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Direct Synthesis of H2O2 Reactor System 

Standard Operating Procedure 

Lab: 270 Davenport 

Department: Chemical and Biomolecular Engineering 

PI/Manager of Space: David W. Flaherty 

Written By: Jason S. Adams 

Section 1: Overview 

Type of SOP:    ☒Process  ☐Hazardous Material  ☐Hazardous Class of Materials ☒Equipment  

Synopsis:  

The purpose of this SOP is allow the easy and safe operation of the H2O2 direct synthesis reactor. 

Section 2: Risk Assessment Summary (Hazards and control measures) 

Information obtained from performing a risk assessment should be entered into this section. 

 

Materials: 

Material (name, CAS #, other ID) Hazards 

Methanol High toxicity upon ingestion. 

H2 Flammable 

H2SO4 Corrosive 

HCl Corrosive 

H3PO4 Corrosive 

HBr Corrosive 

 

Relevant References for Material Hazards: 

Methanol: http://avogadro.chem.iastate.edu/MSDS/methanol.htm 

H2: http://avogadro.chem.iastate.edu/MSDS/hydrogen.pdf 

H2SO4: https://www.sciencelab.com/msds.php?msdsId=9925146 

HCl: http://www.sciencelab.com/msds.php?msdsId=9924285 

H3PO4: http://www.sciencelab.com/msds.php?msdsId=9927393 

HBr: http://www.sciencelab.com/msds.php?msdsId=9924283 

 

Equipment Hazards:   

None. 

Hazardous Conditions: 

High pressures < 36 bar. 

 

Technique Hazards: 

http://www.sciencelab.com/msds.php?msdsId=9927393
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Image 1. Reactor with what to remove 

(red) and in which order (numbers).  

None. 

 

 

Personal Protective Equipment 

Safety glasses, nitrile gloves, lab coat (when handling acids) 

 

Engineering Controls 

Pressure relief valves. 

 

Section 3: Procedures 

I. Loading and pretreating a catalyst 

While most aspects of running the system can easily be described using a written 

procedure like this document, loading the catalyst is nuanced and requires some hands on 

practice. It is more of an art form than a science. You will know if you loaded the catalyst 

improperly if there is significant pressure drop, specifically anything more than 3 bar above your 

set point. This pressure drop will change depending on the solvent. Typically, pure methanol 

(MeOH) will have a pressure drop of ~0.3-0.7 bar while 20% MeOH is ~1-2 bar (Significantly 

lower pressure drops in the down flow configuration). The most common reason for a large 

pressure drop is packing the catalyst or glass wool too tightly. If this occurs, simply load a new 

catalyst and try again.  

 Note: The catalyst particles cannot be too small or they will pack tightly and large pressure drops will ensue. 

Typically 35-60 mesh SiO2 is used without grinding (this makes the SiO2 easily fall apart). Supports that become a 

“paste” upon addition of liquid (e.g. TiO2, Al2O3) also do not work. 

Procedure:  

1. Ensure there is no flow from the refrigerated 

circulating bath to the reactor water jacket. Do 

this by pressing the stop switch on the 

refrigerant circulator. 

Caution: The circulating bath flows an aqueous 50% 

v ethylene glycol mixture at high flows. Disconnecting 

the tubes to the jacket before shutting off the flow will 

spray ethylene glycol EVERYWHERE. Additionally 

be sure that the tube outlets do not go below the 

reservoir tank or ethylene glycol will spill out. 

2. Disconnect the left water jacket tube (Image 1, 

red 1) by using a screw to loosen the worm gear 

holding it in place. Don't worry, the liquid will 
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Image 2. DI water system with the order  in which each valve/switch needs to be operated to both start 

and shut off the flow of water.  

drain from the tube once you have disconnected it. Place the tube outlet on top of the 

circulating bath unit and hold it in place with a firmly placed piece of duct tape. 

3. Pull the thermocouple out. (Image 1, red 2).  

4. Remove the temperature jacket around the reactor 

5. Make sure the system is switched to the bypass (arrows on valves just above and below 

reactor facing away from the reactor). 

6. Disconnect the top VCR fitting (Image 1, red 3) using wrenches (be careful not to lose 

the fritted VCR gasket) and the bottom compression fitting (Image 1, red 4). Be sure to 

hold onto the reactor so that it does not fall after taking off the bottom compression 

fitting.  

7. Tilt reactor on its side so that the liquid in the water jacket can exit through the still 

connected water jacket tubing. Remove the worm gear on the tubing (Image 1, red 5) and 

place in the unistrut frame to the right of the reactor 

8. Remove the bottom VCR to compression fitting adapter, taking care not to lose the fritted 

VCR gasket. Use the vice to hold to SS piece just below the VCR nut if necessary. 

9. Remove the glass rod at either end of the reactor by giving the reactor a quick shake 

followed by pulling the rod out by hand. 

10. Turn on the DI water system by open the red valve, followed by the "on" switch, and then 

the small black valve (Image 2). The system will be ready when the display reads at least 

17.6 MΩ.  

11. Hold the opening of the reactor under the flowing DI water (can also be done under tap 

water) to provide lubrication for removing the catalyst (never place the VCR fitting on a 

hard surface, it will ruin the seal). Use the SS rod to remove the catalyst by repeatedly 

attempting to push the rod through the reactor. This may take a couple of minutes.  
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Figure 1. Inside view of the reactor. Glass wool is loaded by scraping 

wool past lip, followed by gentle pushing with the SS rod (red box).  

Catalyst

Glass Wool

1st Glass Rod

Bottom VCR Nut

Lip

Scrape from 
an angle

SS Rod

2nd Glass Rod

Glass Wool

Top VCR Nut

12. Once the catalyst has been removed, scrape the sides of the inside of the reactor under the 

flowing water using the flat end of the SS rod. Rinse with acetone or methanol followed 

by another rinse in the flowing DI H2O. Finish with a final acetone rinse and using the 

house air to dry the reactor. To make sure the reactor is clean and dry, look through it 

while holding it up to the light. 

13. Shut off the DI H2O by following the same sequence in step 9. 

Now to load the catalyst… 

14. Place the bottom VCR gasket onto the bottom of the reactor. Slide the gasket around until 

the ring of the gasket match the ring of the VCR fitting and it can no longer easily be 

moved. Place the VCR to compression fitting adapter onto the other end of the gasket and 

screw the VCR nut in place by hand. Use two wrenches to tighten the connection now. 

15. Place the glass rod (that is the same length as the distance from the VCR fitting to the 

bottom of the water jacket) into the reactor (Figure 1).  

16. Put on gloves and roll out glass wool into a ball. Place the glass wool on the open part of 

the reactor and push into the opening using the flat end of the SS rod until reaching where 

the inner diameter decreases, a.k.a. the "lip" (Figure 1). At this point scrape (do not push) 

the glass wool into the 

reactor from an angle so 

that you do not poke a 

hole through the wool 

(Figure 1 inset). Push 

the wool until reaches 

the glass rod but do not 

pack too tightly, just 

push until the wool rests 

on the rod. 

17. Weigh out the catalyst  

(total 1-2 g of material 

(catalyst + high mesh 

support)) and pour into 

the reactor. If the 

catalyst gets caught on 

the "lip", stop pouring 

and shake the reactor from side to side until the catalyst falls in.  

18. Repeat step 15 followed by addition of a glass rod that is the same length as the distance 

from the glass wool to the VCR fitting but does not stick out (Figure 1). If the rod is too 

long, break it so it is smaller. If too short, use a different rod. Fill the remaining space 

with more 3mm glass rods to fill remaining space on top of the catalyst. 
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19. Screw the reactor into place on the system via the bottom compression fitting (Image 1, 

red 4) by hand. Next slide the top VCR gasket into place and screw on the VCR nut by 

hand using the same method described in step 13. Tighten all the fittings that had been 

loosened to remove the reactor with wrenches so there are no leaks. 

20. Begin flowing solvent over the catalyst bed with no gas to pre-wet the bed. What for air 

bubbles flowing into the gas-liquid separator. Once fully wetted there should be nearly no 

bubbles flowing. This wetting period can take 30-60 minutes. Tapping the reactor with a 

wrench can help dislodge bubbles in the system faster. 

21. Once the bed is wet set the MFC’s on labview to your desired flow rates and set the 

system pressure. Allow the system to come up to pressure and check if there is a 

significant pressure drop or not. If minimal, the experiment will proceed. If the pressure 

drop is significant (>20-30 psi), the experiment should be stopped.  

22. Check for leaks by using soap solution on the recently tightened fittings. You may also 

use the bubble meter. By pressing the bulb, a bubble should proceed to the top of the 

meter proportional to your flow rate. Correct this by going back and tightening all the 

connections that had been loosened. The most likely location for a leak is a gasket. If the 

gaskets were not put back correctly, they may need to be replaced with new gaskets.  

23. Put the Jacket back onto the reactor 

24. Reconnect the refrigerant circulating bath tubes to the reactor water jacket using the 

worm gears. Insert the thermocouple. Run the chiller to bring the reactor to the desired 

temperature. 

25. Prime the indicator pump by running at a high flow rate (setting of 2 or higher) for 1 

minute. Begin turning on the lab view code so that it will run automatically. 

26. The catalyst will begin to break in so plan to start the experiment at for at least 4 hours. 

The procedure for operating the system can be found in section II. 

 

II. Running an experiment and analyzing data 

 This section will teach you how to collect and analyze data using the reactor system. The 

reactor uses both flowing gas and liquid and has several moving parts that need to be properly 

aligned and maintained. Even though the system can be set to run overnight, it is often useful to 

collect the data as it comes in so that adjustments can be made to prevent errors. If the system is 

not running properly, see the troubleshooting guide (section IV). 
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Image 4. Priming the HPLC pump 

from the draw-off valve. 

Procedure: 

1. Ensure that the reactor 

effluent container is 

empty (Image 3). It can 

be emptied by very 

slowly emptying the 

contents into the sink 

with flowing H2O. If you 

added acid to the liquid, 

the effluent will need to 

first be neutralized with 

NaHCO3.  

2. Ensure that the green 

indicator solution 

reservoir (Image 3) has 

at least 1.25" of liquid. 

The solution is made by 

mixing 1.668 mg of 

CuSO4 in 600 ml of H2O 

with 2.080 g of neocuproine in 200 ml of ethanol.  

3. Fill the HPLC pump reservoir (Image 3) with your solution (see section III for which 

solution to use).if using 20% methanol, fill DI water till 16l mark on the carboy (the big 

plastic jugs) and add 4l methanol. Use the plastic priming syringe to prime the pump by 

placing it on the draw-off valve of the HPLC pump (Image 4), rotating the valve 

counter-clockwise, and withdrawing some liquid with the syringe (this step only needs to 

be done if the inlet tubing is completely devoid of any solvent). Before removing the 

syringe, rotate the valve clockwise to close it. Remove the syringe and empty the 

contents into the sink with flowing H2O. 

4. Check the flow of the HPLC pump by pressing the 

run button when set to 30 ml min-1. The flow 

should be out of the side of the liquid bypass 

(Image 3). If the flow is steady after a few seconds, 

no action is required. If not, see "HPLC pump flow 

erratic" in section IV.  

5. Make sure that the fraction collector is full of 

empty test tubes and that the injection tube is lined 

up with the first test tube. The fraction collector can 

be rotated by pushing the circular test tube holder 

Image 3. Direct synthesis system. A) Reactor effluent container. B) 

Green indicator solution reservoir. C) HPLC pump reservoir. D) Liquid 

bypass valve. E) Gas liquid separator valve (controlled by servo). 
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Image 5. Screenshot of the desktop showing the location of the LabView 

programs (red), OpenLab software (black), Pololu software (orange), and 

excel sheet calculators (green). 

towards the back of the fraction collector followed by turning. The test tube holder is 

locked in place by pulling it towards you. 

6. The next step is setting up the program to run everything. Make sure that the LabView 

programs and the OpenLab software are open (Image 5). Additionally, plan out the H2 

and O2 pressures and 

flows that you want 

to use by using the 

pressure and flow 

excel sheet (Image 

5). 

7. Copy the gas flow 

settings into the MFC 

setting LabView 

program (do not 

forget to set the time, 

typically 7200 

seconds) followed by 

copying the pressures 

into the pressure 

setting LabView program. Be sure to set what the current pressure is.  

8. To start the experiment, go to the OpenLab software and click on "runcontrol" followed 

by "run sequence". Wait for the "Waiting for GC to be ready" dialogue box to appear. As 

soon as this box disappears, quickly start the indicator pump program, the MFC, 

pressure, pump timing program and/or temperature control program (which programs 

you turn on will depend on the experiment that you are running). The value in the top 

box of the indicator pump program sets the pump speed after starting the program, use 

1.03. To shut it off, stop the program and type in 0 before starting it again. The bottom 

box allows you to set a time for the indicator pump to run, useful when running 

overnight. Before starting the experiment, set a high value for the indicator pump (say 

1.5) and run it for a minute to push out any air bubbles that might have been trapped in 

the tubing. 

9. Watch to make sure that the liquid drains properly after the first 10 minutes and that the 

liquid samples are injecting properly into the test tubes. If the liquid is not draining, shut 

off the HPLC pump and refer to section IV for troubleshooting procedures.  

10. To analyze the data, use the blank data analysis excel spreadsheet (Image 5). Be sure that 

the dispersion, metal loading, and mass of catalyst in the reactor are set in the top left of 

the sheet. Additionally, input each set of conditions into the appropriate cells.  
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11. Copy the H2 peak areas for the GC measurements by hand into the "H2 area" column if 

there are only a few samples. If it was run overnight, use the GC excel macro 

spreadsheet (Image 5). 

12. Dilute the H2O2 samples by mixing 0.2 ml of sample with 2 ml of DI H2O before 

measuring the absorbance using the UV-vis. Copy the measured absorbances into the 

excel sheet to analyze the H2O2 turnover rate. 

13. Remove any obvious outliers (> 2 standard deviations) and plot the H2O and H2O2 

turnover rates in Origin.  

 

II. List and description of experiments 

 

          To run any experiment, the solvent needs to be degassed. Use the He tank near the 

UHV chamber which has a dispersion tube attached to it to degas the solvent (preferably 

overnight for the 25l capacity). 

 

1. H2 or O2 pressure dependence 

  

 This experiment involves varying either the H2 or O2 pressure while the other is held 

constant in order to check the pressure dependence on H2O2 and H2O formation rates. Typically 

the species that is held constant is held at 60 kPa while the other is varied from 10 to 400 kPa. 

The species that is varied must be using the 5% cylinder (5% H2 in N2 or 5% O2 in N2) while the 

other species should be 25% in N2.  These experiments use 30 ml min-1 pure MeOH and are 

conducted at 4° C. Each pressure is held for 2 hours to ensure that it is at steady state and that the 

error bars are accurate. Data for this experiment can be collected overnight however the system 

should have been running well for a couple hours before it is left alone for extended periods of 

time. With 25 L of liquid, the system can run for 12 hours before needing to be reset. If you need 

to be gone for longer than 12 hours. The biggest problem you can run into when running 

overnight is the GC flooding. To fix this, see section IV. 

 

 These experiments require a calibration to measure the H2 consumption rates from the 

GC data. A new calibration is required if the gas cylinders are switched, there is a significant 

change to the system (e.g. GC moved, tubing is changed), or there has been a significant amount 

of time since a calibration has been performed (3-4 weeks). To perform a calibration, simply run 

the experiment like you would normally except through the bypass instead of the reactor. You 

will only need about 8 evenly spaced points that span the full range of pressures that will be 

tested. Additionally, each point only needs to be measured for one hour instead of two. 

 

2. Adding chemicals to the feed solution (e.g. acids, salts, etc.) 

 



Title: H2O2 SOP 
Revision #:1 

Date: 09/13/18 
  Page 9 of 11 

 This experiment is performed by holding the pressures and temperatures constant while 

varying the concentration of something in the liquid feed. Typically this will involve addition of 

an acid. This experiment is conducted similarly to H2 or O2 pressure dependence however the 

pressures do not change and instead you add a known concentration of something to the solution 

every two hours. The solution used is 20% v/v MeOH in H2O. When H2O is used, the solution 

must be degased. To degas the solution, mix the MeOH and H2O and using the small blue KNF 

diaphragm pump. Perform a single point calibration (because pressures will not change) by 

switching to the bypass and measuring for one hour. The calibration will be different if the 

solvent changes so do not rely on calibrations conducted using pure MeOH. There is an acid 

concentration calculator excel sheet (Image 5) that can help you to calculate how much acid to 

add after a set amount of time on stream. However it is more accurate to measure the pH with a 

digital pH meter while adding acid to achieve the desired pH. Do not exceed a pH of 2! 

Excessive concentrations of acid can etch the inside of the SS tubes over time. After using acid, 

be sure to flush the system with copious amounts of DI H2O for a couple of hours. 

 

3. Temperature dependence 

 

 The temperature dependence can be one of the trickier experiments. The solution used is 

20% v/v MeOH in H2O. Perform a single point calibration (because pressures will not change) 

by switching to the bypass and measuring for three hours. The calibration will be different if the 

solvent changes so do not rely on calibrations conducted using pure MeOH. Adjust to each 

temperature tested using the setting on the circulating refrigerant bath. The optimal temperature 

range is -10 to 50° C. Significant secondary decomposition of H2O2 can occur at temperatures 

above 4° C.  

 

IV. Troubleshooting guide 

 

 This guide will help you keep the system running by listing the common problems 

associated with the system and how to diagnose and correct them. 

 

Problem: Liquid not draining from the gas liquid separator 

 If the liquid is not draining when the valve is open, immediately turn off the HPLC pump 

by pressing the "run" button.   

 

             Check to see that there is vacuum being pulled on the system. It could be that one of the 

Nalgene tubes below the gas liquid separator is loose or disconnected or for some reason the 

house vacuum was turned off. Check the thin tubes coming out of the 10-port actuator for any 

crimping. If there is crimping, take the tube out and try to open the crimped part by pressing it 

with your hands. If that does not help, the tubing needs to be replaced. Measure out the exact 
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length of the tubing as was previously used and reattach the connection. If the length is not the 

same, the volume of sample/indicator injected will change.  

 

Problem: LabView error message that does not allow servo program to run 

 Simply restart the computer. Be sure to slowly depressurize the system before because as 

soon as the computer powers down, the pressure will be released all at once which can damage 

the gas liquid separator.  

 

Problem: GC flooded 

 This will most likely occur at some point if running overnight. Hopefully not too often 

because you lose several hours of experiments as well as the experiments that you were running 

while the GC was flooded. The time that the GC flooded can easily be figured out by looking 

when the peak area signals became erratic. Dry the SS tubing to the GC by removing it 

completely and blowing air through it. Reattach the tubing. The GC itself can be dried be 

pressing the "oven" button on the GC and setting the temperature to 250° C. Press the "back 

inlet" button and change the pressure setting from 50 to 90 psi. Now wait for the thermal 

conductivity detector (TCD) signal to decrease from ~1,000-10,000 to below 0. This should take 

about 4 hours if it was flooded with pure MeOH. If it was 20% MeOH, this is an overnight step. 

After the TCD signal returns to normal, return the oven to 110° C and the back inlet pressure to 

22 psi. The GC will take about 15 minutes to be ready. 

 

Problem: H2O2 sample volume inconsistent 

 Make sure that the small liquid injection tube is lined up with the test tubes. When the 

liquid is draining, check if there are a lot of bubbles in the line just below the gas liquid 

separator. This means that the five compression nuts along with the small pieces of tubing they 

are connected to need to be replaced.  

            Try priming the indicator pump by setting a higher speed to get rid of any air bubbles that 

might have been in the tubing. If this does not help, then the 10-port actuator needs to be 

disassembled and cleaned because indicator might have dried inside which can obstruct the path 

of flow. Disassemble and clean the actuator internals and sonicate the parts in methanol for 15 

min. 

  

 

Section 4: Waste Disposal/Cleanup 

Acidic waste must be neutralized with NaHCO3. Methanol must be diluted to < 20% by volume before 

being disposed of down the drain. Used indicator solution (CuSO4 and neocuproine) must be stored for 

pick up in labeled plastic containers. 

 

Section 5: Emergency Response 
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Emergency Response should be a component of the Laboratory Safety Plan. If there are particular 

response measures that are required by this procedure, include them here. 

 

Training Documentation 

Signing this document means that you have read and understand all aspects of this Standard Operating Procedure. 

The supervisor is the person that acknowledges you took the training and understand the procedure. They can be a 

lab manager or researcher assigned by the PI to oversee this particular SOP. 

Name (Printed) Name (Signed) Supervisor Date 

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 

 

   

 


