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Abstract

Lithium-selenium battery is nowadays a highly competing technology to the commercial Li-ion battery because it
has a high volumetric capacity of 3253 mAh cm™ and gravimetric capacity of 675 mAh g'. However, the practical
application of lithium-selenium (Li-Se) batteries is impeded by the shuttle effect of the soluble polyselenides during
the cycling process. Herein, we report the in situ growth and pyrolysis of the metal-organic framework zeolitic
imidazolate framework-8 (ZIF-8) on three-dimensional (3D) interconnected highly conductive multiwalled carbon
nanotubes (MWCNTSs). The obtained composites are used to anchor Se for advanced Li-Se batteries. Compared
with the isolated ZIF-8 derived microporous carbon, our synthesized ZIF-8 derived porous carbon@MWCNTs
(ZIF-8-C@MWCNTSs) 3D highly conductive networks facilitate lithium ion diffusion and electron transportation.
The particle size of ZIF-8 crystals has an important impact on the battery performance. By adjusting the particle
size of ZIF-8, the electrochemical reaction kinetics in ZIF-8-C@MWCNTs 3D networks can be tuned. The
optimized particle size of ZIF-8 around 300-500 nm coated on MWCNTs composite achieves an excellent initial

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0
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discharge capacity of 756 mAh g" and a stabilized capacity of 468 mAh g"at 0.2 C after 200 cycles. Combining the
3D MWCNTs with the appropriate size of ZIF-8 derived microporous carbon particles could highly improve the
performance of the Li-Se battery. This work provides significant guidance for further structural design and host
particle size selection for high-performance Li-Se batteries.

Keywords: Metal-organic framework (MOF), carbon nanotubes, lithium-selenium battery, in situ growth, zeolitic
imidazolate framework-8 (ZIF-8), crystal size

INTRODUCTION

With the increase of global energy demand, the design of advanced energy materials for energy storage
applications including smart power grids, commercial electronics, and electric cars has attracted
considerable attention". Elemental sulfur, when employed as a positive electrode material in a Li-S battery,
has a high theoretical specific capacity of 1672 mAh g and a theoretical energy density of 2600 Wh kg®.
Moreover, sulfur has other advantages, such as high natural abundance, competitive cost, and minimum
environmental impact”. Hence, it is one of the most promising positive electrode materials for next-
generation energy storage systems. Although the concept of Li-S batteries has been known for years and
attracts intensive research interest, several key issues in Li-S batteries, such as the shuttle effect and the
inherent electric insulation property of sulfur, lead to quick capacity fading, low active-material utilization,
and poor positive electrode conductivity, severely hindering their commercial application™.

Selenium, another element from the same main group, has been considered as a competitive candidate,
which owns a similar reaction mechanism and comparable volumetric capacity (3253 mAh cm™) compared
with sulfur but with much improved electric conductivity (1 x 10°S m")".. However, the shuttle effect
generated by the soluble intermediates polyselenides (Li,Se,, n 2 4) still exists in Li-Se batteries and leads to
quick capacity decay, poor cycle performance, and low coulombic efficiency”. Besides, the pure selenium
positive electrode is subject to volume expansion, and the lithium ion and electrical conductivity are still not
efficient enough®. To address these drawbacks, the widely used effective approach is the confinement of
selenium in porous carbon matrix materials. The carbon systems containing microporous, mesoporous, and
even hierarchically porous structures with diverse morphologies and architectures, such as spheres"”, 1D
nanotubes", 2D graphene”, 3D hierarchical structures™**, hollow nanostructures"?, core-shell
structures"”™', etc., lead to the efficiency improvement in the performance of Li-Se batteries. After the first
utilization of the typical ordered mesoporous carbon CMK-3 to Li-S batteries, achieving good cycling
stability with 80% of the theoretical capacity of sulfur, CMK-3 was used to confine selenium by Yang et al.""”
and delivered a high reversible discharge capacity"**.

More recently, metal-organic frameworks (MOFs) have attracted increasing attention in battery research
area owing to their high surface area, uniform pore size, chemical composition, and structural diversity”>*.
Among them, zeolitic imidazolate frameworks (ZIFs), which are based on metal imidazolates, are widely
investigated because of their tunable pore sizes, apparent thermal stability, and chemical functionality.
Generally, ZIF-8 can be synthesized by green, fast, and massive methods in aqueous or methanol solution,
or by more environmentally friendly solid-state mechanochemistry methods at room temperature®*”. ZIF-
8 has a pore aperture of 0.34 nm in diameter, providing the possibility to adsorb small gas molecules and
store the adsorbed materials in the cavity (1.11 nm). Zhou et al.* first used ZIF-8 nanocrystals as the host
with 30 wt.% sulfur loading, achieving long cycle capabilities in a Li-S battery. They further proved that the
particle size of MOF significantly influences the final battery performance, because hosts mainly affect the
internal Li*/e” transport. However, the poor conductivity of MOFs leads to low capacity and rate capability,
so it is ineffective to directly confine selenium inside the pores with a high amount. The pyrolysis of ZIF-8
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can precisely maintain the particle size, morphology, and structure, but with much improved conductivity,
which has recently attracted much attention . Zheng et al."" reported nitrogen-doped graphene particle
analogs with a high nitrogen content from the pyrolysis of a nitrogen-containing zeolitic imidazolate
framework as lithium anode materials. This idea was further extended to sodium anode batteries"”. The
ZIF-8 derived high-level N-doped graphene analogous particles obtained by pyrolysis as an anode material
exhibited excellent electrochemical performance for lithium and sodium batteries. The porous carbon host
from ZIF-8 pyrolysis used for lithium-selenium batteries by Liu et al.®* showed that the interconnected
microporous carbon polyhedrons (1.1 nm) would have a large surface area and pore volume to effectively
confine Se and withstand volume variation. Besides, the dissolution of polyselenides in electrolytes would be
suppressed at the same time. Li et al.” used NH, to enlarge the microporous structure to create a
hierarchically mesoporous structure. The obtained sulfur- and ZIF-8 derived porous carbon composites
resulted in twice higher capacity retention than that of MOF-C made by direct pyrolysis of MOFs. However,
the conductivity of MOF-derived porous carbon is still not high enough due to relatively low graphitic
crystallinity, together with the aggregation, which will lead to sluggish lithium ion transport and insufficient
contact with dissolved polyselenides****. In addition, the poor flexibility of microporous carbon materials
derived from the pyrolysis of MOFs limits its future application in highly efficient flexible electronic devices.
Carbon nanotubes (CNTs) have been widely applied in the energy area because of their one-dimensional
electronic conductivity, great surface area, and mechanical properties™. It is possible to build fast three-
dimensional electron transportation pathways with multiwalled CNTs (MWCNTs) entanglement™”. ZIF
decorated on MWCNT-derived materials has proven to be a feasible approach to achieving high-efficiency
supercapacitors™ and can be used as anode materials'*>*”. The 3D MIL-68 (A)@MWCNTs obtained by in
situ pyrolyzing MIL-68 particles on the surface of MWCNTSs have recently been reported to achieve
excellent performance in a Li-Se battery™*.

Herein, we report 3D structured microporous carbon/MWCNT composite materials for selenium
confinement through in situ formations of ZIF-8-coated MWCNTs by feasible solvothermal reaction and
their pyrolysis for lithium-selenium batteries. Such ZIF-8 derived porous carbon@MWCNTs 3D networks
can effectively accelerate electrons transport, provide the pathways for Li* transfer, and enhance the
adsorption of the polyselenides, which will further improve the reaction kinetics. The ZIF-8 derived
microporous carbon particle sizes are tuned from 30 nm to 1.5 pm with a modulator. The rich micropores
serve the sites for Se loading and possess strong adsorption to polyselenides. The pyrolyzed ZIF-8 with
particle size around 300 nm-500 nm coated on MWCNT composites retained the best specific capacity of
468 mAh g'at 0.2 C after 200 cycles. The unique 3D structure with the tunable size of pyrolyzed ZIF-8
particles can confine the soluble polyselenides, accelerate Li* transfer, promote the conductivity of positive
electrode materials, and optimize the electrochemical reaction kinetics, thereby leading to an excellent
electrochemical property. This work reveals enormous advantages for the MWCNTs in tandem with the
tunable ZIF-8 derived microporous carbon particles and explores their optimal combination. The achieved
outstanding property is one step closer to having a potential commercial application of the Li-Se battery.

EXPERIMENTAL

Preparation of ZIF-8

Typically, a solution of Zn(NO,),-6H,0 (470 mg) in 50 mL of methanol was rapidly poured into a solution
of 2-methylimidazole (Hmim, 810 mg) in 50 mL of methanol under stirring. The mixture slowly turned
turbid after 30 min, and then was kept stirring for another 2 h. Finally, the white ZIF-8 nanocrystals were
separated from the milky dispersion by centrifugation and washing with fresh methanol three times. The
nanocrystals were dried at 40 °C in vacuum. It is worth noting that the dried ZIF-8 will not be redispersible
in methanol again.
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Preparation of ZIF-8@MWCNTs

Before synthesis, MWCNTSs were pretreated with strong acid to decorate oxygen-containing functional
groups at the surface to facilitate the growth of ZIF-8 crystals on the surface of MWCNTSs. Then, 30 mg of
modified MWCNTSs were added into the solution of Hmim (810 mg) in 50 mL of methanol with strong
ultrasound, following the exact same procedure as for ZIF-8. Finally, a grey black powder was obtained
compared to the white crystals of ZIF-8. The obtained composite was denoted as ZIF-s@MWCNTs-1.
Different weight percentages of 1-methylimidazole as a modulator, namely 50 wt.%, 70 wt.%, 90 wt.%, and
100 wt.%, compared to the weight of ligand 2-methylimidazole were added to give ZIF-8S@MWCNTs-2,
ZIF-8@MWCNTs-3, ZIF-8@MWCNTs-4, and ZIF-8@MWCNTs-5, respectively.

Preparation of ZIF-8 derived porous carbon (ZIF-8-C) and ZIF-8 derived porous carbon coated
MWCNTs (ZIF-8-C@MWCNTSs)

The as-synthesized ZIF-8 and ZIF-s@MWCNTs-X (X = 1-5) were calcined at 800 °C with a heating rate of 5
°C min" for 4 h in an argon atmosphere. To completely remove the zinc species, the acquired black powder
was immersed in 4 M HCl aqueous solution at room temperature for 12 h. After washing three times with
deionized water to pH equal to 7, the products dried in a vacuum oven overnight were labeled as ZIF-8-C,
ZIF-8-C@MWCNTs-1, ZIF-8-C@MWCNTs-2, ZIF-8-C@MWCNTs-3, ZIF-8-C@MWCNTs-4, and ZIF-8-
C@MWCNTs-5, respectively.

Se confinement in ZIF-8-C and ZIF-8-C@MWCNTs-X (X = 1-5)

The selenium confined porous carbon composites were synthesized by two-step melt-diffusion procedures.
With a weight ratio of 2:1, bulk Se (Sigma-Aldrich) and ZIF-8-C or ZIF-8-C@MWCNTs-X (X = 1-5)
materials were then thoroughly mixed by ball milling. The mixtures were heated up to 260 °C and
maintained for 16 h in a tube furnace full of flowing Ar, followed by 300 °C for 2 h to obtain the composites.
The final products were labeled as Se@ZIF-8-C, Se@ZIF-8-C@MWCNTs-1, Se@ZIF-8-C@MWCNTs-2,
Se@ZIF-8-C@MWCNTs-3, Se@ZIF-8-C@MWCNTs-4, and Se@ZIF-8-C@MWCNTs-5, respectively.

Materials characterization

X-ray diffraction (XRD) patterns were obtained on a Bruker D8 system with Cu Ko radiation (A = 0.15405
nm) at 40 mA and 30 kV. Scanning electron microscopy (SEM) observation was carried out using a JEOL
7500 F field-emission SEM. Transmission electron microscopy (TEM) images of the samples were recorded
on carbon-coated copper grids by using a TECNAI 10 at an acceleration voltage of 100 kV. Nitrogen
adsorption-desorption isotherms were obtained using an ASAP 2420 surface area and porosity analyzer at
77 K. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method. The pore size
distribution was calculated using the Barrett-Joyner-Halenda (BJH) method for mesopores and nonlocal
density functional theory (NLDFT) for the micropores analysis method. Thermogravimetric analysis (TGA)
was carried out using a thermal analyzer (Setaram Labsys Evo) under a flow of nitrogen with a temperature
ramp of 5 °C min". X-ray photoelectron spectroscopy (XPS) characterization was carried out in a
ThermoFisher ESCALAB 250 Xi instrument with a monochromatic Al Ko X-ray source (1486.6 eV).

Electrochemical measurements

The electrochemical measurements were carried out at room temperature using CR2032 coin-type cells. The
working electrode was prepared by mixing with active material, Super-P carbon (Timcal), and sodium
alginate (SA, Sigma-Aldrich) at the weight ratio of 8:1:1 in distilled water. The resulting slurry was coated
onto aluminum foil and dried in vacuum at 60 °C overnight. The coin-type cells were assembled in an Ar-
filled glovebox with moisture and oxygen concentrations lower than 1 ppm, using lithium metal as the
counter/reference electrode, glass fiber membrane as the separator, and 1 M lithium
bis(trifluoromethanesulfonyl)imide (LiTESI) (Solvay) in a mixture of dioxolane (DOL, Sigma-Aldrich), and
dimethoxygethane (DME, Sigma-Aldrich) (1:1 in volume) with 1% LiNO, (Sigma-Aldrich) additive as the
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electrolyte. The galvanostatic discharge and charge experiments were performed on a battery tester (LAND)
with a voltage window of 1.75 V-2.6 V vs. Li*/Li at different current densities of 0.1 C,0.2 C,0.5C,1C,2C,
and 5 C (1 C = 675 mA g"). Cyclic voltammetry (CV) was performed using an electrochemical workstation
Princeton VersaSTAT 3 at a voltage of 1.75 V -2.6 V with a scan rate of 0.1 mV s". Electrochemical
impedance spectroscopy (EIS) measurement was also conducted using Princeton VersaSTAT 3 with a
frequency range between 100 kHz and 10 mHz.

RESULTS AND DISCUSSION

Compared to the preparation of ZIF-s@MWCNTs by two-step method including filtering the metal salts
with MWCNTs followed by adding of 2-methylimidazole (Hmim) reported in the literature***), our novel
method is notably much simpler, but it can also tune the ZIF-8 crystal size grown on MWCNTs. Figure 1A
and B schematically illustrates the preparation process of Se@ZIF-8-C@MWCNTs and the tunable crystal
sizes of the ZIF-8 in the ZIF-8-C@MWCNTs 3D network composites. Our present work demonstrates that
ZIF-8 with variable crystal sizes can directly grow on the surface of MWCNTSs via a simple mixing reaction
in methanol at room temperature. The ZIF-8 as a reference sample was synthesized by simple mixing of
zinc salts and 2-methylimidazole in the methanol at room temperature. The ZIF-8@MWCNTs composites
were synthesized by in situ growth of ZIF-8 crystals on oxidized MWCNTSs with the different weight ratio of
modulator (1-methylimidazole). The modulator was used to tune the size of ZIF-8 crystals. The higher the
amount of modulator, the larger the crystal size. ZIF-8 with different crystal sizes grown on MWCNT's were
obtained [Figure 1B]. When the ZIF-8 crystal size is small, it grows along the single nanotube where only
one nanotube is across the ZIF-8 crystal. As the crystal size increases, multiple CNTs pass through the ZIF-8
crystals. The ZIF-8 derived porous carbons (ZIF-8-C) and ZIF-8 derived porous carbon on 3D multiwalled
carbon nanotubes (ZIF-8-C@MWCNTSs) were obtained by the pyrolysis of ZIF-8 crystals at 800 °C in argon,
followed by acid washing to remove the metal. Finally, the selenium was confined inside the pores of the
composites at 260 °C [Figure 1C].

The successful synthesis of ZIF-s@MWCNTSs was confirmed by X-ray powder diffraction [Figure 2A]. The
two broad peaks at 26° and 43.5° (20) in the XRD pattern of MWCNTs correspond to the (002) and (100)
Bragg reflection planes with low crystallinity*”. In terms of ZIF-8, the diffraction peaks at 7.3°, 10.3°, 12.7°,
and 18° (20), representing the crystal structures of ZIF-8 are observed, being consistent with its typical
crystalline structure (CCDC # 602542)"“**). After the addition of MWCNTs, the peaks of ZIF-8 appear at the
same positions, which proved the successful synthesis of the ZIF-8@MWCNTs composites. Due to the high
intensity of the ZIF-8, the broad peaks belonging to MWCNTs are indistinguishable. Supplementary Figure
1 demonstrates that there is no effect on the formation of ZIF-8 crystalline structure by adding MWCNTs in
the synthesis, and that the peak intensity of ZIF-8s@MWCNTs composite increases with increasing the
amount of modulator (1-methylimidazole) as the crystal size of ZIF-8 in situ grown on MWCNT's gradually
increased. Following the high-temperature pyrolysis at 800 °C, the 3D network composites made of ZIF-8
derived porous carbon and MWCNTSs were obtained. The XRD pattern of ZIF-8-C indicates the carbon
derived from ZIF-8 is in an amorphous state. After the encapsulation of selenium in ZIF-8-C@MWCNTs
composites, the characteristic peaks of selenium at 23.5° and 29.5° (260) almost disappear from Se@ZIE-8-
C@MWCNTs-1 as a representative sample, indicating that the selenium is in the amorphous phase'™.

The confinement condition of selenium inside ZIF-8-C@MWCNTs-X (X = 1-5) composites can also be
confirmed by the N, adsorption-desorption isotherms [Figure 2B and Supplementary Figure 2]. The
adsorption-desorption isotherms of ZIF-8-C and the ZIF-8-C@MWCNTs-X (X = 1-5) composites display
typical Type I curves with hysteresis at a high relative pressure of 0.8-1.0, showing the microporous
characteristics with the presence of interparticular large pore size of these materials. The pore size
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Figure 2. (A) XRD patterns of ZIF-8, MWCNTSs, ZIF-8@MWCNTs-1, ZIF-8-C, Se@ZIF-8-C@MWCNTs-1, and selenium. (B) Nitrogen
adsorption and desorption isotherms of ZIF-8-C, Se@ZIF-8-C, ZIF-8-C@MWCNTs-1and Se@ZIF-8-C@MWCNTs-1. (C) TGA curves of
Se@ZIF-8-C and Se@ZIF-8-C@MWCNTs-1 under nitrogen with a rate of 5 °C min™. XPS spectrum of Se@ZIF-8-C@MWCNTs-1: (D)
Survey scan; (E) Cls; and (F) Se3d.

distribution curves show the presence of two kinds of micropores, 1.0 nm and 1.5 nm, in all the as-prepared
materials [Supplementary Figure 2]. The hysteresis at the very high relative pressure over 0.8 [
Supplementary Figure 2A and B] is due to the intergranular porosity coming from the aggregation of ZIF-8
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derived porous carbon particles. The calculated BET surface areas and pore volumes are listed in
Supplementary Table 1. The pore volume and surface area decrease with increasing the amount of
modulator, and then increase back to 1.32 cm® g" and 1283 m® g, respectively. After selenium loading, the
micropores disappear, indicating that the pores were filled with selenium [Figure 2B].

The exact weight ratio of selenium in Se@ZIF-8-C and Se@ZIF-8-C@MWCNTs-X (X = 1-5) composites
were measured by TGA. The TG curves of Se@ZIF-8-C and Se@ZIF-8-C@MWCNTs-1 as representative
samples are shown in Figure 2C. The series of Se@ZIF-8-C@MWCNTSs-X are given in Supplementary
Figure 3. In Figure 2C, a weight loss is observed at around 200 °C, because of the small amount of selenium
residue at the surface of ZIF-8-C@MWCNTs-1. The main weight loss starts from 300 °C to 500 °C, which is
responsible for the encapsulated selenium. The selenium weight ratio of Se@ZIF-8-C and Se@ZIF-s-
C@MWCNTs-X (X = 1-5) are around 65%. The high Se loading proportion in the Se@host composites is
due to the high surface area and high pore volume of all the host materials. XPS was also applied to
investigate the elemental composition and ratio and the electronic state of the specific elements. The survey
scan of the Se@ZIF-8-C@MWCNTs-1 [Figure 2D] gives the peaks located at 533, 402.6, 284 and 55.3 eV
corresponding to O1s, N1s, C1s, and Se3d, respectively. The existence of O1s peak with very low intensity
may be due to the physically adsorbed moisture/oxygen"". The peak of N1s is originally from the ligands of
2-methylimidazole. The weight ratio of selenium from the survey scan is 63.5%, which is consistent with the
data from TGA. The peak of high-resolution C1s spectrum could be deconvoluted into three components at
284.8 eV, 286.1 eV, and 288.7 eV, related to C-C, C-O, and C=0, respectively [Figure 2E]. The high-
resolution Se3d spectrum in Figure 2F can be deconvoluted into two contributions of 55.4 and 56.2 eV,
corresponding to Se3d.,,and Se3d.,,, respectively, due to spin-orbit coupling™”..

The morphologies of ZIF-8-C and ZIF-8-C@MWCNTs-X (X = 1-5) were examined by TEM and SEM, as
shown in Figures 3 and 4, respectively. The particle sizes of pure ZIF-8-C are quite uniform, around 50 nm
+ 10 nm. After adding oxidized MWCNTs into the methanol solution, the ZIF-8 particles clearly grew along
the surface of MWCNTSs, and the ZIF-8 crystal size was largely reduced to around 20 nm-30 nm. This
indicates that the surface functionalization of MWCNTs by strong acid treatment favors the interaction
between ZIF-8 crystals and MWCNTs, leading to the growth of ZIF-8 crystals at the surface of MWCNTs. It
is interesting to note that almost all the ZIF-8 crystals grew along the MWCNTs. Increasing the amount of
1-methylimidazole as a modulator, the crystal size of ZIF-8 starts to increase. The interconnected CNT
network and the ZIF-8 crystals on its surface form a sponge structure with a large number of pores inside.
After the pyrolysis process, the particle sizes are 50 nm for ZIF-8-C [Figure 3A and D], 20nm-30 nm for
ZIF-8-C@MWCNTs-1 [Figure 3B and EJ, 100 nm-150 nm for ZIF-8-C@MWCNTs-2 [Figure 3C and FJ,
300 nm-500 nm for ZIF-8-C@MWCNTs-3 [Figure 3G and J], 500 nm-800 nm for ZIF-8-C@MWCNTs-4 [
Figure 3H and K], and 800 nm to 1.5 um for ZIF-8-C@MWCNTs-5 [Figure 3I and L]. It clearly shows that
the ZIF-8-C particles are embedded in multiple CNTs networks. Figure 4 further proves the presence of
ZIF-8-C with very homogenous particle size in ZIF-8-C@MWCNTs-X (X = 1-5) composites. The SEM and
TEM images of Se@ZIF-8-C are shown in Supplementary Figure 4. After confining Se into ZIF-8-C, the
morphology of the obtained Se@ZIF-8-C remains unchanged. The uniform dispersion of carbon, selenium,
and nitrogen was confirmed by energy-dispersive X-ray spectroscopy (EDX) element analysis mapping. The
accurate weight loading of selenium inside ZIF-8-C@MWCNTs-1 is 64 wt.% by EDX element analysis,
which is in agreement with the data from XPS and TGA. The other EDX mapping data of other composites
are shown in Supplementary Figure 5, indicating that the C, Se, and N elements are well dispersed'™”.

Coin cells were assembled with lithium metal as anode and mixtures of Se@ZIF-8-C or Se@ZIF-8-
C@MWCNTs-X, conductive carbon, and sodium alginate with a weight ratio of 8:1:1 as a positive electrode
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Figure 3. TEM images of: ZIF-8-C (A,D); ZIF-8-C@MWCNTs-1 (B,E); ZIF-8-C@MWCNTs-2 (C,F); ZIF-8-C@MWCNTs-3 (G,)); ZIF-8-
C@MWCNTs-4 (H,K); and ZIF-8-C@MWCNTs-5 (I,L).

to evaluate the battery performance. The electrolyte was composed of 1 M LiTEFSI DOL: DME with a
volume ratio of 1:1, accompanied with 1% LiNO,. From 50 to 80 uL of electrolyte were added to every cell,
and glass fiber was used as the separator in our case. The typical battery voltage used was in the range of
1.75 V-2.6 V to avoid excessive LiINO, decomposition for sustainable protection as LiNO, can react with
metallic lithium anode to form a passivation layer on lithium anode, at the same time getting a higher
coulombic efficiency. To explore the electrochemical reaction during the discharge-charge process, CV
analyses of Se@ZIF-8-C@MWCNTs-3, as representative samples of Se@ZIF-8-C@MWCNTs-X, are
presented in Figure 5A. The CV curve shows two obvious reduction peaks at 2.14 V and 1.93 V at the first
cycle, relevant to the stepwise electrochemical reaction from selenium to lithium polyselenides (Li,Se,, n 2
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Figure 4. SEM images of: (A) ZIF-8-C@MWCNTs-1; (B) ZIF-8-C@MWCNTs-2; (C) ZIF-8-C@MWCNTs-3; (D) ZIF-8-C@MWCNTs-4;
(E) ZIF-8-C@MWCNTs-5; and (F) Se@ZIF-8-C@MWCNTs-1. EDX mapping images of Se@ZIF-8-C@MWCNTs-1: (G) C; (H) Se; and
(D N.

4), finally to Li,Se***". There is another small reduction peak observed at 2.26 V, which is due to the
irreversible transformation of cyclic Se, into higher-order linear Se,*". Two oxidation peaks corresponding
to the reaction from Li,Se to Se with the intermediate Li,Se, appear at 2.17 and 2.26 V, respectively. The
following cycles show similar peaks to the first cycle, but the reduction/oxidation peaks shift to a lower
overpotential position due to the formation of the solid electrolyte interphase (SEI) layer on the surface of
positive electrode and the activation of Se electrode™. Moreover, the absence of a small reduction peak at
2.26 V in the following cycles is due to the irreversible transformation of cyclic Se, into higher-order linear
Se,. After that, the CV curves overlap well, demonstrating the improvement of the reversibility with cycling.

The cycling performance of Se@ZIF-8-C, Se@ZIF-8-C@MWCNTs-1, and Se@ZIF-8-C@MWCNTs-3 were
carried out at 0.2 C (1 C = 675 mA g") [Figure 5B]. The initial discharge/charge capacities of Se@ZIF-8-C
and Se@ZIF-8-C@MWCNTs-1 are 294/613 and 422/578 mAh g*, respectively. The initial coulombic
efficiencies of Se@ZIF-8-C and Se@ZIF-8-C@MWCNTs-1 are 48% and 76%, respectively. The low
coulombic efficiencies can be attributed to the irreversible formation process of SEI in the first cycle and
electrolyte decomposition™. After the first few cycles, the coulombic efficiencies of Se@ZIF-8-
C@MWCNTs-1 quickly climbed to more than 95% and stabilized. However, Se@ZIF-8-C electrodes needed
more cycles to be stabilized because of their sluggish utilization of selenium by inefficient ionic and electron
mobility. After 200 cycles, the capacity of Se@ZIF-8-C@MWCNTs-1 electrode is stabilized at 216 mAh g7,
while the capacity of Se@ZIF-8-C is sharply reduced to 150 mAh g". This reflects that the electrochemical
reaction was accelerated by introducing interconnected MWCNTs to the system. By optimizing the
composition of MWCNTs and ZIF-8-C particles, the battery can achieve further improved performance. As
shown in Figure 5B, Se@ZIF-8-C@MWCNTs-3 exhibits a high initial capacity of 756 mAh g"'and remains
at 468 mAh g after 200 cycles. The detailed discharge/charge curves of the Se@ZIF-8-C@MWCNTs-3
electrode at the 1st, 50th, 100th, 150th, and 200th cycles are shown in Figure 5C. The discharge curves show
two typical platforms, which are consistent with the cyclic voltammetry measurements containing two
reduction peaks.
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Figure 5. (A) Se mass-normalized CV curves of Se@ZIF-8-C@MWCNTSs-3 at first four cycles. (B) The cycling performance and
corresponding coulombic efficiency of Se@ZIF-8-C, Se@ZIF-8-C@MWCNTs-1, and Se@ZIF-8-C@MWCNTs-3. (C) The charge and
discharge curves at different cycles of Se@ZIF-8-C@MWCNTs-3. (D) Rate capability of Se@ZIF-8-C, Se@ZIF-8-C@MWCNTs-1, and
Se@ZIF-8-C@MWCNTSs-3. (E) CV curves of Se@ZIF-8-C and Se@ZIF-8-C@MWCNT-3 in the fourth cycle. (F) The cycling performance
and (G) rate capability of Se @ZIF-8-C@MWCNTs-1, Se@ZIF-8-C@MWCNTs-2, Se@ZIF-8-C@MWCNTs-3, Se@ZIF-8-C@MWCNTs-
4, and Se@ZIF-8-C@MWCNTs-5. (H) Cycling performance of Se@ZIF-8-C and Se@ZIF-8-C@MWCNTs-3 at a high current density of 1
C.

Figure 5D shows the rate performance of Se@ZIF-8-C, Se@ZIF-8-C@MWCNTs-1, and Se@ZIF-8-
C@MWCNTs-3 at current densities of 0.1, 0.2, 0.5, 1, 2, and 5 C. The capacity decreased with the increase of
current densities due to the electrolyte polarization and the limitation of the ions transfer and
transformation. The capacities of Se@ZIF-8-C@MWCNTs-1 are around 250, 192, 150, 100, 60 and 45 mAh
g at the current densities of 0.1, 0.2, 0.5, 1, 2, and 5 C, respectively. When back to 0.1 C, a capacity of 220
mAh g'is observed, showing excellent capacity recovery, indicating the stable structure of Se@ZIF-s-
C@MWCNTs in high current density cycling. The rate performance of their counterpart Se@ZIF-8-C
showed lower rate capacities of 220, 180, 100, 40, 20 and 10 mAh g at the current densities of 0.1, 0.2, 0.5, 1,
2, and 5 C, respectively. Se@ZIF-8-C@MWCNTs-3 present an improved capacity at different current
densities than those of Se@ZIF-8-C@MWCNTs-1 and Se@ZIF-8-C, showing its superior performance. The
improved performance of Se@ZIF-8-C@MWCNTs compared to Se@ZIF-8-C confirms the ability of the 3D
composite with microporous carbon and interconnected CNTs networks. The encapsulation of selenium
inside the porous carbon of ZIF-8-C possesses more reaction sites, and the presence of MWCNTs is
beneficial to fast electron mobility, which facilitates the electrochemical kinetics of selenium species.
Moreover, the 3D structure further firmly fixes the ZIF-8 in the specific position, proves the interconnected
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pathways for Li* transfer, and enhances the adsorption of the polyselenides by its surface polar bonds. The
CV measurements for comparison of Se@ZIF-8-C and Se@ZIF-8-C@MWCNTSs-3 were performed under
the same operating conditions as the battery with a voltage of 1.75-2.6 V. The CV curves of Se@ZIF-8-C and
Se@ZIF-8-C@MWCNTs-3 at the fourth cycle are shown in Figure 5E. The higher current density and lower
overpotential of Se@ZIF-8-C@MWCNTSs-3 (0.06 V) than that of Se@ZIF-8-C (0.21 V) indicate that
Se@ZIF-8-C@MWCNTs achieves accelerated electrochemical kinetics.

To explore the optimal combination of ZIF-8 derived porous carbon particles and MWCNTs, cells with a
series of Se@ZIF-8-C@MWCNTs-X (X = 1-5) positive electrodes were assembled and further tested. As
shown in Figure 5F, the batteries exhibit very high initial discharge capacities of 715, 756, 710, and 547 mAh
g for Se@ZIF-8-C@MWCNTs-2, Se@ZIF-8-C@MWCNTs-3, Se@ZIF-8-C@MWCNTs-4, and Se@ZIF-s-
C@MWCNTs-5, respectively. The higher value than the theoretical one (675 mAh g*) is due to the
additional capacity contribution from the formation of SEI layer. The Se@ZIF-8-C@MWCNTs-X (X = 2-5)
positive electrodes achieve much better performance than that of Se@ZIF-8-C@MWCNTs-1 and have a
trend of increase first and then decrease with the increase of the particle size of the ZIF-8 derived porous
carbons. At a ZIF-8 derived porous carbon particle size of 300 nm-500 nm, the Se@ZIF-8-C@MWCNTs-3
positive electrode reaches the best electrochemical performance. With the cycles running, the Se@ZIF-s-
C@MWCNTs-2, Se@ZIF-8-C@MWCNTs-4, and Se@ZIF-8-C@MWCNTs-5 have relatively faster decay
than Se@ZIF-8-C@MWCNTs-3 and stabilize at 392, 396, and 246 mAh g after 200 cycles, respectively. The
capacity performance results of all the different fabricated positive electrodes are summarized in Table 1.
Se@ZIF-8-C@MWCNTs-3, with the highest discharge of 468 mAh g after 200 cycles, shows the best
cycling performance. This can be attributed to the appropriate particle size of ZIF-8 derived microporous
carbon, ensuring the full utilization of Se and adsorption of polyselenides. To confirm the capacity
contributed by Se rather than MWCNTs, the CV measurement and cycle capacity of pure-MWCNTs were
conducted at 1.75 V-2.6 V. The results are shown in Supplementary Figure 6. A reduction peak at the
voltage of 1.82 V is shown in Supplementary Figure 6A, which is due to the decomposition of electrolyte at
low voltage and SEI layer formation during the first cycle. After that, the formed SEI separates the
electrolyte and MWCNTSs host material and the decomposition of electrolyte is greatly decreased. In
Supplementary Figure 6B, the discharge capacity of cells with pure-MWCNTs is 156 mAh g" at the first
cycle, which rapidly drops to 26.7 mAh g* and stabilizes at 8 mAh g”. This indicates that the capacity
achievement in the battery with Se@ZIF-8-C@MWCNTs is contributed by active Se after the first cycle.

The rate performance of Se@ZIF-8-C@MWCNTSs-X (X = 1-5) was tested at different current densities
[Figure 5G], as listed in Table 2. The Se@ZIF-8-C@MWCNTs-2 exhibits the capacity of 600 mAh g?, 520
mAh g7, 405 mAh g, 285 mAh g, 143 mAh g, and 50 mAh g at the current densities of 0.1 C, 0.2 C, 0.5
C,1C, 2 C, and 5 C, respectively, showing a largely improved performance compared with that of Se@ZIF-
8-C@MWCNTs-1. As the size of ZIF-8 derived porous carbon increases, the capacity of Se@ZIF-8-
C@MWCNTs-3 (675 mAh g7, 584 mAh g, 496 mAh g, 391 mAh g*, 260 mAh g*, and 145 mAh g") and
Se@ZIF-8-C@MWCNTs-4 (660 mAh g*, 582 mAh g', 517 mAh g’, 426 mAh g, 306 mAh g*, and 156
mAh g*) have further significant improvement at current densities of 0.1 C-5 C with high recoverability.
The rate performance of Se@ZIF-8-C@MWCNTs-4 shows the same best performance as Se@ZIF-s-
C@MWCNTs-3, whereas Se@ZIF-8-C@MWCNTs-5, with the largest ZIF-8 derived porous carbon
particles, has a relatively reduced capacity of 564 mAh g, 467 mAh g*, 343 mAh g*, 205 mAh g*, 99 mAh
g’,and 30 mAh g at the currents of 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, and 5 C, respectively. With the increase of
ZIF-8 derived porous carbon particle size, the performance increases as the passage of multiple CNTs
through the carbon particles ensures its good stability and high electronic/ionic conductivity. Conversely,
because of the lack of the channels inside the big size of the ZIF-8 derived porous carbon particles, it is not
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Table 1. The cycle performance at 0.2 C and rate capacity of Se@ZIF-8-C and Se@ZIF-8-C@MWCNTs-X (X = 1-5)

Samples Initial discharge 2nd cycle discharge 200th cycle discharge Discharge capacity at 5
P capacity (mAhg™) capacity (mAhg™) capacity (mAhg™) C(mAhg")

Se@ZIF-8-C 294 296 150 10

Se@ZIF-8- 442 405 216 45

C@MWCNTs-1

Se@ZIF-8- 715 606 392 50

C@MWCNTs-2

Se@ZIF-8- 756 647 468 145

C@MWCNTs-3

Se@ZIF-8- 710 647 396 156

C@MWCNTs-4

Se@ZIF-8- 547 455 246 30

C@MWCNTs-5

Table 2. The rate capacity (mAh g'1) at different current densities of Se@ZIF-8-C and Se@ZIF-8-C@MWCNTs-X (X = 1-5)

Samples 0.1C 0.2C 0.5C 1C 2C 5C
Se@ZIF-8-C 220 180 100 40 20 10
Se@ZIF-8-C@MWCNTs-1 250 192 150 100 60 45
Se@ZIF-8-C@MWCNTs-2 600 520 405 284 143 50
Se@ZIF-8-C@MWCNTs-3 675 584 496 391 260 145
Se@ZIF-8-C@MWCNTs-4 660 582 517 426 306 156
Se@ZIF-8-C@MWCNTs-5 564 467 343 205 99 30

beneficial to the ions transfer, leading to the electrochemical reaction kinetics drop. Thus, the optimal size
of ZIF-8 derived carbon porous material at 300-500 nm achieves the best performance in the Li-Se battery.
The cycling performance of Se@ZIF-8-C and Se@ZIF-8-C@MWCNTs-3 at a high current density of 1 C
was conducted, as shown in Figure 5H. The capacity of Se@ZIF-8-C@ MWCNTSs-3 reaches 206 mAh g*
after 500 cycles, which is much higher than that of Se@ZIF-8-C at only 95 mAh g". Therefore, the
advantages of the composites of optimized ZIF-8-C size combined with the interconnected MWCNTs are
fully demonstrated when compared with Se@ZIF-8-C at the high current density with a long cycle
operation.

Figure 6A-C schematically illustrates the mechanism of electrochemical performances of Se@ZIF-8-C, ZIF-
8-C@MWCNTs-1, and Se@ZIF-8-C@MWCNTs-5. The combination of ZIF-8 derived microporous carbon
particles with highly conductive MWCNTs is beneficial for fast electron transportation in the electrode. It is
observed that the particle size has a huge influence on the final electrochemical performances due to the
following dilemmas: (A) the soluble polyselenides can easily escape from the micropores of ZIF-8-C if the
particle size is too small; and (B) the selenium is not easily fully utilized inside micropores of ZIF-8-C if the
particle size is too large. There exists a balance, where the suitable size of ZIF-8-C helps to achieve the best
battery performance.

The EIS analysis was carried out at open circuit potential, and the results are shown in Figure 6D and E. For
the fresh battery, the curves are composed of a semicircle at high frequency followed by a straight line at low
frequency. The start point of the semicircle is R, which is assigned to the ohmic resistance of the coin
cells®™, while the semicircle in the EIS is related to interface resistance between electrode and electrolyte,
which is also called charge transfer impedance (R,)*". The relevant equivalent circuit model is inserted in
the image. The chi-square values (y*) between calculated result and measured data is within 10™* The
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Figure 6. Schematic mechanism of the electrodes for lithium ion and electron movement: (A) Se@ZIF-8-C; (B) ZIF-8-C@MWCNTs-1;
and (C) Se@ZIF-8-C@MWCNTs-5. Nyquist plots of Se@ZIF-8-C@MWCNTs-X (X = 1-5) electrode measured when fresh (D) and after
100 cycles with 0.2 C (E).

interface resistance has a huge influence on lithium ion and electron transportation. The interface resistance
of Se@ZIF-8-C@MWCNTs-3 is 27 Q, being much lower than all other electrodes. The clear second
semicircle appears at the 100th cycle for the generation of the SEI layer'™. The interface resistance (Rg;) of
Se@ZIF-8-C@MWCNTs-3 shows a similar tendency that proves the structural stability of the electrode.
With the increase of ZIF-8 particle size, more carbon nanotubes pass through it, which improves the
electrons transfer. However, a too big particle size of ZIF-8 is not beneficial to the transfer of ions. Thus, at
the middle size of ZIF-8, Se@ZIF-8-C@MWCNTs-3 achieves the best reaction kinetics.

To better illustrate the relationship between ZIF-8 derived porous carbon particle size and the battery
performance, the specific discharge capacity and impedance of the Se@ZIF-8-C@MWCNTs-X (X = 1-5)
positive electrodes as a function of the particle size of the internal ZIF-8 derived porous carbon are
summarized in Figure 7. With the increase of ZIF-8 derived porous carbon particle size, the number of
CNTs that pass through the particles increases. That is favorable for the tight connection of particles with
MWCNTs in the composites and rapid electronic conductivity of the positive electrode, leading to the
improved capacity and stability of the battery. With the further increase of the ZIF-8 derived porous carbon
particle size, the electrolyte and ion transfer are inhibited because of the increased depth of the micropores
in the center of the particles, resulting in decrease in the capacity. Thus, the battery achieves the best
performance when the ZIF-8 derived porous carbon particle and MWCNTs have an optimal combination.
The optimal particle size of ZIF-8 derived porous carbon material at 300 nm-500 nm achieves the best
performance in the Li-Se battery owing to the optimal reaction kinetics. The lowest EIS value of Se@ZIF-s-
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Figure 7. Summary of the specific capacity and impedance of the Se@ZIF-8-C@MWCNTs-X (X = 1-5) positive electrodes according to
the particle size of the internal ZIF-8 derived porous carbon.

C@MWCNTs-3 from the impedance test again confirms the accelerated charge transfer.

CONCLUSIONS

Series of microporous carbon particles derived from ZIF-8 strung by MWCNTs were obtained by in situ
solvothermal reaction. The Se@ZIF-8-C@MWCNTSs-X (X = 1-5) can benefit from the large microporosity
of the ZIF-8 and much improved conductivity of MWCNTs for fast electron transportation. Besides, the
interconnected 3D MWCNTSs network formed fluffy structures can accelerate ions transfer and enhance
adsorption of the polyselenides, which will further improve the electrochemical reaction and maintain the
good stability of the battery. Importantly, the crystal size of ZIF-8 derived microporous carbon particles on
the MWCNTs has a significant influence on the battery performance. The ZIF-8-C with particle size around
300-500 nm coated on MWCNTs, which gives Se@ZIF-8-C@MWCNTs-3 composite, possesses the highest
conductivity and fast Li" transfer, thereby achieving the best performance with a capacity of 468 mAh g'at
0.2 C after 200 cycles. The strategy developed in this work provides the facile way to obtain the connection
of MOFs to MWCNTs to alleviate the inefficient electron transportation. The particle size of ZIF-8 derived
microporous carbon should be thoroughly considered. In perspective, this strategy can be applied to the
penetration of other MOFs by the conductive network to improve reaction kinetics for advanced Li-Se or
Li-S batteries.
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Abstract

The photocatalytic process employing nanostructured semiconductor materials has attracted great attention in
energy production, CO, reduction, and water/air purification for decades. Recently, applying heterogeneous
photocatalyst for the synthesis of valuable chemicals is gradually emerging and considered as a promising process
for the conversion of cheap resources (i.e., biomass derivatives, polyols, and aromatic hydrocarbons). Compared
with traditional thermal catalytic approaches, the photocatalytic process provides a mild reaction condition and
flexible platform (photocatalyst) that allows precise tweaking of reaction intermediates and reaction pathways,
thus resulting in fine control of the selective synthesis of specialized chemicals that are challenging for thermal
catalysis. In this review, we summarize recent achievements in photocatalytic synthesis of various industrial
important chemicals via photo-oxidative and photo-reductive processes. The selective oxidation of alcohols and
aromatics, epoxidation of alkenes, hydrogenation of gaseous molecules and hydrocarbons, and coupling reactions
by means of various photocatalysts including metal oxides, supported plasmonic metal nanostructures, conjugated
organic polymers, anchored homogeneous catalysts, and dye-sensitized heterostructures are discussed from a
material perspective. In addition, fundamental understandings of reaction mechanisms and rational design of
nanostructured photocatalysts for enhancing efficiency, selectivity, and stability are discussed in detail.
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INTRODUCTION

Heterogeneous catalysis is paramount in modern society, and different types of catalysts have been designed
and utilized in various industrial applications, e.g., ammonia synthesis'™*, Fischer-Tropsch synthesis'”, oil
desulfurization', and fuel cells”. As a branch of heterogeneous catalysis, photocatalysis has received great
attention over the last decades in water splitting, CO, reduction, and water/air purification from both
fundamental and application perspectives®'. To drive these reactions using solar energy, various
semiconductor-based materials, including metal oxides, nitrides, and sulfides"**", organic polymers®-*?,
perovskites”*, and metal-organic frameworks (MOF)***, with moderate bandgaps have been developed.
These materials have been further engineered by means of constructing heterojunctions (i.e., semiconductor
interfaces and loading of metal cocatalysts) to improve their photocatalytic performance in terms of
efficiency and stability'*. The boom in photocatalyst materials also leads to the exploration of employing
a photocatalytic approach for synthetic applications"”*! that may have an instantaneous impact.

The synthetic paths via photocatalysis exhibit several intrinsic advances compared with conventional
thermal-catalytic approaches. While traditional catalysts accelerate reactions by means of forming instable
surface adsorbed intermediate species with lower activation energy, the photocatalytic processes involve the
excitation of the catalyst and the reactants to higher energy states that overcome the activation energy
barriers. Therefore, corrosion-resistant reactors for harsh reaction conditions (i.e., high temperatures and
pressures and strong oxidants and reductants) can be simplified for photocatalytic synthesis (i.e., ammonia
synthesis, Fischer-Tropsch synthesis, and selective oxidation and hydrogenation reactions)***". However,
researchers should be aware that specialized reactors with optimized light transmittance and mass
transportation are required for heterogeneous photocatalysis. In fact, the photon energy is ~1.7-3 eV in the
visible light region, which is sufficient to drive most catalytic reactions. Owing to the mild reaction
conditions and tunable band positions of the semiconductor photocatalysts, some challenging redox
reactions that require precise control of the redox potentials can be realized by photocatalytic approaches
with high conversion and selectivity (i.e., epoxidation reactions and coupling reactions)"*"\. This results in
a significant reduction in energy consumption for separation processes (i.e., distillation, filtration, and
sublimation), which is desirable for economic and environmental purposes. Nevertheless, a longer lifetime
of the photocatalyst materials is expected due to such mild reaction conditions, which is essential for noble
metal-supported systems, delicate surface engineered materials, and anchored homogeneous catalysts.

Employing homogeneous photocatalyst materials for the synthesis of value-added chemicals has been
investigated for decades and received significant achievements. Metal complex redox catalysts (i.e., [Ru(bpz)
,J(PF,), and fac-Ir(ppy),) and conjugated soluble dye molecules (i.e., Eosin Y and fluorescein) are frequently
used in homogeneous photocatalysts due to their strong light absorbance in the visible light region,
excellent solubility, and long excited-state lifetimes™*". By controlling the reaction conditions and the
chelating ligands of the redox complexes, a variety of important reactions including carbonyl (C-C)
coupling, imino-pinacol (C-N) coupling, C-O coupling, cycloaddition, and alkylation and arylation of
alkanes can be realized with high selectivity and stereo-regularity™*”. However, homogeneous
photocatalytic systems are facing challenges in the cost of expensive metal complex catalysts, the instability
of the polymeric catalysts, and the separation of products.

Several in-depth reviews summarize recent progress in utilizing heterogeneous photocatalyst for the
synthesis of valuable chemicals from different perspectives, targeting specific reactions (i.e., partial
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oxidation, C-C coupling, and biomass products conversion), materials (i.e., TiO,, polyoxometalate, and
supported plasmonic metal nanoparticles), and reactor design'***>*”*.. Miyabe and Kohtani'®® emphasized
recent developments of TiO,-based photocatalysts in heterogeneous photocatalytic reductive and oxidative
organic synthesis. Bloh et al.'! summarized recent developments in heterogeneous photoredox catalysis
with a special focus on materials optimization. This review addresses advances in photocatalytic synthesis
from an application-orientated perspective, presenting the development in the design of nanostructured
photocatalyst materials by covering up-to-date and classical works. We categorize the photocatalytic
reactions into oxidative and reductive reactions, which are further subdivided into alcohol oxidation,
epoxidation, oxidation of aromatics oxidative coupling, hydrogenation reactions, and reductive coupling
[Scheme 1]. The design strategies, selection rules, advantages, and limitations of various nanostructured
photocatalyst materials, including metal oxides, supported plasmonic metal nanostructures, organic
polymers, anchored homogeneous catalysts, and dye-sensitized heterostructures, are also summarized. For
oxidation reactions, the optimization of oxidation power of the photocatalyst is presented for the controlled
synthesis of target products to avoid overoxidation. Correspondingly, the manipulation of photogenerated
hydrogen atoms for selective reduction reactions by controlling the surface properties of the photocatalyst is
discussed. In addition, fundamental understandings of reaction mechanisms for the rational design of
nanostructured photocatalysts are presented. Moreover, this review presents the recent design and
development of continuous reactors for scaling-up of photocatalytic processes.

NANOSIZED PHOTOCATALYSTS FOR OXIDATION REACTIONS

Alcohol oxidation

Monohydric alcohols

Monohydric and polyhydric alcohols are widely used as hole scavengers in photocatalytic hydrogen
production (i.e., methanol, ethanol, glycerol, and triethanolamine)”””. Bahruji et al.” showed that
monohydric alcohols dissociate via the decarbonylation oxidation process when Pd nanoparticle (NP)-
modified TiO, is used as the photocatalyst under deaerated conditions, resulting in the formation of H,,
CO,, and corresponding hydrocarbons, as demonstrated in Equations (1) and (2):

Pd/TiO, hv

, Pd/TiO9, hv .
RR'CHOH + H,0 ——25C0, + RH + RH + H, Eq. (2)

It is proposed that the alcohol decarbonylation process takes place on the Pd NP surface with CO as the
reaction intermediate, which is further oxidized to CO, by the photogenerated oxygen species on the TiO,
surface. To further enhance the activity and extend the reaction into visible light region, plasmonic metal
NPs have been loaded onto various semiconductor photocatalysts (i.e., TiO, and g-C,N,) to serve as both

78,79]

promoter and light absorber”*”.

Beyond the evolution of gaseous H,, the liquid phase products may also be influenced by the identity of the
metal promoter and the microstructure of the semiconductor during photocatalytic alcohol oxidation under
anaerobic conditions. Ruberu et al.™ revealed that the semiconductor-metal heterostructures dictate
photocatalytic dehydrogenation and hydrogenolysis of benzyl alcohol. As demonstrated in Figure 1A, while
CdS-Pt favors dehydrogenation of benzyl alcohol to generate benzaldehyde and H,, CdS, Se, -Pd favors
further hydrogenolysis of the generated benzaldehyde by the photogenerated H,, resulting in the formation
of toluene. A mechanistic study using labeled benzyl alcohol reveals that the adsorption of photogenerated
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Scheme 1. Categories of heterogeneous photocatalytic synthetic reactions discussed in this review and their major challenges.

hydrogen atoms is stronger on the Pd surface than on the Pt surface, thus resulting in the consecutive
hydrogenolysis benzaldehyde. Such a design strategy is useful for synthetic chemistry via photocatalytic
hydrogen transfer reactions.

Lu et al.”™ showed that modulation of TiO, microstructure and polymorph can alter the oxidation kinetics
and pathway of photocatalytic ethanol reforming under deaerated conditions in water solution. While
ethanol is oxidized to acetaldehyde and acetic acid over Pt-modified Degussa P25, the value-added coupling
product (2,3-butanediol) is selectively formed on rutile TiO,. The conversion of ethanol and selectivity to
2,3-butanediol can be further enhanced by employing Pt-modified rutile nanotubes with filled channels, as
shown in Figure 1B. Such configuration prevents the deep oxidation of photogenerated a-hydroxyethyl
radicals (CH,»CHOH) within the pores and thus facilitates the desorption of CH,-CHOH, which undergoes
a coupling reaction to form 2,3-butanediol in the solution. Later, the same group reported that absolute
ethanol can be directly converted to 1,1-diethoxyethane and H, using Pt-TiO, nanotubes and nanorods
under deaerated conditions following Equations (3) and (4)"

hv, Pt/Ti0,
CH;CHO + 2CH3;CH,0H — CH3;CH(OCH,CH5), + H,0 Eq. (4)

Interestingly, although almost the same photocatalyst materials were used in both studies”**, the liquid
phase products are completely different. Therefore, we suppose that the different reaction mechanisms
originate from the presence of water, which dictates the conversion of ethanol to undergo either
dehydrogenation or dehydration process.
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Figure 1. (A) Selective oxidation of benzyl alcohol to benzaldehyde and toluene using Pt/CdS and Pd/CdS, ,Se, , photocatalyst,
respectively. This figure is used with permission from the American Chemistry Society®. (B) Selective photoconversion of ethanol to
butanediol using rutile TiO, nanotubes with filled channels. This figure is used with permission from the Royal Society of Chemistry™®".
(C) Schematic demonstration of aerobic alcohol oxidation using a Pt/Ta,O. photocatalyst under visible light irradiation. (D) Au-Pd NPs
functionalized HT-POA} for selective photocatalytic esterification of alcohols. This figure is used with permission from the American
Chemistry Society[87'9”. NPs: Nanoparticles.

Recently, more attention has been focused on the oxidation half-reaction, where the alcohols may convert
to various value-added products in liquid phase under aerobic conditions. Photocatalytic oxidation of
alcohols into aldehydes or ketones has been realized under aerobic conditions using TiO,-based
photocatalysts™; however, low efficiency and poor selectivity are the main challenges that need to be solved.
Generally, loading Au, Ag, or Pt NPs on semiconductor photocatalysts can promote visible light absorption
via interband transition of d band electrons and produce hot electrons (e, )"/, which are injected into the
conduction band (CB) of the semiconductor. e, together with the positive charges (holes, 5') formed on
the semiconductor, are consequently consumed by surface adsorbed O, and alcohol molecules to complete
the aerobic oxidation cycle. e, should not be confused with the CB electrons (e.;) generated by
semiconductor photocatalysts, as it refers to the surface localized vibrational electrons generated by
plasmonic metal nanoparticles under irradiation. To further enhance the charge separation efficiency, Li
et al™ deposited Au NPs on BiOCI with oxygen vacancies. The photogenerated e, can therefore be
trapped at the vacancy states, thus prolonging the lifetime of the 5" on the Au surface. However, researchers
should be aware that, since the injection of e, into the semiconductor needs to overcome the Schottky
barrier at the metal-semiconductor interface™, the efficiency of these systems is still low in general. To
further increase the efficiency, Sakamoto et al."”” proposed depositing noble metal NPs on large bandgap
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semiconductors to create sufficient high work function (¢;) and thus avoid electron transferring across the
metal/semiconductor interface. Here, Pt NPs are supported on Ta,O, (E, ~4.0 eV) to absorb visible light.
The photogenerated e, and &' will be confined on the Pt surface to react with molecular O, and alcohols, as
demonstrated in Figure 1C. A series of high-performance systems have been developed with this design
principle (i.e., Au/ALO, and Pt/SiO,) for the oxidation of various alcohols (i.e., isopropanol and benzyl
alcohols) into corresponding aldehydes or ketones. Similarly, the confinement of e, on the metal surface
can also be realized by employing engineered alloy NPs or simply metal clusters'***!. However, researchers
should be aware that such a process is a photo-induced thermal catalytic reaction rather than a classical
photocatalytic reaction.

Beyond aldehydes and ketones, alcohols can also be converted to other products via photocatalytic
oxidation process. Han et al.® showed that Au-Ag alloy NPs supported on TiO, can efficiently oxidize
methanol into methyl formate selectively under low oxygen pressure and UV irradiation. Here, methanol
gradually dissociates into methoxy (CH,O¢) or formaldehyde (CH,O) on TiO, surface. The generated
formaldehyde then undergoes dehydration with another methanol molecule to generate methyl formate.
The presence of metal NPs promotes oxygen dissociation to consume the surface-adsorbed H atoms into
water. The optimum conversion and selectivity to methyl formate are achieved when the Au-Ag alloy with a
1:1 ratio is loaded onto TiO,. However, this reaction takes place in gas phase, and the concentration of O, (<
0.5%) needs to be carefully controlled to avoid CO, formation. To overcome these drawbacks, Xiao et al.””
employed Au-Pd alloy NPs supported on phosphate-modified hydrotalcite (HT-PO,”) to convert a series of
aliphatic alcohols into corresponding esters in O, under neutral conditions. As presented in Figure 1D,
phosphate anions are introduced into the calcined HT ([Mg,Al(OH),]JCO,-mH,O) via ion exchange, which
is then loaded onto Au-Pd alloy NPs. Such structure couples the basic sites of the HT support and the
photocatalytic properties of the alloy NPs, which promotes the dehydrogenation of alcohols into ketones
and thus the consecutive esterification of the generated ketones with alcohols via under dehydration.

Polyhydric alcohols

Catalytic conversion of polyols (i.e., diols, triols, sugars, cyclitols, and celluloses) to high-value chemicals
(i.e., polyurethanes, polyesters, and polycarbonates) is of potential importance in the chemical industry and
has also attracted increasing attention in photocatalysis. Employing glycerol and other polyols as hole
scavengers for photocatalytic hydrogen production under deaerated conditions is the most direct
application””, but the conversion efficiency is relatively low. To help the design of high performance
photocatalyst, Lercher’s group investigated photocatalytic reforming of a series polyols in water solution
over the Rh-TiO, system based on global kinetic analysis®**”. The polyol conversion takes place via three
possible pathways: oxidative C-C bond cleavage from direct hole transfer to chemisorbed oxygenates on
terminal Ti(IV)-OH groups, oxidation to corresponding aldoses or ketoses initiated by indirect hole
trapping at surface lattice oxygen sites, and light-driven dehydration (minor). Jin et al.” further revealed
the reaction mechanism of polyol conversion using ethylene glycol (EG) at molecular level on pristine TiO,
and metal NPs decorated TiO, by coupling in situ surface science techniques with vibrational
spectroscopies. As shown in Figure 2A and B, in situ scanning tunneling microscopy (STM) images suggest
that EG molecules are adsorbed on the five-coordinated Ti (Tisc) of rutile TiO, (110) surface and
photocatalytically converted into two parts of formaldehyde and surface-adsorbed hydrogen atoms (H,,,)
via oxidative C-C bond cleavage. The active sites remain on the TiO, surface even after loading Au
nanoclusters on rutile TiO, (110), as shown in Figure 2C and D. In situ IR-MS spectroscopy suggests that
the desorption of H,, to H, is the rate-determining step (RDS), which can be promoted by metal NPs (Au,
Pd, and Pt) due to the low free adsorption energy of H,,, on metal surface, thus improving the dissociation
of EG. Chong et al.”” confirmed that the selectivity and efficiency in polyol conversion can be tuned by
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Figure 2. (A,B) In situ STM images (2.7 x 2.7 nm) of EG adsorbed on pristine rutile (110) before and after irradiation. (C,D) In situ STM
images (15 x 15 nm) of EG adsorbed on Au on rutile (110) before and after irradiation. This figure is used with permission from
Elsevier™. (E-G) TEM images of shaped TiO, showing tunable selectivity in glycerol conversion. (H) SEM image of the Bi, WO, catalyst
and proposed mechanism for selective oxidation of glycerol under visible-light irradiation. This figure is used with permission from the
Royal Society of Chemistry®'°. EG: Ethylene glycol.

controlling the electronic and surface structure of the TiO,-based photocatalyst materials. As presented in
Figure 2E-G, the selectivity in photocatalytic glycerol conversion can be tuned by varying the shape of
anatase and rutile TiO,. While Pt-loaded anatase with dominant {001} or {101} facets leads to the formation
of formaldehyde and CO, with low conversion to glycolaldehyde, shaped rutile with a high percentage of
{110} facets results in high selectivity towards glycolaldehyde (> 90%) without the formation of CO,.

Photocatalytic conversion of polyols with the presence of oxygen has also been investigated. Augugliaro
et al.” showed that most commercially available TiO,-based photocatalysts will oxidize glycerol into 1,3-
dihydroxyacetone, glyceraldehyde, formic acid, and carbon dioxide in aqueous phase. Such a process
requires no metal cocatalyst, as the photogenerated H,,, will be consumed by the molecular oxygen to yield
water. However, the selectivity in polyol conversion under oxygen conditions is more complex and difficult
to control. We employed EG as the model polyol to investigate the reaction pathways and the role of metal
NPs under aerated conditions using in situ IR-MS spectrometry”. Ethylene glycol undergoes the C-C bond
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cleavage process to formaldehyde, which is subsequently oxidized into CO, or polymerized to
paraformaldehyde with the photogenerated water. Similar to the reaction initiated under deaerated
conditions, the removal of photogenerated H,,," by O, and photogenerated e is the RDS. Interestingly,
loading Ag and Au NPs on TiO, increases the selectivity to paraformaldehyde, whereas Pt cocatalyst
promotes the complete oxidation of EG to CO,. In situ IR-MS spectrometry reveals that Ag- and Au-
modified TiO, can provide water directly through H,,," interaction with O, and e, whereas Pt/TiO, supply
water indirectly via H, and formaldehyde oxidation.

The main drawbacks of TiO,-based photocatalysts are poor efficiency under visible light and deep oxidation
of polyol into CO,. Zhang et al.'" further developed a flower-like Bi, WO, photocatalyst to overcome these
challenges [Figure 2H]. The Bi,WO, photocatalyst is characterized by a mild oxidation power (Eg = 2.8 eV),
which can selectively oxidize glycerol to 1,3-dihydroxyacetone under visible light radiation in water solution
via the direct hole transfer process. Additionally, the 1,3-dihydroxyacetone molecule weakly adsorbes on Bi,
WO,, which prevents deep oxidation and thus achieves high selectivity.

Although the photocatalytic oxidation of alcohols shows huge potential for the utilization of biomass as a
chemical feedstock for the synthesis of value-added products, in-depth investigations are necessary to
further gear up the productivity and selectivity under mild conditions. This also requires accelerating the
reduction of molecular oxygen in a controlled manner for the rapid generation of ideal oxidative radical
species, which is crucial in avoiding the use of extra oxidants [e.g., Hydrogen peroxide (H,0,) and O,].

Epoxidation reactions

Synthesis of epoxides via heterogeneous catalytic epoxidation of alkenes is a challenging and important
reaction in both industry and fundamental research. Ag-, Au-, and Cu-based catalysts are typically
employed for the selective oxidation of a series of alkenes (i.e., ethylene, propylene, and styrene), which are
normally performed under elevated pressure (1-3 MPa) and moderate temperature (220 °C -280 °C) for
optimized activity and selectivity"*'*”.. Transition state analysis reveals that tuning the identity of metal
catalyst (Ag and Cu) can promote the conversion of the common oxametallocycle intermediate to either

103]

epoxide or acetaldehyde in ethylene oxidation, thus avoiding the full oxidation of alkenes to CO,"*..

Since these metal catalysts also show plasmonic absorption in visible light region, it is reasonable to employ
them as photocatalysts for epoxidation reactions under visible light irradiation. Indeed, Christopher

et (ll [104,105]

showed that Ag nanocubes (20 wt%, ~ 75 nm) loaded on a-AlLO, support can realize selective
oxidation of ethylene to ethylene oxide with a selectivity of ~50%. Although the photocatalytic epoxidation
reaction still needs to be operated at elevated temperature to achieve reasonable quantum efficiency (~40%
at 200 °C and ~4% at 150 °C), the epoxidation rate is significantly higher than that of the pure thermal
catalytic process. This suggests that the process is more likely a photo-induced thermal process rather than a
photocatalytic approach. Later, the same group further developed Cu NPs (2 wt%, ~ 45 nm) supported on
SiO, for the selective oxidation of propylene*. Interestingly, such a system shows a higher selectivity in
propylene epoxidation under visible light irradiation than that of the thermal process; thus, it is a
photothermic-catalytic process. It is proposed that the high selectivity under irradiation is accompanied by
light-induced redox of the surface Cu,O layer to metallic Cu via localized surface plasmon resonance of the
Cu core.

Zhang et al"” employed SERS coupled with theoretical calculations to understand the active sites of
individual Ag NP catalyst for plasmon excitation-assisted ethylene epoxidation. It shows that graphene
layers are first generated on the Ag surface under irradiation, which in turn promote the epoxidation of
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ethylene at the edge defects sites. As shown in Figure 3A, TEM image reveals the activation of Ag/ALO,
photocatalyst with in situ generated graphene layers on Ag NPs under irradiation with the presence C,H,
(A-Ag/ALO,). Based on this evidence, they further developed a graphene/Ag/a-Al O, photocatalyst (G-
Ag/ALO,), which shows a similar feature in SERS spectra with distinct D and G bands of graphene
compared with that of A-Ag/AlL O, [Figure 3B]. Both the composite and the activated photocatalyst exhibit
excellent performance in ethylene photo-epoxidation under ambient conditions compared with that of the
conventional Ag/a-AlLO, catalyst [Figure 3CJ.

Recently, Huang ef al."”! showed that the selective photo-epoxidation of a series of aliphatic and aromatic
alkenes can be realized in liquid phase using Cu NPs supported on titanium nitride (TiN) by O, or even air
at moderate temperatures. The photocatalyst prepared by impregnation-reduction method exhibits well-
dispersed metallic Cu NPs with a mean size of 4 nm supported on the TiN surface [Figure 3D], which shows
excellent stability in photocatalytic styrene conversion. According to theoretical calculations, the Cu NPs
remain in the metallic state under reaction conditions due to strong charge transfer between Cu NPs and
the TiN support. Mechanistic study shows that the whole reaction takes place on the Cu surface. Firstly, the
molecular oxygen reacts with cyclic ether solvent on the Cu surface under irradiation to produce oxygen
adatoms (O,). Then, the photogenerated O, reacts with chemisorbed alkenes on Cu, forming a Cu-epoxide
complex, and eventually desorbs as final products [Figure 3E]. Interestingly, they also observed product
stereo-selectivity in trans-isomers for the epoxidation of stilbene.

The major advantage of photocatalytic epoxidation is the mild reaction conditions, which is ideal for some
niche applications in medications and sterilizations that only require in situ generation of epoxides with
relatively low concentration. This requires further investigations in robust, non-toxic photocatalyst
materials, which can initiate the epoxidation of some light alkenes (i.e., ethylene and propene) under
ambient conditions.

Oxidation of aromatics

Selective oxidation of aromatics to value-added products (i.e., alcohols or aldehydes) is important in the
chemical industry as they are precursors for resins, electronics, and drugs"™'*”. The challenge in
photocatalytic selective oxidation of aromatics is the development of photocatalysts with moderate
oxidation power, which can partially oxidize specific functional groups while avoiding ring-opening and
eventually CO, formation. For example, photocatalytic direct oxidation of benzene to phenol has attracted
great interest, as such a process may overcome the Hock rearrangement that produces an excessive amount
of acetone as a byproduct. Chen et al."* showed that Fe-doped g-C,N, is active in the oxidation of benzene
to phenol under visible light. Although H,O, is needed as the oxidant and the conversion is relatively low,
the low cost of the photocatalyst material shows promising potential for applications. Yoshida et al.""
showed that Pt-TiO, can generate electrophilic oxygen species photocatalytically from water to initiate the
oxidation of benzene to phenol under UV irradiation and deaerated conditions [Equation (5)]:

R R
hv, TiO
@ +HO— o+, Eq. (5)

More importantly, a series of aromatics with different functional groups can be converted to corresponding
phenolic compounds with relatively high selectivity. Mechanistic studies show that the reaction path is pH-
dependent. Under neutral or acidic conditions, the photogenerated holes react with TiO, to produce surface
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Figure 3. (A,B) TEM image and SERS showing graphene formation on Ag NPs during photo-epoxidation of C,H,.(C) TOF of C,H,
epoxidation using Ag-based photocatalyst. This figure is used with permission from A Creative Commons Attribution License™”.(D,E)
TEM image of single crystal Cu NP supported on TiN and the proposed reaction mechanisms in photo-epoxidation reaction. This figure
is used with permission from the American Chemistry Society™”".NPs: Nanoparticles; TOF: turnover frequency; SERS: surface-enhanced
Raman scattering.

oxygen radicals, which attack the aromatic ring to form surface adsorbed phenoxy intermediates and
eventually yield phenols. Under basic conditions, hydroxyl radical is the initial radical species that attacks
the aromatic ring to produce phenols""..

Researchers have further engineered the surface of photocatalysts with different strategies to improve the
selectivity and conversion efficiency in benzene oxidation under ambient conditions using air or O, as the
oxidant. Zhang et al.'* incorporated TiO, NPs in hydrophobically modified mesocellular siliceous foam
(TiO,@MCF) for the synthesis of phenol. While the inner environment of the porous cage is hydrophobic
due to surface silylation, the TiO, surface is hydrophilic after a post-UV treatment. Such structure has
optimized the adsorption of benzene and desorption of phenol, thus avoiding further oxidation of phenol.
Su et al""*! showed that the selectivity for photo-oxidation of benzene to phenol can be enhanced by fine
adjustment of the metal NPs that serve as a promoter. It is found that tuning the morphology and
composition of Au-Pd metal NPs leads to the control of both polymerization of generated phenolic
products and the complete oxidation of benzene. Specifically, Aug,,Pd...-TiO, promotes the formation of
phenol and switch-off undesired side reactions to quinones and CO,, thus resulting in optimal performance
and selectivity in photocatalytic benzene oxidation. Hosseini et al."*”! further supported Au-Pd NPs on
visible light response materials (g-C,N,) to perform benzene oxidation and achieve high selectivity. A
similar strategy has been employed to develop Cu,0 NPs supported on defective graphene with a long-
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chain alkanethiols photocatalyst."'? However, such systems require the addition of H,O, and face the
challenge of improving conversion of benzene. Ide et al.""” encapsulated Au nano-discs between titanate
interlayers (K, T1,,,Li,,,0,,,) via surface modification with octadecyltrimethoxysilane to oxidize benzene
under visible light using water as oxidant. Since the pristine titanate only absorbs UV light, the activity
under visible light originates from the plasmonic absorption of the anisotropic-shaped Au NPs.
Interestingly, it has been found that a high yield (62%) and selectivity (96%) to phenol can be achieved with

the initial addition of phenol, although the promotion mechanism remains unclear.

Beyond the commonly used oxidants (i.e., O, and H,0,), photo-oxidative conversion of aromatic
compounds can also be performed with the presence of other oxidants. Jaynes and Hill"** showed that
selective carbonylation of toluene and cyclic alkanes to corresponding aldehydes can be achieved under 1
bar of CO by employing polyoxotungstate ([W,,0,,]> or [PW,0,,]*), which is a type of polyoxometalates
(POMs). During the reaction, the UV-excited photocatalyst first abstracts a hydrogen atom from the alkane
to produce an alkyl radical, which is subsequently trapped by CO to yield an acyl radical. Then, the acyl
radical is converted to aldehyde by reductive H" donation from the protonated photocatalyst. To further
employ POMs under visible light region, Suzuki ef al."* synthesized a sandwich-type Ce’*-containing
silicotungstate (CePOM). An intramolecular charge transfer from Ce’ to POM(W®) is observed upon
visible light excitation, which can initiate photocatalytic oxidative dehydrogenation of a series of primary
I showed that selectivity in
oxidative coupling of benzene with cyclohexane is light sensitive using the Pd-modified TiO, photocatalyst.
Under UV irradiation, the photogenerated hole species react with benzene and cyclohexane to form
corresponding radicals, thus resulting in non-selective formation of all possible coupling products

120

and secondary aromatic amines in the presence of O, (1 atm). Yamamoto et al.'

(phenylcyclohexane, bicyclohexyl, and biphenyl). In contrast, high selectivity towards cross-coupling
product (phenylcyclohexane) can be achieved under visible light irradiation due to a ligand-to-metal charge
transfer of benzene complex adsorbed on TiO,, which produces benzene radical cation and selectively
activates cyclohexane to form a cyclohexyl radical that attacks benzene molecule to form
phenylcyclohexane. In addition, the Pd cocatalyst suppresses the formation of bicyclohexyl, thus resulting in
a high selectivity towards the cross-coupling product. However, such a system shows a slow conversion rate
due to poor light absorption under visible light.

Very recently, Cao ef al."* reported a purely Bi-based semiconductor system (p-BWO nanosheets) for the
efficient oxidation of toluene under visible light and ambient conditions (1 bar O,). As demonstrated in
Figure 4A, the photocatalyst is constructed by crystalline B, WO, (lattice spacings of 2.72 and 2.73 A for the
(002) and (200) planes, respectively) that is surrounded by amorphous BiOCI substance. Such structure
provides numerous active sites at the crystalline/amorphous boundaries (orange and blue arrows). These
amorphous BiOCl layers crystallize in situ under a continuous bombardment of high-energy electron beams
[Figure 4B], indicating they are very sensitive to excited electrons. Owing to the unique microstructure for
efficient charge separation, the lattice oxygen of the p-BWO nanosheets is very active upon visible light
irradiation, which can be involved in the oxidation of toluene (leached out) and eventually healed by
molecular oxygen. The p-BWO nanosheets show a 166-fold enhancement in photo-oxidation of toluene
compared with that of pristine Bi, WO, [Figure 4C].

Selective cracking of aromatic biomass by photocatalysis has also drawn significant attention very recently.
Wu et al."”” showed that CdS quantum dots (QDs) are efficient photocatalysts for the selective cracking of
branched-chain of various lignin model compounds via p-O-4 bond cleavage under visible light irradiation
and deaerated conditions, as demonstrated in Figure 4D. Meanwhile, due to the relatively weak oxidation
power of CdS QDs, the functional groups and the aromatic ring structures remain stable during the
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Figure 4. (A,B) STEM images of p-BWO before and after electron beam bombardment. (C) Photo-oxidation rate of toluene for Bi, WO,
and p-BWO at different substrate loadings. (D) Photocatalytic cleavage of B-O-4 bond in lignin model compound (PP-ol). (E) Energy-
band positions and photocatalytic performances of CdS with different sizes. (F) Photocatalytic conversion of PP-ol by several typical
semiconductors. (G) Reusability of CdS NPs and CdS QDs under visible light irradiation. This figure is used with permission from Nature
Publishing Group""**, NPs: Nanoparticles; QDs: quantum dots.

photocatalytic process. The optimized CdS QDs photocatalyst with an average particle size of 4.4 nm
presents a satisfactory conversion of lignin compound, which also exhibits significant enhancement
compared with other commonly used photocatalysts [Figure 4E and F]. The CdS QDs photocatalyst also
shows an enhanced performance compared with that of the CdS NPs counterpart in terms of both
conversion rate and stability [Figure 4G]. More importantly, the CdS QDs photocatalyst is capable of
converting native lignins and can be recycled via a facile aggregation-colloidization strategy, which shows
huge potential for industrial applications.

Photocatalysis for selective oxidation of aromatics to value-added products has experienced a booming
development. Further development in catalytic efficiency and selectivity may be achieved by further
optimization of the adsorption of reactants and intermediates. The design of functionalized photocatalysts
and cocatalysts may be inspired by a series of classic heterogeneous catalysis works, especially those surface
science-related fundamental works. In addition, extensive efforts should be paid to tune the redox potential
of the photocatalyst to avoid over-oxidation of specific functional groups and unwanted ring-opening side
reactions.

Oxidative coupling reactions
Selective formation of bonds between carbon and other heteroatoms (i.e., N, S, and O) via cross-coupling is
one of the important reactions in synthetic chemistry. The oxidative coupling reactions generally employ
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transition-metal catalysts to withdraw electrons from the reactants, which is accompanied by the addition of
oxygen or deprotonation to the reactants. Employing metal-based molecules (i.e., Ru[(bpz),](PF,), and
Ru[bpy],CL,) as homogeneous photocatalysts has shown that a series of oxidative coupling reactions can be
realized under visible light irradiation (i.e., phenol-arene coupling"*” and amines-enol silanes coupling'**).

To further enhance the efficiency and the reusability of the homogeneous dye complex, Tan et al."*
immobilized the Ru[bpy],Cl, molecule into a radical MOF, FJI-Y2 for the photocatalytic cross-
dehydrogenative coupling of N-phenyltetrahydroisoquinoline derivatives with phosphite esters to form a-
aminoquinoline phosphonates. As demonstrated in Figure 5A and B, the [Ru"(bpy),] cations are
encapsulated into the porous FJI-Y2 MOF via intermolecular interaction between pyridine rings of dye
cations and phenyl rings of the MOF ligands. The FJI-Y2 MOF is characterized by multiple 1D channels
with a window size of ~8 x 12 A, which offers an ideal platform with a large surface area and accessible
active sites. It is also found that the dye-modified FJI-Y2 photocatalyst shows a higher performance than
that of the homogeneous [Ru"(bpy).]Cl, alone. The promotional effect originated from an efficient charge
transfer due to intermolecular interactions between the 1,4,5,8-naphthalenediimide (NDI) group of the
MOF and the Ru"(bpy), catalyst, as demonstrated in Figure 5C. Under visible light irradiation, the NDI
groups are excited to NDI*, which is immediately quenched by the excited Ru' via a single electron transfer
(SET) process. Such process generates a Ru' complex and a radical cation NDI*, which separately react with
an electron donor (here, D, N-phenyltetrahydroisoquinoline) and an oxygen [O] via SET process to form
the corresponding radical cation (D*') and superoxide radical [O], respectively. Meanwhile, the NDI*" and
Ru' complex are relaxed to their ground states. The [O]~ further abstracts an H atom from the D" to form
the desired iminium ion, which undergoes nucleophilic addition to the desired product.

The oxidative coupling reaction can also be realized by traditional metal oxide photocatalyst systems. Zhang
et al"* synthesized defect-rich WO, (R-WO,) nanosheets via calcination of hydrothermally prepared
defect-deficient WO, (D-WO,) in N, atmosphere for aerobic coupling of primary amines to corresponding
imines at room temperature [RT, Equation (6)]:

HO NH, Ph” “NH, H,0

/\_L/\M A Ny o S Eq. (6)

Such R-WO, material contains numerous small pits on surface, creating a large surface area with more
under-coordinated sites (CUS) for catalytic reactions. In high-resolution TEM imagery, lattice disorder and
dislocation are observed in the R-WO, nanosheets, revealing the presence of high-density defects
[Figure 5D]. The massive defects result in a large number of electrons trapped at oxygen vacancies, as
indicated by the significant signal of electron spin resonance (ESR) spectroscopy for R-WO, (g = 2.002)
compared with that of D-WO, [Figure 5E]. Density functional theory (DFT) calculations indicate that
molecular O, is chemisorbed at the oxygen vacancy of D-WO, surface via an end-on configuration, which is
accompanied by a slight electron transfer from WO, CUS site to O, [Figure 5F]. The strong coupling
between R-WO, and O, promotes oxygen reduction half reaction, thus accelerating the overall oxidative
coupling.

Raza et al."” showed that the oxidative coupling of various amines to imines [Equation (6)] can also be
realized by monolayer WS, nanosheets under visible-light irradiation. The WS, nanosheets synthesized via a
modified liquid exfoliation method exhibit an average size of 120 nm with a height of 1 nm according to
atomic force microscopy analysis, indicating most of the nanosheets are monolayer. The WS, photocatalyst
shows a similar reaction mechanism to that of the WO, system; however, the monolayer WS, nanosheets
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figure is used with permission from the American Chemistry Society"?®. MOF: Metal-organic frameworks; NDI: naphthalenediimide;
SET: single electron transfer; ESR: electron spin resonance.

need to be operated under 50 °C. Xu and Fu"** also developed core-shell structured sulfide-g-C,N, to realize
oxidative coupling of amines. A 4 nm thick shell of g-CN,,, ., is coated on the CdS,. nanowire via a self-
assembly process, which constructs a heterojunction interface for enhanced charge separation of
photogenerated electrons and holes. Nevertheless, it has also been noticed that a much faster conversion
rate can be achieved by using H,O, as the oxidant, therefore suggesting that the formation of +O,- radical is
the rate-determining step for the photocatalytic oxidative coupling of various amines.

Our group recently reported that the identity of metal NP-decorated g-C,N, is essential in controlling the
selectively photocatalytic dehydrogenative homocoupling of primary amines into imines and secondary
amines"”. While Pt NPs drive the dehydrogenative homocoupling of primary amines into corresponding
imines, Pd NPs promote self-hydrogenation of the photogenerated imines into secondary amines using the
H atoms abstracted from the amines [Figure 6A]. Mechanism studies reveal that the adsorption of
photogenerated imine molecule is relatively strong on Pd compared to on Pt NPs according to temperature
programmed desorption (TPD, Figure 6B), thus facilitating the hydrogenation of imine into secondary
amine. Moreover, a significant evolution of molecular hydrogen is observed for Pt/C,N, under irradiation
when primary amine and secondary amine are present, whereas no detectable H, is spotted for Pd/C,N, [
Figure 6C and D]. Moreover, a distinct delay of H, evolution is observed on Pd/C,N, (~3 h after immense
irradiation, red curve) in the photocatalytic hydrogenation of imine (2a) using isopropanol as the hydrogen
donor [Figure 6E]. This further confirms that the abstracted hydrogen atoms from the amine molecules can
be temporarily stored on Pd NPs, thus hydrogenating imine molecules into secondary amine without
additional hydrogen donors (i.e., alcohols).
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Very recently, the dehydrogenative coupling of simple aliphatic alcohol (methanol) to the value-added
product [ethylene glycol (EG)] was realized by Xie ef al™ using the metal sulfide composite. While
conventional photocatalysts (i.e., TiO,, g-C,N,, and Cu,O) only oxidize methanol into formaldehyde, CO,
and CO,, CdS NPs and nanorods produce a reasonable amount of EG. Interestingly, both the conversion
rate of methanol and the selectivity to EG can be significantly enhanced by loading MoS, nanofoam
cocatalyst onto the CdS nanorod [Figure 7A and B]. ESR analysis reveals that mainly hydroxymethyl
radicals ((CH,OH) instead of methoxy radicals (CH,O«) are generated under irradiation using CdS
photocatalyst [Figure 7C], suggesting a preferential activation of C-H bond rather than O-H bond of
methanol by photoexcited holes. Eventually, the photogenerated *CH,OH radicals readily desorb from
catalyst surfaces for subsequent coupling. This work presents unique photocatalytic C-H activation that may
offer an alternative process for cheap aliphatic alcohol conversion in the petroleum industry.

Nevertheless, plasmonic Au-Pd alloy NPs supported on ZrO, have also been employed as photocatalyst for a
series of C-C coupling reactions (i.e., Sonogashira coupling, Stille coupling, and Hiyama coupling) with
high yields"*"\. It is proposed that the alloy NPs absorb visible light and transfer excited electrons to the Pd
sites to initiate the reactions. Beyond conventional metal-based semiconductor and plasmonic metal NPs
photocatalyst systems, Ghasimi et al."*”’ demonstrated that the conjugated organic polymer can be used as a
Pd-free photocatalyst for efficient Stille coupling reaction to construct aromatic C-C bond under visible
light irradiation. The photocatalyst polymer, namely P-Az-B, can be obtained via Suzuki cross-coupling
reaction of 1,3-dibromoazulene with 1,3,5-phenyltriboronic acid tris(pinacol) ester, where the 1,3-
dibromoazulene is a co-monomer to obtain high porosity of the material. The P-Az-B photocatalyst exhibits
excellent light absorption with an optical band gap of 2.03 eV. In addition, the highest occupied molecular
orbital and the lowest unoccupied molecular orbital (LUMO) of P-Az-B (+1.14 and -1.10 V vs. saturated
calomel electrode) are comparable to that of the Ru-based complex, suggesting its compatibility for driving
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C-C coupling reactions. Upon visible light irradiation, the photogenerated hole and electron react with aryl
stannane and the aryl iodide, resulting in the formation of destannylation radical and aryl halide radical,
respectively. Then, the radicals desorb from the photocatalyst and react to create a substitutional
intermediate, which finally leads to the formation of C-C bond by releasing the iodide anion.

The cross-coupling of aniline and alcohol for the synthesis of asymmetric secondary amines can also be
realized by heterogeneous photocatalytic systems. Shiraishi et al."*’ demonstrated that the Pd/TiO,
photocatalyst promotes the N-monoalkylation of amine with alcohol via tandem photocatalytic and
catalytic reactions: (i) photo-oxidation of alcohol on Pd/TiO,; (ii) condensation of photogenerated aldehyde
with amine on TiO,; and (iii) hydrogenation of the produced imine by the photogenerated surface H atoms
on the Pd particles from alcohol oxidation. The rate-determining step is the imine hydrogenation, which
strongly depends on the number of surface Pd atoms on the triangle site of Pd particles [Figure 8A].
Meanwhile, the strong adsorption of alcohols on larger triangle sites of Pd NPs should be avoided as it will
suppress the imine hydrogenation. Therefore, Pd NPs with an optimum size of 2-2.5 nm contain a relatively
larger number of triangle site Pd atoms but do not show strong alcohol adsorption, present the highest
activity for imine hydrogenation and promote N-monoalkylation of amine with alcohol [Figure 8B].
Similarly, the rapid photocatalytic N-alkylation of pharmaceutically relevant amines with alcohols can also
be realized by employing a mixed heterogeneous Cu-Au/TiO, photocatalyst**. By carefully controlling the
reaction conditions, selective mono- and di-alkylation of primary amines and the non-symmetrical
dialkylation of primary amines to hetero-substituted tertiary amines can be achieved. In this scenario,
alcohol is typically used as the solvent, which serves as both the reactant to couple with amine and a
hydrogen donor to supply H atoms for the hydrogenation of the photogenerated imines. Therefore,
selectivity control over imine and secondary amine and the formation of aldehyde byproducts remain
challenges.

A very recent work provides an alternative strategy for selective cross-coupling of amines and alcohols
without the use of additional hydrogen donors*.. This is realized by controlling the identity of the metal
cocatalysts supported on TiO, to mediate the photocatalytic activation of alcohols, thus separating the
stepwise dehydrogenative-condensation process to imine (Rh) and the direct condensation process to
secondary amine (Fe, Figure 8C). TPD and ESR analysis reveals that Rh exhibits strong adsorption of
alcohol with fast generation kinetics of the *OH radicals [Figures 8D and E], thus leading to a rapid photo-
oxidation of alcohol into aldehyde and the consecutive condensation of aldehyde with aniline. In contrast,
the Fe/TiO, displays a weak interaction with alcohol and slow kinetics in *OH formation, resulting in a mild
activation of the alcohol for direct condensation with aniline to yield asymmetric secondary amine.
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Up to date, the homo-coupling of some model compounds by photocatalysis has been well established and
highly efficient photocatalysts have been developed. Further investigations in cross-coupling reactions are
crucial for applications that require careful control over the active sites of the catalyst and reaction
conditions. This calls for an in-depth understanding of reaction pathways, intermediates, and radical
species. One could learn from traditional homogeneous catalysis of the reaction mechanisms to help the
design of heterogeneous photocatalyst. Additionally, the quantification of unwanted byproducts and
unknown products should not be neglected, as this may give some useful hints for the design of highly
selective photocatalysts.

NANOSIZED PHOTOCATALYSTS FOR REDUCTION REACTIONS

Hydrogenation of CO, and CO

Photocatalytic CO, reduction is a very hot topic in photocatalysis and photo-electrocatalysis. Various
photocatalysts ranging from simple oxides, sulfides, perovskites, MOFs"**, and plasmonic metal NPs"*" to
composites* have been developed for CO, reduction with or without sacrificial electron donors. The
design of cocatalyst has also been extensively investigated to further boost the photocatalytic CO, reduction
performance!”"*), Since there are a number of in-depth reviews on this topic"**'*?, we focus on the
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hydrogenation of CO, and CO by molecular H, and the incorporation of CO, into other reactants for the
formation of more complicated chemicals.

Sastre et al.'* showed that the p-type NiO photocatalyst can reduce CO to CH, with the presence of water
under visible light irradiation at RT. It is also noticed that CO reduction to CH, can be significantly
enhanced with the presence of H, as a reducing agent. In addition, the deposition of elemental carbon
(coking) on the photocatalyst surface is also observed. It is therefore supposed that the NiO photocatalyst
not only accelerates the CO reduction by water [Equation (7)] but also promotes a Fischer-Tropsch-like
process following Equation (8):

h
CO + 2H,0 - CH, + 1.50, (AG® = 541 kjmol~1) Eq. (7)

h
CO + 2H, 5 CH, + 0.50, (AG® = 35.6 kjmol™1) Eq. (8)

Based on these findings, the same group further explored the photocatalytic Fischer-Tropsch process
directly from CO, and H,"*. It has been found that, although NiO exhibits high conversion of CO, to CH,,
the photocatalyst gradually deactivates upon reuse. Meanwhile, nickel supported on porous silica-alumina
(Ni/Si,AL,O,) is an efficient and reusable photocatalyst for the reduction of CO, with comparable
performance. As demonstrated in Figure 94, it is proposed that the reaction is initiated via H, activation by
the photogenerated charge carriers, where Ni-H species are generated to further activate CO, to form
surface adsorbed, hydrogenated intermediates and eventually release as CH,. Since the silica-alumina is
inert support, the reaction is more likely a photo-thermal catalytic process that is driven by the localized hot
electrons generated from plasmonic absorption of Ni metal NPs. Researchers should be aware that the
Ni/Si,Al O, photocatalyst only produces CH, and CO without the formation of hydrocarbons with longer
chains. To further promote the photocatalytic Fischer-Tropsch process, Guo et al."*’ deposited worm-like
Ru nanostructures on graphene as photocatalyst for the conversion of CO to more complicated
hydrocarbons under H, atmospheres. Although the Ru/graphene photocatalyst shows a decent selectivity to
liquid fuel products under visible light irradiation (C*, > 70%), such a system requires a relatively high
operation temperature (150 °C), and the activity is more dependent on heat rather than light.

Very recently, Zhang’s group showed that the synthesis of hydrocarbons from syngas (CO and H,) can be

[58,146-149

realized by photo-thermal catalytic approach at RT . This type of nanostructured photocatalysts is
generally derived from hydrogen reduction of layered double hydroxides (LDH, i.e., ZnCoAl, ZnFeAl, and
CoFeAl) at elevated temperatures (300 °C -700 °C), yielding metal/metal oxide composites (i.e., Co/Co,0,,
Fe/FeO,, and CoFe alloy) leached out from the LDH and naturally loaded on the corresponding inert
support (ZnO, ALO,). The activity and selectivity of these LDH-derived photocatalysts can be tuned by
optimizing the annealing temperature and identity of the metal species in the LDH. While the photocatalyst
derived from ZnCoAl LDH shows a reasonable CO conversion (15.4%) and selectivity towards light olefin
(C,-C,7, ~19%), the performance can be further enhanced by employing ZnFeAl LDH as the photocatalyst
precursor (Con. > 20%, Sel. > 40%) due to a suppression of CO, formation. Furthermore, direct
hydrogenation of CO, can also be realized by fabricating the CoFe alloy NPs from annealing of CoFeAl
LDH nanosheets under H, atmosphere, as shown in Figure 9B and C. The CoFe alloy NPs synthesized at
650 °C show remarkable selectivity toward hydrocarbons (60% CH,, 35% C,,). It should be clear that the
catalytic activity of these photocatalysts originates from the photothermal effect, as the temperature of the
catalyst bed increases rapidly upon irradiation with the presence of photocatalyst [Figure 9D].
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For carboxylation with CO,, Ye et al."”* showed that radical chemistry possesses great potential to bring
CO, to a new stage using either a transition-metal catalyst or a photocatalyst. Nevertheless, incorporation of
CO, reduction with oxidation of other reactants to synthesize valuable chemicals has also emerged recently.
Yang et al."*"! showed that the photocatalytic reduction of CO, can be coupled with the oxidation of amine
by using Cu/TiO, photocatalyst. While CO, is reduced to CH,OH by photo-induced electrons, benzylamine
reacts with photogenerated holes and undergoes dehydrogenation coupling to produce imine. Such a
system provides an economic strategy to fully utilize the photogenerated charge carriers. Chen et al."”
reported the utilization of Cu,0/Cu nanocomposite for photocatalytic coupling of CO, with benzyl alcohol.
Under visible light irradiation, benzyl acetate rather than C1 products is selectively produced over Cu,0/Cu,
as described in Equation (9). Upon irradiation, the photogenerated holes react with benzyl alcohol to form
benzaldehyde with the release of two protons. The protons along with photogenerated electrons interact
with surface-adsorbed CO, to generate CH,O via hydrogenation of the surface-adsorbed CO* intermediate,
during which CO, undergoes a facile cleavage of the C-O bond on Cu sites. CH,O further couples with a
neighboring CO* to form surface adsorbed H,C-CO. The H,C-CO intermediate converts to surface-
adsorbed H,C-CO via H abstraction from benzyl alcohol and subsequently undergoes a coupling reaction
with the benzyl oxygen ion to produce benzyl acetate. However, researchers should be aware that the Cu,
O/Cu material transforms to Cu,0/CuO after photocatalytic reaction, which needs to be regenerated by
NaBH,.

CO, + ©/\ oHhv 1 Eq. (9)

Photocatalytic CO, reduction is a challenging and intriguing reaction; however, the value of the products
and the inherent slow reaction kinetics render its future questionable from an economical viewpoint.
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Nevertheless, fundamental investigations are still important in this field, but they should be focused on
reaction mechanisms rather than reporting performance. It is also important to use standard procedures for
performance testing and reporting.

Hydrogenation of O,

H,O, is widely used in many applications including medication, bleaching, and production of organic
chemicals. Previously, industrial synthesis of H,O, was realized by hydrolysis of ammonium peroxydisulfate
(INH,],S,0,) that is obtained by electrolysis of ammonium bisulfate (NH,HSO,) in sulfuric acid. Nowadays,
H,O, is mainly manufactured by the anthraquinone process, as demonstrated in Equation (10)"*"):

0 OH o)
Pd 0o
sesHTrsesEtNse e
o) OH o

where the anthraquinone (i.e., 2-ethylanthraquinone) is hydrogenated to the corresponding
anthrahydroquinone and consequently oxidizes back to anthraquinone and produces H,O,. The economics
of this process depends on the Pd-based hydrogenation catalyst, the effective recycling of the extraction
solvents, and the cost of quinones.

Since it has been proven that reactive oxygen species including O,”, OH'", and H,O, are produced during the
photocatalytic decomposition of organic pollutants, it is reasonable to consider the photosynthesis of H,0,
by employing a designed semiconductor photocatalyst under mild conditions with appropriate hydrogen
sources. Teranishi et al."* showed that H,0, (10 mM level) can be synthesized by simply using Au NP-
modified TiO, with ethanol as the hydrogen source under aerobic conditions. Kinetic analysis reveals that,
while Au NPs on TiO, promote the formation of H,O, compared with that of pristine TiO, or Pt/TiO,, the
decomposition rate of H,0, on Au/TiO, is also significantly suppressed. It is therefore proposed that the
hydrogenation of O, and the degradation of H,O, take place on the metal surface and the TiO, surface,
respectively, and surface engineering of the photocatalyst material is the key to further optimize the
synthesis of H,O,. The photocatalytic H,O, production over Au/TiO, can be further enhanced by adding
borate or phosphate in alkaline water solution*”, which is ascribed to an anion-mediated hole transfer from
Au/TiO, to electron donor (methanol). In addition to the anion effect, Moon et al."** showed that the metal
promoter on TiO, can be replaced by reduced graphene oxide (rGO) for the photocatalytic production of H,
O,. Interestingly, by adding cobalt salt to the phosphate-containing catalyst suspension, cobalt phosphate
complex (CoPi) that is often served as an electrocatalyst can be formed in situ on the rGO/TiO, surface. The
loading of CoPi as cocatalyst further reduces the overpotential of water oxidation, therefore enabling
photocatalytic production of H,O, even without organic hydrogen resources (i.e., alcohols).

More efforts have been devoted to realizing the selective synthesis of H,O, under visible light conditions.
Shiraishi et al."” employed g-C,N, as the visible light response photocatalyst to generate H,0, selectively (>
90%) with the presence of alcohol and O,. Mechanistic studies reveal that the high selectivity to H,0,
originates from the efficient formation of surface-adsorbed 1,4-endoperoxide species (C-O-O-N), which
suppresses the one-electron reduction path of O, to superoxide radicals. He et al."* showed that the
dimension of carbon support materials is crucial in tuning the recombination rate of charge carriers and
light absorption properties, which is essential for boosting the evolution rate of H,O,. Li et al.'™
demonstrated that the performance of g-C,N, can be further improved by creating carbon vacancies, which



Li et al. Chem Synth 2022;2:9 | https://dx.doi.org/10.20517/cs.2022.05 Page 21 of 39

reduce the bandgap and promote the delocalization of excited electrons of the material. The carbon
vacancies not only provide more sites for interfacial charge transfer from the photocatalyst to adsorbed O,,
but they also alternate the H,O, generation pathway from a two-step single-electron process to a one-step
two-electron direct reduction.

Kim et al" further explored the possibility of coupling industrial H,O, synthetic process with
photocatalysis. As demonstrated in Figure 10A, the anthraquinone molecule [anthraquinone-2-carboxylic
acid (AQ)] is anchored onto g-C,N, via a catalyst-free, direct dehydration coupling of the -COOH of AQ
and the -NH, of g-C,N,. Upon visible light excitation, isopropanol is oxidized on the g-C.N, surface to
acetone and releases protons. Meanwhile, the photogenerated electrons and abstracted protons transfer to
the anchored AQ molecule, reducing it to surface-anchored anthrahydroquinone (AQH,). Eventually, the
anchored AQH, is oxidized back to AQ in the presence of O,, resulting in the production of H,O,. The
efficient anchoring of AQ has been confirmed by X-ray photoelectron spectroscopy (XPS, Figure 10B).
While the C1s peaks of g-C,N, are assigned to the adventitious carbon and defect-derived sp2-carbon (284.8
eV) and the N-C = N bond in the triazine units (288.2 eV), a strong aromatic C-C bond (284.8 eV) is
observed when AQ is coupled with g-C,N,. In addition, Fourier transform infrared spectroscopy (FT-IR)
has also spotted increases in absorption at 1278 and 1676 cm™, which correspond to C-N and C = O
stretching vibrations due to the formation of amide bond. Owing to the efficient interfacial charge transfer
and the superior activity of AQ in O, reduction, such an anchored system exhibits a high apparent quantum
yield in H,O, production of 19.5% at 380 nm, which is significantly higher than that of pristine g-C,N, or g-
C.N, modified with metallic co-catalysts.

Very recently, Teng et al."*! showed that a single Sb atom dispersed on g-C,N, (Sb-SAPC) can achieve a
remarkable apparent quantum yield of 17.6% for H,O, synthesis under 420 nm irradiation. The solar-to-
chemical conversion efficiency of Sb-SAPC15 reaches 0.61%, which is higher than most water-splitting
photocatalysts [Figure 10C]. TEM imaging shows that high-density Sb atoms are uniformly dispersed over
the entire carbon nitride matrix [Figure 10D]. Raman spectroscopy has been performed to identify the
intermediate in the photocatalytic process with the presence of isopropanol as the electron donor
[Figure 10E]. A new absorption at 855 cm™ is observed for the Sb-SAPCs, which can be assigned to the O-O
stretching of an Sb-OOH species that corresponds to the end-on adsorption configuration of molecular
oxygen. Such end-on adsorption notably suppresses the 4e” oxygen reduction reaction, thus leading to a
high selectivity of the 2e” process for H,O, synthesis.

Photocatalysis provides an alternative approach for the on-site synthesis of H,O,, which is ideal for coupling
with some specialized fine chemical syntheses that require a relatively low concentration of H,O,. This
requires leveling up the concentration of photogenerated H,O, from ppm level to sub wt% level. One
possible solution is coupling the oxygen reduction with water oxidation to produce H,O, via both cathodic
and anodic reactions using designed photocatalysts. In addition, the degradation kinetics of photogenerated
H,O, is worthy of investigation. It is also necessary to evaluate the poisoning effect of H,O, at elevated
concentrations for the optimization of photocatalysts.

Hydrogenation of organic molecules
Early investigations showed that fine TiO, NPs and ZnS quantum dots photocatalyst can be used to
hydrogenate a series of organic molecules (i.e., propene, aromatic ketones, and amines) upon UV

excitation!*>'

, although the light utilization, quantum efficiency, conversion, and selectivity are far from
satisfactory in general. To overcome these challenges, many efforts have been focused on surface

engineering of photocatalyst materials. Hao et al"* reported surface engineered heterogeneous
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Figure 10. (A) g-C;N,, coupled with AQ(-COOH) for photocatalytic hydrogen peroxide generation under solar light irradiation. (B) XPS
spectra of C1s on AQ(-COOH), g-C;N ,,and g-C;N,/AQ(-COOH). This figure is used with permission from Elsevier™.(C) Solar-to-
chemical conversion efficiency of PCN, PCN_Na15, and Sb-SAPC15 under AM 1.5 illumination for H,O, production. (D) TEM image of
the Sb-SAPC15 (Scale bar, 2 nm). (E) Raman spectra recorded during photoreaction in isopropanol solution with saturated oxygen. This
figure is used with permission from Nature Research™". XPS: X-ray photoelectron spectroscopy.

photocatalysts for the hydrogenative fixation of N, to NH,. Zhang et al."* showed that functionalization of
TiO, with metal NPs can significantly promote the hydrogenative cyclization of levulinic acid (LA) into y-

valerolactone (GVL, a potential green fuel) selectively using isopropanol as the hydrogen source, as
demonstrated in Equation (11):

OH hv,

o) .
tal/TiO o

Here, isopropanol is dehydrogenated to acetone as the main product, donating a proton to LA that is
cyclized to form GVL via the formation of acetyl propionyl radical. It is observed that while the polymorph
composition of TiO, influences the conversion rate of LA, the identity of metal NPs controls the selectivity.
Au NPs exhibit the highest LA conversion (79%) and GVL selectivity (85%) compared with that of Pd and

Pt promoters, which is compatible with thermo-catalytic hydrogenation approach using Cu/ZrO, and Ru/C
catalysts.

Lots of efforts have also been made to initiate hydrogenation reactions upon visible light radiation. Kohtani
et al."* showed that, by anchoring organic dye molecules on pristine TiO, NPs, hydrogenation of selected
aromatic ketones to corresponding alcohols with the presence of a hydrogen donor (trimethylamine) can be
achieved under visible light excitation (> 400 nm). Although the utilization of metal-free dyes (fluorescein
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and rhodamine B) is an economical and feasible solution, the poor stability limits its applications. Jiao
et al"” developed a Pd supported on B-SiC photocatalyst for the hydrogenation of furan molecules under
visible light excitation at RT [Equation (12)]. Although B-SiC is a narrow bandgap semiconductor (~2.4 V),
it is found that loading of Pd NPs (3 wt%) is essential to initiate the efficient hydrogenation of furan and its
derivatives. The authors proposed that a Mott-Schottky contact of SiC and Pd enhances the charge transfer
of photogenerated electrons from SiC to Pd NPs, thus promoting the catalytic activity; however, the photo-
thermal catalytic approach induced by the plasmonic absorption of Pd NPs cannot be ruled out.

o hv, Pd/sic O
@R + R-OH_2 725 + RO Eq. (12)
R

The same group further employed SiC with Au NPs for the selective hydrogenation of cinnamaldehyde
using isopropanol as a hydrogen source under deaerated conditions [Equation (13)]"

AT OH hV,Nz AN OH (o]
o . _»@/\/\ + Eaq. (13
©/\/\ )\ Avu/sic )l\ a- (1)

Figure 11A presents that Au NPs with a particle size ranging from 3-8 nm are evenly deposited on the SiC
support. Remarkably, the Au/SiC system exhibits excellent selectivity and reasonable conversion in the
whole visible light range, as demonstrated in Figure 11B. A very high turnover frequency (TOF, 487 h™') can
be achieved at optimum conditions (30 mg catalyst and 20 mg KOH in 10 mL isopropanol and Xe-lamp
with light intensity of 1.0 Wecm™). Nevertheless, the Au/SiC photocatalyst is capable of hydrogenating a
series of o,B-unsaturated aldehydes to their corresponding unsaturated alcohols with high conversion and
selectivity. It should also be noted that, in contrast to the hydrogenation of furans by Pd/SiC, the
hydrogenation of cinnamaldehyde by Au/SiC is definitely a photo-thermal catalytic process that is induced
by the plasmonic absorption of Au NPs. While the oxidation of 2-propanol takes place on the positively
charged Au NPs surface, a,p-unsaturated aldehydes are adsorbed on the Au/SiC interface and reduced by
the photogenerated electrons to unsaturated alcohols.

Shiraishi et al."* showed that the photocatalytic selective hydrogenation of a series of nitroaromatics to
anilines with isopropanol as the hydrogen donor is sensitive to the polymorph composition of TiO,
[Equation (14)]:

NO2 oH hv, TiO NH; o
R@’ v\&"R@/ f)\ L0 Eq. (14)

Interestingly, while anatase and P25 TiO, show poor activity and selectivity towards aniline, photoactivated
rutile TiO, samples all show high performance in selective hydrogenation of nitroaromatics. It is proposed
that the adsorption of nitroaromatics on rutile is responsible for the enhanced performance. As
demonstrated in Figure 11C, the adsorption and hydrogenation of nitroaromatics on the photoexcited TiO,
surface take place via either asymmetric adsorption on hydroxyl (TiOH) sites or symmetric adsorption on
bridging oxygen vacancy (O, vac.) sites. While the symmetric adsorption site can donate two
photogenerated electrons to a nitroaromatic molecule, the asymmetric adsorption site only provides one
electron at once, thus resulting in a poor performance in reduction. Diffuse reflectance infrared Fourier
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Figure 11. (A) TEM image of the 1 wt% Au/SiC photocatalyst and size distribution of Au NPs. (B) Selective photocatalytic
hydrogenation of cinnamaldehyde by Au/SiC at different radiation wavelengths. (C) Asymmetric and symmetric adsorption of
nitrobenzene on rutile TiO, (110) surface. Light blue and green balls are O, atoms, while red and yellow balls are Ti and H atoms. (D)
DRIFT spectra of nitrobenzene adsorbed on selected anatase (A) and rutile (R) TiO, at 303 K. This figure is used with permission from
the American Chemistry Societyms’wg]. NPs: Nanoparticles; DRIFT: diffuse reflectance infrared Fourier transform.

transform (DRIFT) spectroscopy has confirmed a significant density of symmetric adsorption sites on
different rutile TiO, compared with that of anatase samples [Figure 11D], therefore leading to a fast aniline
formation rate with high quantum yields (> 25%).

New materials have also been developed to drive the hydrogenation of nitroarenes under visible light
conditions. Toyao et al."” synthesized an amino-functionalized Ti(IV)-MOF modified with Pt NPs (Pt/Ti-
MOEF-NH,) for this purpose with reasonable stability. I situ ESR analysis reveals that the excited electrons
on the organic linker transfer to the deposited Pt NPs via the titanium-oxo clusters, which promote the
spatial charge transfer, thus resulting in enhanced performance. At the optimized Pt loading (1.5 wt%),
Pt/Ti-MOF-NH, shows enhanced performance in both H, production and nitrobenzene reduction.
However, low quantum efficiencies are observed for this system (~1%-2% under visible light irradiation),
probably due to the rapid evolution of molecular H, that competes with the hydrogenation of nitrobenzene.
Gao et al"” employed nanosized Ni,P as the cocatalyst to modify CdS as a photocatalyst to realize the
hydrogenation of a series of nitroarenes with Na,S/Na,SO, as sacrificial electron donors. In this system,
water donates a proton to hydrogenate nitroarenes, as the Na,§5/Na,SO, contains no proton. It is also
observed that the photocatalytic H, evolution competes with the photosynthesis of aniline on the Ni,P
surface. Therefore, further surface engineering of the photocatalyst to suppress the H, evolution is essential
to enhance the reduction of nitroarenes.

Very recently, Xiao et al"” demonstrated that chemoselective hydrogenation of various nitroarenes to
corresponding anilines can be achieved by simply using the pristine g-C,N, photocatalyst under visible light
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radiation. The process shows excellent yields (82%-100%) and is even applicable to gram-scale reactions.
However, it should be noted that such a process is operated at elevated temperature (70 °C-90 °C) and
requires the addition of hydrazine hydrate (N,H,-H,O) as the hydrogen source and hole scavenger (strong
reducing agent with very high toxicity), which hinders its application in large scale due to safety issues.
Nevertheless, Huang efal"” showed that Au supported on ZrO, photocatalyst can initiate the
hydrogenation of nitroaromatics under visible light with formic acid and water as the hydrogen source.
Since ZrO, is a large bandgap semiconductor (> 5 eV), the activity in visible light spectrum originates from
the plasmonic excitation of Au NPs. In addition, Au/ZrO, is a versatile photocatalyst for the selective
hydrogenation of various unsaturated bonds (i.e., C=C, C=C, C=0, and C=N) under mild reaction
conditions. Theoretical calculations reveal that direct photoexcitation of hybridized orbitals that are
generated from chemisorbed reactants and metals is the driving force of the hydrogenation reaction.

Heterogeneous photocatalysis provides an ambient platform for hydrogenation reactions that employs
hydrogen-containing molecules instead of high-pressure H,. Such a mild reaction condition may also
benefit semi-hydrogenation of alkynes and selective hydrogenation of complicated pharmaceutical
molecules with vulnerable functional groups. In any case, the utilization of abundant and safe hydrogen
donors (i.e., alcohols, ammonia) is recommended rather than the use of toxic, expensive, and risky
hydrogen sources (e.g., hydrazine). The design of cocatalysts with tunable hydrogen adsorption energy is
also vital for efficient and selective hydrogenation, which may be promoted by the experience of
heterogeneous hydrogenation investigations.

Reductive coupling reactions
Reductive coupling reactions (i.e., C-C, C-N, N=N) via homogeneous catalysis have been well

[174-184]

investigated , especially in transition metal-catalyzed cross-coupling reactions promoted under visible
light"*!. However, the need for expensive catalysts, catalyst separation, harsh reaction conditions, and toxic
reducing agents (i.e., PH,, Tl, and NaTeH) limit their applications. Therefore, there is a big demand to
develop heterogeneous photocatalyst systems that can realize coupling reactions selectively under ambient
conditions. Zhang et al."* demonstrated the effectiveness of semi-heterogeneous metallaphotocatalysis
using polymeric carbon nitride photocatalyst for C-N cross-coupling reactions. Moreover, Wang et al."*
showed that, by constructing unique plasmonic Au-Pd nanostructures, Suzuki coupling reaction of a series

of aromatic compounds can be realized via harvesting visible-to-near-infrared light [Equation (15)]:

X B(OH) hv, AuPd, NaOH R R
SOATIS It Sy A
: O~ q. (15)

Here, the Au-Pd nanostructures consist of Au nanorods for light harvesting via plasmonic excitation,
whereas the supported Pd NPs, through seeded growth, serve as catalytic active sites that are frequently used
in conventional Suzuki coupling reactions. In addition, cetyltrimethylammonium bromide is required to
bring bromobenzene into the aqueous reaction solution under basic conditions. Such a system shows a
rapid temperature rise under infrared illumination, revealing a photo-thermal catalytic behavior that
originated from the oscillation of localized hot electrons. The higher efficiency observed for the photo-
induced coupling compared with that of the thermally induced process indicates that the local temperature
may be significantly higher on the plasmonic catalyst surface than in the solution. More importantly, the
Au-Pd nanostructures have been further tailored to directly harvest sunlight to drive coupling reactions,
which show industrial potential for fine chemical synthesis. This design concept of Au-Pd was also
employed by Xiao and coauthors for various C-C coupling reactions”'!. However, the conversion rate in
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terms of turnover frequency, selectivity, and quantum efficiency still needs to be enhanced for applications.
Lanterna et al."* later showed that the plasmonic Au NPs can be supported on TiO, to realize visible light-
induced reductive C-C coupling of a variety of substituted benzyl bromides [Equation (16)]:

Br hV, All/TlOz, Nz G R
R - R Eq. (16)
DIPEA, CH,Cl,

Here, the reductive coupling of benzyl bromides requires careful selection of both electron donors and
solvents, where the combination of diisopropylethylamine and CH,Cl, yields the optimum photocatalytic
performance. Although the neat Au/TiO, photocatalyst system shows decent conversion and selectivity to
desired products in general, further engineering of the material is needed to improve the stability.

Li and coworkers recently depicted the rational design of metal cocatalyst for photocatalytic dehalogenative
coupling of benzyl bromide based on the Sabatier principle"*”. The optimal activity and selectivity require
appropriate adsorption energies of the intermediates (benzyl radical, bromine atom, and surface adsorbed
hydrogen atoms (H,,)) on the metal cocatalyst. DFT calculations predict that Cu is the promising candidate
for this reaction among a series of transition metals owing to the optimized adsorption of benzyl radical and
Br atom [Figure 12A]. This prediction is confirmed experimentally, where Cu indeed presents high
conversion and selectivity in homocoupling of benzyl bromide without the formation of toluene
[Figure 12B]. Remarkably, this design strategy can be generalized for the modification of other
photocatalysts. The Cu deposited on g-C)N, (Cu/C,N,) presents a decent performance towards the
conversion of benzyl bromide into bibenzyl under visible light irradiation.

Filippini et al."* reported the amorphous g-C,N, (am-CN) material for visible light-driven C-C bond
formation towards the synthesis of valuable perfluoroalkylated intermediates from the corresponding
iodides. The binding of perfluorobutyl iodide (C,F,I) occurs via halogen bonding with the N atom of the
am-CN. This step affects the rate of the halogen dissociation of C,F,I to form the -C,F, radical [Figure 12C].
The affinity of reagents toward the solid catalyst is further characterized by the T /T, ratio in "F NMR
relaxation measurements. The am-CN presents a higher surface affinity for the fluorinated substrate
compared with other CN-based photocatalysts and thus shows the highest activity for this reaction
[Figure 12D].

Beyond C-C coupling, the applications of supported metal NPs as photocatalysts have also been extended
into N=N coupling reactions to produce azoxybenzenes and azobenzenes, which are important precursors
for the dye, medical, and electronic industries. Zhu and coauthors reported the successful synthesis of
azoxybenzenes and azobenzenes using supported Au and Cu NPs photocatalysts from nitrobenzene using
isopropanol as the hydrogen source under visible light irradiation and basic conditions, as demonstrated in
Equation (17)0"#");

©N02+ )oi hv, Photocat ©,N-SN+ < >+ )CJ)\ continue N=N—< >+ )?\ Eq, an

N,. KOH
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Figure 12. (A) AE(ArCH," as a function of AE(Br) for the screening of metal cocatalysts for photocatalytic dehalogenative coupling of
benzyl bromide (the numbers in parentheses are AE(H,,.) of the corresponding metals). (B) Photocatalytic benzyl bromide coupling
using a series of selected metals supported on TiO,. This figure is used with permission from the American Chemistry Society“gﬂ. (@)
Picture of molecular adsorption on CNs. (D) T,/T, ratio of different moieties of perfluorohexyl iodide in various CN-based materials.
This figure is used with permission from American Association for the Advancement of Science'™®®.

Here, the nitroaromatics undergo a gradual removal of oxygen by photogenerated protons and electrons via
the formation of nitrosobenzene (NBS) and N-phenylhydroxylamine (NPH) radicals, which then generate
azoxybenzene via dehydration coupling and eventually to azobenzene via removal of oxygen". The
selectivity of azoxybenzene or azobenzene can be tuned by controlling the chemical composition of the
plasmonic metal NPs. While Au NPs supported on ZrO, exhibit high selectivity towards azobenzene, the
Ag-Cu alloy NPs supported on ZrO, favor the selective formation of azoxybenzene. In addition, the
selectivity can also be controlled by tuning the reaction temperature and employing Cu supported on
graphene photocatalyst, though the activity decreases at low temperatures. These findings extend the
potential application of the plasmonic metal NPs in photothermal catalysis for fine chemical synthesis;
however, the high cost, low efficiency, and poor selectivity of such catalytic systems at RT limit their
applications.

N=N coupling reaction can also be realized by using conventional semiconductor photocatalysts. Pal
et al" showed that the classical CdS quantum dots can be employed to reduce nitrobenzene to
azoxybenzene with relatively high selectivity (68%) under visible light irradiation. It has been found that
CdS with a small particle size (~2.8 nm) and the loading of Rh as cocatalyst are necessary to achieve a higher
activity and selectivity towards azoxybenzene. Recently, our group showed that a series of azo- and azoxy-
aromatic compounds can be selectively synthesized from their corresponding nitroaromatics via controlling
the irradiation wavelength by simply using the pristine g-C,N, under basic conditions with isopropanol as
the hydrogen source"*. Firstly, nitrobenzene can be converted into NBS and NPH. NBS and NPH are then
further reduced to azoxy- and azo-aromatics. The azo-aromatics may be photoreduced into amines
[Figure 13A]. While azobenzene is gradually formed in a two-step reduction of nitrobenzene under 410 nm
irradiation with azoxybenzene as the intermediate [Figure 13B], azoxybenzene is the sole product
throughout the 450 nm irradiation [Figure 13C]. Notably, high conversion of nitrobenzene (> 95%) and
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Figure 13. (A) Reaction path for the photoconversion of nitroaromatic compounds. (B,C) Light-tuned selective photosynthesis of azo-
and azoxy-aromatics from nitrobenzene reduction using g-C;N ,.(D) TPD spectra revealing the desorption of H_,, from g-C;N, and A-g-
C;N, surfaces. This figure is used with permission from a Creative Commons Attribution License™". (E) HRTEM image of the solid base
Bi,,O5,Br,,(OH); photocatalyst. (F) Basicity comparison of Bi,,O4,Br,,(OH);,BiOBr, and g-C;N, by CO,-TPD. (G) Photocatalytic
selective nitrobenzene conversion under solar irradiation. This figure is used with permission from the American Chemistry Society™®.
TPD: Temperature-programmed desorption.

selectivity towards both desired products (> 94%) are reached for a series of nitroaromatics with different
functional groups, which broaden its applications for the synthesis of complicated azo- and azoxy-
compounds.

Moreover, the photocatalytic reductive coupling of nitroaromatics can be realized under solar irradiation at
a large scale (80 L in volume) with high selectivity to azoxybenzene and a reasonable conversion. The origin
of the activity is associated with the adsorption energy of surface adsorbed hydrogen atoms (H,,,) that are
generated by photo-oxidation of isopropanol, as confirmed by TPD of the pre-irradiated photocatalysts
[Figure 13D]. While no desorption peak of H, over active g-C,N, indicates weakly bonded H,, on the
catalyst surface, two obvious H, desorption peaks observed over the inactive amorphous g-C.N, (A-g-C,N,)
suggest strong adsorption of the photogenerated H,,, on A-g-C,N,. Therefore, weakly bonded H,,, on g-C,N
, promotes the reduction of surface adsorbed nitrobenzene to form azo- or azoxy-benzene.

Although the g-C,N, system shows great potential in photocatalytic reductive N=N coupling reactions, the
low quantum efficiency (1.4% at 410 nm and 0.4% at 450 nm irradiation) and the need for a basic
environment limit its application at a large scale. Since the photocatalytic hydrogen abstraction from alcohol
is the initial step in reductive coupling, we expect that a photocatalyst coupled with engineered basic sites
can improve the photocatalytic performance. Therefore, we developed basic-site-engineered bismuth
oxybromide [Bi,,0,,Br,,(OH);s] nanosheets to boost nitrobenzene conversion under visible light irradiation
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Figure 14. (A,B) SEM of S-AGO and F-AGO. (C) Photocatalytic reductive coupling of benzyl bromide in isopropanol with 10 mM KOH
under N, conditions. (D) Photocatalytic oxidative coupling of 2,4,6-trimethylaniline in acetonitrile under aerated conditions. This figure
is used with permission from the American Chemistry Society"®®.S-AGO: Stretched AgGaO0,; F-AGO: flat AgGaO.,.

and base-free conditions™. As presented in the HRTEM image of Figure 13E, the Bi,,O,,Br,,(OH);
nanosheets exhibit two types of lattice fringes (interplanar spacing of 0.278 and 0.299 nm) that match the
(117) and (213) lattice planes of classical crystalline Bi,,O,,Br,,, respectively. CO,-TPD reveals that the
freshly prepared Bi,,O,,Br,,(OH); nanosheets present a broad distribution of active sites with different
basicities, whereas the typical BiOBr and g-C,N, show almost no basicity [Figure 13F]. Indeed, the basic-
site-engineered Bi,,O,,Br,,(OH); nanosheets exhibit a robust hydrogen abstraction from isopropanol and
fast hydrogen transfer from the catalyst to the adsorbed nitrobenzene according to in situ spectroscopy
analysis, thus resulting in remarkable quantum efficiencies under visible light irradiation (42% at 410 nm
and 32% at 450 nm). Nevertheless, the Bi,,O,,Br,,(OH); nanosheets exhibit excellent performance in up-
scaling and stability under solar irradiation. As depicted in Figure 13G, a complete conversion of
nitrobenzene selectively to azoxybenzene and azobenzene (> 95%) in a sequential fashion is achieved under
solar irradiation by employing the Bi,,O,,Br,,(OH); photocatalyst, implying that the selective synthesis of
two important products can simply be tuned via controlling irradiation time without the need of further
separation process. In comparison, the g-C,N, only converts ~20% of nitrobenzene under similar reaction
conditions, which is less efficient than that of the Bi,,O,,Br,,(OH); nanosheets.

Besides that, a very recent work shows that shape-engineered AgGaO, delafossites with dominant (001) and
(012) facets are efficient photocatalysts for efficient and selective photocatalytic redox coupling reactions
under visible light [Figures 14A and B]"*\. Efficient separation of the photogenerated charge carriers is
observed over the two facets. The flat AgGaO, (F-AGO) with electron-rich (001) facets shows an obvious
enhancement over the stretched AgGaO, (S-AGO) with hole-rich (012) facets in the reductive
homocoupling of benzyl bromide and N-N coupling of nitrobenzene [Figure 14C]. In contrast, S-AGO
performs better than F-AGO in the oxidative homocoupling of aniline and C-N coupling of amines
[Figure 14D]. DFT calculation reveals that the difference in work functions of the (001) and (012) facets is
the driving force for the tuned surface redox chemistry, which offers a noble metal-free strategy for the
engineering of delafossite-based photocatalysts for synthetic chemistry.
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Similar to the photocatalytic oxidative coupling reactions, the development of cross-coupling is far behind
the homo-coupling investigations due to the lack of in-depth mechanistic understanding of reaction
pathways. Thus, significant efforts should be paid to realize some representative cross-coupling reactions for
applications.

CONCLUSION AND OUTLOOK

In this review, we summarize recent advances in photocatalytic synthesis from an application-orientated
prospective to illustrate the development in the design of photocatalyst materials. Various reactions
catalyzed by nanostructured photocatalysts are categorized into oxidative and reductive reactions, which are
further subdivided into alcohol oxidation, epoxidation, oxidation of aromatics, oxidative coupling,
hydrogenation reactions, and reductive coupling. The advantages and limitations of these nanostructured
photocatalyst materials, including metal oxides, supported plasmonic metal nanostructures, organic
polymers, anchored homogeneous catalysts, and dye-sensitized heterostructures, are presented. In addition,
fundamental understandings of specific reaction mechanisms are demonstrated to guide the rational design
of nanostructured photocatalysts.

Although many challenging reactions can be realized by employing various engineered heterogeneous
photocatalyst materials, there are still critical challenges that need to be solved for scaling-up applications.
First, a high selectivity, rather than a fast conversion rate, is crucial for all types of reactions from the
industrial perspective, as the energy-consuming separation process may be eliminated. For photocatalytic
oxidation processes, strong oxidants should be avoided to prevent over-oxidation. For the synthesis of
complicated organic molecules, it is also desirable to have a control over the stereo-selectivity, which may be
solved by anchoring the designed homogeneous redox catalyst with heterogeneous photocatalyst materials.
The selectivity control calls for an in-depth understanding of specific reaction mechanisms to aid the design
of engineered nanostructured photocatalyst materials. Besides, it is paramount to avoid using harsh reaction
conditions and toxic compounds for reduction reactions (i.e., strong basic or acidic conditions, high
temperature, strong reductants, and toxic solvents), as these diminish the advantages of the photocatalytic
process. The mild reaction condition is also essential for recycling used photocatalysts and solvents.
Nevertheless, the design and development of a continuous reactor (i.e., flow cell) customized for
photocatalytic applications are urgently needed to evaluate photocatalyst materials and the scaling-up of
photocatalytic processes.
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Lithium-selenium (Li-Se) batteries have been recognized as one of the most promising candidates for next-
generation energy storage devices due to their high energy density and high conductivity of Se"”.. However,
the shuttle effect has become a major shackle restricting their commercial development™*. Confining active
material selenium inside the cathode is an effective method to suppress this phenomenon”’. Moreover,
rapid transportation of electrons and ions is indispensable for achieving high electrochemical performance
Li-Se batteries'.

Combining the microporous carbon particles that provide Se loading space and adsorption to polyselenides
with a highly conductive meso/macropores network is a design direction to suppress the shuttle effect and
achieve high reaction kinetics"”. Microporous-rich metal-organic framework (MOF) and high conductivity
CNTs become the ideal compositions. The current work presents tunable size zeolitic imidazolate
framework-8 (ZIF-8) derived microporous carbon particles strung by MWCNTSs (ZIF-8-C@MWCNTs-X,
X = 1-5) with a simple in-situ solvothermal reaction [Figure 1]". The active Se is dispersed in the designed
ZIF-8-C@MWCNTs host materials by a simple melt-diffusion method.

Compared with Se@ZIF-8-C cathode battery, the electrochemical performance of Se@ZIF-8-C@MWCNTs
achieves high improvement due to the accelerated electron/ions transfer brought by the interconnected
MWCNTs. Moreover, the size of ZIF-8-C particles is a critical factor for electrochemical kinetics in the
charge/discharge process. For too small particles of ZIF-8-C, the problem of shuttle effect is serious due to

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0
By International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing,
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.
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Figure 1. Schematic mechanism of the (A) Se@ZIF-8-C, (B) ZIF-8-C@MWCNTs-1and (C) Se@ZIF-8-C@MWCNTs-5 electrodes for
lithium ion and electron movement. (D) Cycling performance of Se@ZIF-8-C and Se@ZIF-8-C@MWCNTs-3 at high current density of
1C, (E) summary of the specific capacity and impedance of the Se@ZIF-8-C@MWCNTs-X (X = 1-5) positive electrodes according to
the particle size of the internal ZIF-8 derived porous carbon.

the easily diffused out polyselenide. Otherwise, too large particle size leaves the ions transfer difficult. At an
optimized particle size of 300-500 nm, both the suppressed shuttle effect and the rapid ions transfer are
achieved. Se@ZIF-8-C@MWCNTs-3 with the optimized ZIF-8-C size exhibited the best cycle stability with
a high capacity of 468 mAh g'at 0.2 C after 200 cycles. Even at the high rate of 1 C, the capacity of Se@ZIF-
8-C@MWCNT-3 can remain at 206 mAh g after 500 cycles.

In the designed Se@ZIF-8-C@MWCNTs system, ZIF-8-C particle functions as a reaction block, where the
Se confined inside of the micropores undergoes a rapid electrochemical reaction. While the interconnected
MWCNTs works as transfer block to ensure the supply of required electrons and ions. This kind of block
mode design realizes both the confinement of the reaction and the rapid mass transportation. Compared
with the conflated design system, the modular system enables the electrochemical reaction inside the battery
to proceed in an orderly manner as living organisms. The efficient synergy of different modules is the
premise for the system to maximize its value, which is reflected in the particle size of ZIF-8-C nanocarbons
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in the Se@ZIF-8-C@MWCNTs system. The Se@ZIF-8-MWCNTSs system obtains the best match at the size
of 300-500 nm.

The design concept of coordinated development of work blocks has a significant effect on the working
mechanism of the system. It could give a guiding for other reaction environments. The strategy in this work
realized the in-situ interconnection of the ZIF-8 derived reactor and MWCNTs highways. The effect of
particle size on the reaction kinetics provides suggestions for further structural design and high
performance Li-Se batteries.
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The organocatalytic asymmetric construction of chiral indole-based scaffolds has become an important
research field because the wide distribution of such scaffolds in natural products, pharmaceuticals, chiral
organocatalysts, and ligands". Among different approaches, 2-indolylmethanols have been recognized as a
class of versatile platform molecules in organocatalytic asymmetric transformations for constructing chiral
indole-based scaffolds"~. As summarized in Figure 1A, under the catalysis of chiral Bronsted acid (B*-
H)™"*), 2-indolylmethanols readily undergo dehydration to generate carbocation intermediates A-B and
vinyliminiums C, which can be illustrated as delocalized cations D. Due to the steric effect of the two R
groups (particularly when R is an aryl group), nucleophiles (Nu) more readily attack carbocation B than
carbocation A, thus resulting in the C3-umpolung reactivity of 2-indolylmethanols"”. Namely, the C3-
position of the indole ring is changed from nucleophilic to electrophilic. Nevertheless, in some cases,
2-indolylmethanols can also display C3-nucleophilicity to undergo catalytic asymmetric (4 + 3)' and
(3 + 3)" cycloadditions. Based on these unique reactivities, a series of organocatalytic asymmetric C3-
substitutions and (3 + n) cycloadditions of 2-indolylmethanols have been achieved in a high regio- and
enantioselective manner, leading to the construction of a variety of chiral indole-based scaffolds.

Despite the rapid progress in this research field, there are still some challenges in 2-indolylmethanol-
involved organocatalytic asymmetric reactions. As shown in Figure 1B, most of the above-mentioned
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Figure 1. Profile of 2-indolylmethanol-involved organocatalytic asymmetric reactions and the existing challenges.

transformations utilize diaryl-substituted 2-indolylmethanols as reactants. However, in sharp contrast,
dialkyl-substituted 2-indolylmethanols have scarcely been utilized as successful reactants in organocatalytic
asymmetric reactions. This is because the two aryl groups play important roles in stabilizing the
intermediates (vinyliminium and carbocation), controlling the regioselectivity, and avoiding the side
reactions. On the contrary, there are great challenges in realizing highly regio- and enantioselective
transformations of dialkyl-substituted 2-indolylmethanols, which mainly include: (1) high energy barrier in
generating the dialkyl-substituted intermediates; (2) instability of the dialkyl-substituted intermediates to
incur side reaction; and (3) difficulty in controlling the regio- and enantioselectivity of the reaction.
Therefore, developing innovative strategies to solve these challenges is highly valuable.

To solve these challenging issues, on the basis of their previous studies on silylium-based asymmetric
counteranion-directed catalysis (Si-ACDC)™, List and coworkers recently designed an asymmetric (4 + 3)
cycloaddition of dialkyl-substituted 2-indolylmethanols 1 with dienolsilane 2a by using IDPi
(imidodiphosphorimidates) as strongly acidic and confined organocatalysts [Figure 2]"". Specifically, they
utilized dialkyl-substituted 2-indolylmethanols 1 as three-atom building blocks to participate in the
enantioselective (4 + 3) cycloaddition with dienolsilane 2a under the catalysis of strongly acidic and
confined IDPi 4a or 4b. After a subsequent TFA-promoted removal of silyl group, a series of novel
bicyclo[3.2.2]cyclohepta[b]indoles 3 bearing three stereogenic centers were synthesized in overall excellent
yields with high enantioselectivities. In addition, considering the accessibility of these intriguing
bicyclo[3.2.2]cyclohepta[b]indole frameworks, they performed some useful synthetic transformations of
products 3 and accomplished the synthesis of enantioenriched indole derivatives 5-8.
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Figure 2. Organocatalytic asymmetric (4 + 3) cycloaddition of dialkyl-substituted 2-indolylmethanols with dienolsilane.

To gain some insights into the reaction mechanism, they performed a series of control experiments and
theoretical calculations on this organocatalytic asymmetric (4 + 3) cycloaddition. Based on these
investigations, they suggested a possible reaction pathway, which involved an overall concerted yet
asynchronous cycloaddition process. As illustrated in Figure 3, initially, strongly acidic and confined IDPi
reacted with dienolsilane 2a via a silyl transfer process to generate the active silylium Lewis acid I, which
could deliver silyl group to 2-indolylmethanol 1a and form complex II via hydrogen-bonding interaction.
Then, complex II underwent the C-O bond cleavage to produce intermediate III along with the release of
TBSOH, which was the rate-limiting step with an energy barrier of 14.0 kcal/mol. Subsequently,
intermediate III reacted with dienolsilane 2a to undergo a concerted yet highly asynchronous (4 + 3)
cycloaddition, which was the enantio-determining step with an energy barrier of 9.6 kcal/mol. The resulted
adduct IV underwent a rearomatization process to give intermediate product 3aa’ with the regeneration of
IDPi. Finally, the target product 3aa was obtained by TFA-promoted removal of the silyl group in 3aa’.

In short, List and coworkers established an organocatalytic asymmetric (4 + 3) cycloaddition of dialkyl-
substituted 2-indolylmethanols with dienolsilane by using strongly acidic and confined
imidodiphosphorimidates as competent organocatalysts, which afforded novel bicyclo[3.2.2]cyclohepta[b]
-indoles in overall high yields with excellent enantioselectivities. This approach provides a powerful
strategy to overcome the great challenges in realizing highly regio- and enantioselective transformations
of dialkyl-substituted 2-indolylmethanols, which is a breakthrough in the field of 2-
indolylmethanol-involved organocatalytic asymmetric reactions. This work has made indelible
contributions to the chemistry of 2-indolylmethanols and demonstrated the power of asymmetric
organocatalysis, which will further promote the development of the related fields.



Page 4 of 5 Tan et al. Chem Synth 2022;2:11 | https://dx.doi.org/10.20517/cs.2022.14

H OTBS W &=
O, .o [TES oTBS TBSOH |
AFS 9 g N

X Bl \S,,o 8 15
N & 2a Arf- Ho o — . 0 s o
bzl N7 Af N 0‘\8/'0 N ,,0 bk rate-determining  ArF S & 0
vy \\N-—F,{I—O. _,o,,F{\ j:l’ “ArF AF N NN ~aff elimination O.g NSy
o cyclohexencne Y@ \N.--E—O_ o p\ 0 AAG? = 14.0 kcalfmol % O N- F’ O:
i o ] N o
IDPi | “0 | o I
AG = 0 kcalfmol AG = 4.4 keal/mol

enantio-determining
AAGF = 9.6 keal/mol

3aa

AG = -8.1 kcal/mol

Figure 3. Suggested reaction pathway and activation mode.

DECLARATIONS

Acknowledgments

We sincerely thank all leading chemists and co-workers involved in the development of 2-indolylmethanol-
related chemistry.

Authors’ contributions
Wrote the draft manuscript: Tan W
Revised and rewrote some parts of the manuscript: Shi F

Availability of data and materials
Not applicable.

Financial support and sponsorship

We thank for NSFC (22125104 and 21831007), Natural Science Foundation of Jiangsu Province
(BK20210916) and High Education Natural Science Foundation of Jiangsu Province (No. 21KJB150009) for
financial supports.

Conflicts of interest
Both authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2022.



Tan et al. Chem Synth 2022;2:11 | https://dx.doi.org/10.20517/cs.2022.14 Page 5 of 5

REFERENCES

1. Zhang YC, Jiang F, Shi F. Organocatalytic asymmetric synthesis of indole-based chiral heterocycles: strategies, reactions, and
outreach. Acc Chem Res 2020;53:425-46. DOI PubMed

2. Mei GJ, Shi F. Indolylmethanols as reactants in catalytic asymmetric reactions. J Org Chem 2017;82:7695-707. DOI PubMed

3. BeraK, Schneider C. Bronsted acid catalyzed [3 + 2]-cycloaddition of cyclic enamides with in situ generated 2-methide-2H-indoles:
enantioselective synthesis of indolo[1, 2-a]indoles. Org Lett 2016;18:5660-3. DOI PubMed

4. Akiyama T. Stronger brensted acids. Chem Rev 2007;107:5744-58. DOI PubMed

5. Lin X, Wang L, Han Z, Chen Z. Chiral spirocyclic phosphoric acids and their growing applications. Chin J Chem 2021;39:802-24.
DOI

6. Sun M, Ma C, Zhou SJ, et al. Catalytic asymmetric (4 + 3) cyclizations of in situ generated ortho-quinone methides with 2-
indolylmethanols. Angew Chem Int Ed Engl 2019;58:8703-8. DOI PubMed

7. Li TZ, Liu SJ, Sun YW, et al. Regio- and enantioselective (3 + 3) cycloaddition of nitrones with 2-indolylmethanols enabled by
cooperative organocatalysis. Angew Chem Int Ed Engl 2021;60:2355-63. DOI PubMed

8. James T, van Gemmeren M, List B. Development and applications of disulfonimides in enantioselective organocatalysis. Chem Rev
2015;115:9388-409. DOI PubMed

9. Gatzenmeier T, van Gemmeren M, Xie Y, Hofler D, Leutzsch M, List B. Asymmetric Lewis acid organocatalysis of the Diels-Alder
reaction by a silylated C-H acid. Science 2016;351:949-52. DOI PubMed

10. Ouyang J, Maji R, Leutzsch M, Mitschke B, List B. Design of an organocatalytic asymmetric (4 + 3) cycloaddition of 2-

indolylalcohols with dienolsilanes. J Am Chem Soc 2022;144:8460-6. DOI PubMed PMC


https://dx.doi.org/10.1021/acs.accounts.9b00549
http://www.ncbi.nlm.nih.gov/pubmed/31820922
https://dx.doi.org/10.1021/acs.joc.7b01458
http://www.ncbi.nlm.nih.gov/pubmed/28708396
https://dx.doi.org/10.1021/acs.orglett.6b02898
http://www.ncbi.nlm.nih.gov/pubmed/27782406
https://dx.doi.org/10.1021/cr068374j
http://www.ncbi.nlm.nih.gov/pubmed/17983247
https://dx.doi.org/10.1002/cjoc.202000446
https://dx.doi.org/10.1002/anie.201901955
http://www.ncbi.nlm.nih.gov/pubmed/30977568
https://dx.doi.org/10.1002/anie.202011267
http://www.ncbi.nlm.nih.gov/pubmed/33089963
https://dx.doi.org/10.1021/acs.chemrev.5b00128
http://www.ncbi.nlm.nih.gov/pubmed/26147232
https://dx.doi.org/10.1126/science.aae0010
http://www.ncbi.nlm.nih.gov/pubmed/26917765
https://dx.doi.org/10.1021/jacs.2c02216
http://www.ncbi.nlm.nih.gov/pubmed/35523203
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9121375

Zeng et al. Chem Synth 2022;2:12 H H
DOI: 10.20517/cs.2022.11 Chemlcal SyntheSIS

Short Communication Open Access

") Check for updates

Coordination-driven [2+2] metallo-macrocycles
isomers: conformational control and photophysical
properties

Yunting Zeng' ¥, Junjuan Shi'2, Kehuan Li' 2, Jiaqgi Li'2, Hao Yu' 2, Fang Fang®'®, Xin-Qi Hao> 2,
Houyu Zhang' ¥, Ming Wang"”’

'State Key Laboratory of Supramolecular Structure and Materials, College of Chemistry, Jilin University, Changchun 130012, Jilin,
China.

’Instrumental Analysis Center, Shenzhen University, Shenzhen 518055, Guangdong, China.
3College of Chemistry and Green Catalysis Center, Zhengzhou University, Zhengzhou 450001, Henan, China.

Correspondence to: Prof. Ming Wang, State Key Laboratory of Supramolecular Structure and Materials, College of Chemistry,
Jilin University, No. 2699 Qianjin Street, Changchun 130012, Jilin, China. E-mail: mingwang358@jlu.edu.cn

How to cite this article: Zeng Y, Shi J, Li K, Li J, Yu H, Fang F, Hao XQ, Zhang H, Wang M. Coordination-driven [2+2] metallo-
macrocycles isomers: conformational control and photophysical properties. Chem Synth 2022;2:12.
https://dx.doi.org/10.20517/cs.2022.11

Received: 12 May 2022 First decision: 8 Jun 2022 Revised: 14 Jun 2022 Accepted: 27 Jun 2022 Published: 30 Jun 2022

Academic Editors: Bao-Lian Su, Teng Ben Copy Editor: Jia-Xin Zhang Production Editor: Jia-Xin Zhang

Abstract

In recent years, fluorescent supramolecular materials have received significant attention due to their wide
application prospects. However, the relationship between the conformation of supramolecules and their
photophysical properties remains an open question. In this study, two rhomboidal metallacycle isomers, SA and SB,
self-assembled with trans- and cis-isomers of tetraphenylethylene-based ditopic pyridyl ligands (LA and LB), and a
120° di-platinum (Il) acceptor were prepared. Compared with metallacycle SB constructed by cis-
tetraphenylethylene (TPE)-based ligand LB, the curved rhomboidal metallacycle SA constructed with trans-TPE-
based ligand LA can restrict molecular motions of the aromatic groups on TPE and exhibits better light-emitting
properties. Moreover, curved SA also exhibited better fluorescence stability than isomer SB towards molecules
with strongly electron-withdrawing groups. This work provides a new platform to explore the relationship between
conformation and the corresponding photophysical properties.

Keywords: Supramolecular self-assembly, metallacycles, isomer, conformational control, coordination-induced
emission
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INTRODUCTION

In the past decades, fluorescence materials have attracted considerable attention for their widespread
applications in biological imaging", environmental sensing', fluorescent probes'”, and other fields" due to
their high luminous efficiency and stimulus responsiveness. However, conventional organic fluorophores
often suffer from aggregation-caused quenching (ACQ) in a concentrated solution or the solid state, which
limits their practical application”. To overcome the undesirable ACQ, in 2001, Tang and co-workers
developed fluorescent species exhibiting the opposite effect, known as aggregation-induced emission
(AIE)": tetraphenylethylene (TPE), 1,1,2,3,4,5-hexaphenylsilole, triphenylamine, distyrylanthracene, etc'”.
The characteristic of molecules with AIE activity is that their initial free rotation is restricted in an
aggregation state, resulting in reduced non-radiative decay and strong fluorescence emission. However, AIE
active molecules have relatively low luminous efficiency in dilute solution because the free rotation of
benzene rings leads to high non-radiative decay.

Among the diverse field of supramolecular chemistry, coordination-driven self-assembly offers a
straightforward synthetic approach for constructing diverse metal-organic complexes (MOCs)", ranging
from two-dimensional (2D) metallacycles to three-dimensional (3D) metallacages. The metal coordination
bonds not only provide definite directionality and high predictability but also have moderate bond energies
(15-25 kcal/mol) to ensure self-modulation and thermodynamic stability during self-assembly. These
unique advantages allow MOCs to be well constructed with specific stoichiometry and precise geometry
and, thus, provide the impetus for applications in catalysis, sensing, and optics". Recently, MOCs combined
with AIEgens have also drawn particular attention as multifunctional platforms for exploring AIE
properties. However, how to provide the bright emission of AIEgens in dilute solution is still a big
challenge. Rational synthesis strategies should be developed to restrict the rotation of phenyl rings by
slightly adjusting the conformation of the AIE group via metal coordination. In this way, the non-radiative
decay in the excited state can be further reduced, thus giving a bright emission in dilute solution, which is
also known as coordination-induced emission (CIE).

Herein, we provide such a CIE strategy via constructing two rhomboidal metallacycle isomers SA and SB by
the self-assembly of trans- and cis-isomers of TPE-based ditopic pyridyl ligands (LA and LB) with a di-
platinum (IT) acceptor. It is worth mentioning that these two ligands can be easily obtained through one-pot
synthesis and separation by column chromatography. In contrast to SB constructed by cis-TPE-based ligand
LB, the curved rhomboidal metallacycle SA based on trans-TPE-based ligand LA could restrict molecular
motions of the TPE aromatic groups, inducing the integration of AIE and CIE and thus showing double the
quantum yield as SB. Moreover, curved SA also exhibited better fluorescence stability than isomer SB
towards strongly electron-withdrawing molecules.

RESULTS AND DISCUSSION

The synthesis and characterization of the 120° di-Pt(II) acceptor 1 and the two ditopic ligands LA and LB
are shown in the supplementary materials [Supplementary Figures 1-11]. The two isomeric ligands LA and
LB can be obtained in a 1:1 product ratio by one-pot Suzuki coupling reactions and column
chromatography (SiO,). As shown in Scheme 1, the obtained 180° trans-TPE-based ligand LA and 60° cis-
TPE-based ligand LB were assembled with the same 120° di-Pt(II) acceptor 1 in a 1:1 stoichiometric ratio in
DMSO at 80 °C, affording the metallacycles SA and SB, respectively. After 10 h, the final discrete
metallacycles were obtained in quantitative yields (94% for SA and 92% for SB) by sedimentation and
centrifugation.


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202207/4997-SupplementaryMaterials.pdf
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1
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Scheme 1. Self-assembly of metallacycles SA and SB (energy-minimized structures). Carbon atoms of ligands LA and LB are blue,
carbon atoms of acceptor 1 are green, nitrogen atoms are dark blue, oxygen atoms are red, phosphorus atoms are pink, and platinum
atoms are grey.

The formation of discrete metallacycles SA and SB with highly symmetric architecture was first investigated
by multinuclear NMR analysis ['H, *'P{'H}, *C, 2D correlation spectroscopy, and 2D diffusion-ordered
NMR spectroscopy (DOSY)] [Figure 1A-H and Supplementary Figures 12-23]. It is evident from the 'H
NMR spectra [Figure 1A-E] that no linear structures were formed. If a linear structure were formed, the
proton signal of the ligands in these complexes would show more peaks due to the asymmetric chemical
environment. In the "H NMR spectra [Figure 1A-E], the signals of protons corresponding to the pyridyl
units and phenyl rings in metallacycles SA and SB exhibited downfield shifts relative to those of the free
TPE ligands due to the loss of electron density after the formation of Pt-N coordination bonds. For
metallacycle SB, the signals of the pyridyl and phenyl protons split into two sets upon metal coordination,
being consistent with the previously reported MOC structures"”. 2D diffusion-ordered spectroscopy
(DOSY) in DMSO-d, showed a single band at log D = -10.19 for SA and -10.26 for
SB [Supplementary Figures 17 and 23] further proving the formation of a single discrete structure. The
diameters of SA and SB derived from the log D values by the Stokes-Einstein equation were 3.04 and 3.58
nm in DMSO, respectively, which matched well with the size of the expected structure. The *'P{*"H} NMR
spectrum of di-Pt(II) acceptor 1 and metallacycle SA both exhibited a single peak with concomitant ***Pt
satellites (5 = 18.99 ppm for 1 and & = 13.16 ppm for SA) [Figure 1F and G]. However, the *'P{'"H} NMR
spectrum of metallacycle SB exhibited doublets (ca. 13.14 and 13.19 ppm) with concomitant **Pt satellites,


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202207/4997-SupplementaryMaterials.pdf
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Figure 1. 'H NMR spectra (500 MHz, 300 K) in DMSO-d6 of: 1 (A); LA (B); SA (C), LB (D); and SB (E). *P{"H3} NMR spectra (500 MHz,
300 K) in DMSO-d6 of: 1 (F); SA (G); and SB (H). ESI-MS spectra of SA (1) and SB (J). DFT-optimized ground-state structure of SA (K)
and single-crystal X-ray structure of SB (L). Carbon atoms of ligands LA and LB are gray, carbon atoms of acceptor 1are green, nitrogen
atoms are dark blue, oxygen atoms are red, phosphorus atoms are pink, and platinum atoms are orange. Hydrogens and counterions
OTf (trifluoromethanesulfonate) anions are omitted for clarity.

which could be attributed to the different chemical environments of phosphorus inside and outside the
metallacycle [Figure 1H]". Compared with di-Pt(II) acceptor 1, these peaks were shifted upfield by
approximately 5.83 and 5.82 ppm for SA and SB, respectively. Furthermore, electrospray ionization mass
spectrometry (ESI-MS) proved effective in determining the molecular formation of the obtained assemblies.
One set of peaks with different charge states in the SA and SB systems was observed from the full ESI-MS
spectra, due to the loss of different numbers of OTf counterions [Supplementary Figures 24 and 25]. In the
ESI-MS spectrum of SA [Figure 1I and Supplementary Figure 26], a peak at m/z = 1068.7 Da corresponding
to [M-30Tf]** was observed. After the deconvolution of m/z, the molecular weight of SA was calculated to
be 3652.94 Da, demonstrating the formation of a [2+2] assembly. Metallacycle SB showed the same
fragments as obtained for SA (m/z = 1068.7 for [M-30Tf]*”,m/z = 1677.5 for [M-20Tf]*"
[Figure 1] and Supplementary Figure 27] and had the same molecular weight (for the relevant calculation
method, see Section 4 of the Supplementary Materials). These peaks were isotopically resolved and in good
agreement with their calculated theoretical distributions, indicating the formation of distinct metallacycle
structures SA and SB. We failed to obtain single crystals of SA suitable for X-ray scattering due to its curved
configuration that restricted the easy stacking of the metallacycle molecules. Instead, density functional
theory (DFT) calculations were performed to simulate the supramolecular structures of SA [Figure 1K].
Fortunately, single crystals of SB were successfully obtained by slowly diffusing isopropyl ether into the
acetone solution of SB over four weeks; the corresponding single-crystal structure is shown in Figure 1L.
The detailed crystal information is shown in Supplementary Figures 28 and 29 and Supplementary Table 1.
From the optimized structure of SA and the crystal structure of SB, it is evident that both were rhomboidal
metallacycles, and SA exhibited a certain degree of bending. This unique structural feature laid a solid
foundation for subsequent studies on the different luminous behaviors of the metallacycles.


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202207/4997-SupplementaryMaterials.pdf
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After the successful construction of metallacycles SA and SB, their photophysical properties were studied.
The absorption spectra of ligands and metallacycles are shown in Figure 2A. Ligands LA and LB displayed
two similar broad absorption bands at 270 and 330 nm, originating mainly from pyridine and TPE. Due to
the metal to ligand charge transfer (MLCT) after coordination and forming SA and SB, the two absorption
bands were, respectively, red-shifted to 315 and 355 nm in SA and 315 and 365 nm in SB. Moreover, these
assemblies exhibited significantly enhanced molar absorption coefficients because of the inclusion of two
ligands in one metallacycle structure. Next, fluorescence spectra of ligands and metallacycles were also
recorded [Figure 2B]. Ligands LA and LB showed weak emission at 485 nm in DMSO, which can be
ascribed to the non-radiative relaxation pathway via intramolecular rotations of the phenyl and pyridyl
rings. After assembling ligands into rhomboidal metallacycles, the emission intensity was enhanced and
red-shifted by ~20 nm (505 nm). Compared to the normal rhombus metallacycle SB, the molecular motions
of the aromatic groups on TPE are more restricted by coordination bonds in the curved metallacycle SA,
decreasing the non-radiative decay and thus giving a brighter emission. Consequently, the obtained ®; value
of SA in DMSO was 6.47%, significantly higher than the @ of SB in DMSO (3.21%). The absorption and
emission spectra of metallacycles SA and SB in the solid state were further explored
[Supplementary Figure 30A]. Two similar broad absorption bands at 320 and 430 nm were observed from
solid SA and SB. Solid SA also exhibited a long-wavelength absorption band centered at 525 nm, mainly
corresponding to intramolecular charge transfer. Interestingly, a different fluorescence emission behavior
was observed for metallacycles SA and SB in the solid state. Again, the intensity of the maximum emission
peak of SB was significantly lower than that of SA and was 30 nm red-shifted compared with SA. Notably,
the @ values of metallacycles SA and SB in solid state were 26.17% and 23.14%, respectively, which were
substantially higher than those obtained in the solution and displayed a typical AIE effect
[Supplementary Figure 30B].

To investigate the AIE properties of metallacycles SA and SB, their fluorescence emission spectra in DMSO
and DMSO/H,O mixture solutions were recorded [Figure 2]. Adding water to the DMSO solution reduced
the solubility of SA and SB, thereby promoting aggregate formation. Upon successive increments in the
water content, the fluorescence intensities of SA chronologically increased and reached a maximum at 90%
H,O content [Figure 2C]. Its fluorescence quantum yield continued to increase with the rising water content
and matched well with the change in fluorescence emission intensity [Figure 2D]. As anticipated, the
fluorescence results demonstrate the AIE behavior of SA. Metallacycle SB displayed a similar AIE
phenomenon [Figure 2E and F]. Interestingly, in the aggregated states (H,O content = 90%), the
fluorescence intensity of SA increased up to 27 times (®;= 60.28%), whereas SB displayed only a 14-fold
fluorescence enhancement (.= 26.08%). The more curved structure of metallacycle SA may promote the
tight packing of TPE units in the aggregated state, enhancing its fluorescence remarkably. Moreover, the
restricted movement of phenyl rings of TPE in SA further enriched its fluorescent performance compared
to SB.

AlIE-active molecules often show the phenomenon of fluorescence quenching due to the charge transfer
between AIE moieties and molecules with strongly electron-withdrawing groups. Thus, we expected that the
twisted and high luminous efficient structure of SA could effectively reduce the charge transfer process and
quenching phenomenon. Inspired by the excellent AIE luminescence properties observed for rhombus
metallacycles SA and SB in this study, we investigated the fluorescence stability of these two isomers in the
DMSO/H,O mixture with 90% H,O content towards 2,4,6-trinitrotoluene (TNT). The quenching processes
could be monitored by the change in emission intensity in response to TNT addition [Figure 3A and B].
Upon adding TNT, the emission of the aggregates was gradually quenched. The fluorescence quenching
could be clearly observed even at a TNT concentration as low as 0.1 ug/mL, consistent with the previous
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Figure 2. (A) UV-Vis spectra of LA,LB,SA,and SB in DMSO ()., = 320 nm, ¢ =10.0 uM). (B) PL spectra of LA,LB,SA, and SB in DMSO
(A, =320 nm, ¢ =10.0 uM). PL spectra of SA (C) and SB (D) recorded in DMSO/H,O mixtures containing different H,O fractions. The
respective inserts show SA and SB dissolved in DMSO/H,0O with 0% (left) and 90% H,O (right). Quantum yields of SA (E) and SB (F)
versus increasing H,O fractions in DMSO/H,0O mixtures, determined using rhodamine B (®; = 69.0%) at 365 nm (A, = 320 nm, ¢ =
1.00 pM).

report™?. Impressively, although metallacycles SA and SB had the same components, their quenching
efficiency and quenching rate by TNT were completely different. For metallacycle SB, quenching efficiency
was 21.41% when 0.1 pg/mL of TNT was added to its solution, while it was only 8.86% for SA under the
same condition. For 10.0 ng/mL TNT concentration, the initial fluorescence intensity of SB reduced by
96.76%, but only 76.79% for SA. The fluorescence quenching of SA could reach 97.68% only when the TNT
concentration was increased to 100 pg/mL [Figure 3C]. To determine the quenching constants of
metallacycles SA and SB with TNT, the respective relative fluorescence intensity (I,/I) was plotted against
the TNT concentration. Upon applying a linear Stern-Volmer equation I,/ = K[TNT] + 1%, from the mean
of linear fitting, the quenching constants of SB were calculated to be 7.289 x 10° M"'. However, the best fit
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Figure 3. Fluorescence emission spectra of metallacycles SA (A) and SB (B) in a DMSO/H,0 (1/9) mixture containing different
amounts of TNT (&, = 320 nm, ¢ = 1.00 uM). (C) The fluorescence quenching efficiencies of metallacycles SA and SB at different TNT
concentrations in a DMSO/H,0 (1:9) mixture. (D) Plot of relative fluorescence intensities (I,/ 1,/ = peak intensity and , = peak intensity
at [TNT] = 0 pM) versus TNT concentrations in a DMSO/H,0O (1:9) mixture (A,, = 320 nm, ¢ = 1.00 pM).

was obtained with the linear fitting for metallacycle SA when the TNT concentration was lower than 176 p
g/mL, and the quenching constant was calculated to be 5.774 x 10* M"'. With the further increase of TNT
concentration, the quenching process of SA showed a curvy enhancement [Figure 3D]. The structural
differences of metallacycles SA and SB led to the large difference in their quenching constants. The key
mechanism in binding TNT with chromophoric receptors was generally considered to be through the n-n
stacking interactions. Since SA is a rhombic metallacycle with a curved structure, its n-n stacking
interactions with TNT was hindered, which further affected the fluorescence quenching effect.

CONCLUSION

Two TPE-based metallacycles (named SA and SB) were constructed using cis-trans isomers of a TPE-based
dipyridyl ligand and 120° di-Pt(II) acceptor. The rhombus metallacycle SA constructed with the trans-TPE-
based dipyridyl ligand had a more curved structure than the rhombus metallacycle SB constructed with the
cis-TPE-based dipyridyl ligand. The curved SA structure restricted the molecular motions of the aryl groups
on TPE, resulting in the CIE phenomenon and remarkable light-emitting properties. In addition, SA with
twisted configuration and high quantum yield showed better fluorescence stability than SB in the presence
of TNT. This work provides a new platform to explore the relationship between the conformation of the
AIE group and the corresponding photophysical properties.
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Abstract

Volatile Organic Compounds (VOCs) are known to be hazardous and harmful to human health and the
environment. In mixtures or during repeated exposures, significant toxicity of these compounds in trace amounts
has been revealed. In vitro air-liquid interface approaches underlined the interest in evaluating the impact of
repeated VOC exposure and the importance of carrying out a toxicological validation of the techniques in addition
to the standard chemical analyses. The difficulties in sampling and measuring VOCs in stationary source emissions
are due to both the complexity of the mixture present and the wide range of concentrations. The coupling of VOC
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treatment techniques results in efficient systems with lower operating energy consumption. Three main couplings
are outlined in this review, highlighting their advantages and relevance. First, adsorption-catalysis coupling is
particularly valuable by using adsorption and catalytic oxidation regeneration initiated, for example, by selective
dielectric heating. Then, several key aspects of the plasma catalysis process, such as the choice of catalysts
suitable for the non-thermal plasma (NTP) environment, the simultaneous removal of different VOCs, and the in
situ regeneration of the catalyst by NTP exposure, are discussed. The adsorption-photocatalysis coupling
technology is also one of the effective and promising methods for VOC removal. The VOC molecules strongly
adsorbed on the surface of the photocatalyst can be directly oxidized by the photogenerated hole on the
photocatalyst (e.g., TiO,).

Keywords: VOC removal, adsorption materials, coupling techniques, catalysis, plasma, photocatalysis

INTRODUCTION

According to World Health Organization (WHO), air pollution is responsible for one out of every nine
premature deaths, or more than seven million deaths each year'". Residential, industrial, agricultural, and
road transportation activities are the most important anthropogenic sources of air pollution. Many
pollutants are now found in higher concentrations in indoor air than in outdoor air. This is especially
concerning because humans spend over 80% of their time in enclosed spaces such as their homes, means of
transportation, and workplaces. Volatile organic compounds (VOCs) are a type of gaseous air pollution.
VOCs are harmful to human health and the environment, and they play a role in climate change. On an
industrial level, the current policy for reducing VOC emissions prioritizes the total or partial substitution of
VOC:s used at the source. However, when this substitution is not possible due to technical constraints, it is
required to develop alternative methods that are suitable for low VOC concentrations, have high energy
efficiency, and allow for the entire treatment without the generation of by-products. To address this
industrial issue, new innovative treatment methods adapted to the industry and based on the coupling of
methods are required.

First, adsorption and catalytic technologies are often not very effective in removing low-level VOCs from
off-gases when they are used separately. Indeed, after a period of use, an adsorbent becomes saturated and
must be regenerated. The corresponding catalytic treatment results in high energy consumption at low
VOC concentrations. An innovative approach combining both techniques can be proposed. The original
process is based on the selective adsorption of the pollutant coupled with a catalytic oxidation process. The
adsorption will remove the VOCs present in low concentrations in the air, and the final removal of the
pollutant is done during the adsorbent regeneration step. Indeed, during this stage, the high concentration
of VOCs in the effluent allows the catalytic oxidation process to be used under optimal conditions. Two
tracks are considered: in the first one, the adsorption is done on an adsorbent and the oxidation during the
desorption step is done on a catalyst (existing process). In the second, more innovative one, the same
material is used successively as an adsorbent and then as a catalyst at higher temperatures.

Second, the use of non-thermal plasma (NTP) is attracting increased attention in the field of air
purification, particularly for the removal of low concentration VOCs from industrial and/or indoor air. This
treatment at room temperature and atmospheric pressure is very attractive because conventional
technologies typically require a lot of energy to reach operating temperature. However, studies have shown
that industrial implementation of this technology is hampered by three main drawbacks: (1) formation of
unwanted by-products; (2) relatively poor energy efficiency; and (3) low degradation. To overcome these
problems, the combination of heterogeneous catalysis with a non-thermal plasma can be proposed. By
combining the advantages of the two processes, an efficient VOC removal process is expected.
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Finally, photocatalysis is based on the principle of activation of a semiconductor using the energy provided
by light. The adsorption of a photon forms an electron-hole pair that allows the formation of free radicals,
which react with the VOCs to transform them into CO, and water. One of the main advantages of
photocatalysis is being able to work at room temperature and thus be free of any thermal inertia. The
photocatalytic reactor consists of a UV lamp surrounded by transparent substrates coated with a thin layer
of the selected photocatalyst and allowing the passage and treatment of the gas flow. To optimize the
operation of the reactor, it is preceded by adsorption, which traps and concentrates the VOCs. The VOCs
are then periodically desorbed by heating and directed to the photocatalytic reactor, thus regenerating the
adsorption column.

Some conditions need to be taken into consideration when working on a large industrial scale. The process
needs to be studied from physical, legal, and economical points of view. The implemented process should be
optimized while considering the feasibility of scaling it from the laboratory scale. In addition, the
physicochemical properties of the materials should be deeply studied in harsh conditions. The regeneration
of the materials is also thought through to keep a highly efficient and eco-friendly process. Despite being
emitted at low concentrations, a mixture of VOCs is expected to be found in industrial emissions. Hence,
the catalytic activity of the materials is important; more precisely, it needs to selectively convert the VOC
into H,O and CO,, without leading to new problems such as the formation of by-products, adding to the
maintenance cost.

In this review, we devote part of this paper to the toxicology of these VOCs, followed by a section on their
measurement, which is often difficult, especially when they are in complex mixtures (industrial emissions).
We also discuss how these VOCs are really measured on industrial sites. The treatment techniques are
presented next, using the combinations of adsorption-catalysis, plasma catalysis, and adsorption-
photocatalysis.

TOXICITY AND MEASUREMENTS OF VOCs

Volatile organic compounds

Before starting, it is important to know that the physico-chemical characteristics that define VOCs depend
on the organisms, and there are several definitions of this family of chemicals. However, most definitions
agree on the presence of the molecule in vapor form under standard conditions of temperature and
pressure.

According to the United States Environmental Protection Agency (US-EPA), volatile organic compounds
are any compound of carbon, excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides,
or carbonates and ammonium carbonate, which participates in atmospheric photochemical reactions,
except those designated by US-EPA as having negligible photochemical reactivity. VOCs are organic
chemical compounds whose composition makes it possible for them to evaporate under normal indoor
atmospheric conditions of temperature and pressure. This is the general definition of VOCs that is used in
the scientific literature and is consistent with the definition used for indoor air quality. Since the volatility of
a compound is generally higher the lower its boiling point temperature, the volatility of organic compounds
is sometimes defined and classified by their boiling points. For its part, the European Union uses the boiling
point, rather than its volatility, in its definition of VOCs. A VOC is any organic compound, excluding
methane, having an initial boiling point less than or equal to 250 °C measured at a standard atmospheric
pressure of 101.3 kPa. VOCs are sometimes categorized by the ease of their emission. Finally, the World
Health Organization (WHO) categorizes indoor organic pollutants as very volatile organic compounds
(VVOCs), VOCs, or semi-volatile organic compounds (SVOs).
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The higher the volatility (the lower the boiling point), the more likely the compound will be emitted from a
product or surface into the air. VVOCs are so volatile that they are difficult to measure and are found
almost entirely as gases in the air rather than in materials or on surfaces. The least volatile compounds
found in air constitute a far smaller fraction of the total present indoors, while the majority will be in solids
or liquids that contain them or on surfaces including furnishings and building materials.

VOCs are widely used and produced at home or by industry. VOCs form families of pollutants, including
the series of aromatic hydrocarbons that are higher homologs of benzene, known as BTEX (benzene,
toluene, ethylbenzene, and m/p/o-xylene), aldehydes (such as formaldehyde, acrolein, and crotonaldehyde),
and chloride compounds (such as trichloroethylene). VOCs represent a class of pollutants of interest due to
their abundance in the ambient and indoor atmospheres, deleterious effects on public health, and function
in atmospheric chemistry”. Sources are numerous and include vehicle exhaust, petrol stations, industrial
activity, landfills and waste treatment plants, and combustion for domestic heating®. In addition, VOCs are
widely used in many consumer products such as paints, varnishes, permanent felts, correction products
(Tipp-Ex), glues, shoe polish, leather cleaners, solvents, and detergents. They can also be emitted by the use
of other products, such as printers, photocopiers, efc.”. Smoking is also an important source of VOCs such
as BTEX, trimethylbenzene, and naphthalene, as shown by several metrological studies conducted in Spain
and Texas, before and after the ban on smoking in public places*..

Health effects of VOCs

Air pollution constitutes a mixture that exposes the respiratory system where gas exchanges with the body
take place. Since they evaporate easily at room temperature, human exposure to airborne VOCs is
inevitable. Early studies reported associations between respiratory symptoms and sources of indoor air
pollution. Then, with the development of specific instruments to better quantify indoor air quality,
researchers were able to analyze the association between respiratory symptoms and direct measurements of
pollutants. The first indoor pollutants associated with respiratory effects were dust allergens, NO,, and fine
particles. More recently, VOCs, emitted from various sources and suspected of being irritants, have been
independently associated with short- and long-term respiratory symptoms. They have a short half-life in the
body, but their exposure is recurrent and ubiquitous. Numerous VOCs are individually known to be toxic.
Some are classified as carcinogenic or reprotoxic at the European level or by the WHO. Since 1993, benzene
has been classified as a Group 1 carcinogen by the International Agency for Research on Cancer (IARC)
and has been linked to non-malignant hematological disorders (thrombocytopenia, leucopenia, or anemia),
and it has a role in the occurrence of leukemia and/or non-Hodgkin’s lymphoma'”. Formaldehyde causes
cancer of the nasopharynx and leukemia (Group 1)®. Trichloroethylene causes cancer in the kidney (Group
1) Acrolein is probably carcinogenic to humans (Group 2A)". Ethylbenzene and crotonaldehyde are
possibly carcinogenic to humans (Group 2B). Xylenes are not classifiable (Group 3)""". Toluene is likely to
harm the fetus (H304) and is classified as a Category 2 reproductive toxicant by the EU following studies
showing effects on fetal development in animals, in particular delayed growth and skeletal development. In
humans, the intentional inhalation of large quantities of toluene is thought to harm the fertility of female
drug users, embryonic development"", and the regulatory mechanisms of the endocrine system!?.

The health effects attributed to VOCs mainly concern the respiratory tract and the lungs, which are
preferential target organs for gases and aerosols, but also the central nervous system (CNS)™"'*. Indeed,
some VOCs, such as BTEX, easily cross the blood-brain barrier'. Furthermore, a review of the literature on
BTEX suggests the presence of endocrine mechanisms underlying many effects related to BTEX exposure,
while they have generally only been assessed as potential carcinogens!.
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Concerning respiratory effects, epidemiological investigations have shown in children aged 6 months to 3
years and 5 to 11 years a significant relationship between pulmonary exposure to benzene and an increase in
certain inflammatory diseases such as asthma, bronchitis, and morning cough after adjustment for other
pollutants"”"*. Exposure to a benzene concentration of 10 pg/m® would triple the risk of developing asthma
in children. The significant impact of a 10 pg/m’® increase in exposure to toluene, ethylbenzene, and m-
xylene on the development of asthma has also been shown, with odds ratios of 1.84, 2.54, and 1.61,
respectively, after adjustment for co-exposures"®. A French case-control study found that toluene exposure
was significantly associated with the induction of asthma in urban and rural children". In Portugal,
increased levels of individual and mixed endocrine disruptors were found in classrooms with more children
with respiratory symptoms™. In this study, the authors concluded that even low levels of exposure can
increase the risk of asthma and respiratory symptoms. Regarding VOCs in mixtures, in a cross-sectional
survey of 490 French dwellings, the Indoor Air Quality Observatory (OQAI) showed that co-exposure to the
BTEX + styrene mixture and exposure to undecane and trimethylbenzene were associated with asthma
risk”. In America, the association between exposure to BTEX and asthma prevalence was previously
observed in adults (OR = 1.63)" and in children (OR = 1.27)"). The latter study also showed a significant
association between exposure to pollutants including BTEX and the frequency of the following symptoms:
cough and chronic phlegm, bronchitis, persistent wheezing, and shortness of breath””. Respiratory
symptoms include the occurrence of rhinitis associated with ethylbenzene, o-xylene, and
trichloroethylene®".

Toxicity of VOCs
Experimental methods for studying toxicity

When identifying the mechanisms of action of a toxic agent, one of the first questions to ask is the choice of
study model. Obviously, even if most studies are conducted in experimental models, the purpose of all
toxicological research is to protect humans from the effects of the toxic substances that surround them.
Consequently, this research must not be limited to the consideration and sometimes the inactivation of
pathophysiological mechanisms in cell cultures or laboratory animals. The toxicologist must, therefore,
constantly be confronted with the validation of their study model and the demonstration of its relevance,
particularly when the general public asks him, sometimes naively, if their observations can be extrapolated
to humans.

According to the classic hypothesis of the complementarity of study models, the predictability of measured
effects decreases proportionally with the scale of observation. Exposed human populations, such as those
presented in the previous paragraph, would thus be the models of choice, as their predictability for the
whole species is almost absolute. This assertion can be verified when individuals potentially sensitive to the
harmfulness of xenobiotics are included in the exposed population groups for reasons of age, pregnancy, or
pre-existing pathology. Several ethical, moral, and scientific considerations obviously prevent their use in
identifying mechanisms of toxicity, although humans are not necessarily excluded from toxicological
studies. By way of illustration, the development of a drug escapes these limitations and notably includes
tests on a limited number of healthy volunteers during the first phase of clinical trials. In this way, not only
is the distribution of the product in the body assessed, but also its toxicity, via the search for possible
negative reactions. In environmental and occupational toxicology, recourse to human exposure remains
rare. One of the main challenges scientists face in understanding the toxicity of pollution is the complexity
of actual exposure. People are not exposed to one or two pollutants but a mixture of very different
molecules present in varying doses.
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To individualize the mechanisms of action of each of the pollutants, several experimental methods can be
used. The strong point of experimentation is to have complete control of the exposure parameters in terms
of toxicant, dose, and duration of exposure on the one hand and homogeneity of the exposed living model
on the other hand. Among these methods, the oldest are animal experiments. These methods are called in
vivo. Healthy animals of the same age and sex are divided into groups and subjected to various exposure
conditions. Homogeneity is important, and exposure to the pollutant should be the only difference between
the groups. These methods allow the acute and chronic toxicity of pollutants to be assessed for extrapolation
to humans. The advantage of in vivo models is that they integrate all the potential effects of a toxicant and
its metabolites in a physiological context. Thus, for example, the interactions between organs are preserved.
However, many precautions must be taken in the transposition of cross-species data. Several parameters,
such as the choice of species, the mode of administration, and the exposure window, must be taken into
consideration when using data from in vivo studies. The selection of an animal model can thus lead to
under- or overestimations of the dangers for humans. These studies provide a wealth of information (see,
e.g., the reviews on the toxicity of trichloroethylene, dichloroethane, benzene, toluene, xylenes, and
formaldehyde®**”'). However, these studies have their limitations, including the cost, the number of animals
sacrificed, and the difficulty of transferring the effects of the animal model to humans.

Non-animal methods

Once the cells have been selected, they must be exposed, i.e., brought into contact with the toxicant. The
emergence of alternative models such as in vitro toxicology, which are becoming more and more efficient,
makes it possible to fill certain gaps and particularly to test more exposure conditions. More than a century
after the beginnings of cell culture, there is now a large number of cell lines or primary cultures that can be
acquired from cell banks. Faced with this variety, it is necessary to choose the right cell strain to carry out
one’s research. Researching the mechanisms of action of atmospheric pollutants needs to focus on cells
from the human respiratory system.

In the literature, two main methods of exposing cell culture to a gas mixture exist: the cells can either be
immersed in the culture medium in which the mixture bubbles or grown on an insert”. In a submerged
exposure system, cells are placed in the growth medium. This method simplifies the experimental procedure
and is less expensive than the system using inserts"”. However, this system may generate inaccuracies in the
assessment of the toxicity of gas mixtures as it allows interactions between the tested chemicals and the
components of the medium. Moreover, the actual exposure concentration is difficult to assess. The
relevance of this system is limited to compounds soluble in the medium, which restricts its use. The
physiology of respiratory cells is not respected. It is important to maintain the lung cells at the interface
between air, representing the alveolar lumen, and a liquid, corresponding to the lung tissue. In vitro
exposure methods to gas mixtures should allow the closest possible contact between the cells and the
compounds being tested. In addition, a humidified atmosphere must be maintained to avoid drying out the
cells™. These requirements are met by air-liquid interface (ALI) exposure systems. Grown on inserts, cells
are fed and hydrated by the culture medium on the basolateral side and exposed on the apical side®*. ALI
insert culture models promote the differentiation of epithelial cells. The cell layer produced by this method
is very similar to the epithelial morphology of the airway in vivo". Although these systems are expensive in
terms of equipment, they have the advantage of eliminating any direct interaction between the tested
toxicants and the components of the culture medium.

Direct and dynamic exposure of human cells to chemicals in the atmosphere can be achieved using the ALI
exposure device Vitrocell”®. We have set up this system in the laboratory to test the toxicity of single and
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mixed VOCs, such as benzene, toluene, ethylbenzene, xylene, trimethylbenzene, and formaldehyde, as well
as the products formed during the catalytic degradation of these VOCs.

Catalytic oxidation is indeed an effective technique to remediate industrial VOC emissions. Catalysis aims
at degrading pollutants, but under certain conditions, it can lead to the formation of by-products. These by-
products can be toxic and sometimes even more toxic than the VOCs to be removed. For example, the
catalytic degradation of toluene can lead to the formation of benzene, a known carcinogen [Figure 1]"7.

However, the performance of the catalyst is assessed by measuring VOC conversion or CO, emissions, but
rarely according to by-product formation. The combination of an ALI exposure device and the catalyst test
gives us the opportunity to realize an untargeted toxicological validation of the catalyst. Moreover, the use
of a biological system allows the consideration of synergies and competition between the toxic effects of
VOCs and emitted by-products.

Toxicity of acute exposure to VOCs

In the various projects, the objective of the toxicology part was, first of all, to know the toxicity of the VOCs
measured in an industrial environment, and then to characterize the potential impact on human health of
the emissions of various catalytic systems designed for the oxidation of these VOCs. As toluene is one of the
model solvents, most studies have then focused on the assessment of its toxicity and that of its products
formed by catalytic oxidation. In this way, we firstly assessed the toxicity of toluene and particularly the
activation of the mechanisms involved in its biotransformation by cytochromes P450"”. We were then able
to couple the cell exposure system to the Pd/y-ALO, catalyst formulated for the catalytic degradation of
toluene [Figure 2]"*. This allowed us to test the degradation efficiency of this catalytic system. Indeed, the
development of catalysts relies on the measurement of some known products, such as water and carbon
dioxide, plus benzene in the case of toluene degradation. However, the formation of by-products is rarely
studied. Besides, it is important that these by-products should not have higher toxicity than the initial
VOCs.

After exposing the cell cultures for 1 h to the more or less diluted catalyst effluent, different toxicity markers
were measured. Firstly, we did not identify any impact in terms of cell death. Secondly, the measurement of
gene expression in the exposed cells showed an induction of xenobiotic metabolizing enzymes (XME) such
as cytochromes P450. These enzymes have a certain substrate specificity, and the results show that the
effluents of the tested catalysts contained small amounts of polycyclic organic compounds of the PAH type.
By measuring the activation of XMEs classically induced by polycyclic organic compounds, as well as the
activation of AhR, in lung cells exposed to emissions from the catalytic degradation of toluene, we could
thus suggest the formation of high molecular weight compounds that may confer residual toxicity to the
catalyst emissions [Figure 3] These compounds were not detected in the routine micro-GC analysis used
in the chemical optimization of catalyst systems. This hypothesis supports the scientific relevance of using
toxicological evaluation in the development of chemically and toxicologically efficient catalysts. Using
dedicated by-product identification analyses, four- and five-ring PAHs were identified.

Toxicity of repeated exposure to VOCs

The VOC toxicity study was conducted after acute and repeated exposure, i.e., human lung cell cultures
were exposed to diluted VOCs for 1 h per day for 1-5 consecutive days'“”. Our study was the first to carry
out repeated exposure to VOCs. Only this repeated exposure allowed the detection of CYP1A1 gene



Page 8 of 75 El Khawaja et al. Chem Synth 2022;2:13 | https://dx.doi.org/10.20517/cs.2022.10

100 | r 30
— Pd/a-Al,O, : Toluene conversion

-0~ Pd/y-Al,0, : Toluene conversion

- 25

80 1
-3 Pd/a-Al,0; : Benzene emission -
S - 20 3
= --{- Pd/y-Al,0, : Benzene emission o

[=] E
3 ®
o [1+]
2 3
S )
& S
@ —
= 3
K 3

50 100 150 200 250 300
Temperature (°C)

Figure 1. Light-off curves of Al,O; catalysts impregnated by Pd and production of benzene versus temperature. The dotted lines
correspond to the benzene production (in ppm) as a function of the toluene light-off curve™".
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Figure 3. XMEs (CYP1A1, CYP1B1, CYP2E1, CYP2F1, CYP2S1, NQO1, and EPHX1) and AhR receptor in A549 cells exposed for 1 h to the
emission of the catalytic degradation of toluene by Pd/aAl,O; (A) and Pd/yAl,O5 (B) at 10% (100 ppm, light grey) or 100% (1000
ppm, dark grey). Gene induction was measured by RT-qPCR (n = 3) and analyzed by AACt method™ using air-exposed cells as
reference and 18S as a normalization gene. Data are shown as median RQ values vs. controls and interquartile range. Significant up- or
down-expression was considered if RQ was > 2.0 or < 0.5, respectively.
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induction, which was not previously shown in the acute studies. The studied VOCs are among the most
detected chemicals in the industrial partners of the project. The toxicity of toluene homologs was studied to
evaluate their substitution in industrial processes. The cellular exposure concentrations retained correspond
to the regulatory doses (8 h and 15 min French Occupational Exposure Limit Values, i.e., 20 and 100 ppm).
Toxic effects were assessed through parameters of cytotoxicity, inflammatory response, and gene expression
of XMEs. Exposure of BEAS-2B cells to toluene and its higher homologs revealed the involvement of
compound-specific metabolic pathways. Therefore, we were able to identify the different expression profiles
of these four molecules despite their structural homology [Table 1]. As expected, CYP2E1 gene expression
was significantly induced after cell exposure to benzene, with significant expression from Day 3 onwards.
This induction corresponds to the known mechanism by which benzene is oxidized to its first metabolite,
1,2-epoxybenzene! ). This ring oxidation is characteristic of benzene. This transformation was expected
for its higher homologs. However, a decrease in CYP2E1 expression over time upon exposure to toluene
and m-xylene may be related to the activation of secondary biotransformation pathways in BEAS-2B cells. A
significant induction of IL-6 was also observed, with a higher concentration for xylene than for the other
molecules. Using a proteomic analysis of bronchial cells exposed to toluene at 20 ppm, 3325 proteins were
analyzed, of which 2423 were quantified. The statistical analysis allowed the identification of overexpressed
proteins involved in metabolism pathways, amino acid and antibiotic biosynthesis, cell-cell adhesion, and
defense against oxidative stress.

Non-cancerous human bronchial cells were also exposed to the by-products of the catalytic degradation of
toluene under subacute conditions to assess the repeated exposure of people. The cellular response to
toluene exposure was evaluated at the cytotoxic, gene expression, and protein levels, highlighting the
advantages of applying repeated exposure protocols compared to classic toxicology approaches™. These
results provide a reference for the assessment of cellular exposures to products of catalyst operation.

In addition, the toxicology study again suggested the identification of chemically undetected by-products.
The measured XME gene induction was not only due to the presence of unconverted toluene and benzene
by-product. It also revealed the presence of other by-products of catalytic oxidation, such as PAHs, not
detected by the standard analytical method used for catalyst development. The repeated exposure mode
allowed us to reveal the presence of very low levels of by-products due to the delayed expression of genes,
such as those of the CYP1A1 and ALDH families. Consequently, this ALI in vitro approach underlined, on
the one hand, the value of assessing the impact of repeated exposure to VOCs and, on the other hand, the
relevance of performing toxicological validation of catalysts in addition to standard chemical analysis. This
approach was therefore also followed to assess the toxicity of formaldehyde and the products of its
treatment by photocatalysis. This showed an alteration of the aldehyde metabolism pathways even at very
low concentrations of exposure.

VOCs emission measurements

The difficulties in the measurement of VOCs in industrial emissions are due to the complexity of the
mixtures and the extent of the ranges of concentrations encountered. Emitted VOC mixtures can contain
saturated or unsaturated hydrocarbons, benzene rings, chlorinated hydrocarbons, esters, ketones, alcohols,
and amines, as shown in Table 2!*”. The quantity emitted can range from ppb to whole percentages, which
means that major and trace compounds may have to be measured simultaneously. To these difficulties are
added the conditions of temperature, pressure, humidity, and dustiness to which VOCs will be subjected
during their emission. All these conditions and difficulties lead to sampling trains and/or analyses, which
are described below. We also focus on the so-called channeled emissions.



Page 10 of 75 El Khawaja et al. Chem Synth 2022;2:13 | https://dx.doi.org/10.20517/cs.2022.10

Table 1. Relative expression of XME-encoding genes after exposure of BEAS-2B cells to benzene, toluene, m-xylene, or mesitylene for 1h/day for five days

Benzene Benzene Toluene Toluene m-Xylene m-Xylene Mesitylene Mesitylene
Days 20 ppm 100 ppm 20 ppm 100 ppm 20 ppm 100 ppm 20 ppm 100 ppm
1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5 1 3 5
CYPIAT = = = = + = = = = = = + = = = = = = = = = = + =
CYPIBI = = = = = = = = = = = = = = = = = = = = = = = =
CYP2ET = + + = + + + + = + + + = = = + + = = + + = + +
CYP251 = = = = = = = = = = = = = . = = . = = = = = = -
CYP2F1 = = = = = = = = = = = = = = = = = = = = = = = =
EPHX1 = + = = + = = = = = = = = = + = = + = = = = = +
NQOT = = = = = = = = = = = = = = = = = = = = = = = =
GSTM1 = = = = = = = = = = = = = = = = = = = = = = = =
DHDH = = = = = = = = = = = = = = = = = = = + = = + =
ADHIA = = = = = + = = = = = = = = = = = = = = = = = =
ALDH2 = = = = = = = = = = = = = + + = + + = = = = = +

ALDH3B1 = = = = = = = = = = = = = = - = = -+ = = + = = -+

Expression of the 12 genes was measured by RT-gPCR (n = 3) and analyzed by the AACt method®”? using cells exposed to filtered air as a reference and the geometric mean Ct of 185, GAPDH, and B2M as
normalization genes (=, no significant gene expression change; -, RQ < 0.5; +, RQ > 2; ++, RQ > 4).

In general, successive steps of filtration, gaseous effluent transfer via an inert line (heated or not according to the studied processes), and abatement of
moisture are necessary before the actual sampling phase of the VOC, which can imply a supplementary concentration step depending on the emission levels.

Moreover, two different analytical approaches can be chosen to characterize as well as possible the compounds emitted by the process studied, depending on
the target of the study and the feasibility of on-site implementation. In the first approach used, for example, to evaluate emission levels, sampling on site can be
carried out, and deferred analyses will be conducted in the laboratory. The difficulty is to be representative of the process during the sampling. This will also
create additional problems with packaging, transport, and conservation (conditions and duration) of the samples. In the second approach used, for example, to
understand the correlation between VOC emissions and production phases, samples and analyses on-site and/or on-line can be carried out.

Before on-site measurement, documentary preparation work is necessary with at least a study of the process and the safety data sheets (SDS) of the chemicals
handled, examination of the analytical reports and previous results if available, and, if relevant, the legal requirements concerning the emissions. A preliminary
laboratory phase may also be conducted on raw materials (i.e., chemicals handled) in conditions close to the process to anticipate their possible discharges and
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Table 2. VOCs detected in stacks emissions of several industrial activities
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Industrial activity Compounds Detected compounds
Production of components with Aldehydes Aldehydes: formaldehyde, hydroxybenzaldehyde, Aromatics:
formophenolic resin Phenols benzaldehyde methylethylbenzene
Aromatics Phenols: phenol and derivated compounds Toluene, xylene
Furans Furans: benzofuran, methyl and dimethylfuran Propylbenzene
Trimethylbenzene
Tetramethylbenzene
Fabrication of surfactants and Amines Methylamine, dimethylamine, trimethylamine
detergents Oxides Ethylene and propylene oxides
Synthesis of organic compounds Alcohols Alcohols: methanol, ethanol Aromatics:
Halogenated Chlorides: chloromethane, ethylbenzene, toluene
compounds dichloromethane, chloroform Dimethylbenzene
Aromatics chlorobenzene Methylethylbenzene
Propylbenzene
Collection of biogas from buried waste Aromatics Limonene, -pinene, cyclohexane

(exhaust of the thermic treatment

technique)

Cyclical compounds
Alkanes
Halogenated and
sulfur compounds

Chlorobenzene, dichlorobenzene
Thiophene

Varnishing of metal supports (food Alcohols Alcohols: methanol, ethanol, butanol, butoxyethanol, Aromatics: xylene
industry, automobile) Aromatics butoxyethoxyethanol, Methylethylbenzene
Ketones butylglycol acetate, methoxypropanol Propylbenzene
Ketones: Trimethylbenzene

methylethylketone, methylisobutylketone

Diethylbenzene

Methylpropylbenzene
Ethyldimethylbenzene
Tetramethylbenzene

Agri-industry Sulfur compounds  Sulfur compounds:

(odour problems) Esters dimethylsulfide, dimethyldisulfide, dimethyltrisulfide,
Aldehydes thiophene derivated compounds
Ketones

identify relevant VOCs not announced in the SDS. This is consistent with the definition of VOCs given by
the European Directive 1999/13/EC concerning the reduction of the emissions of volatile organic
compounds (VOCs), which states that a “volatile organic compound” is any organic compound, excluding
methane, having a vapor pressure of 0.01 kPa or more at a temperature of 293.15 K or having corresponding
volatility under specific conditions of use. For our diagnosis, it concerns, in particular, the operating
temperatures encountered in the process. These preliminary steps are strongly recommended based on our
experience in this field. Our approach is described in Figure 4.

Raw material analysis

To simulate the process “specific conditions of use” of VOCs, a relevant technique can be static headspace
coupled to gas chromatography (GC). The detector coupled to GC can be mass spectrometry (HS-GC/MS)
in the case of a complex matrix or flame ionization detector (HS-GC/FID) when the matrix contains few
compounds. The basic principle of the static headspace technique (HS) is to encapsulate the matrix to
analyze in a vial. As an example, a small droplet (~10-20 uL) of raw materials is sealed in a 20 mL headspace
vial. The vial is then heated at a selected temperature (close to the process one or around 80 °C if the matrix
is water-based), and the gas phase formed over the matrix is injected in GC. The volume injected is, for
example, 1 mL. The different VOCs present in the sample are then separated by GC, and the retention time
of each compound is used for their identification. In HS-GC/FID, compounds are only identified by their
retention time. In HS-GC/MS, the VOCs are also analyzed by mass spectrometry, and the identification of
each molecule is made by comparison between the experimental mass spectrum and the reference spectra of
the NIST Library (US National Institute of Standards and Technology). The HS method has the advantage
of being quite easy to implement, requiring little handling and no solvent. Its main limitation is related to
the small volume of gas injected, which implies a low sensitivity. Care must be taken with the temperatures
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Figure 4. Analytical approach to perform for on-site VOCs analysis. VOCs: Volatile organic compounds.

of the HS-GC technique (vial heating, injector temperature, etc.) if the targeted VOCs present a risk of
thermal degradation. Caution also has to be taken for VOC quantification as the gas phase can be saturated
by the most volatile VOC, thus masking the less volatile ones. This phenomenon is linked to the fact that
the vial is hermetically sealed which limits the volume available for the formation of the gas phase; this is
not the case in the “open” operating conditions encountered in most industrial processes.

It should be noticed that HS-GC analysis does not represent the composition of the raw sample, which may
contain water or non-volatile compounds, but simulates the volatile part likely to be found in the gaseous
effluent. Table 3 gives an example HS-GC analysis of some raw materials analyzed at a temperature close to
the process one in a metallic can production industry. Data in brackets indicate the concentration
announced in the SDS.

The dynamic headspace technique may partly solve these limitations since an additional step of
condensation of the extracted volatile compounds on a trap is added, which concentrates the VOC. The trap
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Table 3. Comparison of HS-GC analysis results and SDS data

Compounds (%) Varnish A Varnish B Lacquer C
Ethanol 5[2,5-10]

Methyl ethyl ketone 91[50 -1001]

Butanol 2[0-25] 471[2,5-10] 6
Methyl isobutyl ketone Trace

Ethyl benzene Trace Trace
m,p-xylene 1 Trace
O-xylene Trace Trace
2-butoxy ethanol 52[2,5-10] MN[<5]
Trimethyl benzene n

Ethyl methyl benzene 1
Di-isobutyl ketone Trace

Tetramethylbenzene 47
Indane 1
Diethyl benzene 7
Dimethyl ethenyl benzene 1
Naphtalene 2
Methyl naphtalene Trace
2-diméthyl-aminoéthanol [01-2,5]

can either be adsorbent or temperature-based using cryogenic fluids or “Pelletier” effect. Trace amounts of
VOC:s can thus be determined. The choice of the sorbent used for the trap has to be carefully considered as
its selectivity among some VOCs families may become a disadvantage (untrapped types of VOCs that are
thus not detected). Caution also has to be taken to avoid pollution of the trap.

Choice of sampling and analytical techniques

After the study of process data and pre-diagnosis in the laboratory by raw material analysis, the selection of
the relevant sampling and analytical techniques can be made. This selection has to take into account the
constraint of the site to be investigated (for example, accessibility of sampling points) and the technical
capacities of the laboratory, such as the ability to perform on-site diagnosis. The range of concentrations to
measure and the type of process to be investigated also have to be considered: continuous, discontinuous or
cyclic phenomenon, batch production, etc. Moreover, the gaseous effluents to be investigated (working area,
diffuse, or stack emissions) and the associated conditions (temperature, humidity, dust level, and pressure)
will condition the technical choices that will be relevant for sampling and analysis.

For stack emissions, a precious help to guide the specific VOCs sampling conditions (relevant period,
volume to collect, etc.) is to use continuous monitoring of parameters such as total hydrocarbon or
combustion gases (O,, CO/CO,NQO,, and SO,). Some industrial stacks are equipped with these analyzers, but
they can also be implemented specially for a sampling campaign. Total organic content is measured by a
flame ionization detector (FID), which often allows measuring methane hydrocarbons (MHC), non-
methane hydrocarbons (NMHC), and total hydrocarbons [THC, or total organic carbon (TOC)]. This
analyzer can be calibrated with methane (CH,) or propane (C,H,) standard. Concentrations can thus be
determined in methane (or propane) equivalent and then converted to carbon equivalent. Combustion
gases are measured by specific analyzers based on the technique, such as paramagnetism (O,), IR, or UV for
the other gases. The use of the data provided by these continuous monitors allows better monitoring and/or
understanding of the process as one can follow in real time the emission levels. It is then possible to decide
what are the relevant periods for sampling. A significant change in THC and/or combustion gas levels is
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generally associated with a change in the VOC mixture composition. High levels of THC (and NMHC) will
allow short samplings of VOCs to avoid, for example, saturation of absorbent or adsorbent media.
Oppositely, low NMHC levels will require sampling of larger volumes of gaseous effluents to increase the
concentration factors on the selected sampling media and thus improve the detection limits of the specific
VOC targeted.

Sampling

The sampling techniques can be divided into two categories: non-selective sampling with or without
preconcentration (containers) and selective sampling with preconcentration using adsorbent, absorbent,
impingers, etc. The first one has the advantage of bringing back the whole air sample to the laboratory,
whereas the second one is selective and adapted to targeted compounds.

Non-selective sampling without preconcentration in containers (gasbags, canisters, ampoules, efc.) allows
non-selective sampling, requires less equipment, and is fast and easy to perform. Gas bags allow taking 1-
200 L gas samples, and a pump is used to fill the bag with the gas. Some cautions must be taken as the bag
composition must be adapted to the gaseous compounds targeted: inert materials such as Tedlar® or Teflon®
are often used as they do not generate a retention phenomenon or reaction on the walls of the bag. They are
valid for all ambient gases or common solvents (H.C. and chlorinated solvents). Another wall composition
exists for specific VOCs. Gas bags can be cleaned (nitrogen flushing) and used several times. Their normal
operating temperature is between -73 and 105 °C. Canisters are metallic containers that are placed under
vacuum. When opening the closing valve, the gaseous effluent is sucked into the container. Canisters can be
equipped with a flow control kit, and sampling times from instantaneous to 24 h can be obtained. The
stability of the container content depends on the gaseous effluent composition, and thus they have to be
analyzed as soon as possible. Direct analysis of the various container types’ content is possible if the VOC
levels of the effluent collected are compatible with the detection limits of the analytical system used.
Injection into GC is carried out by gas syringe, gas loop, or pumping. If the VOC level is too low for direct
analysis, preconcentration on adsorbent tubes or other media can be performed.

Non-selective sampling using condensation of VOCs at low temperature using dry ice or liquid nitrogen is
possible but is very constraining on-site in terms of implementation, conservation, and transport of samples
and can be impacted by simultaneous trapping of water. Other techniques are thus often preferred.

Sampling with preconcentration using sorbent tubes or impingers allows more or less selective collection of
VOCs at quite low concentrations. Caution must be taken to avoid the saturation of the sampling media
which would lead to an underestimation of the VOC concentrations. To overcome this risk, two sampling
units are often placed in series, the second one serving as a guard: the absence or presence of low VOC
content on the second unit (< 10% of the first one) ensures that the first one was not saturated.

The impinger technique consists in bubbling gaseous effluents in an appropriate solution for trapping the
VOC family targeted by absorption in a liquid. The liquid used for trapping can be aqueous solutions
adjusted to a suitable pH (amines, phenols, carboxylic acids, etc.), solvents for dissolution of VOCs, or
reagents that transform by chemical reaction the VOC targeted in less volatile compounds [e.g.,
dinitrophenylhydrazine (DNPH) to trap aldehydes and ketones]. Impingers allow managing the sampling of
higher concentrations than sorbent tubes as their volume (and thus of the trapping solution used) can be
adjusted, keeping in mind that high volume may impair the detection limit. The evolution of the volume of
the solution in the impingers has to be checked (e.g., by weighting) between the beginning and the end of
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sampling in order to check if no evaporation or loss has occurred. As a quite large volume of solution is
available for analysis, it allows multiple injections in GC or HPLC.

The adsorbent tubes allow the trapping of most gases and vapors. Their use has been widely studied since
the 1990s"“*, with higher attention on VOCs and their impact on health and the environment. Numerous
reference documents describe sampling and analytical conditions for VOC characterization in stationary
sources'™ or working areas™ using sorbent tubes. Adsorption of VOCs on a solid support is based on the
physisorption or chemisorption phenomenon. Depending on the type of tube, a conditioning step may be
done before use (e.g., nitrogen flushing and solvent elution); preconditioned tubes can be purchased. For
each batch of tubes employed, an unsampled one must be used as a blank to check the absence of
contamination during the storage, transport, and implementation on-site. At the end of the sampling
process, the tubes are closed with sealed caps to prevent any external contamination before the extraction
step and analysis. Ideally, the tubes should be analyzed as soon as possible. To extend the storage time
before analysis to several weeks, the tubes can be stored in a dark and cold place (minimum 4 °C, ideally -18
°C). The maximum storage delay depends on the sorbent tube type and the kind of VOC trapped.

The determining factors for the choice of a solid support can be thermal stability, porosity, selectivity of
adsorption [Figure 5], sensitivity to water, ease of use, etc.

Solid adsorbents are divided into three categories: porous polymers (Porapak®, Chromosorb®, XAD®, PUF,
Tenax®, etc.), carbonaceous adsorbents (graphitized carbons (carbotrap® and carbopack®) and molecular
sieves (carboxen® and carbosieve®), and inorganic adsorbents (alumina, silica, thermotrap®, florisil®, and
other inorganic sieves). Other tubes containing silica grafted or impregnated with a chemical reagent are
also available (e.g., DNPH tubes).

The properties of some common adsorbents are given in Table 4. Commercial tubes containing multibed
adsorbents to get them more polyvalent are available.

Hydrophilic sorbents (e.g., activated carbons) require the removal of water at the beginning of the sampling
line. However, if polar compounds are targeted, the use of desiccants (calcium chloride, magnesium
perchlorate, calcium carbon, silica gel, and Nafion® membrane) upstream of the adsorbent cartridges should
be avoided, as they tend to retain polar compounds such as alcohols, ketones, acids, etc. Nafion® tube may
be used in some cases.

Schematically, in the case of sampling on sorbent tubes, the gaseous effluent to be analyzed is drawn by
means of a pump through the tube containing the adsorbent used to trap the organic compounds targeted.
The various elements that can be integrated into a VOC sampling train are as follows, if sampling is
performed in a stack: (1) pitot tube for flow measurement, temperature, and pressure sensors; (2) glass fiber
filter for particulate matter trapping (to be maintained above 130 °C to avoid water condensation and light
VOC adsorption); (3) transfer line (heated at 130 °C if the emitted gases are not at ambient temperature),
which should be as short as possible; (4) water trapping system if the sampling tubes used are hydrophilic;
(5) module containing the adsorbent tubes and/or the impingers (this module may be refrigerated); (6)
condensate collection system; (7) flow meter to control the volume of gas sampled; and (8) pumping unit.
Dynamic or static dilution systems can be integrated into the sampling train if the gas concentrations are
too high or in order to limit water condensation. This solution should be considered if polar compounds are
targeted, as in this case, a water trapping system (4) should be avoided. The sampling system should be
made of materials that are physically and chemically inert to the gas constituents (stainless steel, glass,
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Table 4. Properties of some common adsorbents

. Volatility range Water .
Commercial name Type (carbon &BP)  affinity Desorption Note
TENAX® TA PP C6~C26;100~400 Hydrophobic  Thermal (max desorption Degradation giving benzene
°C temperature: 250 °C) derivatives
Regeneration only a few
times
Quite polyvalent
TENAX® GR PP C7-~C30;100~450  Hydrophobic  Thermal Alkyls benzene, PAH, PCB,
°C heavy alcohols
Chromosorb® 102 & 106 PP C5-C12; 50~-200 °C Hydrophobic  Thermal (stab. max: 250  Chlorinated, oxygenated,
°C) organometallic compounds
Porapak® Q/HayeSep® Q PP C5-C12; 50-200°C  Hydrophobic  Thermal Polar compounds
Carbosieve® || CA C1-C2 Hydrophilic ~ Thermal (High thermal High specific surface
Carbosieve® Il (CMS) (C2~C4;-60~80 °C stability)
Carboxen® 563 CA C3~C5; 50-200 °C  Hydrophobic  Solvent Sampling of low volumes &
Carboxen® 564, 569 (CMS) C2-C5 VVOC
Carbopack® B/Carbotrap® CA C5-C12 Hydrophobic  Thermal (High thermal High adsorption capacity
B/Anasorb® GCB1/Carbograph®1TD (GCB) >75°C stability) or solvent
Carbopack® C/Carbotrap® Polar compounds
C/Anasorb® GCB2/Carbograph®
2TD C8-C20
Amberlite XAD-2 PP specific Slight Solvent Apolar compounds, PAH,
PCB, dioxins
Coconut charcoal CA C2~C5 Hydrophilic Solvent (CS2) VVOC
Petroleum charcoal -80~50 °C
Silica gel 1A C2-C5 Hydrophilic ~ Solvent Polar compounds

PP: Porous polymer; CA: carbonaceous adsorbent; IA: inorganic adsorbent; CMS: carbon molecular sieves; GCB: graphitized carbon black; VVOC:
very volatile organic compounds.

Chromosorb®, Porapak®

Carbopack®, Carbotrap®

Carbosieve®, Carboxen® . XAD®, PUF _
) - Tenax®
— " Indicative
<0°C 50 ------- 100°C 250°C >380°C Boiling point
— ) — - s 9, ——

VOCs associated to
particulate matter (PM)

Very volatile organic
compounds {VVOCs)

Semi-volatile organic
compounds (SVOCs)

Volatile organic
compounds (VOCs)

Figure 5. Adsorbent use and properties.

PTFE, and polypropylene fluoride are reliable materials).

Depending on the situation encountered, the different elements of the chain should be specifically selected.
For example, if the gaseous effluents contain no or few solid particles, the use of filters may be unnecessary.
If a water vapor trapping system is used upstream of the tubes (hydrophilic adsorbents), the condensate
collection system downstream of the tube is not necessary. Oppositely, hydrophobic adsorbents (e.g.,
Tenax) do not require a water vapor trapping system upstream. In this case, a condensate collection system
may still be necessary downstream of the tubes to protect the flow meter and pump. If the sampling train
includes impingers and their efficiency may be affected by dilution of the trapping solutions that they
contain, a water vapor trapping system should be used.
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As a caution, it may be interesting if feasible to duplicate samplings or to vary the sampling flow or
sampling volume.

Delayed analysis in laboratory

Identification and quantification can then be performed by GC/MS (VOC, PAH, PCB, and other persistent
compounds) or HPLC/UV (aldehydes, phenols, etc.).

Samples collected in impingers may need specific preparation (pH adjustment) before analysis and can be
analyzed several times with different chromatographic conditions or diluted if needed to improve the
analytical conditions. Sampling tubes must be either eluted with a solvent or desorbed thermally to release
the trapped VOCs. When eluted by solvent (CS,, methanol, acetone, or acetonitrile), they can be analyzed
by HPLC or GC depending on the VOC to be detected, and injection can be repeated if necessary as the
injection volume is low (1 pL) compared to the elution volume (milliliters). The drawback is that the
presence of the solvent can mask the most volatile products during the GC analysis as a solvent delay must
be applied. Solvent elution also decreases the detection sensitivity because of the dilution of the sample in
the solvent. Thermal desorption concerns only GC analysis, as the VOCs are released in the gas phase!™.
The tube is heated at high temperatures in order to desorb the molecules by thermal agitation. The carrier
gas carries the molecules to the GC. No solvent has to be used, and the GC method does not require a
solvent delay, allowing the detection of VVOCs. Thermal desorption gives maximum sensitivity, but in
most equipment configurations, the analysis cannot be repeated. Duplicate sampling can thus be interesting.

Figure 6 shows the coupling of a thermodesorber and a GC. If needed, a split can be applied to dilute the
desorbed VOCs. The use of an on-line preconcentrator using a trap at -15 °C (Peltier cooled trap) followed
by a flash thermal desorption focuses the VOCs before injection in the GC, which improves peak resolution
and chromatographic separation.

Table 5 presents the possible analytical techniques for specific VOCs targeted by the French legislation
concerning industrial emissions (Arrété intégré of the 2nd of February 1998).

Some of these techniques are described in the documentary booklet FD X43-319 (2010) concerning the
“Stationary source emissions - Guide for sampling and analyzing VOC” established by the French
standardization organization Afnor.

On-line analysis: example of a detailed process characterization used for treatment test evaluation at
laboratory pilot scale

Sampling on-site followed by analyses in the laboratory is the classical configuration. However, on-site
analysis can also be performed with specific analyzers.

An on-site campaign for detailed characterization of the VOC composition of industrial gaseous effluents is
described hereafter. This campaign aimed to collect data on a real industrial process to gain information for
the development of treatment technology at the laboratory pilot scale. The species-by-species knowledge of
VOCs, or even by family, is essential for developing an efficient catalytic oxidation process. This requires
the use of semi-continuous analytical techniques and adsorbent tube sampling to identify the VOCs present
in the effluents. The process studied is a car production industry and, more specifically, the car painting
process. The measurements were performed in the painting booth air extractors stacks on three consecutive

days.
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Table 5. Sampling and analytical techniques proposed for specific VOCs
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VOC concerned

Sampling

Extraction/Analysis

Acetaldehyde, formaldehyde, 2-furaldehyde, acroleine,
chloroacetaldehyde

Chloroform, chloromethane, dichloromethane,

1,2-dichloroethane, 1,1,2,2-tetrachloroethane, tetrachloroethylene,
Tetrachloromethane, 1,2-dichloroethylene,

1,1,2-trichloroethane, 1,2-dibromoethane, 2-dibromo 3-chloropropane

Vinyl chloride, acrylonitrile, methyl acrylate, pyridine, 1,4-dioxane, 1,2-é
poxypropane, epichlorhydrine, 1,3-butadiene

Biphenyls, chlorotoluene, 1,2-dichlorobenzene, benzene

Benzo(a)pyrene, dibenzo(a,h)anthracene

2-naphtylamine, diethylamine, dimethylamine, ethylamine,
trimethylamine, aniline

Nitrobenzene, nitrotoluene, o-toluidine, benzidine

DNPH (impingers or silica
impregnated tubes)

Activated carbon tube

Activated carbon tube

Tenax tube

Filter (VOC adsorbed on particles)
and XAD (gaseous)

Silicagel tubes or impingers filled
with acid solution

Silicagel tubes

Elution/HPLC-UV

Thermal desorption/GC-FID or
GC-MS

Thermal desorption/GC-FID or
GC-MS

Thermal desorption/GC-MS
Solvent extraction/GC-MS

Elution (tube)/GC-FID, HPLC-
uv

GC-FID or GC-MS

Phenol, 2,4,5-trichlorophenol, 2,4,6-trichlorophenol, 2,4-dichlorophenol  Impingers filled with basic solution HPLC-UV
Optional
‘inlet’ split ‘Desorb flow’
A A
Oo——1
a — = GC
Detector

—0=T A

@ -
v Peltier-cooled

trap Analytical column

Carrier gas in
Sample

Figure 6. Principal of thermal desorber coupled to GC. GC: Gas chromatography.

Figure 7 describes the different measurement devices that were used during the campaign to characterize
the effluents in the stacks. A mobile laboratory was placed near the studied point and a PTFE sampling line
at ambient temperature was drawn between the stacks located on the roof of the production building and
the mobile laboratory. A volumetric pump ensures the transfer of the effluents towards the various
continuous and semi-continuous measurement devices (THC/NMHC/MHC analyzer, mobile u-GC, and
GC-FID), which are placed in parallel. These analyzers sample the amount of flue gas they require, thanks to
their internal pump. A cooler is located between the sampling point and the pump to avoid the
condensation of moisture in the sampling train. At the same time, a short sampling line is used to perform,
on the roof directly in the stacks, sampling on adsorbent tubes with a portable system that includes a
volumetric pump, a flow meter, and a needle valve to regulate the pumping rate.

Thus, the characterization of the effluents was divided into three types of complementary analyses or
measurements [Table 6].

First, the measurement of physical parameters such as temperature, flow rate, and hygrometry was
performed at each stack. These parameters are important for the dimensioning of a treatment unit since
they will influence the working conditions and the size of the unit. They are also used to convert the
concentrations into mg/Nm?® and calculate the emission rate.
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Table 6. Mobile equipment used

Measurement Mode voc Equipment used Model Use
type targeted
Physical Manuel - T, RH% and flow measurement AMI 300 (Kimo Sauermann) on-site
parameters probes
Total VOC Continuous C, THC/NMHC/MHC analyzer Graphite 655 (COSMA)
Specific VOC Semi- C,-Cy, uGC/MS Hapsite® (Inficon)
continuous ¢ ¢ GC/FID AirmoVOC® (Chromatotec)
Manual C,-Cq “AirToxic®" sampling tubes TurboMass TD/GC Clarus 680/MS Clarus laboratory
analyzed by GC/MS 600S (PerkinElmer)
Ce-Cyy “Tenax®" sampling tubes analyzed
by GC/MS
Manual sampling on adsorbent tubes
stack
Mobile laboratory
N
e R /1 A
“/ i - \

. AirmoVOC
Continuous measurements

»»»»»»»»»»»» measuremens L'
(total VOC) .

Semi-continuous THC / MHC é
J/ NMHC : .

Figure 7. On-site equipment.

Then, continuous monitoring of total organic content of the effluents was performed with a total
hydrocarbon analyzer (COSMA Graphite 655) equipped with a FID. The analyzer is calibrated every day
thanks to a methane (CH,) standard at 3000 ppm. Concentrations are thus determined in methane
equivalent and then converted to carbon equivalent. This step consists of monitoring the emissions from
the stacks and thus highlighting the production steps or cycles. This analysis allows following the evolution
and concentration level of non-methane hydrocarbons (NMHC) over time. It is, therefore, a global
measurement that does not allow the identification of the species present in the effluents but is
complementary to the specific analyses.

Finally, specific VOC analyzers were used to identify and quantify the VOC contributing to the NMHC
signal. Two different micro-chromatograph analyzers were used to identify and quantify the specific VOCs
present in the flue gas:

o nGC coupled with a FID (uGC/FID; AirmoVOC® Ce-C12, Chromatotec): an air sample is automatically
trapped on Tenax resin over 2 min and analyzed every 15 min.
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e uGC coupled with a mass spectrometer (WGC/MS; Hapsite, Inficon): analyses are performed in parallel
with the pGC/FID to help identify the VOCs.

The two systems allow monitoring, identifying, and quantifying the specific VOCs emitted by the process
lines. Calibration of the uGC/FID for the VOCs detected in the raw materials was performed in the lab
before the on-site measurement campaign. Identifications of the molecules were confirmed by the pnGC/MS.
These semi-continuous measurements were completed by samplings on adsorbent tubes.

SORPTION-CATALYSIS COUPLING FOR VOC ABATEMENT

Adsorption and catalytic oxidation are both efficient ways of environmental remediation of VOCs.
However, these techniques are sometimes not sufficient or adequate for some industrial applications, which
produce low concentrated VOC emissions. In this context, it is interesting to develop integrated methods
where the individual techniques are combined to overcome their respective drawbacks, leading to more
efficient, cost-effective, and selective technologies. These methods permit concentrating and then oxidizing
VOCs from contaminated industrial emissions, based on the fine relation between adsorption and catalysis
since the activity of catalysts results from their adsorption capacity and the effective activity of their active
phase. The following section provides a brief overview of the adsorption and catalysis systems for VOC
removal, while presenting the most common materials used for each process. We also review the trend of
hybrid treatments in laboratory research with new adsorbents and catalytic active phases.

Thermal oxidation vs. catalytic oxidation

Thermal oxidation, also known as incineration, is commonly used in industry as a removal technique of
VOCs with 95%-99% efficiency. Thermal oxidation possesses a high operating cost since high temperatures
(> 800 °C) are required to achieve complete elimination of VOCs. Three conditions referred to as the “3T
rule” for an optimal thermal reaction should be taken into consideration: sufficient temperature, retention
time, and turbulence level are necessary for a good conversion yield. Using oxygen from the air, this
conventional process converts polluting molecules into CO, and H,O, which are less dangerous to the
environment. Emissions with high VOC concentrations (> 5000 ppm) can be efficiently treated, since the
reaction is self-maintaining through the energy released by the oxidation reaction. However, this system is
not suitable in the presence of heteroatoms such as sulfur, nitrogen, or halogens in the gas flow. In this case,
oxidation would lead to the formation of by-products SO, and NO,, as well as acid vapor from halogenated
compounds. These undesirable compounds are more toxic than the starting reagent. Catalytic combustion
is an alternative way of eliminating VOCs, which considerably reduces energy costs and the formation of
harmful by-products. The presence of a catalyst, which increases the speed of the oxidation reaction, allows
the reaction to take place at lower temperatures (200-500 °C), thus resulting in energy cost savings. Catalytic
systems are well adapted to treat dilute gaseous streams of VOCs (> 1%). Various catalysts can be used for
this reaction, which should present high activity, high selectivity, good mechanical and thermal properties,
and low cost™.

Many studies are carried out on the synthesis and design of efficient catalysts for catalytic oxidation. The
choice of the catalytic material depends on many factors related to the catalytic conditions, especially the
nature and concentration of VOCs. The lifetime of the catalysts is also an important parameter to consider.
Catalysts can be divided into two categories: supported noble metal catalysts (Pt, Pd, Au, efc.) and
simple/mixed transition metal oxides (Cu, Mn, Ce, Fe, Co, etc.). Noble metals are widely used for VOC
oxidation because of their high catalytic performance despite their high cost and low resistance to sintering
and poisoning. Noble metals are found as active phases carried on porous materials (zeolites, SiO,, ALLO,,
etc.), ensuring their dispersion on the surface and inside the pores. The catalytic performance of noble
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metals depends on several parameters, such as the physicochemical properties of the active metal and/or the
support, the interaction between the active phase and the support, the preparation method, and the state of
the active phase particles (dispersion and size). In the literature, there is a strong use of palladium and
platinum as active noble metals for oxidation reactions®**". These are part of some industrial commercial
catalyst formulations. However, transition metal catalysts are a cheaper alternative to noble metal catalysts
and are recognized for their low cost, excellent reducibility, good thermal stability, and resistance to
poisoning™ .

VOCs adsorption

VOC adsorption is a process that refers to the migration of a compound in the gas phase to a solid phase by
the surface reaction. The compound will bind to the outer and inner surfaces of the porous material, the so-
called adsorbent. Adsorbents are usually divided into organic (polymer) and inorganic (carbons, zeolites,
silica gels, and clays) adsorbents. Natural materials or some industrial and agricultural wastes can also be
used directly or as a resource needed for the elaboration of adsorbents. Adsorption properties may change
from one adsorbent to another. Different behaviors may be noticed depending on the type of the adsorbent,
its nature, its porosity, or even the type of VOC and its concentration. According to the functional group of
VOG s, different interactions can be generated, such as unspecific interactions (van der Waals force) or
specific ones (pi-complexation, H-bonding, electrostatic interaction, efc.). To choose the adequate
adsorbent for VOC removal, the adsorbent should present:

e Good textural properties (surface area, pore size distribution, pore volume, etc.).

e Good surface chemical properties (acidity/basic properties and affinity with polar or non-polar
compounds).

e Mechanical strength (to avoid the decrease in the performance and the loss of material during adsorption-
desorption cycles).

e High thermal and hydrothermal stability (to ensure the cyclic adsorption-regeneration usage).
e High selectivity for VOCs compared to other adsorbable species (such as water vapor).
e High adsorption capacity.

e High hydrophobicity (to overcome the competitive adsorption from water vapor commonly present in the
flue gas).

e Insensitivity to the permanent gases constituting the effluent (such as N,, O,, CO,, etc.).

Therefore, the adsorption capacity is strongly dependent on the physicochemical properties of the materials,
especially their textural ones®. The adsorbent can act as a solid catalyst, can be used as a support for a
catalytic phase ensuring a high dispersion of the active species, and can be used prior to the catalytic set to
eliminate organic or inorganic compounds (H,S, VOCs, etc.). In the following section, we outline the most
common types of adsorbents for the removal of VOCs: activated carbons, biochar, and zeolites.
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Most used adsorbents for VOC removal
Activated carbons

Activated carbons (ACs) have shown high adsorption potential for VOC removal. Known to be earth-
abundant and inexpensive, ACs have been extensively used on an industrial scale. The high capacity of
adsorption of activated carbons is linked to their highly developed porous structures, their large accessible
surfaces, and the very particular interactions that they have with many organic and inorganic
compounds® . The high degree of microporosity of AC is responsible for the high surface area, which can
reach 2700-3600 m?’/g'. Then, varying the porous structure of AC, the pore size distribution and
connectivity can highly influence the capacity of adsorption of VOCs.

ACs can be found in the form of pellets, granular, spheres, powder, or fibers. The most common raw
materials used to produce activated carbon are wood, coal, petroleum pitch, willow peat, lignite, polymers,
nutshell flour, or coconut shells. Depending on the precursor and the activation method, the prepared AC
will have very different physical and chemical properties. Physical, chemical, or combined activation can be
used for the preparation of AC samples in bi- or trimodal porosity. Alkali treatments by KOH activation
revealed the capacity to add pores network and increase the pore volume!** . Five types of ACs
synthesized from different raw materials (wood, coal, and coconut shell) were studied by Yang et al.'”. They
showed that the surface area, pore volume, and pore structure controlled the capacity of ACs for toluene
adsorption. With wood precursors, the ACs showed the highest surface area and the largest mesopores
volume, favoring the better adsorption of toluene'”. Besides, studies showed that, even when the surface
area is higher than 2000 m*/g, the adsorption capacity of ACs can be reduced by the lack of mesopores in
the structure'®.

However, some critical problems can restrict the widespread application of ACs for VOC removal:
e High pressure drop problems when used as traditional packed beds.
e Limited applicability for low molecular weight VOCs (e.g., formaldehyde).

e High hygroscopicity (strong competitive adsorption of water vapor through the capillary condensation of
water vapor in the micropores).

e High transmission resistance.

e Pore blocking.

e Promoting polymerization and/or oxidation of some toxic compounds.

e Flammability (fire risk, particularly during the exothermic adsorption process)'**”.

In addition to the above, the main limitation of AC usage is their regeneration process. Due to their
carbonaceous structure, thermal regeneration in a gas stream containing oxygen is not suitable. The fixation
of oxygen groups on its surface will reduce the pore volume, thus affecting the adsorption capacity
afterward”™”'. Normally, regeneration should cause the least damage possible to the material while
maintaining most of the initial textural properties of the adsorbent, including the surface area and porosity.
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Considering the strong adsorption force inside the micropores, chemical and/or thermal treatments can be
used to eliminate the adsorbed compounds and regenerate the ACs.

Biochar

Biochar is a key member of the carbonaceous materials that can be used as sorbents. It is produced by slow
pyrolysis of biomass in an anaerobic atmosphere at relatively low temperatures (< 700 °C). Biochar is
considered a low-cost material and a very promising substitute for AC for the capture of atmospheric
pollutants” due to the feedstock availability and the moderate pyrolytic conditions. The latter control the
structural (surface area, pore size, and bulk properties) and molecular (carbonized or non-carbonized
fractions) characteristics of the biochar™. Biochars can undergo physical or chemical activation in order to
increase the surface area and, thus, the adsorption capacity of the sorbents. At high temperatures, physical
activation takes place in the presence of oxidizing gases (steam, CO,, air, etc.). Many authors have
established that thermal activation under CO, atmosphere produces more microporous char, whereas steam
favors the formation of mesopores”™”. Some authors clarified the efficacy of the structure-activity
relationship on the adsorption capacity of VOCs. Their results show that the hierarchization and
functionalization promoted the adsorption of phenol over biochars. The incorporation of a mesoporous
network facilitated the intraparticle diffusion of the VOC and overcame the steric hindrance”™. Han et al.,

on the other hand, proved that biochar’s adsorption capacity is related to the micropore volume'”.

Carbonization and chemical activation can be accomplished in one single process by treating biochar at
300-800 °C in the presence of activating agents such as acid, KOH, alkali, metal salt, etc.”*”). The choice of
the pyrolysis temperature is also essential since it controls both the non-carbonized organic matter content
and the surface morphology™. In general, the surface area increases with the increase of the pyrolysis
temperature, favoring the adsorption capacity of the biochar”.

Vikrant et al. evaluated the adsorption performances of 12 standard biochars made of six different raw
materials (Miscanthus straw pellets, oil seed rape straw pellets, rice husk, sewage sludge, softwood pellets,
and wheat straw pellets)™. Two temperatures were selected for the pyrolysis (500 and 700 °C). These non-
activated adsorbents were tested against gaseous benzene, xylene, methylethylketone (MEK), and other
VOCs. They reported that the preparation method can highly influence the structure morphology,
especially the textural properties of the material®'’. Besides, it can also control the oxygenated groups, which
are responsible for surface acidity and increasing the adsorption of hydrophilic VOCs™'. According to
Rawal et al., the acidity and polarity (hydrophilic/hydrophobic) of the surface are determined by the surface
oxygen- and nitrogen-containing functional groups of activated biochar'®, which present some distribution
properties. Basic functional groups, including nitrogen, are usually found in micropores. However, oxygen-
containing acidic (polar) groups are primarily present in meso/macropores, while oxygen-containing non-
polar ones are broadly dispersed on the multilayer’s surface™. Yang et al. revealed the increase of phenol
adsorption over aminated materials, which shows the strong connection to the nitrogen-functional groups
on the biochar’s surface'.

Zeolites

For many years, natural and synthetic zeolites have been the material of choice for various applications and
industrial uses. Zeolites are crystalline alumino-silicates with a structural formula M, (AlO,),(Si0,) (H,0),
(M: charge compensating cation). Their three-dimensional (3D) microporous structure is formed by a
regular succession of TO, tetrahedra (SiO, or AlO,’) interconnected by oxygen atoms. These are considered
primary building units (PBU) that lead first to the formation of secondary building units (SBU) and then to
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composite building units (CBU). The crystalline structure of zeolite is therefore the result of the periodic
assembly of CBU and SBU"™**. Zeolites are divided into four categories defined by the number of T atoms
in the pore apertures:

e Small pore size zeolites: apertures with eight T-atoms, with pore diameters from 0.3 to 0.45 nm (LTA,
CHA, GIS, etc.).

e Intermediate pore size zeolites: 10 T-atom apertures, with pore diameters between 0.45 and 0.6 nm (MFI,
FER, MWW, etc.).

e Wide pore zeolites: 12 T-atom diameter pore size ranging from 0.6 to 0.8 nm (FAU, MOR, BEA*, etc.).
e Very large pore zeolites: apertures of 2 14 T atoms, with pore diameters = 0.9 nm (CLO, VFI, AET, etc.).

Conventional zeolites are recognized for distinct properties, including their high surface area (up to
900 m*/g), large pore volume (up to 0.5 cm*/g), uniform pore size, high thermal stability (that can exceed
1000 °C), and low cost. Zeolites thus present remarkable adsorption capacity for a wide variety of VOCs.
The influence of the channel size and pore structure was investigated in toluene adsorption for three
hydrophobic zeolites (mordenite, ZSM-5, and faujasite). This study showed that toluene could be efficiently
adsorbed by FAU zeolite. However, the adsorption capacity was reduced when ZSM-5 or MOR was used,
indicating a fine relation between the molecular size of the VOC and the pore and channel structure®®. In
addition, Kim et al. carried out some experiments to study the adsorption behavior of mordenite and
faujasite for VOCs"*”. They showed that mesopore volumes of zeolites played a key role in VOC adsorption
by the faujasite zeolites (X and Y), whereas the adsorption performance of the mordenite was more related
to its crystal structure. Aromatics (benzene, toluene, etc.) were more easily adsorbed into the faujasite
structure than mordenite due to their large sizes. This was not the case for non-aromatic compounds
(methanol, ethanol, efc.), where mordenite showed good adsorption capacity. In addition, the authors
pointed out that the adsorption capacity did not seem to be linked to Si/Al ratio or acidic properties since
the more performant catalyst in the mentioned work (HY901 and MS13X) consists of higher and lower
Si/Al ratios and similar acid sites™”. Those results do not concur with the study of Li et al. who found that
increasing the Si/Al ratio helped increase the adsorption capacity of p-xylene over commercial zeolites by
more than 25%".

The surface polarity of the zeolite is highly considered during the adsorption process since it controls the
competition between water molecules and VOCs. Water will interact more with the hydrophilic framework
of the zeolite compared to relatively hydrophobic VOCs. Research pointed out the efficacy of high-
temperature hydrothermal treatment for hydrophobic zeolite synthesis. The nature of the cation was
reported to influence the ease of this modification. For example, it has been observed that sodium ions
stabilize the framework structure of NaY zeolite, thus influencing the rate of the dealumination process'™.
Researchers are showing more interest in the development of a hydrophobic adsorbent with rapid
regeneration, with more advantages at an industrial scale. Lv et al. investigated the adsorption of VOC over
hydrophobic AC combined with zeolite™. First, NaY zeolite underwent pretreatment (hydrothermal
dealumination, acid treatment, and salinization) and was added physically to 30% of AC. The composite
materials gained in adsorption capacity (from 46 to 97 mg/g) and regeneration rate. Therefore, complete
regeneration was assured in 30 min under microwave irradiation. The fire-resistant characteristic of the
zeolite permitted overcoming the flammability of AC along with the discharge™. As reported in many
studies, the most effective way to improve the hydrophobicity of the zeolite is to increase Si/Al ratio by
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removing Al or adding Si to the framework of the zeolite”*”. The more dealuminated the zeolite is, the
more hydrophobic the sample will be. As reported in the literature, pressure swing, temperature swing,
purge gas stripping, reactive regeneration, and microwave heating””*” have all been considered effective
ways for zeolite regeneration.

Coupling adsorption and catalysis for VOC removal

Over the last decade, developments in the adsorption process have focused on the improvement of
adsorbents (functionalization, hierarchization, efc.) as well as coupling the adsorptive removal with the
catalytic oxidation. Adsorption and catalysis technologies are not very effective in removing VOCs present
in low concentrations (< 100 ppm) in flue gas when used separately. Many hybrid systems based on the
adsorption-catalysis pathway have been introduced to the industrial market in this context. Those original
processes are based on selective adsorption of the pollutant coupled with a catalytic oxidation process. The
first step of the process is the adsorption of the VOC on the surface of the adsorbent or the catalyst. In fact,
the VOCs condense on the surface, and when most of the surface is saturated with VOCs, they start to
desorb as part of the regeneration process of the material. Therefore, the molecular dissociation and surface
diffusion ensure the contact between the active phase and the VOCs, which are oxidized and destroyed. The
final elimination of the pollutant takes place during the regeneration stage of the adsorbent. During this
stage, the high concentration of VOCs (> 1000 ppm) in the effluent allows the catalytic oxidation process to
be used under optimal conditions. In bifunctional systems, the advantages of adsorption (high adsorption
selectivity and large adsorption capability) and oxidation (complete and cost-effective decomposition) are
combined in the hybrid adsorption-catalytic technology, which exhibits high adsorption capacity, catalytic
activity, and selectivity to totally convert VOCs into H,O and CO,. These systems are provided as a new
practical, efficient, and economical alternative to conventional VOC removal treatments. Small
concentrations of VOCs in industrial emissions will thus be easier to control and treat.

In the following section, recent hybrid treatments at a laboratory scale are reviewed. Two approaches are
considered: (1) adsorption is first carried out on an adsorbent followed by catalytic oxidation carried out on
a catalyst; and (2) the same material is used successively as an adsorbent and as a catalyst at a higher
temperature.

Sequential treatments

Sequential treatments are conventional techniques where the VOC is first captured by an adsorbent and
then delivered to a reactor system for its catalytic oxidation. In this case, both parts are usually tested alone
to determine their adsorption and catalytic activity. The bifunctional systems should aim for total oxidation
of the adsorbed VOCs into CO,and H,O while avoiding the formation of toxic by-products during the
process. The preconcentration of VOCs on the adsorbent seems to be a potentially cost-effective way to
reduce VOC emissions [Figure 8].

Guillemot et al. focused on the elimination of MEK via a bifunctional system based on adsorption and
catalysis”’. The experiment was done over HFAU-Pt/FAU systems, where the adsorbent (HFAU) and the
catalyst (Pt/HFAU) were carried out in the same reactor, but in two different beds. The study revealed three
essential points concerning this type of VOC removal system:

e The adsorbent should present a high catalytic adsorption capacity. However, the capacity before a
breakthrough is a factor that needs to be taken into consideration, especially when the experiment will
eventually be scaled up to an industrial level.
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Figure 8. Experimental setup of sequential treatments of VOCs. VOCs: Volatile organic compounds.

e In industrial conditions, the inhibiting effect of water is highlighted; the competition between H,O and the
VOC causes a faster breakthrough, and the C/Co can be higher than 1.

e Coke formation is an important factor to consider since, depending on its nature, it can cause the
deactivation of either the adsorbent (thus influencing its adsorption capacity by blocking the pores and
adsorption sites) or the catalysts by deactivating the active phase and limiting the accessibility to them. As
evidenced in the presented work, protonic zeolites are more likely to be deactivated via the formation of
large molecules after isomerization reactions by hydrogen spillover. As for the catalyst, the rate of
deactivation is related to its synthesis method and the dispersion of the metallic particles.

This hybrid system was stable for three adsorption-desorption cycles. The formation of carbon does not
increase from one cycle to the next. Overall, 5.58 and 0.49 wt% of carbon were detected on the adsorbent
and the catalysts, respectively. Therefore, it was presented as a promising system for the adsorption-catalysis
approach.
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Another heterogeneous catalytic system was studied by Urbutis et al. CuO-CeO,/NaX was tested for the
removal of toluene based on the recognized activity of copper and ceria oxides, also on the adsorption
capacity of NaX zeolite materials*. The adsorption of the VOCs from the effluent gas flow was the initial
step of the adsorption-catalysis process. Secondly, the desorption was induced with thermal treatment by
increasing the temperature of the reactor. Carbon monoxide and benzene were detected during the
oxidation but were totally converted into CO, and H,O at higher temperatures (~250 °C). Urbutis et al. also
investigated the influence of the operating parameters of this bifunctional system"”. The efficiency of the
system was related to the saturation level of CuOCeO,/NaX (toluene conversion is reduced with a high
saturation degree) and the flow rate of the regenerative air (longer contact time between the oxygen of the
airflow and the catalytic system). The same tendency was demonstrated for another VOC: o-xylene.
However, this study showed that higher temperatures are required to totally desorb this VOC. It is worth
mentioning that benzene was not a by-product of this reaction. Finally, this dual system presents some
complications that involve competing effects between the endothermic reaction of desorption and the
exothermic reaction of the catalytic oxidation. Overall, the VOC is first adsorbed at room temperature into
the internal surface of the material. A source of energy is then required to heat the catalytic bed to the
catalytic temperature and ensure the desorption process of the adsorbed VOC". Wang et al. reported that
Ru loaded on hierarchical HZSM-5 zeolite may be a promising material for the removal of bulky VOCs
such as toluene, o-xylene, and TMB"™. A fine relationship between the textural properties and the catalytic
ones was established. Depending on the type of VOC treated, the adsorption capacity of the hierarchical
Ru/HZSM-5 samples was almost 2, 7.5, and 35 times higher after the incorporation of the mesoporous
network into HZSM-5. The latter also improved the low-temperature reducibility of Ru, which enhanced its
catalytic performance. The adsorption-catalysis process was held in two reactors. The Ru/HZSM-5 catalyst
was first used as an adsorbent at room temperature. After the breakthrough, VOC flow was replaced by air
while increasing the temperature to desorb the VOC. The desorbed species passed through a second reactor
where the bifunctional catalyst was kept at 300 °C for the catalytic oxidation step. No by-products were
noticed, and the carbon balance remained stable (> 95%) during three cycles. The test conditions allowed a
self-regeneration of the hybrid system".

Nigar et al. compared the catalytic activity of a catalyst PtY placed in a single bed reactor to another
combined system where a double fixed bed reactor was used””. In the double bed configuration, DAY
zeolite was used for the adsorptive bed, while Pt/NaY zeolite was used for the single and double catalytic bed
configurations. MW -assisted desorption was experienced. The microwave heating procedure helps produce
a concentrated VOC flow that is then eliminated by catalytic oxidation. This approach is essential when the
VOC emission sources contain only a few ppm of volatile compounds (< 1000 ppm). Once the MW is on,
the catalytic bed is heated, promoting the adsorption of n-hexane on DAY. The authors established that the
double bed configuration was very promising since only half of the catalytic load was used for
approximately the same activity towards the total oxidation of n-hexane. To study the stability of this
system, 11 cycles were achieved given almost total oxidation of n-hexane (99% conversion)"”.

Other alternative heating technologies were developed, showing even more interest in elaborating efficient
systems with lower operating energy consumption. Desorption and regeneration processes can be
established by thermal treatment. Depending on the thermal conductivity of the reactor, external heating
might induce significant temperature gradients between the catalytic bed and the reactors walls. New
regeneration-desorption methods are then introduced to the literature to overcome this drawback. They
reflect the possibility of using techniques assisted by MW or other irradiations. Some authors proposed a
new concept for hybrid bifunctional systems: adsorption and regeneration by catalytic oxidation-initiated
selective dielectric heating. Radio-frequency energy was used during this experiment, studying NaY and
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Pt/NaY zeolite-based materials for the total oxidation of toluene. The regeneration was ensured regularly
with scheduled pulses (every 20 min). This continuous process ensures homogeneity of heating, leading to a

sequence of purification phases of VOCs"*.

Successive adsorbent-catalytic systems

The combination of adsorption and catalysis processes in a single reactor has the advantage of increasing
efficiency, improving catalyst productivity, and reducing capital investment and the need for external
energy supply. The adsorbent is regenerated in an energy-supplied system by taking benefits of the
exothermic nature of the oxidation reaction.

Hybrid systems based on successive adsorbent-catalytic systems occur in two steps [Figure 9]. First, the
VOC flow is introduced into the reactor, where the bifunctional material is deposited. This is progressively
saturated with VOCs. In the second step, the VOCs are desorbed during the regeneration process. An
oxygen flow is sent to the reactor as a supply for the oxidation reactor or as a purge gas. The endothermic
aspect of the desorption of VOCs is overcome by the heat and energy provided by its combustion. In some
cases, the regeneration stream is heated upstream of the reactor, allowing the necessary heat transfer to
initiate the destruction of the VOCs.

As reported in the literature, the adsorption capacity and the catalytic performance are directly related to
the material in the first place. The adsorbent-catalyst configuration is recently being improved to obtain a
higher surface area and a more porous network. Some authors focused their research on the configuration
of monoliths, foams, honeycomb structures, laminate structures, efc. to favor the good dispersion of the
active phases. Joung ef al. worked on a novel Pt/carbon nanotube (CNT) for the catalytic oxidation of
BTEX"™. Based on the characterization techniques, they showed that the multi-walled carbon nanotube
configuration resulted in not only a hydrophobic material but also a larger VOC adsorption surface. The
material is therefore more convenient for industrial use, resistant to water vapor, and ensures strong
adsorption of BTEX. The latter is oxidized by the active phase, which is very well dispersed on the support,
thus also enhancing the catalytic performance of the material®™. Hybrid systems consisting of
nanogold/FeO, and nano-Au/CeO, supported on granular activated carbon were studied for the removal of
toluene. These systems showed a good efficiency for this reaction (76%). The Mars Van Krevelen
mechanism was used to explain the process and the different steps leading to the total oxidation of VOCs.
First, the presence of metal oxides (FeO, and CeO,) was proven responsible for the good dispersion of Au
nanoparticles, which caused the weakening of the metal-O bonds. The active oxygen species (lattice oxygen)
thus gained better mobility. In this study, the conversion of the support with and without the metal oxide
was investigated to compare and determine the essential role of gold nanoparticles. Even though the
granular activated carbon showed high adsorption capacity, no conversion at low temperatures of toluene
was noticed for FeO,/GAC or CeO,/GAC. The oxidation starts only at higher temperatures of 175-480 °C.
This was mainly related to the low mobility of oxygen species, thus influencing the reducibility of the active
species. In addition, this study tested the efficiency of toluene removal as a function of the temperature.
After 30 min at 75, 100, 125, 150, and 200 °C, a decrease in the adsorption capacity was noticeable. Kim et al.
showed that the toluene desorption temperature is 150 °C, which explained why the hybrid systems tested
were no more efficient at higher temperatures, with a decrease in the removal efficiency by 13%"*. In fact,
since the first step of the catalytic system is adsorption, the more the VOC is desorbed at reactive sites, the
less is the conversion of toluene. In the fixed bed reactor used in this study, the toluene is adsorbed on two
types of sites: (i) adsorption sites (which are first saturated); and (ii) catalytic sites""".
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1- Separation step

(room temperature)

2- Destruction step

(Increase of T)

Figure 9. Experimental setup of successive adsorbent-catalytic systems.

The efficient performance of a zeolite-based catalyst is ensured by two essential factors: (i) the accessibility
of active sites within the zeolite crystals; and (ii) the diffusion of reactants and products through the pores.
The small pore sizes (< 2 nm) of microporous zeolites can inhibit the diffusion of molecules within the
structure, implying a loss in adsorption and catalytic activity while increasing the possibility of deactivation
by coking. This porosity limits the use of zeolites for large VOCs and explains why the use of carbonaceous
adsorbents or polymers is sometimes favored for industrial applications. The latter present a broad range of
pore sizes and are therefore more suitable for the adsorption of large VOCs.

The literature reveals the existence of several strategies for reducing the constraints on the transport of
molecules within the zeolite structure. Modifying the porosity of the zeolite is one of the most interesting
ways to overcome this major drawback by incorporating a new pore network with a different porosity
range. Conventional microporous zeolites are now bi- or trimodal inorganic materials after what is called
the “hierarchization process”. Two approaches can be considered: (i) bottom-up modification via the
addition of hard or soft templates during the hydrothermal synthesis of zeolite; and (ii) top-down
modification that consists of post-synthetic treatments such as desilication, dealumination, acid washing,
etc. Through this process, many authors revealed the importance of the dealumination. As zeolite is initially
hydrophilic (having a high affinity to water and polar molecules), dealumination allows an increase in the
hydrophobic character of zeolite by chemically replacing the Al with Si without modifying the zeolite
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structure. Hierarchical zeolites showed interesting advantages as heterogeneous catalysts for the removal of
VOCs due to the shorter diffusion path and the greater accessibility of the active sites compared to
conventional zeolites. Research is underway to further exploit these advantages by developing bifunctional
catalysts with high adsorption capacity as well as catalytic efficiency.

After acid and alkaline treatment, hierarchical mordenite was used as sorbent support for platina metallic
particles. With a mesoporous volume of 0.16 cm’/g and a pore size of 8.5 nm, these Pt/MOR catalysts
showed interesting performance for toluene oxidation. The hierarchization favored the dispersion of the Pt
particles on the support. The diffusion of toluene was eased, and its interaction with the Pt particles was
favored. On the other hand, the improvement of the catalytic oxidation was also related to the medium
adsorption strength and high adsorption capacity of the hierarchical mordenite. These two parameters play
a key role in the diffusion of VOCs in the porous structure of the zeolite, particularly the internal one. The
adsorption capacity was also compared to Pt/Al,O,, which revealed a peak at 700 °C in toluene adsorption-
desorption profiles. This peak was assigned to strong adsorption strength and, thus, a delay in desorption
and a more complicated regeneration. Using XPS analysis, it was demonstrated that the improvement of Pt
dispersion on hierarchical mordenite led to an increase of the active oxygen species (an increase of O,/
0,,)"". Yao et al. evaluated the catalytic performance of the Rh,Cu,/ZSM-5 materials with different copper
content (y = 1, 3, 5, 10) for the total oxidation of toluene using a Langmuir-Hinshelwood model"””. They
found that the strong adsorption of the toluene on the support is crucial for a good catalytic performance.
This study showed that 3 wt% of Cu was adequate content to obtain a performant bimetallic catalyst from a
catalytic (50% of toluene was converted into CO, at 253 °C) or adsorption (higher adsorption capacity)
point of view. First, this result was mainly related to the surface area of Rh,Cu,/ZSM-5, which promoted the
toluene adsorption. It also relied on the better interactions between Rh and Cu oxides, leading to an
increase in the chemisorbed oxygen species in the lattice layer of the catalyst. Based on the L-H model, the
catalytic activity was then enhanced. The stability of Rh,Cu,/ZSM-5 was also studied and showed that it can
be stable for 100 h, compared to monometallic catalysts or ZSM-5 alone"™. Aziz et al. studied the impact of
the synthesis method on the catalytic and absorptive capacity of Co supported on ZSM-5 materials"". Their
adsorption-catalysis performance was tested for cyclic VOCs (BTEX) in air. The results show that,
depending on the synthesis methods, the adsorption capacity was related to the micropore volume.
However, the adsorption capacity is strongly related to the characteristics of the VOC such as molecular size
and interaction with the surface depending on the groups attached to it"*’. Beauchet et al. showed that the
catalytic performance followed the order: CsX > NaX > HY"*\. It appears that the conversion ratio of the
VOC is strongly dependent on the acidic/basic sites of zeolite since better adsorption is detected for basic
zeolites, which showed better catalytic conversion. It is also related to the functional group of the VOCs,
which can control the strength of the adsorption. For example, unlike isopropanol, o-xylene does not
possess a functional group, and thus, the adsorption capacity will be weaker!*. Baek et al. studied a variety
of transition metal catalysts (Ag, Mn, Co, Zn, Fe, Ni, and Cu) loaded on HY zeolite"™. Ag/HY catalyst
revealed the lowest temperatures for the total oxidation of toluene and MEK (310 and 310 °C, respectively).
These results show another dual functional adsorbent/catalyst system for the reduction of VOCs at low
concentrations"*.

Nevertheless, the hybrid system may risk deactivation due to the sintering of the metals at the high
temperatures of the reaction. Therefore, some researchers are trying to fix the metals inside the framework
of the zeolite in order to overcome this disadvantage that can influence the catalytic performance and the
regeneration of the zeolite. The confinement of the metallic particles inside the zeolite’ structure helps the
size control and the active phase site adjustment””. For example, this sinter-resistance strategy was effective
for the oxidation of toluene by Pt@ZSM-5 nanosheets. The support demonstrates good pore diffusion
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properties related to its ultrashort diffusion path and rich interlayer mesopores, leading to higher adsorption
capacity"™. In fact, there are three typical ways of producing metal-containing zeolites"*. First, a simple
impregnation method is usually required for metal/zeolite preparation. During thermal treatments
(calcination and reduction), metallic particles might migrate and tend to form aggregates and clusters.
Conversely, the crystalline frameworks and the microporous network can produce strong confinement
effects, limiting the sintering of the particles at higher temperatures in the case of metal@zeolite materials.
However, the diffusion of the VOCs might be limited and the accessibility to the active phase will be
affected. In this case, and depending on the type of the VOC, the shape selectivity of the zeolite will be
highlighted. Finally, in metal-zeolite samples, metallic particles are incorporated into the framework of the
zeolite as cations. After extraction and reduction procedures, the catalyst will turn into one of the forms
mentioned above depending on the experimental conditions"*.

Chen et al. studied the total oxidation of toluene based on the adsorption-catalysis pathway. They worked
on a series of Pt nanoparticles in the range between 1.3 and 2.3 nm on MFI zeolite. The best catalytic
performance was evaluated depending on the highest Pt dispersion and the Pt’ particles. Thus, it was
concluded that 1.9Pt/MFI was the optimal bifunctional catalyst"**. A bifunctional catalyst was developed on
hierarchical silicalite-1 enveloping Pd-CeO, nanowires for the oxidation of propane. After a “one-pot two-
step strategy”, the synthesized materials appeared to have high catalytic activity, thermal/hydrothermal
stability, and recyclability. The support trapped the low alkane VOC concentration at low temperature, and
then the hydrocarbons were converted into CO, and H,O via catalytic oxidation""". Mono- and bimetallic
based in NaY or NaY,,,, catalysts were tested for the total oxidation of ethyl acetate. The samples with
different amounts of metal (Cu, Pd, Ag, and Zn) were prepared by ion exchange on both microporous and
nanoporous NaY. The better catalytic performance was related to the surface area of the samples and the
quantity of metals deposited”..

Composite-based materials: Shi et al. compared the efficiency of noble metal catalysts (Ag/HZSM-5) and
nonmetal catalysts (Ag-MnOx-CeO,) for the removal of formaldehyde!""”. Both catalysts performed both
HCHO adsorption and catalytic total oxidation into H,O and CO,. No by-product was detected. In this
study, Ag-MnOx-CeO, was found to be more active for both functions since the mixed oxides ensured a
better dispersion of the Ag clusters, inducing better redox properties of Ag. Interestingly, the presence of H,
O promoted the adsorption capacity of formaldehyde on mixed oxide-based samples contrary to the zeolitic
one. In this case, water molecules competed with VOC for accessible actives sites'"”. Mixed metals oxides
were studied for the total abatement of toluene by TiO,/SiO, and ZrO,/SiO, microporous-mesoporous
systems. Ti-based catalysts showed more efficiency for this application due to their larger surface area and
pore volume. The results were also related to the structural defects and hydroxyl groups. These materials
displayed a higher adsorptive capacity (3.8 mmol/g compared to 2.9 mmol/g for Zr samples for 550 ppm of
toluene at 25 °C) in a system where the flow was first adsorbed and concentrated at low temperatures (25
°C) and then oxidized at higher T (250 °C) given a conversion around 86%. This removal of VOCs was done
on a lab-scale reactor where the catalytic bed is divided into two parts: an adsorptive part and an oxidizing
part. First, the polluted air passes through the rector, where the VOCs are adsorbed on the material at room
temperature. After that, the reactor is heated at higher temperatures (250 °C) to activate the catalytic phase
of the materials. Thus, the adsorbed VOCs are destroyed and converted into H,O and CO,. It is also
important to notice that no coke formation was noticed after the process'"..
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PLASMA CATALYSIS COUPLING FOR VOC ABATEMENT

Plasma catalysis

NTP is a partially ionized gas consisting of ions, electrons, neutral species, and photons, where the electron
temperature (10,000-250,000 K)"*? is orders of magnitude higher than the temperature of heavy
constituents such as ions and neutral species"*”. Due to this non-equilibrium state, the overall temperature
of NTP is maintained close to the ambient temperature, and there is no need to heat the entire treated
gas"”. Thus, a highly reactive environment is created without heating the entire gas as in the thermal
process™®. The accelerated energetic electrons generated in NTP collide with a carrier gas, which is
predominantly air for environmental applications and generate highly reactive species, such as ground and
excited atomic oxygen and nitrogen, and vibrationally and electronically excited oxygen and nitrogen
molecules. These reactive species, in turn, react with the diluted VOCs and convert them into less toxic
substances such as H,O, CO,, and other by-products. NTP contains a diverse mix of various ions and
radicals, and, thus, it is difficult to control the reaction to produce a particular product with high yield and
high selectivity. Although NTP has been proposed and investigated as an end-of-pipe technology for the
removal of VOCs, NO,, etc.""”), the formation of toxic by-products, poor energy efficiency (particularly for
low VOC concentration), and mineralization efficiency still hinder the commercialization of this

[120,121]

technique .

To overcome the above-mentioned shortcomings and to take advantage of individual techniques such as
NTP (e.g., highly reactive environment and rapid ignition/response) and heterogeneous catalysis (e.g.,
improved product selectivity and total VOC oxidation)"*”, researchers investigated plasma catalysis for air
cleaning applications such as VOC abatement [Figure 10]"*. The main strength of plasma catalysis lies in
the synergetic effect of the two individual technologies, which enhances the mineralization efficiency and
reduces the formation of unwanted by-products and intermediates'*!. Several experimental investigations
showed that plasma catalysis enhances CO, selectivity and energy efficiency, in particular for low VOC
concentration"”>"*. In plasma catalysis, the catalytic materials are placed either within the plasma discharge
[known as in-plasma catalysis (IPC) or single-stage plasma catalysis] or in the downstream of the plasma
discharge [known as post-plasma catalysis (PPC) or two-stage plasma catalysis]"****". In the latter, the role
of the NTP is to alter the gas composition and, thus, the reactants that encounter the catalyst surface.
Therefore, the complexity of the underlying mechanism of PPC is much reduced and better understood
when compared to the IPC process"*.

Despite various advantages of plasma catalysis over the individual techniques, several problems must be
resolved before practical implementation, which mainly include the high energy consumption for treating
low VOC concentrations and deposition of polymeric substance on the catalyst during VOC
decomposition, which deteriorates the catalyst performance. This review addresses several key aspects of the
plasma catalysis process such as the choice of catalysts suitable for NTP environment, simultaneous removal
of various VOCs, energy saving process through cycle operation of adsorption and NTP discharge, long-
term stability of catalyst in plasma catalysis, and in situ regeneration of the catalyst by NTP exposure.

Post-plasma catalysis

Several plasma process parameters, such as humidity level, initial VOC concentration, temperature, oxygen
content, and gas flow rate, influence the abatement of the most common VOCs using the plasma catalysis
system. In the following, we discuss the most important results and the influence of different operating
parameters on the abatement processes of different VOCs for post-plasma catalytic systems.
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Figure 10. The schematic representation of plasma catalysis configurations: (A) NTP alone; (B) in-plasma catalysis; and (C) post-
plasma catalysis. This figure is quoted with permission from Ollegott et al"™ NTP: Non-thermal plasma.

BTX compounds

Benzene, toluene, and xylene (BTX) are typical volatile organic compounds and are harmful to the
environment and human health"*". Therefore, the removal of BTX for the purification of indoor air and
gaseous industrial streams is very important and necessary.

Toluene

Magureanu et al. investigated the toluene total oxidation in air in a plasma catalytic system formed by a
dielectric barrier discharge (DBD) and Mn-based phosphate catalysts (MnPO,, Mn-APO-5, and Mn-SAPO-
1), tested at 400 °C and placed downstream the plasma reactor””". The initial concentration of toluene (560
ppm) was decomposed by reactions with oxygen on the catalyst surface under purely catalytic conditions at
an energy density range of 900-2700. The toluene removal efficiencies reached using the PPC system and
the catalysts MnPO,, Mn-APO-5, and Mn-SAPO-1 were 70%, 65%, and 70%, respectively. The maximum
CO, yield (33%) was obtained at 400 °C using Mn-SAPO in the PPC system.

A combination of photocatalyst with NTP was carried out by Huang et al."*”. The experimental results
show that the toluene removal efficiency was proportional to the ozone consumption rate in the PPC
system, in which catalytic ozonation played a vital role in toluene decomposition. The dominant active
species in the combined system are active oxygen species generated from ozone catalytic decomposition.
Huang et al. showed that the toluene removal efficiency was increased by 35% and the ozone concentration
present at the outlet was reduced by 70% in the PPC system, compared with the results obtained in the
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plasma-alone system!

In addition, a system combining a DBD reactor with MnO,Co,O, catalysts was developed and tested by
Chang et al. to decompose toluene and minimize unnecessary reaction products [Figure 11]"*%. Catalyst
characterization indicated that the Mn/Co molar ratio remarkably affected the crystal structures, physico-
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Figure 11. Schematic representation of the post-plasma catalytic system developed by Chang et al."**.

chemical properties of the catalyst, and subsequently influenced their catalytic activity. In particular, in the
PPC system over Mn,Co, catalyst, the toluene removal efficiency, energy yield, CO,yield, and CO,yield
were increased by 26.77%, 1.76 g kWh™, 25.65%, and 21.07%, respectively, compared with that in the
plasma-alone system at specific energy densities of 423.58, 92.59, 456.76, and 456.76 J/L, respectively. It was
shown that the synergistic effect of the Mn and Co species was the main factor in accelerating the
production and transmission of active oxygen species, which in turn were responsible for the oxidation of
toluene.

A similar plasma reactor system was developed by Tang et al. to investigate the toluene decomposition in air
at atmospheric pressure!”. Three Ag-based composite oxide catalysts, located downstream the DBD
reactor, were used to recycle O radicals for the ozone decomposition and certainly the VOC decomposition.
Tang et al. found that the toluene removal efficiencies were about 62% and 100% in the plasma-alone and
PPC systems, respectively, at a specific energy density of 60 J/L"*. In terms of ozone and/or toluene
decomposition, the efficiencies of the three catalysts were in the order of: Ag-Mn-O > Ag-Co-O > Ag-Ce-O.
Moreover, the Ag-Mn-O catalyst showed very good stability at room temperature.

Subrahmanyam et al. used a DBD system for the abatement of toluene by modifying a sintered metal fiber
(SMF) filter, which acts as an inner electrode, with Mn and Co oxides"*”. Several parameters such as the
VOC concentration, input energy, and the SMF modification were investigated. Figure 12 presents the
influence of SMF modification and energy density on the conversion of 100 ppm of toluene. At an energy
density of 235 J/L, nearly 100% conversion was achieved with both MnO,/SMF and CoO,/SMF. It was also
observed that SMF modification with Mn and Co oxides enabled an increase in the total oxidation
selectivity. All the catalytic electrodes were able to keep the same activity during almost 3 h of toluene
decomposition. This result confirms that the electrodes maintained their stability during toluene
destruction.
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Figure 12. Influence of SMF modification and energy density on the conversion of 100 ppm toluene™. SMF: Sintered metal fiber.

In another study, Van Durme et al. used several catalysts that were tested downstream of a DC corona
discharge'™*. In particular, the effect of relative humidity (RH) was investigated on both ozone and toluene
removal. With Pd/ALO, catalyst, it was shown that toluene removal efficiency was about > 90% and 37% in
dry air and air with 74% RH (25 °C), respectively. This proved that the PPC system is less efficient when the
relative humidity increases. The negative humidity effect was mostly attributed to changing van der Waals
interactions.

Because extensive papers have been published on the post-plasma catalytic abatement of toluene, only a
summarized discussion is given on selected papers. Several other studies that represent the abatement of
toluene using a DBD reactor and a corona discharge system are not discussed in detail but are summarized
in Tables 7 and 8, respectively.

Benzene

Ge et al. compared a DC corona discharge system and a combined plasma-MnO, catalytic (CPMC) air
cleaner for the removal of low-concentration benzene in air*. The catalyst MnO, was located downstream
of the discharge reactor for both systems. The effects of discharge power and RH on benzene removal
efficiency were investigated in a closed chamber. It was found that the benzene removal efficiency increased
with discharge power in both systems by fixing the initial benzene concentration at 150 ppm. Moreover,
with the increase of RH up to 20% in air, benzene removal efficiency firstly increased and then decreased in
NTP, while it gradually decreased in CPMC.
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Table 7. Overview of published papers on toluene removal using catalysts placed downstream a DBD plasma reactor

T

Flow rate Concentration Maximum removal

cata 3 H

Authors  Catalyst RTa) Carrier gas (mL/min) range (ppm) efficiency (%) Energy density (J/L)
Hayashi Fe,05/MnO honeycomb 20  Dry air 2500 85 65 72
etal ™
Ban Ti-MPS - Air 200 45 300
etal™® Mn (5 wt%)-Ti-MPS 1000 58

Mn (10 wt%)-Ti-MPS 75
Burton TiO,/Al,05/Ni foam - Dry air 200 50 95 900
etal ™"
Harling MnO, - Air 10 70 >99
etal™  MnO,-Cu0 >99 340
Delagrange N150 (MnO,-Fe,03) - Air 588 240 76 172

§39] 2 reUs5

etal. Al O 74

MnO, (9 wt%)/Al,0, 88

Activated carbon (AC) 98.5

MnO, (3 wt%)/AC 99.7
Demidyuk  Al,O4 425  Dry air 1000 500 78 60
etal™™  Ag,0(7wt%)/AlL,0, 300 >99

MnO, (7 wt%)/ALO, 330 >99
HarIinL% TiO, 600 Dry air 500 95 60

tal™ ALO, 1000 >99
Ag (0.5 wt%)/TiO, 95-99
Ag (0.5 wt%)/Al,0, 99

Table 8. Overview of published papers on toluene removal using catalysts placed downstream a corona discharge plasma reactor

Tt . Flowrate Concentration Maximum removal .
Authors Catalyst RTa) Carrier gas (ml/min) range (ppm) efficiency (%) Energy density (J/L)
Demidiouk  Pt-honeycomb 240 Air 2x10" 330 90-95 142
ot gl 142
Lietal'  TiO, - Air 1000 80-100 70 330
Van Durme CuOMnO,/TiO, 20 Dry Air 10* 0.5 78 25
ot gl 144!
VanDurme Cu-Mn/TiO, (a) 20 Air 10* 05 40 14
et/ N140 (50%RH) 47 16
N150 34 6
Pd (0.5 wt%)/Al,0, 47 10
Cu-Mn/TiO, (b) 62 20

In another study, Jiang et al. combined the use of alumina-supported catalysts with a surface/packed-bed
hybrid discharge reactor to degrade an initial benzene concentration of 370 mg/m?"*. The catalysts used
were y-AlLO, supported MO, (M = Ag, Mn, Cu, or Fe) with varying the M loading amount. The results
show that the benzene degradation was enhanced and the mineralization process was strongly improved
towards total oxidation when combining the plasma reactor with all MO,/y-AlO, catalysts. In particular,
AgO,/y-AlL O, exhibited the best catalytic activity in benzene degradation of the catalysts in the PPC system.
The highest benzene degradation efficiency of 96% and CO, selectivity of 99% were obtained for the AgO,/y-
Al O, catalyst with an optimum Ag loading amount of 15%.

Hu et al. developed a bipolar pulsed series surface/packed-bed discharge (SSPBD) reactor!*”. TiO,/zeolite,
MnO,/zeolite, and MnO,-TiO,/zeolite catalysts, located downstream of the plasma reactor at room
temperature, were tested separately for the degradation of benzene. The highest benzene degradation
efficiency of 83.7% and CO, selectivity of 68.1% were obtained by the MnO,-TiO,/zeolite at 10.33 W, which
were 4.9% and 5.6% higher than TiO,/zeolite. It could be attributed to the incorporation of Mn into TiO,
catalyst, which was ascribed to the charge transfer between Ti*and Mn* on the surface of MnO,-TiO,
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/zeolite catalyst enabling the formation of hydroxyl radicals. In addition, MnO,-TiO,/zeolite presented a
better performance in ozone suppression than TiO,/zeolite, which was mainly due to the strong ozone
decomposing ability of MnO,.

Xylene

Extensive studies have shown that the manganese oxide (MnO,) catalyst, one of the most noticeable
transition metal oxides, is the most appropriate catalyst for the conversion of ozone to atomic oxide species
and promotes oxidation of VOCs with atomic oxide. This fact was demonstrated by Zhang et al. in
performing xylene oxidation degradation in a PPC system"*”. A double plate dielectric barrier discharge
(DPDBD) reactor was used in dry air at room temperature. The MnO; catalysts were prepared using three
different precursors: manganese nitrate (MN), manganese acetate (MA), and manganese sulfate (MS).
Zhang et al. showed that MnO, (MN) had excellent performance with strong capacity in xylene oxidation
(94.1%), CO, selectivity (80.1%), O,suppression (76.4%), and NO, prohibition (78.5%) compared to MnO,
(MA) and MnO,(MS)"*. The anions present in the precursors had an important role in the distribution of
the MnO, material on the support, which explained the excellent catalytic activity of the catalysts.

In a comparable study, Wang et al. introduced Mn/AlO, catalysts downstream of the discharge zone of a
DBD reactor for the removal of o-xylene". The catalysts were prepared with different precursors:
manganese acetate, manganese chloride (MC), manganese sulfate, or manganese nitrate precursor
solutions. They showed that o-xylene conversion was significantly increased with the addition of Mn/AlO,
catalysts even at 0.2 J/L, which constitutes a very low specific energy density (SED). Among the different
prepared catalysts, Mn/Al,O,-MA exhibited the highest catalytic activity for o-xylene removal. In particular,
6 wt% Mn loading was the optimum condition for the preparation of catalysts for high o-xylene conversion,
as shown in Figure 13.

Furthermore, Piroi et al. investigated the decomposition of p-xylene by placing AlAg catalysts in a catalytic
reactor heated up 500 °C, located downstream a DBD plasma reactor!™. In a plasma-alone system, the
conversion of p-xylene increased with increasing the specific input energy (SIE), ranging between 24% and
66% for SED between of 72 and 264 J/L, respectively. Moreover, the CO, selectivity was below 45% for all
applied SED. Under a purely catalytic system, the catalyst started to be active and allowed a conversion of
11% when reaching 500 °C. In the case of the PPC system, the p-xylene conversion efficiency was not
significantly altered, although the selectivity towards CO,was significantly improved compared to the
results obtained with plasma alone. In addition, Piroi et al. demonstrated the importance of the catalyst
temperature which has a remarkable influence on the CO,selectivity as well. Above 300 °C the CO,
selectivity reached 65%-70%""""..

Another important study is related to the removal of low-concentration BTX (a mixture of benzene,
toluene, and p-xylene; 1.0-1.5 ppm of each compound) in air. Fan et al. developed a plasma-catalytic system
by introducing MnO,/Al,O, catalyst after the discharge zone of a link tooth wheel-cylinder plasma
reactor"”". They showed the conversion of benzene, toluene, and p-xylene reached 94%, 97%, and 95%,
respectively, at a SIE of 10 J/L. In addition, this PPC system allowed a reduction in the emission of O,and
NO, as compared to the plasma-alone system. For instance, the O, outlet concentration decreased from 46.7
ppm for plasma-alone to 1.9 ppm for PPC, while the NO, emission correspondingly decreased from 1380 to
40 ppb.
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Figure 13. Effects of loading amounts of Mn/Al,O5-MA on o-xylene conversion™.

Trichloroethylene

Oda et al. developed a PPC system using manganese oxide (MnQO,) as a catalyst in direct (contaminated air
is directly processed by the plasma) and indirect processes (plasma processed clean air is mixed with the
contaminated air)"*”. It was shown that MnO, catalyst was very efficient in enhancing the decomposition
efficiency for both processes. For instance, when using 100 ppm as the initial TCE concentration, more than
99% of this VOC was decomposed at the discharge power of 0.5 W for both processes. The catalyst’s
effectiveness in dissociating ozone generated enough oxygen radicals, which are strong oxidizers for TCE
removal.

In addition, Han et al. examined the effect of manganese dioxide on the TCE removal in similar direct and
indirect processes'*” as the ones used by Oda et al."*”. For the direct process, the decomposition efficiency
was enhanced to about 99% at 40 J/L with passing through the catalyst. This was because the oxygen species,
which were generated from collisions between excited species/electrons with O,, mainly oxidized TCE into
DCAC. In addition, further oxygen species were produced during the ozone degradation at the surface of
the catalyst, which led to the oxidation of the remaining TCE into trichloroacetaldehyde (CCl3-CHO,
TCAA). It was also obtained that the CO, yield increased from 15% to 35% at 120 J/L when MnO, was
present. When the energy density was raised to 400 J/L, a CO, yield of 98% was established. For the indirect
process, similar conclusions were obtained, although the CO, yield was lower than for the direct process.

Magureanu et al. tested the oxidation of TCE using a plasma-catalytic DBD in the absence and presence of
gold nanoparticles embedded in mesoporous silica catalysts"**. The catalyst with the least amount of Au
(0.5 wt.%) showed the most efficiency in TCE oxidation (> 99%) and the increase in the CO, selectivity at
670 J/L. As for MnO,, the Au/SBA-15 was able to dissociate the ozone generated by plasma to oxygen
radicals that decompose TCE. It was also shown that the isolated gold cations were the active sites that
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explained the catalytic behavior.

In a study conducted by Vandenbroucke et al., a DC multi-pin-to-plate corona/glow discharge reactor was
used"”!. The catalyst Pd/y-ALO.,, located downstream of the plasma reactor, was set at 100 °C. The maximal
removal efficiency obtained was 80% at an ED of 300 J/L and an initial TCE concentration of 600-700 ppm.
The combination of plasma with a post-plasma catalyst clearly showed synergetic effects for the removal of
TCE.

A similar DC glow discharge was also tested by Sultana et al.'””. Fe-doped manganese oxide octahedral
molecular sieves (referred to as K-OMS-2) of the cryptomelane-type structure were located downstream of
the plasma reactor. It was found that both TCE conversion and CO, yield globally increased as a function of
ED. Fe-K-OMS-2 showed better performance for TCE removal in moist air in comparison to the iron-free
manganese oxide octahedral sieve (K-OMS-2). This result was attributed to high surface oxygen mobility
and an increase of structural defects resulting from improved textural properties of the Fe-K-OMS-2
catalyst. These characteristics were responsible for enhancing O, decomposition and TCE catalytic total
oxidation efficiencies. Sultana et al. also investigated the influence of ceria catalyst on the abatement of TCE
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using the same PPC reactor configuration"””. CeO, is known as a catalyst with unique properties such as a
higher oxygen storage/transport capacity. Moreover, it has a good ability to shift between reduced and
oxidized states (Ce to Ce*), enabling an increase in oxygen vacancies and subsequently contributing to the
enhancement of the catalytic activity. When using the catalyst-alone system at high temperatures, the
maximum TCE removal efficiency reached 90% at 550 °C. Meanwhile, the CO,selectivity reached a plateau
(87%) at 450 °C. These results confirm the importance of high temperature in achieving both high TCE
abatement and selectivity. However, in the PPC system, the TCE removal efficiency increased by around
10% (90%) at 100 °C catalyst temperature compared to the plasma-alone system (79.6%). Hence, the PPC
system process had a great capability as abatement technology for low concentrated TCE air streams at a
lower energy cost. An overview of several studies on TCE abatement using a PPC system is presented in

Table 9.

Formaldehyde-acetaldehyde

Li et al. developed a PPC system by combining a DBD reactor and MnO, catalysts with different phase
structures for acetaldehyde degradation"*. With the introduction of a-MnO,/Al,O,, the acetaldehyde
removal efficiency was the highest (84.1%), which means that this catalyst exhibited the best catalytic
activity among the different types of MnO,/Al,O, catalysts. This is due to the existence of OH groups, higher
VOC adsorption capacity, and higher mobility of oxygen in the sample. In parallel to the PPC test for
acetaldehyde removal, the degradation of benzene was also tested using similar catalysts. A lower removal
efficiency, lower production of NO,, and more residual ozone were obtained.

In another study performed by Li et al, other types of catalysts were located downstream of the DBD
reactor to study the acetaldehyde decomposition process'®. Metal ion-modified cryptomelane-type
manganese oxide octahedral molecular sieves M'-OMS-2 (M’ = Co, Ce, Cu) supported on alumina were
selected for their study due to: (i) the excellent properties of the cryptomelane in catalysis reaction and easy
release of lattice oxygen; and (ii) the positive effect of the metal ions on the cryptomelane catalytic activity.
They showed removal efficiencies of 94.8%, 87.7%, 79.6%, and 50.2% for Cu-OMS-2/AL0,,
Ce-OMS-2/ALO,, K-OMS-2/Al1,0,, and plasma-alone, respectively, at 15.2 kV. However, a total degradation
of acetaldehyde was obtained when using Co-OMS-2/Al,0, catalyst in the PPC system and under the same
conditions. This can be ascribed to more substitution of manganese by cobalt on the catalyst’s surface.
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Table 9. Overview of published papers on TCE removal using PPC reactors

. . Energy
Authors :::Z::_ Catalyst 2:;8 Carar;er (F:Iy::s Concentration M:;(;izl;:cre:r;z\)lal density
& range (ppm) y /v
Hanetal™  DBD MnO, 20 Air 500 250 95-99 240
Vandenbroucke DC negative Pd (0.05 100 Humid air 2000 600-700 80 300
glow discharge  wt%)/Al,04
et al %)
Vandenbroucke DC negative MnO, 300 Dry air 500 500 90 240
glow discharge
et a7
Nguyen Dinh DC negative LaMnO3+5 150  Humid air 500 510 93 460
et al1*® glow discharge

Chang et al. investigated the formaldehyde degradation in a PPC system over a series of MnO,-Fe,O,
catalysts located downstream of a DBD plasma reactor"*". The influence of several working parameters such
as gas flow rate, discharge power, and the molar ratio of Fe/Mn on formaldehyde removal were investigated
using a response surface methodology (RSM). They showed that the optimal process operating conditions
(discharge power of 5 W, gas flow rate of 0.5L/min, and the molar ratio of Fe/Mn of 0.71) can be selected to
reach the optimum formaldehyde removal efficiency (95.01%) and CO, selectivity (86.20%). Hence, this
study confirmed that RSM is an effective tool to enhance the performance of the PPC working parameters.

Methanol

Zhu et al. developed a PPC reactor for the abatement of methanol over Mn-Ce oxide catalysts with different
Mn/Ce molar ratios at low temperatures"®”. The main results show that the catalyst with Mn/Ce ratio of 1:1
had the best catalytic activity in the decomposition of the methanol and led to the highest energy efficiency
of the plasma-catalytic process. The use of the Mn, Ce,, oxide catalyst located downstream of the DBD
plasma reactor resulted in a methanol removal efficiency of 95.4% at 15 W and a gas flow rate of 1 L/min. In
addition, the highest energy efficiency of the plasma-catalytic process was 47.5 g/kWh at 1.9 W.

Moreover, Norsic et al. investigated the decomposition of methanol at low concentration (25-150 ppm)
using an NTP reactor coupled with different metal oxide based catalysts (MnO,, CeO,, CuO, MnO,-CeO,,
and MnO,-CuO supported on ALO,)"”. They showed the effectiveness of bi-metallic oxides of MnO,/CeO,
/ALLO, and MnO,/CuO/ALQ, in terms of methanol conversion, carbon oxides selectivity, and ozone
utilization. In particular, for an initial concentration of methanol of 50 ppm, 4 g of MnO,/CeO,/ALO,
coupled to the DBD plasma reactor were needed to result in 100% methanol conversion with 48% and 52%
selectivity to CO and CO,, respectively.

In-plasma catalysis

An overview of the published work on IPC abatement of VOCs is given in Table 10. From the Table 10, it
can be concluded that dielectric barrier discharge (DBD) is one of the widely investigated NTP reactor
configurations for IPC, where at least one insulating layer is present between the high voltage (discharge)
electrode and ground electrode"*". When the voltage applied across the discharge gap exceeds the
breakdown voltage, numerous microdischarges occur. The presence of the dielectric barrier limits the
amount of energy and charge imparted to every microdischarge, resulting in the distribution of
microdischarge over the entire electrode, which makes the DBD reactor suitable for applications such as O,
generation and air cleaning"*'. In the DBD reactor, the catalyst is usually introduced as a packed bed in the
form of pellets"*, powder"™", granules, or fibers. The presence of packing material in the discharge gap
enhances the electric field near their contact points, increases the VOC residence time, and reduces the
plasma volume, resulting in better VOC removal efficiency. The physical properties of the packing material,
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Table 10. Overview of published work on IPC for VOC abatement

0x

Flow rate VOC,

vocC Reactor Catalyst Carrier gas (L/min) (ppmls (Z};) %) By-products Ref.
Benzene DBD  TiO,/MnO,/SMF  Air 05 1000 70 30 - r164]
DBD MnO, Air 0.1 200 100 50 - [165]
Corona  CuO/AC Humid air 16.7 200 90 - C¢H;OH, C;H,O,, C,  1166]
(50%) H.NO,
HSPBD  Ag-Ce/y-Al,0, Air 05 400 80 60 0,NO, ti67)
Toluene DBD  Nb,O, Air 0.067 800 % - NO, tme)
W% Au/AlLO,
DBD  Au/CeO/Al0O, Air 0.2 100 100 90 0O, N,0,N,O, ties]
DBD NiO-TiO, Dry air 0.1 40 96 70 - 11691
Humid air 476 -
(5vol%)
DBD Ca-Ni/ZSM-5 Air 0.1 100 90 70 N,O, O; HCOOH [170]
DBD  CeO,/y-AlLO,@  Humid air 05 0.87g/m’> 80  >60 CH,CHO, C;H,OH, (70
200°C (1vol%) C,Hy0
DBD 5% Ni/y-Al, 04 Air 0.1 160 89 - - 11721
DBD Ce0,-MnO, Air 0.25 1500 96 91 Organic compound 0173
DBD Ag/ZSM-5 Air 1 150 96 100  O5 N0 [174]
DBD 60Co/MCM-41 Air 0.2 100 100 80 O3 [175]
Xylene DBD Mn/y-Al,0, Air 2 500 82 4 - 176)
DBD Pd-OMS-2/y-Al,0;  Air 6 9 100 60 HCOOH, CH;,CHO 11771
DBD  Mn/AlO, Air - 200 95 13 CgHgO,CgHio0, 0,  mra
Formaldehyde pgy  cut-cen Air 1 577 , 95  >95 - 7o)
DBD 8000 ppm NaNO, Air 8.5 50 mg/m 90 - CH;0H [180]
/RR
Ag/CeO, Humid air (1% 0.6 276 99 86 - [81n
H,0)
Acetaldehyde DBD  AuNP/TiO,/SiO,  Air 01 1000 70 - - 182)
DBD  Ag/TiO,/SIO, Air 0.1 1000 98 - CH,COO0, te3)
CH,NO,, CH,0OH, C,H
CO

such as the dielectric constant, shape, and size, play an important role in determining the discharge
characteristics of the packed bed dielectric barrier discharge (PBDBD) reactor.

There are many reviews focused on in-plasma catalytic removal of VOCs"****.. Recently, Li et al. wrote a
comprehensive review on the use of DBD reactors for VOC abatement*. Therefore, this section only gives
an account of work that has been carried out in the past five years.

Reactor structure

New configurations of discharge electrode materials such as iron oxide and metallic nanowire/multi-walled
carbon nanotubes/sponge have been investigated for phenol degradation. The results show that this novel
electrode configuration has high discharge efficiency and lower energy consumption"*”. The performance
of the PBDBD reactors can be influenced by the thickness of the dielectric barrier. Mei et al. investigated the
effect of dielectric barrier thickness (1.5, 2.0, and 2.5 mm) on CO, conversion and reported that the
conversion and energy efficiency were reduced by ~15% for a fixed SIE (120 kJ/L)". In this study, when
the dielectric barrier thickness increased, the plasma volume and the residence time decreased, resulting in
reduced conversion efficiency. Moreover, the charge transfer efficiency was decreased by 19% with the
increase in thickness from 1.5 to 2.5 mm. Although AC power supply has been widely used for economic
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reasons, in the past few years, some experimental works also focused on using bipolar pulse power supply to
power DBD reactors. The discharge current and, thus, the power deposition is higher for the pulsed power
supply when compared to AC power supply for similarly applied voltage"”. In addition to the applied
voltage and frequency, for the pulsed power supply, pulse rise time, pulse-forming capacitance, and pulsed
modes also affect the discharge characteristics. Jiang et al. reported that toluene conversion efficiency and
energy efficiency reduce with an increase in the pulse forming capacitance"**. This is due to the fact that the
charge transfer efficiency is closely related to the pulse forming capacitance. The systematic study on the
effect of the pulse mode on toluene degradation revealed that the removal efficiency and energy yield
increase in the following order: - pulse < + pulse < + pulse!..

Packing material

Another interesting observation that has been made by researchers in the past few years is that higher
specific surface area is not the only property of the packing material required for improving VOC removal
efficiency and mineralization efficiency. Li et al. investigated the removal of toluene using ZSM-5 (Syy; =
306 m*/g) and y-ALO,(Syr = 175 m*/g) and reported that the mineralization rate of y-AL,O, PBDBD reactor
is higher™. This is due to the better discharge characteristics of y-AL O, due to its higher dielectric constant.
Wang et al. investigated different polymorphs of MnO, (such as a-MnO,, B-MnO,, y-MnO,, and 3-MnO,)
and reported that a-MnO, has better catalytic activity for toluene degradation, even though its specific
surface area is lower than y-MnO,"". Among the four polymorphs under investigation, a-MnO, possesses a
double-tunneled structure, the most stable crystal phase, the weakest Mn-O bond strength, and a larger
content of surface-adsorbed oxygen. Thus, other surface and bulk properties of the packing material, such
as dielectric constant and phase structure, are also important in addition to the large specific surface area for
the plasma catalytic oxidation of VOCs.

Removal of VOC mixtures

Recently, Liu et al. investigated the simultaneous removal of co-existing VOCs in industrial exhaust (such
as styrene and toluene) and reported that the presence of styrene inhibited the removal of toluene, whereas
the removal of styrene was unaffected by the presence of toluene®™”. The effect of the co-existence on the
removal efficiency was explained by the nature of the end group (single and double bond)*?. Qin et al.
investigated the mechanical mixing of two catalysts, Fe/13X and Mn/13X, for the simultaneous removal of
toluene and ethyl acetate as the respective metal-loaded 13X has higher mineralization efficiency for the
respective VOC™. As shown in Table 11, the number of works investigating the removal of a mixture of
VOCs is limited.

Novel approaches

Recent works on double dielectric barrier discharge reactors (DDBD), where both electrodes are covered
with the dielectric barrier, showed that the DDBD reactors have improved VOC removal efficiency and
mineralization efficiency***
improved performance of the DDBD reactors is still in the nascent stage. Shang et al. investigated the

|. However, the research on the underlying mechanism which can explain the

decomposition of benzene using a novel approach by combining a DBD plasma catalysis reactor consisting
of gas phase packed bed discharge (Mn-Cu/AlOQ, as the catalyst) and gas-liquid phase discharge chamber
(Persulfate/H,0)"””. It has been reported that the benzene decomposition efficiency and mineralization rate
were improved due to the presence of Mn-Cu/AlO, catalyst, the formation of by-products such as O, and
NO, was suppressed due to the gas-liquid phase discharge and the addition of persulfate to H,O further
increased benzene removal efficiency (by the dissolution of O, in water, enhancing the formation of active
species such as OH and H,0,).
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Table 11. Overview of published work on IPC for the abatement of VOC mixture

Reactor Catalyst Carrier gas Flowrate (L/min) VOC, (ppm) VOC 1, (%) SCOx(%) By-products Ref.

DDBD Pt-Sn/AlL,O, Air 1 100 Toluene 85 - Solid deposit 2041
TCE 71

Benzene 66

DBD 10 wt% Mn/Al,O;  Air 0.2 - Benzene 98 - - [205]
Toluene 99
Xylene 74

Adsorption plasma catalysis

Although plasma catalysis has been proven to be more efficient than the individual techniques for VOC
abatement, the plasma discharge is continuously operating, resulting in reduced energy efficiency as most of
the discharge energy will be utilized to excite the background gas (O, and N,)"**. Thus, for the treatment of
the large volume of exhaust gas containing very low concentrations of VOCs (< 100 ppm), the alternate
approach of adsorption plasma catalysis (APC), also known as cycled “storage-discharge”, has been
proposed and investigated””*'?. Basically, APC involves two operating steps [Figure 14A]: (i) VOC in low
concentration from exhaust or flue gas is trapped or adsorbed on the adsorbent and/or catalyst (storage
stage-plasma off); and (ii) the trapped or adsorbed VOC is oxidized by NTP discharge (discharge stage-
plasma on)"*”). Figure 14B shows the difference in the discharge power between continuous plasma catalysis
and APC process. The energy cost (EC, in kWh/m®) to remedy 1 m’ of exhaust gas using continuous
plasma catalysis and APC is as follows:

Pischa
__ " discharge
ECeon = T M
1
kit
ischarge
ECppc=—F; — 2)
181

where F, is the flow rate (in m’/h) during the storage stage of APC/during the continuous plasma catalysis

process, P§™,,.,. is the discharge power of normal or continuous plasma catalysis (in kW), P4 is the

discharge power during the discharge stage of APC (in kW), and ¢, and ¢, are the storage and discharge
periods, respectively.

For this approach of APC, one of the key factors is to find a suitable adsorbent and/or catalyst which has the
following properties: (i) high capability of VOC adsorption, which reduces the energy cost of the APC
process by increasing the adsorption time [according to Equation (2)]; (ii) the ability to completely oxidize
the adsorbed VOC to avoid the formation of toxic and unwanted toxic by-products, which improves the
product selectivity and carbon balance; (iii) the ability to be regenerated by the NTP exposure, to avoid the
extra step of calcination to regenerate the adsorbent and/or catalyst; and (iv) the stability in the NTP
exposure, to reduce the material cost. Other advantages of APC over the continuous plasma catalysis
process are the possibility to choose a different discharge gas (other than air) in order to improve the
product selectivity"* and promote the regeneration of the adsorbent/catalyst and the ability to adapt to
change in the flow rate and VOC concentration in the exhaust gas'*.

Effect of process parameters: adsorption stage
Effect of surface and bulk properties of adsorbent/catalyst
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Figure 14. (A) The schematic representation of APC for VOC abatement and (B) the difference in discharge power for

continuous plasma catalysis and APC. This figure is quoted with permission from Zhao et al."™™®. APC: Adsorption plasma catalysis;
VOC: volatile organic compound.

The adsorption of VOCs on the adsorbent/catalyst plays an important role in determining the energy cost
of APC process, and it depends on their surface and bulk properties, such as specific surface area, pore size,
and pore volume. The choice of an adsorbent and/or catalyst with high Sy, and suitable pore size is crucial
to enhance the adsorption time. Xu et al. investigated HZSM-5 with various Sy (366-341 m*/g) and pore
size (0.53-0.52 nm) for APC removal of toluene and xylene and reported that the VOC adsorption capacity
decreased with the decrease in Sy;*"". Yi et al. reported that the toluene adoption capacity of MS-13X was
far higher than MS-5A and ALO,"”". Their Sy, pore volume, and pore size are shown in Table 12.
Although MS-5A has similar Sy, to that of MS-13X and higher pore volume, the microporous size of MS-
5A is 0.55 nm, which is smaller than the kinetic diameter of toluene (0.67 nm), resulting in poor adsorption
capacity.

Effect of metal loading

Xu et al. investigated various metal-loaded SBA-15 (pure, Mn/SBA-15, Ag/SBA-15, and AgMn/SBA-15) for
APC removal of toluene””””. The breakthrough curve showed that the adsorption capacity of Mn-loaded
SBA is lower than that of pure SBA-15, which is due to the decrease in the Sy of SBA-15 after Mn loading
[Table 13]. However, with Ag loading (Ag/SBA-15 and AgMn/SBA-15), the toluene adsorption capacity
was remarkably increased. The Sy, of Ag-loaded SBA-15 was lower than the pure SBA-15, showing that the
increase in toluene adsorption was not because of physical adsorption. It was reported that the presence of
metal which possesses empty s-orbital and electrons available in d-orbital forms n-complexation bonding,
resulting in increased toluene adsorption**. A similar observation was made by other researchers for the
adsorption of toluene on various metal-loaded adsorbents/catalysts which form n-complexation bonding,
such as Co"".

The optimum amount of metal loading is crucial as this affects the Sy;; and pore volume of the adsorbent.
As shown in Figure 15, the toluene adsorption capacity increased with the increase in Co loading from 1%
to 5% and then decreased with a further increase in Co loading. Yi et al. reported that, at the low value of Co
loading, there was no formation of n-complexation bonding, whereas, at the higher value of Co loading, the
pore volume and S;;; were decreased, resulting in reduced physical adsorption potential®?.

Effect of humidity
In real-world applications, the presence of humidity in exhaust gas is inevitable, and the presence of

humidity affects both the adsorption stage (competitive adsorption) and NTP discharge stage (a major
source of OH and HO, radicals) of the APC process. Researchers have reported that the presence of
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Table 12. Surface area, pore volume, and pore diameter of various adsorbents

Sger Pore volume Pore size (nm)
Catalyst s -
(m’/g) (cm’/g) Micro Average
MS-13X 626.4 0.35 1.03 2.66
MS-5A 628.7 0.47 0.55 2.07
Al,0,4 2649 0.37 - 7.06

Table 13. Surface area, pore volume, and pore diameter of various metal-loaded SBA-15 catalysts'*"*

Catalyst Sger(m’/g) Pore volume (cm®/g) Pore size (A)
SBA-15 499 0.90 68.0
Mn/SBA-15 425 0.83 7.7
Ag/SBA-15 446 0.85 69.4
AgMn/SBA-15 465 0.82 69.3
1.0
—a— 1% Co/13X
08 —e— 5% Co/13X
' —v— 10% Co/13X
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Figure 15. Adsorption breakthrough curves of toluene on different Co-loaded 13X (cobalt loading = 1%, 5%, 10%, and 15%), with
toluene initial concentration = 150 ppm and total flow rate = 0.4 L/min. Re-printed with permission from Yi et al.”*".

humidity negatively impacts the removal of toluene!*****\.

In the APC process, the choice of adsorbent/catalyst suitable for a wide range of humidity avoids the
competitive adsorption during the adsorption stage, and the independence to choose the difference
discharge gas during the discharge stage avoids the quenching of electrons. Zhao et al. investigated the
adsorption of formaldehyde on AgCu/HZ for a wide range of humidity (RH = 20%-93%) and reported that
the HCHO breakthrough capacity in humid gas stream was reduced slightly when compared to dry gas
stream"*”. However, the HCHO breakthrough capacity was kept constant through the wide range of
humidity, which was explained by the excellent humidity tolerance of hydrophobic high silica zeolite. Fan et
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al. reported that the breakthrough of water on HZSM-5 and Ag/HZSM-5 was just a few minutes due to the
hydrophobic nature of HZSM-5; thus, the adsorption of toluene in the presence of humidity (RH = 50%)
was not affected™.

Effect of process parameters: Discharge stage
Effect of discharge gas

In the APC process, there is the possibility to choose a discharge gas other than the background exhaust gas.
Although using O, as discharge gas avoids the formation of toxic by-products such as NO,”” and efficiently
regenerates the adsorbent/catalyst, the use of O, increases the process cost and it is not readily available. On
the other hand, air is readily available as a discharge gas. Zhao et al. compared the use of air and O, as
discharge gas for APC removal of formaldehyde and reported that there was no difference in carbon balance
and CO, selectivity!””. However, while using air as discharge gas, the rate of CO, evolution was lower,
resulting in extended “plasma on” time, which could negatively influence the energy cost of the APC
process, and there was the formation of nitrogen oxides (such as N,O and NO,) as by-products. Dang et al.
reported that the use of O, as discharge gas to oxidize toluene adsorbed on MnO,/y-Al,O, and AgO,/ y-ALO,
effectively oxidized toluene to CO, within 60 min and suppressed the formation of N,O""*.

Effect of gas flow

The gas flow rate plays an important role in determining the mineralization efficiency for plasma catalytic
destruction of VOCs. When the gas flow rate increases, the residence time of VOCs in the plasma discharge
region decreases and reduces the collision probability between the VOC molecules and plasma-generated
active species'””. In the APC process, the choice of discharge mode such as closed (inlet and outlet of the
reactor are sealed), intermittent cycle (by alternating closed and ventilated discharge), or ventilated (with a
flow of background gas such as N,, O,, or air) discharge depends mainly on the amount of adsorbed VOCs
during the adsorption stage. Yi et al. investigated the closed and ventilated discharge for APC removal of
toluene using MS-5A, MS-13X, and ALO, as packing material®®. As shown in Figure 16, although the
toluene removal efficiency was not affected by the discharge mode, the carbon balance (B,) and CO,
selectivity were dependent on the amount of toluene adsorbed (Tol,, for 13X, 5A, and ALO, were 0.57,
0.021, and 0.05 mmol, respectively). In the closed discharge mode, the amount of oxygen was limited, and
the oxidation of toluene was mainly dependent on the amount of active oxygen species generated, resulting
in deep toluene oxidation in the presence of less toluene due to increased residence time. On the other
hand, for 13X, the B. and CO, selectivity were increased in ventilated discharge, as the loss of oxygen was
replenished by the continuous flow, whereas, for the low concentration of toluene (5A and ALO,), the
utilization of NTP generated active species was poor and the toluene was desorbed and released to the gas
stream unconverted. Dang et al. compared the intermittent (closed = 5 min and ventilated = 10 min) and
ventilated discharge for APC removal of toluene using MnO,/y-Al,O, and reported that the continuous
mode exhibited better and deep toluene oxidation. This was because the amount of toluene adsorbed was
high (0.88 mmol), and the continuous flow replenished the reactive species generation and removed the
oxidative products (CO and CO,) produced, avoiding the active site blockage. The suitable gas flow rate
during the discharge phase is dependent on the reactor configuration; thus, the optimization of the gas flow

[220,221]

rate is important to obtain a better conversion, energy, and mineralization efficiency

Effect of humidity
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Figure 16. Degradation efficiency of toluene in APC process for (A) closed and (B) ventilated discharge mode. Re-printed with
permission from Yi et al.”’. APC: Adsorption plasma catalysis.

Xu et al. investigated APC removal of toluene using Ni-SBA in the presence of a wide range of humidity
(RH = 20%-80%) and reported that the presence of humidity reduces the toluene mineralization rate”.
This was explained by the quenching of energetic electrons due to the electronegative nature of water and
the competitive adsorption of water vapor covers the active sites needed for O, adsorption and
decomposition. On the other hand, it was reported that the presence of humidity reduces CO yield, which
was explained by the influence of humidity on the formation of intermediates favorable for CO, formation.

Effect of metal loading

The mineralization efficiency and carbon balance of the APC process are important in order to reduce the
formation of unwanted and more toxic by-products, and they depend on the catalytic activity of the
adsorbent and/or catalyst. Noble metal-based catalysts such as Pt or Pd have been widely reported as highly
active catalysts for VOC oxidation™. However, noble metal-based catalysts are expensive and susceptible
to poisoning. Alternatively, transition metal oxide-based catalysts have been considered for the total
oxidation of VOCs***?|. In the APC process, the decomposition of adsorbed VOC on adsorbent in NTP
discharge proceeds via the reaction with the energetic electrons, ions, ozone, and atomic oxygen. It has been
reported that the reaction rate of toluene with atomic oxygen (k =7.6 10"“molecules-cm™s”) is higher than
that with ozone (k =3.9 10 molecules-cm™s™), and the rate-determining step of toluene oxidation is the
decomposition of ozone”** according to Equations (3)- (5). Thus, to improve the CO, yield and
selectivity, the choice of the packing material (catalyst) suitable for the decomposition of ozone to produce
atomic oxygen, oxidation of CO, and, thus, total oxidation of adsorbed toluene is important.

O340 —= 07+%02 (4)
S0 O (5)

where * represents the active catalyst site.

Xu et al. reported that loading SBA-15 with metals such as Ag and/or Mn showed improved CO, yield and
carbon balance when compared to pure SBA-15, which was mainly attributed to the ozone decomposition
ability of the catalysts”””. Yi et al. investigated various transition metal-loaded 13X (such as Cu/13X,
Co/13X, Ce/13X, and Mg/13X) for the APC removal of toluene and reported that the CO and CO, yield,
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CO, selectivity (S¢o,), and carbon balance (B,) were the highest when using Co/13X [Figure 17]*"*. This is
due to the presence of active sites (Co,0, in Co/13X) which has large oxygen adsorption capacity and
converts them to O and O*, which are stabilized on the catalyst surface resulting in enhanced reactivity.
Wang et al. reported that the mineralization rate of various metal-loaded HZSM-5 for APC removal of
toluene from humid air (RH = 40%) occurred in the following order: Ag-Mn/HZSM-5 (~94%) > Ce-
Mn/HZSM-5 ~ Mn/ HZSM-5 (~70%) > Ag/ HZSM-5 > Ce/ HZSM-5""". The better catalytic activity of Ce-
Mn- and Mn-loaded HZSM-5 was attributed to the strong oxygen storage/release ability of Mn and ozone
decomposition ability of Mn, whereas the addition of Ag in Ag-Mn/HZSM-5 changed the toluene
adsorption site to Ag (n-complexation), thereby leaving the Mn active sites for O, decomposition.

In addition to the kind of metal loading, the amount of metal loading affects the catalytic performance by
altering the oxidation state, crystal structure, aggregation, and redistribution. Yi et al. studied the effect of
Co loading on APC removal of toluene (1%, 5%, 10%, and 15%) and observed that the optimum Co loading
was 5% for better catalytic performance®?. When 1% Co was loaded, there was not enough formation of
active species for the complete toluene oxidation, whereas increasing the Co loading beyond 5% resulted in
agglomeration of the active sites (observed in SEM).

Stability of adsorbent/catalyst

The stability of adsorbent/catalyst over multiple cycles is crucial for its applications in cyclic processes such
as adsorption plasma catalysis. The activity of the adsorbent and/or catalyst used as packing material in
PBDBD reactor for VOC abatement shows time-dependent deterioration. Deactivation can be due to either
the accumulation of organic intermediates on the surface of the catalyst®” or changes in the surface and
bulk properties after exposure to NTP discharge'*. Xu et al. investigated the stability of AgMn/SBA-15 for
the APC removal of toluene and reported that the toluene conversion and CO, yield were not decreased
during the five cycles of APC"". Zhao et al. investigated the stability of AgCu/HZ catalyst during APC
removal of formaldehyde and reported that the carbon balance and CO, selectivity were maintained at
~100% for five cycles™. Fan et al. reported that the APC removal of benzene using Ag/HZSM-5 as a
catalyst was very stable for five cycles™ . Trinh et al. investigated the stability of Ag-loaded zeolite during
APC removal of acetone for four cycles”. Although the catalytic performance was not degraded during
these four cycles of APC, the temporal evolution curves of gaseous carbon-containing by-products (such as
CO and CO,) tended to be broader, probably due to the oxidation of the low volatile organic deposits on the
catalyst.

The above-mentioned works investigated the stability of adsorbent/catalyst under NTP exposure in the
APC process by comparing the VOC removal efficiency, carbon balance, and CO, selectivity for a very
limited number of cycles (< 5). Wang et al. investigated the APC removal of toluene using Ag-Mn/HZSM-5
and reported that the toluene mineralization rate decreased from 93.5% to 68.6% during 10 cycles of
APCP"). They ascribed the deterioration of the catalyst performance to the accumulation of organic
intermediates, and the catalytic activity was restored by calcination in air stream at 573 K for 2 h. It has also
been reported that the surface and bulk properties of the adsorbent and/or catalyst can change, which leads
to the deactivation of the catalysts”. Thus, it is crucial to investigate the bulk and surface properties of
adsorbents and/or catalysts, such as phase, crystallinity, elemental composition, oxidation state of metal,
morphology, efc., which can be altered partially or completely by NTP exposure"¥.. Qin et al. investigated
the stability of y-Al,O,-13X for APC removal of toluene by comparing both the mineralization rate (MR)
and the physico-chemical properties of the fresh and used catalysts”. Although there was no significant
change in the MR over the five cycles of APC, in FTIR spectra of the used catalysts, there were new peaks
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Figure 17. Carbon balance and CO, and CO, selectivity for various metal-loaded 13X catalysts (total air flow rate = 0.1L/min; discharge
power = 20 W). Re-printed with permission from Yi et al %,

corresponding to C-O-H and methyl, indicating the presence of intermediate organic products on the
surface of the catalyst. Other catalyst properties such as the crystal structure, Sy, pore volume, and average
pore size were not changed after the five cycles of APC. Although the deposition of organic products did
not change the catalytic activity during five cycles of APC, the continuous accumulation of organic products
might influence the catalytic activity and performance in the long run.

COUPLING ADSORPTION AND PHOTOCATALYSIS FOR VOC REMOVAL

Introduction

In addition to the above-discussed adsorption-catalysis coupling and plasma catalysis strategies for VOC
removal, adsorption-photocatalysis coupling has also been exploited by researchers. Compared with the
high temperature and pressure adopted during adsorption-catalysis and plasma catalysis processes, the
adsorption-photocatalysis process gives rise to obvious advantages in VOC removal such as excellent
elimination efficiency, low energy depletion, and environmentally friendliness®***. As for the whole
adsorption-photocatalysis process, the adsorption procedure ensures that the VOC molecules are
transmitted from the gas phase to the solid phase to achieve the close contact between VOC molecules and
photocatalysts. Moreover, the photocatalysis treatment is conducted at room temperature and decomposes
VOCs into CO, and H,O and therefore guarantees the regeneration of the adsorbent for constant VOC
elimination™. The above merits indicate adsorption-photocatalysis coupling technology is an efficient and
promising method for VOC removal.

Generally, photocatalytic oxidation has been carried out during the photocatalysis treatment process, which
endows a facile and effective pathway for completely decomposing VOC molecules by utilizing
photoinduced oxidizing species [Figure 18]. For instance, titanium dioxide, a typical photocatalyst, has
frequently been used in adsorption-photocatalysis coupling for VOC removal. Under UV light irradiation,
TiO, gives rise to the generation of highly oxidizing radicals, such as -OH radicals (-OH/H,O = +2.27 eV vs.
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Figure 18. The schematic process of adsorption-photocatalysis coupling for VOC removal. VOC: Volatile organic compound.

SHE) and -O* (redox potential O,/-O* = -0.28 eV vs. SHE), which lead to the decomposition of VOC
molecules such as gaseous toluene and benzol in the atmosphere.. As for the strongly adsorbed VOC
molecules on the surface of photocatalyst, they can be directly oxidized by the photogenerated hole on TiO,
photocatalyst.

Mechanisms

Coupling adsorption and photocatalysis for VOC removal is composed of three predominant processes
including mass transfer and transportation, surface photoredox reactions, and product desorption**.

Here, we discuss the detailed mechanism of each process. (1) Mass transfer and transportation means that
the VOC molecules are shifted from the gas phase to the surface of photocatalysts via an adsorption process
due to the existence of interactions such as hydrogen bonds and van der Waals force between VOC
molecules and photocatalysts. Thus, the modification of the surface chemistry of photocatalysts is of great
importance for photocatalytic VOC elimination. (2) When the energy of excited light is greater than the
band gap value of the photocatalyst, photogenerated electron-hole pairs are produced. The generated holes
can directly oxidize organic molecules or oxidize water to produce hydroxyl radicals for the subsequent
oxidation reaction. As to the electrons, they can combine with oxygen to create the oxidative superoxide
radical to join in the oxidation degradation of organics. Finally, products such as CO,, H,O, or other
intermediates are generated on the surface of photocatalyst. (3) Product desorption is also a crucial part of
photocatalytic VOC elimination and sometimes will affect the activity and regeneration of photocatalyst. In
particular, the undesired intermediates such as hydrocarbons and oxygen related species often adhere to the
surface of photocatalyst, which may lead to the deactivation by the saturation and poison the catalyst
surface, and thus bring out decreased catalytic performance. Therefore, fast desorption of the produced
products from the surface of the catalyst is significant for photocatalytic VOC elimination.

The state-of-art photocatalysts

Up to now, a series of semiconductors such as metal oxides and metal hydroxides have been developed for
various photocatalytic applications®***, Metal oxides are major candidates for VOC elimination via
adsorption-photocatalysis coupling. Here, we present the state-of-the-art materials for VOC removal via
adsorption-photocatalysis coupling technology. Meanwhile, the modification methods, operational
parameters, and the mechanism for VOC removal are also thoroughly discussed.
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TiO,

As a well-studied photocatalyst, TiO, displays tremendous potential for photocatalytic VOC elimination
under UV light illumination. Two forms of TiO,, anatase and rutile, with band gaps of around 3.2 and 3.1
eV, respectively, are often obtained during chemical synthesis®'?*. In comparison with rutile, anatase
always gives rise to much higher photocatalytic VOC elimination activity because its conduction band level
is more likely to produce stable surface -OH radicals". In practical applications, TiO, photocatalysts are
prone to agglomeration and inactivation during a long-term reaction, which reduces their VOC elimination
performance. Therefore, various strategies such as substrate fixing, ions doping, surface modification
coupling with other metal oxides, and noble metal loading have been explored to enhance the VOC removal
activity.

Structure and morphology modulation

The structure and morphology of TiO, have a great influence on its final photocatalytic performance. TiO,
nanotubes have recently attracted much attention owing to their unique structure and morphology. For
example, Xu et al. reported powder-type TiO, nanotubes for the enhanced photocatalytic gaseous
acetaldehyde degradation ability in comparison with that of commercial P25 photocatalyst**. A TiO,
nanotube array can be formed by loading uniform TiO, nanotubes on a titanium substrate, which shows an
ordered structure and porous surface. Such a unique architecture favors reactant diffusion and transfer, thus
being beneficial for the improved photocatalytic ability. Therefore, immobilization of TiO, nanotubes on a
substrate is available from the view of practical air purification. Typically, highly ordered TiO, nanotube
arrays on titanium foils with different lengths are fabricated by an electrochemical anodization strategy for
photocatalytic degradation of gaseous acetaldehyde [Figure 19A and B]"*. It has been revealed that
enhancing the lengths of nanotube arrays to a certain degree leads to increased photocatalytic acetaldehyde
molecule elimination. Moreover, the as-fabricated TiO, nanotube arrays give rise to higher photocatalytic
activity than that of a commercial P25-based film with the same thickness and geometric area. This
enhancement can be attributed to the unique infrastructure and morphology of the nanotube array, which
was profitable for the facile mass diffusion and the prohibited deactivation of TiO, nanotube during
photocatalytic degradation.

Carbon substrate fixing

Carbon materials with abundant porous and large surface areas have been considered as promising
substrates to support the distribution and fixation of TiO, photocatalysts'*****>**2] Moreover, the stronger
adsorption capacity, black color, and rapid electron shift on the interface of the carbon-TiO, hybrid can
guarantee the adequate absorption of pollutant molecules on the active sites of photocatalyst, promote
visible light harvesting, facilitate the production of active radicals, and prohibit the formation of by-
products and the inactivation of photocatalysts.

For example, Li’s team reported that TiO, particles are uniformly dispersed on activated carbon fibers (TiO,
-ACF) [Figure 19C] through an acid treatment method for efficient formaldehyde removal®*. The C-Ti
bond and surface hydroxyl groups are formed in the TiO,-ACF composite. By changing the acid treatment
time, the amounts of surface hydroxyl groups can be well tuned. Significantly, the created C-Ti bond on the
interface between TiO, and ACF can promote the electron migration in the photocatalyst, and the abundant
-OH species give rise to the increased adsorption of water and formaldehyde molecules, thus bringing out
more -OH radicals. Moreover, the rich pore structures in ACFs are also beneficial for reactant molecules’
transfer and transportation. The synergistic effects of the enhanced light adsorption, facile mass diffusion,
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Figure 19. (A and B) SEM images of the TiO, nanotube arrays”>*” . This figure is used with permission from the American Physical
Society. (C) SEM image of the TiO,-ACF photocatalyst™**. This figure is used with permission from the Elsevier. (D) SEM image of the
MWCNT-TIO, composite®*. (E) Schematic Energy diagram of Fe** doped TiOz[m].This figure is used with permission from the
Elsevier. (F) TEM image of the Pt-loaded TiO, photocatalyst®”.

and improved adsorption of water molecules result in increased photocatalytic formaldehyde elimination.
Specifically, the TiO,-ACF composite exhibited 20 times higher formaldehyde removal rate than that of
pure TiO, powder.

Different from ACF discussed above, carbon nanotubes (CNTs) with a specific 1D cylinder configuration
endow the unique hollow structure, which is profitable for better fixation of TiO, particles and prolongs the
residence time of VOC molecules in photocatalysts, thus making CNTs an ideal co-adsorbent and matrix
for photocatalytic VOC molecule removal®***. TiO, nanosphere-loaded carbon nanotubes (MWCNT-
TiO,) were fabricated using a hydrothermal strategy by An et al.”*.. SEM images show that the TiO,
nanospheres with tunable crystal facets are wrapped around CNTs with sphere sizes from 200 to 600 nm
[Figure 19D]. As expected, the MWCNT-TiO, composite exhibited higher activity for the photocatalytic
degradation of styrene gas than that of single anatase TiO,. The improved styrene gas degradation
performance for composite is attributed to the synergistic effects of nanostructured TiO, spheres and the
positive function of CNTs. Specifically, by modulating the reaction conditions such as the ratios of CNTs/
TiO, and temperature of hydrothermal preparation, TiO, spheres with various crystal facets can be
obtained. Moreover, the merits of CNTs in promoting VOC molecule absorption and increasing contact
between styrene and CNT-TiO, are involved. All the above facts are beneficial for the styrene molecule
decomposition process.

Graphene possessing 2D layers of sp® hybridized carbon atoms displays a variety of merits such as good
electronic conductivity and thermal conductivity and has been widely used in catalytic fields**. However, a
single layer of graphene is prone to be aggregated because of its great van der Waals force. Moreover, the
hydrophobic surface of graphene is not suitable to load and disperse oxides and attract VOC molecules. In
this regard, some methods such as oxidation and acid treatment have been exploited to modify graphene.
Up to today, graphene derivatives including graphene oxide (GO) and reduced graphene oxide (rGO),
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endowed with abundant oxygen related groups such as hydroxyl, carboxylic, and carbonyl species on their
surface, bring out both anchor dispersibility and favorable adsorption sites for oxide particles to facilitate
VOC molecule removal.

For instance, Roso et al. synthesized a series of graphene-based TiO, hybrids and studied the effects of
various co-catalysts (graphene, GO, and rGO) on the photocatalytic methanol vapor elimination ability"*.
They found that the morphologies of as-prepared composites depend on the type of graphene used.
Graphene and GO are prone to be located inside the final composites, leaving TiO, on the outer surface of
composites to contact with VOC molecules. As to the rGO/TiO, hybrid, the TiO, nanoparticles are
uniformly dispersed between nanofibers due to the partial affinity of the composite with the polymer
matrix. The configuration of rGO/TiO, is favorable for VOC molecule degradation because of the imitate
contact with the photocatalyst and lower mass-transfer restrictions. Therefore, the functional groups on
rGO surface exert significant function in affecting the adsorption-photocatalytic process during VOC
molecule removal. Finally, the rGO/TiO, hybrid brings out the best activity for photocatalytic gas-phase

methanol degradation.

As discussed above, TiO, immobilization on various carbon substrates is useful for improved adsorption-
photocatalysis VOC removal. Adopting an available coating method and type of carbon substrate, two
important facts in TiO, fixing should be considered. The used carbon substrate must have extraordinary
physical and chemical stability in long-term photocatalysis VOC removal. Moreover, a carbon substrate
with a large surface area or abundant porous structure for the TiO, fixing is necessary. Other fundamental
characteristics of the carbon substrate are also required, such as strong attraction of TiO, nanoparticles,
resistance against high calcination temperatures, and efficient absorbance ability for VOC molecules.

Metal ion doping

Transition metal ions are frequently doped into the lattice of TiO, for efficient photocatalysis VOC
removal®****? The new energy level can be created in the band gap of TiO,, thus promoting visible light
absorption. When the metal dopants substitute the sites of Ti*, the new energy level is formed near the CB
of TiO,, which can significantly promote photoinduced electron-hole pairs separation for the improved
photocatalytic ability. In fact, the photocatalytic activity of metal ion-doped TiO, depends on several factors
such as the amounts of dopants, the chemical properties of dopants, and the preparing conditions. Next, we
outline several common metal ion dopants and discuss their photocatalytic VOC removal activity and
limitations.

Transition metals such as Fe, Cu, and Ni can also be doped into TiO, for enhanced photocatalytic VOC
removal activity due to the enhanced carrier separation and the reduced band gap®**'**. More
importantly, the lower cost of transition metals in comparison with noble metals is expected to lead to
widespread utilization in large-scale industrial applications. Besides, the category and concentration of
transition metal dopants are major factors in determining the photocatalytic VOC removal ability. The
optimal amount of transition metal dopant is of great significance. When the amount is over the optimal
value, the photocatalytic ability will decrease because more dopants will crash the lattice of TiO, and serve as
a recombination site. Moreover, the change of chemical valence states (such as Fe*/Fe*" and Ni**/Ni") of
transition metal ions [Figure 19E] can also promote photoinduced electron-hole pair separation and
facilitate photoelectrons transfer to oxygen to produce -O, radicals”*. Hence, many studies are dedicated to
investigating the optimal category and amount of dopant for the best photocatalytic VOC removal activity.
For example, Yang et al. reported that iron-doped TiO, was prepared on flexible glass fibers by a sol-gel
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strategy for the improved photocatalytic elimination of benzene, toluene, ethylbenzene, and o-xylene”.
Tieng et al. found that Fe** dopant in TiO, serving as trapping sites can effectively trap both photoinduced
electrons and holes and maintain a long lifetime of photo-charges, thus giving rise to the higher
photocatalytic ethylene degradation than that of pure TiO, photocatalyst.

Although metal ion doping leads to efficient photocatalytic VOC removal, some disadvantages still exist.
For example, doping TiO, with Fe ions will lead to partial blockage on TiO, porous surface sites and cause
the growth of particles, thus resulting in a reduced specific surface area and decreased photocatalytic
activity. Therefore, the design of low-cost and efficient transition metals doped into TiO, is worthy of
further study in the future.

Nonmetal ion doping

Nonmetal ion doping in TiO, materials has been considered an effective way to improve adsorption-
photocatalysis VOC removal by enhancing the photo-response and modulating the energy configuration.
Generally, the nonmetal ions replace the oxygen in the TiO, matrix and result in a reduced band gap for
more visible light absorption. For TiO, photocatalyst, nonmetal ions such as C and N are frequently
adopted into the TiO, lattice for enhanced photocatalytic VOC elimination®>""),

C-doped TiO, with mesoporous structure was fabricated via a hydrothermal method with Ti (SO,), and
glucose as precursors by Dong et al.””). A series of characterizations demonstrated that the oxygen atoms in
the TiO, were replaced by carbon atoms, and a new O-Ti-C bond was created. Meanwhile, a new mid-gap
state was produced in the band gap of TiO,, thus promoting visible light absorption and prohibiting
photoinduced carrier recombination. Based on these advantages, the as-synthesized C-doped TiO,
photocatalyst showed higher activity in photocatalytic toluene vapor elimination than that of commercial
P25 and C-doped TiO, synthesized by the solid-state route. Soon after, the post-thermal treatment of the
obtained C-doped TiO, for further improved photocatalytic VOC elimination was also developed by this
team™. The improvement of gaseous toluene elimination was found by the post-thermal treatment of the
C-doped TiO, between 100 and 300 °C, and the optimal thermal treatment temperature was 200 °C. The
enhancement can be attributed to the changes in the surface chemistry and optical properties of C-doped
TiO,. Specifically, thermal treatment repairs the surface defects and thus restricts the recombination of
photoinduced carrier pairs. Moreover, the visible light absorption was further increased after post-thermal
treatment.

Although nonmetal ion doping exerts an efficient function in promoting photocatalytic VOC elimination,
some drawbacks still exist. For example, doping nonmetal ions into the TiO, lattice leads to the generation
of oxygen vacancies, which may serve as an active site to facilitate photoinduced charge carrier
recombination and thus are detrimental to the enhanced photocatalytic VOC removal. Thus, optimizing the
synthesis route and preciously controlling the location and amount of oxygen vacancies in the TiO, lattice
are of great importance for acquiring better photocatalytic VOC removal activity. Moreover, the synthesis
route and cost for the photocatalyst should also be considered for large-scale VOC treatment. In general, the
doping of nonmetal ions into the TiO, lattice needs high thermal treatment temperatures (> 500 °C) and a
long synthesis time; hence, tremendous energy consumption is inevitable. Meanwhile, the utilization of
detrimental, expensive, or unstable raw materials is often involved during the synthesis process. Therefore,
finding a green, facile, low-cost, and sustainable preparation process is necessary for large-scale
photocatalyst production.
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Noble metal loading

Noble metals such as Pd, Pt, and Ag can expand the visible light absorption of TiO, photocatalysts**>***,
Meanwhile, a Schottky barrier can be created at the noble metal-TiO, interface, which can retard the carrier
recombination and thus increase photocatalysis activity. More importantly, noble metals possess
extraordinary resistance to oxidation and corrosion in a humid atmosphere. For example, silver-doped TiO,
photocatalysts with various silver amounts were prepared by Mogal ef al.”*". The obtained silver-doped
TiO, photocatalysts presented improved photocatalytic phthalic acid degradation under UV light excitation
due to the fast carrier separation and low-energy band gap. Similarly, enhanced ethanol partial oxidation
degradation was also achieved over the Pt doped TiO, catalyst [Figure 19F]>*.,

Coupling with other metal oxides

Coupling with other metal oxides such as SiO, and WO, has been developed for enhanced photocatalytic
VOC molecule removal®®**, Thus far, much research has focused on TiO,/SiO, composites. Although SiO,
is a total insulator and has no photocatalytic ability, the introduction of SiO, components in the composites
can change the structure and surface functional group, such as pore volume and hydrophilic properties,
thus influencing the final VOC molecule removal ability.

For example, Guan et al. found that the surface of TiO,/SiO, shows stronger hydrophilic properties than
that of pure TiO,*. Specifically, the introduction of SiO, improves the acidity and leads to the
enhancement of the hydroxyl amount in the composite films, thus favoring VOC molecules absorption and
leading to promoted VOCs degradation (Figure 20A). Yu et al. confirmed that the grain size of TiO,/SiO,
hybrid was reduced when increasing the ratio of SiO,””.. Meanwhile, the rich hydroxyl species adhered to
the surface of TiO,/SiO, hybrid. The reduced size of TiO, may lead to a stronger driving force for
photocarriers migration existing in quantum-sized TiO, in the TiO,/SiO, hybrid. Meanwhile, the increased
surface area brings out an enhanced adsorption ability of VOC molecules. More importantly, the abundant
-OH species on the surface can trap photoinduced holes and thus restrict the recombination of electron-
hole pairs. All these factors are favorable for the enhanced photocatalytic VOC elimination. As a result,
hybrid TiO,/SiO, photocatalytic activities of the composite thin films are still higher than that of pure TiO,.

Zou et al. prepared the TiO,-SiO, pellets using the sol-gel method™". The TiO,-SiO, pellets presented high
surface areas and abundant porous structure [Figure 20B], therefore giving rise to the strong adsorption
capacity of VOCs. A series of characterizations suggested that the TiO,-SiO, pellets exerted two functions as
a photocatalyst and as an adsorbent in the adsorption-photocatalysis coupling system for gaseous toluene
elimination. It is noteworthy that the catalyst can be self-regenerated by photocatalytic oxidation of the
adsorbed toluene molecules. Thus, the TiO,-SiO, pellets can be used for continuous VOC removal in a
fixed-bed reactor under UV light illumination.

Surface modification

Surface modification has been developed to increase the photocatalytic activity of TiO,*>**). Sumitsawan et
al. adopted a plasma discharge method to treat TiO, nanoparticles adhering to a glass substrate®. It is
found that the TiO, nanoparticles can be fluorinated (Ti-F) or covered with perfluorocarbon film (C-F) by
controlling the plasma discharge conditions. Both modified TiO, photocatalysts showed higher
photocatalytic m-xylene elimination than that of pristine TiO, nanoparticles. The water contact angle test
suggested that plasma surface treatment can convert TiO, nanoparticles from hydrophilic to hydrophobic [
Figure 20C and D]. Pristine TiO, presents as completely wettable at the contact angle of the water droplet.



Page 56 of 75 El Khawaja et al. Chem Synth 2022;2:13 | https://dx.doi.org/10.20517/cs.2022.10

R R R

w /1]

OH OHOHOH Chemisorption
A/ N/

A

TiOy
€O, Hy0
ligt R R R
o 1/
OH OH OH OH

TiO;

H,0  H;0 H;0 H;O Physisorption

o\ /1]

OH OHOHOH  Chemisorption
A £ N/

Figure 20. (A) Schematic VOC molecule absorption and degradation on the hydrophilic TiO,-SiO, films¢®’. (B) TEM image of the as-
prepared TiO,-SiO, photocatalyst™"”. Water contact angle of untreated TiO, (C) and plasma treated Ti02[263]. (D) This figure is used
with permission from the American Physical Society.

In contrast, the plasma-treated TiO, shows a contact angle and is thus considered hydrophobic. The
hydrophobic character of modified TiO, could enhance the adsorption of the xylene from the flowing air to
the surface of the photocatalyst and thus favor the improved photocatalytic activity.

Other metal oxides

In addition to TiO,, other metal oxides such as WO, and Ga,O, have also been explored for photocatalytic
VOC elimination™**”, WO, as a typical semiconductor with a band gap value of about 2.5 eV, is widely
used in photocatalytic oxidation reactions due to its positive VB potential (about 3.15 eV vs. NHE) and
good chemical stability®*. However, pure WO, photocatalyst usually displays insufficient photocatalysis
oxidation ability because the lower CB edge (+ 0.3 - 0.5 eV vs. NHE) cannot afford enough reduction ability
to reduce O, to produce strongly oxidizing radicals such as O, and *HO,. The inability for O, reduction by
photoinduced electrons on the CB of WO, may also cause the undesired recombination of electron-hole
pairs and thus result in poor photocatalytic oxidation ability. It has been revealed that platinum
nanoparticles loading can promote the multi-electron reduction of dioxygen to produce active oxygen
related species on the CB of WO, at a relatively positive reduction potential and thus are favorable for high
photocatalytic oxidation ability. Kim et al. reported that the Pt/WO, composite gives rise to higher activity
for photocatalytic VOC [dichloroacetate (DCA), 4-chlorophenol (4-CP), tetramethylammonium (TMA),
and arsenite] removal than that of pure WO,””.. Specifically, the loading of platinum nanoparticles led to
concurrent oxidative reactions on the surface of WO,; meanwhile, the OH radicals were also produced by
the reductive decomposition of H,O,, which was formed via the in situ reduction of O,. It is noteworthy that
Pt/WO, presented a higher rate of H,O, generation than that of WO,, thus favoring the OH radical
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formation and leading to the promoted photocatalytic oxidation performance [Figure 21A and B].

Hou et al. fabricated porous Ga,O, for efficient photocatalytic benzene decomposition™. Significantly, the
photocatalytic elimination rate of gaseous benzene over Ga,0, was about two times greater than that of
commercial P25. This enhancement can be attributed to that Ga,O, possesses stronger oxidative capability
due to its more positive CB level [Figure 21C] and higher specific surface area in comparison with P25
photocatalyst.

Metal hydroxide

Apart from the above-mentioned metal oxides, metal hydroxide can also be used as a photocatalyst in
adsorption-photocatalysis coupling for VOC removal®**. For example, In (OH), is a wide-gap
semiconductor and can be used for UV light-driven photocatalytic reactions. Thus, using In (OH),
materials in adsorption-photocatalysis coupling has been conducted. Typically, In (OH), nanocrystals with
mesoporous structure have been fabricated by peptization of a colloidal precipitate with a post-heat
treatment for acetone, benzene, and toluene degradation under UV light irradiation®. Specifically, the In
(OH), sample with a post-heat treatment temperature of 120 °C gives rise to the optimal photocatalytic
performance for acetone degradation [Figure 21D], which can be ascribed to several major factors. Firstly,
the In (OH), sample post-treated at 120 °C exhibits the highest specific surface area. Therefore, more VOC
molecules can be attracted on the surface of In (OH),, favoring enhanced photocatalytic ability. In addition
to the surface area, the porous character of In (OH), sample can also lead to its enhanced activity.
Specifically, the existence of abundant mesopores in the In (OH), nanoparticles brings out the fast diffusion
and transfer of organic molecules during the photocatalytic process and increases the VOC removal rate.
Finally, the crystal phase should be considered during the photocatalytic process. When the post-heat
treatment temperature is over 120 °C, the new phase of In,O, is formed due to the transformation from In
(OH),. The reduced ratio of In (OH), in the photocatalyst results in low photocatalytic performance. Thus,
the post-heat treatment temperature of 120 °C is the optimal condition for obtaining the In (OH), with the
best photocatalytic activity.

Factors affecting PCO performance

Generally, several factors such as humidity, airflow rate, light source, and the initial VOC concentration
significantly influence adsorption-photocatalysis coupling for VOC removal. These factors are thoroughly
outlined in this section.

Humidity

The relative humidity plays a great role during the photocatalytic oxidation process. In fact, the humidity
can be both profitable and detrimental to VOC degradation'>**”\. Particularly, water molecules can take part
in the photocatalytic removal process by serving as competitive adsorbents and resources of -OH radicals.
For the competitive adsorbents, water molecules absorbing on the surface active sites of photocatalysts will
decrease the adsorption ability of VOC molecules and restrict the subsequent photocatalytic reactions. As
to the resources of -OH radicals, the produced -OH radicals from water molecules can accelerate the
photocatalytic oxidation reaction, thus favoring photocatalytic VOC removal®". Hence, carefully
modulating the relative humidity for efficient photocatalytic VOC removal is of great significance.

Airflow rate

Increasing the airflow rate can present two distinct effects for photocatalytic VOC removal®*******?,_On the
one hand, a fast airflow rate will lead to the reduced residence time for photocatalytic VOC oxidation and
thus decrease VOC degradation ability. On the other hand, the promoted mass migration between the VOC
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Figure 21. (A) Formation of H,O, over WO, and Pt/WO; under visible-light excitation. (B) ESR spectra of DMPO-OHs adducts in an
aqueous dispersion of Pt/WO, and WO,"”*"). (C) Bandgap structure of WO, and Ga,0,**". (D) The photocatalytic acetone oxidation
over In (OH),s treated at various temperatures: (a) 60 °C; (b) 120 °C; (c) 160 °C; (d) 200 °C; and (e) 250 °C. (f) P25 was adopted
as a reference™®®®. This figure is used with permission from the American Physical Society.

molecules and photocatalysts under a high airflow rate can improve the pollutant removal efficiency"”>*.

Based on the above discussion, finding an optimum airflow rate to achieve maximum residence time of
photocatalytic oxidation reaction and simultaneously optimal mass migration between the VOC molecules
and photocatalysts is of significant importance to acquire the highest photocatalytic VOC molecule
degradation efficiency.

Yang et al. studied the influence of various airflow rates on photocatalytic gaseous formaldehyde
removal®”. It was revealed that enhancing airflow rate brings out a fast mass transfer and a low
concentration gradient between the bulk and the photocatalyst surface in laminar regimes. The influence of
airflow rate on pollutant elimination falls under three distinct regimes. In low airflow rates, improving
airflow rate favors VOC molecule elimination, which suggests that mass transfer on the surface of
photocatalyst restricts VOC removal. In intermediate airflow rates, flow rate variation has no considerable
effect on VOC removal. This means that surface reaction kinetics is the controlling stage. Finally, in high
airflow rates, an increased airflow rate decreases the residence time for transferring VOCs contaminants
from the gas phase to the catalyst surface, thereby decreasing the VOC removal rate.

Light source
Photogenerated electron-hole pairs are the key factor during the photocatalytic VOC pollutant oxidation
process. Frequently used catalysts such as TiO, need a UV light equivalent energy source for the
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illumination to produce photoinduced charge carriers. Among a series of reports, high-pressure mercury
1[271-273

lamps, xenon lamps, and UV lights are major light sources for photocatalytic VOC remova .. Generally,
the VOC elimination rate is proportional to the power of the light source. The photocatalytic VOC removal
rate can be modulated by the first order of depletion rate of photogenerated carriers and a half order of their
recombination speed. Therefore, the power of the light source has a direct influence on the removal rate. As
UV light is deleterious to human beings and possibly results in forming secondary pollutants such as strong
273]

oxidizing species in the atmosphere!
detail.

, visible-light-driven VOC removal should be further researched in

Deactivation and reactivation

The chemical and physical stability of photocatalysts is very important for long-term VOC removal. In fact,
deactivation, regeneration, and reactivation often occur during the photocatalytic VOC treatment
process™*. For the adsorption-photocatalysis coupling system, the photocatalytic rate usually decreases with
extending reaction time and the surface active sites simultaneously reduce due to the deactivation of the
photocatalyst. The accumulation of reaction intermediates on the surface of photocatalyst leads to
deactivation because these intermediates occupy active sites. For example, reaction intermediates such as
formic acid are often adhered to the surface of TiO, photocatalyst due to its strong affinity during
photocatalytic acetaldehyde elimination!. Although a certain amount of formic acid can be emitted into
the atmosphere, the occupation of the surface active site results in the deactivation of TiO, photocatalyst. In
practical application, the photocatalyst will be totally deactivated after 20 consecutive photocatalytic
acetaldehyde degradation reactions because all the active sites capture reaction intermediates””*. Therefore,
the recovery of photocatalyst is put on the agenda. Typically, the absorbed reaction intermediates, including
benzaldehyde and benzoic acid, could be totally removed with a heat treatment over 653 K. Hence, the
reactivation of the photocatalysts by post calcination is often adopted.

Pollutant concentration

The pollutant concentration has a non-negligible effect on photocatalytic VOC removal®. Many studies
have suggested that the appropriately lower concentrations of VOC lead to the increased elimination ability
of VOCs, which is ascribed to the active sites of photocatalysts possessing limited adsorption capacity®*””).

Moreover, the produced reaction intermediates will prohibit the adsorption of VOC molecules, especially
when the pollutant concentration is high in the reaction system. As a result, the adsorption-photocatalysis
coupling reaction system is more likely to treat VOCs at a relatively low concentration. As to the high
concentration VOC removal, the surface of the photocatalyst will become saturated because of the shielding
effect of the pollutant molecules and is thus detrimental to the efficient VOC treatment””. Moreover, the
saturation and competition of photocatalyst between adsorbed pollutants are higher when inlet VOCs are at
a high concentration.

CONCLUSION AND OUTLOOK

Human exposure to VOCs in the air is unavoidable in everyday life. Some VOCs are categorized as
carcinogenic or reprotoxic by the European Union and the World Health Organization. Air-liquid interface
exposure systems can be used to assess the toxicity of VOC emissions on respiratory symptoms. These
techniques have the advantage of eliminating any direct interaction between the tested toxicants and the
culture medium’s components. Some experiments have used this technique to investigate the toxicity of
single and mixed VOCs, as well as the compounds generated during the total catalytic oxidation of VOCs.
By measuring the activation of XMEs, which are conventionally induced by polycyclic organic compounds,
as well as the activation of AhR, in lung cells exposed to emissions from the catalytic degradation of toluene,
the formation of high molecular weight compounds in total catalytic oxidation of VOCs can be deduced.
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The toxicological study used to validate the system revealed the existence of by-products such as PAHs that
were not discovered by the standard analytical method after the catalytic test. Therefore, adding an
adsorption system seems to be a promising approach for thorough purification and validation of the
catalytic processes. In this context, physico-chemical characterization of gaseous effluent is essential to
implement an adapted and efficient VOC treatment technology. Data concerning the process, the chemicals
used, and the effluent parameters (temperature, humidity, dust content, pressure, flow, etc.) must be
collected first. Then, chemical analysis can be performed on a laboratory scale on the raw materials in order
to prepare accurate on-site measurements. At last, continuous (e.g., THC analyzer) and semi-continuous
(e.g., specific on-line analyzers, sampling on sorbent tubes, impingers, and containers) analytical techniques
can be deployed on site for detailed evaluation. Continuous measurements give valuable information
concerning the emission profile (cyclic or regular process) and the global concentration level, whereas
semi-continuous techniques give detailed information about the specific VOCs involved. Depending on the
industrial process studied, the VOC mixture to be treated can be quite complex and contain several
chemical groups (e.g., aromatics, alcohol, esters, efc.), which may not react in the same way to the treatment
technique.

In this review, three coupling techniques are presented, outlining their advantages and characteristics for
effective removal of hazardous VOCs:

o Adsorption-catalytic oxidation:

Adsorption and catalytic oxidation are both efficient ways of environmental remediation of VOCs, whereas
these techniques are sometimes not sufficient for some industrial applications, which produce low
concentrated VOC emissions. Coupled, these systems become more adapted to treat diluted gaseous
streams of VOCs (> 1%) since the adsorbent helps ensure a pre-concentration of VOCs before their
elimination by catalytic oxidation. Adsorbents can act as solid catalysts, can be used as a support for a
catalytic phase ensuring a high dispersion of the active species, and can be used prior to the catalytic set to
eliminate organic or inorganic compounds (such as H,S). The most used adsorbents cited in the literature
are activated carbon (AC), biochar, zeolites, efc. Experimental conditions are important to surpass some of
the drawbacks these materials can present. Hybrid adsorption—catalytic technology exhibiting high
adsorption capacity, catalytic activity, and selectivity is provided as a new practical, efficient, and
economical alternative to the conventional VOC removal treatments for controlling small concentrations of
VOCs in industrial emissions.

e Adsorption-plasma catalysis:

Although NTP has been proposed as an end-of-pipe technology for the removal of VOCs, the formation of
toxic by-products is still the major hindrance to the commercialization of this technique. The main strength
of plasma catalysis lies in the synergetic effect of the two individual technologies, which enhances the
mineralization efficiency and reduces the formation of unwanted by-products by catalysis. For in-plasma
catalysis (IPC), the catalytic material is placed either within the plasma discharge or in the downstream of
the plasma discharge (post-plasma catalysis). Several points are important for a catalyst suitable for NTP
environment: its stability in plasma and in situ regeneration by NTP exposure. Although plasma catalysis
has been proven more efficient than the individual techniques for VOC abatement, the treatment of a large
volume of exhaust gas containing a very low concentration of VOCs needs an alternative approach:
adsorption-plasma catalysis (APC).
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e Adsorption-photocatalysis:

The adsorption-photocatalysis coupling technology is also one of the effective and promising methods for
VOC removal. Compared with the high temperature and pressure adopted during adsorption-catalysis and
plasma catalysis processes, the adsorption-photocatalysis process gives rise to obvious advantages in VOC
removal such as excellent elimination efficiency, low energy depletion, and being environmentally friendly.
Metal oxides are major candidates for VOC elimination via adsorption-photocatalysis coupling. Generally,
several factors such as humidity, airflow rate, light source, and the initial VOC concentration significantly
influence adsorption-photocatalysis coupling for VOC removal. As a result, the adsorption-photocatalysis
coupling reaction system is more likely to treat VOCs at a relatively low concentration.

Therefore, for any industrial emission, one of these coupling techniques should provide complete, low-
energy VOC removal. On-site characterization is essential to making the choice, and a toxicological
validation is recommended to determine if an additional coupling adsorbent is needed for the complete
removal of VOCs.
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acceptable, such as data sheet (word, excel, csv, cdx, fasta, pdf or zip files), presentation (PowerPoint, pdf or zip files), image
(cdx, eps, jpeg, pdf, png or tiff), table (word, excel, csv or pdf), audio (mp3, wav or wma) or video (avi, divx, flv, mov, mp4,
mpeg, mpg or wmv). All information should be clearly presented. Supplementary materials should be cited in the main text
in numeric order (e.g., Supplementary Figure 1, Supplementary Figure 2, Supplementary Table 1, Supplementary Table 2,
etc.). The style of supplementary figures or tables complies with the same requirements on ﬁgures or tables in main text.
Videos and audios should be prepared in English, and limited to a size of 500 MB or a duration of 3 minutes.

2.4 Manuscript Format
2.4.1 File Format
Manuscript files can be in DOC and DOCX formats and should not be locked or protected.

2.4.2 Length
There are no restrictions on paper length, number of figures, or amount of supporting documents. Authors are encouraged
to present and discuss their findings concisely.
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2.4.3 Language
Manuscripts must be written in English.

2.4.4 Multimedia Files

The journal supports manuscripts with multimedia files. The requirements are listed as follows:

Videos or audio files are only acceptable in English. The presentation and introduction should be easy to understand. The
frames should be clear, and the speech speed should be moderate.

A brief overview of the video or audio files should be given in the manuscript text.

The video or audio files should be limited to a size of up to 500 MB.

Please use professional software to produce high-quality video files, to facilitate acceptance and publication along with the
submitted article. Upload the videos in mp4, wmv, or rm format (preferably mp4) and audio files in mp3 or wav format.

2.4.5 Figures

Figures should be cited in numeric order (e.g., Figure 1, Figure 2) and placed after the paragraph where it is first cited;
Figures can be submitted in format of tiff, psd, Al or jpeg, with resolution of 300-600 dpi;

Figure caption is placed under the Figure;

Diagrams with describing words (including, flow chart, coordinate diagram, bar chart, line chart, and scatter diagram, efc.)
should be editable in word, excel or powerpoint format. Non-English information should be avoided;

Labels, numbers, letters, arrows, and symbols in figure should be clear, of uniform size, and contrast with the background;
Symbols, arrows, numbers, or letters used to identify parts of the illustrations must be identified and explained in the
legend;

Internal scale (magnification) should be explained and the staining method in photomicrographs should be identified;

All non-standard abbreviations should be explained in the legend;

Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial
figures and images from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any
citation instruction requested by third-party rights holders, and cover any supplementary charges.

2.4.6 Tables

Tables should be cited in numeric order and placed after the paragraph where it is first cited;

The table caption should be placed above the table and labeled sequentially (e.g., Table 1, Table 2);

Tables should be provided in editable form like DOC or DOCX format (picture is not allowed);

Abbreviations and symbols used in table should be explained in footnote;

Explanatory matter should also be placed in footnotes;

Permission for use of copyrighted materials from other sources, including re-published, adapted, modified, or partial tables
from the internet, must be obtained. It is authors’ responsibility to acquire the licenses, to follow any citation instruction
requested by third-party rights holders, and cover any supplementary charges.

2.4.7 Abbreviations

Abbreviations should be defined upon first appearance in the abstract, main text, and in figure or table captions and used
consistently thereafter. Non-standard abbreviations are not allowed unless they appear at least three times in the text.
Commonly-used abbreviations, such as DNA, RNA, ATP, etc., can be used directly without definition. Abbreviations in
titles and keywords should be avoided, except for the ones which are widely used.

2.4.8 Italics
General italic words like vs., et al., etc., in vivo, in vitro; t test, F test, U test; related coefficient as 7, sample number as n,
and probability as P; names of genes; names of bacteria and biology species in Latin.

2.4.9 Units
SI Units should be used. Imperial, US customary and other units should be converted to SI units whenever possible. There
is a space between the number and the unit (i.e., 23 mL). Hour, minute, second should be written as h, min, s.

2.4.10 Numbers
Numbers appearing at the beginning of sentences should be expressed in English. When there are two or more numbers
in a paragraph, they should be expressed as Arabic numerals; when there is only one number in a paragraph, number < 10

should be expressed in English and number > 10 should be expressed as Arabic numerals. 12345678 should be written as
12,345,678.

2.4.11 Equations
Equations should be editable and not appear in a picture format. Authors are advised to use either the Microsoft Equation
Editor or the MathType for display and inline equations.
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2.5 Submission Link
Submit an article via https://oaemesas.com/login?Journalld=cs.
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