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Abstract

This thesis reports on several years’ research on atmospheric methane removal and

the mitigation of dilute methane point sources. Methane is a greenhouse gas respon-

sible for a considerable portion of the warming that the earth now experiences, and

arresting global methane emissions is a major challenge for global climate change mit-

igation. The first chapter introduces methane and describes its sources, sinks, and

current effects on the climate system. It then reviews the many approaches that have

been proposed to chemically destroy methane to prevent its emission or to break down

methane in atmospheric air. It concludes with a preview of the following chapters’

contents.

The second and third chapters concern methane destruction (“oxidation”) using

photocatalysts, a class of materials that consume light in order to activate chemical

bonds. The second chapter reports experimental work that measured and improved

on the performance of methane-oxidizing photocatalysts. The third chapter reports

models of the cost-effectiveness of deploying these materials in the real world. Taken

together, these chapters suggest that photocatalytic methane oxidation is far from

real-world practicality.

The fourth, fifth, and sixth chapters concern methane destruction via “gas-phase

advanced oxidation,” a promising catalyst-free way to break down gaseous pollu-

tants. The fourth chapter reports experimental work that measured the effectiveness

of methane oxidation with chlorine, taking advantage of chlorine radicals’ excellent

reactivity towards methane. The fifth chapter reports cost modeling of this system’s

deployment. Taken together, these chapters suggest that chlorine-based methane ox-

idation is rather costly in most scenarios and its prospects are uncertain. The sixth

chapter reports experimental results on gas-phase advanced oxidation with hydrogen
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peroxide, which we found to be ineffective for oxidizing methane.

The thesis finishes by discussing the prospects and future of dilute methane ox-

idation and atmospheric methane removal. This conclusion highlights the ways in

which this thesis’s research has improved on known methane oxidation processes and

has advanced the understanding of which processes are likely or unlikely to be vi-

able. Based on that understanding, it then suggests several possible paths forward

for research in the field. Chlorine-based advanced oxidation, thermal oxidation, and

thermal catalytic oxidation on methane point sources and chlorine-based advanced

oxidation on methane in atmospheric air are called out as particularly promising areas

for future work.

A final appendix chapter describes a suite of open-source lab automation software

that was developed to streamline benchtop experimental work.
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CHAPTER 1. INTRODUCTION 2

1.1 Climate Forcing and Methane

1.1.1 The Effects of Climate Change

In the past ten years, during which the entirety of my engineering education took

place, global climate change has evolved from a selfdom-discussed environmentalists’

and academics’ concern to an unignorable fact of life. The multi-year drought in

California ending in 2017 was the longest on record. In Spring of 2019, a heat wave

overwhelmed Stanford’s campus cool-water system, causing everyone in my dorm to

spend finals week working in our basement to escape the hundred-degree heat on the

other floors. In 2020, the Northern Californian sky turned orange with smoke from

wildfires stoked by unseasonable dryness and heat. In January of 2025, large areas of

Los Angeles itself burned.

The changes are also clear in less acute ways. The season for warm-weather recre-

ation in the Sierra Nevada now extends through the winter, with shirtsleeve weather

in Yosemite commonplace in January. In the summer, even high-altitude areas like

Tahoe and Tuolumne Meadows now give little respite from the heat. Glaciers and

snowfields referenced in Sierra hiking guidebooks written in the 1970s have now van-

ished or shrunk to tiny remnants. The “atmospheric river” rainstorms that punctuate

the Californian winter have become more intense while oceanfront communities are

experience increasing rates of coastal erosion.[1–3]

These are only local manifestations of a global transformation. June of 2024

marked the twelfth consecutive month with global average temperatures more than

1.5◦C above the pre-industrial average, marking the passage of a milestone that was

once an optimistic target for climate action.[4] 2024’s annual minimum and maximum

extents of arctic sea ice were each the second-lowest on record.[5] A global set of

reference glaciers has lost, on average, more than 25 tons of ice per square meter

(corresponding to∼27m of thickness) since 1970, with the rate of ice loss continuing to

increase during the 2020s.[5] In 2024, the World Meteorological Organization reported

152 weather events of “unprecedented” intensity, of which 57 were heat waves, 30 were

rain events, and 23 were floods.[6] Climate modeling has allowed the attribution of

an increasing number of such events to climate change: for example, models have

estimated that the summer 2021 heat wave in the Pacific Northwest would have been
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1-2 orders of magnitude less likely without anthropogenic climate effects.[7, 8] The

world’s average ocean surface temperature in 2024 was ∼ 0.6◦C above a 1981-2010

baseline, with much greater temperature anomalies occurring at particular places and

times.[9] As of April 2025, a multi-year global coral bleaching event that began in

2023 was ongoing, with more than 83% of global coral reef area have experienced

enough heat stress to cause coral bleaching.[10] During the last such event, which

lasted at a global scale from 2014 to 2017, the Great Barrier Reef lost 30% of its coral

cover within a single eight-month period.[11, 12]

The human impracts of climate change are already felt in a number of ways.

Changing climactic conditions, particularly aridity and drought, already substantially

influence global migration patterns, particularly in agriculture-dependent regions.[13]

Low-lying and island nations already experience the effects of rising sea levels.[14,

15] It has been projected that by 2050 more than 140 million people in the Global

South will have been displaced by climate change-related events, including drought,

food scarcity, and sea level rise.[16] A variety of particularly severe past weather

events, each with substantial human impacts, have been directly attributed to climate

change through climate modeling.[17] For example, the 2021-22 drought in the Horn

of Africa region, which left over 4 million people in need of humanitarian aid due to

crop failures and livestock deaths, was intensified by climate change.[18] Although

it affected two developed countries with widespread access to air conditioning, the

previously mentioned 2021 Pacific Northwest heat wave led to over 800 deaths in the

United States and Canada.[19] Such events will only grow more common, and the

causal links with climate change easier to draw, in the coming decades.

The main mechanism behind climate change is the greenhouse effect.[20] Governed

by the laws of black-body radiation, the sun mostly transmits energy to the earth as

visible light, while the earth releases energy back into space as infrared light. Like

the glass in a greenhouse, molecules that let visible light pass but absorb infrared

light allow energy to enter the earth-atmosphere system but prevent it from leaving,

tending to increase the earth’s temperature. Carbon dioxide released by fossil fuel

combustion causes the most warming of any individual greenhouse gas, although

methane, which this thesis mainly concerns, also plays a significant role.
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Following more than a century of research on various climate-forcing and meteo-

rological phenomena, modern climate science paints a clear and detailed picture of a

planet that is being warmed (and otherwise affected) by emissions from a wide vari-

ety of human activities.[20] The current state of the field, aggregated from hundreds

of individual peer-reviewed publications, is regularly summarized by the Intergovern-

mental Panel on Climate Change (IPCC). In its Sixth Assessment Report in 2021 [21],

the IPCC wrote that “it is unequivocal that human influence has warmed the atmo-

sphere, ocean and land” and that “climate change is already affecting many weather

and climate extremes in every region across the globe.” It warned that “warming of

1.5°C and 2°C will be exceeded during the 21st century unless deep reductions in CO2

and other greenhouse gas emissions occur.” The engineering, science, organizing, and

policy work required to do so constitutes one of the great challenges of our time.

1.1.2 Methane’s Role in the Warming Climate

Methane (CH4) causes the second most global warming of any human-emitted gas

and as such is a major contributor to climate change. As shown in figure 1.1, in 2019

the warming due to emissions of methane was 0.6°C while that due to carbon dioxide

was 1.0°C. These values add up to more than the actual ∼1°C of warming experienced

in 2019 because other human emissions like sulfur dioxide have substantial cooling

effects. Carbon dioxide has received the most attention to date, both because of

its large warming effect and because the main remedy is fairly simple: stop burning

fossil fuels. Methane has historically received somewhat less attention, but it has

become increasingly clear that carbon dioxide mitigation alone will be insufficient

to stop climate change.[22] Methane has consequently enjoyed a wave of interest in

the research community in the last several years, a trend that helped to launch and

sustain the work in this thesis.

Methane is emitted from a variety of natural and anthropogenic sources.[24] Fossil

methane is released from underground geologic reservoirs by human activity. Some

fossil methane is extracted as natural gas and leaks as “fugitive” emissions through-

out the natural gas value chain. Other fossil methane is released as an unwanted

byproduct of oil and coal extraction. Biogenic methane is produced by methanogenic

microorganisms that fuel themselves by decomposing complex hydrocarbons into
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Figure 1.1: Climate effects of different greenhouse gases, reproduced from the IPCC
6th Assessment Report.[23] Horizontal bars show the changes in a) radiative forcing
from 1750 and b) global surface average temperature (GSAT) from 1750 attributable
to different gases and aerosols. Each row corresponds to the effects of emissions of
a single gas, while each horizontally-stacked bar within a row corresponds to the gas
that actually interacts with light For example, emitting methane (2nd row) causes
warming due both to methane’s own greenhouse effect (orange bar) and due to re-
leased methane’s indirect effect of boosting tropospheric levels of the greenhouse gas
ozone (green bar).

methane in anaerobic environments, which occurs wherever organic matter decom-

poses underwater or with poor ventilation. This takes place in landfills, wastewa-

ter systems, rice paddies, and natural wetlands, as well as in in ruminant animals’

(e.g., cows’) digestive tracts. Collectively, human activities have raised atmospheric

methane concentrations from ∼0.6 parts per million (ppm) in pre-industrial times

to ∼1.9 ppm in 2024 [24], as shown in 1.2 I will return later to the contributions of

different source types to global methane emissions.

Methane differs from carbon dioxide in that its per-molecule warming potential is

far higher and its atmospheric lifespan is much shorter.[28] Each molecule of methane

traps about 41 times as much heat as each molecule of carbon dioxide. Converted

into more commonly used mass-based global warming potentials (GWPs), a kilogram

of methane just after its emission causes 114 times as much warming as a kilogram of

carbon dioxide. However, since free radicals in the atmosphere slowly oxidize methane

to carbon dioxide, methane’s average atmospheric lifespan is only 7-12 years.[25] In
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Figure 1.2: Historical atmospheric methane concentrations from 1010 to 2025, repro-
duced from NASA.[25] The underlying data are from the NOAA Global Monitoring
Laboratory and from Etheridge at al. 1998.[26, 27]

comparison, carbon dioxide’s lifespan is over 100 years.[28] Thus, while a pulse of

carbon dioxide causes steady warming over many decades, a pulse of methane causes

a several-year spike of warming that quickly dissipates as the methane breaks down.

These fundamentally different warming behaviors complicate the valuation of

methane abatement relative to carbon dioxide abatement. Implicit in a methane-

to-carbon dioxide conversion factor is the choice of a time horizon over which warm-

ing is integrated, which is essentially a judgement on the relative values of avoiding

near-term and long-term warming effects. The twenty-year global warming potential

(GWP20) of methane is 81.2, while the more commonly-used hundred-year global

warming potential (GWP100) is 27.9.[23] I will return later to how these considera-

tions can inform concrete cost targets for methane abatement strategies.
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1.1.3 Dilute Methane Sources as “Hard-to-Abate” Emissions

The recent history of fossil fuel displacement has mainy been the history of a few

highly successful technologies. Electrical utilities worldwide have rapidly adopted

solar energy, wind energy, and lithium-ion batteries as manufacturing advances have

driven down their costs.[29] Electric car adoption has also accelerated substantially,

in part due to declining production costs.[29, 30] A number of other energy end uses,

including building heating, water heating and various light industrial loads, can be

electrified relatively easily with current technology.[31, 32] The net result is that there

now exist plausible pathways to zero-emission power grids, vehicles, and buildings,

althougg much more work is needed to ensure their continued growth and deployment.

With the “decarbonization” of these sectors well under way, the world in the

2020s is grappling with other more challenging emissions sources. Much academic

and translational research currently focuses on so-called “hard-to-abate” sectors of the

economy, sometimes also termed “hard-to-decarbonize” where mainly carbon dioxide

is emitted.[33, 34] Hard-to-abate sources of carbon dioxide include shipping, aviation,

dispatchable power generation, and heavy industries like steel, cement, and fertil-

izer.[33] In each case, fossil fuels are hard to displace due to some combination of

their cheapness and energy density. In some cases such as cement production, the

underlying chemical reaction also releases carbon dioxide, meaning that switching

energy sources is not enough to eliminate the process’s emissions.

Methane abatement has similarly received attention in the last several years as

a next frontier of engineering research for climate change mitigation.[35, 36] This

attention in part reflects an understanding that methane abatement is essential to

meeting warming targerts and in part reflects the technical challenge of abating most

methane sources outside of the fossil fuel industry. As in the hard-to-decarbonize

sectors, with many such sources there is no obvious way to produce the same product

or service without methane emissions. Also like the hard-to-decarbonize processes, the

methane-emitting processes tend to provide very cheap products or services (whether

making beef, growing rice, or decomposing food waste) to buyers who are resistant

to price increases.

Hard-to-abate sectors can be dealt with in several ways: reducing demand, de-

veloping alternative zero-emission processes, capturing/destroying emissions at their
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source, or offsetting emissions via atmospheric greenhouse gas removal. In the hard-

to-decarbonize sector of steelmaking, these options might correspond to building with

wood rather than steel, developing zero-emissions electrochemical steelmaking, apply-

ing post-combustion carbon capture to an existing steel mill, and offsetting a steel

mill’s emissions using carbon dioxide removal.[37] In the hard-to-abate sector of beef

ranching, they might correspond to convincing people to eat less red meat, developing

cattle vaccines or feed additives that reduce enteric methane production, installing

methane-destroying devices in barn ventilation systems, and performing “atmospheric

methane removal” to offset a herd’s emissions.[38] Reducing the demand for methane-

intensive products and developing low-methane ways to make the same products are

essential areas of research and are likely to yield substantial opportunities for emis-

sions reductions.[39] However, it is possible that in some sectors these efforts will not

be enough, making the study of other options worthwhile.

1.1.4 Oxidizing Methane to Reduce its Warming Effect

Methane’s global warming effects can be largely mitigated if it is chemically oxidized.

This mainly takes place according to the following thermodynamically favorable net

reaction:

CH4 + 2O2 → CO2 + 2H2O (1.1)

In this reaction, the products have only 4-10% of the global warming potential

of the reactants depending on the time horizon chosen, meaning that the reaction

reduces methane’s warming effect by 90-96%.[28] In some instances, methane may

alternatively be oxidized to carbon monoxide according to this net reaction, which is

also thermodynamically favorable:

2CH4 + 3O2 → 2CO + 4H2O (1.2)

In that reaction, the products have a global warming potential of 6-21% of the

global warming potential of the reactance, since carbon monoxide has a small indirect

global warming potential.[40] While carbon dioxide is the preferred reaction product,
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oxidizing methane to carbon monoxide is still climate-beneficial and may be accept-

able where the final carbon monoxide concentration is below the safe exposure level

of ∼50 ppm.[41]

A qualitative appeal of methane oxidation is that it can in principle take place

anywhere and generate no byproducts besides benign gases released into the air. In

this respect it is different from carbon dioxide capture, whether from point sources

or from atmospheric air, in which some kind of carbon-containing product must be

isolated and permanently sequestered. Indeed, at fossil fuel and waste management

sites where gas with high (> 4%) methane concentrations must be disposed of, it is

common practice to “flare” (combust) it rather than “vent” (release) it.[42] Flaring is

a technically straightforward and highly climate-beneficial process that prevents most

of the methane from reaching the atmosphere.[43] Capturing a similar 4% carbon

dioxide from a power plant’s exhaust is, in contrast, a highly complex and rarely

undertaken emissions-reduction option.[44, 45]

Despite that appeal, methane oxidation is highly challenging because of methane’s

typical low concentrations and its molecular properties.[46] Whereas exhaust fossil fuel

combustion usually contains 1-20% carbon dioxide, most methane sources outside of

the oil and gas sector have methane concentrations of less than 0.1% (1000 ppm).[42]

Similarly, atmospheric air contains ∼440 ppm of carbon dioxide but only ∼2 ppm of

methane. Methane is also highly stable, with an activation energy of 414kJ/mole (4.6

eV per bond) for its C-H bonds, meaning that despite the favorable thermodynamics

of methane oxidation, it is relatively difficult to instigate an oxidation reaction without

high temperatures.[47] These challenges mean that, although methane oxidation is

thermodynamically downhill, oxidizing dilute methane generally requires a net energy

input. Finally, methane is nonpolar, making it insoluble in water and impractical to

separate via its dipole or quadrupole moments as can be done with carbon dioxide.[46]

I will discuss these challenges and their possible solutions in more detail later.

The Appeal of Methane Oxidation at Dilute Point Sources

While methane oxidation at high-concentration point sources (i.e., flaring) is a mature

technology, there is good reason to develop ways to do so at low-concentration point

sources. I use the terms “dilute” and “low-concentration” interchangeably to refer
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to methane sources whose exhaust contains fewer than 1000 ppm of methane. This

describes most methane sources outside of the oil and gas sector, including sources in

ranching, farming, and waste management.[42] Abating the methane emissions from

some such sources could be a valuable way to mitigate their global warming effect

without dramatically changing the underlying processes or curtailing demand for their

products.

The Appeal of Atmospheric Methane Removal

Where abatement of hard-to-decarbonize sectors fails, carbon dioxide removal (CDR)

may provide a way to offset ongoing emissions. CDR has recently been a topic of

considerable research and development interest, with various approaches (mechanical,

geochemical, biological, and otherwise) aiming to inexpensively capture and perma-

nently sequester atmospheric carbon dioxide.[48] A number of IPCC scenarios include

large amounts of CDR to offset ongoing emissions.[39] CDR also serves in these sce-

narios to “undo” historic emissions and return atmospheric carbon dioxide to its

pre-industrial concentration.

“Atmospheric methane removal” (AMR) could plausibly offset hard-to-abate methane

emissions in the same way that CDR can offset hard-to-abate carbon dioxide emis-

sions.[49] A viable AMR process would be highly appealing because, as noted above

and explained in greater detail below, a majority of methane emissions are hard to

abate at their source. Given the difficulty of, for instance, eliminating beef from

the global food system, a cost-effective and scalable AMR process to offset emissions

from cattle would be quite valuable for reaching methane neutrality. Additionally,

natural methane emissions are subject to a number of global temperature feedbacks.

AMR could provide a way of mitigating accelerated natural methane emissions due

to, for instance, millions of square miles of warming wetlands around the world.[49]

Although AMR is extremely challenging, a cost-effective and practical AMR process

would be a great boon for climate change mitigation, a thought that motivated me

to choose this field for my doctoral research.
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1.1.5 Methane Neutrality and Global Sustainability

Although this thesis is necessarily narrow in focus, I wish to note that climate neu-

trality is about more than simply abating or offsetting the greenhouse gas emissions

from our current patterns of consumption, and also that sustainability is about more

than greenhouse gas neutrality.

First, the greenhouse effect is only one of many ways that our environmental

impacts are harming humanity’s welfare and the earth’s biosphere. Particulate air

pollution, which causes millions of deaths per year, is a disastrous effect of fossil

fuel use entirely aside from the release of carbon dioxide and methane.[50, 51] The

widespread destruction of natural ecosystems, e.g. razing tropical forests to create

farmland and ranchland, is as catastrophic to global biodiversity as it is to the cli-

mate.[52, 53] Many of the extractive industries and chemical conversion processes

that underpin modern life release hazardous pollutants into neighboring ecosystems

and communities.[54–57] Challenges of land use, energy availability, and pollution

will only grow as more of the planet’s eight billion inhabitants attain the material-

and energy-intensive lifestyle that we in the United States take for granted.[58]

Second, environmental justice is a key aspect of the climate transition that can be

lost in purely technical and economic framings of the problem. The impacts of climate

change will most severely affect the countries and invididuals with the fewest resources

to adapt.[59] Conversely, wealthy countries and individuals emit the most and have

the most resources to reduce their emissions, but may be less incentivized to do so

because they can adapt more easily. The existing energy, transportation, industrial,

and agricultural sectors disproportionally pollute and otherwise affect historically

disadvantaged populations, such as communities of color.[60, 61] In rebuilding each

of these systems to eliminate their emissions, we must be sure not to repeat the same

pattern. Finally, despite offering a steadily rising quality of life, the modern world

economy allows striking levels of inequality and precarity to persist even in “wealthy”

countries.[62, 63] This is a challenge worth facing for its own sake, but is also closely

linked to climate action. On the one hand, seemingly unfulfilled promises of economic

prosperity tend to strengthen reactionary populist movements that oppose climate

action. On the other hand, political agendas that package climate action with other

social and economic programs may generate broader support than could be found for
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narrowly targeted environmental agendas.

A sustainable and just world must find solutions the full range of these challenges;

however, the narrower goal of reducing net greenhouse gas emissions remains a dire

necessity with a strict deadline. To that end, this thesis focuses on strategies to abate

methane’s climate-warming effect by destroying it at its sources or by removing it from

the atmosphere. However, especially in a thesis that often references “dollars per ton

of methane abated” as a useful figure of merit, it is essential to remember that global

sustainability cannot and must not be equated with simply finding the least-cost

greenhouse gas-neutral replacement for the exact economy and energy system that

we have today.
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1.2 A Review of Methane Oxidation Approaches

1.2.1 The Existing Methane Budget

Despite the urgency of addressing climate change, anthropogenic methane emissions

and global methane concentrations continue to rise. Between 2018 and 2020, to-

tal global methane emissions averaged about 610 megatons (teragrams) per year,

contributing 0.6°C of warming.[64, 65] Of those, 370 megatons were from direct an-

thropogenic sources such as fossil fuel production, waste, and agriculture. This value

has risen 15%-20% since the period from 2000-2002. The remaining 240 megatons are

a combination of indirect anthropogenic sources like reservoirs and natural sources

like wetlands. More than two thirds of total methane emissions were from direct or

indirect anthropogenic sources. Roughly trebling the pre-industrial flux of methane

into the atmosphere has led to global methane concentrations about 2.6 times the

pre-industrial average.[64]

The atmosphere’s natural oxidizing capacity accounts for nearly all of the existing

methane sink.[64] This oxidation is mediated by radicals, which are unstable but

highly reactive gas species generated by atmospheric photochemistry. The hydroxyl

radical (OH•), generated by a series of reactions initiated by the photolysis of ozone,

accounts for about 93% of natural methane oxidation.[64] Soil microbes account for

about 6%. The chlorine radical (Cl•), generated by sea salt-related photochemistry

near the ocean surface, accounts for about 0.5%. In total, in 2018-2020 these sinks

oxidized about 540 megatons of methane per year, causing the atmospheric methane

stock to increase by about 70 megatons per year over that period.[64]

It is also worth noting that substantial fluxes of methane are oxidized before they

ever reach the atmosphere. On the order of 3300 megatons of natural gas, which

consists of >90% methane, is burned each year.[66, 67] The few percent of natural

gas that leaks without burning contributes a large fraction (∼120 megatons per year)

of anthropogenic methane emissions. Methane-consuming bacteria in a variety of

human-impacted and natural landscapes also oxidize methane produced by biomass

decomposition that would otherwise enter the atmosphere[68, 69]
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1.2.2 Possible Sites for Methane Oxidation

Figure 1.3 gives some intuition for where methane oxidation might be deployed. For

reasons that I will discuss below, different methane oxidation approaches work best

in different ranges of methane concentrations. For instance, at more than 5·104-
ppm (5%) levels, methane can simply be flared/burned in a flame, but at lower

levels, some type of oxidizing device is required. It is therefore useful to categorize

methane emissions sources by the methane concentration in the emitted gas stream

and to consider which concentration ranges offer the greatest potential for methane

abatement.

Figure 1.3: Global methane emissions grouped by their estimated average concentra-
tions at the points of emission, reproduced from Abernethy et al. 2023.[42]

Methane emitted at above 1000 ppm, shown in the rightmost three columns in

Figure 1.3, contributes a large portion of methane emissions but can be abated with
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current commercial technologies. Highly concentrated sources with >105 ppm of

methane can be abated with flaring, which could contribute up to about 110 megatons

of methane emissions reductions. Thermal oxidizers and perhaps biofilters, both

discussed below, can oxidize methane at concentrations of 103-105 ppm. These devices

could enable a further about 50 megatons of additional methane emissions reductions.

Well-known oxidizing technologies like these (as well as emissions avoidance measures)

should be deployed with all possible haste. Together, they could address 20-25% of

global methane emissions and about 0.23℃ of global warming.[42]

Methane emitted at between 10 and 1000 ppm cannot be oxidized with current

commercial devices, though doing so would be helpful for mitigating climate change.

I term such devices ’dilute point-source methane oxidation’ or ’methane scrubbers.’

Oxidizing or avoiding all methane emitted in this range would address about 150

megatons of emissions and would avoid a further 0.15℃ of global warming.[42] How-

ever, I note that 110 megatons of this is from livestock, where the authors of Figure

1.3 used a value of 600 ppm sampled directly from a cow’s breath. Whereas most of

the other concentrated methane streams are in a duct or flow where a large fixed de-

vice could be deployed, implementing point-source oxidation on 600-ppm cow breath

is likely to be difficult in practice. One approach is to target the lower but still

elevated methane concentrations in enclosed barns [70], though this does not help

address emissions from cattle that spend their time outdoors.

Finally, a huge amount of methane is emitted from highly diffuse (2-10 ppm)

sources that are not amenable to “flow reactor” oxidation schemes. Figure 1.3 shows

that such sources account for more than half of global methane emissions. Some

fraction of these emissions may be avoided by intervening at anthropogenic sources

(e.g., rice paddies and reservoirs) or in natural systems. However, doing so may not

drive these sources’ emissions all the way to zero, and climate feedbacks may tend to

boost them in spite of avoidance efforts. In this context, cost-effective atmospheric

methane removal (AMR) – which would offset these highly dilute methane sources

– could be very useful, whether to negate ongoing anthropogenic emissions or to

counter rising natural methane emissions. In principle, AMR could mitigate all of

methane’s current warming effect or even force methane levels below pre-industrial

levels to create a cooling effect.[42]
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1.2.3 Cross-Cutting Challenges for Methane Oxidation

Methane’s Stability and Apolarity

Methane (CH4) is a difficult molecule to chemically manipulate for two main reasons.

First, it consists of four identical and very stable carbon-hydrogen (C-H) bonds.

Each has a relatively high activation energy of 414kJ/mole (4.6 eV per bond).[47]

This bond is thermally activated at temperatures around 900℃ [71], a number that

catalysts or enzymes can lower.[46] Charge carriers and/or radicals can also overcome

the activation barrier at temperatures where thermal activation cannot occur. Second,

methane has a symmetrical tetrahedral structure with neither a dipole moment or

quadrupole moment.[46] This means that it absorbs very weakly on most materials,

which makes methane concentration via selective sorption impractical and also makes

it difficult for methane-oxidizing catalysts to acheive high rates. Finally, methane has

a very low aqueous solubility and a low Henry’s law coefficient in water, hindering

any processes like microbial methane oxidation that take place in aqueous solution.

Process Engineering Challenges at Low Methane Concentrations

Methane’s chemical traits and available concentrations create both opportunities and

challenges for developing climate-beneficial methane oxidation processes. On one

hand, the combination of low available concentrations and slow rates makes methane

a difficult oxidation target, especially with current materials. On the other hand, the

prospect of destroying methane and simply releasing the products to the atmosphere

is quite appealing. Unlike carbon capture, such a process would generate no product

to be sequestered, and in principle could proceed only with the energy contained in

methane’s bonds. Several authors have pointed out the challenges of dilute methane

oxidation and especially of AMR for the above reasons.[72, 73] However, in my opin-

ion, only detailed study of individual approaches can reveal whether and where dilute

methane’s oxidation’s upsides can overcome its difficulties to enable useful and scal-

able processes.

Low target gas concentrations are a challenge for greenhouse gas and pollutant

abatement processes, though they are not insurmountable on their own. Industrial

pressure- and temperature-swing gas separations such as the amine-based processes
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used in point-source carbon capture have historically mainly been used with gas

streams containing more than about 1% of the target gas.[74] However, there has

been some commercial success using temperature-swing sorbents to capture 440-

ppm atmospheric carbon dioxide.[48] A variety of other reaction-based (rather than

sorption-based) processes have also been developed to capture 440-ppm carbon diox-

ide. Additionally, mature industrial emissions-control devices can reactively capture

single or tens of ppm of gaseous pollutants from exhaust gas streams.[75, 76] These

“gas scrubbers” are often deployed to mitigate 1-1000 ppm levels nitrogen oxides

(NOx), sulfur oxides (SOx), hydrogen chloride, and hydrogen fluoride. Some of these

dilute gas scrubbing processes attain costs in the hundreds or thousands of dollars

per ton mitigated.[77], comparable to the cost targets for methane mitigation that

are discussed below.

However, the combination of methane’s chemical traits and low concentrations

make it a challenging target for emissions controls or air capture. For the reasons men-

tioned above, no commercial sorbents are available to selectively bind methane and

most heterogeneous (surface-based) methane oxidation processes are very slow.[46]

With slow rates, air must remain in contact with the active material (i.e., the cata-

lyst or biofilm) for a long time in order for a large fraction of its methane to react:

while a power plant NOx/SOx scrubber has a residence time of a few seconds [78],

a methane-consuming biofilter needs one of around 10-15 minutes [79] In enclosed

systems, this means that for a fixed air throughput the air must be forced through a

deeper bed of catalyst to achieve a given conversion. A deeper bed increased the costs

of both the reactor and the electricity used in fans and/or blowers. Minimizing the

“pressure drop” that the fans/blowers must overcome becomes critically important

when low (<1000 ppm) gas concentrations are targeted.[80] Doing so is possible with

fast rates, like those of hydrogen chloride or carbon dioxide with strong aqueous bases,

but is very challenging with sluggish reactions. Optimizing catalysts’ and microbes’

reaction rates with dilute methane is therefore an important area of research.

These difficulties beg the question of whether we can somehow bypass the dif-

ficulties of surface-based methane oxidation in flow reactors. One possibility is to

use heterogeneous reactions with some sort of natural air circulation rather than
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fans. Strategies to do so include painting photocatalysts on rooftops, enhancing nat-

ural soils’ uptake of atmospheric methane, and deploying methanotrophic biocovers

over methane area sources. Another strategy is to use processes that do not require

methane transport onto a surface or into solution. Gas-phase advanced oxidation

and atmospheric oxidation enhancement are two such approaches. Purely thermal

oxidation is in a sense another such approach, since surfaces heat the bulk air stream

and do not rely on any surface interactions with methane molecules in particular. All

of these options are discussed in detail below.

Cost Targets for Scalability

Last, for a methane oxidation approach to be viable, someone must be willing to pay

the cost to deploy and operate it. While different actors’ actual willingness to pay will

not be known until the methane abatement market matures, at this stage of research

it is still useful to have rough cost targets to benchmark cost models’ outputs. We

can generate specific cost targets in several ways.

A simple approach is to interconvert carbon dioxide and methane mitigation cost

targets using methane’s global warming potential (GWP). Because of methane’s short

lifespan its GWP varies by a factor of more than 3 between 20 and 100-year time

horizons, making any resulting cost target fairly crude, though perhaps still useful.

Converting a dioxide removal cost target range of $25-100 per ton [81] using 20 and

100-year methane GWPs of 27.9 and 81.2 [28] gives a target methane mitigation cost

range of $700-$8100 per ton of methane.

An alternative approach would be to use a “social cost of methane” (SCM). These

numbers attempt to calculate the social and economic damage caused by emitting a

marginal ton of methane in a given year. Estimates span a wide range of values. One

study estimated that the SCM in 2020 was $4000.[82] A different study estimated

an SCM of $930.[83] The U.S. Environmental Protection Agency estimated SCMs of

$1600 in 2020, $2400 in 2030, $3300 in 2040, and $4200 in 2050.[84]

One can also look to existing and proposed government policies that value methane

abatement. The United States’ Inflation Reduction Act of 2022 planned to impose

a fee of $1500 per ton on methane emissions from oil and gas infrastructure, the

first fee of its kind in the world.[85] The fee has since been cancelled. Anaerobic
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digesters in California have also historically been incentivized with compliance credits

worth on the order of $2000 per ton of methane, although the exact value fluctuates

considerably based on the credit prices.[86]

A final approach would be to assess the “green premium” that comsumers are

willing to pay for a methane-free product over a conventional one. For instance, a

recent study in Denmark found that buyers would pay 7.4 Danish Kroner (∼$1.1)
per liter for low-methane milk.[87] Since only about 20 grams of methane are emitted

per liter of milk produced [88], this implies that those consumers are willing to pay a

whopping $50000 per ton of methane mitigated. On the other hand, a recent study

in the U.S. found consumers willing to pay only $0.36 per pound ($0.79/kg) of low-
methane beef.[89] With an emissions intensity of ∼600g methane per kilogram of beef

[90], this implies a much lower willingness to pay of $1320 per ton of methane. As

these two results hint at, appetites for green premiums are likely vary widely across

different countries, demographics, and products. For our purposes, it is simply worth

nothing that some niche markets (especially consumer-facing ones) may be able to

sustain methane mitigation approaches that appear too expensive at first glance.

I will leave the reader to consider these various possible cost targets rather than

setting a single “magic number” to use throughout this thesis. However, I note

that a process with cost of less than ∼$1500 per ton of methane abated would be

highly desirable and one costing more than ∼$8000 per ton of methane abated would

likely be useful only in niche markets, if anywhere. The outlook for processes with

costs between those values is harder to predict. Overall, greenhouse gas mitigation

processes are fairly cost-constrained compared to other separation and pollutant-

control processes with higher values per unit of target species isolated or destroyed.[72]

1.2.4 Chemical Processes for Methane Oxidation

Thermal Oxidation

The simplest way to oxidize methane is to heat it to a high temperature in the presence

of oxygen, as occurs in the flame of a gas burner or flare. However, below methane’s

lower flammability limit of 5% by volume, heating some amount of gas to its ignition

temperature takes more energy than is released by burning its methane content.[91]
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Therefore, with less than 5% methane in the incoming gas stream, a steady-state

open flame cannot exist. To overcome this challenge and thermally oxidize lower-

concentration methane streams, one can preheat the incoming gases with energy from

an external source or with heat recovered from the exhaust gases.[71] In practice, using

heat recovered from exhaust gases tends to be more practical. Devices that do so are

called “regenerative thermal oxidizers” (RTOs).

RTOS are a commercially mature technology for oxidizing sub-5% methane con-

centrations.[71] They have been used since the 1970s to address the hazard of methane

explosions in ventilation air from coal mines.[92] Using a variety of recuperative heat

exchanger architectures, they pre-heat incoming gases using heat from exiting exhaust

gases, maintaining an internal combustion temperature of around 900-1000℃.[71] In-

ternal ceramic surfaces serve as heat transfer media but do not play a catalytic role

and thus do not get fouled or deactivated. Methane conversions are generally between

85% and 95%. A number of large-scale methane RTOs are deployed throughout the

world, mainly at coal mines, although far wider deployment is needed in order to

mitigate coal mining’s contribution to global methane emissions.[71]

The minimum methane concentrations on which RTOs can be deployed are limited

by the capital cost of heat recovery systems. In order to sustain the required internal

temperature with energy from methane oxidation alone, more and more effective

heat recovery is required as the concentration (and thus energy content) of incoming

methane descreases. Below a certain methane concentration, the amount of heat

recovery equipment required to make the reaction self-sustaining is no longer worth

it to the buyer. Commercial RTOs recover 90-97% of the heat from the exhaust gas

and can operate stably without supplemental heating on methane concentrations as

low as 0.1% (1000 ppm).[92] While operation at 1000 ppm is possible, operation on

sources with at least 2500 ppm methane is more common.[92] Researchers aim to

develop more cost-effective heat exchangers to allow RTOs to mitigate even lower

methane concentrations.[93]

Thermal Catalysis

Thermocatalytic methane oxidizers have architectures similar to purely thermal oxi-

dizers but use catalysts to reduce the temperature at which methane oxidation occurs.
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Lowering such devices’ internal temperatures reduces the amount of energy that must

be transferred between the incoming and outgoing gas streams, which can reduce the

sizes and costs of their heat recovery systems.[94] Additionally, lower-temperature

devices are simpler to engineer and can use cheaper materials (e.g., metals instead of

ceramics). However, unlike inert ceramic heat transfer surfaces in thermal oxidizers,

catalysts must overcome challenges of durability, poisining, and methane affinity in

order to realize their potential. As of the end of 2024, no thermocatalytic methane

oxidizers at a pilot or larger scale were operational.[71]

State-of-the-art thermal catalysts work with a range of methane concentrations,

requiring temperatures around 300℃ to oxidize >50% of methane. A copper zeolite

was shown to achieve high rates and conversions at a range of methane concentrations

between 2 ppm and 2% using a reaction temperature of 310℃. Its performance de-

graded minimally over 300 hours of reaction.[94] Further work is under way to study

this catalyst’s durability and resilience to contaminants [95] as well as to scale it into

a full-sized reactor.[96] Other copper zeolites have achieved similar performance at a

similar temperature.[97] Palladium-based catalysts can convert methane at even lower

temperatures in the 150℃-250℃ range.[98] However, palladium is expensive and per-

forms poorly in the presence of water vapor, and thus has not yet been targeted for

commercialization.

It is currently unclear as to the lowest methane concentration that thermocat-

alytic oxidizers could cost-effectively mitigate.[42, 99] As with thermal oxidizers, it

is cheapest if the reaction temperature is sustained entirely by the energy released

by methane oxidation. Adding supplemental energy to maintain the reaction tem-

perature is possible, although doing so rapidly becomes expensive given the large

volumes of air that must be heated.[42] Either way, there is a tradeoff between energy

efficiency and capital cost, since capturing a greater fraction of exhaust heat requires

building larger heat transfer surfaces. Optimizing the system cost for a given methane

concentration, catalyst, and (if applicable) price of supplemental energy is not trivial.

Even so, we can make some rough estimates on the concentrations at which self-

sustaining thermocatalytic methane oxidation could be practical. If an RTO designed

for a 900℃ internal temperature could achieve the same heat recovery fraction with an

internal temperature of 300℃, the energy input required to maintain 300℃ would be
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about one third of that required to maintain 900℃. Thus, the minimum inlet methane

concentration required to sustain a 300℃ internal temperature with reaction enthalpy

alone (assuming a fixed percent methane conversion) would be one third of that

required for 900℃. Since current RTOs work with mimimum methane levels of 1000-

2500 ppm, we can estimate that zeolite-based thermocatalytic oxidizers might operate

at a minimum of 300-800 ppm methane without external energy input. Developing

cheaper and higher-performing heat recovery systems could reduce that minumum

further.

Photocatalysis

Photocatalysis is appealing for dilute methane oxidation because it uses light to ac-

tivate stable molecules like methane at room temperature. Thus, no gas preheat-

ing or heat recovery is required. Photocatalysts’ base materials are semiconductors,

most often metal oxides like zinc oxide and titanium dioxide. When hit by an en-

ergetic photon (e.g., for plain titanium dioxide, an energy >3.0eV or a wavelength

<410nm.[100]), photocatalysts generate an electron and a hole that can migrate to

the surface and participate in redox reactions there. Photocatalysts are generally

fabricated in nanofilms or nanoparticles to allow these charge carriers to reach the

surface before they recombine and are wasted.[101] Photocatalysts can facilitate a

wide variety of reactions under sunlight or artificial light, with photocatalytic air pu-

rification a well-established subfield of research and with methane oxidation an area

of relatively recent interest.[101, 102]

Known photocatalysts can oxidize methane at concentrations as low 2 ppm, but

their rates are low and any moisture inhibits the reaction. The first major study on

photocatalytic methane oxidation, published in 2016, found that zinc oxide outper-

formed titanium dioxide and showed that adding a small amount of silver to zinc

oxide improved its performance further.[102] That study showed high conversions

at methane concentrations as low as 100 ppm. A follow-on study replaced the sil-

ver cocatalyst with cheaper copper oxide and found it to be similarly effective.[103]

A number of catalysts have also been shown to oxidize higher-concentration (>500

ppm) methane.[99] My doctoral research demonstrated that zinc oxide and titanium

dioxide can oxidize 2 ppm methane. It quantified several photocatalysts’ methane
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oxidation rates at methane concentrations between 2 ppm and 5000 ppm (0.5%). It

also found that any realistic level of humidity completely inhibits the reaction for all

previously known photocatalysts, which had previously only been tested in extremely

dry gas. We found that adding a hydrophobic coating can allow titanium dioxide

to remain active when humidity is present, although the reaction remains relatively

slow. These results are discussed in Chapter 2

My doctoral work also showed that orders-of-magnitude improvements in photo-

catalyst performance are required for them to be a cost-effective methane abatement

strategy. This work is described in Chapter 3. Previously, some articles had sug-

gested deploying photocatalysts in flow reactors (for methane point sources) or on

rooftops (for atmospheric methane removal) but had not assessed the practicality of

doing so.[46, 73] I built cost models for deploying methane-oxidizing photocatalysts

in fan-driven artificially-lit flow reactors, on rooftops with natural airflow and sun-

light, and as sunlit aerosols scattered in the lower troposphere. The models output

methane oxidation costs as functions of the photocatalyst’s rates, whether actual or

hypothetical. Even with >500x improvements in photocatalysts’ rates at 2 ppm,

the modeled costs for rooftop atmospheric methane removal (the lowest-cost of the

three systems) were >$10000 per ton of methane. We concluded that photocatalytic

methane oxidation is unlikely to be a practical methane mitigation tool in the near

future.

Electrocatalysis

Much like photocatalysis, electrocatalysis offers a way to facilitate a variety of reac-

tions at room temperature. In principle, electrocatalysis can achieve high rates com-

pared to thermal catalysts and photocatalysts.[99] A number of sources have used elec-

trocatalysts to oxidize >10% methane, typically with the goal of producing methanol

or other high-value products.[104] Some of those studies use high-temperature electro-

chemical cells that are unlikely to be practical for dilute methane oxidation, although

others use room-temperature cells. However, research on electrochemical oxidation of

dilute methane is in its very early stages and to my knowledge no studies report elec-

trochemical oxidation of <1000 ppm methane, leaving a clear whitespace for future

experiments.[42] Additionally, to my knowledge, no efforts have been made to model
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the scale-up and economics of electrochemical reactors for dilute methane oxidation.

Microbial Oxidation

Microbes known as “methanotrophs” can also oxidize methane under ambient condi-

tions. In so doing, they extract the energy contained in the methane and use it to

grow. Like thermal catalysis and unlike electrocatalysis and photocatalysis, no exter-

nal energy input is required, except sometimes in the form of supplemental nutrients

for the microbes to conume.[79] The enzyme that most of these microbes use, methane

monooxygenase (MMO), can in some sense be considered a “room-temperature ther-

mal catalyst” that has been optimized by nature over millions of years.

Biofilters and biocovers are mature technologies for mitigating many different

gaseous odorants and pollutants, and such devices targeting percent-level methane

are already in widespread use. Biofilters (flow reactors operating on a gas stream)

and biocovers (a layer over a landfill or other area sources through which gas diffuses)

contain cultures of diverse microbes that consume methane and other organic com-

pounds.[79] In some cases, the colonies sustain themselves on gaseous reducing agents

alone. In other cases, they require supplementary energy from consumable materials

(e.g., wood chips) forming the medium in which they live. These devices can op-

erate well below methane’s lower flammability limit and are also highly effective at

mitigating odors, a desireable co-benefit in many situations. Biofilters and biocov-

ers are widely used to oxidize 2-100% methane in landfill gases.[105, 106] Biofilters

have also been used on gases from livestock manure tanks and wasterwater treatment

plants with percent-level methane.[79, 107] In a field trial at a coal mine, a biofilter

successfully oxidized 0.25% (2500 ppm) methane.[108]

Research on methanotrophy at lower (<2500 ppm) methane concentrations mainly

focuses on developing strains of microbes that can oxidize (and ideally subsist on)

such low methane contentrations. As early as 2009, a lab-scale bacterial biofilter

successfully oxidized ∼40% of a 1300 ppm methane stream.[109] More recently, a

bacterial strain that could grow using only 200 ppm methane was reported.[110] A

fungal biofilter subsisting on both methane and a wood chip substrate have oxidized

∼25% of a 20 ppm methane stream.[111]

While these results are promising, methanotrophs’ rates of methane oxidation



CHAPTER 1. INTRODUCTION 25

present another obstacle. Since MMO operates in an aqueous environment, methane’s

dissolution in water and tranport to the enzyme is often a rate-limiting step.[79]

Biofilters therefore tend to require relatively long residence times (∼15 minutes),

making it difficult for them to efficiently process large volumes of gas. It has been

projected that using current biofilter designs to process 500 ppm methane would

result in impractically high mitigation costs on the order of $20000 per ton of methane

oxidized, with costs roughly inversely proportional to methane concentration.[112] In

response to this challenge, some researchers aim to develop novel biofilter designs

with better mass transfer and lower pressure drops.[113–115] There have also been

efforts to stabilize the MMO enzyme in a cell-free environment to essentially work as

a methane-oxidizing catalyst, but this work is in its very early stages.[116, 117]

Enhancing the earth’s natural soil methane sink has also been discussed as a

strategy for atmospheric methane removal.[115] Natural methanotrophic microbes in

soil are already responsible for about 34 million tons per year of atmosphetic methane

removal, contributing about 6% of the natural methane sink.[64] Soil amendments

(e.g., with biochar or sulfates) that boost soil methanotrophy in methane-emitting

areas like rice paddies have already been shown to be effective.[46] Alternatively, it

has been suggested that amendments to supply the elements needed for the MMO

enzyme – copper, phosphorous, and iron – could boost soil methanotrophy.[118] Much

work is needed to explore such strategies’ effects on ecosystems and on carbon dioxide

and nitrous oxide cycling.

Gas-Phase Advanced Oxidation

Gas-phase advanced oxidation (GPAO) uses short-wavelength light to split specific

“precursor” molecules into highly reactive gaseous radicals that oxidize methane

and other reducing agents at room temperature. The name GPAO refers to well-

known “advanced oxidation” strategies in wastewater treatment that perform a sim-

ilar radical-mediated oxidizing chemistry in the liquid phase.[119] The process is also

inspired by the natural radical-mediated atmospheric processes that oxidize methane.

Unlike all of the previously mentioned chemistries, GPAO involves no gas-solid or

gas-liquid interfaces, avoiding the methane mass transfer constraints that bedevil

microbial and catalytic approaches. These processes’ pressure drops can extremely
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low, since the reactors are hollow optical cavities rather than packed beds or honey-

combs through which air must be forced.[120] This makes them very appealing for

use on very low (2-100 ppm) methane concentrations. Existing literature contains

GPAO chemistries involving ozone (O3), chlorine (Cl2), and oxygen (O2) as radical

precursors. I will refer to them as O3-GPAO, Cl2-GPAO, and O2-GPAO.

Ozone GPAO O3-GPAO was the first reported GPAO process.[121] In the proto-

type system, an off-the-shelf ozone generator produced ozone that was mixed into a

gas stream containing hydrocarbon contaminants. The gas mixture was then exposed

to 254 nm UV-C light from mercury vapor lamps, splitting each ozone to produce

an oxygen radical (O(1D)) and eventually a hydroxyl radical (OH•) according to the

following reactions:

O3 + hv(310nm) → O(1D) + O2 (1.3)

O(1D) + H2O → 2OH• (1.4)

OH •+CH4 → H2O+ CH3• (1.5)

The hydroxyl radicals oxidize any hydrocarbons present by extracting hydrogens from

their C-H bonds. O3-GPAO was commercialized as an odor control technology and

was field-tested at several industrial sites.[119] However, its designers expressed the

opinion that a hydroxyl radical-based system was ill-suited for dilute methane oxi-

dation due to hydroxal radicals’ low rates towards methane and high rates of self-

recombination.[120] To my knowledge, published sources have not reported or pro-

jected costs for O3-GPAO systems.

Chlorine GPAO Cl2-GPAO was the next reported GPAO process.[120] The pro-

cess’s developers refer to it as the “Methane Eradication Photochemical System,”

or “MEPS”. Chlorine gas is mixed into the methane-containing gas stream and the

mixture is exposed to 365-nm UV-A light. The light splits the chlorine into chlo-

rine radicals (Cl•, sometimes also referred to as chlorine atoms) which then oxidize

methane according to the following reactions:

Cl2 + hv(365 nm) → 2Cl• (1.6)
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Cl •+CH4 → HCl + CH3• (1.7)

The chlorine radical also oxidizes any other hydrocarbons that may be present, includ-

ing downstream products of reaction 1.7, by extracting hydrogen atoms from their

C-H bonds. The process results in a mixture of carbon monoxide and carbon dioxide.

This photochemical process must be paired with a downstream scrubbing process to

remove chlorine gas and hydrochloric acid (HCl) before the gas is exhausted into the

atmosphere. The process has been successfully field-tested at agricultural facilities

(a pig barn, a dairy barn, and a biogas plant) where it oxidized ∼80% of 40 ppm

methane.[70]

Research in this thesis confirms that Cl2-GPAO can rapidly oxidize dilute methane

but cautions that it is likely to be cost-effective only under very favorable circum-

stances. We found that the process could achieve high conversions across a range of

methane concentrations from 2-90 ppm, with a conversion of about 65% striking a

good balance of conversions and energy-efficiency. We found it to be fairly resilient

to humidity and to the contaminants toluene, ammonia, and hydrogen sulfide. How-

ever, we found that in various scenarios the costs of chlorine gas and ultraviolet light

alone amount to more than $3000 per ton of methane oxidized, already close to the

maximum cost at which such a technology is likely to be useful. This neglects capital

costs for the photoreactor, delivery costs for the inputs, and all costs associated with

the hydrogen chloride scrubber. Given that most other strategies are likely to be

even more expensive, we argue that Cl2-GPAO should continue to be studied, but

optimism for its scalability should likely be tempered.

Oxygen GPAO A recent paper has reported a precursor-free O2-GPAO process

involving a mixture of 185-nm vacuum-UV and 254-nm UV-C light.[122] The authors

referred to the process as “Vacuum-UV Methane Oxidation,” or “VUMOX”. This

process is noteworthy in that it requires no additional radical precursor. Rather, by

using a shorter wavelength of light than the previous two processes, it directly splits

both oxygen and water to generate hydroxyl radicals via the following reactions:

O2 + hv(185 nm) → O(1D) + O(3P) (1.8)
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O(1D) + H2O → 2OH• (1.9)

H2O+ hv(185 nm) → OH •+H• (1.10)

OH •+CH4 → H2O+ CH3• (1.11)

An ozone-mediated cycle that converts O(3P) to O(1D) and various other reactions

are not shown for brevity. The hydroxyl radical • OH also oxidizes any other hy-

drocarbons that may be present, including downstream products of reaction 1.11, by

extracting hydrogen atoms from their C-H bonds. O2-GPAO was shown to achieve

>80% methane conversions at inlet methane concentrations ranging 2 ppm methane

to 2%. The quantum yield (methane molecules oxidized per photon supplied) in-

creased as the inlet methane concentration rose, varying from 0.03% at 2 ppm to

4.1% at 2 %. However, these values are a combination of reactor geometry and photo-

chemistry effects, and further work is required to assess the process’s cost-effectiveness

at various methane concentrations. No cost analyses for the process have yet been

published.

Hydrogen Peroxide GPAO To our knowledge, H2O2-GPAO has not been re-

ported in existing literature. If possible, it would proceed in a manner similar to

O3-GPAO, with methane oxidation mediated by hydroxyl radicals:[123]

H2O2 + hv(555 nm) → 2OH• (1.12)

OH •+CH4 → H2O+ CH3• (1.13)

This thesis contains a discussion of and preliminary results on H2O2-GPAO. Its

qualitative appeal is that hydrogen peroxide is a cheaper precursor than ozone and,

unlike chlorine, would not require a downstream scrubbing step for toxic reagents. We

did not observe the process to oxidize any methane in a series of benchtop experiments

using approximately 30 ppm of methane and 30 ppm of hydrogen peroxide. However,

more work could be done to confirm this result and test whether H2O2-GPAO is

effective against odorants or other reducing gases.
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Open-System Atmospheric Oxidation Enhancement

Finally, several strategies have been suggested to enhance the atmosphere’s natural

sink of methane, effectively shortening methane’s atmospheric lifespan. These ap-

proaches’s effectiveness is difficult to predict and, even if they were deployed, their

methane drawdown would be difficult to verify. Additionally, as “open-system” in-

terventions that cannot be confined to a particular device or even to a particular

region, issues of social license and governance would be very challenging. Nonethe-

less, they might offer atmospheric methane removal at lower costs than any of the

“closed systems,” and therefore may be worth considering as a last resort for limiting

atmospheric methane concentrations. Atmospheric oxidation enhancement is a large

and active field of research whose contours I will only briefly outline here.

Hydrogen Peroxide or Chlorine Release The simplest concepts for atmospheric

oxidation enhancement are essentially gas-phase advanced oxidation in the open at-

mosphere. Chlorine gas or vaporized hydrogen peroxide would be released from towers

on the earth’s surface and would eventually photolyze under sunlight into oxidizing

radicals. The dissociation reactions, identical to those in Cl2-GPAO and H2O2-GPAO,

are as follows:

Cl2 + hv(365 nm) → 2Cl• (1.14)

H2O2 + hv(555 nm) → 2OH• (1.15)

Modeling has suggested that hydrogen peroxide release could indeed substantially

reduce global methane levels.[124] However, a very large amount of hydrogen peroxide

must be released per unit of methane oxidized. For example, 1250 megatons of hydo-

gen peroxide released per year would reduce the steady-state atmospheric methane

concentration by about 5%, an effect equivalent to avoiding on the order of 30 mega-

tons of methane emissions. This is a very inefficient use of hydrogen peroxide, so

hydrogen peroxide costs would likely make this approach impractical. Additionally,

releasing so much hydrogen peroxide could substantially affect local air quality.[124]

The same modeling study found that chlorine release could be far more efficient at

oxidizing atmospheric methane, although the environmental risks are greater.[124] In

the model, releasing 1250 megatons of chlorine per year resulted in a 67% reduction
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in the steady-state atmospheric methane concentration. This effect is comparable to

avoiding on the order of 400 megatons of methane emissions. Assuming a chlorine

price of $250 per ton.[125], the process’s chlorine demand would cost about $780 per

ton of methane mitigated. This is a relatively low value that, if realized in prac-

tice, would portend a cost-effective and perhaps scalable methane removal process.

However, one hazard is the unintended co-release of bromine, which can negate the

process’s climate benefit.[124] Another concern is that the release of so much chlorine

gas and hydrochloric acid could have severe environmental effects. It has been sug-

gested that basic sodium hydroxide, a co-product of chlorine production, be released

into the air or ocean so that the acid/base fluxes into the environment would neutral-

ize each other.[126] However, whether and how this would work in practice has not

been studied.

Iron Salt Aerosols Iron salt aerosols (ISA), first proposed in 2017, might offer a

way to greatly enhance that atmosphere’s chlorine radical sink by emitting a rela-

tively small amount of aerosolized iron oxide (rust) particles. The initial study drew

attention to the effect of natural windblown dust from the Sahara desert on the chlo-

rine radical methane sink over the south Atlantic ocean.[127] They suggested a cyclic

process in the iron salt solution on each particle’s surface whereby aerosolized aqueous

sea salt (NaCl) undergoes an acid displacement reaction with trace ambient sulfuric

acid, ultimately releasing chlorine gas that photolyzes into a chlorine radical. They

further suggested that this process could be boosted by the artificial release of iron

oxides, e.g., by putting them in marine fuel to be lofted with ships’ warm exhaust

plumes. Since iron oxide is cheap and each particle facilitates many, many chlorine

release events, the initial study’s authors argued that ISA could be an extremely

inexpensive methane removal strategy.

In the intervening years, many researchers have contributed to recent efforts to

evaluate ISA’s effectiveness and feasibility.[128] Insofar as a brief summary is possible,

this work has shown that ISA is a highly complex process whose effectiveness is

strongly location-dependent.[129] There are certain types of locations (for instance,

those with certain nitrogen oxide concentrations) where ISA is likely to have a net

climate-warming effect rather than a climate-cooling one.[130] The actual chemistry
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taking place in the aqueous layer on each iron particle remains poorly understood

and is difficult to probe experimentally.[129] The direct warming or cooling effect

of the aerosols must also be taken into consideration. All of these effects must be

understood better before any trustworthy cost model of ISA can be built. Despite

early enthusuasm for ISA in the field of atmospheric methane removal, the process’s

overall usefulness, safety, and practicality remain undertain.[129]

1.2.5 Outlook

To conclude this section, I will offer some opinions on what technologies are, and may

soon be, best suited to abate different methane sources. However, this field is rapidly

evolving and many questions remain about each of the processes described. There is

therefore considerable room for reasonable people to disagree on the relative merits

and promises of different methane oxidation strategies.

Thermal, thermocatalytic, and microbial methane oxidation appear to be best

suited to medium and high-concentration methane streams. Today, commercial ther-

mal (noncatalytic) oxidizers and biofilters are already effective for methane concen-

trations above 0.1% (1000 ppm), although most actual deployments are at concen-

trations above 0.5%. Engineering work is under way to extend both technologies’

concentration ranges downwards through more efficient heat/mass transfer, which in

my judgment might reduce the lowest inlet methane concentration they can cost-

effectively abate by a factor of ∼2-3 (i.e., to 300-500 ppm). Moving from purely

thermal oxidation to thermal catalytic oxidation could reduce thermal devices’ op-

erating temperatures by a similar factor, further enhancing their economics on low-

concentration methane streams. Efforts to commercialize such devices are under way.

In my opinion it is plausible, though not guaranteed, that regenerative catalytic oxi-

dizers could cost-effectively mitigate gas streams with 100-1000 ppm methane in the

near future.

Although oxidizing gas streams with 10-100 ppm methane is quite challenging,

gas-phase advanced oxidation (GPAO) may provide a practical way to do so. Criti-

cally, these processes avoid surface-based reactions, allowing them to rapidly process

huge volumes of air in hollow reactors with low pressure drops. Chlorine-based GPAO

is currently the farthest along the path to commercialization. Our own experiments
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and modeling show that, although the process is effective, it is likely to be somewhat

expensive (though perhaps not prohibitively so). Alternative GPAO chemistries,

photocatalysts, and thermal catalysts appear unlikely to be useful for reactors tar-

geting this range of methane concentrations. Electrocatalytic methane oxidation has

not been tested enough to make any judgment. While flow reactor-like biofilters at

these concentrations are unlikely to be practical, biocovers on area sources of low-

concentration methane (e.g., landfills and rice paddies) may prove a useful methane

oxidation strategy.

Finally, atmospheric methane removal (AMR) remains a tantalizing but very diffi-

cult prospect. None of the photocatalytic AMR strategies that I modeled in my thesis

research appear likely to be cost-effective or practical. Despite great enthusiasm and

study in the last several years, it remains unclear whether the “Iron Salt Aerosol”

strategy to boost the natural chlorine methane sink would actually result in a net

methane drawdown, let alone whether it would be practical to execute. Recent mod-

eling efforts have shown that releasing hydrogen peroxide (which eventually forms

hydroxyl radicals) into the atmosphere would likely be a costly and inefficient way

to achieve AMR. In contrast, releasing chlorine gas (which eventually forms chlorine

radicals) into the atmosphere could be highly effective for AMR. However, far more

research would be needed on this approach’s environmental side effects and ways to

mitigate them.
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1.3 This Thesis’s Contribution to the Field

1.3.1 The Prior State of the Art

When I began my doctoral research in early 2022, prior literature had identified

various possible strategies for 2-500 ppm methane oxidation and in some cases had

provided experimental proofs of concept. Methanotrophic bacteria were suggested for

atmospheric methane removal (AMR) as early as 2009.[112] The “iron salt aerosol”

strategy for AMR, in which iron particles released over the ocean drive a catalytic cy-

cle in which chlorine radicals oxidize methane, was proposed in 2017 and a 2021 study

reported oxidation of 2 ppm methane using chlorine radicals.[127, 131] AMR using

thermal catalysis was suggested in 2019 and a 2022 study observed oxidation of 2-500

ppm methane on a zeolite catalyst at 200°C.[49, 94] AMR using photocatalyst-painted

rooftops was proposed in 2021, building on a 2016 study that reported the oxididation

of 100 ppm methane using zinc oxide-based photocatalysts.[73, 102] Higher-level arti-

cles on the merits and drawbacks of AMR and point-source dilute methane oxidation

each listed a handful of these options.[46, 73]

Surveying this landscape of hypothetical approaches and basic proofs-of-concept,

my collaborators and I saw a need for research to clarify how far these strategies were

from real-world practicality, both with atmospheric methane and at point sources.

Given the importance of rapidly reducing net methane emissions, such work would

allow the direction of resources towards scaling approaches that were already practical

or that required only engineering but not fundamental breakthroughs. Conversely,

where fundamental breakthroughs were required, this work could help direct research

by identifying key figures of merit and setting targets for them.

The case of photocatalysts is illustrative. By 2022, photocatalysts had been shown

to oxidize 100 ppm methane in very dry air.[102, 103] However, no attempts had been

made to model the cost or feasibility of mitigating ∼100-ppm methane point sources

using these materials. It was also unclear whether the rates measured without wa-

ter present were applicable to real-world humid conditions. Additionally, despite

discussion of AMR with photocatalysts, no rates at <100 ppm had been reported.

With 2-ppm data on methane unavailable, one feasibility analysis on AMR with

photocatalyst-painted rooftops used rate data from other small hydrocarbons like
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formaldehyde.[73] Similarly, a study of AMR in solar updraft towers extrapolate pho-

tocatalytic oxidation rates of 2 ppm methane from data taken at >100 ppm.[132]

These analyses also stopped short of projecting costs per ton of methane oxidized.

A lack of both measured rates and rigorous cost models made it difficult to judge

either strategy’s overall viability, a challenge shared by each of the other strategies

for dilute methane oxidation.

1.3.2 Our Lab’s Approach: Experiments and Cost Models

My colleagues and I aimed to contribute to this field by conducting complementary

campaigns of cost modeling and benchtop experiments. For a given methane-oxidizing

chemical process, building a cost model allowed us to identify the key figures of merit

that are measurable at a bench scale but determine the performance of a full-size

system. We were then able to design experiments to probe these figures of merit

and, in some cases, to improve them. By feeding those measurements into the cost

model, we were able to estimate the costs of methane abatement if the process were

deployed at large scale. These costs could then be compared to fixed cost benchmarks

and to the costs of other greenhouse gas abatement strategies. The goal was not to

identify “good” or “bad” approaches to dilute methane abatement, but rather, as

stated earlier, to get a realistic sense of what fundamental breakthroughs and/or

engineering efforts would be required for a given strategy to be practical at large

scale.

This approach was in part inspired by the series of papers that laid the groundwork

for the now-flourishing field of carbon dioxide direct air capture (DAC). In 2011,

several studies concluded that forcing atmospheric air through an “air contactor”

to strip out a substantial fraction of its ∼440 ppm carbon dioxide would be very

energy-intensive and cost more than $600 per ton of carbon dioxide (tCO2).[133, 134]

However, a seminal 2012 cost modeling paper using data from a 2008 experimental

campaign showed that air-liquid contactors with aqueous hydroxide solutions might

bind carbon dioxide for at little as $60/tCO2.[135, 136] This result suggested that

DAC was within the realm of possibility and deserved further study. Of course, this

preliminary cost model was only the first step. Dozens of person-hours of engineering

were required before another paper, based on several years of pilot plant data and
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detailed construction quotes, projected that DAC could be achieved for a total cost

of less than $100/tCO2.[80] Another seven years later, the first full-sized DAC plant

based on this technology is under construction; once it is finished a ton of carbon

dioxide may actually be captured for less than $100.[137]
At the outset of our work, we hoped that our work might be to AMR what the

2008 and 2012 studies were to DAC. AMR is highly counterintuitive given methane’s

stability, nonpolarity, and very low concentration in air.[72] A study showing a likely

pathway to low methane mitigation costs would provide motivation and direction for

future researchers in the field. However, we also recognized that cost-effectively oxi-

dizing 2-ppm atmospheric methane was likely to be more difficult than cost-effectively

oxidizing concentrated methane from point sources. Our experiments and cost models

therefore represented both AMR and dilute point-source methane oxidation.

1.3.3 A Preview of the Thesis’s Structure

My colleagues and I are fortunate to have been free to pursue the methane-oxidation

strategies that we thought most promising without being confined to a particular

class of materials or processes. The overall arc of this thesis reflects a few years’

evolution of our beliefs about which methane-oxidizing approaches are most promis-

ing. We began by studying heterogeneous catalysis (photocatalysts) but, based on

those results, eventually shifted our focus to entirely gas-phase reactions (gas-phase

advanced oxidation), first with chlorine and then with hydrogen peroxide.

This thesis’s first two chapters examine photocatalytic methane oxidation. At

the outset, photocatalysts seemed highly promising, offering ambient-temperature

sunlight-driven methane conversion and making use of existing expertise and equip-

ment within our lab. Chapter 2 describes experimental work that characterized and

improved photocatalysts’ methane-oxidizing performance. Chapter 3 contains cost

models of scaled-up photocatalytic methane oxidation systems. It concludes that,

barring 2-3 order of magnitude improvements in their rates, photocatalysts are un-

likely to enable cost-effective methane abatement solutions.

The next two chapters examine gas-phase advanced oxidation using chlorine rad-

icals. This process also takes place at room temperature but avoids two pitfalls that
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we observed with solid photocatalysts: slow mass transfer and inhibition by mois-

ture. Chapter 4 describes experiments that thoroughly characterized chlorine radical-

mediated methane oxidation under various environmental conditions and operating

parameters. Chapter 5 contains cost models of scaled-up chlorine-based gas-phase

advanced oxidation systems. It finds that such systems’ economics at field sites are

challenging, though perhaps not wholly prohibitive, due to high energy and reagent

costs. A final experimental chapter, Chapter 6, attempts to perform a similar gas-

phase advanced oxidation process using hydrogen peroxide instead of chlorine, but

finds it to be ineffective at oxidizing methane.

In my conclusion, I discuss my work’s implications for the field of dilute methane

oxidation. I comment on the real-world prospects of photocatalytic methane oxidation

and gas-phase advanced oxidation. I also comment on the areas of research that I

feel are most critical for the field going forward. For point-source methane oxidation,

I highlight paths forward in thermal oxidation, thermocatalytic oxidation, and gas-

phase advanced oxidation. For AMR, I highlight the possibility of applying chlorine

radical-based oxidation in the open atmosphere to achieve lower costs and greater

scalability than may be possible at methane point sources.

Finally, expanding my focus from dilute methane oxidation, Appendix A describes

a suite of lab automation software that I wrote to streamline my and my colleagues’ ex-

periments. This open-source Python package, which I have named PyOpticon, allows

one to create on-screen control panels for a computer to command the many devices

that constitute a benchtop experimental setup. The package allows researchers (such

as graduate students) with minimal coding experience to reap the benefits of mod-

ern controls, automation, and data acquisition. PyOpticon proved highly valuable in

executing the experiments described in this thesis and I hope that others will find it

similarly useful.
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2.1 Introduction

Photocatalysts are materials that use absorbed light to overcome the activation bar-

riers of chemical reactions. As discussed above, they are qualitatively appealing

for dilute methane oxidation because they can activate highly stable molecules at

room temperature. Room-temperature operation is a necessity for processes target-

ing highly dilute or atmospheric CH4 streams. Some authors draw parallels between

photocatalysts’ mechanisms of action and the atmosphere’s natural hydroxyl radical-

mediated self-cleaning behavior.[101] While this analogy is intuitive, photocatalytic

oxidation is a mixture of radical-mediated oxidation (in which the catalyst creates

radicals that later encounter the target molecule) and of catalytic oxidation (in which

the target molecule adsorb at active sites and react).[138] Identifying which mecha-

nism is at work is often not trivial.

Photocatalysts consist of semiconductor “base materials” (or “base photocata-

lysts”) and, in some cases, additional “cocatalysts”.[139] Photons that hit the base

materials produce electron-hole pairs that then migrate to the surface and facilitate

various reactions. The base material’s band structure must allow at least one electron-

scavenging reaction (electron reaction) and at least one hole-scavenging reaction (hole

reaction). These reactions may involve the target molecule itself (e.g., CH4) or they

may produce radicals from ambient O2 or H2O. The former is known as a “direct

mechanism” and the latter is known as an “indirect mechanism”. Various cocata-

lysts, such as noble metals, can be added to base photocatalysts in order to make

them more efficient and performant.

For several reasons, metal oxides such as titanium dioxide (TiO2), zinc oxide

(ZnO), and tungsten trioxide (WO3) are the most common base photocatalysts.[139]

First, these oxide materials are highly stable and are not degraded by the charge

carriers and radicals that they generate. Second, they have band structures that can

facilitate a variety of useful electron and hole reactions. As shown in Figure 2.1,

electrons on ZnO and TiO2 can produce superoxide radicals (O−
2 ) from O2, while

holes can produce hydroxyl radicals (OH•) or directly attack methane’s C-H bond.

ZnO and TiO2 have wide band gaps, meaning that they are only photocatalytically

active under ultraviolet light. Since charge carriers must be able to reach the surface

before they recombine, these materials are typically deployed in nanoparticles with
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Figure 2.1: Principles of photocatalytic CH4 oxidation. (a) Reduction-oxidation (re-
dox) potentials illustrating that the conduction bands, valence bands, and band gaps
of TiO2 and ZnO are suitable for CH4 oxidation. Redox data from Li et al.[140] and
Donat et al.[141] (b) General mechanisms of CH4 oxidation on solid photocatalysts.

diameters of tens of nanometers. The nanoparticles can be kept in powder form or

immobilized on surfaces.

Photocatalysts have long been of interest for oxidation processes, both for pollu-

tant control and for bulk chemical conversions.[142] They are commercially used for

aqueous pollutant destruction in wastewater treatment plants (with suspended TiO2

particles)[139] There have also been many efforts to use photocatalysts to oxidize

gasous pollutants such as volatile organic compounds (VOCs).[101, 143] However,

these works focused on destroying larger hydrocarbons that compromise local and/or

indoor air quality rather than on destroying greenhouse gases. At a lab scale, many

efforts have been made to photocatalytically convert concentrated CH4 to valuable

products like methanol.[144]

Interest in photocatalytic total oxidation of dilute CH4 to CO2 is relatively re-

cent. In 2016, Chen et al.[102] decorated ZnO with silver (Ag) nanoparticles (0.1%

by weight; wt%) to convert nearly all of 100 ppm CH4 to CO2. The Ag-modified

photocatalyst showed faster CH4 oxidation reaction kinetics than pristine ZnO or
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TiO2 and is still regarded as the state-of-the-art material for photocatalytic oxida-

tion of dilute CH4. Similar effects have been reported for both TiO2 and ZnO with

other cocatalysts such as copper oxide.[103, 145, 146] These cocatalysts may facilitate

CH4 oxidation by accelerating surface reactions or by lessening the speed of charge

carrier recombination.[140, 147, 148] . Based on these works, and because of TiO2

and ZnO’s availability at commercial scale, ZnO and TiO2 remain by far the most

often-discussed base photocatalysts for dilute CH4 oxidation.

When my colleagues and I began the research described in this chapter, many

critical aspects of photocatalytic dilute CH4 oxidation had not been experimentally

probed. The most useful existing study had observed the oxidation of >100 ppm

CH4 on ZnO and ZnO variants under very conditions.[102] Even so, a number of pub-

lications had identified photocatalysis as a promising strategy for atmospheric CH4

removal.[73, 132] Deployment configurations including photocatalyst-painted rooftops

and photocatalytic solar updraft towers had been suggested in the literature. These

suggestions, in our view, glossed over the fact that no experimental studies had ob-

served or measured the photocatalytic oxidation of CH4 at concentrations below 100

ppm, let alone 2 ppm. Even in the intervening years, measurements have been pub-

lished at 20 ppm but not at 2 ppm.[149] Deployment proposals at the time also ignored

the fact that photocatalytic CH4 oxidation had only been observed under extremely

dry conditions, despite the fact that one might naively expect water absorption on

hydrophilic oxides to inhibit their reaction with hydrophobic CH4 molecules.[150, 151]

Given this state of affairs, we felt that the field could benefit greatly from mea-

surements of CH4 oxidation on common photocatalysts 1) with CH4 concentrations of

2-100 ppm and 2) at humidity levels reflective of real-world deployment scenarios. Ob-

taining these measurements was our original research goal. As our work progressed,

we learned a considerable amount about the role of inhibitory water layers on oxide

photocatalysts, a phenomenon that explains various prior results in literature, in-

cluding the superiority of ZnO over TiO2 for dilute CH4 oxidation. Finally, though it

was not initially our goal to do so, we found a way to modify TiO2 to make it more

resilient to inhibition by humidy. This discovery constitutes the final section of this

chapter.
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2.2 Experimental Setup and Reactor Qualification

Our experimental setup for photocatalyst testing comprised an array of gas tanks and

mass flow controllers, a tubular glass photoreactor, and a pair of infrared spectrom-

eters for gas analysis (Figure 2.2). Although previous studies had used both batch

and flow photoreactors [102], we chose to exclusively use a flow photoreactor, a choice

that we made in order to boost our experimental throughput. The final setup was

the result of several months’ iteration, particularly around the challenges of messy

catalyst loading/unloading and of unwanted CO2 offgassing from surfaces under UV

irradiation. As our research interests evolved, it proved easy to repurpose this setup

for other CH4 oxidation strategies by swapping out the reactor itself while leaving

the gas supply and analysis systems largely intact.

The photoreactor itself consisted of a horizontal borosilicate glass tube (length

60 cm and inner diameter 1.5 cm) into which a sample of powder photocatalyst was

placed between two quartz wool plugs. The powder was tamped flat to about 0.3 cm

deep, 1 cm wide, and 7 cm long before the second plug of quartz wool was inserted. All

experiments used 1.50 g of photocatalyst sample, with the exception of experiments

with pristine TiO2, which used 0.50 g of sample because the as-received, lower density

TiO2 powder needed less mass to create the same fill level and surface area. The

reactor was illuminated radially from above by a 500W 365 nm LED array (Shenzhen

Leader UV Technology Co.). The light generated a UV flux of 4.5 mW·cm-2 at the

sample’s surface, providing an irradiance equivalent to the integrated UV component

(280-400 nm) of terrestrial solar irradiance (AM1.5g spectrum). The light intensity

was measured during each experiment with a Thorlabs 140C photodiode power sensor

adjacent to the photoreactor.

Experiments were conducted by flowing 30 mL·min-1 of synthetic air (21% O2

in N2) through the photoreactor with varying amounts of CH4 and H2O. Primary

standard grade Linde Gas cylinders of N2, O2, 10 ppm CH4 in N2, 1,000 ppm CH4

in N2, and 5% CH4 in N2 were used to create the desired gas mixtures. For “dry”

rate measurements, following the loading of the photocatalyst, the photoreactor was

purged for 1 hr by dry, synthetic air to achieve a H2O concentration of <500 ppm

(RH <2%). For “humid” rate measurements, some or all of the gasses were redirected

through a H2O bubbler upstream of the photoreactor to create a H2O concentration
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Figure 2.2: Illustrations of the horizontal tube flow reactor. (a) Schematic of the
reactor system. (b) Image of the horizontal tube reactor, light source, and tube
furnace. (c) detail image of the reaction zone containing the powder sample. Pipe
fittings on the reactor system are all stainless steel Swagelok fittings. The ends of the
glass tube are sealed with Swagelok Ultra-Torr fittings.

up to 23,000 ppm (80% RH). The gasses exiting the photoreactor were analyzed with

a pair of infrared spectrometers. For ≤30 ppm CH4 concentrations, a Picarro G2210-i

cavity ringdown spectrometer was used. For >30 ppm CH4 and for all other gasses,

an MKS Multigas 2030 FTIR spectrometer was used, with a background N2 spectrum

collected every 24 hr.

For each reaction condition, the light was cycled on and off several times to obtain

multiple CH4 conversion measurements. By default, the light-on periods lasted 20

min, and the light-off periods lasted 10 min. In each cycle, the ‘light-off’ CH4 con-

centration was averaged over the 5 minutes just before the light was turned on, and
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the ‘light-on’ CH4 concentration was averaged over the 5 minutes just before the light

was turned off again. When investigating the carbon balance, ∼12 hr periods with

the light on or off were used to ensure steady state measurement of the ppm-level

CO2 signal. Uncertainty in reaction rates was measured as 95% confidence intervals,

accounting for analyzer accuracy, analyzer noise, flow controller accuracy, and the

repeatability of the photocatalyst loading process.

2.2.1 Lessons Learned in Apparatus Design

Designing a photoreactor to test powder photocatalysts proved not to be entirely

trivial. Our first photoreactor design was a machined block of stainless steel with a

shallow square cavity on its top face. A laser-cut gasket was placed into this cavity and

capped with a square quartz window, creating a sealed serpentine channel through

which gas flowed, the bottom half of which was filled with a powder photocatalyst.

However, loading and unloading the photocatalyst was difficult and messy, and the

gasket was prone to degradation under UV light (evidenced by considerable release of

CO2). Even without the gasket, the stainless steel offgassed considerable CO2 under

UV light, making the reactor poorly suited for attempting to close the mass balance

for CH4 oxidiation. The horizontal tube design is far easier to load and unload, and

also has no gaskets, O-rings, or metal within the UV-illuminated zone, offgassing

negligible CO2 when UV-illuminated in the absence of CH4.

Outside of the reactor vessel itself, we also learned various lessons about generating

gas mixtures and quantifying reaction products. Mixing CH4-containing synthetic

air with a variety of gas tanks and mass flow controllers was mostly straightforward.

However, we noted that mass flow controllers suffer from slight drift and stability

issues when they are used in series with a bubbler (which we used to humidify the gas

stream). For quantification of <30 ppm CH4 and <1000 ppm concentrations of CO2,

a Picarro g2210-i cavity ringdown spectrometer offered excellent stability, resolution,

and response time. For higher CH4 concentrations and for other gases, we initially

used a Stanford Research Instruments 8610c Gas Chromatograph. However, we soon

switched to an MKS Instruments MultiGas 2000 FTIR spectrometer, which was able

to measure a much wider variety of ppm-level gases at far higher time resolution.

The gas chromatograph was occasionally still useful when we wished to cross-check
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FTIR measurements to ensure that they were free from effects of overlapping infrared

absorption peaks.

2.2.2 Assessing the Role of Mass Transfer Effects

One concern about the horizontal tube reactor is that CH4 might “bypass” the photo-

catalyst, since there is about 0.8cm of headspace between the photocatalyst suface and

the top of the tube. To obtain accurate measurements of a photocatalyst’s reaction

rates, it is essential to operate the reactor in a regime where the overall conversion is

limited by the reaction on the catalyst surface, not by reagent mass transfer through

the gas boundary layer. Mass transfer limitations in benchtop photocatalytic reactors

with dilute gas-phase reagents have been studied mainly in relation to the ISO 22197

reactor for photocatalytic NO destruction.[152, 153] That reactor has a rectangular

cross-section with the bottom surface covered in photocatalyst and with gas flowing

above. In such reactors, the maximum conversion (which occurs in the case where

convective mass transfer is the rate-limiting step; i.e., where every reagent molecule

that touches the catalyst reacts instantly) can be estimated as follows:[152]

Cout

Cin

=
(100−%conversion)

100
= exp

(
−Sh ·D · V

2h2f

)
(2.1)

Where Cin and Cout are respectively the inlet and outlet concentrations of the

reagent, %conversion is the percent conversion of the reagent, Sh is the Sherwood

number (the ratio of convective to diffusive mass transfer), D is the diffusivity of CH4

in air, V is the reactor volume, h is the reactor height, and f is the flow rate. We

approximate the headspace as a rectangle of width 1.2cm and a height h = 1.5 cm.

For a 7 cm-long photocatalyst sample, the volume of the reaction zone is then V =

12.6 cm.3 Our experiments used a flow rate of f = 30 cm3·min-1 = 0.5 cm3·s-1. CH4’s

diffusivity in air is D = 0.22 cm2·s-1. The Reynolds number under these conditions is

Re = 0.88, calculated from Re = v·h
ν

where v = 0.28 cm·s-1 is the average flow velocity

and ν = 0.48 cm2·s-1 is the kinematic viscosity of air. The flow is therefore very

laminar, which is unsurprising for such slow flow in such a small channel. Using the

Chilton-Colburn analogy between heat and mass transfer, and using the tabulated

Nusselt number for heat transfer to one side of a rectangular channel, we set the
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Sherwood number to Sh=4.86.[154]

Evaluating these formulae gives a maximum conversion of 99.75% for a situation

in which every CH4 molecule that touches the photocatalyst reacts. For rate measure-

ments, a best practice is to operate at less than one-tenth of the maximum possible

conversion.[152] All rate measurements of as-synthesized catalysts resulted in CH4

conversions of 10% or less, satisfying that criterion. Additionally, as shown later

in Fig. 2.10(c), experiments on catalysts after temperature-programmed desorption

(TPD) showed conversions as high as 45%. These results make it quite plausible

that our reactor could achieve very high conversions, corroborating the mass-transfer

calculations. The TPD experiments, discussed more below, were the only cases where

conversions exceeded 10% and mass transfer effects were therefore likely to have been

present.

2.2.3 A Typical Experiment with 2-ppm Methane

Figure 2.3 shows a representative time series of CH4 concentrations measured at the

reactor outlet, in this case with the cavity ringdown spectrometer. Though we wish to

describe our photocatalyst synthesis and characterization processes before presenting

the bulk of this chapter’s experimental results, we include this plot here in order to

clarify our experimental and data-processing workflow. We also note that these data

are, to our knowledge, the first demonstrations of photocatalytic oxidation of CH4

with a 2 ppm (i.e., atmospheric) inlet CH4 concentration.

After each sample was loaded in the tube, we flowed dry nitrogen for no less than

an hour in order to dry out the photocatalyst surface. We then set the flow controllers

according to the desired CH4 concentration and waited for the measured CH4 con-

centration to stabilize. Finally, we cycled the UV light on and off several times. Two

such cycles are shown in the figure. With successful photocatalysts, when the light

turned on, we observed the measured outlet CH4 concentration to drop, indicating

that some fraction of the CH4 was being oxidized. When we cycled the UV light

with no photocatalyst as a control, no change in the outlet CH4 concentration was

observed. A single experiment typically consisted of setting several different inlet CH4

concentrations and conducting at least three light cycles at each CH4 concentration.

The percent CH4 conversions were extracted and converted into rates and quantum
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Figure 2.3: Photocatalytic oxidation of 2-ppm CH4 under dry conditions and 1 sun of
UV light. ‘Dry’ refers to <500 ppm H2O (<2% relative humidity) and ‘1 sun of UV
light’ means 4.5 mW·cm-2 flux of 365 nm light, approximately the UV component of
an AM1.5g solar spectrum. The catalysts indicated in this plot will be discussed in
detail shortly; in brief, they are as-received commercial ZnO, as-received commercial
TiO2, and commercial ZnO decorated with 1% weight of silver as described in Chen
et al.[102]

yields as described below.

2.3 Figures of Merit: Rates and Quantum Yields

The rate and the apparent quantum yield are the two principle figures of merit for

photocatalyst performance. The rate is simply the number of moles of CH4 oxidized

per unit area of catalyst per second. In base units, it is measured in moles/m2s. To

make the numbers a more convenient order of magnitude, we mainly report rates in

µmoles/m2s. The quantum yield is the rate divided by the incident UV photon flux

on the photocatalyst surface, giving a measurement of “methane molecules oxidized

per incident photon”. It is discussed below.

We calculate rates based on the frontal catalyst area presented to the UV light.

This is reasonable for photocatalysts that are only active when illuminated and for a

reactor in which the gas passes over the catalyst rather than through it. It is different
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from the setup typically used in thermal catalysis measurements, in which the gas

flows through a packed bed and the relevant surface area is the total surface area of

all the catalyst particles in the bed. The catalysts particles deep down in our packed

photocatalyst bed see neither light nor gas flow, so including their surface area in the

rate calculation would be unhelpful.

We define the “apparent quantum yield” (AQY), which we will occasionally shorten

to the “quantum yield”, as follows:

AQY = 100% · # of Target GHG Molecules Decomposed
# of Photons (<365nm) Incident on the Photocatalyst

= 100% · Rreaction

ΦUV
(2.2)

Where Rreaction (moles/m2s) is the intrinsic reaction rate that is observed in the

absence of gas-phase mass transfer limitations and ΦUV (moles/m2s) is the incident

flux of ultraviolet photons within a certain spectrum, in this case <370nm.

For a given UV flux, the AQY is directly proportional to the reaction rate. For

example, since an AM1.5g solar spectrum contains 6.3 · 10−5 moles/m2s of photons

with wavelengths <365nm, an AQY of 3% under our definition corresponds to a

reaction rate of 1.9 · 10−6 moles/m2s under 1 sun of UV radiation. In prior literature,

the best reported CH4-oxidizing photocatalyst had an AQY of ∼1% at 5,000 ppm

CH4..[102] Before our work, AQYs at lower CH4 concentrations had not been reported.

However, in general, it would be expected that a photocatalyst’s AQY (as we define it)

would decrease along with its rate as the inlet concentration of CH4 became lower.[155]

We note that the term “quantum yield” can also refer to other quantities.[156]

The issue is important for CH4 oxidation because Chen et al. chose to report the

quantum yield of charge carriers that participated in a CH4-oxidizing reaction, giving

a value eight times higher than our definition would have.[102] Quantum yields may

also be defined under other spectra of light, such as a full solar spectrum, an approach

that is appropriate for visible-light photocatalysis but that we did not feel was useful

for our own work.
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2.4 Photocatalyst Synthesis and Characterization

Our initial experimental goals were to test “known” photocatalysts for their CH4-

oxidizing performance. These included ZnO, TiO2, and gold-and-silver-cocatalyzed

variants of each. Plain ZnO, plain TiO2, and the state-of-the-art silver-ZnO pho-

tocatalyst were of particular interest. We felt that it would be more useful to our

field to better test these known materials than to move straight to developing new

materials. As will be seen, to mitigate humidity’s effect on the above photocatalyst,

we later produced a fluorosilane-coated TiO2 material (TiO2-FS). TiO2-FS is also in-

cluded in this section in order to colocate all information on photocatalyst synthesis

and characterization.

2.4.1 Photocatalyst Synthesis

To test the pristine (plain) ZnO and TiO2 as they would be produced at large scale,

commercial 21 nm TiO2 nanoparticles (>99.5%, Sigma-Aldrich, Product No. 718467,

CAS No. 13463-67-7) and 30 nm ZnO nanoparticles (>99.9%, MSE Supplies, Prod-

uct No. PO0504, CAS No. 1314-13-2) were used as-received. Our exploration did not

account for possible variability amongst batches of industrially-produced nanoparti-

cles; if photocatalytic CH4 oxidation were scaled up, this variability and its potential

effects on rates would be important to explore further. Electron microscopy revealed

our received nanoparticles’ sizes to be close to their nominal values (Figures 2.13,

2.12).

To modify TiO2 and ZnO with silver (Ag), we used a process similar to that in

Chen et al.[102] For the Ag-modified photocatalysts, TiO2 was decorated with 1% Ag

by weight (denoted TiO2-Ag (1wt%)), and ZnO was decorated with 0.1% and 1% Ag

by weight (denoted ZnO-Ag (0.1wt%) and ZnO-Ag (1wt%), respectively). In each

case, 2 g of commercial TiO2 or ZnO nanoparticles was mixed in 400 mL deionized

H2O with silver nitrate (>99.0%, Sigma-Aldrich, Product No. 209139, CAS No. 7761-

88-8), according to desired weight loading of Ag. The solution was fully evaporated

at 80°C while stirring at 500 revolutions per minute (rpm). The precipitates were

ground by mortar and pestle and then heated in air through a 2 hr ramp to 350°C
and a 2 hr hold at 350°C. The final photocatalyst was ground by mortar and pestle.
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For gold (Au)-containing catalysts, an Au colloid was synthesized by dissolving

25.2 mg HAuCl3•3H2O (≥99.9%, Sigma-Aldrich, USA, Product No. 520918, CAS

No. 16961-25-4) and 11.6 mg polyvinylpyrrolidone (Mw 1,300,000, Sigma-Aldrich,

USA, Product No. 437190, CAS No. 9003-39-8), a surfactant used to prevent Au

nanoparticle aggregation, in 400 mL deionized H2O. After stirring for 30 minutes

(min), the solution was injected with 3.2 mL of freshly prepared NaBH4 (0.1 M, 12

mg) aqueous solution (≥99%, Sigma-Aldrich, USA, Product No. 213462, CAS No.

16940-66-2). After stirring for another 2 hr, the Au colloid was concentrated by

heating at 70°C until the solution was reduced to 100 mL. The concentration of Au

was quantified with ICP-MS. To synthesize ZnO-Au (0.1wt%) and TiO2-Au (1wt%),

2 g of commercial TiO2 or ZnO nanoparticles was mixed in 400 mL deionized H2O

with the prepared Au colloid, according to desired mass loading of Au. The solution

was stirred for 6 hr, followed by a 10 min centrifuge at 10,000 rpm to separate the

solids from the H2O. The H2O was disposed of, and excess H2O evaporated at 80°C for

6 hr. The precipitates were ground by mortar and pestle and then heated in air (2 hr

ramp to 350°C, 2 hr hold at 350°C) to remove ligands and load the Au nanoparticles

on the base catalyst. The final catalyst was ground by mortar and pestle.

TiO2-FS was synthesized through a modified procedure from Pazokifard et al.[157],

in which 0.465 g 1H,1H,2H,2H-Perfluorooctyltriethoxysilane (>97.5%, Sigma-Aldrich,

Product No. 667420, CAS No. 51851-37-7) was dispersed in 40 mL absolute ethanol

and then added to 2 g TiO2 nanoparticles and 20 mL absolute ethanol. The solution

was mixed for 18 hr in the dark. The dispersions were then centrifuged for 10 min

at 10,000 rpm and washed twice in denatured ethanol. The residues were dried in an

oven at 50°C for 48 hr to remove excess ethanol.

2.4.2 ICP-MS Characterization

For cocatalyzed samples, inductively coupled plasma mass spectrometry (ICP-MS)

with a Thermo Scientific ICAP RQ ICP-MS was used to confirm the weight loading of

Ag and Au. The results are shown in 2.2. The actual loadings were in each case close

to the nominal loadings and we conclude that the cocatalyst modification procedure

worked as intended.
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Catalyst (nominal loading) ICP-MS-quantified loading

ZnO-Ag (0.1wt%) 0.103 wt% Ag

ZnO-Ag (1wt%) 1.039 wt% Ag

ZnO-Au (0.1wt%) 0.127 wt% Au

TiO2-Ag (1wt%) 1.095 wt% Ag

TiO2-Au (1wt%) 0.929 wt% Ag

Table 2.2: Quantification of Ag weight loading on photocatalysts by inductively cou-

pled plasma mass spectrometry (ICP-MS).

2.4.3 UV-Vis Characterization

UV absorption of all samples was collected via ultraviolet-visible light spectrometry

(UV-Vis) using an Agilent Cary 6000i UV/Vis/NIR spectrometer with a diffuse re-

flectance accessory, with powder samples immobilized on slides using grease. The

subtraction of a background spectrum was performed in the Agilent software at the

time of measurement. The results are shown in Figure 2.4. The spectra are consistent

with those from literature (where available) for the same catalysts. The photocata-

lysts also all exhibit good UV absorption.

Figure 2.4: Photocatalyst light absorption based on UV-Vis. (a) ZnO-based photo-
catalysts. (b) TiO2-based photocatalysts.
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2.4.4 Transmission Electron Microscopy

To confirm the size of the photocatalysts and distribution of Ag and Au particles,

atomic number (Z) contrast imaging was conducted via transmission electron mi-

croscopy (TEM) with a probe aberration-corrected FEI Titan Cubed Spectra, with

a 300 kV voltage, 30 mrad convergence semi-angle, and 91 mm camera length. High-

angle annular dark-field (HAADF) imaging was combined with energy dispersive spec-

troscopy (EDS) to perform elemental mapping. The same procedure was used to ver-

ify the presence of fluorisilane’s elemental components (F, C, and Si) on the TiO2-FS

sample. TEM images of the various samples are presented further below along with

the results of the temperature-programmed desorption (TPD) experiments.

2.4.5 X-Ray Diffraction

For a subset of the photocatalysts, the bulk crystal structure was examined with X-

ray diffraction (XRD), using a PANalytical X’Pert PRO diffractometer. XRD only

probes the base photocatalysts (not the cocatalysts) [102] and the XRD spectra of

ZnO and TiO2 are well-known, so the results are not plotted here.

2.5 Photocatalytic Rate Measurements in Dry Air

We began by evaluating the TiO2 and ZnO photocatalysts, pristine and Au/Ag dec-

orated, for the complete oxidation of CH4 under dry conditions. Figure 2.3 in a

previous section illustrates the changes in CH4 concentration at the photoreactor

outlet after passing a near-atmospheric concentration of CH4 (∼2 ppm) over three

photocatalysts. Under UV illumination, the concentration of CH4 decreased in all

cases; without illumination, no change in CH4 concentration was observed. We col-

lected similar experimental results for a variety of photocatalysts at a variety of CH4

concentrations. In call cases, CO2 was the majority reaction project. Representative

data from a trial with 100 ppm inlet CH4 are shown in Figure 2.5. In all cases, the

measured CO production was very small (¡1 ppm) and difficult to distinguish from

noise in the gas analyzer.

ZnO-Ag (1wt%) exhibited the highest reaction rate of the photocatalysts tested
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Figure 2.5: Carbon mass balance on the reactant and products of conversion of 100-
ppm CH4 on pristine ZnO. The concentrations were allowed to stabilize for 12 hours
due to the very slow stabilization of the carbon dioxide signal.

for 2 ppm CH4 oxidation. To apply the same cocatalyst to TiO2, we also tested

TiO2-Ag(1wt%), though it performed poorly. Carbon mass balance measurements

of the reactants and products showed that the photocatalysts converted CH4 nearly

entirely to CO2 (Fig. 2.5).

Although we tested a number of photocatalysts, we identified ZnO, TiO2, and

ZnO-Ag (1wt%) as those of the greatest interest. Chen et al found ZnO to be fairly

high-performing and, as a pristine material, it is already available in large quantitites

as nanoparticles.[102] Although Chen et al found plain TiO2 to work poorly for CH4

oxidiation, TiO2 is the most widely-used commercial photocatalyst and is therfore of

interest. Finally, ZnO-Ag (1wt%) exhibited the highest reaction rate of all photocat-

alysts tested for low-concentration CH4 oxidation and was the highest-performing of

the cocatalyzed materials. While previous literature identified ZnO-Ag (0.1wt%) as a

promising CH4-oxidizing photocatalyst at >1,000 ppm CH4,[102] we failed to see any

performance boost in the 2-100 ppm CH4 range at 0.1% weight loading, and so we

used a higher Ag loading of 1% in order to clearly distinguish the cocatalyst’s benefit

at low CH4 concentrations. Rate data for ZnO, TiO2, and ZnO-Ag (1wt%) from

2-5000 ppm are presented in Figure 2.6, while those for all photocatalysts from 2-100

ppm are presented in Figure 2.7. To our knowledge, these were the first reported CH4
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Figure 2.6: Photocatalytic CH4 oxidation rates and AQYs for selected photocatalysts
under dry conditions and 1 sun of UV light.

oxidation rates for any of these materials at <100 ppm.

We found the reaction rates and AQYs of the photocatalysts to depend positively

on the inlet CH4 concentration. Each rate plot in Figure 2.6 is concave-down, with

rates decreasing rapidly with lower CH4 concentrations. Such rate laws are common

to photocatalysts and can arise from Langmuir-Hinshelwood kinetics in which the

overall reaction rate is first-order with respect to CH4 concentration on account of

adsorption limits and approaches zero order with increasing concentration as CH4

surface coverage saturates.[155, 158, 159] We normalized the reaction rate by the

area of the packed photocatalyst bed exposed to UV illumination and defined AQY

[unitless] as the ratio between the normalized reaction rate [µmol CH4·m-2·s-1] and
the incident UV flux [µmol photon·m-2·s-1].[160, 161] These conventional definitions

hold, and are thus useful, for planar reaction geometries. While planar reactions

are common in photocatalytic systems (e.g., painted surfaces and monolith reactors),
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Figure 2.7: Photocatalytic CH4 oxidation rates and AQYs for all photocatalysts
under dry conditions and 1 sun of UV light. (a) ZnO-based photocatalysts. (b)
TiO2-based photocatalysts. TiO2-Au and TiO2-Ag showed no statistically significant
CH4 conversion at 2 ppm; their lines are dashed because they cross the broken part
of the Y-axis.

there may be other deployment types (e.g., packed or fluidized bed reactors and

aerosols) for which these results are less useful.

Fig. 2.6 also shows that for all three photocatalysts, the normalized reaction rates

significantly decreased with lowering CH4 concentration. ZnO outperformed TiO2,

especially for CH4 concentrations below 1,000 ppm. While Ag modification on ZnO is

known to enhance charge separation and can boost rates at CH4 low concentrations

where adsorption is a rate-limiting step, at high CH4 concentrations where surface

saturation becomes dominant, the intrinsic accessibility of active sites may become a

more dominant factor.[102, 158]



CHAPTER 2. EXPERIMENTS WITH PHOTOCATALYSTS 55

2.6 Effects of Light Intensity

Figure 2.8: The effects of UV light flux on CH4 oxidation. ‘1 sun’ refers to a UV flux
of 4.5mW·cm-2, equal in intensity to the <365nm component of an AM1.5g reference
solar spectrum. (a) Time series of CH4 concentrations at the photoreactor outlet for
pristine ZnO and 34-ppm inlet CH4 under different light concentrations. Higher light
fluxes cause higher CH4 conversions, albeit with diminishing returns. (b) Reaction
rate as a function of inlet CH4 concentration for different light intensities. In all cases,
rates increase with both concentration and light flux. (c) Apparent quantum yield as
a function of light intensity for different inlet CH4 concentrations. For a given inlet
CH4 concentration, raising the light flux causes the AQY to decrease.

We briefly explored the effects of light intensity on ZnO’s dilute CH4 oxidation

rates. Our results are consistent with the general principle that increasing the light

intensity boosts photocatalysts’ rates, but with diminishing returns for higher irradi-

ances..[155] These findings are illustrated in Figure 2.8 This behavior occurs because

as higher irradiances make charge carriers abundant at the photocatalyst surface,
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other processes (such as reagent sorption) become rate-limiting, causing charge car-

riers to be wasted. The net effect is that as the light intensity increases, the rate

increases but the quantum yield decreases. The practical implication is that one can-

not boost a photocatalyst’s rate arbitrarily high by using extremely strong artificial

lights; for instance, using 20 suns of UV LED light gives a rate only 8 times higher

than the rate at 1 sun. Additionally, deployment schemes using intense artificial lights

rather than sunlight are likely find it harder to achieve high photocatalytic quantum

yields.

2.7 Effects of Residual Water and Humidity

It was clear from our very first experiments that moisture plays a critical role in deter-

mining photocatalysts’ CH4-oxidizing performance. In standard procedure, an hour-

long dry nitrogen purge preceded every dry CH4-oxidation experiment. If we omitted

this purge and began cycling the light just after the photocatalyst was loaded in the

reactor, its initial performance would be very poor, but it would gradually increase to

reach its steady-state value. We hypothesized that this behavior was caused by a thin

“residual” layer of water from the room’s humidity that stuck to the photocatalyst

surface and was gradually removed by the dry gas stream. We also suspected that

this water layer was not completely removed even under dry conditions, but rather

that some water remained on the surface and inhibited CH4 oxidation. There had

already been reports of similar phenomena of H2O and carbonates accumulating on

oxide photocatalyst surfaces exposed to air and blocking reagents’ access to active

sites and charge carriers.[162]

To verify the presence of a residual water layer, we heated TiO2 and ZnO (forcing

surface species to desorb) while observing their surfaces with in-situ diffuse reflectance

infrared spectroscopy (DRIFTS). DRIFTS measurements were performed using a

ThermoFisher IS-50 FTIR spectrometer fitted with a Praying Mantis DRIFTS acces-

sory (Harrick Scientific Products). Spectra were collected with a Mercury cadmium

telluride detector. The optical path was purged with dry air. Photocatalyst pow-

ders were loaded into a high-temperature environmental chamber with zinc selenide
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Figure 2.9: DRIFTS spectra of ZnO and TiO2. The top row of subplots shows ZnO,
and the bottom row shows TiO2. The subplot columns represent isothermal trials
at 100°C, 150°C, and 200°C. Each plot shows data during the first six minutes, by
the end of which the spectra had stabilized. The vertical scale is the same across all
subplots and represents absorbance according to -log(I/I0), where I0 and I are the
spectra of background (flat blue line) and during the holding period, respectively.
The approximate locations of changes associated with OH and CO2 are indicated.

windows for in situ measurements. The photocatalysts were heated from room tem-

perature to 50°C, 100°C, 150°C, 200°C, 250°C, and 300°C under 30 mL·min-1 of 21%

O2 in argon, held at each temperature for 10 min. After the sample reached the spec-

ified temperature, a background spectrum was collected by averaging 16 scans. The

DRIFTS spectrum was repeatedly measured throughout the 10 min holding period,

with 16 scans collected in each spectrum.

We found H2O to be the dominant species released from the surface, indicated by
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changes in O-H stretching (Figure 2.9). The release of H2O started at low temper-

atures, with only minor release of CO2 as indicated by changes in C=O stretching

occurring at high temperatures. This can be explained by the physical desorption

of H2O requiring lower temperature than the chemical decomposition of carbonates

that form CO2.[163]

Figure 2.10: Gases desorbed from photocatalysts during TPD experiments. Released
quantities of (a) H2O and (b) CO2 as functions of temperature, normalized by pho-
tocatalyst mass. (c) Total amounts of H2O and CO2 released over the course of the
entire TPD experiment, normalized by photocatalyst mass.

We then pursued a campaign of temperature-programmed desorption (TPD) ex-

periments on a variety of photocatalysts. These tests revealed 1) which gases des-

orbed from the photocatalyst during a temperature ramp up to 325°C and 2) how
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the photocatalyst’s performance changed after these species had desorbed. For these

experiments, the reactor tube rested in a horizontal tube furnace (Thermcraft) such

that UV light was not blocked when the furnace lid was open (Figure 2.2). After a

photocatalyst was loaded, a baseline photocatalytic rate measurement at 100 ppm

CH4 was conducted. The furnace lid was then closed and the temperature setpoint

was increased in steps, each 1 hr long, during which time the released gasses were

measured with the FTIR spectrometer. The temperature inside the reactor tube was

measured with an internal thermocouple. After stepping to 75°C and 125°C, the fur-
nace lid was opened and the reactor was allowed to cool to room temperature under

synthetic air, at which time a ‘post-125°C TPD’ photocatalytic rate measurement

at 100 ppm CH4 was collected. The furnace was then closed and the temperature

returned to 125°C to drive off any CH4 oxidation reaction products (CO2 and H2O).

Finally, the temperature was stepped to 175°C, 225°C, 275°C, and 325°C, after which
the furnace was opened and a final, ‘post-325°C TPD’ photocatalytic rate measure-

ment at 100 ppm CH4 was collected.

As shown in Figure 2.10 TPD experiments on TiO2 and ZnO, both pristine and

with cocatalysts, revealed that both H2O and CO2 desorbed from the surface at

elevated temperatures. For all photocatalysts, ∼3 times more H2O was released than

CO2, and ZnO released several times more H2O and CO2 than any other catalyst. In

agreement with the DRIFTS results, H2O was released at lower temperatures than

CO2. These results confirm that there is indeed a residual layer of water and, to

a lesser extent, carbonates that remains on the photocatalyst’s surface even under

nominally “dry” conditions.

Substantial changes to CH4 reaction rates were observed for the photocatalysts

after heat treatment (Fig. 2.11). Reaction rates of pristine ZnO increased when H2O

was driven post-125°C TPD and then declined post-325°C TPD. Post-TPD ZnO took

on a slight yellow color, a sign of surface phase change through loss of oxygen at high

temperatures.[164] For ZnO samples before and after heat treatment, we conducted X-

ray diffraction (XRD) to examine their bulk crystal structures, which were found to be

identical. Thus, we conclude that the degraded performance of ZnO post-325°C TDP

was due to changes on the ZnO surface. ZnO-Ag (1wt%) followed a similar trend to

pristine ZnO of peaking in performance post-125°C TPD, though maintaining a higher
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Figure 2.11: Residual surface species and their effects on reaction rates.

reaction rate post-325°C TPD than pristine ZnO. TEM imaging (Figure 2.12) revealed

that the Ag particles aggregated upon heat treatment, a known effect.[165, 166] In

addition to Ag aggregation, oxidation of the Ag nanoparticles may have degraded the

active metal sites and reduced the performance at high temperatures.[167, 168]

The CH4 reaction rates on pristine TiO2 increased with TPD temperatures. In-

deed, TiO2-Au post-325°C TPD showed the highest rate of any heat-treated photo-

catalyst tested at 100 ppm CH4. Unlike ZnO, TiO2’s high thermal stability likely

allowed it to remain active after heat treatment.[169] TEM imaging showed that the

Au cocatalyst did aggregate into larger particles, as seen in Figure 2.13, suggesting
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Figure 2.12: TEM images of ZnO-Ag (1wt%) with elemental mapping. (a) as-
synthesized, (b) after time on-stream in the reactor, and (c) after a TPD experiment
at up to 325°C.

Figure 2.13: TEM imaging of TiO2-based materials. TiO2-Au (1wt%) (a) pre-TPD
under HAADF, (b) pre-TPD under EDS elemental mapping of Au, and (c) post-
325°C TPD under elemental mapping of Au. TiO2-Ag (1wt%) (d) pre-TPD under
HAADF, (e) pre-TPD under EDS elemental mapping of Ag, and (f) post-325°C TPD
under elemental mapping of Ag.
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that the cocatalyst remained effective after aggregation. The reaction rates of TiO2-

Ag (1wt%) slightly increased post-125°C TPD and then plateaued post-325°C TPD.

TEM imaging did not reveal growth of Ag nanoparticles on TiO2 post-325°C TPD

(Figure 2.13), suggesting that the poor performance may be due to surface oxidation

of the Ag nanoparticles rather than to particle aggregation. That the rates of heat-

treated TiO2-Ag (1wt%) were substantially lower than those for pristine TiO2 is an

interesting result that could be explored in future studies.

Figure 2.14: Time series of 2 ppm CH4 concentrations at the photoreactor outlet for
TiO2 after a 200°C TPD trial. Non-heat-treated TiO2 and non-heat-treated ZnO-Ag
(1wt%) under the same conditions are shown for reference.

Finally, we conducted a one-off experiment with heat-treated TiO2 and 2 ppm

(rather than 100 ppm) CH4. We chose TiO2 because of its excellent post-TDPD

performance. In this case, we conducted a TPD at 200°C and then conducted a CH4

oxidation experiment with 2 ppm CH4. The result, shown in Figure 2.14, was a >40%

CH4 conversion, by far the highest seen in any experiment. The conversion steadily

declined from this value over the course of several hours of continuous light cycles.

This result gives an interesting demonstration of what rates could be possible if a

photocatalyst were to completely solve the issue of residual surface water.
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2.8 Inhibition of Photocatalysts by Humidity

Based on the TPD experiments and on the initial experience of photocatalysts work-

ing poorly just after loading, we hypothesized that photocatalysts would struggle

to oxidize CH4 in a humid environment. As noted, this question had not been ex-

perimentally investigated in prior literature. Realistic applications of CH4 oxidation

often have relative humidities (RH) of 30% or higher, making the issue fairly im-

portant. Water was also already known to inhibit palladium-based CH4 oxidization

thermocatalysts.[170, 171]

Figure 2.15: The impact of humidity on photocatalytic CH4 oxidation. Time series
of CH4 concentrations at the photoreactor outlet under dry (<2% RH) and humid
(80% RH) conditions for (a) ZnO and ZnO-Ag (1wt%) and (b) TiO2. The humid
TiO2 signal drifts somewhat due to inherent stability issues when MFCs are placed
upstream of bubblers; however, any CH4 oxidation would still have been visible if
present.

After testing each photocatalyst under∼80% humid conditions, we did not observe

statistically significant CH4 conversion for any of them (Fig. 2.15). Though we did

not test intermediate humidities due to the limitations of our setup at the time, the

initial post-loading results suggest that intermediate humidities would also completely

inhibit CH4 oxidation. By way of explanation, although the availability of H2O could

plausibly boost the formation of OH•, we suggest that instead H2O formed a thick

layer on the hydrophilic oxide surfaces that CH4 and/or OH• could not penetrate.

The water layer would be impermeable to these species because of the low solubility



CHAPTER 2. EXPERIMENTS WITH PHOTOCATALYSTS 64

of CH4 and the extremely short lifetime of OH• in H2O The .

These results confirmed our hypothesis about the severe inhibitory role of humidity

in photocatalytic CH4 oxidation. The inability of known photocatalysts to work in

humid environments is a serious challenge to the viability of photocatalytic CH4

oxidation in real-world deployment scenarios.

2.9 A Humidity-Tolerant Photocatalyst

The detrimental effect of humidity on the previously tested photocatalysts led us to

explore using a hydrophobic coating to repel H2O from the catalyst surface. Hy-

drophobic coatings such as silane groups can be chemically grafted to semiconduc-

tor surfaces as self-assembled layers, an approach that has been successfully used on

TiO2.[172] In particular, the C-F bonds in 1H,1H,2H,2H-Perfluorooctyltriethoxysilane

(henceforth referred to as fluorosilane or FS) is chemically inert and cannot be cleaved

by OH• at room temperature.[157]

Figure 2.16: Characterization of TiO2-FS. (a) Dispersion of the nanoparticles in
distilled water, before and after mixing. (b) Results from attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR).

Following the procedure in Pazokifard et al.,[157] we modified the surface of TiO2

nanoparticles with ∼20 wt% fluorosilane (TiO2-FS). We confirmed the modified mate-

rial’s hydrophobicity by dispersing the nanoparticles in distilled water (Fig. 2.16(a))
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and confirmed the presence of FS on TiO2 with attenuated total reflectance Fourier

transform infrared spectroscopy (ATR-FTIR) (Fig. 2.16(b)). In Fig. 2.16(b), the

peak centered around 3,400 cm-1 is characteristic of O-H stretching from H2O, and

the peaks in the regions 1,250-1,130 cm-1 and 1,080-1,060 cm-1 may be attributable

to the stretching of C-F and Si-O-Si, respectively, indicating the presence of fluo-

rosilane.[173, 174] TEM imaging of TiO2-FS also revealed a uniform distribution of

fluorine and silicon with titanium, providing another indication of the grafting of the

fluorosilane onto the TiO22.17.

Figure 2.17: TEM imaging of fluorosilane-coated TiO2 (TiO2-FS). (a) Under
HAADF. (b-d) Under EDS mapping of titanium (Ti), silicon (Si), and fluorine (f).

Unlike the other photocatalysts, TiO2-FS was able to oxidize CH4 under both dry

(<2% RH) and humid (40% RH and 80% RH) conditions (Fig. 2.18(a)). Under dry

conditions, the CH4 reaction rate of TiO2-FS was similar to that of pristine TiO2 at

100 ppm CH4 and higher than that of pristine TiO2 at 2 ppm CH4. More importantly,

Fig. 2.18(b) shows that the CH4 reaction rates of TiO2-FS are higher under humid
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conditions (80% RH) than under dry conditions (<2% RH). This is observed in CH4

concentrations ranging from 2 to 100 ppm. While it is challenging to precisely control

and quantify the thickness of the water layer, our results suggest that under humid

conditions the hydrophobic coating not only prevents the accumulation of H2O on

the surface but also enables a better utilization of H2O as the source of OH•, thus
accelerating reaction kinetics. We also note that, for 100 ppm CH4, the oxidation

rates with TiO2-FS under 80% RH still have substantial room for improvement when

compared to the maximum reaction rate for the heat-treated TiO2 under dry condi-

tions (Fig. 2.18(b)). We expect that the combination of the fluorosilane loading, the

underlying photocatalyst, and the system humidity level could be optimized in the

future to yield higher performance.

To ensure stability of the hydrophobic coating under UV exposure, we performed

an extended experiment on TiO2-FS at 80% RH with ∼5.5 hours of cumulative UV

exposure and observed minimal degradation of the sample (Fig. 2.18(c)). While

TiO2-FS has been previously tested as a component in hydrophobic paints, we are

not aware of a previous demonstration of photocatalytic CH4 oxidation in humid

conditions.
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Figure 2.18: CH4 oxidation performance of TiO2-FS and comparison to pristine
TiO2. (a) Time series of CH4 concentrations at the photoreactor outlet for TiO2-FS
at <2% and 80% relative humidities (RH). (b) Reaction rates and apparent quantum
yields as functions of inlet CH4 concentrations for TiO2-FS under different humidity
levels, shown with 95% confidence intervals. (c) Extended experiment of TiO2-FS at
80% RH with over 8.5 hours of cycling (∼5.5 hours under UV light), showing minimal
degradation.

2.10 Conclusion

The research described in this chapter provided the first detailed measurements of

any CH4-oxidizing photocatalysts’ rates at <100 ppm of CH4. To do so, we mea-

sured the rate laws (rate-vs.-concentration curves) for several photocatalysts over

CH4 concentrations ranging from 2 to 5000 ppm. The rates observed at these low

CH4 concentrations, and especially at 2 ppm, are quite low. However, we will withhold
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discussion of these values’ implications for practical photocatalytic CH4 mitigation

until the next chapter.

This work also probed the role of residual surface water in photocatalysts’ CH4-

oxidation rates under dry conditions, explaining several previous results. Most im-

portant, Chen et al. had observed that ZnO considerably outperformed TiO2 for

dilute CH4 oxidation. We showed that this order is reversed when the water layers

are thermally removed from both materials, suggesting that TiO2 has a better intrin-

sic performance that is masked by an inhibitory water layer. TiO2 with the water

removed outperformed ZnO-Ag (1wt%) and TiO2-Au with the water removed only

marginally outperformed TiO2 with the water removed. Despite prior literature’s

focus on modifying photocatalysts to reduce charge carrier recombination or lower

activation battiers, these results suggest that dealing with the inhibitory water layer

may provide a better path towards higher peformance.

Finally, having observed that none of the plain or metal-cocatalyzed ZnO or TiO2

photocatalysts could oxidize CH4 in humid environments, we developed the humidity-

tolerant TiO2-FS photocatalyst. This material had previously been reported as an

ingredient for water-resistant white paint, but it had never before been tested as a

photocatalyst. To our knowledge, these experiments on TiO2-FS are the first instance

of photocatalytic dilute CH4 oxidation under humid conditions. The rates observed on

TiO2-FS under humid conditions are nonetheless somewhat lower than those observed

on ZnO and ZnO-Ag (1wt%) under dry conditions.
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3.1 Introduction

When my collaborators and I began the research in this chapter, various deployment

strategies for CH4-oxidizing photocatalysts had been identified, but none had been

subjected to rigorous cost modeling. For the most part, photocatalysts were discussed

for atmospheric methane removal, although they were also sometimes suggested for

deployment on dilute methane point sources. We felt that cost projections even rough

ones would be very useful for assessing which (if any) of these deployment strategies

could be practically viable. Additionally, a tension had arisen between publications

that were optimistic [46, 49] and pessimistic [72, 73] about the real-world viability of

CH4 removal. We felt that only cost modeling of specific technologies could help to

resolve this debate.

Cost modeling was difficult at the time due to a lack of data about photocatalysts’

rates at low CH4 concentrations. Existing studies on photocatalyst deployment had

used photocatalysts’ rates with larger organic molecules or had attempted to fit rate

laws to empirical data collected at higher CH4 concentrations.[73, 132] We undertook

the previous chapter’s research and this chapter’s research in parallel, intending for

the measured rates to eventually serve as assumptions for the cost models. In the

meantime, we presented the model outputs in terms of “CH4 mitigation costs as

functions of rates/AQYs”. These outputs could be translated into rate/AQY targets

that could be assessed for plausiblility or compared to real measurements when they

became available.

At the time, several existing works had discussed the advantages and estimated

the costs of different potential dilute CH4 oxidation systems. One study gave rough

cost figures for zeolite thermocatalysis, photocatalysis, and radical generation based

mainly on researchers’ unpublished models.[175] Air flows, CH4 removal rates, and

costs had been modeled in detail for solar updraft towers with photocatalytic active

phases.[176, 177] The lifecycle CH4 removal of a passive solar photocatalytic device

had also been modeled.[178] The overall economic feasibility of 2-ppm CH4 removal via

fan-driven machines had been questioned based on the empirical trend that separation

costs often rise linearly with target substance dilution.[72] However, in essentially all

sub-fields of dilute CH4 mitigation, there was (and there continues to be) considerable

room for more rigorous and transparent cost analyses.
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In this chapter, we present models of three candidate dilute CH4 oxidation sys-

tems (Figure 3.1) that we felt were promising at the outset of our research. We

chose systems where we were able to project the costs of widespread deployment by

analogy to existing industries (e.g., commercial painting and agricultural aviation) or

by adapting existing technoeconomic frameworks (such as those for CO2-DAC ma-

chines). Despite their presence in the literature, we chose not to model solar updraft

towers because no full-scale solar updraft tower has ever been built, making it difficult

to model their cost. We present modeled deployment costs in dollars per ton of CH4

($/tCH4) for all three included strategies using both the photocatalytic rates mea-

sured in the last chapter and for a range of hypothetical photocatalytic CH4 oxidation

rates.

3.2 A Shared Cost Modeling Approach

Each model computes the levelized costs of CH4 removal in similar ways . We assume

a certain unit size for each system, an assumption that in our model does not affect the

levelized cost of CH4 removal: 1 m2 for the rooftop system, a size giving a drawdown

of 1 mole of CH4 per second for the fan-driven system, and 1000 kg of particles for the

aerosol system. Each model computes the cost of the system over some period of time

(1 year for the ground-based systems, with capital costs inflation-adjusted to 2023

dollars and annualized as discussed below, or the particles’ atmospheric residence

time for the aerosol-based system). Each estimate then finds the system’s total CH4

drawdown during the same period, evaluating whether surface reaction or convective

mass transfer is the rate-limiting step. The total costs are divided by the total CH4

drawdown to give the levelized cost per ton of CH4 removed over that time period.

The models and their most important assumptions are discussed in detail in their

respective sections below.

3.2.1 Model of Rate-Limiting Steps for CH4 Oxidation

Throughout, we use a simplified model of whether reactions or convective mass trans-

fer are the “rate-limiting step” of photocatalytic CH4 oxidation. Doing so is important

because otherwise, one could get falsely optimistic results by assuming a reaction rate
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Figure 3.1: Graphical summaries of the three CH4 oxidation systems considered. The
systems are (a) a photocatalyst-painted rooftop under sunlight and natural, passive
airflow; (b) a ground-based electrically driven device using forced airflow and internal
LED illumination (drawn with a cutaway to show the internal photocatalyst chan-
nels and LEDs); and (c) an aerosol-based system using sunlight and photocatalytic
particles dispersed in the troposphere.

(or, equivalently, an AQY) far higher than is actually possible given convective mass

transfer limitations. At least one existing study has committed that error.[178] Our

rate-limiting step approach was previously used in a model of photocatalytic CH4

oxidation in a solar updraft tower.[176] Our modeled overall rate of CH4 oxidation is

therefore expressed as follows:

Roverall = min(Rreaction, Rṁ) (3.1)
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Where Roverall (moles/m2s) is the overall rate of CH4 drawdown per unit area of

deployed photocatalyst, Rreaction (moles/m2s) is the intrinsic reaction rate that would

be observed in the absence of mass transfer limitations in a benchtop rate study of

the photocatalyst under a given light flux, and Rṁ (moles/m2s) is the maximum rate

of convective CH4 transfer through the gas boundary layer towards the photocata-

lyst surface. In reality, as the reaction rate approaches the mass transfer limit, the

concentration of CH4 molecules near the surface drops, reducing the fraction of cata-

lyst surface covered in CH4 and consequently slowing the reaction rate to equilibrate

with the mass transfer rate.[179] Whether there is a sharp or gradual transition, and

how closely the catalyst can approach the mass transfer limit, depends strongly on

the catalyst’s affinity for the CH4. For simplicity and generality, and consistent with

previous work, we model an abrupt transition between the two rate-limiting steps.

Implicit in this approach is an assumption that CH4-decomposing reactions take

place on or very near the photocatalyst surface. Though photocatalysts often gen-

erate radicals (e.g., hydroxyl or superoxide) that can in principle exist in gaseous

form, a study of TiO2 found that few of those radicals traveled far from the catalyst

surface.[101],[180] Based on these studies and on our experimental work, we thought

it unlikely that enough gaseous radicals would travel far from the surface to bypass

the need for CH4 mass transfer towards the surface. Therefore, in our models, the

rates and AQYs account for both direct (charge carriers reacting absorbed CH4) and

indirect (gaseous radical-mediated) reaction mechanisms.

The mass transfer rate towards the surface is calculated using the Sherwood num-

ber, a dimensionless value that encodes the mass transfer flux of a gas for a given

system geometry. It is defined as follows, where h is the convective mass transfer co-

efficient (m/s), DGHG,air is CH4’s mass diffusivity in air, Lchar (m) is a characteristic

length defined differently for each system.

Sh
def
=

h · Lchar

DGHG,air

(3.2)

The mass transfer coefficient is defined as follows, where MGHG,Surface (moles/m3)

is the CH4 concentration very near the surface of the catalyst. MGHG,Bulk (moles/m3)

is the CH4 concentration either outside the diffusion boundary layer or, in the case of

the fan-driven system, averaged across the cross-section of the channel through which
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the air flows. MGHG,Surface and MGHG,Bulk can be expressed more naturally as the

product of the CH4 concentrations CGHG,surface and CGHG,bulk (mole fractions, equal

to the corresponding concentrations in ppm times 10-6) and the molar volume of air

(Vm, m
3/mole):

h
def
=

Rṁ

MGHG,Bulk −MGHG,Surface

=
Rṁ

(Vm)
−1 · (CGHG,Bulk − CGHG,Surface)

(3.3)

Thus, given knowledge of Sh, by rearranging the equations above and setting the

surface CH4 concentration to zero, one can easily calculate Rṁ and hence Roverall:

Rṁ =
Sh ·DGHG,air · (Vm)

−1 · CGHG,Bulk

Lchar

(3.4)

Roverall = min

(
Rreaction,

Sh ·DGHG,air · (Vm)
−1 · CGHG,Bulk

Lchar

)
(3.5)

The Sherwood number is calculated in different ways for each system. For the

aerosol-based system, it is calculated from an analytical solution for species diffusion

to a circular particle. For the two ground-based systems, it is calculated using tab-

ulated empirical relations that give Sh as a function of the Reynolds number (Re),

Schmidt number (Sc), surface roughness, and other parameters for a given flow ge-

ometry. These relations were originally tabulated for heat transfer modeling, but we

repurpose them for mass transfer modeling using the well-known Chilton-Colburn

analogy [154], wherein the Schmidt number replaces the Prandtl number and the

Sherwood number replaces the Nusselt Number. In general, for some correlation or

analytical formula F :

Sh = F(Re, Sh) (3.6)

Where:

Re =
vair · Lchar

υair
(3.7)
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Sc =
υair

DGHG,air

(3.8)

And where υair (m
2/s) is air’s kinematic viscosity at 1 bar and 300K. We describe

the specific Sherwood number expressions that we used in the deployment systems’

respective sections below.

3.2.2 Further Cost Modeling Assumptions

In each of our models, we assume that the photocatalysts are highly resistant to

deactivation and fouling. We make this optimistic assumption because we aim to

evaluate photocatalysts’ potential under a future best-case scenario. The rooftop

system is modeled to replace its catalysts every ∼20 years and the fan-driven system

every ∼6 years, whereas the aerosolized catalysts need only last ∼21 days. More

research would be required to realize such durable photocatalysts because many pho-

tocatalysts undergo full or partial deactivation after only months in outdoor air.[181]

Moreover, current photocatalytic roof treatments (intended to reduce moss growth)

require reapplication every year.[182]

For similar reasons, we do not consider full lifecycle emissions (e.g. from construc-

tion) from these processes, despite their importance in evaluating negative-emissions

technologies.[73] Doing so properly would be complex: painting rooftops affects build-

ings’ heating and cooling energy use in location-dependent ways, aerosols and rooftops

have direct effects on planetary albedo, and many processes’ and inputs’ carbon in-

tensities will decrease as fossil fuel use declines.[183–185] Any processes that look

promising here should be subjected to detailed lifecycle analyses in the future; con-

versely, processes that seem implausible here are unlikely to perform better once full

lifecycle emissions are considered.

Where a photocatalyst cost is required, we use $4,500/ton, based on recent prices

of ∼$3,000/ton for a TiO2 or ZnO base material and an assumed cost of $1,500 per

ton of photocatalyst from cocatalysts and synthesis.[189, 190] For general validation

of the latter assumption, the 0.1% by weight of silver in the state-of-the-art CH4-

oxidizing catalyst reported by Chen et al. would cost roughly $700 per ton of catalyst

at 2022’s average silver price, though non-material bulk synthesis costs are difficult
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Description Symbol Value Units Comments

Max. Wavelength
of Incident Light

λlight 365 nm Many photocatalysts, including the
state-of-the-art ones for CH4, work
best under near-UV illumination.

Kinematic Viscos-
ity of Air

υair 1.52 ·
10−5

m2/s Source[186]

Ambient Tempera-
ture

T 300 K Affects molar volume, average molec-
ular speed, and mean free path. The
latter two affect only the aerosol
model.

Molar Volume of
Air

Vm 2.46·10−2 m3/mole Calculated for an ideal gas at 300K
and 1 bar.

Density of Air ρair 1.225 kg/m3 Source[186]

Molar Mass of
CH4

mGHG 16.04 g/mole Source[187]

Mass Diffusivity of
CH4 in Air

DGHG,air 2.21·10−5 m2/s Source[188]

Capital Recovery
Factor

CRF 7.5 %/year Same as the optimistic-case CRF in
Keith et al.’s cost analysis of a CO2-
DAC system.[80]

Photocatalyst Cost PCatalyst 4500 $/ton Based on $3,000/ton for base material
(from 2023 prices) and $1,500/ton for
cocatalysts and synthesis.[189, 190]

Photocatalyst
Density

ρcatalyst 5610 kg/m3 Same density as ZnO.[187]

Table 3.2: Inputs and assumptions shared by multiple photocatalyst deployment cost
models.
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to estimate.[102],[191]

For ground-based systems, capital costs are annualized using a capital recovery

factor (CRF ; Eq. 3.9):

CRF
def
=

Average Yearly Loan Payment

Total Overnight Capital Cost
(3.9)

The CRF converts the overnight capital cost of a project into estimated annual

loan payments, abstracting away repayment periods, interest rates, and project fi-

nance structures.[192] We use a CRF of 7.5%/yr. throughout, an optimistic value

corresponding to a commercially de-risked technology.[80] Unlike the ground-based

systems, the aerosol process incurs only operating costs, so a CRF is not relevant.

A number of other assumed values and physical constants are shared by some or all

of the cost models. These are summarized in Table 3.2. Values that are only relevant

to a single cost model are included in their respective sections. While we present

the final equations for the cost models of each system and describe all components

of the modeled costs, we do not present the full derivations of the equations, which

are somewhat tedious. They are included in Supporting Information of the published

version of this chapter.[193]

Throughout, we show $8000/tCH4 benchmarks on our cost plots. It is difficult

to set a single cost target for dilute CH4 mitigation and atmospheric CH4 removal,

as is discussed in this thesis’s introduction. $8000/tCH4 is a price above which we

feel fairly confident that a CH4 mitigation strategy would not be viable at scale. It

also approximately equals the result of converting a $100/ton CO2 price into a CH4

price using a GWP-20. We feel that this target is necessary but almost certainly not

sufficient, and that truly transformative CH4 mitigations strategies would likely be in

the $2000/tCH4 or even <$1000/tCH4 ranges. These considerations should be borne

in mind when interpreting this chapter’s results.

3.3 Photocatalyst-Painted Rooftops

The simplest possible photoreactor consists of a photocatalyst surface exposed to sun-

light and natural airflow. A few such systems have already been proposed or studied

for CH4 mitigation, including purpose-built solar photoreactors and buildings covered
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in photocatalytic paint.[72, 73, 178] We analyze a system in which photocatalytic

paint covers the rooftop of a warehouse or commercial building (Figure 3.1(a)). As

wind blows over the rooftop, CH4 molecules convect to the photocatalyst, where they

react under sunlight. Although we assume that the photocatalyst does not chemically

deteriorate, we include the cost of annual pressure-washing to remove accumulated

dirt.

3.3.1 Cost Modeling Approach

Figure 3.2: We envision a flat commercial rooftop painted with a uniform layer of
photocatalytic paint, sketched in full in Figure 3.1. We model the overall CH4 de-
composition flux to be limited either by the reaction flux on the surface (Rreaction) or
by the flux of CH4 mass transfer to the surface (Rṁ). The maximum reaction rate is
calculated based on an assumed or observed quantum yield at a given CH4 concen-
tration ( CGHG,bulk) and photon flux in a certain spectrum (Φsolar). The maximum
mass transfer rate is calculated using a mass transfer correlation for fluid flow over a
flat rooftop with a given velocity (Vair) and CH4 concentration (CGHG,bulk) in the free
stream.

This system’s levelized cost of CH4 removal (LCOR; $/mole) is calculated using

Equation 3.10. The numerator of Equation 3.10 represents the system’s annualized
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costs per unit area of photocatalyst, whereas the denominator represents its annual

rate of CH4 drawdown per unit area of photocatalyst. CRF (%/yr.) is the capital

recovery factor. CAPEXpainting,m2 ($/m2) is the cost to apply 1 m2 of paint to a

commercial rooftop, while CAPEXcatalyst,m2 ($/m2) is the cost of the paint itself.

OPEXm2yr. ($/m2-yr.) is the cost of pressure-washing 1 m2 of rooftop. UF (%) is

the device’s utilization factor, which accounts for variations in solar intensity, cloud

cover, and day/night cycles.[194] Rreaction and Rṁ (moles/m2s) are the reaction and

mass transfer fluxes illustrated in Figure 3.2, one of which is the rate-limiting step as

described above.

LCOR =
CRF ·(CAPEXpainting,m2+CAPEXcatalyst,m2 )+OPEXm2yr.

UF ·(3.154·107 s
yr.)·min( Rreaction,Rṁ)

(3.10)

The Sherwood number (and hence Rṁ) is calculated using an empirical heat and

mass transfer correlation for flat and low-angle rooftops like those found on warehouses

and commercial buildings.[195] The correlation describes the Sherwood number in

terms of the Reynolds number (Re) and Schmidt number (Sc). The correlation was

tabulated for wind speeds between 0 and 9 m/s for roofs of approximately the same

size that we model (a 50-by-50-meter square). Additionally, since this correlation was

tabulated using heat transfer data from air with a Prandtl number of 0.7, we expect

it to be reasonably accurate for the Schmidt number of CH4 (0.67). Additionally, vair

(m/s) is the free-stream velocity of the air (i.e., the wind speed) and υair (m2/s) is

air’s kinematic viscosity at 1 bar and 300K. Rf is a surface roughness factor.[195]

Sh = Rf · 0.037 ·Re4/5 · Sc1/3 (3.11)

The values of all inputs and assumptions for the rooftop photocatalyst model are

listed in Table 3.4.
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Description Symbol Value Units Comments

Incident Pho-
ton Flux

Φsolar 6.33 · 10−5 moles/m2s Incident photons at <365nm for an
AM1.5g solar spectrum.

Paint Applica-
tion Cost per
Exposed m2

CAPEXpainting,m2 15.0 $/m2 We use a painting cost of $0.80/ft2

based on a 2002 LBL study, which
is $1.39/ft2 in 2023 dollars.[196,
197] This value covers cleaning,
primer, and a liquid coating. It is
consistent with more recent com-
mercial estimates.[198, 199] A unit
conversion gives $15.0/m2.

Cost of Photo-
catalytic Paint
per Exposed
m2

CAPEXcatalyst,m2 1.07 $/m2 The marginal cost of covering
roofs with zinc oxide paint rather
than regular paint is about $0.05-
$0.15/ft2.[182] Adjusting for in-
flation gives $0.06-0.18/ft2.[196]
We use a value of $0.10/ft2, or
$1.07/m2.

Maintenance
Cost per Ex-
posed m2

OPEXm2yr. 1.8 $/m2-year We model the roof to be pressure-
washed once per year to remove
dirt and dust.[197] This can cost
as little as $0.15/ft2.[182, 200] Ad-
justing for inflation gives $0.17/ft2-
year, or $1.8/m2-year.

Characteristic
Length

Lchar 42.5 m For the Sherwood Number cor-
relation used, Lchar is defined as
the ‘effective length’ of the roof in
question, for which a formula is
provided.[195] For a 50m by 50m
roof, it evaluates to 42.5 meters.

Roughness
Factor

Rf 1.67 1 The roughness factor is an in-
put for Clear et al.’s heat and
mass transfer correlation for flat
roofs.[195] A value of 1.67 is typical
for commercial roofs, with a texture
like ‘rough plaster’.

Utilization
Factor

UF 25 % Typical utilization factor based on
day-night cycle, cloud cover, and
sunlight angles for fixed-tilt solar
PV.[194]

Table 3.4: Inputs and assumptions for the cost model of photocatalytic rooftops.
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3.3.2 Results

Figure 3.3: Costs of ground-based solar CH4 removal systems at varying wind speeds
and ambient CH4 concentrations. In the reaction-limited regime at lower intrinsic
rates, CH4 removal costs decrease as the intrinsic rate increases. In the mass transfer-
limited regime above a certain rate, higher intrinsic do not increase the CH4 drawdown
rate or decrease the system cost. We do not model the transition regime in detail.
Higher ambient CH4 concentrations or wind speeds boost the maximum mass transfer
rate, lowering the system costs achievable at higher intrinsic rates.

Figure 3.3 shows the modeled cost of ground-based solar greenhouse gas-removal

systems under varying ambient conditions and catalyst attributes. Average wind

speeds of 2-6 m/s are found at a height of 10m above ground level, about the height

of a commercial roof, in many locations.[201] These systems are modeled to approach

∼$4000/tCH4e at very high rates and elevated CH4 concentrations. However, de-

ploying known photocatalysts with their measured rates would lead to impractically

high system costs (>$1 million per tCH4), and even with ideal photocatalysts with

much higher rates, mass transfer limitations with 1.9 ppm CH4 appear to preclude a

cost-effective system (>$20,000/tCH4).

We note that the modeled costs are roughly 37% initial painting, 3% catalyst, and

60% annual washing. They also scale in proportion to the cost recovery factor.
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We also considered mounting panels of solar photocatalysts on standalone struc-

tures that resemble utility-scale fixed-tilt photovoltaic arrays. However, we estimated

that the construction cost per square meter of exposed photocatalyst would be ∼7

times that of painting rooftops, making the system unlikely to be cost-effective..[194]

3.4 Fan-Driven Photoreactors

Fan-driven machines with artificial illumination are another option for photocatalytic

systems, offering the potential for compact footprints and, unlike solar systems, 24-

hour operation. We envision a machine generally resembling the “slab-style” CO2-

DAC contactor described by Holmes et al. in 2012 and since commercialized by

Carbon Engineering Ltd. (Figure 3.4(a)).[135] More recent pilot and engineering

studies based on that work have generally validated its cost projections.[80] We model

the cost in two decoupled components: 1) that of the air contactor, which blows air

over the photocatalyst and whose cost (capital and energy) depends strongly on the

inlet CH4 concentration and the photocatalyst’s reaction rates, and 2) that of the

LED system, whose size and cost depend mainly on the photocatalyst’s AQY.

Holmes et al.[135] modeled the reaction of gaseous CO2 with an aqueous hydroxide

solution using off-the-shelf crossflow tower packing that provides excellent contact

between flowing gases and trickling liquids. The packing is made of stacked sheets of

inexpensive heat-formed plastic. Since our reactions are gas-solid instead of gas-liquid,

we instead imagine “monolith-style” packing consisting of many straight, square,

photocatalyst-coated channels. These types of channels offer fast mass transfer at

low pressure drops.[202] We envision channels made of stacked heat-formed plastic

sheets with volumetric costs similar to Holmes et al.’s crossflow packing.

The photocatalyst-coated channels could be illuminated in various ways.[101] UV-

transparent packing could be used, or LEDs or optical fibers could be embedded

in the plastic layers. We treat LED costs separately from the volumetric cost of

packing, assuming that the LEDs can be integrated inexpensively. We assume that

the packing is coated in a 1µm layer of photocatalyst and is replaced whenever the

LEDs are replaced (every 6 years). The packing contributes <5% of contacting costs
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Figure 3.4: We envision a system resembling some devices for the direct air capture
of carbon dioxide, using a slab-style contactor where fans blow air through straight,
square, photocatalyst-coated channels studded with LEDs. a) Our model for this
device’s cost takes air velocity, channel width, and outlet CH4 concentration (Vair,
Wchannel, and CGHG,out) as arguments while assuming a fixed inlet CH4 concentration
(CGHG,in) and total CH4 removal capacity. Based on these inputs, the required pres-
sure drop, packing depth, frontal area, and fan power (∆P , Dpacking, Afrontal, and Efan)
and other intermediate values are calculated, leading to an estimate of the levelized
system cost. Vair, Wchannel, and CGHG,out are finally optimized to find the minimum
system cost at a given CGHG,in. b) We model the overall CH4 decomposition flux to
be limited either by the reaction flux on the surface (Rreaction) or by the flux of CH4

mass transfer to the surface (Rṁ). The reaction flux is calculated using a first-order
rate law from an assumed or observed reaction rate at the ambient CH4 concentration
(1.8 ppm). The maximum mass transfer rate is calculated for a fully developed fluid
flow in a square pipe with a given average velocity (Vair) and average CH4 concen-
tration (CGHG,bulk).

in all scenarios modeled, so replacing the catalyst more frequently might not be cost-

prohibitive. We assume that the light intensity is always set so that the photochemical

reaction rate matches the convective mass transfer rate of CH4 to the catalyst surface.
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3.4.1 Cost Modeling Approach

We model the fan-driven air contactor using Holmes et al.’s approach.[135] Key vari-

ables are labeled in Figure 3.4. We first define an expression (Equation 3.12) for the

levelized cost of CH4 removal (LCOR; $/tCO2e). We later minimize that expres-

sion at a fixed inlet CH4 concentration (CGHG,In; ppm) and electricity price (LCOE ;

$/kWh) by adjusting the air velocity (Vair; m/s), channel width (Wchannel; m), and

outlet CH4 concentration (CGHG,Out; ppm).

LCOR(Vair, Wchannel, CGHG,Out) =
CAPEXConstruction·(1+FContingency)·CRF+OPEXAnnual

UF ·RC·(3.154·107 s
yr.

)
(3.12)

The numerator on the right side of Equation 3.12 is the plant’s total annualized

cost, which includes its construction cost (CAPEXConstruction; $) adjusted by a con-

struction contingency ratio (FContingency; %) and annualized using a capital recovery

factor (CRF ; %/yr.), as well as the annual operating and energy cost (OPEXAnnual;

%/yr.). The denominator is its annual CH4 drawdown in moles, which includes its

designed removal capacity (RC; moles/s) and utilization factor (UF ; %).

Evaluating Equation 3.12 requires calculating various intermediates (Figure 3.4).

Holding the machine’s overall CH4 removal capacity fixed, we compute the contactor’s

frontal area, depth, internal surface area, and electricity demand as functions of

Vair, Wchannel, and CGHG,Out using pressure drop, mass transfer, reaction rate, and

mass balance relations. The mass transfer and pressure drop relations are well-known

formulae for fluid flow in square pipes.[154] The contactor’s frontal area, internal

volume, and internal surface area each determine components of its construction cost

(CAPEXConstruction), while the fan electricity cost, LED electricity cost, and ongoing

LED and packing replacement costs are components of operating cost (OPEXAnnual).

Unlike in the solar systems, multiple suns of UV light may be used to boost rates

and decrease the system footprint. However, increasing the light flux gives diminishing

returns in terms of the reaction rate (i.e., an arbitrarily high light flux does not lead

to an arbitrarily high rate), since other aspects of reaction kinetics limit the rate even

when charge carriers are abundant on the surface.[155] To capture this behavior, each

model is given the photocatalyst’s reaction rate at ambient CH4 concentrations (1.8
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ppm) under a high UV flux. Ideally, this rate and the AQY would be experimentally

measured for a specific photocatalyst under a fixed light intensity, e.g., 10 suns of UV.

However, one can also choose an ‘upper bound’ rate, such as the expected reaction

rate of 2 ppm CO2 with a film of aqueous NaOH solution, a rapid reaction whose

rate photocatalysts are unlikely to exceed.[135] Figure 3.5(a) shows this parameter’s

effect.

The LCOR is minimized over of Vair, Wchannel, and CGHG,Out at a given CGHG,In

and electricity price (Equation 3.13) to find the lowest-cost CH4 oxidation system

under those conditions, whose cost we report.

LCORmin = min

Vair ∈ (0.05m/s, 10m/s)

Wchannel ∈ (5mm, 500mm)

CGHG,Out ∈ (0.01 · CGHG,in, 1 · CGHG,in)

LCOR(Vair, Wchannel, CGHG,Out) (3.13)

Our model tends to choose similar device traits across a range of conditions. As

an example, the lowest-cost device for an elevated inlet CH4 concentration of 20 ppm,

an LCOE of 4c/kWh, and a catalyst with a reaction rate of 0.1µmol/m2s at 1.8ppm

has monolith channels 2.0 cm wide and 12.6 m deep. It blows air at 3.1m/s through

a 151 Pa pressure drop, achieving an outlet CH4 concentration of 6.6 ppm. The flow

is turbulent (Re ≈ 4200) inside the channels. Fan electricity and the contactor frame

respectively contribute 23% and 34% of the total contacting cost.

All inputs and assumptions for this system’s cost model are listed in Tables 3.6

and 3.8.
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Description Symbol Value Units Comments

CH4 Removal
Capacity

RCGHG 1 moles/s While actual CH4removal plants
would be very large, we consider
a subsection of such a plant with
a 1 mole/s CH4 removal capacity.
This choice does not affect the end
result, since RCGHG is normalized
out later.

Utilization Factor UF 85 % Same value used by Holmes et al.
for a CO2 direct air capture contac-
tor.[135]

Contactor Fram-
ing Cost

CAPEXFrame 5000 $/m2 Holmes et al. found that a contac-
tor’s frame is sized for peak wind
loads, which scale with frontal area,
leading the framing cost to also be
proportional to frontal area.[196]
They used a value of $3700/m2

based on contractor quotes. Ad-
justing for inflation from 2012 to
2023 gives $5000/m2.

Contactor Pack-
ing Cost

CAPEXPacking 340 $/m3 Holmes et al. use a value of
$250/m3 for structured packing
consisting of heat-formed layers
of PVC plastic.[135] Adjusting for
inflation from 2012 to 2023 gives
$340/m3.[196] We elsewhere add
some additional cost to account for
the catalyst coating.

Photocatalyst
Layer Thickness

Tlayer 1 µm For TiO2, a 1µm layer provides
plenty of optical depth to utilize
a large fraction of incident pho-
tons.[203]

Contactor Main-
tenance Cost

OPEXNon-Energy 5 % We follow Holmes et al. in assum-
ing that annual non-energy oper-
ating and maintenance costs are
roughly 5% of the equipment’s up-
front capital cost.[135]

Construction
Contingency Cost

FContingency 20 % Contingency is used to account for
technical and regulatory risk during
construction. Our value is consis-
tent with that used by Holmes et
al.[135]

Fan Efficiency ηfan 56 % Same value as in Holmes et al.[135]

Table 3.6: Inputs and assumptions for the cost model of fan-driven photoreactors.
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Description Symbol Value Units Comments

Levelized Cost of
LEDs

LCLED 0.074 $/kWh We use values from a 2021 UV LED
benchmarking study by the US
Department of Energy’s Lighting
R&D Program.[204] The product
referred to as “UV-11” in the study
costs ∼$5 and consumes ∼1.6W of
electricity while producing 365nm
light at 60% efficiency. Manufactur-
ers claim UV LED lifespans above
50,000 hours.[205] So, the modeled
LED’s lifetime power consumption
is:
50, 000 h · 1.6W · 1kWh

1000Wh = 80kWh
And its amortized operation cost is:
$5÷ 80kWh = $0.063/kWh
Adjusting for inflation from 2021 to
2023 gives $0.074/kWh.[196]

Packing Replace-
ment Interval

LPacking 50,000 hours We assume that the packing is re-
placed whenever the LEDs are re-
placed. An LED lifespan of 50,000
hours is assumed as discussed in the
cell directly above.[205]

LED Efficiency ηLED 60 % Same source as above; efficiency of
product referred to as “UV-11” at
500mA current.[206]

Ambient CH4

Concentration for
Rate Measure-
ment

CGHG,Ambient 1.8 ppm The photocatalyst’s reaction rate
at this concentration (measured or
assumed) is an input to the model.

Energy per Mole
of Incident Pho-
tons

Ephotons 3.377 ·
105

J/mole Calculated from 365nm UV photons
with an energy of 3.5eV each.

Table 3.8: Inputs and assumptions for the cost model of fan-driven photoreactors
(Continued).



CHAPTER 3. COST MODELING WITH PHOTOCATALYSTS 88

3.4.2 Results

Figure 3.5: Costs of ground-based, fan-driven CH4 oxidation systems with LED illu-
mination. (a) Costs of the “air contacting subsystem,” consisting of reactor hardware
and fan electricity. Results are shown for several different assumed first-order photo-
catalytic rate constants, as well as actual rates for selected photocatalysts. The lowest
line represents a rate close to the mass-transfer limit in which every CH4 molecule
that touches the catalyst in decomposed, while the second-lowest line represents a
rate close to that of the reaction between CO2 and the surface of an aqueous 1-2M
NaOH solution (∼0.2µmol/m2s at 1.8 ppm).[135] (b) Costs of the “lighting subsys-
tem,” consisting of LED hardware and LED electricity. Two different levelized costs
of electricity (LCOE’s) are shown. The actual quantum yields of selected photocata-
lysts are marked.

Figure 3.5 shows the costs of the air contacting and lighting subsystems, which

can be summed to estimate the total cost of a CH4-oxidizing system. Extremely high

reaction rates are required to achieve contacting costs below $8000/tCH4 at ambient

CH4 concentrations. Lower rates necessitate larger and more expensive contactors.

Even a rate constant as high as that of the reaction between CO2 and aqueous ∼1M

NaOH, which Keith et al. exploit for their CO2-DAC system and which would be very

difficult to replicate with a photocatalyst, leads to system costs well over $10000/tCH4

for 2 ppm CH4, consistent with others’ concerns about the expense of fan-driven

contactors for ambient CH4.[72, 135]
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Additionally, to realize lighting costs below $8000/tCH4, extremely high AQYs

(>10%) are needed for CH4. Such AQYs are likely to be unrealistic even at elevated

CH4 concentrations. The LEDs themselves cost ∼7 cents per kWh (c/kWh) on a

levelized basis, while the electricity that powers them costs 2-6c/kWh[206], so a 50%

reduction in LED price would reduce lighting costs by 26-38%.

Applying these cost models to the experimental results from the previous chap-

ter gives cause for skepticism about these devices. Even ignoring ZnO-Ag (1wt%)’s

poor humidity tolerance, deploying that material in a fan-driven reactor on 100-

ppm CH4 would incur contactor costs of > $20, 000/tCH4 and lighting costs of

> $1, 000, 000/tCH4. These costs are far too high to be practical.

One might also combine CH4 removal with CO2-DAC.[46] In the best case, the

LEDs and photocatalyst would be added to unused surfaces within the CO2-DAC

system, incurring no additional pressure drop. The lighting subsystem cost in fig-

ures 3.5(b) can be considered a lower bound on such a modification’s cost, to which

catalysts and construction expenses would be added. Thus, co-deploying photocat-

alysts with direct air capture does not solve the key issue of low AQYs on known

photocatalysts.

3.5 Aerosol-Based Solar Photocatalysis

Rather than moving air across a photocatalyst surface, one could in principle “bring

the catalyst to the atmosphere” by dispersing aerosolized photocatalysts. Fine pow-

ders have extremely high specific surface areas, allowing fast mass transfer and rapid

reactions. Figure 3.6(a) illustrates the general process we envision. We model the

physical processes only, without considering social factors in whether deployment of

such a technology would or should be allowed.

3.5.1 Cost Modeling Approach

We model particles as either pure photocatalyst (≤2µm particles) or a 1µm layer

of photocatalyst around a silica core (>2µm particles), with the photocatalyst as-

sumed to cost $4,500/ton. We model aircraft dispersing catalyst particles either in

the lower troposphere (altitudes 0.5-1.5 km) or upper troposphere (>1.5 km). We
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Figure 3.6: The modeled aerosol-based system using sunlight and photocatalytic pow-
ders dispersed by aircraft. (a) The process modeled involves several steps. I) The
aerosol powder is synthesized, with each particle consisting either of agglomerated
photocatalyst nanoparticles or of a layer of photocatalyst nanoparticles around an
inert core. II) The particles are dispersed in the troposphere by small aircraft III)
While the particles remain suspended, CH4 diffuses to the surface and reacts in sun-
light. IV) The particles exit the atmosphere, usually after a few days, through some
combination of wet and dry deposition. (b) We model the overall CH4 decomposition
flux to be limited either by the reaction flux on the surface (Rreaction) or by the flux
of CH4 mass transfer to the surface (Rṁ). The maximum reaction rate is calculated
based on an assumed or observed rate at a given CH4 concentration (CGHG,bulk) and
photon flux in a certain spectrum (Φsolar). The maximum mass transfer rate is cal-
culated using a closed-form solution for mass transfer to a spherical particle with a
known CH4 concentration (CGHG,bulk) in the bulk air.

estimate particle dispersal costs of $760/ton, calculated using industry figures from

aerial pesticide application.[207] This value is about half the projected cost per ton

of launching aerosols at higher altitudes of ∼20km with jet aircraft.[208, 209]

A variety of other dispersion methods might be possible with modest engineering

improvements, including guyed masts (up to ∼500m), tethered balloons, and kites

like those used for airborne wind power generation.[208, 210–212] Aerosols could also
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be lofted in the heated gases from existing smokestacks.[127] We model airplanes

because they are a proven technology. Even if cheaper launch systems are possible,

the particles in this system are a much greater driver of overall cost.

We estimate the levelized cost of CH4 removal using Equation 3.14. The numerator

represents the total cost per unit mass of aerosol dispersed and the denominator rep-

resents the lifetime CH4 drawdown per unit mass of aerosol dispersed. OPEXSynthesis

($/ton) is the cost to manufacture the particles and OPEXLaunch ($/ton) is the cost to
disperse them. AF (%) is the sunlight availability factor, which accounts for temporal

variations in solar intensity including clouds and day-night cycles. SSA (m2/ton) is

the mass-specific surface area of the particles. Lparticle (s) is the aerosol’s atmospheric

residence time, which varies with the particles’ diameter and altitude.[213] Particles

between about 0.1 and 1µm last ∼7 days in the lower troposphere and ∼21 days in the

upper troposphere, with larger particles settling faster. Rreaction and Rṁ (moles/m2s)

are the average reaction and mass transfer fluxes over the particle surface, illustrated

in Figure 3.6, one of which is the rate-limiting step for the CH4 drawdown process.

The inputs and assumptions for this model are listed in 3.10.

LCOR =
OPEXSynthesis +OPEXLaunch

AF · SSA · Lparticle ·min(Rreaction, Rṁ)
(3.14)
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Description Symbol Value Units Comments

GHG Conc. in
Ambient Air

CGHG,Bulk 1.8 ppm Aerosol-based systems are only
useful at ambient CH4 levels.

CH4 Mean Free
Path

λGHG 67 nm Value used is for 1 bar and
23C.[214]

Incident Photon
Flux

Φsolar 6.33·10−5 moles/m2s Incident photons at <365nm for
an AM1.5g solar spectrum.

Solar Availability
Factor

AF 35 % Assumed a modestly higher
availability factor than the 25%
for rooftops because aerosol par-
ticles always ‘face’ the sun.

Maximum Pho-
tocatalyst Layer
Thickness

Tlayer 1 µm For TiO2, a 1µm layer provides
plenty of optical depth to effi-
ciently use incident photons.[203]

Density of Support
Material

ρsupport 2650 kg/m3 Density of silicon dioxide.[187]

Price of Support
Material

PSupport 500 $/ton Silica in the 1-10µm range
iscalled “Tripoli” and costs
$278/ton in the US in 2018.
Adjusting for inflation gives
$345/ton.[196] We use $500 to
be conservative.

Airplane Hourly
Payload Capacity

Pplane 1.89 tons Based on an aircraft with 500
gallon capacity for aqueous pes-
ticide. Assumed the plane can
carry an equal mass of powder.

Airplane Hourly
Fuel Consumption

Gplane 50 gallons Source[207]

CO2 Emitted per
Gallon of Gas

Egas 8.32 kg/gallon Source[215]

Photocatalyst
Powder Dispersal
Cost

OPEXdispersal 760 $/ton Based on the cost of dispersing
liquids using piston-driven air-
craft (crop-dusting).[196] Single
flight cost ($1,140) is divided by
the payload mass (1.9 tons) to
get $600/ton. Adjusting for infla-
tion gives $760/ton.[196]

Slowest Dry Set-
tling Time

τdry 6.4 · 107 s Source[213]

Slowest-Settling
Particle Diameter

Dmax 0.6 µm Source[213]

Lower Tropo. Wet
Settling Time

τwet 6.91 · 105 s Equivalent to 8 days. Source[213]

Upper Tropo. Wet
Settling Time

τwet 1.81 · 106 s Equivalent to 21 days.
Source[213]

Table 3.10: Inputs and assumptions for the cost model of aerosolized photocatalysts.
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3.5.2 Results

Figure 3.7: Costs of aerosol-based solar CH4 systems. (a) Modeled costs with varying
photocatalytic reaction rates on 1µm particles. (b) Effect of particle diameter on
modeled costs, indexed to the cost of CH4 removal using 1µm particles as in (a).

Figure 3.7 shows the projected costs for CH4 removal using photocatalytic aerosols.

CH4 oxidation costs of under $1000 or even $100 are theoretically achievable with

sufficiently active photocatalysts. CH4 mitigation cost of $8000/tCH4 using 1µm

lower-troposphere aerosols requires a rate of around 0.8µmol/m2s. This target could

be decreased by a factor of 3 by moving to the upper troposphere and by a further

factor of 10 by using 100nm particles (Figure 3.7(b)); in other words $8000/tCH4

might be achieved by 100nm particles in the upper troposphere with a rate of only

∼0.03µmol/m2s. This is still a factor of 15 higher than the rate observed on TiO2-FS,

the only photocatalyst observed to work under humid conditions. However, dispersing

100nm particles in the upper troposphere is closer to cost-effectiveness than any other

approach in this chapter, a result that is worth noting. Since particles need only stay

active for ≤20 days, known photocatalysts’ poor durability is less of an issue for this

approach.

One concern with aerosolized photocatalysts is the effect of small aerosol parti-

cles on human and ecosystem health. Particles <10µm in size can irritate tissues

in respiratory tracts, with smaller particles usually causing greater harm.[216] PM10
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(<10µm particles) and PM2.5 (<2.5µm particles) are well-studied types of air pol-

lution; a process generating them would be unlikely to be deployed if people might

inhale the particles downwind. This risk makes using even smaller particles, like

the 100nm particles in the previous paragraph, less attractive. Using particles large

enough not to pose a health risk is costly (Figure 3.7(b)): going from 1µm particles

to pollen-sized 20µm particles raises removal costs by ∼40x. Dispersing particles in

remote areas, e.g., over oceans, could mitigate human exposure, though animals and

ecosystems might still be affected.

The total amount of aerosols required is another challenge. Removing 1 giga-

ton of CO2 equivalent (with CH4’s 20-year GWP) using 1µm particles at a cost

of $8000/tCH4 would require dispersing 19 megatons of aerosols in the lower tro-

posphere. For comparison, California’s 2021 wildfires released around 1 megaton

of PM2.5.[217] While gigaton-scale drawdown is valuable, dispersing such a mass of

aerosols may be impractical due to environmental impacts and social considerations.

However, a better photocatalyst would both require less total aerosol mass and cost

less per tCH4 oxidized.

We also compared the airplanes’ CO2 emissions to the CH4 drawdown effected by

the particles and found that they are small compared to the overall climate benefit.

If the particles contain photocatalysts with AQYs giving $8000/tCH4 removal costs

in the lower troposphere, the planes’ CO2 emissions negate ∼0.3% of the process’s

climate benefit using CH4’s GWP-20.

We also note that the aerosol-based CH4 oxidation strategy is an “open-system”

intervention that would need to be explored with great care. Doing so would require

serious evaluation and mitigation of unintended environmental and health effects.

Considering the direct albedo of tropospheric aerosols would be especially important:

on a life-cycle basis, it is possible that the direct albedo effect of such a large mass of

aerosols would dwarf their CH4-oxidizing effect. In addition, even if these concerns

were addressed, obtaining a social license to test and deploy aerosolized photocatalysts

would be quite challenging.
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3.6 Conclusion

We wish first to emphasize the uncertainty in our cost estimates for these untried

technologies. The outputs are quite sensitive to the assumed values of a few key

cost drivers, as discussed in each section. Labor, component, and raw material prices

can vary considerably by country and economic conditions. Though most of our

estimates are from North America, many inputs may be cheaper elsewhere. Macroe-

conomic conditions affect the capital recovery factor, to which ground-based systems

are sensitive. Additionally, although our study considers the systems’ direct CH4

drawdowns, future studies should consider all lifecycle climate effects. These include

rooftop paint’s effects on heating and cooling energy use, rooftops’ and aerosols’ di-

rect effect on planetary albedo, and all systems’ construction, energy, and material

emissions. They could also consider any local air quality benefits.

Overall, taking this and the previous chapter together, the outlook for ground-

based photocatalytic oxidation of dilute CH4 is not terribly promising. In order to

cost-effectively oxidize CH4, the rooftop system requires AQYs on the order of 1%

(rates on the order of 1µmol/m2s). This rate target is nearly three orders of magni-

tude higher than the 2-ppm-CH4 rate of the only photocatalyst that we observed to

work under realistically humid conditions (TiO2-FS; 0.002µmol/m2s). Considering

the rates observed under dry conditions, post-TPD, and/or at higher CH4 concentra-

tions still leaves a two-order-of-magnitude gap. Even if the rates were high enough,

photocatalysts’ poor real-world lifespans would need to be addressed. The situation

for fan-driven photoreactors is even worse, with AQYs ten times higher (∼10%) re-

quired to achieve reasonable lighting costs. The prospect of using higher inlet CH4

concentrations in fan-driven reactors is unlikely to close that gap.

Aerosolized photocatalysts are different in that the required rates in the most op-

timistic scenario are only a factor of ∼15 higher than those observed on TiO2-FS. In-

deed, the post-TPD plain TiO2 briefly showed a rate on 2-ppm CH4 (0.024µmol/m2s)

that would be sufficient for $8000/tCH4 atmospheric CH4 removal on 100-nm upper-

tropospheric aerosols. This rate was observed under highly unrealistic conditions (an

extremely dry gas stream with all surface H2O baked off the catalyst), but it indi-

cates what might be possible with a dedicated materials-science effort to optimize

humidity-tolerant photocatalysts. However, the key question in this case is whether
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photocatalytic aersols could ever be possible from a perspective of side effects and

social license. In our opinion, given the vitriol directed at solar radiation management

– which uses a far smaller mass of aerosols per unit of avoided warming – it is hard to

imagine that photocatalytic aerosols will be a practical climate solution in the near

future.

Following these campaigns, we were left with a choice between pursuing photo-

catalysts further and investigating other strategies for dilute CH4 oxidation. Photo-

catalytic CH4 oxidation is certainly a field with many remaining scientific puzzles.

For example, the excellent rates observed on post-TPD TiO2 suggest that far higher

rates may be possible if the surface’s hydrophilicity is managed even more effectively.

Also, the fact that the TiO2-FS material works better in humid conditions suggests

that there remains much to be learned from optimizing and probing TiO2-FS-like

materials. However, in our opinion, none of these pathways offers a route to a truly

useful and scalable tool to fight climate change. We therefore decided to turn our

attention to other strategies for oxidizing low-concentration CH4.
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4.1 Gas-Phase Advanced Oxidation

As my colleagues and I continued our research on photocatalysts, we became aware

of ongoing work on catalyst-free, purely gas-phase processes for dilute methane oxi-

dation. In general, these processes introduce a gaseous “radical precursor” into the

CH4-laden air stream, then use ultraviolet light to photolyze that precursor into rad-

icals that then oxidize CH4. Since many of the challenges in our photocatalyst work

seemed to stem from CH4’s unwillingness to adsorb on or interact with any photo-

catalyst surface, a process that avoided catalyst surfaces entirely was qualitatively

appealing. These processes are termed “gas-phase advanced oxidation” (GPAO) pro-

cesses, a name that references “advanced oxidation” processes in wastewater treat-

ment where aqueous ozone or hydrogen peroxide are photolyzed to form aqueous

oxidizing radicals.[119, 120]

GPAO can be done with a number of radical precursors, including ozone (O3),

hydrogen peroxide (H2O2), water (H2O), and chlorine (Cl2). The reactions for each

of these processes are listed in Chapter 1, Section 1.2.4 and the reactions for Cl2.

GPAO can be in principle be employed on CH4 or on any other reducing gases such as

ammonia (NH3) or volatile organic compounds (VOCs). An O3-based GPAO process

that degraded VOCs for odor control was the first to be reported.[119] A Cl2-based

process for removing CH4 from a spectrometer’s gaseous analyte was the next to

be reported [131], followed by a similar process for mitigating CH4’s global warming

potential.[120] To our knowledge, experiments on GPAO with an H2O2 precursor have

not been reported in the literature. A GPAO process using H2O as the precursor has

also been reported much more recently, well after we conducted this experimental

campaign.[122]

When we began developing our setup, we considered the precursors O3 and H2O2

(to generate OH•) and Cl2 (to generate Cl•). Using values from literature, we did

some rough calculations to get a sense of which precursor was most likely to cost-

effectively oxidize CH4. These calculations are visualized in the Sankey plot in Figure

4.1, which shows the mass and cost of precursors required to oxidize one ton of CH4.

To make this calculation for each candidate precursor, we considered the cost per

ton of each precursor, the number of radicals generated per mole and per ton of the

precursor, and the number of CH4 molecules oxidized per generated radical. We used
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Figure 4.1: Estimated quantities and costs of radical precursors required to oxidize
one ton of CH4. Values are in kilomoles unless otherwise noted.

an H2O2 cost of $400 per ton.[218, 219] and an O3 cost of $1980 per ton (converted

from $0.9 per pound [220]). We used a Cl2 cost of $250 per ton.[125] These are only

synthesis costs and do not include transport to any particular point of use. Based on

their photolysis reactions, each molecule of O3 produces one OH•, while each molecule

of H2O2 produces 2OH• and each molecule of Cl2 produces 2Cl•. Finally, we found

estimates for the number of CH4 oxidized by each radical. The value for OH• (15%)

is the fraction of OH• in the bulk atmosphere that oxidize CH4.[218] The value for

Cl• (33%) is estimated from the reaction network for CH4 oxidation, in which 3 steps

involving Cl• are needed to oxidize CH4 to CO.[120] The higher value for Cl• reflects

the greater selectivity of Cl• for CH4 compared to OH•.
These calculations motivated our choice to pursue Cl2-based gas-phase advanced
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oxidation (Cl2-GPAO) first. Cl2-GPAO offered the lowest modeled input costs, and

although many questions remained unanswered, the process had already been demon-

strated on dilute CH4. We expected that this would make it easier to design and debug

our first GPAO reactor. GPAO with O3 was clearly the least attractive of the three

options, due mainly to the relative expense of ozone as a precursor. H2O2-GPAO

looked moderately appealing on a cost basis, as well as for the relative benignity of

H2O2 compared to Cl2. However, its effectiveness on CH4 had not been experimen-

tally demonstrated, making it a less attractive choice for our first GPAO reactor. We

resolved to return to H2O2 later, as we do in Chapter 6.

4.2 Introduction to Cl2-GPAO

This chapter focuses on GPAO with Cl2 as a radical precursor, which we term Cl2-

GPAO and has elsewhere been referred to as the ‘methane eradication photochemical

system’ (MEPS).[120] These systems take advantage of the chlorine radical’s extraor-

dinary reactivity towards otherwise-stable CH4. As mentioned above, Cl• has a higher

rate constant with CH4 than OH• and has fewer quenching mechanisms besides the

desired reaction with CH4. These traits enable high UV fluxes, high radical creation

rates, and high steady-state radical concentrations in the photoreactor, which can

in theory allow faster CH4 conversions, shorter residence times of air in the reactor,

and smaller reactor volumes..[120] The major downside is the toxicity of Cl2 and the

downstream product HCl, which must be scrubbed from the reactor effluent at addi-

tional cost. The basic elements and key reactions of a Cl2-GPAO system are shown

in Figure 4.2

Existing studies have confirmed Cl2-GPAO’s effectiveness on dilute and atmo-

spheric CH4, but many questions have remained unanswered. Polat, et al. first

explored the process, using ∼50 ppm of Cl2 to remove ambient (∼2 ppm) CH4 that

would otherwise interfere with spectrometric analysis of nitrous oxide in air.[131]

Krogsbøll, et al. then proposed applying the same chemistry to control CH4 emis-

sions from point sources, describing the overall system layout for Cl2-GPAO (with an

electrolyzer, UV photolysis chamber, and caustic scrubber) and using ∼100 ppm Cl2

and UV radiation to oxidize ∼50% of 50 ppm CH4.[120] They additionally found CH4
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Figure 4.2: Graphical representation of gas-phase advanced oxidation with chlorine
(Cl2-GPAO). The third line in the photoreactor block summarizes multiple reactions
that convert the methyl radical (CH3•) into CO and CO2. The numbers of O2 (x)
and Cl• (y) consumed and the relative amount of CO2 to CO (z) depend on the
reaction conditions. Krogsboll et al. gives a good summary of the entire reaction
system following the initial C-H bond activation.[120]

conversion to vary approximately linearly with inlet Cl2 concentration. The same

study modeled that CH4 would be converted into a combination of CO and CO2

in a roughly 2:1 ratio, with minimal (<0.01%) conversion of CH4 into chlorinated

methanes that are of concern for their high GWPs. The authors recently conducted

a small-scale field trial at a livestock facility, finding the process to effectively convert

CH4, ammonia (NH3), and other odorous compounds.[70]

Despite these promising results, several key uncertainties have made it difficult

to judge whether and how Cl2-GPAO might be practical at large scale. To date, the

number of photogenerated Cl• consumed per oxidized CH4 molecule has not been

quantified or reported in published literature. The inlet Cl2 concentration required

to oxidize a certain CH4 concentration at a specified conversion efficiency has also not

been studied in detail. The effects of process parameters such as CH4 concentration,

Cl2 concentration, humidity, light intensity, and the presence of contaminants on all

of the above metrics have remained largely unexplored. Finally, at the time that we

conducted this research, the production of chlorinated methanes in these systems had

also not been measured or reported.

In the research described in this chapter, we explored the effect of various pa-

rameters and operating conditions on Cl2-GPAO’s efficiencies and reaction products.

We employed a benchtop reactor with a residence time representative of large-scale
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applications in which inlet CH4, Cl2, H2O, NH3, nitric oxide (NO), hydrogen sulfide

(H2S), and toluene (C6H5CH3) concentrations are finely tuned. We used infrared

spectroscopy to measure CH4 conversions and major reaction products. Having mea-

sured the reactor’s total Cl• production rate, we report the process’s efficiency un-

der various conditions in terms of Cl2-used-per-CH4-oxidized and Cl•-consumed-per-

CH4-oxidized. For a subset of operating conditions, we also employed sensitive mass

spectrometry to check for unintended chlorinated CH4 production at part per billion

(ppb) levels. These measurements help inform the cost modeling of Cl2-GPAO that

we present in the next chapter.

4.3 Experimental Setup and Reactor Qualification

Cl2-GPAO experiments were conducted in the reactor setup shown in Figures 4.3

and 4.4. The reactor itself was a glass flow photoreactor with an internal volume

of ∼600 cm3. Each experiment used a total of 200 mL/min of flow to obtain a 3-

minute residence time, comparable to that used by Krogsbøll, et al.[120] The gas

composition was set by mass flow controllers (MFCs) to be 20% O2, 1% H2O (∼35%

relative humidity), various concentrations of CH4 and Cl2, and balanced in N2. An

array of 365 nm UV LEDs and a set of UV reflectors were assembled such that, in

the presence of excess CH4, ∼75% of Cl2 was photolyzed during the gas’s residence

time in the reactor. The reactor effluent then passed through a Cl2 sensor, optionally

a scrubber system (comprising a bubbler of 1M sodium hydroxide, a molecular sieve,

and an activated carbon filter) to remove Cl2 and HCl, and finally a pair of infrared

spectrometers.

Synthetic air was created from gas tanks using MFSCs as outlined in Table 4.2.

Tanks with different concentrations of the same gas were used to achieve accurate gas

concentrations across wide concentration ranges, keeping the mass flow controllers

within their intended flow ranges. Humid N2 was generated by passing dry N2 through

a bubbler of deionized water, creating a stream with ∼80% relative humidity which

was then mixed with the other gasses to achieve a desired humidity. A humidity sensor

(Atlas Scientific EZO-HUM) was positioned upstream of the Cl2 injection point to

avoid steel fittings between the Cl2 injection point and Cl2 sensor. The raw humidity
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Figure 4.3: Schematic of photoreactor system. The dark-grey cylinders at left repre-
sent gas tanks. MFC stands for ‘mass flow controller’ and MFM for ‘mass flow meter’.
FTIR represents an MKS “Multi-Gas 2000” fourier transform infrared gas analyzer.
CRD represents a Picarro “g2210-i” cavity ringdown gas analyzer. The components
inside the red dashed line were only present during the application-based trials on
simulated atmospheric, barn, and sewer air

readings were adjusted to account for dilution by the added Cl2 gas. Another reason

Cl2 was added into the gas stream just before the photoreactor was to mitigate the

effects of Cl2 reacting in the dark with any co-fed contaminant gases.

The UV photolysis system consisted of a UV light, photoreactor, and reflectors

(Fig. 4.4). The photoreactor was a borosilicate glass cylinder, 30 cm in length, 5.7 cm

in diameter, and fitted with∼5mm radial hose barbs at either end (Adams Chittenden

Scientific Glass). We found that even small amounts of stainless steel rapidly reacted

with Cl2 in the presence of H2O and, in addition to corroding the steel, had large

effects on the amount of Cl2 reaching the reactor and the Cl2 sensor. Consequently,

only plastic fittings were used between where the Cl2 was added to the gas stream

and the photoreactor. The fittings in and around the reactor were verified to cause no
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conversion of Cl2 by comparing Cl2 sensor measurements with and without the reactor

bypassed. The UV light, consisting of a board of 365 nm LEDs with a total power

draw of 50W, was suspended 28 cm above the photoreactor in typical experiments.

Three panels of UV-reflective PTFE (Thorlabs) were positioned around the tube to

increase the UV intensity inside the photoreactor. All components aside from the

reactor were covered in UV-opaque plastic during experiments to prevent photolysis

of Cl2 from occurring anywhere except in the photoreactor.

Figure 4.4: Details of photoreactor. The photoreactor is shown with the light in its
‘default’ position of 28cm above the reactor centerline and with some of the UV-
shielding sheets removed.
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Gas Cylinder Compo-
sition

Cylinder Sup-
plier

MFC Model

Nitrogen (N2) 100% N2 Linde MKS Mass-Flo
Controller (dry
N2); Aalborg DPC
(humidified N2)

Oxygen (O2) 100% O2 Linde Aalborg DPC

Methane (CH4)
1000 ppm CH4 in
N2

Linde Aalborg DPC

10 ppm CH4 in N2 Linde

Carbon dioxide
(CO2)

5% CO2 in Ar Linde MKS Mass-Flo
Controller

Chlorine (Cl2)

1000 ppm Cl2 in N2 GASCO Aalborg DFC

100 ppm Cl2 in N2 GASCO

20 ppm Cl2 in N2 MESA Gas

Nitric oxide (NO) 200 ppm NO in N2 MESA Gas Aalborg DPC

Ammonia (NH3) 200 ppm NH3 in N2 GASCO Aalborg DPC

Toluene
(C6H5CH3)

100 ppm C6H5CH3

in N2

GASCO Aalborg DPC

Hydrogen sulfide
(H2S)

50 ppm H2S in N2 GASCO Aalborg DPC

Table 4.2: Gas tanks used in Cl2 experiments.

An electrochemical Cl2 sensor (Membrapor Cl/C-200 with a gas cap for flow sam-

pling) was situated just downstream of the reactor. The sensor was attached to a

Membrapor analog transmitter board, which generated a 4-20mV signal read by a

LabJack U6 data acquisition board. At the beginning of the experimental campaign,

the sensor was calibrated against a 100 ppm Cl2 standard tank (GASCO) and verified

that the MFC setup accurately and repeatably generate the desired Cl2 concentra-

tions, as well as that the light-off Cl2 concentrations upstream and downstream of the

reactor were the same. While Cl2 readings were quite stable within any one experi-

ment, we found that the readings drifted slightly over time. This could be due in part

to the Cl2 sensor’s strong sensitivity to the absolute pressure within the system, which

varied slightly from experiment to experiment due to factors like the level of liquid

in the NaOH bubbler. To allow for this variation, we used the 30 ppm Cl2 flowed by

the MFC setup as a de facto calibration during each run, allowing us to adjust the
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Cl2 sensor’s readings (in mV) to Cl2 concentrations (in ppm). Previous trials showed

the MFCs’ ability to accurately set and hold a specified Cl2 concentration.

A scrubber system downstream of the reactor and Cl2 sensor was used to remove

Cl2 and HCl from the gas stream. It consisted of a bubbler of 20 mL 1M NaOH,

a molecular sieve physisorbent (United Filtration Systems DIA-MN4A), and an ac-

tivated carbon filter (United Filtration Systems DIA-MNCC). The scrubber system

had a very small (<3%) effect on CH4 and CO concentrations; hence, those gasses

could be sampled continuously while the gas passed through the scrubbers. To allow

for sampling of other gasses such as CO2 whose concentrations were affected by the

bubbler and filters, the gas temporarily bypassed the scrubber system and went di-

rectly to the analyzers. The bypass was used for ∼10 minutes in every trial (∼10% of

time on-stream) so as to expose the analyzers to Cl2 and HCl for only short periods

of time, which was confirmed safe by the manufacturers.

A mass flow meter (Aalborg DFM) was sited just upstream of the gas analyzers

to check for leaks in the system. Gas analysis used a Picarro G2210-i cavity ring-

down spectrometer and an MKS MultiGas 2000 FTIR spectrometer. The Picarro

instrument provided CH4 measurements with tens-of-ppb precision for up to 35 ppm

CH4, as well as CO2 and H2O concentrations, at 1Hz frequency. We disconnected the

Picarro whenever CH4 concentrations >35 ppm were expected. We configured the

MKS instrument to scan for CO, CO2, CH4, H2O, CH2O, CH2O2, NO, NH3, HCl,

and CH3Cl. It sampled once every 12 seconds, with a detection limit of ∼500 ppb for

most gasses.

Table 4.4 outlines the steps in a standard Cl2-GPAO trial. For each experimental

condition, a desired inlet gas composition was set and the UV light was cycled on and

off while measuring the change in gas concentrations exiting the photoreactor. While

the light was on, the scrubber system was bypassed for 10 minutes in order to sample

the full range of gasses exiting the reactor. Bypassing the scrubber had a negligible

effect on the measured CH4 concentration. We report the CH4 conversion (-∆CH4),

as well as the production of CO and CO2. No experiment showed significant infrared

signals of other C1 products such as formaldehyde (CH2O) or formic acid (CH2O2).
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Step Action Time before next step

1 Set MFCs 10 min

2 Sample baseline CH4 and Cl2 5 min

3 Turn light on 15 min

4 Bypass scrubber 5 min

5 Sample other gasses 5 min

6 Un-bypass scrubber 5 min

7 Sample converted CH4 and Cl2 5 min

8 Turn light off 10 min

Repeat steps 1-8

Table 4.4: Steps in a standard Cl2-based CH4 conversion experiment.

4.3.1 Lessons Learned in Apparatus Design

Working with Cl2 required various adjustments to the system that we used for our

experiments with photocatalysts. The most important lesson was that, in the presence

of moisture, Cl2 adsorbs on any metal pipe fittings and fails to pass downstream. This

led to an initially baffling situation in which Cl2 gas entered the system but failed to

reach the photoreactor. If we flowed 30 ppm of Cl2 in dry N2 through a metal fitting we

would measure 30 ppm of Cl2 downstream, but then if we humidified the gas stream

to 30% RH, the measured Cl2 concentration would sharply decline and approach

zero. We attributed this effect to the condensation of Cl2 and HCl-containing water

droplets on the metal fitting surfaces.

Our solution was to remove any metal pipe components between the point where

the Cl2 and the humid gas mixed and the point where the Cl2 concentration was

measured. We replaced all Swagelok compression fittings with plastic barb fittings

and all metal and PTFE tubing with vinyl hoses. We replaced our initial photoreactor

design, which was a glass tube with metal fittings on the ends, with a custom-made

all-glass photoreactor with hose barb connections. Following these changes we had

no problem getting consistent Cl2 measurements throughout the reactor system.

The other aspects of the system were fairly straightforward. The gas supply

assembly and infrared gas analyzers were largely the same as in the photocatalyst

experiments, with the addition of some extra flow controllers for additional co-fed

gases. Using calibration gas tanks rather than custom full-sized gas tanks proved to
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be a very easy way to test many different gases with relatively short lead times. The

electrochemical Cl2 sensors proved very stable and reliable, so long as we were careful

not to flood them with excessive concentrations of chlorine, which we learned could

permanently damage them.

4.3.2 A Typical Experiment with 30-ppm CH4

Figure 4.5: Chlorine-based gas-phase advanced oxidation of CH4. Base-case experi-
ment co-feeding 30 ppm CH4, 30 ppm Cl2, 20% O2, 1% H2O (∼35% RH), and balance
N2 into the reactor inlet. Time series are shown of gas concentrations measured at
the reactor outlet during two cycles of turning the UV light off/on.

In our base-case experiment, we observed Cl2-GPAO to rapidly oxidize methane,

converting 62% of the 30 ppm inlet CH4. We chose 30 ppm because it is the highest

CH4 concentration detectable by our more sensitive cavity-ringdown gas analyzer. It

is also in the middle of the range of CH4 source concentrations that are of practical

interest to us. Fig. 4.5 shows the time series of gas concentrations at the reactor

outlet for this trial. When the light was turned on, Cl2 and CH4 are removed while

CO, CO2, and HCl were produced. Due to its tendency to condense on and react

with analyzer components, we could not accurately quantify HCl and it is not shown.

The other gases’ decomposition and production rates are repeatable across many

on/off cycles of the light. We initially chose a 1:1 Cl2-CH4 ratio because it had been
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previously used in literature [120], but that value would also later turn out to be the

best Cl2-CH4 ratio for achieving high CH4 conversions while wasting as few Cl• as

possible.

4.3.3 Chlorine Radical Counting Methodology

In experiments like the one above, it is useful to know how the production rate of

chlorine radicals (Cl•) compares to the oxidation rate of CH4. If all the 30 ppm of Cl2

in the reactor were photolyzed instantaneously, one would have 60 ppm of Cl•. This
is unlikely to occur without a vast excess of UV light, begging the question of what

fraction of Cl2 does photolyze into Cl• during its transit of the reactor. One cannot

answer that question by simply measuring the outlet Cl2 concentration during a CH4

oxidation experiment. This is because in some cases a substantial fraction of Cl•
recombines into Cl2, which would cause some photogenerated Cl• not to be counted.

This subsection details how we overcome this issue to accurately know the budget of

available Cl• under a given reaction conition.

In our reactor, the amounts of CH4 converted and byproducts produced have units

of micromoles per minute. However, the changes in concentrations of gases across the

reactor are measured in ppm. For some gas X, these quantities are related by the

equation:

ΦX = Kreactor ·∆[X] (4.1)

Where Kreactor is the molar flow rate of gas through the reactor in moles/minute,

∆[X] is the change of concentration of X in ppm, and ΦX is the net production of X

in micromoles/minute.

The productions of reaction intermediates like Cl• also have units of micromoles

per minute, but since they are also consumed, there is no change in their concentration

across the reactor. However, for convenience, we can define the ‘Total Cl• production’

(Cl•produced) that has units of ppm:

Cl•produced = ΦCl• ÷Kreactor (4.2)

This can also be interpreted as the amount of Cl• that would be measured if all
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photogenerated Cl• were to accumulate to be measured at the reactor outlet, rather

than being consumed rapidly as occurs in actuality. For example, in the base-case

experiment above, it will turn out that Cl•produced=51.2 ppm. This amount of Cl• is

able to oxidize 17.1 ppm of CH4.

As stated above, Cl•produced cannot be estimated from ∆[Cl2] under reaction condi-

tions because a substantial fraction of Cl• recombines to Cl2. Avoiding this situation

requires supplying a radical scavenger that will react with essentially all Cl• before

it is able to recombine. Prior studies have used nitrosyl chloride and vinyl bromide

as radical scavengers, both of whose products are detectable at very low quantities

and both of which generate few if any byproducts.[221, 222] Alternatively, a high

concentration of a reducing agent such as H2 or CH4 can be used to scavenge all of

the available Cl• for a given inlet Cl2 concentration and the change in the Cl2 concen-

tration can be observed.[223] Since our system uses high concentrations of Cl2 that

can easily be detected with electrochemical sensors, we used the latter approach.

Our radical-counting experiments aimed to determine Cl•produced as a function of

the inlet Cl2 concentration for the full range of Cl2 concentrations used in our exper-

iments. In each, we performed a light-on/light-off cycle on a gas mixture containing

some concentration of Cl2, 1.25% CH4, 20% O2, ∼1% H2O, and balance N2. The

great excess of CH4 guaranteed that every Cl• generated would encounter many CH4

molecules before encountering another Cl•, making the chlorine atom much more

likely to participate in CH4 oxidation and eventually become HCl than to recombine

with another Cl• and become Cl2. A total flow rate of 200 mL/min was used for all

radical-counting experiments, except in the experiments to calculate Cl•produced under

alternative residence times.

With negligible recombination, the total Cl• production in the reactor is twice the

Cl2 conversion (−∆Cl2) measured at the electrochemical chlorine sensor:

ΦCl•([Cl2,inlet]) = −2 ·Kreactor ·∆Cl2|inlet Cl2, excess CH4 (4.3)

Cl•produced([Cl2,inlet]) = −2 ·∆Cl2|inlet Cl2, excess CH4 (4.4)

As a concrete example, in the radical-counting experiment corresponding to the
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base case (30 ppm Cl2 and excess CH4) we observed a −∆Cl2 of 25.6 ppm, giving

Cl•produced(30 ppm Cl2,inlet)=51.2 ppm.

Fig. 4.6 shows the Cl•produced as a function of [Cl2] for the full range of [Cl2] from 1-

90 ppm. We performed linear interpolation on these data to evaluate Cl•produced([Cl2])
for any [Cl2] used in our experiments. We note that across concentrations, ∼80% of

Cl2 was photolyzed, with the rest evidently passing through the reactor without

encountering an UV photon. These values of Cl•produced will be reffered to throughout

this chapter.

Figure 4.6: Cl radical-counting. Total Cl• produced as a function of Cl2 concentra-
tion, with error bars showing two standard deviations (95% confidence intervals). The
linear trendline of these data (dashed line) was used in the experiments to evaluate
total Cl• production for the corresponding Cl2 concentration. Based on the dotted
line, showing Cl• production if all Cl2 was photolyzed to Cl•, ∼80% of Cl2 in this
reactor was photolyzed.
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4.3.4 Figures of Merit: Cl2 and Cl• Efficiencies

In each experimental condition, we report the number of CH4 molecules oxidized

per chlorine radical consumed, a figure of merit we term the “Cl• usage efficiency”

(ηCl•). This value is the quotient of the CH4 conversion, measured in a CH4 conversion

experiment, and the total Cl• production, measured in a radical-counting experiment:

ηCl• = (−∆CH4)÷ Cl•produced([Cl2,inlet]) (4.5)

Prior studies on Cl2-GPAO have reported the process’s quantum yield (defined as

moles of CH4 oxidized per mole of generated UV photons) for specific reactors, a value

that depends on ηCl• but also on the reactor size and geometry.[70, 120] In contrast,

ηCl• should be consistent across different reactors for a fixed inlet gas composition and

residence time. We show later how ηCl• can be used to estimate a scaled-up system’s

lighting costs.

Another useful value is the number of CH4 oxidized per Cl2 molecule added to the

system, a figure of merit we term the “Cl2 usage efficiency” (ηCl2). This quantity is

easily calculated from values measured during a CH4 oxidation experiment.

Figure 4.7: Chlorine-based gas-phase advanced oxidation of CH4. Base-case experi-
ment co-feeding 30 ppm CH4, 30 ppm Cl2, 20% O2, 1% H2O (∼35% RH), and balance
N2 into the reactor inlet. CH4 conversion, reaction products, and chlorine radical pro-
duction.
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Figure 4.7 illustrates these values for the same base-case experiment shown in

Figure 4.5. In that trial, 17.1 ppm of CH4 was oxidized to a mixture of CO and CO2.

The radical-counting experiment with 30 ppm inlet Cl2 found that Cl•produced=51.2

ppm. Attempting to measure Cl•produced as −2∆Cl2 would have substantially under-

counted the amount of Cl• produced. The chlorine radical efficiency (ηCl•) equals

(17.1/51.2 = 0.33). Since the inlet Cl2 concentration was 30 ppm, ηCl2 = (17.1/30) =

0.57. The same types of calculations are repeated wherever we report ηCl•) and ηCl2.

4.4 Cl2-GPAO Reaction Products

The majority reaction products of Cl2-GPAO were CO and CO2, as illustrated in

Figure 4.7. This result is consistent with previous work [120] and with the understood

reaction mechanism for this process, in which CO oxidation to CO2 by Cl• is a slow

reaction compared to Cl• attack of C-H bonds. The relative quantities of CO and

CO2 depended somewhat on reaction conditions, as we discuss later (Figure 4.9). Our

infrared spectrometer detected no formaldehyde (CH2O) or formic acid (CH2O2) in

the reaction products under any reaction conditions.

4.4.1 Screening for Chlorinated Hydrocarbons

A concern of Cl2-GPAO is the potential production of chlorinated methanes, some

of which are toxic and have ppm-level exposure limits. Prior works’ modeling of

Cl2-GPAO has suggested a 0.01% yield for each successive replacement of a hydro-

gen atom with chlorine in CH4 to create CH3Cl, CH2Cl2, CHCl3, and finally CCl4,

meaning that CH3Cl should be the most abundant.[120] To experimentally measure

chlorinated CH4 production, we screened for CH3Cl in the base-case experiment using

the EPA Method TO-15 for analysis of organic compounds in air with gas chromatog-

raphy/mass spectrometry (GC/MS).[224]

We found that Cl2-GPAO in the base-case produced only 1.0±0.3 parts per billion

of CH3Cl, well within safe levels. This is a <0.01% yield of CH3Cl given the CH4

conversion of ∼20 ppm, as expected from theory.[120] The concentration is several or-

ders of magnitude below the 8-hour workplace exposure limit of 100 ppm CH3Cl.[225]

Given CH3Cl’s 20-year global warming potential of 45, such a low concentration would
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negligibly affect Cl2-GPAO’s climate benefit.[120] The TO-15 gas analysis method

does not measure other relevant chlorinated methanes, leaving them a topic for fu-

ture measurements.

4.5 Effects of Varying the Residence Time

In the next campaign of experiments, we aimed to clarify the role of the residence time.

This value is of commercial interest because if the residence time can be shortened

and the light intensity increased without adversely affecting the reactor’s efficiency,

a relatively small reactor can be used to rapidly strip CH4 from large volumes of air.

In particular, we wished to vary the residence time while maintaining a fixed ratio of

Cl• production to inlet CH4.

To do so, as we modified the residence time by changing the total gas flow rate,

we adjusted the UV intensity until the measured Cl• production was the same as

in the base-case. For instance, when the residence time was lengthened for a given

light flux, the total Cl• production from Cl2 photolysis increased, so we reduced the

light flux until the Cl• production returned to its baseline value (∼50 ppm of Cl•
production during the gas’s residence in the reactor).

In the base-case with the 3-minute residence time, the 50W LED panel was po-

sitioned 28 cm above the center of the reactor. For an 8-minute residence time, we

moved the same LED panel to an increased distance of 64 cm above the reactor. For

a 2-minute residence time, we used a more powerful 365nm LED panel suspended 28

cm above the reactor. This panel was connected directly to a DC power supply and

consumed ∼100W of electrical power. 2 minutes was the shortest residence time we

could practically test because, at higher flow rates, significant back pressure tended

to build in the tubing downstream of the reactor.

Fig. 4.8 shows the intermediate values and results of these experiments. By

varying the light intensity for a given residence time, we attempted to hold the Cl•
production constant. We then conducted a CH4 conversion trial with 30 ppm inlet

CH4, 30 ppm inlet Cl2, and ∼35% RH under the new flow rate and light intensity.

We then observed whether and how the observed CH4 conversions and Cl• usage

efficiencies varied amongst the three residence time/lighting conditions.
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Figure 4.8: Effect of residence time (RT). CH4 conversion shown by blue bars, and
Cl• usage efficiency shown by solid olive bars. For 2 and 8 minutes residence times,
the UV light intensity was adjusted until the total Cl• production (hatched gold bars)
measured in the radical-counting procedure matched that of the base-case (RT = 3
min).

We found that varying the residence time of air through the reactor did not sig-

nificantly affect CH4 conversions given a constant total Cl• production. This result

suggests that boosting the throughput of scaled-up systems by using higher light

intensities and shorter residence times may not necessarily reduce the ηCl• of the sys-

tem. Given the practical limitations on our setup’s light intensity and flow rate, we

were unable to test residence times shorter than 2 minutes, although residence times

of 1 minute or less would likely be of interest in a full-scale Cl2-GPAO system.

4.6 Effects of Varying Inlet Cl2, CH4, and H2O

As we increased the inlet Cl2 concentration in successive experiments with all other

parameters held constant, the observed CH4 conversion rose, although beyond a 1:1

inlet Cl2-CH4 ratio there were diminishing returns of CH4 oxidized per Cl2 supplied

(Fig. 4.9(a)). The CH4 conversion increased linearly with inlet Cl2 concentrations

between 10 and 30 ppm, then increased more slowly as the Cl2 concentration was

raised further. The highest ηCl• was observed for inlet Cl2 concentrations of 10-30

ppm, with 30 ppm of Cl2 giving both a high ηCl• and high CH4 conversion, leading

to our default choice of 1:1 Cl2-CH4 ratios for most experiments. Applying our input
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cost model to the results of this sweep revealed that the condition with 30 ppm of

Cl2 (i.e., 1:1 Cl2-CH4 ratio) would have the lowest Cl2 and lighting cost per unit of

CH4 oxidized (Table S3), further justifying that choice.

As the inlet ratio of Cl2 to CH4 increased, the balance of products shifted from

CO to CO2. This is consistent with the reaction pathways laid out in Krogsbøll,

et al.[120] In this system, Cl• reacts rapidly with compounds containing C-H bonds

such as CH4 and CH2O, eventually producing CO that cannot be reacted in the same

way. Still, with additional Cl• present, a slower reaction generates the intermediate

ClCO which becomes CO2 through one of several pathways that regenerate Cl• or

Cl2. Clarifying the exact mechanism at work is beyond the scope of this study, but

the results suggests that Cl• may also have a catalytic role in oxidizing CO to CO2.

The measured Cl2 conversion was consistently ∼1.25 times the CH4 conversion

regardless of the inlet Cl2 concentration or the Cl• production (Fig. S2.2). This result

likely reflects that any Cl• that attacks a C-H bond ends up as HCl, but otherwise

is quenched back to Cl2, either by directly recombining with another Cl• or as part

of the CO-to-CO2 conversion process. Even where our radical-counting procedure

showed very high Cl• production (e.g., 77 ppm of 90 ppm inlet Cl2 photolyzed to

Cl•), the Cl2 conversions in the experiment with 30 ppm inlet CH4 remained low (34

ppm), suggesting that most of the additional available Cl• eventually recombined to

Cl2.

Varying the inlet CH4 and Cl2 in a fixed proportion to one another did not sub-

stantially change the percent CH4 conversion, product yields, or Cl• usage efficiency

(Fig. 4.9(b)). In the 1:1 sweep experiments the composition of the products, ∼70%

CO and ∼30% CO2, remained unchanged, as did the ∼60% CH4 conversion. ηCl•

changed fairly little across the inlet CH4 concentrations >10 ppm, though it began

to fall at low CH4 concentrations, as we discuss further below. These results suggest

that, at least for inlet CH4 concentrations >10ppm, the percent conversions and ηCl•

measured at 30 ppm inlet CH4 can likely be used at other inlet CH4 concentrations

so long as the ratio of CH4 to other gases is the same. We also found that varying

the inlet gas’s moisture from 5% to 60% relative humidity (RH) had a minimal effect

on the product composition and ηCl• (Fig. 4.9(c)).

Fig. 4.10 shows the divergence between Cl2 conversion and total Cl• production
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Figure 4.9: Parametric studies from base-case. (a) 10-90 ppm Cl2 while holding fixed
30 ppm CH4 and 35% RH. (b) 5-90 ppm CH4 and Cl2 at a 1:1 ratio while holding
fixed 35% RH. (c) 5-60% RH while holding fixed 30 ppm CH4 and 30 ppm Cl2.

from experiments varying inlet CH4 and Cl2 (same experiments as Figs. 2a and 2b).

In each case, available Cl• increases in proportion to the inlet Cl2 concentration.

However, moving to the right of subplot (a), as all the CH4 is consumed, Cl• recom-

bines into Cl2 rather than reacting with C-H bonds. Thus the Cl2 conversion tapers

off, diverging from the Cl• production. ηCl• drops as this difference becomes larger.

In subplot (b), the inlet CH4 concentration is increased in tandem with the inlet

Cl2 concentration, so the CH4 is never entirely depleted and Cl• continue to mainly
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Figure 4.10: Effect of varying inlet CH4 and Cl2 concentration on Cl2 conversion and
Cl• production. (a) Effects of varying the inlet Cl2 concentration with a fixed inlet
CH4 concentration of 30 ppm. (b) Effect of varying CH4 and Cl2 concentrations
together in a fixed 1:1 proportion. Cl• production is measured using the radical-
counting procedure and is scaled by 0.5 to make it fit on the left axis.

react with C-H bonds rather than recombine. Thus, the Cl• and -∆Cl2 lines do not

diverge.

4.7 Effects of Co-Fed Gases

In our next experimental campaign, we tested the effects of four gaseous contaminants:

ammonia (NH3), hydrogen sulfide (H2S), toluene (C6H5CH3), and nitric oxide (NO).

The first three may be present at ppm-levels at emissions sources on which Cl2-GPAO

might be deployed, such as dairy barns and sewers.[226, 227] We used toluene as a

proxy for volatile organic compounds. NO was of interest for its potential to aid CH4

oxidation through reactions with intermediate hydrocarbons and from the assistance

of generating OH•.[120] We conducted four CH4 conversion experiments, each varying

the concentration of one contaminant gas while keeping base-case values for the inlet

Cl2, CH4, and humidity.

Increasing the amount of each contaminant gas caused the CH4 conversion to
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Figure 4.11: Effect of contaminants. Change in concentration is shown on the left
axis, and ηCl• is shown on the right axis. Error bars show two standard deviations
(95% confidence intervals). (a) 1-50 ppm ammonia (NH3). (b) 0-15 ppm toluene
(C6H5CH3). (c) 0.5-12.5 ppm hydrogen sulfide (H2S). (d) 0.5-15 ppm nitric oxide
(NO). Dashed lines show the changes for CH4, CO, and CO2 in purple, aqua, and
pink, respectively. The dotted olive line shows the ‘Cl• usage efficiency’ (ηCl•)

decrease, with toluene causing the sharpest decrease followed by H2S, NO, and NH3

(Fig. 4.11). These effects are likely the result of two mechanisms: (a) contaminants

reacting with Cl2 in the dark before it could photolyze under UV light; and (b)

contaminants scavenging Cl• that might otherwise have reacted with CH4. Of these

gases, NH3, H2S, and NO are known to react with Cl2 in the dark to respectively
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produce ammonium chloride or chloramine, sulfur, and nitrosyl chloride. We would

expect these reactions to decrease the overall supply of Cl2 in the reactor and thereby

of Cl• as well.[228–230] While we saw evidence of Cl2 consumption in the Cl2 sensor,

those products were produced in too small quantities to be visible or detectable. Each

contaminant may also inhibit the reaction by scavenging Cl•. The many C-H bonds

in toluene in particular make it a highly effective Cl• scavenger; the CO2 produced

from its oxidation can be seen in Fig. 4.11(b). In short, Cl2-GPAO continues to work

in the presence of moderate levels of these gases, whose effects we explore further in

the following section.
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Scenario CH4

ppm
Cl2
ppm

Ar
%

CO2

ppm
O2

%
NH3

ppm
H2S
ppm

C6H5CH3

ppm
N2 RH

%
Ref.

Atmosphere 1.9 1.9 425 0.8 20 -- -- -- bal. 35 [231]

Dairy Barn 50 50 1000 1.9 20 25 5 1 bal. 35 [226, 232–
235]

Sewer 300 300 1000 1.9 20 25 5 1 bal. 55 [227, 236–
238]

Table 4.6: Gas mixtures used in the application-based experiments. The Cl2 concen-
tration was chosen to maintain an inlet Cl2-CH4 ratio of 1:1.

4.8 Application-Based Experiments

In our final Cl2-GPAO experimental campaign, we tested Cl2-GPAO using gas mix-

tures representative of three ‘application-based,’ real-world deployment scenarios.

Variants of Cl2-GPAO have been discussed as a possible tool for atmospheric CH4

removal, so we conducted an experiment on simulated atmospheric air with 1.9 ppm

CH4. Additionally, agricultural facilities and wastewater treatment plants release sub-

stantial amounts of low-concentration (<1,000 ppm) CH4 and are, as such, possible

candidates for eventual Cl2-GPAO deployment. We focused on dairy barn ventilation

air and sewer headspace as representative gas streams from these industries, choosing

typical gas concentrations from the literature. Toluene was again used as a represen-

tative volatile organic compound. Table 4.6 shows the gas compositions used in the

three experiments, with a 1:1 Cl2-CH4 ratio used throughout. We note that Ar and

CO2 were supplied from the same tank, so their concentrations are coupled, causing

the Ar concentrations to be slightly different from air’s true value of ∼0.9%.

The reactor setup was modified slightly to allow for the simulated experiments

on atmospheric, dairy barn, and sewer headspace. To the existing setup with flow

controllers for dry and humid N2, O2, CH4, and toluene, we added three additional

flow controllers attached to cylinders of 50 ppm H2S in N2, 200 ppm NH3 in N2, and

5% CO2 in Argon. We re-routed all N2 and O2 flow through the water bubbler in

order to achieve higher relative humidities. In the sewer gas experiment, we used a

Cl2 sensor suitable for higher Cl2 concentrations (Membrapor Cl/C-2000).
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Figure 4.12: Application-based experiments for atmospheric methane, a dairy barn,
and sewer gas. (a) CH4 conversion (left axis) and ηCl• (right axis) for each application.
Error bars show two standard deviations (95% confidence intervals).

All three application-based experiments representing real-world deployment sce-

narios showed substantial CH4 conversions; however, these conversions and the as-

sociated ηCl• were each somewhat lower than in the base-case. This result can be

explained by a combination of contaminant and concentration effects (Fig 4a). The

barn air experiment’s percent CH4 conversion and ηCl• were only ∼10% worse than

in the previous experiment with similar inlet CH4 and Cl2 but without contaminants

(Fig. 4.9(b); 45 ppm CH4), showing that the contaminants had an overall modest ef-

fect. The sewer gas experiment’s percent CH4 conversion was about two-thirds lower

than the barn air experiment’s percent CH4 conversion, despite having a lower ratio

of contaminants to CH4. The percent CH4 conversion and the ηCl• on the simulated

atmospheric air were around half that in the base-case. These values were lower

than those seen in the 1:1 Cl2-CH4 experiments at 5 ppm and 10 ppm inlet CH4 and

Cl2, continuing the trend in Fig. 4.9(b) of lower ηCl• at lower inlet CH4 and Cl2

concentrations.
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4.9 Conclusion

In summary, we found that Cl2-GPAO was able to rapidly convert dilute CH4 across

a range of operating conditions. After testing a variety of inlet Cl2-to-CH4 ratios,

we learned that a 1:1 ratio gave a high (62%) CH4 conversion while avoiding Cl•
wastage, so we suggest using this ratio as a default for future studies. We made, to

our knowledge, the first measurement of Cl• consumption in a Cl2-GPAO reactor,

finding that a minimum of 3 Cl• were consumed per CH4 oxidized. We found the

process to behave similarly at a variety of humidities, residence times, and inlet CH4

concentrations (with equimolar inlet Cl2). We also found the production of CH3Cl

in our base-case to be extremely small (∼1 ppb), suggesting that chlorinated CH4

production may not be a critical barrier to safe deployment, at least for this chemical

species.

We also discovered the process of Cl2-GPAO to be fairly resilient to the gas-phase

contaminants H2S, NH3, NO, and C6H5CH3. Low levels of the contaminants did not

greatly affect CH4 conversions and Cl• usage efficiencies compared to the base-case,

although sufficient levels of each contaminant gas caused the CH4 conversion to drop

by half or more. This result was due to contaminants either scavenging Cl• or reacting

with Cl2 before it could photolyze. We additionally conducted application-based

experiments with gas mixtures representing three possible Cl2-GPAO deployment

locations – the open atmosphere, a barn, and a sewer – finding that in each case, the

percent CH4 conversion was substantial although lower than in the base-case. These

results suggest that Cl2-GPAO can likely work in many real-world settings so long as

the contaminants are not present in comparable concentrations to the CH4 itself. The

fact that the “open atmosphere” experiment showed a relatively Cl• efficiency despite

the absence of contaminants is surprising, and is worth replicating in a smog chamber

or larger reactor to rule out the possibility of wall effects or ppb-level contaminants

in our gas tanks.

Much like with the photocatalyst work, our intent in collecting these data was to

inform simple but accurate cost models that can shed light on whether Cl2-GPAO is

likely to be commercially viable in real-world settings. We take up that task in the

following chapter.
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5.1 Introduction

As with the photocatalyst research, the goal of our chlorine campaign was to combine

experiments and cost modeling to understand whether and where Cl2-GPAO could

be a practical CH4 mitigation solution. My collaborators and I planned our Cl2

experiments to measure figures of merit that would be key inputs for any cost model

of a scaled-up system. The two main such metrics were ηCl2 and ηCl•. Our next task

was to build a cost model to give a lower bound on the cost of a full-size Cl2-GPAO

system in various scenarios. The key cost drivers that we wished to include were the

Cl2 supply, lighting hardare and electricity, and gas-scrubbing equipment to remove

Cl2 and HCl downstream of the Cl2-GPAO reactor.

Despite ongoing commercialization efforts on Cl2-GPAO [70], few cost modeling

results for the process have yet been published. The process’s developers mainly

report the CH4 conversion and the apparent quantum yield (AQY) for each iteration

of their reactor, with the latest reactor at the time of writing reaching CH4 conversions

>95% and quantum yields as high as 1.5%. A recent preprint reported a modeled

cost of $500/tCO2e or, using CH4’s GWP-20, $40000/tCH4 for the current iteration

of the reactor. However, the methodology behind this estimate was not explained.

In private conversations, the process’s developers have noted that clients seem

more interested in a high percentage of CH4 destruction than on a low cost per ton

of CH4. This likely reflects that “99% less methane!” makes for a better slogan on

a milk carton than “60% less methane at $2000/tCH4!”. It likely also reflects that

milk’s unit economics may create a relatively high cost tolerance per ton of CH4, as

discussed in Chapter 1 Section 1.2.3. However, as the process scales, we suspect that

unit economics will become an ever more critical criterion for adoption.

We have tailored our cost model to reflect current scale-up efforts in several ways.

Commercialization efforts to date have focused on CH4 from livestock, so we made

sure to include barn air as one of our cost modeling scenarios. Efforts have also

focused on packaging units in standard shipping containers for transport, so our

plot of modeled reactor sizes includes 20 and 40-foot shipping container lengths for

reference. Demonstrations to date have used on-site electrochemical Cl2 generators

that were manufactured for swimming pool sanitation, so we included these devices

among other options in our range of modeled Cl2 sources.
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5.2 Modeling Reactor Sizes and Efficiencies

Before modeling the costs of this system, we wished to explore the general effects of

reactor size on key assumed values. In particular, the fraction of Cl2 that undergoes

photolysis (∆Cl2) and the fraction of UV photons that are absorbed by Cl2 molecules

(ηreflectors) are two key assumptions that strongly influence modeled costs. If the

former is too low, more inlet Cl2 is required to produce a given quantity of •Cl. If the
latter is too low, more electricity and lighting hardware are required to do the same.

Although both of these efficiencies can be pushed arbitrarily high in an arbitrarily

large reactor, designing a reactor of finite size requires tradeoffs in one or both of

them. In a small reactor with internal reflectors, the number of reflections per meter

of optical path length is higher, so the fraction of light lost to reflector inefficiencies is

greater than in a larger reactor. In a reactor of a given size with a lower Cl2 conversion,

the average Cl2 concentration over the length of the reactor is greater (since the Cl2

concentration ranges from, say, 50 to 10 ppm rather than from 50 to 1 ppm). Thus,

a reactor with lower Cl2 conversion has a greater average rate of photon absorption

by Cl2 per meter of optical path length, causing a greater fraction of photons to be

absorbed by Cl2. In short, one can make a reactor smaller by accepting either a

lower Cl2 conversion (essentially a lower ηCl2) or a lower photonic efficiency (a lower

ηreflectors, as we term it, and a lower AQY). To inform the ηreflectors and ηCl2 that we

assume in our models, it is useful to understand how these values relate to reactor

size at different inlet Cl2 concentrations.

5.2.1 UV-Cl2 Absorption Model with Internal Reflection

We built a simplified 1-dimensional model of Cl2 absorption in an internally-reflective

photoreactor to gain intuition around this issue. For simplicity, the model assumes

that the Cl2 concentration is radially uniform and drops exponentially from the spec-

ified inlet Cl2 concentration to the specified outlet Cl2 concentration. The model

assumes that the UV light is generated at one end of the reactor and travels only in

the axial direction, with some fraction getting absorbed by Cl2 as it transits the re-

actor and the remainder hitting a reflector at the opposite end. We discuss reflection

modeling further below.
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The model computes UV absorption on a single pass by discretizing the reactor’s

length into 100 cells. In each cell, we compute the fraction of the UV light that is

absorbed by Cl2. Let that fraction for the ith cell be αi. Let ACl2 be the absorption

cross-section of a Cl2 molecule, which at 365nm is 8.4 · 10−24 m−2 per molecule.[239]

Let Lcell be the length of each cell, one fiftieth of the length of the modeled reactor.

Suppose the cell has a frontal area Acell (m
2) and let its volume be Vcell (m

3).

Vcell = Acell · Lcell (5.1)

A mole of gas at standard conditions takes up 22.4L, so a cubic meter of air

contains (1000/22.4) = 44.6 moles of gas. Let [Cl2] be the concentration of Cl2 in the

cell in ppm. The number of Cl2 molecules, nCl2, in the cell is therefore:

nCl2 = Acell ·Lcell · (44.6 moles/m3) · (6.022 ·1023 molecules/mole) · ([Cl2] ·10−6) (5.2)

The total frontal area presented by Cl2 molecules in the cell, Aabsorption (m2), is

therefore:

Aabsorption = ACl2·Acell·Lcell·(44.6 moles/m3)·(6.022·1023 molecules/mole)·([Cl2]·10−6)

(5.3)

Using the definition of the absorption cross section, the fraction of light absorbed

by Cl2 in the cell is therefore:

αi = Aabsorption ÷ Acell (5.4)

We note that the above relation is only valid for a sufficiently thin cell, such that

a fairly small fraction of the light is absorbed. We increased the number of cells until

the results converged (i.e., adding more cells did not change the model outputs),

finding 100 cells to be a good number.
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αi = ACl2 · Lcell · (44.6 moles/m3) · (6.022 · 1023 molecules/mole) · ([Cl2] · 10−6) (5.5)

Let αpass be the fraction of light that is absorbed by Cl2 on a single pass through

the reactor. Then, accounting for the Cl2 absorption in all the cells:

αpass = 1− Π100
i=1(1− αi) (5.6)

The light is modeled to reflect back and forth between the ends of the reactor.

On each pass, some fraction of light absorbed by Cl2 and some is absorbed by the

reflector afterwards, with the remainder passing back through the reactor in the

opposite direction. After 50 modeled reflections, the vast majority of the light has

been absorbed, and we tally and report the fractions of light absorbed by Cl2 and lost

to reflector inefficiencies. The one-dimensional model assumes that light only travels

axially through the reactor; accounting for 3-dimensional absorption and reflection

would be considerably more complex.

A wrapper takes a desired ηreflectors and repeatedly calls the above model with

a given inlet Cl2 concentration and outlet Cl2 concentration, increasing the reactor

length until the desired ηreflectors is reached. Thus, the final output is the reactor

length required to ensure that a given fraction of photons are absorbed by Cl2 for a

given inlet Cl2 concentration and a given Cl2 conversion.

5.2.2 Model Outputs for Reactor Size

Figure 5.1 shows the outputs of this modeling exercise. Each colored line can be

understood to embody “target” values for ∆Cl2 (Cl2 conversion) and ηreflectors (per-

cent UV absorption by Cl2 as opposed to reflector loss). Five of the lines assume

PTFE reflectors that reflect 93% of incident UV light and one assumes cheaper alu-

minum reflectors that only reflect 80%.[240] The x-axis shows the Cl2 concentration

at the reactor inlet; the reactor outlet Cl2 concentration is determined by the as-

sumed ∆Cl2. The y-axis shows the reactor length that is required in order to achieve

the desired target value ηreflectors for the specified ∆Cl2, inlet Cl2 concentration, and

reflector materials. As the targets for ηreflectors and ∆Cl2 get higher and as the inlet
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Cl2 concentration gets lower, the required reactor size increases.

Figure 5.1: Relationships between chlorine photoreactor size and efficiencies. Each
plotted line represents a desired ∆Cl2 (Cl2 conversion) and ηreflectors (percent UV ab-
sorption by Cl2 as opposed to reflector loss) as well as a certain reflector material.
The y-axis shows the modeled length of reactor required to achieve those metrics
for the inlet Cl2 concentration indicated on the x-axis and for the reflector material
specified.

Several conclusions arise from this plot. Although it would be economically bene-

ficial, achieving both 90% ∆Cl2 and 90% ηreflectors requires very large reactors at inlet

Cl2 concentrations below 300 ppm. Reactors larger than 2 TEU shipping contain-

ers would be rather impractical to mass-produce and deploy. Thus, assuming 90%

∆Cl2 and 90% ηreflectors for low CH4/Cl2 concentrations would be unrealistic in our

later cost models. For low (∼30%) CH4/Cl2 concentrations, values of ∼50% for both

may be more realistic. These values should be treated as very rough estimates; it

is quite possible that real-world photonic efficiencies are far lower than these due to

unmodeled loss mechanisms.

For our modeling purposes, based on Figure 5.1 we select different ∆Cl2 and

ηreflectors values for different inlet Cl2 concentrations. For the scenarios with 50 ppm

inlet Cl2, we model ∆Cl2 = 75% and ηreflectors = 50%. For the scenarios with 100 ppm

inlet Cl2, we model ∆Cl2 = 75% and ηreflectors = 75%. For the scenarios with 300 ppm

inlet Cl2, we model ∆Cl2 = 75% and ηreflectors = 90%.
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5.3 Structure of the Cl2-GPAO Cost Model

Our Cl2-GPAO cost model included the costs of reagent (Cl2 and NaOH) supply,

lighting hardware and electricity, and gas-scrubbing equipment. We chose to exclude

the photoreactor capital and air-circulation costs because they are highly complex to

model, likely requiring multiparameter optimizations like those in Chapter 3. Addi-

tionally, since the Cl2-GPAO reactor is a hollow optical cavity with a low pressure

drop, we expected those costs to be small compared to the cost drivers listed. We

felt that modeling Cl2, lighting, and gas scrubbing would provide a good floor on Cl2-

GPAO’s costs in the envisioned configuration, sufficient to rule out its use in certain

scenarios, and that this would be a useful contribution to discourse on dilute CH4

mitigation. As is always the case, more detailed and accurate cost models can and

should be built in the future.

5.3.1 Assumed Reagent, Electricity, and LED Prices

There are a number of different plausible scenarios for reagent supply with widely

varying prices, summarized in Figure 5.2(a). The main required reagent is Cl2 for

the photoreactor, but sodium hydroxide (NaOH) is also required for the acid gas

scrubber. Because NaOH must always be replaced in stoichiometric proportion to the

number of Cl atoms scrubbed (whether as Cl2 or HCl), and because some Cl2 supply

strategies co-produce NaOH for free and some do not, it makes sense to consider

NaOH prices in this section as well.

The cheapest way to obtain Cl2 is to buy it directly at its point of production,

which is usually an industrial-scale chlor-alkali plant. We obtained low and high

Cl2 prices from a document published by the European trade association for chlor-

alkali plant operators.[125] Chlor-alkali plants co-produce NaOH along with Cl2 in

stoichiometric proportion, so no additional NaOH price must be considered.

Although few if any CH4 point sources are colocated with chlor-alkali plants, Cl2

can also be transported in liquefied form to its point of use. Bulk liquefied Cl2 is

routinely sold for use in wastewater treatment[241] and we include low and high

prices for Cl2 prices taken from wastewater plants in California.[242] In this case,

NaOH must also be delivered. NaOH prices of around $300 per ton are typical,
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which accounting for the scrubbing reaction stoichiometry equals an additional $340
of NaOH required per ton of Cl2 used.

Figure 5.2: Costs of chlorine and electricity in different scenarios. NaOH is included
here because it must be supplied to the scrubber in equal proportion to the system’s
Cl2 consumption and because only some Cl2 supply strategies require the separate
delivery of NaOH.

An alternative that avoids the transport of toxic chemicals is to electrochemically

generate Cl2 on-site. Self-contained electrolyzers that produce Cl2 from salt water

are commercially available for use in large saltwater swimming pools, which (unlike

wastewater plants) typically do not require enough chlorine to justify liquefied Cl2

infrastructure. They also co-produce NaOH, avoiding the need for NaOH delivery.

Swimming pool Cl2 generators have been used for existing Cl2-GPAO field trials.[70]

We compared several online vendors’ offerings and found a representative capital
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cost to be $26000 for a system generating 10 kg of Cl2 per day (3.65 tons of Cl2

per year).[243, 244] It appears that costs scale linearly with daily Cl2 capacity; i.e.,

there are not substantial cost efficiencies larger pool electrolyzers. At a 1:1 Cl2-CH4

feed ratio, the 10 kg per day unit would supply enough Cl2 to mitigate 2.3 kg of

CH4 per day, equal to about 10 cows’ CH4 production. Applying a capital recovery

factor of 0.15 gives a levelized capital cost of $1070/tCl2. These devices use about

4.4kWh/kgCl2, which we use to calculate their electricity costs.[245]

Finally, Cl2 could be generated on-site by the reaction of industrial bleach (sodium

hypochlorite; NaOCl) with hydrochloric acid (HCl) as follows:

NaOCl + 2HCl → Cl2 +H2O+NaCl (5.7)

These aqueous reagents are somewhat easier to transport than liquefied Cl2, al-

though they are still hazardous.[241] Drums of 12.5% NaOCl cost between $1 and

$4 per gallon, with each gallon containing 0.57 kg of NaOCl, which according to

the reaction above generates 0.54 kg of Cl2.[242] This gives an NaOCl cost range of

$1850-$7400/tCl2. Additionally, 33% HCl costs about $100 per ton.[246] Thus, one

ton of HCl costs $300 and helps produce 1.0 ton of Cl2. The HCl cost is therefore

an additional $300/tCl2. NaOH for scrubbing must also be delivered, contributing

another $340/tCl2. This gives a total range of $2490-$8040/tCl2.
According to these estimates, liquefied Cl2 delivery is the lowest-cost option for

sites that are not colocated with a chlor-alkali plant. On-site electrolysis is moder-

ately cost-effective and might prove more practical given the challenges of Cl2 delivery.

On-site Cl2 generation from NaOCl and HCl appears not to be cost-effective. For sim-

plicity in later models, we distill these various Cl2 (and, in some cases, NaOH) prices

into a “Low Reagent Price” of $1000/tCl2 a “High Reagent Price” of $2000/tCl2.
Each price includes all reagents (whether Cl2, NaOH, NaOCl, or HCl) associated

with adding 1 ton of Cl2 at the reactor inlet. Reagent costs in the $250-$500/tCl2
range are only possible on-site at large chlor-alkali plants and so are only considered

for one scenario related to atmospheric CH4 removal.

Electricity prices (levelized costs of electricity, or LCOE; $/kWh) can also vary

widely. A deployed Cl2-GPAO unit would most likely pay an industrial electricity

tariff. In the point-source CH4 control scenarios, we consider two LCOEs, also shown
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in Figure 5.2(b). The “Low LCOE” assumes an electricity price of $0.10/kWh, a

typical industrial rate for the American midwest. The “High LCOE” assumes an

electricity price of $0.20/kWh, a typical industrial rate for California or Europe.[247,

248] For only the low-range chlor-alkali Cl2 price (the uppermost bar in 5.2(a)), we

modeled a “Very Low LCOE” of $0.04c/kWh, since such plants sometimes have direct

access to large-scale hydropower or other renewables.[125]

We model ultraviolet LED costs in the same manner as Chapter 3. Dividing

a state-of-the-art UV LED’s purchase price ($5 [204]) by the product of it power

consumption (1.6 kW [204]) and their lifetime (50000 hours [205]) gives a levelized

LED hardware cost of $0.074/kWh. Thus, lighting hardware contributes 27-43%

of the cost of the “lighting subsystem,” with the remainder consisting of purchased

electricity.

5.3.2 Relating Efficiencies to Cl2 and Lighting Costs

The next task is to calculate the costs of reagent supply and lighting on a per-ton-CH4

basis. To do so, we must use ηreflectors, η•Cl and ηCl2 to calculate the amount of CH4

oxidized per unit of added Cl2 or input electricity.

Calculating the lighting cost begins with the following expression for the mass of

CH4 oxidized (TCH4; metric tons CH4) as a function of the amount of energy added

in the form of UV photons (Elight; kJ). “γ” refers to UV photons and “#” refers to

the number of a given species in moles.

TCH4 = Elight · ηreflectors · (#γ/kJ) · (#Cl•/#γ) · (CH4/#CH4) · ηCl• (5.8)

We assume a reflector efficiency (ηreflectors) of 90%.[193] Since 1 mole of 365 nm

photons contains ∼340 kJ of energy, (#γ / kJ ) = (1 mole photons / 340 kJ).[193] We

assume that the quantum yield of Cl2 photolysis is 1, meaning that (#Cl• / #γ) =

(2 moles Cl• / mole photons). Additionally, (tCH4 / #CH4) = (1 tCH4 / 62340 moles

CH4). ηCl• is the number of CH4 molecules oxidized per chlorine radical consumed,

as defined previously. The above expression simplifies to:
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TCH4 = E light · (8.49 · 10-8CH4/kJ) · ηCl• (5.9)

To express the amount of CH4 oxidized in terms of the electrical energy used

(Eelectrical; kWh), we account for the efficiency of the LED (ηLED), which we assume

to be 60%.[193] We also convert from kJ to kWh.

TCH4 = Eelectrical · ηLED · (3600kJ/kWh) · (8.49 · 10−8tCH4/kWh) · ηCl• (5.10)

TCH4 = Eelectrical · (1.83 · 10−4tCH4/kWh) · ηCl• (5.11)

Eelectrical = TCH4 · (ηCl•)
−1 · (5450kWh/tCH4) (5.12)

Lighting costs (Clighting; $) are the sum of the assumed electricity price (LCOE ;

$/kWh) and the LED hardware cost ($0.074/kWh). Therefore:

C lighting = TCH4 · (ηCl•)
−1 · (5450kWh/tCH4) · ($0.074/kWh+ LCOE) (5.13)

We then turn to computing the reagent cost (C reactents; $/tCH4).

ηCl2 is defined as the mole ratio of CH4 converted to Cl2 added at the reactor inlet.

The following equation expresses what mass of Cl2 must be added to the reactor in

order to oxidize a certain massof methane:

TCl2 = TCH4 · (ηCl2)
−1 · (1 tCl2 /14100 moles Cl2) · (62340 moles CH4/tCH4) (5.14)

Where TCl2 is the mass of chlorine added to the reactor in metric tons, Preagents

($/tCl2) is the assumed cost of all reagents (e.g, Cl2 and NaOH) per ton of Cl2

introduced into the reactor, and ηCl2 is the mole ratio of CH4 converted to Cl2 added

at the reactor inlet.
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Creagents = TCl2 · Preagents (5.15)

Creagents = TCH4 · (ηCl2)
−1 · Preagents · (4.42 tCl2/tCH4) (5.16)

Wherever reagent or lighting costs are reported, Equations 5.13 and 5.16 are

evaluated for a unit mass of CH4 (TCH4=1 tCH4).

5.3.3 Modeling Cl2 and HCl Scrubbing Costs

We modeled the cost of the HCl and Cl2 scrubber using an existing cost model

produced by the U.S. Environmental Protection Agency (EPA). The model is called

the “Air Pollution Control Spreadsheet for Wet and Dry Scrubbers for Acid Gas

Control”.[249] It exists to facilitate a fair and uniform process for determining whether

polluters must install acid gas scrubbers on their industrial facilities. The model

allows the user to tune numerous parameters to produce cost estimates that are

accurate for their use case. Its output is a scrubbing cost per unit volume of air

processed. The “wet scrubber” sub-model within the spreadsheet is intended for use

with HCl and Cl2. The model does not discriminate between HCl and Cl2; it only

considers the total inlet and outlet concentratrions of both gases.

All inputs in the wet scrubber model were left at their default values except for

the inlet Cl2+HCl concentration, outlet Cl2+HCl concentration, electricity price, and

sodium hydroxide (NaOH) price. The inlet Cl2+HCl concentration varied with the

different scenarios that we modeled. Based on our experiments, we assumed that 75%

of the Cl2 entering the photoreactor eventually became 2HCl and 25% remained as

Cl2. For instance, in the case with 100 ppm inlet Cl2, we modeled a scrubber-inlet

Cl2+HCl concentration of 175 ppm. The outlet concentration of Cl2+HCl is fixed

at 12 ppm based the relevant EPA emissions limit.[250] We note that the scrubber

cost is not very sensitive to the outlet concentration; for example, specifying an

outlet concentration of 1 ppm does not substantially raise the cost per tCl2 scrubbed.

The electricity price varied by scenario as described above. Finally, since the NaOH

consumed by the scrubber is included in the reagent costs as described above, the

NaOH price in the EPA model is set to zero.
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We used the Pycel package to allow us to access the spreadsheet’s functionality

using Python code.[251] Finally, we added logic downstream of the model to compute

the cost per m3 of air processes into a cost per ton of Cl2/HCl scrubbed and a cost

per tCH4 mitigated (for a given ηCl2).

5.4 Total Cl2-GPAO Costs in Different Scenarios

The outputs of the Cl2-GPAO cost model for a number of different scenarios are

shown in Figure 5.3. We consider five different CH4 point sources: three ideal

(contaminant-free) CH4 streams of different CH4 concentrations and realistic (con-

taminanted) streams from a dairy barn and a wastewater treatment plant. The ideal

streams contain 50, 100, and 300 ppm CH4; the dairy barn stream has 50 ppm CH4;

and the wastewater treatment plant stream has 300 ppm CH4. For each CH4 source,

we consider scenarios with low and high reagent and electricity prices. Finally, we

consider open-air Cl2 release for atmospheric CH4 removal, as discussed in Chapter

1, Section 1.2.4. This system involves no lighting or scrubber, so we only consider

scenarios with very low, low, and high Cl2 prices.

The different components of the modeled costs are calculated as described in the

previous sections. In all cases, we modeled a 1:1 Cl2-CH4 feed ratio, since that was

what we used throughout our experiments. We use our own measured values of ηCl2

and η•Cl from Chapter 4. The values for the barn and wastewater treatment plant

are from the application-based trials. The values for the ideal cases are from the

contaminant-free experiments that varied Cl2 and CH4 in a 1:1 ratio. To make the

scenarios more consistent, for the 50 ppm ideal scenario we used ηCl2 and η•Cl values

from the experiment with 45 ppm CH4, and for the 100 ppm and 300 ppm ideal

scenarios we used the values from the 90 ppm experiment (our highest-concentration

contaminant-free experiment). We judged using efficiencies measured at different CH4

concentrations to be a valid approximation because, for a fixed 1:1 inlet Cl2-CH4 ratio,

we observed those efficiencies to be largely independent of inlet CH4 concentrations.

Our assumed values of ηreflectors and ∆Cl2 are informed by the reactor size model

described above. For the scenarios with 50 ppm inlet Cl2, we model ∆Cl2 = 75% and

ηreflectors = 50%. For the scenarios with 100 ppm inlet Cl2, we model ∆Cl2 = 75% and
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Figure 5.3: Chlorine-based CH4 oxidation costs in different scenarios. Results are
shown for ideal (contaminant-free) CH4 streams at 50, 100, and 300 ppm and for
realistic (contaminated) CH4 streams from a barn at 50 ppm and a wastewater treat-
ment plant (WWTP) at 300 ppm. For each source, we consider scenarios with low
and high reagent and electricity prices, as discussed above. We also consider atmo-
spheric CH4 removal (AMR) via open-air Cl2 release, considering the same low and
high reagent (Cl2) costs as the other CH4 sources as well as one scenario with an
even lower Cl2 price. A cost target of $8000/tCH4 is shown as a benchmark (dotted
horizontal line).

ηreflectors = 75%. For the scenarios with 300 ppm inlet Cl2, we model ∆Cl2 = 75% and

ηreflectors = 90%.
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In all cases for point-source Cl2 mitigation, the modeled Cl2-GPAO costs exceed

our $8000/tCH4 benchmark. Only the most optimistic scenario for an ideal 300-ppm

CH4 source comes relatively close ($13000/tCH4). All modeled costs greatly exceed

the $1000-$3000/tCH4 range that we feel would indicate a truly scalable process. The

modeled values for the ideal 50-ppm source ($27000/tCH4-%39000/tCH4) and the

realistic barn ($35000/tCH4-$50000/tCH4) are generally consistent with the single

published cost estimate of $40000/tCH4 ($500/tCO2e) for a scaled-up Cl2-GPAO

process.[70]

In all cases, the reagent (mostly Cl2) supply and the acid gas scrubber are the

largest contributors to the cost. The reagent and lighting costs depend weakly on

the source CH4 concentration but are higher in the realistic scenarios. This behavior

occurs because the experimentally-measured Cl2 efficiencies do not depend strongly

on the source CH4 concentration but decrease when contaminants are present. In

contrast, the scrubber cost rises at lower inlet CH4 concentrations. This is because

scrubbers have an approximately constant cost per volume of air throughput but

the required air throughput per tCH4 oxidized increases in inverse proportion to the

source CH4 concentration. Because contaminants also decrease the amount of CH4

oxidized per unit air throughput, they increase the effective cost of the scrubber on

a per-tCH4 basis.

The “open-system” atmospheric Cl2 release values at the far right of Figure 5.3

looks somewhat more promising, though we strongly emphasize the safety and social-

license challenges of this approach. The best-case atmospheric Cl2 release scenario had

a modeled cost of only $2700/tCl2, by far the lowest of any scenario. This strategy’s

low costs arise for two reasons. First, the system uses sunlight for photolysis, avoiding

the need for LEDs or electricity, and does not involve a Cl2 scrubber, eliminating

two major cost components. Second, since atmospheric CH4 removal can be done

anywhere, such a system could have access to cheap Cl2 at its point of industrial-scale

production. Thus, Cl2 costs in the $250/tCl2-$500/tCl2 range are possible, since Cl2

liquefaction or less-efficient on-site Cl2 generators are not necessary. As discussed in

Chapter 1, the net flux of acidic Cl2 and HCl into the atmosphere would still need

to be mitigated even if their concentrations are too low to be acutely hazardous;

strategies to do so have not yet been developed.
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The modeled Cl2 release costs per tCH4 are subject to substantial uncertainties.

Measuring ηCl2 and η•Cl at only 2 ppm CH4 and Cl2 is quite challenging and pushed

the limits of our small flow reactor setup. For reasons that are unclear to us, the

measured radical efficiencies at 2 ppm CH4 were about half those measured at all

higher CH4 concentrations (5-90 ppm), an effect that could be explained by trace

reducing contaminants in our gas supply. It is quite possible that the true efficiencies

at 2 ppm CH4 are higher than those we measured and modeled, which would cause

our modeled costs to be too high. On the other hand, since a released plume of Cl2

would simultaneously diffuse, react with CH4, and participate in complex atmospheric

chemistry processes, the measurements from a flow reactor containing a uniform 2

ppm CH4 and Cl2 may be inaccurate. While our results are tentatively promising,

further modeling and experiments are therefore necessary.

5.5 Conclusion

This chapter’s results cast some doubt on the large-scale commercial prospects of

Cl2-GPAO. Once the costs of gas scrubbing, lighting, and the supply of Cl2 to remote

field sites are accounted for, the modeled costs in all scenarios substantially exceed the

range of CH4 mitigation costs that we feel would be most transformative for global

emissions. In particular, existing discourse on Cl2-GPAO has somewhat neglected the

costs of acid gas scrubbing on dilute gas streams, which rather negates the benefit

of a Cl2-GPAO photoreactor with a negligible pressure drop. Cl2 supply at actual

field sites is likely to be several times more expensive than posted Cl2 “commodity

prices” that exclude delivery, making it easy to underestimate the costs of Cl2 supply

or generation.

Even so, only the real-world scale-up efforts already under way can answer whether

Cl2-GPAO is viable at scale. Engineering improvements in the process may reveal

our modeled costs to be overestimates. Sectors like dairy, at least in some markets,

may have an appetite for Cl2-GPAO’s costs. It would be an excellent outcome for

global CH4 mitigation if our cost models were proven wrong. In any case, Cl2-GPAO

is far closer to cost-effective dilute CH4 mitigation than is photocatalysis.
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Finally, our model still allows for the possibility of cost-effective open-air Cl2 re-

lease for atmospheric CH4 removal, as discussed in Chapter 1, Section 1.2.4. Such an

approach is appealing because it can be sited wherever energy and/or Cl2 are cheapest,

in involves no scrubbers or LEDs, and it does not require any site-specific engineer-

ing for particular CH4 sources. However, many uncertainties remain regarding the

effectiveness of the open-air •Cl-CH4 oxidation chemistry and regarding unintended

environmental impacts.
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6.1 Introduction

Hydrogen peroxide (H2O2) may also be able serve as a radical precursor in a gas-phase

advanced oxidation process. We refer to such a process as H2O2-GPAO. Gaseous hy-

drogen peroxide photolyzes into two hydroxyl radicals (OH•) and can oxidize methane

according to the following reactions:

H2O2 + hv254 nm → 2OH• (6.1)

OH •+CH4 → H2O+ CH3• (6.2)

Further reactions that convert •CH3 to CO and CO2 are not shown. Although

the photolysis reaction can proceed with light wavelengths as large as 555 nm, the

quantum yield for OH• is higher at lower wavelengths, and we chose to use 254 nm

light.[123] Gaseous OH• is responsible for the vast majority of CH4 oxidation that

naturally occurs in the bulk atmosphere. Hydrogen peroxide vapor is also commonly

used as a disinfectant in medical settings.[252]

The great appeal of H2O2-GPAO is that, unlike in Cl2-GPAO, no scrubbing pro-

cess would be needed downstream of the photoreactor. As we found in the previous

chapter, downstream scrubbers are quite costly, so avoiding the need for one is quali-

tatively appealing. In Cl2-GPAO, each C-H attack by Cl• produces HCl which must

be removed downstream; the unused Cl2 precursor must also be scrubbed. In H2O2-

GPAO, each C-H bond attach by OH• would produce only H2O. Unused H2O2 vapor

is far milder than Cl2 and would rapidly break down in sunlight or upon contact with

surfaces to eventually produce H2O.

As shown in the Sankey plot in Figure 4.1 in Chapter 4, preliminary estimates

showed that H2O2-GPAO could plausibly be cost-effective. If H2O2 costs $400/ton,
each H2O2 produces 2 OH•, and each OH• oxidizes 0.15 CH4 molecules, it would

take $2840 of H2O2 to oxidize one ton of CH4. $400/ton is representative of current

global H2O2 prices using the incumbent carbon-intensive H2O2 process, which uses

fossil-derived hydrogen (H2) as a feedstock.[253, 254] However, cost modeling studies

have found that H2O2 could be electrochemically synthesized at a similar cost.[219]

The number 0.15 CH4 per OH• is an average value over the entire atmosphere.[255]
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A key question that we wished to explore was whether H2O2-mediated CH4 oxidation

in a flow reactor would exhibit a CH4-oxidized-per-OH• value greater than or less

than that observed in the bulk atmosphere.

At the outset of this chapter’s research, we identified plausible reasons that this

value might surpass or fall short of the open-air value of 0.15 CH4 per OH•. On

one hand, we reasoned that perhaps in the atmosphere background levels of CO and

volatile organic compounds scavenge the few available OH•, competing with CH4

for limited oxidizing capacity. In a flow reactor, any trace CO or organics might be

rapidly depleted by the far higher density of OH•, leaving a regime in which CH4

is the main available OH• scavenger. On the other hand, it was also plausible that

the high density of OH• in a reactor would cause OH• to quench with itself or other

radicals rather than react with CH4. Given the complex reaction networks at play

involving numerous reactive oxygen species, as well as our limited experience with

atmospheric chemistry modeling, we felt that experiments would be the best way to

resolve this uncertainty. We found the latter of these scenarios to prevail in reality.

6.2 Experimental Setup and Reactor Qualification

Our setup for H2O2-GPAO is shown in Figures 6.1 and 6.2. The setup was consid-

erably simpler than that for Cl2-GPAO, as it was intended to test a smaller range

of conditions. The non-precursor gas supply system included mass flow controllers

(MFCs) for only CH4, dry N2, and O2. The precursor gas supply system was a single

MFC controlling a flow of dry N2 that was directed through a bubbler containing

50% aqueous H2O2 solution. The gas flowed through a quartz photoreactor lit by a

low-pressure mercury lamp, an electrochemical H2O2 sensor, a Fourier-transform in-

frared (FTIR) spectrometer, and a cavity ringdown spectrometer. These components

are described in detail below.

The H2O2 bubbler was necessary because, unlike Cl2, H2O2 vapor is too unstable

to be sold in gas tanks. The vapor pressure of 50% H2O2 solution at room temperature

is about 50 Pa, corresponding to a gas-phase equilibrium concentration of (50 Pa ÷
101325 Pa ≈ 500 ppm).[256] The bubbles never appeared to reach their equilibrium

concentration, exiting the bubbler with an H2O2 concentration of about 60 ppm,
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Figure 6.1: Schematic of the experimental setup for CH4 oxidation with hydrogen
peroxide.

evidenced by a measured H2O2 concentration of about 30 ppm after the stream from

the bubbler was diluted by an equal proportion of dry air. Diluting the stream from

the bubbler directly after the bubbler exit proved important to avoid issues with

condensation.

Our experiments used a total flow rate of 600 mL/min. This value, substantially

higher than the ∼200 mL/min used in the chlorine experiments, was necessary to

minimize variations in H2O2 concentration throughout the system due to H2O2 stick-

ing to internal walls. This flow rate resulted in a residence time of about 1.5 minutes,

half that used in the Cl2-GPAO experiments but, as we later verified, still long enough

for plenty of light absorption and H2O2 photolysis to take place. We used a 10% O2

concentration (using the maximum flow rate of our O2 MFC) and a 30 ppm CH4

concentration (the maximum measurable by our more sensitive spectrometer). 300

mL/min of the N2 flow was directed through the bubbler to generate an H2O2 con-

centration of around 30 ppm. The balance gas was dry N2. H2O from the bubbler
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resulted in a final relative humidity of about 40%.

The photoreactor itself was a quartz vessel lit from both sides by a pair of low-

pressure mercury lamps. The vessel was a tube, 5 cm in diameter and 45 cm in length,

with rounded ends capped with hose barbs to mate with silicone tubing. Its internal

volume of approximately 900 mL gave us the residence time of 1.5 minutes with the

flow rate of 600 mL/min. Each of the UVC lights was a “30W UV Sanitizer Light”

manufactured by COOSPIDER UV with a nominal emissions peak of 254nm. As

shown in Figure 6.2, two such lights were placed parallel to the reactor at a distance

of around 5 cm, ensuring a strong dose of UVC light throughout the reaction volume.

The lights were connected to the same power strip and were controlled in tandem via

a serial-connected AC relay.

The gas analysis setup consisted of the same infrared spectrometers used in the

previous chapters. The MKS MultiGas 2000 FTIR spectrometer could be run in one

of two modes corresponding to different cavity temperature setpoints, one measuring

only H2O2 and H2O and one measuring CH4, CO2, CO, and H2O. In most of our

experiments, used it in H2O2-measuring mode and relied on the Picarro g2210-i cavity-

ringdown spectrometer to measure CH4, CO2, and H2O.

We also experimented with an electrochemical H2O2 sensor, which was a Mem-

brapor H2O2/MB-100 with a flow-sampling cap attached to a Membrapor analog

transmitter board, which generated a 4-20mV signal read by a LabJack U6 data ac-

quisition device. However, as is discussed in the next section, we found the FTIR

spectrometer to be a better tool for measuring H2O2 concentrations and therefore

omitted the electrochemical H2O2 sensor from the final setup.

6.2.1 Lessons Learned in Apparatus Design

As in our early experience with Cl2, getting a steady stream of H2O2 into our reactor

proved to be less trivial than we expected. The initial symptom was a lack of a

signal at the electrochemical H2O2 sensor even when placed directly downstream of

the bubbler. We initially tried heating the bubbler (to boost the vapor pressure of

H2O2), using fresher hydrogen peroxide (in case it had degraded in storage), and

replacing the electrochemical sensor, none of which fixed the issue. We then replaced

all the vinyl tubing in our system with silicone tubing based on a previous paper’s
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Figure 6.2: Images of the final reactor and bubbler setup for CH4 oxidation with
hydrogen peroxide. The top and bottom-left images show different angles of the
same components. The UV shielding has been removed for visibility. The two UVC
mercury lamps are controlled by the same relay and always operate in tandem. The
infrared spectrometers are not shown.
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suggestion, which helped somewhat.[257] After isolating different sections of tubing,

we also found that metal fittings were condensing or reacting H2O2, as they did

with Cl2. We herefore removed all metal from the system upstream of the infrared

spectrometer (whose inlet contained unremovable metal fittings). Finally, since higher

flow rates mitigate wall effects’ contribution to downstream gas concentrations, we

used the 600 mL/min flow rate mentioned above.

Though we initially planned to use the electrochemical H2O2 sensor as our main

H2O2 measurement, we ultimately found infrared measurement of H2O2 to be easier

and more reliable. The electrochemical sensor required regular calibration with SO2,

since H2O2 calibration tanks are unavailable and the bubbler effluent’s H2O2 concen-

tration is not predictable enough to use as a calibration standard. Its measurements

were also sensitive to pressure, with pressure drops throughout the system elevated

by the high flow rate. The electrochemical sensors’ transmitter boards also sometimes

experienced a “saturated” state in which the measured voltage got stuck at a high

reading and failed to note drops in the H2O2 concentration for 10 minutes or more.

As a result, the electrochemical sensor was sometimes useful for measuring percent

changes in H2O2 concentrations, but we generally found the FTIR spectrometer to

be better at reliably measuring both absolute H2O2 concentrations and percent H2O2

conversions. Additionally, the electrochemical sensor’s manufacturer advised us not

to run the FTIR H2O2 method downstream of the electrochemical sensor because the

sensor consumes some amount of H2O2, which would have caused the FTIR’s reading

to be inaccurate. As a result, for our final exeriments we exclusively relied on the

FTIR spectrometer for H2O2 measurement.

With all of these improvements and, we were able to observe stable tens-of-ppm

H2O2 concentrations throughout the system downstream of the bubbler, with agree-

ment between the infrared and electrochemical H2O2 measurements.

6.3 Initial Attempts at H2O2-GPAO

Our experiments on H2O2-GPAO spanned several months and went through many

iterations. Throughout this period, the high-level apparatus design remained the

same: a bank of flow controllers, including one connected to an H2O2 bubbler; a



CHAPTER 6. EXPERIMENTS WITH HYDROGEN PEROXIDE 148

reaction vessel lit by an ultraviolet light; and sensors measuring CH4, H2O2, and

other effluent gases. Also, the general type of experiment remained the same: cycling

the UV light and hoping to observe H2O2 and CH4 conversion. However, at no point

in the campaign did we observe any CH4 oxidation.

With each successive negative result, we continued to modify the setup in order to

eliminate possible engineering failure modes and isolate the failure to the underlying

H2O2-GPAO chemistry. The results of our final experiments in our best reactor

iteration, in which H2O2 underwent photolysis but no CH4 was oxidized, are presented

in the next subsection. This subsection briefly narrates the work that led to that

reactor setup and those results.

Our investigation of H2O2-GPAO began with an illusory observation of CH4 ox-

idation that proved upon examination to be an artifact of our flow controller setup.

In these experiments, the CH4 concentration appeared to drop when H2O2 was added

under continuous illimination. However, upon closer examination we discovered that

one of our flow controllers was slightly miscalibrated. The miscalibration caused the

CH4 stream to be diluted by about 10% when we switched from dry nitrogen to

nirogen passing through the H2O2 bubbler. This dilution created the appearance of

CH4 oxidation (i.e., a dip in the CH4 concentration time series). Recognizing this

issue, in all subsequent tests, we kept the setpoints of all flow controllers constant

and only used light on/off cycles to check for CH4 oxidation.

After resolving the above issue, we then observed no CH4 oxidation upon light

cycling in the nominal presence of H2O2 (i.e., with half of the total gas flow passing

through the H2O2 bubbler). We then focused on ensuring that H2O2 was actually

reaching the reactor and transiting the system without sticking or condensing any-

place. This effort resulted in the lessons above about using silicone tubing, avoiding

metal fittings, ensuring high flow rates, and allowing long stabilization times for the

H2O2 signal. We also began using the infrared spectrometer to complement and even-

tually replace the electrochemical H2O2 sensor. These adjustments made us confident

that we could reliably achieve the desired tens of ppm of H2O2 in the reactor.

However, after those adjustments, CH4 oxidation remained elusive. We also ob-

served no H2O2 conversion under illumination (i.e., no drop in the H2O2 signal on

either the electrochemical sensor or infrared spectrometer). This led us to suspect
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Figure 6.3: Early experimental results for CH4 oxidation with hydrogen peroxide.
This experiment was conducted with a different reaction vessel than our final setup
and is included mainly for narrative purposes. Refer to the later Figure 6.4 for this
chapter’s main results. In this plot, the violet-shaded regions denote times when
the UVC light was on. The left-hand side of the plot used the FTIR with a cavity
temperature of 50°C to measure H2O2. The right-hand side of the plot used the FTIR
with a cavity temperature of 191°C to measure CH4 and CO2 and the electrochemical
sensor (“Elec.” in the legend) to measure H2O2. Between minutes 100 and 340, we
were varying the gas flows and/or ramping the FTIR cavity temperature such that
the CH4 and CO2 concentration measurements were either unavailable or not useful.

that our reaction tube vessel was not as UVC transparent as we had believed. We then

tried a number of vessels that we had in our lab. Although commercially-available

quartz tubes were a clear option, mating them to the rest of the system without metal

components proved challenging. Also, their small diameters necessitated very short

residence times, while we wished to maximize the residence time in order to boost

any H2O2 or CH4 conversion to measurable levels.

We eventually obtained a quartz vessel with hose-barb fittings that resolved these

issues. Because the lab from which we borrowed it had used it in UVC-driven wastew-

ater treatment experiments, we knew it was UVC transpoarent. In this vessel, we
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finally observed H2O2 conversion under UVC illumination, though still no CH4 was ox-

idized. A time series from this experiment is shown in Figure 6.3. In this experiment,

we verified H2O2 conversion under illumination with both the FTIR spectrometer

and the electrochemical sensor before later switching to exclusive use of the FTIR

spectrometer for that purpose. Neither the FTIR or cavity-ringdown spectrometer

showed any CH4 conversion.

Finally, we considered the possibility that this vessel (although it appeared com-

pletely clean and clear) had residual organics on its interior that were scavenging pho-

togenerated OH• and preventing its reaction with CH4. The vessel also had an irreg-

ular shape consisting of a cylindrical shell surrounding an empty cavity. We worried

that its large internal surface area might exacerbate wall-related radical quenching.

To eliminate these possible failure modes, we ordered a custom-made quartz reaction

vessel consisting of a single hollow tube with hose barbs on the ends, a geometry

similar to that of the vessel used in our Cl2-GPAO experiments. This completed our

“final” reactor setup that was pictured in Figure 6.2.

6.4 No CH4 Oxidation in Our Final Reactor Setup

With the setup built and validated to the best of our abilities as shown in Figure 6.2,

we conducted a final series of H2O2-GPAO experiments. While we observed a fairly

stable baseline reactor-outlet H2O2 concentration and reliable H2O2 conversion under

UVC light, in no case did we observe statistically signficant CH4 conversion.

Time series from one such experiment are shown in Figure 6.4. The experiment

included four UVC light on-off cycles with a gas mixture containing 30 ppm CH4,

25-30 ppm H2O2, and about 40% relative humidity. During each light-on period, we

observed a ∼30% drop in the H2O2 signal, indicating successful UVC-light-induced

H2O2 photolysis.

During the light-on periods, neither spectrometer observed any CH4 oxidation.

In particular, the cavity ringdown spectrometer is extremely sensitive and in the

photocatalysis experiments was able to observe <0.05 ppm CH4 conversion, which

for 30 ppm inlet CH4 would be an 0.15% conversion. However, no CH4 conversion

whatsoever was seen, despite careful analysis of the spectrometer’s signal. From
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Figure 6.4: Final experimental results for CH4 oxidation with hydrogen peroxide. In
this experiment, the outlet H2O2 concentration was measured with the MKS Instru-
ments FTIR spectrometer while CH4 and CO2 concentrations were measured with the
Picarro cavity ringdown (CRD) spectrometer. Shaded regions indicate times when
the UV light was turned on, during which the H2O2 signals decreased but the CH4

signals did not, even upon very close examination of the CH4 signal. The CO2 signal
reflects physisorbed CO2 offgassing from the reactor under UVC light, as occurred
in each of our reactors, rather than the oxidation of CH4 or any other organic com-
pounds.

these results, we conclude that the underlying H2O2-GPAO chemistry is not effective

at oxidizing dilute CH4, at least not in the configuration that we originally envisioned

(tens of ppm CH4; roughly equimolar H2O2 and CH4). Some possible reasons for this

ineffectiveness are outlined in the next section.

A few ppm of CO2 were released from the reactor when the UVC light turned on,

which we attribute to UV light driving adsorbed CO2 off internal surfaces. Similar

small CO2 signals were observed in the photocatalysis and Cl2 experiments.
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6.5 A Kinetic Basis for H2O2’s Poor Performance

Prior literature on OH•’s various reactions helps to explain why H2O2-GPAO fails

to oxidize CH4 where Cl2-GPAO succeeds. In particular, it is useful to compare the

rates of the desired radical reactions (OH• + CH4; Cl• + CH4) with those of the

undesired radical-quenching reactions. These rates are well-known and are tabulated

in databases for purposes of atmospheric chemistry modeling.[258, 259] Given the

complexity of processes involving OH•, whose presence gives rise to a number of

reactive oxygen species (ROS), these kinetic considerations were not grounds to a

priori discount H2O2-GPAO; in other words, the process was still well worth tresting

experimentally. However, in their light, our results are not entirely surprising.

One factor, as mentioned in Chapter 4, is that OH• has a much lower rate constant

than Cl• with respect to CH4. The rate constant of the Cl•-CH4 reaction at standard

conditions is about 1 · 10−13cm3/molecule · s, while that of the OH•-CH4 reaction is

about 6 ·10−15cm3/molecule · s, slower by a factor of ∼17.[258] If there were few other

sinks for photogenerated OH•, this might not be a problem, since OH• would simply

persist longer and eventually react with CH4. However, in reality, other OH• sinks

do exist.

Another factor is the far faster self-recombination of OH• compared to Cl•.
The rate constant of the Cl•-Cl• recombination reaction at standard conditions

is about 5 · 10−13cm3/molecule · s, while that of the OH•-OH• reaction is about

6 · 10−11cm3/molecule · s.[259] Thus, the rate constant of OH• recombination is ∼40

times higher than that of Cl•.
Additionally, unlike in the Cl2 system where essentially all Cl• either attacks a

C-H bond or recombines to Cl2, H can be quenched in ways other than recombination

to H2O2. In particular, OH• and H2O2 can react to form HO2• according to the

following reaction:

OH• +H2O2 → H2O+HO2• (6.3)

This reaction has a rate constant of 2·10−12cm3/molecule·s, 2 orders of magnitude

greater than that of the OH•-CH4 reaction.[258] With comparable levels of CH4 and

H2O2 present (tens of ppm of each), HO2 production would proceed more rapidly than
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CH4 oxidation. HO2• can then react with OH• according to the following reaction,

ending the radical chain:

OH• +HO2• → H2O+O2 (6.4)

The presence of the two reactions above explains why radical precursor conversion

(i.e., H2O2 conversion) is observed even when no C-H bond activation (i.e., CH4

oxidation) takes place (Fig. 6.4). This stands in contrast to Cl2-GPAO, in which Cl•
recombination is the main radical-quenching pathway, so Cl2 conversion is observed

if and only if Cl• scavenges H from reducing molecules like CH4.

These phenomena can explain why OH• oxidizes CH4 in the open atmosphere but,

unlike Cl•, fails to do so in a flow reactor. In open air with 2 ppm CH4, about 15%

of OH• end up reacting with CH4.[218] However, in our flow reactor experiment, the

CH4 concentration is only 15 times higher than in the atmosphere, while the rate of

OH• generation and the concentration of hydrogen peroxide are each many orders of

magnitude higher. For the latter case, the reactor uses∼30 ppm of hydrogen peroxide,

while the steady-state concentration in the upper troposphere is on the order of 1

ppb.[260] Thus from atmosphere to reactor, the rate of the OH•-OH• and OH•-H2O2

reactions increases much more than the rate of the OH•-CH4 reaction. Consequently,

in the reactor a very small fraction of OH• ends up reacting with CH4. In the case

of Cl2-GPAO, radical recombination still competes with C-H bond attack for the

available budget of Cl•. However, evidently Cl• recombination is slow enough that

Cl• mostly attachs C-H bonds rather than recombining, even at the relatively high

steady-state Cl• concentrations needed for flow reactors with few-minute residence

times.

6.6 Conclusion and Future Possibilities

In this campaign of work, we attempted to iterate our system to give H2O2-GPAO

the best possible chance of working. However, we consistently failed to observe CH4

oxidation despite observing H2O2 photolysis under UVC light. Our final negative re-

sult appears to reflect key challenges with the underlying gas-phase chemistry rather
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than issues with our particular implementation of the reactor system. In short, unde-

sired radical-quenching reactions appear to scavenge all OH• before it has a chance

to attack CH4.

At the time of writing, we do not see a clear next step to take towards a practical

H2O2-GPAO flow reactor of the type we originally envisioned (i.e., using ppm-level

H2O2 to mitigate ppm-level CH4). Since no CH4 conversion whatsoever was ob-

served—not even a fraction of a percent—it is unlikely that simply extending the

residence time or slightly adjusting other system parameters would achieve a sub-

stantial fraction of CH4 conversion. Even if boosting the light flux, extending the res-

idence time, increasing the inlet H2O2 concentration, or applying even more sensitive

instruments did result in some detected CH4 oxidation, the photon-to-oxidized-CH4

efficiency would likely be quite low. While it is possible that a vast excess of OH•
would oxidize a useful fraction of CH4, H2O2-GPAO would only be of interest for

scale-up if the system could achieve precursor and photonic efficiencies comparable

to those of Cl2-GPAO.

Even so, gaseous-OH•-based CH4 oxidation may prove possible in other processes

and contexts. The H2O-GPAO process (known as “VUMOX”), which generates and

splits ozone in a single photoreactor, has been shown to rapidly oxidize CH4 at a

variety of CH4 concentrations.[122] That result complicates the claim that OH•-based
reactors are ineffective on CH4, leaving room for further study. It is possible that the

presence of oxygen atoms (•O) in addition to OH• makes that process more effective

or that the absence of ppm-level H2O2 eliminates a key radical sink. It is also possible

that since every O2 and H2O molecule in air effectively acts as a radical precursor,

this system simply uses an overwhelming radical production rate to overcome kinetics-

related inefficiencies. In an entirely different direction, atmospheric H2O2 release for

CH4 removal may circumvent the kinetic issues present in H2O2 flow reactors, though

such systems’ effectiveness and practicality have been called into doubt.[124] Given

the qualitative appeal of OH• systems’ lower toxicity than Cl• systems, continued

research on these pathways would be worthwhile.
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The fields of dilute methane mitigation and atmospheric methane removal (AMR)

have evolved considerably in the last few years. When I began my doctoral research,

numerous possible strategies for both had been suggested. However, there was little

sense of how close any given approach was to practical viability. For a minority of

approaches, oxidation of dilute or 2 ppm CH4 had been observed, but in no case

had the cost of scaled-up CH4 oxidation been modeled with experimentally-observed

rates. In short, there were many approaches that appeared plausible, but no way to

judge which might actually be possible in a climate-relevant time frame.

Research in the last few years has helped to close this knowledge gap consider-

ably. Our lab’s work, including the research in this thesis, has attempted to do so for

photocatalysis, Cl2-GPAO, and H2O2-GPAO. Other researchers have been hard at

work exploring different technologies. For dilute point-source mitigation, in addition

to various lab-scale and modeling works, there have been valuable efforts to perform

field trials of new thermal oxidizers, thermal catalytic oxidizers, and Cl2-GPAO sys-

tems. In the AMR space, I find the collective effort by dozens of researchers over

several years to understand the iron-salt aerosol process to be singularly impressive.

To voice my personal opinion based on this body of work, there are fairly few tech-

nologies that I earnestly think might oxidize dilute CH4 in volumes and time-frames

useful for meeting global climate targets. The list of dilute point-source mitigation

strategies that might be cost-effective is quite short; the list of plausibly cost-effective

and socially-acceptable AMR approaches is even shorter. For the most part, the

promising point-source oxidation technologies require field trials and scale-up more

than basic science research, though I highlight some opportunities below. In contrast,

with no approaches ready for scale-up, atmospheric CH4 removal remains squarely in

the basic research stage.

7.1 Research Directions for CH4 Point Sources

The following are several areas that I believe could be fruitful for further academic

research on dilute point-source CH4 oxidation. I note that I have no firsthand expe-

rience with or particular expertise in CH4 biofilters, so their absence in this section

does not reflect any judgment for or against them.
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7.1.1 Thermal Oxidizers

As discussed in Chapter 1, regenerative/recuperative thermal oxidizers (RTOs) are

the most mature technology for oxidizing sub-flammability-limit CH4 at as low as 1000

ppm. Extending these devices’ working range to oxidize 100’s of ppm of CH4 is a

clear and promising path to better point-source CH4 oxidation. Given the prodigious

energy and input costs associated with room-temperature strategies like Cl2-GPAO,

simply using CH4’s reaction enthalpy at in an RTO becomes quite attractive. Since

the rate is determined by heat transfer to bulk air rather than CH4 mass transfer to

catalyst active sites, one would expect RTOs to be more compact and more resilient

to contaminants than thermal catalytic oxidizers.

Because RTOs are a mature industrial technology, most information on their de-

sign seems to exist within companies rather than in published literature. It is diffi-

cult to tell whether any fundamental barrier prevents them from operating at lower

CH4 concentrations. Conventional wisdom suggests that the required heat exchangers

would be too large and costly and could not achieve efficient enough heat recovery.[42]

However, this assumption is worth questioning, since it is possible that despite the

technical ability to do so there was simply no commercial need in the past to build

RTOs that could operate at 100s of ppm of CH4.

The answers to this question are likely known in industry, especially inside incum-

bent RTO manufacturers. In addition, the startup Resolute Methane is attempting

to design mass-producible, low-pressure-drop heat exchangers optimized for dilute

CH4 RTOs.[93] However, it would be useful to the field to see a clear explanation in

peer-reviewed literature of the trade-offs between CH4 concentration and RTO/heat

exchanger size, cost, and fan energy use. It might be possible to estimate these trade-

offs simply by using a chemical engineering handbook’s data on heat exchanger size,

cost, and efficiency, though perspectives from industry would be preferable. With

such knowledge as a baseline, academic research on improved heat recovery architec-

tures might also be possible.
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7.1.2 Thermal Catalytic Oxidizers

Thermal catalytic oxidizers, referred to in industry as regenerative/recuperative cat-

alytic oxidizers (RCOs), offer the prospect of thermal CH4 oxidation at temperatures

of ∼300◦C instead of 900◦C. This should make it easier to achieve the required re-

action temperature with only the reaction enthalpy of CH4 oxidation, allowing for

the use of cheaper and/or smaller heat recovery devices than an RTO. Copper-based

zeolite catalysts have been shown to oxidize a wide range of CH4 concentrations at

modest temperatures and are currently the front-runner for commercialization.[94]

Even so, RCOs are not simple “better RTOs”. In exchange for lower temperatures,

other challenges arise. In RTOs, the “active” surfaces are inert and stable ceramics

whose only job is to transfer heat. With thermal catalysts, the difficulty of absorbing

CH4 onto activie sites is a challenge, as it is with photocatalysts. Catalysts can also

be poisoned by contaminants or deactivated by humidity in ways that heat transfer

surfaces cannot.

At the time of writing, the Plata group at the Massachusetts Institute of Tech-

nology and the associated startup Moxair seem to be pursuing the clear next steps

for RCOs.[96] These include studying catalyst durability and poisoning, better quan-

tifying catalyst rates, and planning field trials with actual emitters. Although the

known category of copper zeolite catalysts can always be improved upon, most of the

critical-path work to determine RCOs’ commercial viability is already under way.

One possible direction for thermocatalyst research would be to explore metal-

organic frameworks (MOFs). In CO2 capture, enthusiasm for zeolites eventually

turned into enthusiasm for MOFs, which in theory can offer similar benefits with

even better selectivity for certain chemicals. The prospect is especially interesting

given the great difficulty of binding CH4 on traditional catalyst materials in order to

chemically activate it. Additionally, the design space for MOFs is very large, perhaps

giving more opportunities for tuning than simply loading Cu, Pd, or other metals on

zeolites. MOFs have already been used for oxidation of high-concentration CH4 to

high-value products like CH3OH and it might be interesting to see MOF specialists try

their hand at dilute CH4 oxidation.[261] On the other hand, cost-effectively producing

MOFs at scale for CO2 capture has proven difficult, so enthuasism for their use in

CH4 oxidation should be tempered.
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7.1.3 Gas-Phase Advanced Oxidation

GPAO is a very exciting field deserving of further study, our Cl2-GPAO cost modeling

results notwithstanding. The prospect of a purely gas-phase, room-temperature CH4

oxidation process is very appealing given the challenge of getting CH4 to interact

with catalyst surfaces. The purely gas-phase reaction offers very low pressure drops,

improving the economics of processing huge volumes of air. However, the inputs of

GPAO – UV light and, in most cases, chemical reagents – can become quite costly.

Whether any GPAO process for CH4 will be viable at scale is an open question.

Cl2-GPAO is the process farthest along the road to deployment. While •Cl is
highly effective at oxidizing CH4, the need for a downstream acid gas scrubber negates

some of the benefit of a catalyst-free, low-pressure-drop system. Well-instrumented

field trials of this system are under way and it is not clear that more academic

experimental work on the subject is needed at present. Though our cost model gives

some cause for concern, our results should be replicated by independent cost models

and validated to the extent possible by scale-up efforts before any final judgment is

passed on Cl2-GPAO’s commercial prospects.

Although H2O2-GPAO would be appealing because it would need no downstream

scrubbing process, our experiments found it to be ineffective at oxidizing CH4. Before

discounting the approach entirely, it might be worth replicating the result in a larger

reactor with fewer wall effects. It would also be interesting to build a detailed chem-

ical model of an H2O2-GPAO reactor containing a variety of reactive oxygen species

and reaction pathways. Such a process would help to clarify the process’s inherent

chemical limitations.

The recently-reported “VUMOX” O2-GPAO system is exciting because it requires

neither an added radical precursor molecule nor a downstream scrubbing step.[122]

Instead, O2 and H2O already in the gas stream serve as the radical precursors. This

chemistry has been shown to oxidize CH4 of various concentrations. It would be

useful to perform a combined experimental and cost modeling on O2-GPAO like we

did on Cl2-GPAO. One would need to find a way to count the number of radicals

generated and derive a radical-to-CH4 efficiency similar to our ηCl•. The main cost

to model would be that of lighting, both hardware and electricity.
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7.1.4 Product-Market Fit and Whole-System Design

Finally, I believe there is a need for researchers to go into the field and learn more

about the practical use cases for their CH4 scrubbers. In my opinion, being “ready”

to mitigate a certain CH4 source class cannot simply be equated with hitting a certain

cost target for a certain CH4 concentration (say, $8000/tCH4 at 100 ppm). Failing to

account for factors like the variability of the inlet CH4 concentration or the practicality

of generating a single CH4-laden airstream (i.e., sealing a barn or wastewater plant)

could give a falsely optimistic outlook. On the other hand, it would also be easy to

ignore opportunities for full-system design to make the CH4 scrubber’s task easier.

For instance, can the air flow in a dairy barn be slowed by half in order to double

its CH4 concentration? This is more a question of bovine health than of chemical

engineering but it would make the design of the CH4 scrubber dramatically easier.

Although researchers working on startups and/or field trials have likely learned

some of these things on an ad-hoc basis, it would be useful to collect and publish them

for the field’s benefit. A lesson of recent CH4 oxidation research is that achieving

“brute force” point source control with a scrubber that can easily and cheaply treat

any CH4 concentration above 30 ppm may not be realistic. One path forward could

be to expand the design space to include the entire scrubber-source system. For

example, we could hope to improve thermal oxidizers to mitigate 200 ppm CH4 and

also develop process controls that raise the CH4 concentration in barn’s ventilation

air from ∼ 50 ppm to 200 ppm. This might be more achievable than treating the 50

ppm CH4 stream as a given and attempting to develop a standalone machine to deal

with it (as we have tried to do).

A useful place to start this effort might be a review or perspective paper de-

scribing the detailed needs and constraints of several specific classes of CH4 point

sources. This work should include CH4 concentrations and variability, contaminant

concentrations, and typical existing flow rates. It should discuss the relative ease or

difficulty of collecting all the CH4-containing air into a single flow, as well as any ob-

vious opportunities to boost the CH4 concentration by manipulating flow rates. The

waste/wastewater, livestock, and coal sectors seem especially important to consider.



CHAPTER 7. CONCLUDING REMARKS 161

7.2 Research Directions for AMR

The outlook for many proposed AMR strategies seems rather bleak. None of the

ground-based photocatalytic approaches that we modeled appeared promising. Al-

though the photocatalyst aerosol strategy might theoretically be cost-effective with

relatively modest catalyst improvements, I feel that the associated air quality is-

sues, the similarity to aerosol-based solar radiation management, and the fact that

our “humidity-tolerant photocatalyst” is coated in a fluorinated “forever chemical”

all constitute near-insuperable barriers to real-world deployment. Research by my

labmates has shown that thermal catalysis is not useful for AMR.[42] To our knowl-

edge, no electrochemical approach has demonstrated conversion of 2-ppm CH4. The

H2O2-GPAO system about which we were hopeful appears to be ineffective at CH4

oxidation.

On a brighter note, I remain hopeful about several AMR approaches. In my

opinion, open-system Cl2 release ought to be studied further, as I discuss below.

Microbial CH4 oxidation seems promising, especially if deployed cheaply over areas of

land to enhance the natural soil CH4 sink. Iron-salt aerosols have long been a front-

runner for AMR and remain an area of intense research. Because methanotrophy

and iron-salt aerosols are each highly active fields of research in which I am neither

experienced nor knowledgeable, I do not offer research directions for either of them.

7.2.1 Open-System Chlorine Release

Open-system Cl2 release is essentially Cl2-GPAO in open air and sunlight. A tower or

tethered ballon would release Cl2 that forms a plume and eventually photolyzes to •Cl
that can oxidize CH4. Based on our reactor, near-complete photolysis would likely

take place in 10-30 minutes. This process would likely be done in remote areas of the

ocean, ensuring a ready supply of NaCl for the chlor-alkali process and also ensuring

that the Cl2-containing plume would not transit inhabited areas. The best study

to date, which modeled a uniform 1250 Tg/year Cl2 release over all ocean surfaces,

found the approach to be quite effective at oxidizing atmospheric methane.[262] That

study did not consider any side effects of doing so aside from impacts on local air

pollution.
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One concern with this strategy is the effectiveness of the core CH4-oxidizing chem-

istry in an open-air environment. A plume of Cl2 would have varying Cl2 concen-

trations and •Cl production rates throughout. Thus, although they are useful for

intuition, the efficiencies observed in a Cl2-GPAO reactor with 2-ppm CH4 and Cl2

likely cannot be straightforwardly applied. Side-reactions with nitrogen oxides and

ozone also need to be considered, especially in regions with low •Cl production rates,

as these can diminish the net CH4 drawdown and in extreme cases negate it.[130]

A key figure of merit would be the amount of CH4 oxidized per unit of Cl2 released.

A rough analysis in Chapter 1 suggested that in the model, about 1 ton of CH4

got oxidized per 3 tons of Cl2 released. For comparison, in our experiments with 2

ppm CH4 and Cl2, about 11 tons of Cl2 were needed per ton of CH4 oxidized. For

a $250/ton Cl2 price, either figure could create an economically plausible process.

However, it would be very useful to develop more accurate multiphysics model of a

Cl2 plume in atmospheric air in order to better bound this value. This would mainly

be an atmospheric chemistry and atmospheric dispersion modeling effort.

Another key concern is the net flux of acid into the atmosphere and, eventually,

nearby oceans and land. Releasing unmitigated plumes of HCl at a large scale could

cause acid rain or local ocean acidification. The question is whether this issue can be

mitigated without compromising methane-oxidizing performance. The most obvious

way to do so would be to release NaOH in equal proportion to HCl. Since NaOH

is stoichiometrically co-generated with Cl2, an open-air Cl2 release system would

already have the required amount of NaOH on hand. Releasing NaOH in the ocean

and Cl2 in the air for AMR has already been proposed in literature. NaOH could

also be released as an aerosol, which might lead it to neutralize HCl back to NaCl

more quickly. Determining whether either of these strategies could be effective would

be another complex multiphysics modeling effort that I believe would be well worth

doing.

7.3 Final Words

When I began working in this field, I was hopeful that a practical and cheap path-

way to AMR would be found. A viable AMR strategy could offset CH4 emissions
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from agriculture, waste management, and other hard-to-abate sectors, solving many

emissions sources in one fell swoop. Moreover, it could manage CH4 emissions due to

natural feedbacks and tipping points, a problem for which few other solutions exist.

Many chemical approaches for AMR had been suggested; it was now time to test

and improve them. This felt like a motivating and exciting problem for my doctoral

research.

Thus far, our hopes for a viable AMR process have not been realized. Many pro-

posed strategies appear quite unlikely to succeed. A handful remain within the realm

of possibility and are well worth pursuing. Many of the unviable AMR processes

might instead be practical as “methane scrubbers” on dilute point sources. Recog-

nizing the technical challenge of AMR, many researchers have turned their attention

to dilute point-source CH4 oxidation, as I did to some extent during the course of my

doctoral work.

However, point-source CH4 oxidation brings different challenges and solves a some-

what more limited range of problems than AMR. In theory, AMR can go anywhere

and offset any CH4 source. If we instead focus on CH4 point sources, we must ask

ourselves, “on what subset of CH4 emissions do we really think these could be de-

ployed?”. For example, only a small fraction of the world’s cows spend much of their

time in dairy barns, and even for those that do, the site-specific engineering required

to install a CH4 scrubber there is daunting. Low-concentration CH4 emitters like rice

paddies are entirely unsuitable for flow reactor-based oxidation, as are natural CH4

emisions resulting from climate feedbacks or tipping points. Researchers switching

from AMR to dilute point-source CH4 oxidation should be aware of these trade-offs.

Even so, the total amount of emissions addressable by dilute point-source oxidia-

tion is large in absolute terms. Coal mine emissions alone, about 30 megatons of CH4

per year, equal 0.6 gigatons of CO2 per year on a GWP-100 basis, about the same as

all global aviation.[33] Thus, even a “niche” solution compared to AMR could have

a large impact. Waste CH4 emissions are comparable to coal and livestock emissions

are several times larger, so even dealing with a fraction of livestock CH4 would be

significant.[42]

In conclusion, after several years of research, atmospheric methane removal re-

mains a grand challenge for climate change mitigation. Although it is surpassingly
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difficult to achieve, it would be world-changing if proven and scaled successfully. Ef-

forts towards AMR have also considerably advanced the state of the art of methane

scrubbers for dilute point sources. Whether or not AMR becomes a reality, methane

scrubbers could prove a valuable climate change mitigation tool in their own right.

Much exciting work remains to be done in each of these two complementary fields.
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A.1 Introduction

The software package described in this chapter was developed as a labor-saving tool

for the benchtop chemistry experiments in this thesis. My first research experi-

ence at Stanford was a benchtop chemical-engineering project on methane pyrolysis.

The standard operating procedure for each experiment involved launching individual

pieces of software to control the mass flow controllers, thermocouples, mass spectrom-

eter, flow meter, and tube furnace. Data logging for each device had to be configured

separately before each experiment and the log files had to be painstakingly combined

afterwards. Additionally, one had to remain nearby in order to flip valves and change

conditions during the experiment. Feeling that there had to be a better way, I de-

veloped a Python program to control this apparatus. It consisted of an on-screen

dashboard to control the various instruments, a routine to log data from all of them

to a common .csv file, and a way to control them with a Python script.

Following a successful demonstration on the pyrolysis experiment, my collabora-

tors and I continued using the software as we built our methane oxidation setup. It

went through two major updates and many minor ones. The first update brought the

software in alignment with object-oriented standards, using class inheritance to let

the user customize various aspects of their control system without worrying about the

system’s complex innards. The second update implemented multithreading, allowing

more complex control systems to run without latency. During the second update, we

also published comprehensive online documentation on the project. We also changed

its name from the tongue-in-cheek working name RichardView to its current name,

PyOpticon. This chapter begins by describing the general landscape of laboratory

control software. It then describes PyOpticon’s functionality, explains its internal

structure, and demonstrates its use on a photocatalytic CH4 oxidation experiment.

A.2 The Need for Laboratory Control Software

Well-designed systems for laboratory data acquisition, controls, and automation can

greatly improve the pace and quality of research in physical sciences and engineer-

ing.[263] Such systems’ main goal is to economize researchers’ time and to free them
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from repetitive tasks. They share many traits with ‘supervisory control, automa-

tion, and data acquisition’ (SCADA) software that is ubiquitous in industrial set-

tings, whose purpose is to visualize, log, and command the state of a physical sys-

tem.[264] Integrated control and data acquisition systems are also prerequisites for

‘high-throughput’ experimentation, with many samples synthesized and/or tested in

parallel, and with the iteration and improvement of samples also partially automated

as ‘self-driving labs’.[265–267]

Though such tools can apply to many workflows in physical science and engineer-

ing, and thereby quite general, we mainly provide examples related to our research

on heterogeneous photocatalysis. Experimental workflows in this context often in-

volve launching and configuring many desktop programs, manually flipping valves

or cycling lights at frequent intervals for several hours during its course, and then

painstakingly combining several differently-formatted log files in order to fully under-

stand the outcome. A unified data acquisition, automation, and control system can

offer many benefits in that context, including:

• Saving researchers time on experimental setup, shutdown, and data analysis by

reducing the number or programs to launch and log files to postprocess.

• Allowing researchers to do other tasks while an automated experiment runs.

• Increasing repeatability by avoiding human errors and variations in experimen-

tal setup and execution.

• Making it easier and faster to retroactively diagnose equipment failures that led

to unexpected results.

• Enabling longer experiments and higher utilization rates of experimental setups,

unlimited by how long a researcher can stay awake or present in the lab.

• Responding to errors in real time, e.g. pausing an experiment and notifying

an operator if an instrument goes offline, minimizing failed experiments and

wasted system time.

• Enhancing safety by automatically detecting dangerous conditions based on

one or multiple sensor readings, warning operators of them, and returning the
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system to a predefined “safe mode” to avert risk until the operator can respond.

Various commercial and open-source tools for these purposes already exist; in-

deed, industrial SCADA is mostly a solved problem.[263, 264, 268] Such systems

provide graphical control panels, referred to as ‘human-machine interfaces’ (HMIs),

to visualize and control many instruments at once, allow the execution of experi-

mental ‘recipes,’ and log the entire setup state to a central log file. National Instru-

ments’ LabVIEW, with a large ecosystem of programmers and instrument drivers, is

very widely used in commercial settings and in large research projects.[269] Other

laboratory control software includes Siemens’ WinCC and Inductive Automation’s

Ignition.[270–272] However, the prevalence of manual workflows in academic settings

suggests that these solutions are either ill-suited to academic research or that their

benefits are not widely understood. Barriers to adoption may include some of the

following:

• Few researchers have exposure to or formal training in industrial SCADA.

• Licenses for commercial SCADA solutions may be costly.

• Resources may be too constrained to hire a professional SCADA developer.

• Experimental setups may be reconfigured too frequently to justify the upfront

cost of a professionally-installed system that will be difficult to modify.

• Researchers used to text-based programming languages (Python, MATLAB, C,

etc.) may be unfamiliar with the graphical programming environments that

many commercial SCADA platforms use.

As an alternative to commercial SCADA software, several open-source Python

projects have been developed to control laboratory instruments. Examples include

Lantz, PyVISA, and PLACE.[273–275] These projects take advantage of the Python

languages’s readability, conciseness, powerful libraries, and presence in many science

curricula.[275–277] Researchers curious about automation’s benefits can experiment

with these tools at no cost besides their time, a key trait for many academic research

labs.[263] These packages allow one to create Python objects that can query data
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from and send commands to a physical device. through themWhile it is then easy to

program a sequence of actions (e.g. actuating a valve according to a schedule), a great

deal of coding and debugging is still required to turn these objects into a streamlined

application with a graphical interface, recipe execution, logging, and other capabilities

comparable to commercial SCADA software. That coding is unlikely to be worthwhile

on an ad-hoc basis for an individual project, but is suitable for inclusion in a general

Python package that can apply to many projects, like that presented here.

To meet these needs in our own lab, we have developed PyOpticon, an open-source

laboratory control, data acquisition, and automation package written in Python. Py-

Opticon allows one to create on-screen control panels for physical setups (Figure A.1).

These control panels, termed “dashboards”, can also log data, execute Python au-

tomation scripts, and be manipulated via remote desktop applications. Dashboards

are constructed in a modular fashion from interfaces for individual devices, termed

“widgets,” which are configured using simple object-oriented Python code. PyOpti-

con is available on the Python Package Index, its source code is available on Github at

https://github.com/richardsrandall/pyopticon, and its documentation and tutorials

are available on ReadTheDocs at https://pyopticon.readthedocs.io.

A.3 Software Capabilities and Functionality

Each PyOpticon dashboard is a Python script that can be launched from a desktop

shortcut like any other application (Figure A.1). A dashboard contains one or more

‘widgets,’ each usually providing a graphical interface for one physical device (Fig-

ure A.2). After launching the dashboard, the user clicks the ‘Start Polling Devices’

button, causing the dashboard to begin regularly updating its component widgets

according to methods in the widgets’ class definitions. Updating a widget usually

involves querying a physical device via some type of serial connection, parsing the re-

sponse, and displaying the resulting values in a graphical field. Each widget updates

with a period of some integer number of seconds, with updating every second the

default. Most widgets also have text or dropdown input fields. Updating an input

field and pressing the ‘Confirm’ usually prompts the widget to send a serial command

to update the relevant parameters in the physical device.

https://github.com/richardsrandall/pyopticon
https://pyopticon.readthedocs.io/en/latest/
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Figure A.1: A simple PyOpticon dashboard in operation. The dashboard represents a
flow photoreactor (a) designed to measure photocatalytic conversion of CH4 to carbon
dioxide. It is a simplified subset of the setup used in Chapter 2. The setup contains
three mass flow controllers, one gas analyzer, a thermocouple, an ultraviolet light,
and a light power meter. The light power meter is not pictured in the schematic.
The corresponding dashboard (b) is organized into three columns and four rows
of rectangular ‘widgets’. The four widgets in the leftmost column control system-
level functions and are present in all dashboards. The other widgets, aside from
the ‘PyOpticon Demo’ title, each represent a physical device. In this example, the
system state is being logged every ten seconds (leftmost column, bottom row), and
an automation script is running (leftmost column, second row from bottom).

Widgets are defined in Python classes, as will be described below. The script that

launches a dashboard contains the code to instantiate all of the dashboard’s widgets
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Figure A.2: Detail image of a PyOpticon widget for a mass flow controller.

and add them to the dashboard in specified positions. Each widget is instantiated by

passing a constructor method certain values unique to that physical device, such as

a device nickname, a default serial address, or labels for different valve positions. A

minimal example is as follows:

import pyopticon.majumdar_lab_widgets as mlw

import pyopticon.built_in_widgets as biw

from pyopticon.dashboard import PyOpticonDashboard

# Create a dashboard object

dashboard = PyOpticonDashboard(dashboard_name = "PyOpticon Demo",

use_serial_emulators=True,

polling_interval_ms=1000,

window_resizeable=False)

# Add a title block

dashboard.add_widget(biw.TitleWidget(dashboard,"PyOpticon

Demo",20),row=0,column=1)↪→

# Add a thermocouple widget

tc1 = mlw.OmegaUSBUTCWidget(parent_dashboard=dashboard,

name='My Thermocouple',

nickname='My TC',

default_serial_port='COM14')

dashboard.add_widget(tc1,row=3,column=3)

# Start the dashboard

dashboard.start()

The PyOpticon package contains widgets for several instruments in our own lab
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(Table A.2) and contains tools to allow users to create widgets for their own instru-

ments. Numerous commercial instruments have serial communication protocols that

can be used to create widgets to interface with them, and widgets are also well-suited

to controlling homemade electromechanical devices run by microcontrollers like Ar-

duinos. Early PyOpticon users will likely need to write a widget for every type of

instrument they wish to control, using a process outlined below, unless they hap-

pen to be using a device for which we provide a built-in widget. However, we hope

that users will share the widgets they develop, creating a crowdsourced ecosystem of

ready-made widgets for a variety of devices that other users can easily download and

use. We intend to post links to any packages of widgets that are shared with us at

https://pyopticon.readthedocs.io/en/latest/available widgets.html.

A dashboard can log data and perform safety checks based on values read from

physical devices. When data logging is active, the value of every input and output

field of every widget is saved to a comma-separated value file at a regular interval,

with ten seconds the default. This single log file can speed up data processing com-

pared to workflows that require combining several different programs’ log files with

varying formats and sampling times. Safety checks (termed ‘interlocks’) are Python

functions, defined in the same file in which the dashboard is configured, that are

called every second by the dashboard to examine the values of certain widget fields

and respond if undesirable conditions are detected. For example, if the reading of

a reactor thermocouple ever exceeds a certain value, an interlock can switch from

flowing reaction gasses to flowing inert glasses. The package also includes a tool to

facilitate sending emails and text messages, so it is possible to configure an interlock

to notify the researcher if a certain instrument goes offline or deviates from its desired

parameters for a certain number of update cycles.

PyOpticon provides two ways to run automated experiments. For the first, termed

‘automation scripts,’ the user writes a Python script containing certain functions

[e.g., schedule action(...), schedule delay(...)] and control structures, then ‘loads’ that

script via an onscreen button. Once the script is loaded, the sequence of actions can

be started, paused, unpaused, and aborted via on-screen buttons, while its progress

and remaining time can be monitored with on-screen readouts. The script can contain

certain structures like for-loops and function definitions to make automation scripts

https://pyopticon.readthedocs.io/en/latest/available_widgets.html
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Manufacturer Device Update Pro-
tocol

Comments

Omega Engi-
neering

USB-UTC Thermo-
couple Adapter

Text-based se-
rial via USB

Reads a single K-type thermocouple’s
temperature in °C.

VICI Valco 2-Position Valve
with EUHA Actua-
tor

Text-based se-
rial via RS232

Reads and writes the valve’s position;
allows the user to name the valve’s po-
sitions.

VICI Valco 8-Position Selector
Valve with EUHA
Actuator

Text-based se-
rial via RS232

Reads and writes the valve’s position;
allows the user to name the valve’s po-
sitions.

MKS Instru-
ments

Mass-Flo Con-
trollers controlled
by Series 946 Vac-
uum System Con-
troller

Text-based se-
rial via RS232

Reads and writes the valve mode, flow
setpoint, and scale factor; also reads the
actual gas flow rate. Allows the use of a
user-specified calibration curve.

Aalborg Instru-
ments

DPC Mass Flow
Controller

Text-based se-
rial via RS232

Reads and writes the valve mode, flow
setpoint, and gas selection; also reads
the actual gas flow rate. Allows the use
of a user-specified calibration curve.

Thorlabs PM100D Light
Power Meter

Python driver
supplied by
device manufac-
turer

Reports the power or irradiance reading
from a single light power meter.

SRI Instru-
ments

8610c Gas Chro-
matograph

Watches log file
of PeakSimple
desktop pro-
gram

Reads peak areas and reports gas con-
centrations for a user-specified set of
gases and calibration curves. Does not
directly control the instrument.

MKS Instru-
ments

Multi-Gas 2000
FTIR Spectrometer

Watches log
file of MG2000
desktop pro-
gram

Reports gas concentrations for a user-
specified set of gases. Does not directly
control the instrument.

Picarro G2210-i Cavity
Ringdown Spec-
trometer

Text-based se-
rial via RS232

Reports ppm-level concentrations of
CH4 and carbon dioxide and percent-
level concentration of water.

Table A.2: List of PyOpticon widgets in the initial public release.



APPENDIX A. OPEN-SOURCE LAB AUTOMATION SOFTWARE 174

more concise. An example script is included in the Demonstration section below.

The following brief snippet, which adjusts an MFC setpoint and then flickers a

light on and off, gives a sense of the syntax and basic functions:

schedule_action('Methane MFC','Setpoint Entry','30',False)

schedule_action('Methane MFC','Mode Selection','Setpoint',True) # Command

the MFC to flow↪→

for i in range(4): # Flicker the light

schedule_delay('0:01:00')

schedule_action('UV Light','Status Selection','On')

schedule_delay('0:01:00')

schedule_action('UV Light','Status Selection','Off')

schedule_action('Methane MFC','Mode Selection','Closed',True) # Command

the MFC to close↪→

Since these automation scripts are poorly suited for implementing conditional

logic (e.g., if-then and while structures), we also provide an interface to query and set

dashboard fields from an entirely separate Python program via a socket connection.

This interface would be useful if using a dashboard as part of a more complex lab au-

tomation setup where automated adjustments or feedback control based on measured

values are part of the workflow.

A minimal example of the socket interface is as follows:

from pyopticon.socket_client import PyOpticonSocketClient

import time

s = PyOpticonSocketClient(handle_errors='exception') # Initialize the

socket client↪→

s.set_field("UV Light","Status Selection","On") # Prepare to turn the

light on↪→

s.do_confirm("UV Light") # Turn the light on

time.sleep(10)

s.set_field("UV Light","Status Selection","Off") # Prepare to turn the

light off↪→

s.do_confirm("UV Light") # Turn the light off

s.close() # Close the connection



APPENDIX A. OPEN-SOURCE LAB AUTOMATION SOFTWARE 175

A.4 Software Architecture

Here, we briefly describe the workings of PyOpticon dashboards, especially as they af-

fect the workflow of building new dashboards and widget classes. These workings are

described in detail in the project’s documentation. The same site also contains thor-

ough tutorials for using dashboards, writing automation scripts, writing interlocks,

assembling dashboards from existing widgets, and defining new widgets to interface

with specific devices.

A dashboard’s tasks are split between several threads to minimize latency. A

main thread manages the graphical interface, data logging, and automation. By de-

fault, each widget also runs in its own thread, allowing widgets to make blocking

queries to their serial devices without causing the dashboard to lag or become un-

responsive. This setup is useful when using OEM drivers or serial packages that do

not offer non-blocking ways to query information from devices. It also allows the

use of time.sleep(...) to create delays between successive queries or between queries

and responses in widget serial protocols, making them more legible and simpler to

write. One can also override this behavior to force multiple widgets to share a thread

and operate synchronously, e.g., to prevent them from attempting to access a shared

serial resource simultaneously. Threading is implemented in internal classes and, in

normal usage, the user need not be familiar with Python multithreading in order to

implement new widgets.

While writing a class for a new type of widget is somewhat more involved than cre-

ating an automation script or configuring a dashboard, we have attempted to stream-

line the process as much as possible. New widget classes are created as subclasses

of a superclass called GenericWidget. This superclass contains code to auto-generate

graphical elements, log data, execute automated actions, and manage serial connec-

tions. One need only define the different input and output fields’ names and types,

specify how to update the fields, and specify what actions to take when the ‘confirm’

button is pressed. Python’s built-in text processing functions, as well as powerful free

packages like NumPy, make it easy to implement these functions given knowledge of

a device’s serial protocol.[276] Little to no knowledge of graphical and serial libraries

is required, and the tutorials discuss the process in greater detail.
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Figure A.3: A graphical representation of the concurrent processes and information
flows in an active PyOpticon dashboard. Each widget runs in its own thread, as
does the main dashboard. The dashboard regularly prompts each widget to poll its
physical device for new measurements, parse the response, and update its graphics
with the new data (dark green arrows/boxes). The dashboard also regularly asks
each widget for new data to log, aggregates the results, and logs them to a central file
(magenta arrows/boxes). The user can change a widget’s input field, e.g. a setpoint
entry text box, and then press ‘Confirm,’ which prompts the widget to send the device
a command with the desired state (light green arrows/boxes). Automation scripts,
whose steps are stored in a queue once loaded, emulate user inputs by automatically
changing an input field’s value and then emulating a ‘Confirm’ button press (yellow
arrows/boxes). The socket interface can update widget fields and emulate ‘Confirm’
presses in a similar way (light purple arrows/boxes). The interlock checker continu-
ously runs any interlock functions and responds as needed (turquoise arrows).

Widgets can update themselves in a variety of ways to support a wide variety of in-

struments, with the choice usually dictated by what protocol a given device supports.

In our experience, the most common setup is communication with a physical device

using a text-based serial protocol over a RS-232, RS-485, or USB connection. PyOp-

ticon can automatically initialize a PySerial object for this purpose. Alternatively,

the user can manually initialize a different type of serial connection, for instance by
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using a Python driver written by an instrument’s manufacturer, or by using a free

package that implements a different serial protocol like MODBUS or VISA.[273, 278]

In principle, any communications protocol for which a Python package exists can be

used so long as the device supports it, though to date we have exclusively used wired

serial protocols.

Other widget setups are useful in certain scenarios. A widget can ‘watch’ the logfile

of another program, bringing the external logfile’s latest values into the dashboard’s

graphical interface and the unified PyOpticon logfile. This is useful for devices like gas

analyzers that are best controlled by their manufacturers’ standalone applications,

but whose measured values (i.e., gas concentrations) one wishes to include in the

dashboard’s log files. Finally, one can also create widgets with purely software-related

functions that do not interface with a device at all; for instance, we use a ‘flow rate

calculator’ widget that quickly computes the MFC setpoints needed to achieve a

desired gas mixture and total flow. The package’s built-in widget classes contain

examples of all of the above options, some of which are also discussed in the online

tutorials.

A.5 Safety and Pitfalls

We stress that, while we have debugged PyOpticon to the best of our ability, it can-

not and should not be wholly relied upon to ensure human safety or the safety of

expensive equipment. Researchers using the package must ensure that no combina-

tion of software commands could create a dangerous condition, for instance, creating

a combustible mixture in the presence of an ignition source or causing a piece of

equipment to severely overheat. The interlock feature is intended to respond to or

warn the user of mishaps that may affect data quality or waste researchers’ time,

not to identify or correct conditions that are unsafe to people or equipment. Where

human safety is at stake or where expensive equipment damage is possible, hardware

should be designed such that no combination of PyOpticon commands would create

a dangerous condition, or else thoroughly-tested commercial software should be used

instead.

PyOpticon is best-suited to open-loop control, i.e., communicating setpoint or
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mode commands to external devices that implement the logic necessary to achieve

those setpoints and modes. It is possible to implement closed-loop control laws (e.g.,

PID) within PyOpticon in a widget’s update cycles or within an interlock, which may

be useful if one physical device needs to be controlled based on a reading from an-

other device. However, this should be done with great care, since undefined behavior

may result if the dashboard is unexpectedly closed or loses serial communications or

if the computer running the dashboard shuts down unexpectedly. Additionally, Py-

Opticon does not contain tools for tuning control laws. Where possible, we therefore

recommend using well-tested (and ideally commercially available) external control

devices that can receive serial commands. For instance, using a commercial tempera-

ture controller that can receive RS-232 commands is much preferred to implementing

a Python PID control loop between a PyOpticon widget for a thermocouple and a

widget for a relay connected to a heating element.

A.6 Demonstrations

The example below uses PyOpticon to interface with the photoreactor described in

Chapter 2. The devices that require controls are three Aalborg DFC mass flow

controllers (dilute methane, dry nitrogen, and humidified nitrogen), one MKS Mass-

Flo controller for oxygen gas controlled by an MKS 946 Vacuum Controller, and

a DigitalLoggers IoT Relay that controls an ultraviolet LED array. The devices

requiring data acquisition are an Omega USB-UTC thermocouple adapter, a Thorlabs

PM100D light flux meter, and an MKS Multi-Gas 2000 infrared gas analyzer. The

dashboard for this setup is shown in Figure A.4.

This experiment aimed to measure CH4 conversion on zinc oxide (ZnO) nanopar-

ticles at inlet CH4 concentrations of 100, 200, and 500 ppm under dry (<500 ppm

H2O) conditions. The ZnO sample was loaded in the reactor as described in Chapter

2. For each reaction condition, the CH4 concentration was allowed to stabilize, then

the ultraviolet light was cycled on and off several times to generate several transitions

between ‘light’ and ‘dark’ conditions, shown in Figure A.5.
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Figure A.4: The dashboard used in the demonstration. Note that several of these
widgets (e.g., the ‘Chlorine Sensor Labjack’) are specific to our own lab and are not
included in the public release of PyOpticon due to a lower standard of testing and
documentation. However, those widgets were not an active part of the demonstration
experiment. The widgets used to control and measure the demonstration experiment
(Methane/Low-Flow N2/Oxygen MFC’s, UV Light, MKS FTIR, Thermocouple, and
Light Power Meter) are all part of the public release.

To achieve this, the automation script below was used. For brevity, the function

flow at CH4 ppm, which commands the three mass flow controllers to flow a gas

mixture with a given concentration of CH4, has been omitted.

# The cadence of the light on/off cycle can be adjusted here

UV_off_duration='0:10:00'

UV_on_duration='0:20:00'

# First purge with N2 for an hour

schedule_action('LF N2 MFC','Mode Selection','Setpoint',False)

schedule_action('LF N2 MFC','Setpoint Entry',80,True)

schedule_action('O2 MFC','Mode Selection','Setpoint',False)
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schedule_action('O2 MFC','Setpoint Entry',20,True)

schedule_delay('1:00:00')

# Step through the desired concentrations

for CH4_ppm in (100,200,500):

flow_at_CH4_ppm(CH4_ppm,ch4_tank_ppm=10,total_flowrate=30)

schedule_delay(UV_off_duration) # Start with extra time to get CH4

stabilized↪→

for i in range(4):

schedule_delay(UV_off_duration)

schedule_action('UV Light','Status Selection','On')

schedule_delay(UV_on_duration)

schedule_action('UV Light','Status Selection','Off')

schedule_delay(UV_off_duration) # Extra time at end to get CH4 stabilized

again↪→

# Shut down the flows

schedule_action('Methane MFC','Mode Selection','Closed',True)

schedule_action('O2 MFC','Mode Selection','Closed',True)

schedule_action('LF N2 MFC','Mode Selection','Closed',True)

# Experiment ends

Figure A.5 shows several outputs from the same experiment including gas concen-

trations, light fluxes, and device setpoints. All inputs were controlled automatically

with the automation script above, requiring no human intervention after the experi-

ment’s start. All of the plots were made directly from the PyOpticon log file using a

simple Python script and the Matplotlib package. The data indicate slow but clearly

visible photocatalytic oxidation of CH4 on ZnO at each of the three tested CH4

concentrations, as explained in the caption. The PyOpticon log file contains many

additional measured values at each time step, such as other gasses’ concentrations

and the mass flow controllers’ measured flows, that are not plotted here.
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Figure A.5: Outputs from a photocatalytic CH4 conversion experiment with controls
and data acquisition handled by a PyOpticon dashboard. A script causes the mass
flow controllers to step through nominal CH4 concentrations of 100, 200, and 500 ppm.
At each concentration, the ultraviolet light is automatically cycled on and off. While
the light is on, a small fraction of the CH4 is converted, causing the CH4 concentration
measured at the reactor outlet to decrease. The conversions were intentionally kept
low for the purposes of making rate measurements. Further data processing could
extract the reaction rates and quantum yields of photocatalytic CH4 oxidation under
each condition.

A.7 Conclusion

We have developed the open-source Python package PyOpticon to supply academic

labs in chemistry and materials science with high-quality, “do it yourself”-friendly con-

trol software. The software can equip many benchtop systems with on-screen control

panels, unified data acquisition and logging, safety interlocks, and powerful automa-

tion tools. These capabilities can streamline experiment setup and shutdown, simplify

data processing, increase repeatability, allow longer experiments, enable remote oper-

ation, and boost apparatuses’ utilization rates. The software can quickly be adapted

to interface with a wide variety of instruments using a variety of modes of commu-

nication. These features made PyOpticon very useful in executing and streamlining
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this thesis’s experimental work on photocatalysis and gas-phase advanced oxidation.

While a number of software tools exist for this purpose, PyOpticon’s novelty lies in

its free and open-source nature, as well as its accessibility to relatively inexperienced

coders. We have tried to write transparent and well-documented code that allows

most users to ignore the details of how graphics, multithreading, data logging, and

automation are implemented, letting them focus only on defining widgets’ fields and

the protocols to update them. We have also written what we believe are detailed and

comprehensive online tutorials for those starting to use PyOpticon. We hope that

these traits will make it a very low-risk and “do it yourself”-friendly proposition for

researchers to test PyOpticon’s applicability to their own work, and that they will

end up with powerful laboratory control systems that they can build, maintain, and

reconfigure as their needs change.
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