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a b s t r a c t

Photocatalytic optical fibers are promising for the degradation of gaseous and volatile pollutants in air

due to their high specific surface area, high light utilization efficiency, easy regeneration, and sustainabil-

ity. In particular, photocatalytic optical fibers have proven highly useful for the removal and conversion

of different kinds of air pollutants in air. However, these fibers suffer from low photocatalytic degrada-

tion efficiencies. In this review, we have focused on introducing photocatalytic quartz optical fibers and

photocatalytic plastic optical fibers for the degradation and transformation of gas-phase air pollutants.

The principle of photocatalytic optical fibers and main methods for improving their photocatalytic and

light utilization efficiencies based on semiconductor photocatalytic coatings are summarized. Moreover,

the Langmuir-Hinshelwood kinetic rate equation was summarized to analyze the photocatalytic reduction

of gaseous pollutants. Finally, an outlook on the future of photocatalytic optical fibers toward the removal

and conversion of gaseous air pollutants is discussed.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Although modern industries provide support for economic de-

velopment, they also cause serious environmental pollution, such

as the liquid-, gas-, and solid-phase contaminants discharged from

human activities and industrial processes [1–4]. Gas-phase con-

taminants are a problem that must be solved immediately because

the increase in air pollution from transportation and petrochemical

production has caused an immediate decrease in the clean, fresh

air needed to maintain our current and future lives [5]. Recent esti-

mates suggest that exposure to air pollution may be linked to more

than 9 million deaths worldwide per year [6], indicating that the

contribution of air pollution to global mortality may be increasing.

Therefore, it is necessary to improve the air quality by removing

or transforming the gaseous contaminants emitted into the air by

daily human and industrial activities for the sake of human health.
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At present, air pollutant treatment methods mainly include

plant adsorption, air fresheners, UV irradiation, ozone, thermal

catalysis, electrocatalysis, photocatalysis, etc. [7]. Among them,

photocatalysis has already been successfully applied for the purifi-

cation of gaseous pollutants owing to its low energy consumption,

environmental friendliness, and sustainability.

The basis of photocatalytic technology is to coat the surface of

a substrate such as a lamp casing, glass, polymer, or activated car-

bon with TiO2, ZnO, Keggin, or other complex nanostructures that

can produce photocatalytically active substances to degrade or con-

vert harmful gas pollutants with light excitation [8–12]. Although

promising, there are still many challenges that prevent the practi-

cal application of photocatalysis due to the low light utilization ef-

ficiencies and mass transmission limitations caused by absorption

and scattering of the reaction medium, which makes it difficult to

degrade and convert gas contaminants rapidly and efficiently [13].

To solve these problems, Marinangeli and Ollis first proposed

the use of optical fibers for both light transmission and as a pho-

tocatalyst support because the fibers have low mass transfer re-

sistance for light, and light can emit from the fiber surface to di-

rectly excite photocatalytic reactions [14]. Experimental application

of this novel idea was demonstrated by Hofstadler et al. [15], who
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Fig. 1. Illustration of the light transmission and transformation mechanisms of pho-

tocatalytic optical fibers toward degrading gaseous pollutants in air. RI: n1 < n2.

Abbreviations: CB, conduction band and VB, valence band.

designed a TiO2-coated quartz fiber for the photodegradation of

organic pollutants. Photocatalytic optical fibers have been widely

studied as a highly efficient method for the treatment of wastew-

ater, especially the development of TiO2-coated photocatalytic op-

tical fibers based on quartz optical fibers and plastic optical fibers

[4] due to their high specific surface area, high light utilization effi-

ciency, easy regeneration, and sustainability. Thus, numerous pho-

tocatalytic optical fibers based on quartz optical fibers and plas-

tic optical fibers as photocatalyst substrates have been reported to

degrade and convert pollutants in air [13,16–20]. However, pho-

tocatalytic optical fibers face challenges associated with the in-

tensity of light that excites the photocatalyst at the fiber surface,

the visible-light response of TiO2-based coatings, and catalyst poi-

soning caused by the attachment of photocatalytic byproducts and

dust [14,15,21]. These properties of photocatalytic optical fibers in

terms of the degradation and conversion of air pollutants have not

yet been systematically reviewed.

In this review, we systematically cover the development of pho-

tocatalytic optical fibers for the degradation of pollutants in air,

with particular focus on developments relevant to photocatalyst-

coated quartz and plastic optical fibers. The principles of opti-

cal fiber photocatalysis for representative photocatalytic optical

fibers and the kinetic equation for the photocatalytic degradation

of gaseous pollutants are summarized. We highlight the effects of

the optical fiber structural parameters and operation conditions on

the photocatalytic and quantum efficiencies reported in the several

decades since the first demonstration of pollutant degradation by

photocatalytic optical fibers. This information may provide crucial

clues toward designing high-performance optical fiber reactors for

removing air pollutants. The progress and prospects of photocat-

alytic optical fibers for the degradation of gaseous air pollutants

are finally summarized.

2. Theoretical analysis of fiber-optic catalytic degradation of

pollutants

To achieve the photocatalytic degradation and conversion of

gaseous air pollutants, a photocatalyst must be fixed on a cladding

or thin fiber surface, as shown in Fig. 1. Thus, when the light-

incident end of the photocatalytic optical fiber is coupled to a UV-

visible light source, the evanescent wave transfers to the photocat-

alyst coating at the fiber-coating interface because the refractive

index (RI) of the coating (such as TiO2) is higher than that of the

substrate, such as SiO2 for quartz optical fibers and polymethyl-

methacrylate for plastic optical fibers (RIs of SiO2, polymethyl-

methacrylate, and TiO2 are 1.548, 1.490, and 2.548, respectively

[21]). If the only light exciting the photocatalyst is the evanescent

wave at the fiber-coating interface, the light intensity (Ic) of the

photocatalyst is dependent on the position along the fiber and can

be expressed as Eq. 1 [22]:

IC = β ′
cIin exp

(
−Φ

z

L
− 2

y

dp

)
(1)

where β ʹc is the ratio of the light intensity in the photocatalyst to

the intensity in the fiber, Iin is the incident light intensity in the

fiber, Φ is the characteristic decay length for light in the fiber, z

is the axial coordinate, L is the length of the photocatalyst-coated

optical fiber, y is the radial coordinate into the catalyst from the in-

terface, and dp is the depth of penetration of the evanescent wave.

The parameter β ʹc is a function of the RI of the fiber (n1) and

photocatalytic coating (n2), as well the angle (θ ) of the reflecting

beam relative to the interface normal (Eq. 2):

β ′
c = 4n21cos

2θ

sin θ (1 − n2
21

)

[
1 + 2sin

2θ − n2
21

(1 + n2
21

)sin2θ − n2
21

]
(2)

where n21 = n2/n1. The parameter Φ is determined by the prop-

erties of the optical fiber and photocatalytic film and can be ex-

pressed as Eq. 3:

Φ = αfL

sin θ
+ βf cot θ + 4αcβcdc

df
L (3)

where αf is the absorption coefficient of the fiber, β f is the intrin-

sic surface loss per reflection, αc is the attenuation coefficient of

the TiO2 layer, βc is the ratio Ic/Ia for the thin photocatalytic film,

Ia is the axial light intensity, dc is the photocatalytic film thick-

ness, which is below the optimal thickness of the photocatalytic

film, and df is the fiber diameter.

When an evanescent wave enters the photocatalytic coating,

the light can be used by the photocatalyst to generate electron-

hole pairs. The generated holes can directly decompose and con-

vert gaseous pollutants and oxidize attached water molecules to

form •OH, and the injected electrons can then be scavenged by ad-

sorbed oxygen and water molecules to produce advanced oxides

(•O2
−, HO2

•−, and •OH), which can mineralize gaseous organic pol-

lutants into CO2 and H2O. According to the simplified model of

light intensity and reaction rate constant (rA) proposed by Wyness

et al. [23], rA of a photocatalytic reaction using a photocatalytic op-

tical fiber can be expressed as Eq. 4:

rA = m(Ic)
K ∝ n1

n2

· 1
θ

· 1

dp
· dc
df

· dc · L · Iin (4)

where m and K are constants. Eq. 4 shows that the photocatalytic

degradation of gas-phase pollutants is similar to the degradation of

liquid-phase pollutants [4,21] and that the photocatalytic activity

and reaction rate of photocatalytic optical fibers are controlled by

their structural parameters (RI of fiber core and cladding, fiber di-

ameter, absorption bandwidth of photocatalyst, and coating thick-

ness) and the incident light intensity. Furthermore, the reaction

rate is affected by the reaction conditions because the production

of •O2
− and •OH is affected by temperature, pressure, and humid-

ity.

To study the effect of reaction conditions (temperature, pres-

sure, concentration, etc.) on photocatalytic reactions for the re-

moval of different types of gas-phase pollutants, the reaction ki-

netic model based on the Langmuir-Hinshelwood equation has

been used to analyze the reaction kinetics, as shown in Eq. 5:

r = − kKC

1 + KC
(5)

where k and K are the rate constant and adsorption equilibrium

constant, respectively, which depend on the response at ambient

temperature, and r is the reaction rate for air pollutant photocatal-

ysis.
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3. Degradation of volatile organic compounds using

photocatalytic optical fibers

3.1. Degradation of benzene pollutants using photocatalytic optical

fibers

Benzene compounds (benzene, toluene, ethylbenzene and xy-

lene) have been identified as strong carcinogens that mainly orig-

inate from the volatilization of adhesives, paints, and coatings and

exist in the air as vapors [24,25]. Poisoning by benzene compounds

generally occurs via vapor inhalation or skin contact. Prolonged

exposure to excessive amounts of benzene can result in plastic

anemia, leukemia, and thrombolysis. In severe cases, exposure can

lead to a variety of diseases related to bone marrow suppression,

resulting in leukemia, lymphoma, multiple myeloma, or lung can-

cer. Therefore, the removal of benzene pollutants from the air is

crucial.

As a new advanced oxidation technology, optical fiber photo-

catalysis has been widely used for benzene removal. Photocatalytic

quartz optical fibers fabricated with 1.0 mm diameter quartz op-

tical fibers and a TiO2 photocatalyst coating have been used to

degrade benzene pollutants at room temperature [20,26]. In par-

ticular, the removal and mineralization of toluene were found to

be only slightly inhibited at higher UV intensities near the in-

put side of the fiber [25], revealing that recombination between

excess electrons and holes was not critical owing to the adsorp-

tion competition between intermediates and toluene on the TiO2

surface. However, the photocatalytic oxidation of gaseous benzene

was shown to be significantly affected by humidity because the

water molecules generate hydroxyl radicals, and excess water will

compete with the target reactant on the surface of the TiO2-coated

fiber and thus inhibit the photocatalytic reaction [25,27]. Impor-

tantly, studies have shown that the deactivated TiO2-coated fiber

can be regenerated by purging with ozone-containing air, indicat-

ing that the TiO2-coated silica optical fibers can be continuously

applied to the degradation of benzene pollutants [20,28].

Although TiO2-coated quartz optical fibers can be used to de-

grade gas-phase volatile organic compounds, the efficiency for

volatile organic compound removal is considerably low because of

the limited coating area and low light harvesting ability of the

photocatalysts [29]. To enhance the efficiency of quartz optical

fibers with a TiO2-based coating for the degradation of gaseous

1,2-dichlorobenzene, macroporous photonic bandgap TiO2 with an

inverse opal topology was fabricated and coated on the optical

fibers using polystyrene templates and sol-gel chemistry [29]. The

photocatalytic efficiency of the optical fiber with the photonic

bandgap TiO2 coating at a thickness of 3 μm was enhanced be-

cause of the increased “slow photon” intensity on the red edge of

the photon bandgap and reduced light scattering associated with

the regularity of the photonic titania pore structure [30]. These

factors improved the light transmission capability of the photocat-

alytic fiber and enhanced the photon utilization efficiency of TiO2.

A sunlight-/visible-light-responsive photocatalyst, i.e., graphitic

carbon nitride with a suitable bandgap, has also been developed,

and H3PW12O40/graphitic carbon nitride film-coated optical fibers

(fiber length of 8 cm, fiber diameter of 600 μm, and H3PW12O40/g-

C3N4 coating thickness of 8 μm) were prepared via a sol-gel-dip-

withdrawing route [31]. The H3PW12O40/graphitic carbon nitride-

coated optical fiber photoreactor, which is shown in Fig. 2, ex-

hibited enhanced gas-phase photocatalytic removal efficiencies for

benzene, toluene, and m-xylene at a relative humidity of 73% in an

air atmosphere [32]. The well-matched energy band structures and

intimate contact of the Keggin unit structures and graphitic carbon

nitride accelerated interfacial charge carrier separation and led to

plentiful •O2
− and •OH radicals involved in the reactions, which en-

hanced the photocatalytic activity. In addition, the increased con-

tact area between the catalyst film and quartz optical fiber and the

improved light harvesting capability also promoted the activity of

the H3PW12O40 graphitic carbon nitride film.

3.2. Degradation of acetone and isopropanol using photocatalytic

optical fibers

The volatile organic compounds acetone and isopropanol in

petrochemical products can trigger acute poisoning, causing severe

damage to human organs and the nervous system. Therefore, the

treatment of gas-phase isopropanol and acetone contaminants has

attracted extensive attention. Photocatalytic reactors using photo-

catalytic semiconductors combined with optical fibers have been

used for the degradation and conversion of gaseous acetone and

isopropanol pollutants. However, the environmental humidity and

light energy limitations affect the performance of such fiber-optic

photocatalytic reactors. As shown in Fig. 3a, photocatalytic fiber

bundles with a 1.5 μm thick TiO2 coating were used to miner-

alize acetone in air [33,34]. The results showed that the forma-

tion of hydroxyl radicals (•OH) on the surface of the TiO2-coated

quartz optical fibers can be increased by increasing the humid-

ity appropriately, which promotes the photocatalytic reaction un-

der UV light. However, the photocatalytic conversion efficiency of

the TiO2-coated quartz optical fibers was negatively affected by

the competition between water and acetone molecules for the ac-

tive centers on the surface. Additionally, the conversion of acetone

to CO2 increased synchronously with the incident light intensity

without showing any signs of saturation during acetone gas-phase

degradation. This indicates that the photocatalytic activity of pho-

tocatalytic optical fibers is affected by the intensity of the light ex-

citing the TiO2 coating, since absorption by TiO2 causes the inten-

sity of the propagating light to exponentially decrease along the

length of the coated fiber [14,22,33].

To address the light constraints and maintain a high quantum

efficiency, as shown in Fig. 3b, photocatalytic quartz optical fiber

bundles (18,000 pieces, 125 μm diameter) coated with TiO2 lay-

ers (2 μm thick) were used for gas-phase isopropanol degradation

under 365 nm UV light (input light intensity 1.6 × 1016 quanta

cm−2 s−1 to 2.6 × 1017 quanta cm−2 s−1) [35]. A high reaction

rate and high quantum efficiency were concurrently achieved at

a high light intensity because the TiO2-coated optical fiber bun-

dles redistributed the total input light intensity, and thus the in-

tensity entering each fiber was small (ca. 4.8 × 1012 quanta/s to

7.1 × 1013 quanta/s corresponding to the respective total input

light intensities), and the decomposition reaction of isopropanol al-

ready becomes limited by mass transport when performed in this

system. The distribution of photons supplied by the optical fiber

that refracted into the TiO2 coating was not uniform along the

fiber length [14,22,33]. Near the input side of the fiber, the larger

quantity of refracted photons (depending on TiO2 thickness and in-

cident light angle) means that some of the excess photons may

be lost to “leaking”. In contrast, at the output side of the fiber, a

smaller quantity of photons is refracted to the TiO2 coating (de-

pending on TiO2 thickness, fiber length, and incident light inten-

sity), resulting in a light limit and thus decreased light utilization

efficiency [35–37].

3.3. Degradation of trichloroethylene using photocatalytic optical

fibers

Trichloroethylene is an organochloride compound that has been

used in industries as a solvent, degreasing agent, and cleaning

agent [38,39]. To effectively remove the trichloroethylene, Chen

et al. [17] investigated the effect of photocatalysis on the degrada-

tion of trichloroethylene in the aqueous phase by a photocatalyst-

coated plastic optical fiber. The TiO2-coated plastic optical fiber
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Fig. 2. (a) Schematic diagram of the optical fiber photoreactor used in a previous study. Copied with permission [25]. Copyright 2005, Young Ku. (b) Custom-made

H3PW12O40/graphitic carbon nitride film-coated optical fiber photoreactor (300 mL) for the gas-phase photocatalytic removal of aromatics. Copied with permission [31].

Copyright 2019, Elsevier. (c) Schematic diagram of the VUV photocatalytic oxidation system. Copied with permission [32]. Copyright 2017, Elsevier.

Fig. 3. (a) Schematic diagram of the tubular optical fiber photocatalytic reactor. Copied with permission [34]. Copyright 2013, Elsevier. (b) Schematic diagram of the TiO2-

coated optical-fiber-based photocatalytic reactor. Copied with permission [35]. Copyright 2000, Elsevier.

showed a higher degradation efficiency of trichloroethylene in an

alkaline solution, while the ZnO-coated plastic optical fiber per-

formed better in an acidic solution (Fig. 4a). As the thickness of

the photocatalyst layer increased, the trichloroethylene degradation

efficiency decreased. To determine the degradation rate, a mod-

ified Langmuir-Hinshelwood model was created as expressed by

Eq. 6 [17]:

1

kapp
= co

kapp
+ 1

krks
(6)

where kapp is the apparent degradation rate constant, C0 is the ini-

tial concentration of trichloroethylene, and kr and ks are the in-

trinsic reaction rate constant and Langmuir-Hinshelwood adsorp-

tion constant, respectively.

The parameter ROH, UV for showing the conversion efficiency of

hydroxyl radicals on trichlorylethylene is calculated using Eq. 7:

ROH,UV =
∫ t

0 [OH]dt

H
= k′D

T

kOH,PCBA

(7)

where H is the UV fluence (mJ/cm2), kOH, pCBA = 5.2 × 109

L mol−1 s−1, and k
‘D
T

is the total oxidation rate constant (mJ/cm2),

which changes based on the flow rate [17]. When the pH changes

in the range of 4–10, ROH, UV of ZnO-coated photocatalytic opti-

cal fibers changed more significantly than that of the fibers coated

with TiO2. Additionally, the TiO2-coated photocatalytic optical fiber

exhibited a higher trichloroethylene degradation efficiency in basic

solutions, while the ZnO coating functioned better in acidic condi-

tions.

To enhance the degradation of Trichloroethylene, TiO2-coated

plastic optical fiber bundled arrays (TiO2-coated part length of

30 cm, 15 fibers) were employed to decompose trichloroethylene

under excitation by a 1000 W xenon lamp [40]. A cylindrical plastic

optical fiber bundled array reactor (650 mL; 40 cm length × 4.5 cm

diameter) was manufactured, and its working principle is shown in

Fig. 4b. The photocatalytic activity of photocatalyst-coated plastic

optical fibers has been improved by optimizing parameters includ-

ing the photocatalyst thickness, number of optical fibers, humidity,

and oxygen content [41–43].

3.4. Degradation of aldehyde volatile organic compounds using

photocatalytic optical fibers

Aldehyde compounds (such as formaldehyde and acetaldehyde)

are recognized as typical indoor organic environmental pollutants

and exist widely in modern building materials, vehicle exhaust and

several food products [44]. Therefore, it is necessary to remove or

degrade these toxic compounds from air.
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Fig. 4. (a) Schematic diagram of ZnO nanorods coated on a plastic optical fiber core. Copied with permission [75]. Copyright 2016, Waleed Soliman Mohammed. (b) Schematic

diagram of photocatalytic working principle in a plastic optical fiber. Copied with permission [40]. Copyright 2003, Elsever. Abbreviations: POF, plastic optical fiber, PMMA,

polymethylmethacrylate.

To remove the aldehyde organic pollutants, TiO2-coated plastic

optical fibers were explored [42]. However, the photocatalytic

reactions of the organic pollutants have some limitations due to

the limited length of photocatalytic plastic optical fibers and the

low photonic efficiency of their coatings. To solve the limited

length of TiO2-coated plastic optical fibers, a textile was fabri-

cated by combining a polymer (polyester), which provided robust

mechanical properties, with side-emitting plastic optical fibers at

a diameter of 500 μm and roughness of 10 μm [42]. The TiO2

coating was then obtained by dipping the optical fiber textile in

a concentrated aqueous suspension of TiO2 (50 g/L) at 70 °C for

1 h and drying for 2 h at 75 °C. The TiO2-coated textile showed

a high photocatalytic efficiency for the removal of formaldehyde

(degradation rate reached 76 mol h−1 m−2) because the textile

allowed for radial light leakage. As a result, the amount of light

emitted on the surface of the textile from the plastic optical fibers

was high, whereas diffuse light represented only approximately 2%

of the total emission.

The photonic efficiency of photocatalytic coatings for the degra-

dation of the aldehyde organic pollutants can also be improved by

dispersing noble-metal nanoparticles (such as Pt, Pd, and Au) into

semiconductor photocatalysts [45–48]. For example, plastic optical

fibers with a Pt/TiO2 coating showed a higher acetaldehyde oxi-

dation rate than TiO2-coated plastic optical fibers [45]. The metal

nanoparticle dopant in the TiO2 coating can inhibit the recombi-

nation of photogenerated electrons (e−) and holes (h+) and induce

local surface plasmon resonance [45,49]. Furthermore, to reduce

the bandgap and extend the absorption band in the visible light

range, non-metal doping with carbon results in attractive photo-

catalytic properties since the substitution of oxygen with carbon

atoms results in new energy states in the TiO2 bandgap [50–52]. In

particular, the bandgap energy of C/TiO2 can be downregulated to

3.02 eV with 2.98% carbon [50], which can overcome the low UV

transmission of plastic optical fibers. Thus, 3.2 mm thick C/TiO2-

coated plastic optical fibers showed a high photodegradation effi-

ciency (76%) for toluene under a 500 W Hg lamp with peak wave-

lengths of 300, 405, and 436 nm.

3.5. Degradation of other volatile organic compounds using

photocatalytic optical fibers

Methane is a greenhouse gas that is more active than carbon

dioxide in the air and is widely present in natural gas, biogas, coal

gas in well pits, and high-quality fuel gases. Methane in the air at a

certain concentration will cause headaches, dizziness, fatigue, lack

of concentration, rapid breathing and heartbeat, and other symp-

toms, even shock.

To remove methane in air, photocatalytic quartz optical fibers

based on 110 quartz fibers (diameter of 400 μm) coated with TiO2

(thickness of 1 mm) were adopted to degrade methane [53]. It was

discovered that with a quartz optical fiber length of 20.5 cm, rela-

tive humidity of 60%, gas flow rate of 100 mL/min, and collimated

UV light from a 200 W light source (mercury-xenon lamp) at

wavelengths of 300–400 nm, the degradation efficiency of methane

and ethylene reached 98% within 1.2 h [35]. This high degrada-

tion efficiency was attributed to the small-diameter quartz optical

fibers coated with TiO2 providing a high photoactive TiO2 surface

area. Fiber bundles were adopted because they can enhance the

specific surface area and light utilization efficiency of photocata-

lysts [35]. In fiber bundles, to enhance the light collection capa-

bility, a long-focal-length lens in front of the fiber was employed

because the receiving cone angle of the optical fiber was in the

range of 8°−47°. Peill and Hoffmann [54] found that the smaller

the angle of incidence is, the fewer light refractions will occur in

the fiber, allowing the light to travel further along the fiber and

thus making the light distribution more uniform. Once again, it has

been confirmed that achieving a uniform light distribution along

the optical fiber and TiO2 coating may improve the light utilization

efficiency and processing capacity of photocatalytic optical fibers.

The degradation performance of different volatile organic com-

pounds is shown in Table 1.

4. Degradation of other gas pollutants using photocatalytic

optical fibers

4.1. Degradation or conversion of CO2 using photocatalytic optical

fibers

As the main greenhouse gas, carbon dioxide severely affects the

sustainability of the global ecological environment and damages

human health. Methods to remove CO2 efficiently from the atmo-

sphere have become key to alleviating the greenhouse effect and

purifying the air. Among the various measures to reduce the im-

pact of carbon dioxide, recycling CO2 to produce fuel is the most

promising, as it could also alleviate the problems of energy short-

age and environmental pollution.
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Photocatalysis is the most promising way to convert CO2 to fuel.

However, the overall efficiency of the photoreduction of CO2 to

fuels is mainly dependent on the use of a highly efficient cata-

lyst [55,56] and suitable photoreactor configuration. Recently, two-

phase and three-phase photocatalytic reactors have largely been

used for CO2 photoreduction, including slurries, optical fibers, and

monolith reactors [19]. The electron-hole recombination rate and

loss of light intensity can be reduced and the photocatalytic effi-

ciency improved compared with traditional solid-state reactors by

using optical-fiber reactors with a high specific surface area [57].

To improve the activity and stability of TiO2-based photocata-

lysts for application to different photocatalytic scenarios, semicon-

ductor coupling and doping with transition metals, noble metals,

and non-metals can be performed [58]. However, doping different

components can have different effects on CO2 degradation. Under

UV irradiation, it was found that the overall total energy efficiency

of Cu-Fe/TiO2-SiO2 (0.0182%) is much higher than that on a C-

Fe/TiO2 counterpart (0.0159%) in a reactor, as shown in Fig. 5 [59].

Furthermore, the former photocatalytically reduces CO2 to produce

CH4, whereas the latter produces C2H4. However, under natural

light, both catalysts produced only methane with yields of 0.279

and 0.177 mol gcat
–1 h–1, respectively. This phenomenon is well ex-

plained by the fact that the flat-band potential and valence band

of iron oxide are lower and higher than those of TiO2, respectively.

Additionally, the presence of SiO2 increases the efficiency of elec-

tron transfer from TiO2 to Fe3O4 or CuO, while holes seem to be

mainly produced by TiO2; this inhibits electron-hole recombination

and improves the photocatalytic CO2 reduction efficiency [60]. Fur-

thermore, previous studies have shown that Au-TiO2 nanoparticles

can selectively catalytically reduce CO2 to CO, and a Cu-supported

In2O3/TiO2 photocatalyst can not only promote the conversion of

CO2 to CH4 but also further synthesize CH3OH [61,62].

The photocatalytic activity can be improved by doping the pho-

tocatalyst, while changing the structure of the reactor to increase

contact with the gas and a uniform dispersion of light can fur-

ther improve the photocatalytic CO2 degradation efficiency [19,63–

65]. In recent years, optical fiber monolith reactors with a catalyst

coated on the inner surface have attracted attention due to their

high light utilization ratio. Compared with the previously men-

tioned monolith reactors with internal irradiation, the quantum

efficiency of monolith reactors with microchannels is significantly

improved due to the higher luminescent surface area and increased

photon-in-reactor time [66,67]. The monolith fiber reactor shown

in Fig. 6 was constructed using polymethylmethacrylate optical

fibers, which can transmit and scatter light to effectively illumi-

nate the catalyst [19]. A two-dimensional simulation model was

also built to better analyze the functional relationship between the

quantum efficiency of photocatalytic CO2 reduction and changes in

the reactor parameters (water vapor concentration, flow rate, and

light input) [68]. They found that the output methanol concentra-

tion increased with the inlet water vapor concentration and light

intensity, but the methanol production efficiency decreased when

the fiber deviated from the overall reactor axis. In addition, the

light power reaching the reaction surface and production rate per

input power were investigated to analyze the advantages of differ-

ent types of monolith fiber reactors [69]. The optimum structural

parameters were determined to be a middle tube radius of 1.2 mm

and reactor length of 50 mm by comparing the selected parame-

ters using monolith fiber reactors with different radii, lengths, and

number of fibers. With the same velocity and fiber number, the

optical power was shown to be linearly related to the photocat-

alytic product (methanol) concentration.

Particularly, Wang et al. [68] also discovered that when KC <<

1, the kinetic rate equation for the photocatalytic reduction of CO2

by optical fibers can be expressed as Eq. 8:

−rAS = kTI
nC (8)
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Fig. 5. (a) Schematic diagram and (b) images of a photoreactor with catalyst-coated optical fibers. Copied with permission [59]. Copyright 2008, Elsevier.

Fig. 6. Schematics of a monolith reactor and illumination fibers. Copied with permission [74]. Copyright 2010, Elsevier.

where kT is the overall rate constant obtained by fitting the ex-

perimental data, and the index n indicates the extent of the in-

fluence of light intensity on the reaction rate, where a higher n

represents a faster photocatalytic reaction. Assuming the catalyst

can absorb all the light on the surface, which corresponds to n= 1,

Eq. 8 can be simplified. The reaction kinetic model for the pho-

tocatalytic reduction of CO2 to produce methanol can then be ex-

pressed as Eq. 9.

r = kI
KH2OKCO2

(PH2OPCO2
)

(1 + KH2OPH2O + KCO2
PCO2

+ KCH3OHPCH3OH)
2

(9)

4.2. Degradation of ammonia, nitric oxide (NO) and hydrogen sulfide

(H2S) using photocatalytic optical fibers

Aammonia, NO and H2S are gaseous pollutants present in daily

life that are produced in various industries such as medicine and

agriculture [70]. Ammonia gas, which is mainly produced by agri-

cultural and animal husbandry activities, will burn the mucous

membranes of the skin, eyes, and respiratory organs. NO is largely

produced by transportation and fuel combustion and may cause

water, soil, and atmospheric pollution. Inhaling a certain amount of

these gases can damage the respiratory tract [71] and cause lung

swelling, headaches, dizziness, and other symptoms [72]. H2S is

identified as a gasotransmitter and is colorless, odorous, and highly

toxic, which could be found in air and causes acidic rain and cor-

rosion.

Ammonia gas and NO can be removed by intimately coupling

photocatalysis and quartz optical fibers. The performance of pho-

tocatalytic optical fibers is tied to the influence of the catalyst.

Improving the coating method and doping can effectively improve

the reaction efficiency. In one study, the TiO2 coatings were pre-

pared by three different methods (thermal hydrolysis, Hombikat

XXS100, and P25) to improve quartz optical fibers (300–400 nm,

70 W light/matt) for ammonia gas degradation [53]. Compared

with Hombikat XXS100 and P25, the thermal hydrolysis coating re-

duced the surface contact angle to nearly zero more quickly under

UV light, showed super hydrophilicity, and recovered the contact

angle slower after the lamp was turned off. Therefore, the thermal

hydrolysis coating could more effectively react with water to gen-

erate •OH radicals and carry out the reduction reaction. The ther-

mal hydrolysis coating not only has a strong photoactivity but is

also smooth and resistant to cracking, and so this method is suit-

able for the preparation of TiO2 films.

Of natural light, the UV range accounts for only 5%, and since

pure TiO2 (wide bandgap of 3.2 eV) is only excited by UV light,

the utilization efficiency of natural light is limited. Coating Ag/TiO2,

Cu/TiO2, Pt/TiO2, or other metal-doped TiO2 on quartz optical

fibers has thus been explored to degrade NO (50/400 ppm). These

doped coatings make the redox reaction more effective by extend-

ing the excitation band of TiO2 to the visible light region (wave-

lengths > 380 nm) and allowing for more efficient light utiliza-

tion. For oxygen/water vapor, the material with the lowest activity

in the UV-visible spectrum is Cu/TiO2, and that with the highest

activity is Pt/TiO2, the degradation efficiency of which can reach

90% [73]. Therefore, in future research, it is particularly important

to rationally design and optimize the TiO2-coated quartz optical

fiber parameters (incident light intensity and angle; fiber length,

diameter, and number; catalyst coating thickness; etc.) and deter-

mine how to apply photocatalysts to improve their quantum and
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light utilization efficiencies toward improving the photocatalytic

efficiency. In particular, achieving a uniform distribution of light

along the fiber and TiO2 coating may be a good choice to improve

the light utility and processing capacity.

Furthermore, in the process of using optical fiber photocataly-

sis to degrade H2S, Brancher et al. [16] employed the mass balance

equation for a steady-state plug flow reactor and obtained the fol-

lowing Eq. 10:

V

Q
= 1

kK
(Cinlet/Coutlet) + 1

k
(Cinlet −Coutlet) (10)

where Q is the volumetric gas flow rate, the ratio V/Q represents

the average time for molecules to pass through the optical reac-

tor, and Coutlet and Cinlet are the pollutant concentration at the re-

actor outlet and inlet, respectively. After simplification, the above

formula can be written as follows (Eq. 11):

ln(Cinlet/Coutlet)

Cinlet −Coutlet
= kKτ

Cinlet −Coutlet
− K (11)

Through the constructed kinetic model for the photocat-

alytic oxidation of H2S based on the Langmuir-Hinshelwood ap-

proach, the reaction constant (k) was calculated as approximately

10.5 μmol m−3 s−1 and the adsorption constant (K) as 5263 m−3.

5. Conclusion and future prospects

In this review, we systematically covered developments in pho-

tocatalytic optical fibers for the degradation and conversion of

air pollutants. The principle of optical fiber photocatalysis for

representative photocatalytic optical fibers was summarized, and

we highlighted the reported effects of the structural parameters

of photocatalytic optical fibers on their photocatalytic and quan-

tum efficiencies. Moreover, the Langmuir-Hinshelwood kinetic rate

equation was summarized to analyze the photocatalytic reduction

of gaseous pollutants, which provides important information for

the design of effective methods to improve the performance of

photocatalytic fibers toward the removal and conversion of gaseous

pollutants.

To use photocatalytic optical fibers for the rapid and sustain-

able degradation and conversion of air pollutants, the performance

of the optical fibers should be further enhanced. The excitation

light intensity of the photocatalyst coating on the optical fibers is

affected by incident light angle, fiber length, fiber diameter, fiber

number, catalyst coating thickness, etc. Importantly, the photocat-

alytic optical hollow-fibers, which RI of the fiber (air) core (nco)

is lower than that of the fiber cladding (ncl) and RI of the ncl is

lower than that of the photocatalyst coating, should be adopted to

enhance the excitation light intensity of the photocatalyst coating

for the degradation and conversion of air pollutants.

The photocatalyst activity is also an important factor affect-

ing the degradation or conversion of gaseous pollutants by optical

fibers. As such, the doping of well-known semiconductors such as

TiO2 and ZnO with upconversion luminescent metals, metal oxides,

or non-metals such as carbon or carbon nitrides, as well as the use

of composites and perovskite-based materials, would be another

way to improve the degradation and conversion efficiencies for air

pollutants. In particular, accurate matching between the photocat-

alyst and oxidation or reduction required for the degradation and

conversion of air pollutants is very important, because photocat-

alysts include strong oxidation photocatalysts and reduction pho-

tocatalysts. The photocatalytic optical fibers with strong oxidation

photocatalysts can easily remove gaseous organic pollutants and

NO, and the photocatalytic optical fiber with strong reducibility

is a good choice for CO2 conversion. The Langmuir-Hinshelwood

model can be used to analyze the optimal photocatalytic reaction

conditions, and thus increases the efficiency of photocatalytic re-

moval of toxic gases. Furthermore, the porous structure of pho-

tocatalytic coatings and their ability to adsorb reactants and des-

orb products also need further improvement. Therefore, many chal-

lenges and questions remain to be addressed in the use of optical

fibers to degrade and convert air pollutants.
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