibited a breakthrough time of 42 seconds [1], while carbon dioxide exhibited a breakthrough time of 762 seconds after lag time correction [2].	Comment by Lakshmi Priya: % is removed and edited as per the comment. Kindly review	Comment by Ashika Dilshani Wackwella Gamage: Sorry for the confusion, it was only the % mark. I have corrected the values in the script.
6.3.1. LAB MEDIA: Figure 3. Video editor: Highlight the blue curve labelled "H₂" at the point where it reaches 0.002 on the vertical axis, highlight the 0.002 on the vertical axis.	Comment by Ashika Dilshani Wackwella Gamage:  It is the time when the outlet concentration (C) of the individual gas reaches its 0.002Co. 
And the C/Co is not in %.	Comment by Lakshmi Priya: I have changed the 0.002 to 0.2, as shown in the figure
6.3.2. LAB MEDIA: Figure 3. Video editor: Highlight the red curve labelled "CO₂" at the point where it reaches 0.002 on the vertical axis, highlight the 0.002 on the vertical axis.
6.4. The hydrogen C/Co value remained above 1 until carbon dioxide breakthrough [1].
6.4.1. LAB MEDIA: Figure 3. Video editor: Highlight the section of the blue curve labelled "H₂" that remains above the value of 1 on the vertical axis before the red curve labelled "CO₂" begins to rise.
6.5. Roll-up behavior occurred for all but the strongest adsorbing species [1].
6.5.1. LAB MEDIA: Figure 3. Video editor: Highlight the blue curve labelled "H₂" where it rises above the value of 1 on the vertical axis before returning toward 1.

6.6. During one cycle, the pressure decreased from 3 bar to 0.1 bar [1] before returning to 3 bar [2]
6.6.1. LAB MEDIA: Figure 4A. Video editor: Highlight the pressure curve covering the BD and EVPG sections, from 151 seconds to 202 seconds, where it drops from 3 bar through 1 bar to 0.1 bar.
6.6.2. LAB MEDIA: Figure 4A. Video editor: Highlight the BF section in the pressure curve from 202 seconds to 302 seconds, where it rises from 0.1 bar back to 3 bar.
6.7. A stable pressure variation over 10 cycles was observed [1].
6.7.1. LAB MEDIA: Figure 4B. Video editor: Highlight the orange repeating pressure cycles across the full graph.
6.8. The bottom temperature increased to 311 kelvin [1], then decreased after about 90 seconds [2].
6.8.1. LAB MEDIA: Figure 4C. Video editor: Highlight the green line labelled "Bottom" from 40 seconds to 120 seconds, where it rises and levels off at approximately 311 kelvin.
6.8.2. LAB MEDIA: Figure 4C. Video editor: Highlight the green line labelled "Bottom" from 120 seconds to 210 seconds, where it decreases from approximately 311 kelvin to 293 kelvin.

6.9. The top temperature increased after about 80 seconds [1] and reached approximately 314 kelvin [2].
6.9.1. LAB MEDIA: Figure 4C. Video editor: Highlight the purple line labelled "Top" from 80 seconds to 140 seconds, where it rises from approximately 300 kelvin to 314 kelvin.
6.9.2. LAB MEDIA: Figure 4C. Video editor: Highlight the purple line labelled "Top" from 140 seconds to 155 seconds, where it reaches and remains close to its highest value of approximately 314 kelvin.
6.10. Both temperatures decreased after about 150 seconds [1] and increased again during backfill [2].
6.10.1. LAB MEDIA: Figure 4C. Video editor: Highlight both the green line labelled "Bottom" and the purple line labelled "Top" from 150 seconds to 220 seconds, where both curves decrease from their peak temperatures to approximately 293–295 kelvin.
6.10.2. LAB MEDIA: Figure 4C. Video editor: Highlight both the green and purple lines from 220 seconds to 300 seconds, where both curves rise gradually from approximately 293–295 kelvin to about 297–298 kelvin.
6.11. The system achieved 97.49% hydrogen purity [1] and 80.14% hydrogen recovery [2].
6.11.1. LAB MEDIA: Figure 5. Video editor: Highlight the green bar labelled "Purge time 40 s" under "Purity", showing the value 97.49%.
6.11.2. LAB MEDIA: Figure 5. Video editor: Highlight the green bar labelled "Purge time 40 s" under "Recovery", showing the value 80.14%.
6.12. Halving the purge time yielded 95.90% hydrogen purity [1] and 85.11% hydrogen recovery [2], indicating a trade-off between hydrogen purity and recovery [3].
6.12.1. LAB MEDIA: Figure 5. Video editor: Highlight the orange bar labelled "Purge time 20 s" under "Purity", showing the value 95.90%.
6.12.2. LAB MEDIA: Figure 5. Video editor: Highlight the orange bar labelled "Purge time 20 s" under "Recovery", showing the value 85.11%.
6.12.3. LAB MEDIA: Figure 5.
6.13. Increasing the purge time by 20 seconds increased the hydrogen purity by 1.59% [1], whereas the hydrogen recovery decreased by 4.97% [2].
6.13.1. LAB MEDIA: Figure 5. Video editor: Highlight the "Purity" bars, starting with the orange bar labelled "Purge time 20 s" (95.90%) and then the green bar labelled "Purge time 40 s" (97.49%).
6.13.2. LAB MEDIA: Figure 5. Video editor: Highlight the "Recovery" bars, starting with the orange bar labelled "Purge time 20 s" (85.11%) and then the green bar labelled "Purge time 40 s" (80.14%).
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