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Abstract

Methane (CH) is a potent greenhouse gas and the second highesibutor to global
warming. CH emissions are still growing at an alarmingly hpgtte. To limit global warming

to 1.9C, one of the most effective strategies is to redwapidly the ChH emissions by
developing large-scale methane removal methods.plingose of this perspective paper is
threefold. (1) To highlight the technology gap degiwith low concentration CH(at many
emission sources and in the atmosphere). (2) Tyznthe challenges and prospects of solar-
driven gas phase advanced oxidation processesfpretnoval. And (3) to propose some ideas,
which may help to develop solar-driven gas phasam@cked oxidation processes and make
them deployable at a climate significant scale.

Keywords: PhotocatalysitsOzone; Chlorine; Photoreactor; Methane oxidationAdvanced

oxidation process

1. Introduction

1.1 Why focus on removing CH greenhouse gas?

Economic development is often accompanied by thafga of the environment. Since
the industrial revolution, human activities havequced a large amount of greenhouse gases
(GHGs), thus resulting in the greenhouse effects GH potent GHG. For a 100-year time
horizon, CH has a global warming potential (GWP) 27-35 timiggér than that of C&H. It
also has a short residence time in the atmosphéteaa WP 84 times higher than that of £0O

over 20 years.



At present, CQis the main cause of the greenhouse effect (db@&tC global warming),

while about 0.5°C global warming is caused bys8Has shown in Figure 1.
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Figure 1. Assessed contributions to observed warngnn 2010-2019 relative to 1850—
1900. Reproduced with permissionCopyright 2021, IPCC.

Apart from the attention and efforts that have bgeintowards Cg) it is more and more
important and urgent to focus on GHoo. We need to investigate in two directionsH4C

emissions and CHalready in the atmosphere.

In general, Cl emission sources can be classified into two caiegianatural sources of
CHa (~ 40%) and anthropogenic sources ofs@H60%). In November 2021, during the26
conference of parties (COP 26) in Glasgow, UK, nthan 100 countries signed the global
methane pledge committing to reduce anthropogeatbame emissions by 30% comparatively

to 2020 levels by 2030.



Considering CH already in the atmosphere, its concentration aestat 1,895.7 ppb
during 2021, or around 162% greater than pre-im@lidevels. Meanwhile, ClHcontinues
accumulating in the atmosphere at an alarmingly hage. According to the US National
Oceanic and Atmospheric Administration (NOAA), i82D and in 2021 the annual increases
in atmospheric methane (respectively 15.3 and bj mere the largest annual increases ever

recorded since systematic measurements beganpws ghFigure 21
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Figure 2. CHs trend: This graph shows globally-averaged, monthlynean atmospheric
methane abundance determined from marine surfacetss since 1983. Values for the last
year are preliminary (NOAA Global Monitoring Labora tory).

Limiting global warming below 1.5°C as targetedtbg Paris agreement will require not
only stopping C@emissions but also reducing the emissions of€ahd removing Ckfrom

the atmosphel.



1.2 Technology gap
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Figure 3. Relative amount of CH4 emissions at different concentrations from various
emission sources.

CHay is better known as a fuel or platform chemical, when its concentration is higher than
0.25% (e.g., 2500 ppm), rather than a potent GHG. Mature technologies are available in this
concentration range to utilize it as a fuel or platform chemical.

However, the majority of CH4 emissions (e.g., from agriculture, landfill, and wastewater)
are dilute and in concentrations lower than 2500 ppm. Concentration of CHgs in the atmosphere
is even lower (i.e., 1895.7 ppb). No mature technology is available to utilize or remove CH4 in
these concentrations.

Novel technologies are needed to fill this technology gap. Researchers are learning from
the fate of CH4 in the natural atmosphere. Currently, in the troposphere, the principal natural
CHa sinks are hydroxyl radicals!®, chlorine atoms!”!, minerals in soils and dust!®), soil microbes,
plants, and trees. Enhancing or mimicking those natural sinks is the strategy of some early

attempts to develop removal technologies for low concentration methane. For example, several
6



advanced oxidation processes, which produce hytlradicals and chlorine atoms, can
transform CH into CQ, water vapor, and small amounts of volatile comrmaisy all of which
are much less potent GHGs than the precursor. Rel@hemistry is summarized in Table 1.
The basic principles of these conversions are egliblished and they happen naturally in the

atmosphere.

Table 1. Main advanced oxidation processes to traf@m methane

Heterogeneous Ozone based Chlorine based
photocatalysis photochemistry photochemistry

Main oxidizing
reactive species
Oxidation reactions
of methane

hydroxyl radical (OH) | hydroxyl radical (OH) | Chlorine atom (ClI)

CHa + Oz + (‘OH or Cl)— CO, + (H,0 or HC);

As the vast majority of GHG removal work focuses@, research into CHremoval
has been gaining momentum in recent years, paatiguhose based on the above-mentioned
advanced oxidation processes. There is early sésgarch (including conceptual propoSils
numerical analysi¥!, and experimental wotfk)) spanning the areas of materials (e.g.,2TiO
and Ag/ZnO photocataly$ts* 12 zeolite catalyst®), processes (e.g., Cl atoms generated from
NaCl of natural sea-spray aero$6ls and reaction systems (e.g., hydroxyl radical ieas

and photolysis modules in ventilation systéfi)s

1.3 Solar driven gas phase advanced oxidation pragges can be

good options

We learned from C®removal that removing low concentration £4 a large scale is
energy intensii®’l. This applies to CHremoval, too. Therefore, among those above-
mentioned advanced oxidation processes, the oaesdh be driven by solar energy are more

attractive.
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Figure 4. Schematic energy diagram of methane oxitian with a photocatalyst.
Reproduced from ref['8l with permission from Catalysts, copyright 2021.

For example, photocatalysis is an ideal way toa@ptraditional thermal catalysis in some
particular applicatiot¥. It employs photons to drive chemical processstead of thermal
energy, and most importantly, photocatalysis ersabi#ficult chemical reactions to occur at
mild temperature conditionBue to the chemical inertness of £idolecules, converting CH
via thermal catalysis requires large activationrgmePhotocatalysis reaction can generate
high-energy charge carriers in the process, whachpee-activate CHand substantially reduce
the activation enerd\!. This pre-activation process enables thermodyraliyianfavorable
reactions at room temperature, and overcomesitadithermodynamic barriers (Figuré'8)
Compared with thermal catalysis, photocatalyticctieas can theoretically avoid harsh

reaction conditions.

This perspective article focuses on solar drivevaaded oxidation processes - analyses

their challenges, summarizes the state-of-theragrpss, and proposes further solutions.



1.4 Challenges in Solar driven gas phase advancedidation

processes

There are hurdles to overcome in transforming trestablished principles and early
concepts into validated technologies. Two crucgests are — (1) Efficacy. We need highly
efficient photocatalysts or photochemical procegeeshe extremely diluted target gas. (2)
Upscaling.The scale of any GHG removal technology needs gidreficant to have a climate
impact while the generation of airflow on a largals is energy intensive.

In order to respond to all these challenges, teisgective article is organized in the
following structure — Section 2, Catalysts in hetgmeous photocatalysis for Cbkidation;
Section 3, Processes of homogenous photochemistryCH: oxidation and Section 4,
Photoreactors for large scale £dkidation. Each section is started with the stdtthe-art and

is completed with future perspectives.

2. Catalysts in heterogeneous photocatalysis for CH
oxidation

Photocatalyst is a key part of a photocatalyticpss, which refers to a kind of substance
that can induce photocatalytic oxidation-reducti@actions under light irradiation. The
primary criterion for a suitable photocatalysthattit fulfills the thermodynamic requirements
of CH; oxidation. The common and widely accepted way to present aisduss
thermodynamic requirements for photocatalysis disgram (as shown in Figure 5) that
contains two sets of information: 1) the band stmecof electronic energy in photocatalysts,

and 2) the redox potentials of the relevant chehnesction&e 19
9
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Figure 5. Positions of conduction band and valence band edges of various
semiconductors and redox potentials of relevant chemical reactions, with respect to
NHE.

The positions of redox potentials of the relevant chemical reactions indicate their
thermodynamic requirements. The redox potentials of oxidizing CH4 to different products are
E° (CH4/CO2) =0.17 V, E° (CH4/CO) = 0.32 V, E° (CH4/CH30H) = 0.65 V, and E’ (CH4/-CH3)
= 0.83 V, versus the normal hydrogen electrode (NHE). The oxidation of CHy is initiated by
radicals that attack the C-H bond. The redox potentials of commonly involved radicals are E°

(02/:02)=-0.33 V, E° (H202/-OH) = 1.07 V, and E° (HO/-OH) = 2.30 V, vs. NHE. [*#]

The positions of conduction band (CB) and valence band (VB) edges of various
semiconductors indicate their thermodynamic capability to generate active radicals and drive a
chemical reaction.[?”) In this case, the CB of the semiconductor is thermodynamically required
to be located higher than the reduction potential of O2/-O2, while the VB needs to be located

below the oxidation potentials of H,O»/-OH and H,O/-OH. [2!]
10



Therefore, Figure 5 has clearly displayed the tloelynamic requirements for methane
oxidation and the thermodynamic capabilities ofimas photocatalysts. The most suitable
photocatalysts for photocatalytic oxidation of Cite TiQ, ZnO and Gg0z. Recent progress
in the field agrees with this and the best resutistly came from photocatalysts based ornp;TiO

ZnO and GgDs.

2.1 TiO2

Since Japanese scientists Fujishima and Honda wdisemb that Ti@ single crystal
electrodes were able to split water in 1972, syatenresearch on TiOphotocatalysis has
kicked off??l. TiO; is the most widely used semiconductor photocatalyisich is chemically
stable, environmentally friendly, and inexpensive.

The vast majority of current work on Ti@hotocatalyst for ClHoxidation is in the field
of CHs conversioR?, where CH is seen as a platform chemical and appears in high
concentrations. The emphasis in this area is @tteiky and avoiding overoxidation to G&!.
This makes the research results not directly agipléecfor oxidation of low concentration GH
to CQ, but can be inspiring as in some cases therenatepth discussions into some catalysts
and their mechanism of over-oxidation. For exam@enget al. 3! demonstrated that a
platinum decorated Ti©photocatalyst was a ‘bad’ sample because of heagyoxidation,
but this can be a ‘good’ starting point for a diéfiet application (i.e., total oxidation of low
concentration Chj.

There are scattering of publications in the lasiade working towards total oxidation of

low concentration Cklon TiOp. Kleinschmidt and Haeget al.investigated the kinetics of the

11



oxidation reactions from CHo fully oxidized CQ, in a concentration range from 2000 to
15000 pprit4.

Jin et al. evaluated the feasibility of photocatalytic oxidat of ventilation air CH for
coal mining fugitive emissions abatement. Resuimaed that the simulated ventilation air
(with CHs concentration in the range from hundreds of ppr®80@0 ppm) can be oxidized at
ambient temperature by photocatalytic reaction wdammercial TiQ, however, the reaction
rate was slo®.

To the best of our knowledge, there is no repasdarch on the photocatalytic oxidation
of ~ 2 ppm atmospheric methane. We made the fitstmgt recentlyA flow through
photocatalytic reactor was developed to test ~1@& ppmospheric CHin a continuous flow
mode, using commercial TiP25) as the photocatalyst illuminated by 20 WV light
(similar to UV intensity in solar radiation).

As shown in the inset of Figure 6, under an airflefiv@.4 L/min, which is equivalent to a
residence time of 12 seconds, the removal rateHfi€ 46%. Faster airflows lead to shorter
residence time and give lower removal rates. Slaudiows result in longer residence time
and provide higher removal rates, which can beigts &8 98% when residence time is longer

than half a minute (Figure 6).

12
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Figure 6. Photocatalytic removal of ~ 2 ppm atmospdric CHa4 in a bench top
continuous flow reaction system.

2.2 72n0O

In the field of photocatalytic conversion of GGkvhere CH is seen as a platform chemical
and appears in high concentrations, ZnO has alsvgan as a promising photocataf?&t It
shows many advantages such as suitable opticaldtaradure and electronic properties. ZnO
has three different crystalline forms, namely witigtzzinc blende, and rock salt structures,
among which the wurtzite ZnO crystal structure (thest common because of its high
thermodynamic stability) appears most often iCbhversion.

Chen Yiet all*® extended the research into photocatalytic oxidatib CH; in much
lower concentrations (100 ~ 10000 ppin)their study, as shown in Figure 7, 200 — 300 nm
sized commercial ZnO can already oxidize a conalileramount of ClHat a concentration of

100 ppm. They demonstrated that by reducing theg ®© ~ 20 nm, ZnO nanoparticles

13



exhibited high activity for methane oxidation unds#mulated sunlight illumination, and a
small amount (0.1 wt%) of nano silver decoration further enhancegti@ocatalytic oxidation
of CHs via the surface plasmon resonandéey achieved a quantum vyield of 8% at
wavelengths <400 nm and over 0.1% at wavelengths ~470 nm on the silver decorated ZnO
nanoparticles.

In addition to the batch-wise test in a fixed-bedde, they also tested photocatalytic
oxidation of CH in a continuous flow mode, which is even morevate to future practical
applications. For 100 ppm GHL — 2 seconds of residence time is sufficiersdaieve > 80%
removal rate.

The CH; concentrations they tested are in the range ofta®000 ppm, and fit well
with the concentration range where the technolagyig. This shows great promise for £H

GHG removal.

14
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Figure 7. (a) Photocatalytic oxidation of methane in a fixed-bed mode with full arc (UV-
vis), ultraviolet and visible light illumination, respectively. (b) Ultraviolet—visible diffuse
reflectance spectrum and AQYSs of the 0.1-Ag sample plotted as a function of
wavelength of the incident light. (c) Time evolution of the methane photo-oxidation over
the 0.1-Ag sample in the fixed-bed mode under full arc illumination with various initial
CHa4 concentration. (d) Influence of the temperature on the methane photo-oxidation
activities over the 0.1-Ag sample under full arc illumination. (e¢) Methane photo-
oxidation activity over the 0.1-Ag sample under full arc illumination and a flow-gas
mode with gas flow rate of 25 ml min~!. (f) Influence of the gas flow rate on the rate of
methane oxidation under the flow-gas mode with £ 5% error bars calculated from the
sample introduction uncertainty. Reproduced from ref. 12! with permission from
Nature Communications, copyright 2016.
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2.3 Hybrid photocatalysts

Both TiO2 and ZnO meet most of the criteria for an ideal photocatalyst, but there are weak
points, such as limitation to ultraviolet light and recombination of charge carriers!?> 27,
Introducing co-catalysts or heterojunctions to form hybrid photocatalysts is a promising
strategy to overcome these weaknesses !*!). The primary criterion for a suitable hybrid

photocatalyst is the same as for a single semiconductor (i.e., it needs to fulfill the

thermodynamic requirements of CHs oxidation).

0Oy | — p——— O -

-0.16 o
=
Z
&
g
e’

OH/OH- [CHsH X .|/ 2

+2.59 &=

I
h*h*h*

N

Figure 8. Schematic of the cocatalytic function of CuO on CHj4 oxidation over ZnO
under simulated solar light illumination. Reproduced from ref. [**! with permission from
Journal of materials chemistry A, copyright 2019.

Li et al.* successfully synthesized a CuO/ZnO photocatalyst for total oxidation of CHa,
as shown in Figure 8. The band edge potential of CuO is not suitable to activate the O, but it
has a narrow bandgap of 1.7 eV, so the CuO/ZnO composite can absorb much more solar light.
Part of ¢” in the CB of CuO can be excited to the CB of ZnO, thereby activating the oxygen
molecular to generate free radicals.

Wei et al.®% prepared B-GaxO; supported on activated carbon (AC) composites for

efficient photocatalytic oxidation of CH4 to CO> under UV irradiation, as shown in Figure 9.

16



Among them, AC can enhance the adsorption of CHs molecules, thereby transferring CHs to
the catalytic active component B-GaOs3. B-Ga;O3 has a wide bandgap that meets the
requirements for strong oxidizing ability and effectively promotes the separation of
photogenerated electron-hole pairs. The synergistic effect improves photocatalytic

performance.

UV light =
0O, 0,

Ga,0;+ hv (~254nm) > h* + e

cB

CH,+ h*— -CH,+ H*
Ga,0, » d .

e— + 02 _) 02._
b
-CH;+ 0,7 > ...... — CO,, H,0

CH, ‘CH, CH, -CHs

Activated carbon

Ga,0;,
CH,

Figure 9. Proposed mechanism for photocatalytic oxidation of CH4 over Ga:03/AC

composites. Reproduced from ref.1*"! with permission from RSC advances, copyright
2017.

2.4 The prospect of photocatalysts for low-concentration CHy

Learned from the above existing research and the fact that CHs GHG is often extremely
diluted (e.g., < 2500 ppm), the following aspects could be the major topics for future
development on photocatalysts for this application.

High surface area is always a favorable feature for an ideal photocatalyst and this is more
desirable to dealing with low-concentration CHs. Nano-engineered or mesoporous
photocatalysts can be good options. In the authors’ research group, more than ten years of

research experience has been accumulated in the area of nano-engineering mesoporous TiO2*!,

17



It is thermally stable, highly crystalline, rea&tjyand has large surface at€awhich are all
desirable properties as a photocatalyst alone oa asipport for more advanced hybrid
photocatalysts. Ongoing research is focusing onrittylphotocatalysts based on this
mesoporous Ti® Another option is that photocatalysts can be édatb high surface area
supports, for example, porous frameworks (MCNE#3) and glass fiber mesh/cl&ih.

Enhancing CH adsorption would be another strategy to improwedkidation of low-
concentration Ckll The activated carbon (AC) supportpdsa0Os composit€® mentioned
earlier is a good example. Surface modificatioplodtocatalysts to increase the affinity with
CHs could be another possible way to enhance &t$orption.

Visible light utilization is the key to make photdalysis more applicable. It is one of the
major goals that researchers in the field are pogs$olar driven photocatalysis for cBHG
removal relies even more on visible light utilizati The encouraging thing is that the cutting-
edge progress in this direction is developing gudig Any exciting progress made by
someone can inspire the development of visibld lgfotocatalysts for CHGHG removal.

As shown in the above examples (i.e. Ag/ZnO, Cu@/Zand GaOs/AC), hybrid
photocatalysts can be designed to address eveflermipa discussed above. For example,
efficient photocatalysts can be loaded and spretadporous and high surface area substrates
to increase photocatalytic surface and enhancga@sdrption; different semiconductors can
be utilized to construct heterojunctions to fulfile thermodynamic requirements for methane
oxidation and to expand the visible light utilizati co-catalysts can be combined with

semiconductors to boost adsorption and reaction.

18



3. Processes of homogenous photochemistry for ¢H
oxidation

As mentioned earlier, researchers are learning fthen natural ChH sinks in the
troposphere, for example, hydroxyl radicals anaihé atoms (as summarized in Table 1).
These are all homogenous photochemistry proceSBescking those natural sinks is also a

strategy to develop removal technologies for lowcamtration Chl

3.1 Ozone (Q) photochemistry

Ozone is a powerful oxidant capable of reactinghvat wide range of organic and
inorganic compound# has a higher oxidation potenti&8{= 2.08 eV), second only to fluorine
(E° = 2.87 eV) and hydroxyl radicalE{= 2.30 eV).Since ozone can absorb ultraviolet light
of 200~400 nm, its photolysis can promote the garer of highly active substances such as
O- and-OH, which can improve the pollutants removal anderalizatiof®!.

During photocatalytic oxidation, the formation pa#y of hydroxyl radicals is described
in Equation 1In the case of ozone photolysigidants (e.g., O-, Equation 2) will be generated.
Ozone can react with J@ to generate hydroxyl radicals through electrolehmairs, light
irradiation, or active sites on cataly&s(Equation 3).0zone decomposition is primarily

carried out by the following five-step chain reaatias shown in Equations £,

3¢ +3h" + 2H0 + O — 4-OH (1)
O3~ -0+0; 2)
O3 + HHO =~ 2:OH + & 3)
O3 + OH — -O7 + -HO (4)

19



O3+ :OH — O+ ‘HO2 <> ‘O + H' ©))
O3 +-HO2 5 20, + -OH (6)
2:HO2 = Oz + H20O2 (7)

To the best of our knowledge, there is no existidlication that demonstrates the
removal of low concentration GHising ozone photolysis. Several most relevantissuare
presented here. let al. and Jiret al.studied CH oxidation using ozone with the assistance of
either thermal catalysis or solid cataly¥tsJohnsoret al. demonstrated a gas-phase advanced
oxidation process. They used ozone and UV-C lighgroducen situ radicals to oxidize air
pollution (e.g., propane, cyclohexane, benzengreswe, aerosol particle mass), as shown in
Figure 16", This process and set-up can be adapted to ige#stihe removal of low

concentration CkHusing ozone photolysis.

Particle formation

> >

0

3 > OH, HO,, O(*D), O(*P) |

Polluted air Clean air

Gas phase
products

e Electrostatic V"¢ Ozone catalyst

Precipitator
Figure 10. Photochemical air purification process sed in the prototypes. Ozone is
added to the airstream, and HQ radicals are generated with UV-C lamps. Particles
form and are removed by the electrostatic precipittor. Gas-phase products are removed
in a second stage of radical chemistry. Finally, @ess ozone is removed using a catalyst.
Reproduced from ref[!4 with permission from Environmental Science & Techlogy,
copyright 2014.

3.2 Chlorine (CI) photochemistry

In the troposphere, chlorine atoms j@ire also an important oxid&d, about 2.5% of
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the total CH is oxidized by CI*%l. In some polluted coastal areas, &icounts for ~10 to >20%
of total marine boundary layer Gldxidatiort**l. Although theé OH oxidizes about 90% of GH
it is interesting to target the ‘Aink because the speed of Oidaction with Clis 16 times
faster than the one of Ghwvith *OH*?, The rate constant of the reaction between &l C
is 1.07x10° cm?® s'3 while the rate constant of the reaction betweeh @nd hydroxyl
radicals is 6.20x 18 cm? s1144],

Polatet al. demonstrated a photochemical method for efficientoval of ~ 2 ppm CH
via CI initiated oxidation. The following reactions ouatli the mechanism of Ghduced CH

oxidation technologdy*?..

Clp + hv— 2Cr (8)
CI' +CHs — CHs + HCI (9)
CHs+ Q2+ M — CHsO + M 10§
CH:O + CI — CHO + CIO (11)
CHzO + O — HCHO +HQ (12)
HCHO + Ct + O, — CO + HCl + HQ (13)

3.3 The prospect of homogeneous photochemistry folow-

concentration CHs

Compared to heterogeneous photocatalysis, homogspdotochemistry processes have
the advantage of avoiding several potential ragtilng steps (e.g., gas diffusion towards the
solid surface, adsorption and desorption at thesghd interface, and surface reactions). This

advantage can be more profound when we considesrloancentrations of target gas (e.g.,
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low concentration CHj4 in this context). Therefore, homogeneous photochemistry processes
should be more advantageous for large scale applications of low concentration CH4s GHG
removal. The next question is how we can produce a large amount of ozone or chlorine. Here
we take chlorine as an example, as it reacts much faster with CH4 than ozone.

It is possible to generate CI" by UV photolysis of chlorine gas (Clz), which is produced at
a large scale by the chlor-alkali processes (e.g., electrolysis of sodium chloride salt (NaCl)
aqueous solutions, or electrolysis of melted NaCl). These processes can all be integrated with

solar cells to utilize solar energy, as shown in Figure 11143,

NaOH (aq)

‘ (0.5 M)

NaCl (aq)

(20% wat)

- H,
(Concentrated NaOH)
Cl3

(Depleted NaCl)
[e] ~_

-

o

Figure 11. Solar chlor-alkali device overview. a) Optical planar concentrator, lenses
array. b) Triple-junction Gas-based solar cells mounted on PCB. c) Electrolyzer 3D
printed metallic flow plates. d) Electrochemical cell, composed of a nickel cathode and a
DSA insoluble anode, separated by a cation exchange membrane. Reproduced from
ref.1*5! with permission from Global Challenges, copyright 2017.

It is also possible to generate a large amount of Cl* from Iron (III)/Iron (II) photo-catalyzed
reaction by UV at 365 nm, a natural catalytic process'*®!. It involves the illumination of an
acidified aqueous solution of Fe (III), which induces a photochemical reduction of Fe (III) to
Fe (II) and the formation of CI'. Under the marine boundary layer, the Fe (II) species formed
are re-oxidized and FeCls is rapidly regenerated, making a profit from abundant sea brine which
contains NaCl and provides excess chloride ions*”). Wittmer et al. demonstrated
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photochemical activation of Cby dissolved iron in artificial sea-salt aerosobmlets or by

highly dispersed iron oxide (EF@s) aerosol particles exposed to gaseousFiCl

4. Photoreactors for large scale Ckiremoval

In order to demonstrate the feasibility of solakein gas phase advanced oxidation
processes, the design of photoreactors is an gqurdltal area. It can scale up the laboratory

tests and enable industrial applications.

4.1 Photoreactors at CH emission sources where there are defined

outlets

There are two areas of tackling €BHG, e.qg., reducing the emissions of £ their
sources and removing atmospherics®em the open air. The methodologies in these two
areas are different because of the different saenar

When there are defined outlets available, manytiegislesigns of various gas phase
photoreactors are applicable, for example, solaedr tubular reactor to treat polluted
airstream¥®, and internal-illuminated monolith photoreaé®r There are comprehensive
review articles availab®! and any new progress in the field can feed intodevelopment of

photoreactors for applications at £émission sources.

4.2 Photoreactors for large scale CkHremoval in the open air

In the open air, sufficient airflow is requiredpoocess extremely dilute GHde Richter

et al. proposed a method to perform large scale @&itlation using a solar chimney as an air
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moving device and coupling it with photocatalytiwéor photochemical proces8és

A solar chimney (SC, as shown in Figure 12A) ineslva) a large greenhouse used as a
solar collector where the air is heated to creataréficial updraft; b) a tall tower or chimney
in the centre of the greenhouse to build up thekstdfect®® 51 One SC prototype has been

built in 2018 in the city of Xi'an in Chin2f, with the purpose of air purification as shown in

Figures 12B and 12C.

A 'T'

?
Ambient air t

Solar Chimney

- g

Sunlight

;7—?—)

Figure 12: A) A scheme of the working principle of solar chimney; B) and C)
Photographs of the SC prototype currently visible in the city of Xi'an, China. Pictures
taken by one of the co-authors.

The solar collector and the chimney can be muaetaand taller than this prototype.
Then turbines can be added at the bottom of thraredy to generate electricity. This makes it
a solar chimney power plant (SCPP). A prototype B@Rh a 46,760 msolar collector and

a 195 m high chimney was built and fully tested 882-1988%3 in Manzanares, Spain.
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For both SC and SCPP, photocatalytic and/or phetoatal processes can be coupled
under the solar collector and/or in the chimneygereha large amount of airflow can be

processed, as shown in Figuré®33

Photocatalytic
atmospheric purifier

7
" Air+ COs +

A+ Ly non-CO, GHGs

Figure 13: Artist’s representation of the GHG remo\al technologies by photocatalytic-
SCs. Reproduced from ref?a with permission from Progress in Energy and

Combustion Science, copyright 2017.

Ming et al used computational fluid dynamics (CFD) models ingestigate the
performance and influencing factors of photocatalyixidation of CH under SCPP-
photocatalytic reactor (PCR) systétfl, as shown in Figure 14. The PCR was designed based
on a honeycomb monolithic photoreactor. The flovarelsteristics of the system under
different PCR dimensions were also analyzed, inctvlihe pore diameter and length of the
PCR had the largest effects on flow performancduding pressure drop, flow velocity and

volume flow rate. When the channel diameter ofitbiereycomb PCR was 4 mm and its length
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is 8 m, the SCPP-PCR system can remove 21,312;gp@Hlay.

Air+ H20+CO2 vt
X %
{\; / AT A

L
11

Air+CHy g —
> s
Ty

t_““-—i-__

e —— — Air+CHa

- Titania-coated monolith
Figure 14.Solar chimney power plant integrated with a photoctalytic reactor (SCPP-
PCR) for atmospheric methane removal. Reproduced &m ref.[1%a with permission
from Solar Energy, copyright 2021.

Huanget all*%"! evaluated the feasibility of an SCPP-PCR as ataogle photocatalytic
reactor for removing atmospheric @Hhey calculated the potential of @k¢moval in relation
to the dimensions and configuration of SCPP arféraift types of photocatalysts (e.qg., 7jiO

Ag-doped ZnO). Night operation strategies and frrimprovements were also discussed.

4.3 The prospect of photoreactors development

Capital investment and land footprint could be sopm¢ential hurdles before giant
SC/SCPP can be widely applied. With the same mie@as SC, there are other three formats
of solar updraft devices (namely Trombe wall, deubkin facade, and ventilation solar
chimney, Figure 15). When combined with advancedation processes, they can provide
more versatile applications for the above-mentiothed scenarios (e.g., at GHmission

sources and in the open air).
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Figure 15. Other three formats of solar updraft: A) ventilation solar chimney, B)
Trombe wall, and C) double skin facade.

In the future development of global GHG removal, direct air capture (DAC) systems may
play an important role. Once DAC plants exist, we would have a large amount of airflow.
Therefore, de Richter et al. proposed that, to profit from this existing infrastructure, CH4
removal processes could be integrated to enhance the capture/removal of GHGs, as shown in
Figure 16°. Progresses in the fields of heterogeneous photocatalysts, homogeneous

photochemical processes and photoreactors will all be critical to making this strategy feasible.
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Figure 16. A hypothetical industrial DAC device wit added photocatalyst, proposed to
oxidize CHs. Reproduced from John BradleyS..

There are other nature mimicking id€&ghat may be inspiring for researchers to design

other photoreaction systems, which can be deplayaedarge scale.

5. Conclusion

In this perspective, we focus on heterogeneous ophtdalysts, homogeneous
photochemical processes, and photoreactors fargt#¢nhouse gas removal. By summarizing
some recent progress and future prospects, weotrpngpire some solutions to fill the
technology gap of removing low concentration (< @5fpm) CH, which appears in the

atmosphere and from a wide range ofs@rhissions.

The achievements so far inclucenceptual proposals, numerical analysis and statye
experimental work, spanning the areas of photogstiglphotochemical processes and reaction

systems.

The fundamental challenge is that any GHG remaainology needs to be deployed at
climate relevant scale. Therefore, it is importhat solar driven gas phase advanced oxidation
processes can remove low concentration methandaag@ scale. This requires cheap and

efficient photocatalysts, as well as cheap ancelaggction systems.

It is positive to envisage that there are potersidiitions. The cutting-edge progress in
newer and better photocatalysts is developing pallsathanks to the large photocatalysis
research community. Any exciting progress can laptadl to improve CHGHG removal. For

homogeneous photochemical processes, there isaléztrn from the natural hydroxyl radical
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and chlorine sinks of CtHhappening all the time in the atmosphere. To mabkesalar-driven
gas phase advanced oxidation process deployahlelahate significant scale, big ideas and

collective efforts are needed.
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Methane (CH4) is a potent greenhouse gas and the second highest contributor to global
warming. Developing large-scale methane removal methods is one of the most effective
strategies to reduce rapidly the CH4 emissions and thus to limit global warming. We analyzed
the challenges and prospects of solar-driven gas phase advanced oxidation processes for CHy

removal.
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