
 

 

   

Carbon Dioxide Enabled Methane Dehydroaromatization Reaction with High Stability 

 

 

 

A Thesis 

Presented in Partial Fulfillment of the Requirements for the 

Degree of Master of Science 

with a 

Major in Chemical Engineering 

In the 

College of Graduate Studies 

University of Idaho 

by 

Mark W. Hull 

 

 

Approved by 

Major Professor: Vivek Utgikar, Ph.D. 

Committee Members: Eric Aston, Ph.D.; Hanping Ding, Ph.D. 

Department Administrator: Dev Shrestha, Ph.D. 

 

 

 

December 2021 

 

 

 

 

 



ii 

Abstract 

 

Benzene has been found to be used in over sixty percent of all industrially made 

chemicals.  However, with a societal desire to be less dependent on fossil fuels, this 

unknowingly hurts benzene production.  Although there are other alternatives to making 

benzene, methane dehydroaromatization proves to be the most efficient option.  There have 

been many studies about MDA, however, few studies have been conducted to show that gas 

additions can improve the reaction.  One study went over the effects of a carbon dioxide 

addition within the gas stream.  The study showed that carbon dioxide is in competing nature 

with methane but stabilizes the reaction to a small degree.  The work conducted in this report 

is to give a more detailed account of how carbon dioxide affects the MDA reaction.  Carbon 

dioxide can increase the reaction’s lifetime by over 700% (55-60 hours) but is most effective 

when its reaction time is held just above 20-25 hours (200% lifetime increase).  With a 

carbon dioxide addition of 3 vol%, the reaction can keep a benzene selectivity of over 70% 

for its 25 hour lifetime.  Of all the carbon dioxide values tested, 3 vol% addition provided the 

best results in terms of maintaining high conversion (~15%) and the highest selectivity 

(>70%).  Carbon dioxide’s role was theorized to help stabilize the reaction by transforming 

methane into a more reactive species: methanol.  Using temperature programmed desorption, 

it was also theorized that propyne is the main reactant in forming benzene.  Propyne 

polymerization is a well-known process, and it was theorized since propyne is the major 

product found on the catalyst’s surface that propyne polymerization occurs to create 

mesitylene.  Mesitylene is then hydrocracked to form methane and benzene.  Further 

investigations revealed that carbon dioxide has the properties of arc quenching.  This allows 

it to absorb free electrons without altering its physical chemistry.  It was finally theorized that 

with a 3 vol% carbon dioxide addition, the optimal ratio of oxygen addition to electron 

removal of the reaction can be achieved. 
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CHAPTER 1 

 

Introduction to Methane Dehydroaromatization 

 

1.1 Benzene: A Dwindling Resource 

Benzene is an important chemical in day to day life for most people.  Benzene is 

primarily used in plastics, but it is also used in synthesizing medical drugs such as penicillin/ 

penicillin derivatives, the dyes that impart color to our clothes, and industrial lubrication.1  

Without benzene, most major industries would no longer be able to function.  Benzene is a 

special hydrocarbon as it consists of three alkene bonds within a 6-carbon ring, forming the 

basic structural unit of an aromatic compound.  This structure imparts it stability while also 

providing many pathways for reactions.  However, benzene is becoming a more scarce 

resource every day.  Benzene is the main byproduct from fossil fuel refinement.2  When 

refining crude oil, the long polymer chains that form the oil must be broken down into a 

usable form.  This can be done at high temperatures above 300 °𝐶 (572 °𝐹) and with a silver 

Figure 1: Model of Benzene Molecule 
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catalyst and a zeolite support structure.  Although benzene is the main aromatic component 

in oil, it can also be formed from other secondary byproducts.  These byproducts are light 

alkanes that are also created when breaking down the same crude oil.  These light alkanes 

have limited use and must be transformed into a usable product.  Therefore, most light 

alkanes formed by this process are turned into benzene.  However, with the recent changes in 

society mentality, people have decided to become more green with their habits.  This has 

included replanting forests, driving hybrid/electric cars, and transitioning away from fossil 

fuels.  Because of this, benzene production, along with gasoline production, will decrease 

causing benzene products to become more expensive over time.  Although there are more 

natural ways of acquiring benzene, the uses for it are so vast that it could not keep up with 

demand.  An alternative must be found. 

 

1.2 Methane: A Wasted Resource 

 Methane poses a large problem for not only benzene, but for the planet as well.  

Although the Earth is very abundant with methane, as shown by a US government report 

tracking the gaseous atmospheric concentration of methane, most methane that is bought and 

Figure 2: Active Lights at Night in the United States Krulwich, Robert. “A Mysterious Patch of Light Shows up in the North Dakota Dark.” 

National Public Radio, https://www.npr.org/sections/krulwich/2013/01/16/169511949/a-mysterious-patch-of-light-shows-up-in-the-north-dakota-dark 
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sold is found in the farming and petroleum industry.3,4  Methane is the main byproduct from 

living animals such as cows and pigs.  These animals emit methane gas where it can be 

harvested and sold.  However, with a large population and the amount of pork and beef 

consumed every year increases, the amount of methane produced is increasing exponentially.  

However, both industries cannot simply capture and sell all the methane being produced.  It 

would not only render methane worthless, but it would also destroy many industries that 

depend on methane.  One of these industries is hydrogen production.  Therefore, methane 

must be reduced to stabilize its price within the market.  This leads to a 2013 article by the 

National Public Radio.5  In 2013, the NPR presented a photograph of the United States at 

night.  This photograph showed the light generation differences between the east and west 

coast of the United States.  However, in North Dakota, they discovered that so much methane 

is being produced that the only way to reduce it is to burn it.  This burning of methane 

produces tons of carbon dioxide every year.  As stated earlier, when crude oil is refined, light 

alkanes are created, namely, methane, ethane, and propane.  Although methane can be 

transformed into benzene through a process called indirect methane conversion, it is far 

easier for ethane and propane to be transformed into various aromatics such as benzene.  It is 

much harder for methane to transform into benzene because of its simplistic nature.  Because 

methane is a singular carbon bonded to four hydrogens, it is very unstable when trying to 

react and form into longer hydrocarbon chains.  Therefore, it is necessary to change methane 

into a more reactive species.  This is usually in the form of methanol (methane with an 

alcohol group).  However, this is difficult to achieve as the process, called steam reforming, 

wants to produce carbon monoxide rather than methanol.  However, partial oxidation of 

Figure 3: Methanol to Aromatic Process “Methanol to Olefins (MTO): From Fundamentals to Commercialization.” ACS Catalysis, vol. 5, no. 3, 

Mar. 2015, pp. 1922–38. DOI.org (Crossref), https://doi.org/10.1021/acscatal.5b00007 
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methane can transform methane to methanol, but it requires more steps to complete.  Namely 

it requires a zeolite supporting structure with a catalyst that can perform the reaction, such as 

SSZ-13 and a copper catalyst.  Figure 3 depicts a typical process of creating benzene with 

methanol and other light alkanes.  Although this may seem like a promising way to produce 

benzene, since methane production is very heavily created in the petroleum industry, it would 

not serve as a long term solution.  This is due to benzene being a secondary product to the 

gasoline that is created.  Therefore, creating benzene using methane that is cheaper and more 

effective is needed.  Then in 1993 a researching group led by Linsheng Wang found a more 

direct way.  Instead of reforming light alkanes into benzene in less than ideal conditions, they 

can be directly converted under appropriate catalyst action directly into benzene.6  This 

process is called methane dehydroaromatization (MDA), discussed in more detail below. 

 

1.3 Methane Dehydroaromatization: The Critical Reaction 

 MDA was first discovered in 1993 by Wang and his coworkers.6  The goal of their 

study was to find a way of converting methane directly into benzene.  This was done with 

multiple catalysts, but the most prominent was molybdenum.  The reaction can be found by 

looking at Equation 1: 

 6𝐶𝐻4 → 𝐶6𝐻6 + 9𝐻2 Equation 1 

This process provides a much needed service for not only the benzene industry, but for 

greener initiatives as well.  This process increases the value of methane by reacting it into a 

more valuable chemical.  As of right now, methane’s primary use is to turn into hydrogen 

gas.  However, the amount of methane generated exceeds the amount of hydrogen needed. 

Therefore, methane is burned to help stabilize its price within the market.  With this reaction, 

methane will become a more desirable product as it can directly convert into aromatics with 

high value.  This process also decreases the value of benzene and other aromatics.  Benzene 

will no longer be as hard to make and become more abundant within the industry.  This will 

cause the value of more complex chemicals to become cheaper and make the processes to 

make them simpler, which will inherently make them not only safer but more economic as 

well.   Although commercialization is the intended goal, there are many problems associated 

with this reaction.  This reaction has a lifetime of only seven hours on average.  This is a very 
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short lifetime in comparison to other processes.  For example, a catalytic converter in 

vehicles has a lifetime of approximately 10 years.  Imagine if a catalytic converter would 

need to be replaced every 1000 miles.  This would be very inconvenient as well as expensive.  

The same can be said for the catalyst used in MDA.  Therefore, the lifespan of the catalyst 

must be increased before it could be used industrially.  Another problem for this reaction is 

the temperature and coking of the catalyst.  This process is an endothermic process and 

requires temperatures of up to 700 °𝐶 for the reaction to take place.  This high temperature is 

due to the unstable nature of methane.  For methane to transform into larger hydrocarbons, 

the molecule must lose a hydrogen and react via carbocation, a positively charged carbon 

reaction.  This causes instability to the molecule as hydrogen cannot donate nor shift its 

electrical charge to help balance the positively charged carbon.  Therefore, the reaction 

becomes spontaneous.  This also leads to the coking problem.  Reactions that require carbon 

rearrangement and or carbon-carbon interactions, have the possibility of turning into coke.  

Coke is a large carbon structure that has high stability and low value.  Coke can come in two 

different forms depending on the temperature.  At temperatures below 300 °𝐶, coke 

primarily consists of a non-aromatic form usually as graphene.  At temperatures above 

400 °𝐶, coke primarily consists of a multiple benzene rings bonded together called 

polyaromatic hydrocarbon (PAHs).  Although both forms of coke are problematic for their 

respective temperatures, graphene does have some practical application such as a printer 

powder.  However, PAHs do not have any practical application.  This is because of not only 

its properties, but also because of its highly stable nature.  This stable nature is because of its 

ability to delocalize its electrons to other aromatic rings within its compound.  This causes 

the coke to become non-reactionary in most conditions.  However, it is possible to break 

apart the bonds and reduce the structure back to benzene.  However, the cost to turn it back 

into benzene is far greater than the price of benzene.  Therefore, it is more economical to 

dispose of it.  Because of these problems, MDA has been continuously researched for over 

25 years to determine the best conditions for the reaction to take place.  Most research can be 

classified into three major groups: the catalyst, the zeolite, and the gas stream. 

 Most catalyst research for MDA is primarily focused on changing the primary 

catalyst, rather than the environment that the catalyst is found in.  However, some studies 
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have been focusing on altering the dispersion of the catalyst on the zeolite, altering the pH of 

the catalyst, or other such effects.  Most catalyst research has gone into developing one of 

two major portions of the catalyst: the primary catalyst and or the promoter (secondary) 

catalyst.  The molybdenum catalyst was the initial finding of Wang et al. in 1993.6  However, 

since the initial findings, there have been few other catalysts that have performed as well as 

the molybdenum catalyst.  One catalyst that showed some promise was an iron catalyst.  

Because of iron’s low value, it is an easily replaceable catalyst, and it does not matter (as 

much) if the catalyst deactivates via coke buildup.  However, there have been many studies 

on iron catalysts that have shown that it does not perform well in this reaction.  One such 

study was conducted by Denardin & Perez-Lopez.7  The research looked at various iron 

catalysts with different promoters.  Some of these promoters were molybdenum, niobium, 

and zirconium.  The best performing catalyst was a basic iron catalyst that achieved 3.3% 

methane conversion after 360 minutes.  The selectivity to benzene was only 45% and the 

selectivity to coke was 43%.  In comparison to an average molybdenum catalyst, methane 

conversion is within 15-18% and the benzene selectivity is approximately 85%.  Although 

the paper determined some differing effects with zirconium and niobium within the MDA 

reaction, the iron catalyst underperformed in every category.  Therefore, it was assumed that 

an iron catalyst could not perform in this reaction.  However, in a 2021 study, it was shown 

that an iron catalyst can perform in the MDA reaction.  According to Gu et al., an iron 

catalyst can perform, but only under specific conditions.8  It is well known that metals can 

have two electronic states, and iron is one of them.  The research determined that while the 

reaction was converting methane into benzene, the iron catalyst would not shift back to its 

original electronic state of 3+ but would instead degrade to 2+.  This causes iron to have a 

lower methane conversion and benzene selectivity.  Promoter catalyst research is far simpler 

as it only requires a well-researched catalyst, such as molybdenum, and a metal that could 

also be used within the reaction.  This is usually reserved for more expensive catalysts such 

as gold and platinum.  Therefore, most research was catered towards the precious metals, but 

there are some studies that focus on other promoters such as copper and calcium.  One such 

study was done by Denardin and Perez-Lopez.9  Some of the promoters used were 

magnesium, calcium, zinc, copper, nickel, cobalt, and lanthanum.  Most of these promoters 
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did not perform well, however, both calcium and copper decreased the amount of coke 

produced on the catalyst. 

 There has been very limited zeolite research because of the nature of Zeolite Socony 

Mobil-5 (ZSM-5).  ZSM-5 is ideal for this type of reaction as it has a dual pore size of 

5.5 Å/5.6 Å.  This is the ideal size of the benzene molecule, and thus it limits the size of any 

aromatic to be benzene or a small derivative of benzene.  It is also ideal as it is inexpensive to 

make.  However, there is a similar zeolite called Mobil Composition of Matter No. 22 

(MCM-22) that can also perform well within the reaction.  Therefore, most zeolite research is 

catered to making the current zeolites better by reorienting them or to create a new zeolite.  

Although it seems promising to use a new zeolite, they usually underperform and are far 

more expensive.  This can be seen in Wang et al.’s paper about using a grass ball catalyst 

with a ZSM-5 zeolite.10  The research concluded that limiting the transfer mechanics (i.e., 

diffusion) allowed more molybdenum to become activated, but did not change the 

fundamental problems of the reaction (i.e., coking). 

 The final area of research is the gas stream.  This is the least popular option as 

changing the gas stream does not change the physical properties of the catalyst nor the 

zeolite.  Therefore, research is very limited.  There has been some research, by a few groups, 

but one group is the most referenced.  Ohnishi et al., is the main referenced group as their 

research showed how an addition of carbon monoxide & carbon dioxide can alter the reaction 

towards benzene.11  The research took place at Hokkaido University and the major findings 

are discussed below. 

 

1.4 Previous Work Findings of Carbon Dioxide 

 As previously discussed, methane transforming into aromatics can take place in many 

ways.  MDA is one of the only methods that is performed under non-oxidative conditions.  

This was revolutionary as up until that point, methane could only turn into aromatics through 

indirect methods.  However, MDA allowed this process to happen directly without the use of 

oxygen.  Ohnishi et al., were one of the first researchers to add oxygen into the reaction to 

discover how it worked within MDA.  This was accomplished by adding in a set amount of 

carbon monoxide or carbon dioxide.  The purpose of this research was to discover how 
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adding in both carbon and oxygen affected MDA and the resulting products.  The research 

concluded that both carbon monoxide and carbon dioxide are both used within the reaction 

and produce more aromatics.  However, carbon dioxide has a secondary competitive 

reaction.  This reaction produces carbon monoxide that can also be used within the MDA 

reaction.  Their work can be seen in Appendix A, Figure A 58 & Figure A 59 for their 

baseline molybdenum conversion and their carbon dioxide research.  To help determine what 

was found on the catalyst, the research employed temperature programed oxidation (TPO) to 

determine the types of organics that are found.  TPO is a process in which a spent catalyst is 

heated up with oxygen.  The purpose of TPO is to determine the number of organics found 

on a catalysts surface by oxidation.  Ohnishi et al. used TPO to measure the amount of coke 

left on the catalysts surface.  Their results concluded that they would achieve ~10% methane 

conversion initially and the conversion would deteriorate over time.  They also found that 

although benzene was the most abundant chemical created, they also had some amount of 

naphthalene, anthracene, and phenanthrene before it would transform into PAHs.  Although 

benzene is the main product desired, naphthalene, anthracene, and phenanthrene are also 

acceptable byproducts.  The research tested various volume percentages of both carbon 

dioxide and carbon monoxide (namely 1.4%, 4%, and 12.1%).  As the volume percentage of 

carbon monoxide increased, a positive trend towards both benzene selectivity and methane 

conversion was shown.  However, carbon dioxide showed the opposite effect.  As the volume 

percentage of carbon dioxide increased, a negative trend towards both benzene selectivity 

and methane conversion was shown.  However, this seems antithetical to logic.  Therefore, a 

deeper dive into carbon dioxide and its effects on the reaction need to be studied as it can 

help further the understanding as to how MDA reacts with both methane and carbon dioxide. 

 

1.5 Goals and Outcomes 

 The main goals of this study are to conduct a systematic study of the effect of carbon 

dioxide on MDA and expand upon the previous work.  Carbon dioxide was chosen as it 

would help reduce the greenhouse gases, as well as show a potential localized maximum that 

optimizes methane conversion and benzene selectivity.  The objectives for this work were to 

determine the effect that carbon dioxide has on the MDA reaction.  This is done by 
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comparing the results with no carbon dioxide addition, baseline result, with results with 

carbon dioxide.  The amount of carbon dioxide being tested would start at 1% addition by 

volume and increases by 1% for every new trial.  This would continue until the outlet stream 

does not show any benzene selectivity or the catalyst was completely suppressed (whichever 

comes first).  The selectivity to benzene, alkenes, and higher weight aromatics would also be 

determined.  The next objective was to determine the most optimal carbon dioxide ratio.  

This was done by comparing the initial baseline conversion and selectivity to the carbon 

dioxide addition results.  If the methane conversion or benzene selectivity was less than the 

methane conversion or benzene selectivity with carbon dioxide added into the stream, then 

that concentration would be optimal.  The final objective was to explore the mechanisms 

found within the reaction and to theorize a reactionary pathway.  This was achieved with 

temperature programmed desorption (TPD).  TPD can be used to determine the chemicals on 

the catalyst’s surface and show potential reactionary pathways to benzene.
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CHAPTER 2 

 

Experimental Work 

 

2.1 MDA Testing 

2.1.1 Data Acquisition 

 Use Schematic 1 as a visual representation of the system.  A gas chromatograph with 

an attached mass spectrometer, Shimadzu Nexis GC-2030 & GCMS-QP2020 NX , was 

implemented to determine the methane conversion and various selectivities of the catalyst.  

The system was calibrated to find ethane/ethene, benzene, and 𝐶7+ hydrocarbons.  The gas 

chromatograph was connected to a GSL-1100X standup furnace.  A ~0.1 𝑚𝑚 inside 

diameter glass tube reactor was inserted into the furnace to carry out the reaction.  The gas 

would pass through the top of the furnace and onto a fixed bed reactor.  This stream was then 

fed to the gas chromatograph.  The exit stream was kept at a constant 130 °𝐶 to ensure that 

the benzene would not condense on the side of the tubing.    The furnace was held between 

700-730°𝐶 to replicate the original experiment by Ohnishi et al.  ALICAT and Parker flow 

meters were used to ensure that the flow rates of methane and argon could be controlled.  The 

temperature was recorded and controlled by an OMEGA Thermocouple Probe (KMQSS-

062U-24) using the NI Temperature Logger.  An OmniStar ThermoStar (GSD320 Gas 

Analysis System) was used to determine the adsorbed molecules still on the catalyst’s surface 

(TPD).  An Agilent Technologies 7890A gas chromatograph with an attached Agilent 

Technologies 5975C inert XL MSD mass spectrometer was also used to measure activity of  

𝐶𝑂2 within the reaction. 
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2.1.2 Catalyst preparation 

 Molybdenum catalysts for each run was prepared by incipient wetness impregnation 

(IWI).7,12–18  The zeolite used was HZSM-5 (Si/Al = 25, Zeolyst international, surface area 

425 
𝑚2

𝑔
).  The molybdenum catalyst used was ammonium heptamolybdate tetrahydrate (AMT 

99.3% purity).  To create the catalyst, about 0.185 grams of AMT was dissolved in 3000 𝜇𝐿 

of deionized water.  This solution was then put into an ultrasonic cleaner bath to break up the 

larger AMT particles, by suspension, to evenly disperse it.  Five grams of HZSM-5 was 

Schematic 1: Carbon Dioxide Testing Setup 
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weighed and placed into a beaker.  To ensure a solid impregnation not all 3000 𝜇𝐿 were 

added in at once.  To start, 200 𝜇𝐿 of the solution was added into the zeolite using a micro 

pipette for the first 600 𝜇𝐿.  For the rest of the solution, only 100 𝜇𝐿 were added in per 

addition until all 3000 𝜇𝐿 were put onto the zeolite bed.  Any clumps within the zeolite bed 

were broken apart using a glass rod to ensure consistency within the dispersion after each 

addition.  After impregnating, the catalyst was calcined at 120°𝐶 for 24 hours within an oven.  

The next day, it would then be placed within a furnace and would be heated to 700°𝐶 for 2 

more hours with a constant air stream at 100 𝑚𝐿/𝑚𝑖𝑛.  This resulted in a 2% Mo/HZSM-5 

catalyst which was the basis for the experiments. 

 

2.1.3 Procedure 

The procedure started by taking 0.5 grams of the molybdenum catalyst and placing it 

within the glass tube reactor.  The glass tube reactor would then be placed in the furnace 

where 20 mL/min of argon would flow into the top of the furnace/reactor and flow down 

towards the gas chromatograph.  As the argon is flowing, the furnace would be heated up to 

700 − 715 °𝐶 using the thermocouple.  This was to ensure that the catalyst was dried 

sufficiently, and surface chemicals were removed.  Once the furnace had reached the 

operating temperature of 700 − 715 °𝐶, the argon flow was stopped and was replaced with a 

methane and nitrogen flow (95%/5% respectively) for the reaction.  The flow rate of this 

stream was 10.64
𝑚𝐿

𝑚𝑖𝑛
.  The furnace was put into a bypass mode so that the gas 

chromatograph could measure the amount of methane within the stream.  This was achieved 

by using a t-valve that would allow methane to “bypass” the glass reactor/furnace, so that 

only the non-reacted methane was fed into the chromatograph.  This would be used to 

determine the amount of methane that reacted by first evaluating how much methane was 

being fed to the gas chromatograph.  This bypass mode was done for ~75 minutes to ensure 

that the flow to the gas chromatograph was at steady state and that the gas chromatograph 

had an accurate reading.  Once this was completed, the t-valve was put into its secondary 

position dubbed “reaction mode”.  In reaction mode, the methane feed was fed over the 

catalyst bed, so that it could react.  This stream would then be sent to the gas chromatograph.  

There were three types of tests that were conducted over the course of the experiment: short, 
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medium, and long term trials.  In short term trials, the methane stream was fed over the 

catalyst for approximately 1 hour.  This was used to determine initial selectivities and 

conversions of the catalyst.  In medium term trials, the methane stream was fed over the 

catalyst for approximately 7 hours.  This was used to determine how quickly the catalyst was 

degrading in an average molybdenum lifetime.  In long term trials, the methane stream was 

fed over the catalyst for approximately 12-15 hours, except in 1 vol% carbon dioxide 

addition where it was fed for over 60 hours.  This was used to determine the long term 

methane conversion, selectivities, and stability of carbon dioxide over the molybdenum 

catalyst.  The short term and medium term graphs can be found in Appendix B.  Once the 

reactor was finished with the experiments, the reactor would be turned off and the sample 

stored in a quartz vial for long term storage after it was cooled. 

Schematic 2: TPD Testing Setup 
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2.2 Temperature Programmed Desorption Procedure 

Use Schematic 2 as a visual representation of the system.  The pre or post reaction 

sample would be used for TPD.  This was to study the characterization of the catalyst, as well 

as the mechanics of the reaction.  The OmniStar ThermoStar (GSD320 Gas Analysis System) 

mass spectrometer was used for this process.  When testing TPD, 0.1 grams of the fresh or 

spent catalyst is placed in a short glass tube reactor.  The mass spectrometer must be turned 

on by first heating up the machine, then opening the inlet valve, then finally turning on the 

filament.  Turning it off it must be done in the reverse order.  This was to ensure that the 

filament within the mass spectrometer was not damaged during operation.  The data 

acquisition starts by first opening the inlet value of the Argon gas allowing it to flow across 

the sample and into the mass spectrometer.  A baseline acquisition needs to be taken to 

ensure that the mass spectrometer is working properly.  This is done by turning on the mass 

spectrometer and making sure that the argon flow stream is at a steady ionic current.  Once 

this baseline has been taken, the furnace can then be programmed to the desired final 

temperature and the time it takes to get to the final temperature.  For the TPD experiments, 

the furnace was always set to its maximum allowable highest temperature, which was 

860 °𝐶.  This would ensure that anything that could desorb on the catalyst would desorb.  

Next, the amount of time it takes to reach the final temperature is programmed.  Generally, 

the slower the temperature rise, the more accurate the mass spectrometer will be.  Based on 

other reports and coworkers, a 4 − 5 °𝐶 per minute increase would be sufficient.  Therefore, 

the total run time of the experiment would be 3.5 hours.  During this time, both the ionic 

strength and temperature of the mass spectrometer were recorded for future use.  After the 

allotted time and the final temperature has been achieved, the final temperature and ionic 

strength can be plotted against one another to create the TPD graphs found in Appendix A.  

This can be done using a Microsoft Excel program. 
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CHAPTER 3 

 

Experimental Results & Conclusions 

 

3.1 Carbon Dioxide Test Results 

3.1.1 Baseline Conversion 

 In the MDA reaction, molybdenum catalysts with a HZSM-5 zeolite support structure 

are the most studied catalysts.  The molybdenum catalyst that uses a HZSM-5 zeolite has an 

approximate 6-7 hour lifetime before complete deactivation.  The conversion of this catalyst 

is dependent on a few factors, but if the weight percentage of molybdenum does not exceed 

6%, the conversion will lie between 10% to 19%.  Through many testings, 19% is the upper 

limit to this reaction.  Figure 4 shows the results of the baseline methane conversion tests 

with the catalyst outlined in Chapter 2.  Although the conversion is on the high side, it is 

within the acceptable range for this type of catalyst.  Poor dispersion of molybdenum metal 

can cause the catalyst to clump together within the zeolite.  When this occurs, this can cause 

the conversion to be slightly higher than average, but also causes quicker deactivation.  This 

can either cause one of two outcomes.  Either the zeolite pathways become entirely blocked 

and the catalyst is deactivated, or most of the catalyst becomes deactivated, but some 

Figure 4: Average Baseline Conversion of Methane 
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pathways exist for the reaction to continue.19  At the 450 minute mark there is a noticeable 

drop in conversion before complete deactivation.  This is due to partial blocking of the 

zeolite pathway due to the catalyst clumping together. However, Figure 4 is in line with 

other researchers. 

 

3.1.2 Carbon Dioxide Addition Methane Conversion Results 

 With the baseline conversion completed, the effects of carbon dioxide can be 

quantitatively analyzed.  The first step was to determine the “catalyst death” as it would limit 

how much carbon dioxide would need to be added within the gas stream.  Looking at Figure 

5, it was determined that a 5 vol% addition of carbon dioxide would be an appropriate 

stopping point.  The two main factors for determining catalyst death are methane conversion 

& benzene selectivity.  A low methane conversion doesn’t necessarily mean catalyst death 

and neither does a low benzene selectivity.  However, as seen in Figure 6, a 5 vol% addition 

leads to no benzene creation.  Using both Figure 5 & 6, it can clearly be seen that a 5 vol% 

carbon dioxide addition does not produce adequate results. The average methane conversion 

for this gas addition is ~7%.  Using the baseline conversion as the maximum (19%), this is a 

60% efficiency loss.  That is too high of a methane conversion loss to justify using anymore 

carbon dioxide.  This is the point in which the catalyst is suppressed completely by carbon 

Figure 5: Average Baseline Conversion vs Conversion of Methane with 𝐶𝑂2 
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dioxide as shown by other reports.11,20  This heavily limits our testing range and allows for a 

more comprehensive search for a potential methane conversion maximum or catalyst lifespan 

maximum.  The first major testing point can be found in the 1 vol% carbon dioxide addition.  

This carbon dioxide addition was tested for over 60 hours.  This was done to find the 

maximum lifetime of the catalyst.  This resulted in a 750% increase to the catalyst lifespan 

compared to the average.  However, as stated with a 5 vol% addition, a conversion that has 

over 60% efficiency loss is too much for this reaction.  Therefore, an effective catalyst 

lifetime should be determined.  Although it can be arbitrarily determined, a methane 

conversion of 10% is usually the stopping points of most researchers.13,16,18,19  Using the 

same metric, it can be seen that the catalyst reaches 10% conversion roughly at 1500 to 1600 

minutes.  It can be proven that the effective catalyst lifespan is increased by 250% when 

using 1500 minutes (25 hours) as the new stopping point.  Either case shows that some 

addition of carbon dioxide increases the catalyst’s lifetime.  This in turn increases the amount 

of methane reacting and benzene created.  The second major testing point can be found in the 

3 vol% carbon dioxide addition.  The conversion with a 3 vol% addition exceeds the baseline 

conversion after 250 minutes of reacting.  In every experiment, except for 4 vol% carbon 

dioxide addition, the catalyst has a longer reacting time than the baseline catalyst.  However, 

in each carbon dioxide trial, the conversion is always lower than the baseline conversion, 

except in a 3 vol% addition.  Although the conversion is initially less than the baseline 

conversion, a 3 vol% addition allows methane to continue reacting at a high conversion than 

any other trial.  For methane conversion, a 3 vol% addition is the local maximum. 

 

3.1.3 Benzene Selectivity  

 As stated in the previous section, the methane conversion and benzene selectivity are 

critical in determining the effectiveness of carbon dioxide addition.  Figure 6 shows the 

results of the carbon dioxide additions.  As mentioned before, a 5 vol% addition shows why 

it was the “catalyst death”.  The benzene selectivity of the addition never reaches above 10%, 

which is extremely poor for this reaction.  The goal of MDA is to turn methane into more 

valuable products.  Although this does not necessarily mean benzene, more information on 
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this in the next section, benzene is the intended final product.  However, with methane 

conversion below 7% and benzene selectivity below 10%, there is no justifiable reason to use 

a 5 vol% gas addition of carbon dioxide.  Looking at the first major result of 1 vol% carbon 

dioxide addition, it can be shown how carbon dioxide affects selectivity in the long term.  

After an initial decline from 85% benzene selectivity to 62% benzene selectivity (27% 

efficiency loss), the benzene selectivity stabilizes.  This stabilization lasts for roughly 300-

350 minutes (5-6 hours) before deactivation starts again.  This gives insight on how carbon 

dioxide affects the reaction.  This is explained later within the report.  For now, it should be 

noted that carbon dioxide stabilizes benzene production after an initial efficiency loss.  This 

can also be seen in a 3 vol% carbon dioxide addition.  However, a 3 vol% carbon dioxide 

addition is the highest benzene selectivity compared to any other carbon dioxide additions.  

Initially, a 3 vol% addition has a lower benzene selectivity (~83% versus 85-88% on the 

others), however, once the reaction has passed 500 minutes on stream, the initial benzene 

selectivity drop is inconsequential. 

 

 

 

 

Figure 6: Average Baseline Benzene Selectivity vs Benzene Selectivity with 𝐶𝑂2 
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3.1.4 𝐶2/𝐶7 Selectivity 

 As stated in the previous section, the goal of MDA is to increase the value of methane 

by reacting it into more valuable aromatics.  One way to increase the value is by 

transforming it into ethane/ethene (𝐶2s).  Fortunately, methane must transform into 𝐶2s 

before reacting into benzene.  Figure 7 shows the selectivity to 𝐶2s to all carbon dioxide 

additions.  It should be noted that the 5 vol% carbon dioxide addition has very high 𝐶2 

selectivity.  This is the final reason for 5 vol% being labelled the “catalyst death”.  The 

intended purpose of MDA is to raise the value of methane by transforming it into benzene.  

This makes methane much more valuable as benzene has numerous applications and can be 

used in many processes in the future.  Other byproducts, such as ethane/ethene, also increase 

the value of methane, but not to the same degree as their applications are limited.  Looking at 

Figures 5-7, it can be shown that any methane that has a 5 vol% gas addition that passes 

across a 2% Mo/HZSM-5 catalyst produces 𝐶2 products.  The amount of product that is 

created is far too low to be economically viable, as well as the product generated is a 

secondary product.  Looking at a 1 vol% carbon dioxide addition, it is almost a perfect 

reflection of the benzene selectivity graph.  This is also true for a 3 vol% carbon dioxide 

addition.  However, 𝐶2 is only one byproduct that can form.  The other byproduct that can 

Figure 7: Average Baseline C2 Selectivity vs C2 Selectivity with 𝐶𝑂2 
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form is toluene (𝐶7s).  Although toluene is a perfectly acceptable byproduct, which can be 

transformed into benzene much more readily, it is also the tipping point of the reaction.  

According to other reports, this reaction uses carbon radicals, carbons with free electrons, to 

react with one another to create larger hydrocarbons.  As the reaction proceeds forward, 

however, the number of free radical sites increases.  Due to the stability of benzene, it is very 

hard to create a radical and thus most methane transforms into benzene rather than PAHs.  

However, if benzene does react and forms toluene, or other benzene derivatives, the chances 

that it will transform into PAHs increases.  Therefore, it is integral that the 𝐶7 selectivity is as 

small as possible as that will limit how much benzene is transforming into PAHs.  Figure 8 

shows that any addition of carbon dioxide, except for a 5 vol% addition, will inevitably 

increase the number of PAHs generated.  This makes sense as, the amount of benzene 

increases, the number of PAHs should also increase as well.  Looking at both 1 vol% & 3 

vol% carbon dioxide addition, as the reaction proceeds forward, the amount of 𝐶7s increases.  

In 1 vol% carbon dioxide addition, it can be shown that the amount of 𝐶7 selectivity drops as 

the benzene selectivity drops.  This is due to the catalyst deactivating limiting the amount of 

benzene being created.  Therefore, as the benzene selectivity drops, so does the PAH 

selectivity. 

 

Figure 8: Average Baseline C7 Selectivity vs Baseline C7Selectivity with 𝐶𝑂2 
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3.2 Temperature Programmed Desorption Test Results 

3.2.1 Hydrogen TPD Results 

 The reactionary pathway of MDA has been a long studied phenomenon.  Because of 

the conditions in which the reaction is held in, it is difficult to determine what products form 

on the surface.  One method that can be done, however, is temperature programmed 

desorption.  This process heats up the catalyst and allows molecules to desorb.  This is a 

good way to indicate bonding energy at certain temperatures for molecules.  It can also be 

used as an indication of what types of molecules can be found on the catalyst’s surface.  A 

similar process was done in Ohnishi et al.’s report.  The group used TPO  instead of TPD.  

The main difference between the two processes is that TPO uses oxygen to help desorb 

higher bonding energy chemicals from the catalyst.  TPD, on the other hand, uses a neutral 

gas to allow desorbing to occur.  This first set of results used hydrogen gas. 

When initially testing the spent catalysts, the main chemicals that were tested for 

were based on the calibration of the gas chromatograph: benzene, toluene, ethane, ethene, 

and methane, as well as propane and water.  Although water and propane were not calibrated 

into the gas chromatograph, they could indicate other phenomenon within the TPD results.  

Water was to determine when the zeolite started to deteriorate during TPD, and propane is a 

good indication of a reactionary pathway to benzene.  Due to the amount of TPD results, they 

are located within Appendix A.  The catalysts used, for the hydrogen trial, was a sample with 

no carbon dioxide addition and a sample with 1 vol% carbon dioxide addition.  Looking at 

Figures A 9-12, both benzene and toluene did not desorb under hydrogen flow.  A negative 

ionic current indication simply means that the mass spectrometer cannot find any ionic 

strength within the stream.  Therefore, it can be theorized that any benzene and toluene that 

did not desorb during the time of the reaction became PAHs.  This can be backed by Figure  

A 6 & Figure A 8.  As the benzene selectivity decreases in the beginning, the 𝐶7 selectivity 

increases, and therefore the PAH selectivity increases.  Methane was also looked at to see 

how much reactant ended up on the surface of the catalyst.  Figure A 13 & Figure A 14 show 

that there is a weaker ionic current throughout the reaction.  Figure A 13 shows that with no 
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addition of carbon dioxide that there is a strong peak at 100°𝐶 with relatively strong peaks 

throughout the rest of the reaction.  The same cannot be said though for Figure A 14.  Figure 

A 14 shows a strong peak towards the start of the reaction but has a fast decay before 100°𝐶 

where it remains around the same ionic current.  One theory of this increased ionic current is 

due to the increased amount of methanol on the catalysts surface.  Looking at Figure A 15 & 

16, a sample from the same catalyst was tested again, but methanol was tested for in the mass 

spectrometer.  It should be noted that Figures A 14 & 15 should be similar as it is the same 

sample.  Looking at Figures A 14-16, the methane graphs are similar, but more importantly 

the methanol peak has a much higher ionic current than either methane graph.  As explained 

later, a theory for why this occurs is due to carbon dioxide donating an oxygen to stabilize 

the methane molecule for the reaction.  Figures A 17-19, show the ionic current of ethane.  It 

can clearly be seen that there is a strong ionic current for the molecules throughout the TPD 

experiment.  Much like methane though, the ionic current for ethane is very low for its 

selectivity.  Therefore, ethane must be transforming into ethene.  Looking at Figures A 20 & 

21, the ionic currents of ethene is 1000 times greater than the ionic current of ethane.  It can 

be concluded that ethene is more stable within the MDA reaction than ethane.  Figure A 22 

shows the ethyne ionic current for 1 vol% carbon dioxide addition sample.  Unlike ethene, 

ethyne does not increase the stability to ethene in the reaction.  It can be theorized that ethene 

is a mandatory state for MDA to take place.  Figures A 23 & 24 show the propane peaks for a 

baseline catalyst sample and a 1 vol% catalyst sample.  Both peaks are similar in nature 

having two strong peaks around 500°𝐶 and 700°𝐶.  The largest difference between the two 

peaks is the gap in the 600°𝐶 range.  With no carbon dioxide addition there is a strong peak, 

but with 1 vol% carbon dioxide addition there is a small peak detected.  This brought up 

many questions as to why this happened.  The water TPD results show why this was 

occurring.  Figures A 25 & 26 show the water peak desorption strength over the temperature 

range.  It can be clearly seen in Figure A 25 that with no carbon dioxide addition, there are 

water molecules desorbing at the 100°𝐶 temperature, i.e., the boiling point of water.  This 

indicates that hydrogen is interfering with the zeolite and removing oxygens from the 

structure.  The same can also be said with Figure A 26, however, there are secondary peaks 

because of the carbon dioxide addition.  Because of this, the hydrogen addition can no longer 



  23 

be used as it is poisoning the sample and creating false data.  Therefore, the removing gas 

was changed to argon.  Argon was chosen because of its nonreactive nature. 

 

3.2.2 Argon TPD: Chemicals Tested 

 Because hydrogen has the potential to skew results, all previous results will need to 

be retested.  However, due to the high stability of both benzene and toluene, they will not be 

retested.  Hydrogen would have the greatest probability of removing any leftover benzene or 

toluene that was still on the catalyst’s surface.  Since the results showed no activity from 

either benzene nor toluene, it is safe to assume that any benzene and toluene react into PAHs.  

However, the same cannot be said for the other molecules tested.  Since the mass 

spectrometer was able to detect all the other chemicals, they will need to be retested to ensure 

accuracy of the results.  In addition, other chemicals were also added to help further 

understand the reactionary pathway of MDA.  These chemicals were ethanol, propanol, 

propene, propyne, butane, butene, butyne, pentane, and hydrogen since it is no longer the 

removing agent in the system. 

 

3.2.3 Argon TPD: Difference in Retested Chemicals 

 The TPD results for methane, methanol, ethane, ethene, propane, and water need to 

be retested.  It is commonly known that the hydrogenation of alkenes and alcohols happens 

readily.  Therefore, ensuring that this did not occur is critical.  Figures A 27 & 28  show the 

argon results for 1 vol% addition of carbon dioxide across two different samples.  Comparing 

these results to Figures A 14 & 15, the ionic strength between the four graphs is similar.  This 

means that the amount of methane poisoned by the hydrogen was minimal.  This ensures that 

any conclusion drawn for at least methane is accurate so far.  Figures A 29 & 30 both show 

how methanol reacted under argon flow.  Comparing these figures to Figure A 16, the ionic 

current of methanol is lower in the argon results.  This is most likely due to the increased 

amount of hydrogen in the previous trial.  It can be theorized that some oxygen remains on 

the catalyst’s surface.  This could then react with adsorbed methane to produce more 

methanol increasing its ionic strength.  However, under argon flow, the amount of hydrogen 

within the system is limited; therefore, methanol production is unlikely.  Figures A 31 & 32 
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show the results of ethane.  These results indicate that the quantity of ethane on the catalyst is 

short lived rather than a constant flow as in Figures A 17-19.  This is because ethene was 

hydrogenated leading to a false result.  As stated previously, hydrogenation can occur on 

alkenes very readily, especially under high temperatures.  This resulted in the constant flow 

of ethane rather than the sharp decline that Figures A 31 & 32 depict.  Although the ethane 

stream was artificially inflated, the conclusions drawn before are still accurate as the ionic 

current of ethene is still 1000 times stronger than ethane.  This can be seen in Figures A 33 & 

34.  However, phenomenologically this changes how ethane reacts in MDA.  According to 

the new results, ethane promptly turns into ethene while on the catalyst’s surface instead of 

desorbing as ethane.  Looking at Figures A 35 & 36, the propane results can be seen, and are 

much different from Figures A 23 & 24.  Figures A 23 & 24, show that propane has multiple 

peaks at higher temperatures with a gap at around 600°𝐶.  The only case where this wasn’t 

true, was in the 0 vol% addition to carbon dioxide.  However, in Figures A 35 & 36, the 

propane peaks have the same ionic current.  Therefore, Figures A 23 & 24 have also been 

poisoned by hydrogen.  Shown later, this is due to propene and propyne being hydrogenated 

into propane.  Truly, propane increases in ionic strength until 600 − 700 °𝐶 when it finally 

desorbs off the catalyst’s surface.  This can be seen in Figures A 23 & 24, but because of the 

poisoning of the sample, the peaks help define the points in which propene and propyne are 

hydrogenated.  Finally, Figures A 37 & 38 show the new water peaks within argon flow.  

Comparing these figures to Figure A 25 & 26, the argon trial depicts water leaving the 

system, while the hydrogen trial shows water being generated within the system.  This can 

mean that the catalyst’s zeolite remains intact throughout the entire process.  This can also 

show that oxygen is minimized on the catalyst and reacts readily on the catalyst. 

 

3.2.4 Argon TPD: New Chemicals 

 Ethanol, propanol, butane, butene, butyne, pentane, hydrogen, propene, and propyne 

are good indicators how MDA transforms into benzene.  Finding the presence of ethanol or 

propanol can depict that longer hydrocarbon chains need a leaving group to transform into 

benzene.  Figures A 39-44 show the ethanol and propanol results for 1 vol% to 3 vol% 

addition of carbon dioxide.  Across all the different samples, both ethanol and propanol do 
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not show up within the mass spectrometer except for a single point at the start of the 

experiment.  This can either mean that ethanol and propanol do exist in the reaction but are 

not adsorbing to the catalyst/ are consumed almost immediately, or that this is just some 

noise within the reaction.  Based on later results, i.e., propyne, it is most likely that if either 

alcohol exists, they are transformed into ethene or propyne.  Figures A 45-47 show whether 

butane and its derivatives exist in the reaction.  Using 3 vol% carbon dioxide addition as the 

model, the butane family does not exist.  3 vol% carbon dioxide was used because it was the 

sample that generated the most benzene, and thus would have the best chance of finding 

these chemicals.  The same trend is found in other vol% of carbon dioxide additions, except 

for a few points at the very beginning.  This follows the same trend as ethanol and propanol.  

However, looking at Figure A 48, pentane shows almost no ionic current on the catalyst.  It 

was then theorized that if pentane does not exist, then butane most likely does not exist 

either.  It was theorized that these small ionic strength peaks, such as the singular points at 

the beginning of the TPD trial,  are insignificant to the overall result.  Therefore, given the 

figures, it can be theorized that when the MDA reaction occurs that it must happen very 

rapidly such that hydrocarbons above propane do not exist, or that hydrocarbons below 

butane must be the primary reactants towards benzene.  This leads to the propane derivatives.  

As seen in earlier figures, propane was among the higher ionic current in the reaction, 

comparable to methane.  However, Figures A 49-51 show propyne as a dominant reactant on 

the catalyst’s surface.  Although propene does exist, as shown in Figures A 52-54, propene 

does not have a comparable ionic current to propyne.  The only chemical with a similar ionic 

current is ethene and argon, the removing gas.  Looking at Figure A 55, the TPD result for 

argon can be seen.  This means that the amount of propyne located on the catalyst’s surface is 

comparable to the amount of argon flowing into the mass spectrometer.  It should also be 

noted that in Figures A 56-58 there is little hydrogen off gas from the catalyst surface.  This 

means that is either used or expelled from the reaction. 
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3.3 Analysis of Data 

3.3.1 Transformation to Benzene 

 The MDA reaction is not very well understood, and with each research that comes out 

a new hypothesis for the reaction is considered.  With the TPD results, a clearer picture of 

how the reaction progresses can be theorized.  Methane reacts transforming itself into ethene 

and eventually to propyne.  This can be explained by Colket & Seery’s work at the United 

Technologies Research Center (UTRC).21  Their work demonstrated how methane can react 

and transform into toluene through pyrolysis at high reaction temperatures 

(~1100𝐾 to 2000𝐾).  With this they showed that carbon becomes radical and transforms 

into more stable configurations.21  With their work, methane and ethane radicalize to 

transform into the next stable hydrocarbon, propane.  The catalyst can then remove 

hydrogens from the propane to create propyne.  The reason for the propyne creation is 

mesitylene.  Mesitylene is the common name of 1,3,5 methylbenzene.  Because a zeolite is 

used to limit the size of reactions, it can be theorized that the supporting structure cleaves off 

the methyl groups creating methane and benzene.  The role of carbon dioxide within MDA 

occurs at two different stages.  Firstly, carbon dioxide stabilizes the reaction by reacting with 

the catalyst and donating oxygens to the methane.  It can be seen in Figures A 29 & 30 that 

methanol is more abundant than methane.  The oxygen must be donated from a place other 

than the zeolite as seen in the water TPD results, Figures A 37 & 38.  Therefore, the only 

other chemical with oxygen is carbon dioxide.  This was also shown in Vollmer et al.’s 

experiment on carbon monoxide tracing.20  Using the 𝐶13 isotope in carbon monoxide, they 

were able to trace the reaction and show that the 𝐶13 does end up within the benzene ring.  

This means the oxygens located on carbon dioxide are donated to the catalyst and are used in 

subsequent reactions.  As stated, radical carbon is very unstable, this leads to the reaction 

happening very quickly and spontaneously.  However, adding oxygen to the catalyst allows 

methane to gain a leaving group in the form of an alcohol.  This can be done when both 

methane and oxygen are adsorbed onto the catalyst.  From there, they bond with one another, 

and some hydrogen hydrogenates the oxygen to create methanol.  The second use of carbon 

dioxide is theoretical.  Using Figure 5, the conversion of each carbon dioxide experiment can 

be seen.  Of all the different carbon dioxide additions, only 3 vol% of carbon dioxide 
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addition maximizes benzene selectivity.  Comparing the TPD results of 3 vol% to the other 

volume percentages shows very little to no difference except for propyne.  This can be easily 

explained as 3 vol% maximizes benzene production.  However, across all the different 

results, 3 vol% of carbon dioxide was consistently performing the best.  If the difference 

between each addition cannot be measured by TPD, then carbon dioxide must be altering the 

reaction in another way. 

 

3.3.2 Carbon Dioxide: Arc Quenching 

 A known property within carbon dioxide is the ability to “arc quench”.22  Arc 

quenching is simply the phenomenon that a gaseous chemical reduces the number of free 

electrons within a given area at such a rate that electrical arcing is not possible.  This can be 

seen by chemicals such as sulfur hexafluoride.  The main use of these chemicals is to reduce 

the number of sparks generated in places where a large electrical current is flowing.  Sulfur 

hexafluoride is one of the strongest arc quenchers and carbon dioxide, comparatively, is not 

as strong but still shows the same property.22  The reason this is important is due to the 

radicalization of hydrocarbons within the reaction.  As stated earlier, Colket and Seery’s 

experiments were on the pyrolysis of methane to toluene and showing the radicalization of 

carbons.21  Radicalization of any atom is simply an unpaired electron.  Arcs/sparks are just a 

group of free electrons flowing.  If carbon dioxide can suppress free electron flow within an 

arc, then the same can be said in a reaction.  This is the main reason why carbon dioxide can 

control the reaction to this degree.  Then why is it most prominent at this point?  According 

to Yokoi et al’s experiment in Aichi Institute of Technology, Japan, there is a formula that 

dictates the behavior of electrons within the gas.23  Equation 2, shows how electrons will act 

within carbon dioxide: 

 𝛿𝑓

𝛿𝑡
+ 𝑣 × ∇𝑓 −

𝑒

𝑚𝑒
𝐸 × ∇𝑣𝑓 = 𝐶(𝑓) 

Equation 2 

where 𝑒, 𝑚𝑒 , 𝑓, 𝑣 and 𝐶 are elementary charge, mass of electron, electron energy distribution 

function (EEDF), draft velocity of electron and the rate of change in f due to collision, 

respectively.  The two most important variables are 𝑓 & 𝛿𝑡 as they represent the energy of the 

electron and the collision rate of the electron.  It can be theorized that as the volume 
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percentage of carbon dioxide increases, the collision rate increases and thus the energy of the 

electron depletes.  When the vol% of carbon dioxide is too low, the amount of energy within 

the electron is still too high and thus the properties of MDA are unaffected.  However, at a 3 

vol% addition, the amount of carbon dioxide within the stream is high enough to start 

reducing the electron energy such that it is no longer thermodynamically favorable to 

transform into PAHs and instead remains as benzene.  This can be seen in Figure 8, 𝐶7 

selectivity.  As benzene selectivity decreases, the 𝐶7 selectivity does not increase at the same 

rate, instead the 𝐶2 selectivity increases at a much faster rate.  This should not occur on a 

fundamental level because PAHs are more stable than benzene.  Therefore, if benzene 

production drops/increase, so should PAHs at a similar rate.  With a 3 vol% carbon dioxide 

addition, this is not the case.  However, too much carbon dioxide has the exact opposite 

effect.  As seen in the same figure, as more carbon dioxide is added into the stream, the 

number of PAHs decreases, but so does the amount of benzene.  This can mean that there is a 

point in which the electron energy is slowed down too far, and the next stable hydrocarbon is 

not an aromatic, but instead propyne, ethene, or methane. 
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CHAPTER 4 

 

Conclusion 

 

4.1 Summary 

 Within this paper is the MDA work with carbon dioxide.  The paper set out to study 

more in depth the relation carbon dioxide has with MDA and the mechanism in which MDA 

proceeds in.  The work started with a baseline testing of a 2 wt% Mo catalyst with a HZSM-5 

zeolite supporting structure.  Carbon dioxide was then added to each subsequent test starting 

at 1 vol% and ending at 5 vol% with an increment of 1% per new trial.  The catalyst has the 

potential to last over 60 hours of continuous experimentation with no regeneration when the 

inlet feed stream contained carbon dioxide at 1 vol%.  This increases the lifetime of the 

catalyst over 700% using a 7 hour catalyst lifetime as the baseline.  However, the effective 

catalyst lifetime increase is just over 1500 minutes (25 hours), to keep methane conversion 

above 10% and selectivity to benzene over 60%, which is 250% increase to its lifetime.  The 

most notable result was that of 3 vol% addition of carbon dioxide to the gas stream, where 

conversion stabilized above 15% for over 1500 minutes and keeping selectivity to benzene 

around 70% for the same duration.  The TPD results allowed this study to theorize that 

carbon dioxide transforms methane into methanol so that the reaction may proceed quicker.  

It was also shown that propyne is the dominant species on the catalysts surface.  It was 

theorized that MDA reacts propyne into mesitylene and the methyl groups are then cleaved.  

It was also shown that carbon dioxide has arc quenching capabilities that can be used to 

ensure the reaction is stabilized and leads to benzene production.  However, it was also 

shown that it can have the exact opposite effect and create more non-aromatic products rather 

than aromatic products. 

 

4.2 Future Work 

 For future work, there are two main areas that need to be tested.  The most important 

area is determining if mesitylene is being created.  This can be achieved through nuclear 

magnetic resonance (NMR), more specifically magic angle spinning (MAS) NMR.  What 
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MAS-NMR can tell is the bond lengths between the hydrogen and carbon on the benzene 

ring.  If mesitylene is being produced, then the hydrogen on the benzene ring will have a 

different bond length than the hydrogens on the methyl groups on the benzene.  This 

difference in bond length can determine what is being produced.  However, this can be a 

problem as it must be done in-situ as mesitylene should not last long within the zeolite 

structure.  With this type of data, the mechanism of MDA can be understood further.  

Another important area is verifying carbon dioxide’s conversion within the gas stream.  This 

will help ensure that the amount of methane going through and reacting is the posted value.  

It will also ensure that the selectivities to benzene are also accurate as well.  Finally, 

examining the PAH content on the catalyst should be done to see how resistant the catalyst is 

to coking.  This can be done using thermogravimetric analysis. 
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Appendix A: Temperature Programmed Desorption Figures 

 

 

 

Figure A 9: 0% 𝐶𝑂2 Benzene TPD (sample 6-23 result) 

Figure A 10: 1% 𝐶𝑂2 Benzene 1st TPD (sample 6-26 result) 
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Figure A 11: 0% 𝐶𝑂2 Toluene TPD (sample 6-23 result) 

Figure A 12: 1% 𝐶𝑂2 Toluene 1st TPD (sample 6-26 result) 
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Figure A 13: 0% 𝐶𝑂2 Methane TPD (sample 6-23 result) 

Figure A 14: 1% 𝐶𝑂2 Methane 1st TPD (sample 6-26 result) 
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Figure A 15: 1% 𝐶𝑂2 Methane 2nd TPD (sample 6-26 result) 

Figure A 16: 1% 𝐶𝑂2 Methanol 2nd TPD (sample 6-26 result) 
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Figure A 17: 0% 𝐶𝑂2 Ethane TPD (sample 6-23 result) 

Figure A 18: 1% 𝐶𝑂2 Ethane 1st TPD (sample 6-26 result) 
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Figure A 20: 1% 𝐶𝑂2 Ethene 1st TPD (sample 6-26 result) 

Figure A 19: 1% 𝐶𝑂2 Ethane 2nd TPD (sample 6-26 result) 
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Figure A 21: 1% 𝐶𝑂2 Ethene 2nd TPD (sample 6-26 result) 

Figure A 22: 1% 𝐶𝑂2 Ethyne 2nd TPD (sample 6-26 result) 
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Figure A 23: 0% 𝐶𝑂2 Propane TPD (sample 6-23 result) 

Figure A 24: 1% 𝐶𝑂2 Propane 1st TPD (sample 6-26 result) 
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Figure A 25: 0% 𝐶𝑂2 Water TPD (sample 6-23 result) 

Figure A 26: 1% 𝐶𝑂2 Water 1st TPD (sample 6-26 result) 



  40 

 

 

 

 

 

Figure A 27: 1% 𝐶𝑂2 Methane TPD (sample 6-29 result) 

Figure A 28: 1% 𝐶𝑂2 Methane TPD (sample 7-07 result) 
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Figure A 29: 1% 𝐶𝑂2 Methanol TPD (sample 6-29 result) 

Figure A 30: 1% 𝐶𝑂2 Methanol TPD (sample 7-07 result) 
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Figure A 31: 1% 𝐶𝑂2 Ethane TPD (sample 6-29 result) 

Figure A 32: 1% 𝐶𝑂2 Ethane TPD (sample 7-07 result) 
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Figure A 33: 1% 𝐶𝑂2 Ethene TPD (sample 6-29 result) 

Figure A 34: 1% 𝐶𝑂2 Ethene TPD (sample 7-07 result) 
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Figure A 35: 1% 𝐶𝑂2 Propane TPD (sample 6-29 result) 

Figure A 36: 1% 𝐶𝑂2 Propane TPD (sample 7-07 result) 
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Figure A 37: 1% 𝐶𝑂2 Water TPD (sample 6-29 result) 

Figure A 38: 1% 𝐶𝑂2 Water TPD (sample 6-29 result) 
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Figure A 39: 1% 𝐶𝑂2 Ethanol TPD (sample 7-07 result) 

Figure A 40: 2% 𝐶𝑂2 Ethanol TPD (sample 7-20 result) 
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Figure A 42: 1% 𝐶𝑂2 Propanol TPD (sample 7-07 result) 

Figure A 41: 3% 𝐶𝑂2 Ethanol TPD (sample 7-22 result) 
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Figure A 43: 2% 𝐶𝑂2 Propanol TPD (sample 7-20 result) 

Figure A 44: 3% 𝐶𝑂2 Propanol TPD (sample 7-22 result) 
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Figure A 45: 3% 𝐶𝑂2 Butane TPD (sample 7-22 result) 

Figure A 46: 3% 𝐶𝑂2 Butene TPD (sample 7-22 result) 
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Figure A 47: 3% 𝐶𝑂2 Butyne TPD (sample 7-22 result) 

Figure A 48: 3% 𝐶𝑂2 Pentane TPD (sample 7-22 result) 



  51 

 

 

 

 

 

Figure A 50: 1% 𝐶𝑂2 Propyne TPD (sample 7-07 result) 

Figure A 49: 2% 𝐶𝑂2 Propyne TPD (sample 7-20 result) 
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Figure A 52: 1% 𝐶𝑂2 Propene TPD (sample 7-07 result) 

Figure A 51: 3% 𝐶𝑂2 Propyne TPD (sample 7-22 result) 
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Figure A 53: 2% 𝐶𝑂2 Propene TPD (sample 7-20 result) 

Figure A 54: 3% 𝐶𝑂2 Propene TPD (sample 7-22 result) 
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Figure A 56: 1% 𝐶𝑂2 Hydrogen TPD (sample 7-07 result) 

Figure A 55: 3% 𝐶𝑂2 Argon TPD (sample 7-22 result) 
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Figure A 57: 2% 𝐶𝑂2 Hydrogen TPD (sample 7-20 result) 

Figure A 58: 3% 𝐶𝑂2 Hydrogen TPD (sample 7-22 result) 
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Figure A 59: Ohnishi’s Baseline Molybdenum Catalyst Results 
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Figure A 60: Ohnishi's Carbon Dioxide Results 
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Appendix B: Other Experimental Data 

 

 

Figure B 61: 2 hour  Methane Conversion using 2 wt% Molybdenum Catalyst 

Figure B 62: 2 Hour Benzene Selectivity using 2 wt% Molybdenum Catalyst 
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Figure B 63: 2 Hour 𝐶2 Selectivity using 2 wt% Molybdenum Catalyst 

Figure B 64: 6 Hour Methane Conversion with varied 2 wt% Molybdenum Catalysts 
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Figure B 65: 6 Hour Benzene Selectivity with varied 2 wt% Molybdenum Catalysts 

Figure B 66: 6 Hour 𝐶2 Selectivity with varied 2 wt% Molybdenum Catalysts 
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