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• Gas-phase singlet oxygen (1O2) genera-
tion from Rose Bengal-impregnated filter

• A simple experimental set-up for gas
phase 1O2 estimation from impregnated
filter

• Sensitizer loading and light intensity
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• Potential application of 1O2 for indoor
bacteria/virus inactivation in air
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Airborne infectious diseases such as the new Coronavirus 2019 (COVID-19) pose serious threat to human health.
Indoor air pollution is a problem of global environmental concern as well. Singlet oxygen (1O2) is a reactive ox-
ygen species that plays important role in bacteria/virus inactivation and pollutant degradation. In this study, we
found that commercially available filters typically deployed in air purifier and air conditioning units, when im-
pregnated with Rose Bengal (RB) as a 1O2 sensitizer, can be used for heterogeneous gas-phase generation of
1O2. It was confirmed that irradiation of the RB filter under oxygen gas stream produced 1O2, which was mea-
sured using furfuryl alcohol trapping method followed by HPLC analysis. It was also observed that the amount
of 1O2 generated increases as the light intensity increased. Similarly, the sensitizer loading also positively influ-
enced the 1O2 generation. The heterogeneous gas-phase generation of 1O2 can find potential applications in air
purifier and air conditioning units for the purpose of bacteria/virus inactivation and/or pollutant degradation
thereby improving indoor air quality.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Air pollution is a problemof global concern,with indoor air pollution
particularly worrisome. Indoor air can be polluted with both chemical
awa).
and microbial contaminants thereby posing a great threat to human
health. The outbreak of airborne infectious diseases such as the recent
Coronavirus disease (COVID-19) requiresmethods for virus inactivation
in indoor air. SARS-CoV-2 (the virus responsible for COVID-19)
remained viable in aerosols for up to 3 h under environmental condi-
tions (van Doremalen et al., 2020). Therefore, poor ventilation may en-
able the spread when infected and uninfected people are in close
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contact or in a closed environment. The involvement of reactive oxygen
species (ROS) such as singlet oxygen (1O2) in bacteria/virus inactivation
and pollutant degradation can be explored for the purpose of improved
indoor air quality.

Singlet oxygen, which is molecular oxygen in its lowest excited
electronic state, is a reactive oxygen species (ROS) that is photo-
chemically formed by the action of an irradiation light on a photo-
sensitizer in the presence of molecular oxygen. It is involved in the
degradation of pollutants (Latch et al., 2003; Liu & Sun, 2011; Kim
et al., 2012; Xie et al., 2018; Blacha-Grzechnik et al., 2020) and inac-
tivation of bacteria/virus (Banks et al., 1985; Dahl et al., 1987, 1988;
Lenard et al., 1993; Nitzan et al., 1995; Wainwright et al., 1998;
Usacheva et al., 2001; Villen et al., 2006; Bartusik et al., 2012a;
Costa et al., 2012; Felgenträger et al., 2014; Kim et al., 2020). Photo-
dynamic inactivation (PDI), which involves generating ROS such as
1O2 upon irradiation of a sensitizer, has been deployed to inactivate
a wide range of bacteria and viruses. PDI occurs via two mechanisms,
namely: Type I mechanism involving the generation of free radicals,
and Type II mechanisms involving 1O2. Type II mechanism involving
generation of 1O2 has been shown to be the predominant mechanism
of bacteria/virus inactivation (Costa et al., 2012). Comprehensive re-
views highlighting the various bacteria (Hamblin and Hasan, 2004;
Liu et al., 2015) and viruses (Costa et al., 2012) inactivated by 1O2

are available in literature. Viruses including human immunodefi-
ciency virus (HIV), influenza virus, Sendai virus (Lenard et al.,
1993), dengue virus (Huang et al., 2004), vaccinia virus (Turner
and Kaplan, 1968), adenovirus (Schagen et al., 1999), enterovirus
(Wong et al., 2010) etc. have all been reported to be inactivated by
1O2. In addition, it was showed that herpesvirus and influenza virus
(enveloped type) and adenovirus and poliovirus (unenveloped
type) were inactivated by 1O2 using a spray of Rose Bengal (RB) solu-
tion as mist and air scavenging system (Masaoka et al., 2013). Fur-
thermore, a recent report by Eickmann et al. (2018) showed that
both UVC and methylene blue/light (MB/L) systems were effective
in inactivating Ebola virus (EBOV) and Middle East respiratory syn-
drome coronavirus (MERS-CoV) in blood plasma. The MB/L systems
involves irradiation of methylene blue by visible light to produce
1O2. The inactivation of MERS-CoV, which belongs to the same
genus and family with Covid-19 virus, suggests that 1O2 may also
work for the inactivation of COVID-19 virus.

The above-mentioned reports majorly involved homogeneous
1O2 generation. However, homogeneous generation in aqueous
phase cannot be easily deployed to provide 1O2 needed in the gas
phase for potential indoor air purification. 1O2 can also be generated
from heterogeneous systems where a solid-state sensitizer, either in
isolation or deposited by physical and/or chemical modification onto
another solid substance, is irradiated in the presence of oxygen gas to
generate 1O2, which flows along with the gas stream into a collecting
solution where it reacts with a substrate. Reaction of the formed 1O2

with the selective substrate in solution provides evidence of 1O2 gen-
eration from the solid-gas heterogeneous system. In addition to sub-
strate solution, involvement of 1O2 in the deactivation of bacteria and
viruses in air has also been reported. Kim et al. (2020) showed that
1O2 inactivated micro-organisms in air up to a distance of
10–15 cm away from the source. Several researchers have presented
different experimental set-ups based on this heterogeneous system
and demonstrated 1O2 generation from them with further applica-
tion of the generated 1O2 for substrate degradation or bacteria/
virus inactivation (Bartusik et al., 2012a, 2012b; Zamadar et al.,
2009; Aebisher et al., 2010; Carpenter et al., 2015; Zhao et al.,
2014; Hettegger et al., 2015). Nevertheless, the potential application
of 1O2 for the purpose of improved air quality has not been well ex-
plored. One way of achieving that is to develop products that can
generate 1O2 in the gas phase. Such products will help to inactivate
micro-organisms in the indoor environment and may find applica-
tions as air purifiers in places like small rooms or offices, on
automobiles, trains and even hand dryers. This will make a signifi-
cant contribution towards cleaner indoor air by removing bacteria/
virus or pollutants present in the air.

In this study, we present a simple, inexpensive set-up, designed
from commonly available materials, for gas-phase 1O2 generation. A fil-
ter material typically employed in the air purifier and air conditioning
units was impregnated with Rose Bengal and irradiated using a panel
of LED lights. Furfuryl alcohol (FFA) in solution was used as a substrate
to provide qualitative and quantitative evidence of 1O2 generation from
the filter.

2. Materials and methods

2.1. Filter impregnation with Rose Bengal

The reagents and materials used are listed in supplementary infor-
mation (S1). RB stock was prepared by dissolving 10 g RB in 150 g of
the supplied gel. Two pieces of filters of the same dimension (L × W:
7 × 2.2 cm) were cut-out from the same filter material and their initial
weights were obtained. RB was physically impregnated into one of the
filters by completely immersing it in the RB-dissolved gel for 5 min.
The gel was necessary to help impregnate RB in the filter because of
the hydrophobic nature of the filter. The other filter was treated with
a blank gel and used as the control filter. Both filters were dried over-
night using cold air from an air drier. Treating the control filter with
the blank gel helped to account for the contribution of the gel to the
weight of the filters after drying. The RB-treated filter was further sub-
jected to air blowing to remove any loosely adhered RB particles on
the filter. The images of the RB-treated and control filters are presented
in Fig. S2. Thereafter, the amount of RB impregnated into the filter was
determined gravimetrically from the difference in the weight of the fil-
ter before impregnation and weight after impregnation (dry, RB-
impregnated filter). The amount of RB per area of filter (mg/ cm2) was
then calculated.

To investigate the effect of sensitizer loading on 1O2 generation, dif-
ferent filters were impregnated with varying amounts of RB. This was
done by firstly preparing serial dilutions (10, 50 and 1000-fold dilu-
tions) of the RB stock using the blank gel. Thereafter, filterswere treated
with these dilute solutions (Fig. S2). The amount of RB impregnated into
the filters from treatment with different solutions of RB was also
calculated.

2.2. Experimental set-up for 1O2 photogeneration and monitoring

A schematic diagram of the set-up in this study is shown in Fig. 1a
while Fig. 1b and c are pictures taken in the dark and during irradia-
tion respectively. The experimental set-up employed involved im-
mersion of the RB-filter, protected by a PTFE hydrophobic filter, in
the trapping solution with oxygen flowing through it during irradia-
tion. The RB-impregnated filter was attached to a glass column
(length × base i.d.; 8 × 1.3 cm) with an acrylate adhesive. The base
of the glass column where the RB-impregnated filter had been at-
tached was then covered by a hydrophobic PTFE filter which was
glued to the edges of the glass column and secured tightly to the
sides of the column using transparent tapes. The column was stop-
pered at the top using a silicon stopper with hole. A capillary tube
was inserted into the glass column through the hole of the stopper.
The tube delivered oxygen gas to the surface of the RB-
impregnated filter at a rate of 0.1–0.2 L/min. The stopper ensured
that the top of the column was air-tight preventing any loss of oxy-
gen through the top. The stability of this assembly and monitoring
potential leakage or damage was ensured by immersing the assem-
bly firstly in ultrapure water for about 5 min prior to immersion in
the substrate solution. This preliminary immersion test showed
that there was no leakage or leaching of RB into the solution. This
rules out any possibility of aqueous phase contribution to 1O2
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Glass column 

Fig. 1. (a) A schematic diagram of the experimental set-up for 1O2 generation from RB-treated filter. (b) Picture showing the immersion of the assembly in water. This is used to check for
potential failure of the assembly, leakage or leaching of RB prior to immersion in the substrate solution and irradiation. (c) Picture of a typical irradiation process for gas-phase 1O2

generation.
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generation. The test also showed that at the immersion depth, the
gas stream was sufficiently contacting the solution and was not just
directly escaping into the air in the laboratory. This was necessary
to ensure optimal contact between the 1O2 in the gas stream and
the substrate solution. This shows that potential 1O2 exiting the filter
along with oxygen flow will contact the reacting solution.

The irradiation light was suspended above the glass column. The
light was from a locally fabricated LED panel (Excel Co. Ltd., Fukuyama,
Japan) consisting of 60 LED bulbs emittingwhite lightwith a power out-
put of up to 144Wwhen the full irradiationmode is adopted. The spec-
trum of the irradiation light was obtained using a miniature
spectrophotometer device (Flame spectrophotometer, Ocean optics,
U.S.A.) while the light intensity was measured using a pyranometer
(LI-COR LI-189, U.S.A). As shown in Fig. S1, the LED light has peaks
around 445 nm and 550 nm which matches the λmax of RB at about
550 nm.

Four mL solution of 100 μM FFA in D2O was employed as a substrate
to demonstrate 1O2 generation from the irradiation of impregnated fil-
ter. 1O2 reacts with FFA to produce 6-hydroxyl-2H-pyran-3(6H)-one
(6-HP-one) as amajor product (Haag et al., 1984). 1O2 arriving in the so-
lution was monitored indirectly through the degradation of FFA and
corresponding formation of 6-HP-one byHPLC analysis (Supplementary
info. S2). Although 1O2was not generated in solution in this experiment,
but in the gas-phase from the irradiation of RB-treated filter, the deter-
mined photoformation rate (calculated in solution) is indicative of the
amount of 1O2 arriving in the substrate solution. This is expected to be
lesser than that generated from the filter due to quenching of some
1O2 as it travels through the pores of the filter, or by the gas stream be-
fore successfully contacting the substrate solution. Therefore, the ob-
tained information on 1O2 generation from the filter can be regarded
as an estimate.
3. Results and discussion

3.1. Monitoring 1O2 formation

The 1O2 in the oxygen gas stream passing through the filter and ar-
riving in the substrate solution was monitored indirectly by following
the peaks of FFA degradation and 6-HP-one formation. Monitoring 6-
HP-one formation confirms that the degradation of FFA is due to chem-
ical reactionwith 1O2 arriving from the filter into the substrate solution.
A typical plot showing the degradation of FFA and corresponding forma-
tion of 6-HP-one is shown in Fig. 2a. Furthermore, the degradation of
FFA due to 1O2 followed a first order kinetics. The first order plot of
FFA degradation during irradiation of RB-treated filter and untreated
(blank) filter is shown in Fig. 2b. Irradiation of the RB-treated filter
caused a significant degradation of FFA compared to the blank filter.
The value obtained for the blank filter was similar to that obtained
when the FFA solution was directly irradiated with oxygen flowing
into the solution in the absence of the filter assembly. This suggests
that the blank filter had no significant contribution to 1O2 formation
and that the RB-treated filter was solely responsible for the formed
1O2. In addition, there was no leaching of RB into solution during the ir-
radiation. This is because the hydrophobic PTFE filter shielded the RB-
treated filter from directly contacting the solution. This is a very impor-
tant precaution because RB is highly soluble (100 mg/mL) in water.
Therefore, any contact between the RB-treated filter and the solution
will encourage a massive leaching or dissolution of RB. Under such sce-
nario, there will be aqueous phase contribution to 1O2 generation. No
leaching of RB, in part or whole, was observed during our experiments.
This shows that the only source of 1O2 is that generated from the irradi-
ation of the RB-treated filter which reaches the solution through the gas
stream. Immersion of the filter assembly, with continuous oxygen flow,
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Fig. 2. (a) Degradation of FFA and corresponding formation of 6-HP-one, (b) First order FFA degradation during the irradiation of RB-treated filter. Values are mean of triplicate
measurements. Error bars are embedded.
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in the dark did not result in any appreciable loss of FFA or formation of
6-HP-one.

3.2. Solvent isotope effect and 1O2 scavenger

The solvent isotope effect and the influence of 1O2 scavengers are
two important ways of demonstrating the generation and involvement
of 1O2 in a particular reaction. To confirm the presence of 1O2 in the gas
stream arriving in the substrate solution, the solvent isotope effect was
studied by monitoring the degradation of FFA in D2O and H2O under
identical experimental conditions using the same RB-treated filter. It is
known that 1O2 has a lifetime in D2O that is about 13 times longer
than in water (Lindig et al., 1980). The deactivation rate constant of
1O2 in water is 2.5 × 105 s−1(Rodgers and Snowden, 1982) and
1.6 × 104 s−1 in D2O (Lindig et al., 1980). According to Fig. 3, the degra-
dation of FFA in D2Owas higher than in H2O. This can be associatedwith
the longer lifetime of 1O2 in D2O, allowing more 1O2 to undergo chemi-
cal reaction with FFA. This confirms the involvement of 1O2 in the deg-
radation of FFA. In the solvent isotope effect, it is important that the
concentration of FFA does not contribute significantly to the physical
quenching or deactivation of 1O2 in the solvents (D2O and H2O). From
the product of FFA concentration (100 μM) and the reaction rate
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Fig. 3. Effect of solvent and 1O2 scavenger on the reaction of 1O2 with FFA (100 μM). A RB-
treated filter was irradiated at an oxygen flow rate of 0.125 L/min. The substrate solution
as shown in the figure involve: 100 μM FFA in D2O, 100 μM FFA + 1 mM NaN3 in D2O,
100 μM FFA in water.
constant of 1O2 with FFA (8.3 × 107 M−1 s−1 in D2O) (Latch et al.,
2003), FFA made a negligible 5% contribution to the deactivation rate
constant of 1.6 × 104 s−1 for 1O2 in D2O. Similarly, using the reaction
rate constant of 1.09 × 108 M−1 s−1 (Haag et al., 1984) for the reaction
of 1O2 with FFA in H2O, the 100 μM FFA concentration only made an in-
significant 4% contribution to the deactivation rate constant of
2.5 × 105 s−1 for 1O2 in H2O. This shows that the solvent isotope effect
is mainly due to collisionwith the solvents, without any significant con-
tribution from the physical quenching of 1O2 by FFA.

In addition, the effect of 1O2 scavenger on the degradation of FFA in
D2Owas studied using NaN3 as a scavenger. NaN3 is an efficient scaven-
ger of 1O2 with a second order rate constant of 7.8 × 108 M−1 s−1

(Wilkinson andBrummer, 1981). The degradationof FFA inD2Owasob-
served to reduce significantly in the presence of 1 mM NaN3 compared
to its absence (FFA + D2O, no NaN3) (Fig. 3). This further confirms the
generation of 1O2. The results of the solvent isotope effect and NaN3

scavenger experiment clearly confirm that 1O2 is present in the gas
stream arriving in the substrate solution, and it is responsible for the
degradation of FFA.
3.3. Influence of light intensity

To investigate how light intensity can influence the generation of
1O2, the intensity of the irradiation light was varied by employing the
full-power mode and half-power mode of the irradiation light and/or
increasing the distance between the filter and irradiation light. A plot
of the amount of 1O2 detected in solution, during the irradiation of RB-
treated filter, as a function of light intensity is shown in Fig. 4. It is ob-
served that the amount of 1O2 generated increased as the light intensity
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Fig. 4. Effect of light intensity on generation of 1O2. The light intensity values are 0 (dark),
273, 501, 1196 and 1861 μmole s−1 cm2.
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increases. The sharp increase between 1196 and 1861 μmole s−1 cm−2

suggest a regime of light intensity where higher production of 1O2 is ob-
served. Based on the present experimental set-up, the distance between
the irradiation light and filter is 11 cm. In an application where the light
source is closer to the filter, the light intensity will be much higher and
1O2 generation can be expected to be much higher.

3.4. Effect of amount of sensitizer adsorbed in the filter

The effect of the amount of RB adsorbed by the filter on 1O2 produc-
tion was investigated by treating blank filters with varying concentra-
tions of RB dissolved in gel. The serial dilutions of the RB stock
solutionweremade by addition of the blank gel to obtain approximately
10, 50 and 1000-fold diluted RB solutions. The rate of 1O2 generation
upon irradiation of the filters is shown in Table 1. It is observed that
1O2 generation increased as the amount of RB adsorbed on the filter in-
creased. Themaximum solubility of RB in the gel was 10 g RB in 150 g of
gel. This was the same solution used as the undiluted stock in Table 1.
Therefore, the effect of amount of adsorbed RB on 1O2 generation
could not be studied beyond this point. Using the undiluted stock as
the highest RB loading possible, the amount of 1O2 reaching the solution
was calculated to be 12.8 μmole s−1 of 1O2 per mole of RB.

It should be noted that the amount of 1O2 generated on the sur-
face of the filter may be several orders of magnitude higher than
the value reported here due to the heterogeneous distribution of
1O2 generation. It has been demonstrated for aqueous solutions
that 1O2 generation in the DOM microenvironment could be up to
three orders of magnitude higher than in the bulk solution due to
physical quenching as the 1O2 diffuses into the bulk solution (Latch
& McNeill, 2006; Grandbois et al., 2008). A similar explanation
could be adopted here where the 1O2 generated on the surface of
the filter may undergo significant quenching before arriving in the
substrate solution. This quenching may be caused by the filters
(both treated filters and hydrophobic PTFE filter) as the gas stream
containing 1O2 migrates from the irradiated side of the filter to the
substrate solution. Also, quenching by ground-state molecular oxy-
gen may also arise. Therefore, the quantity of singlet oxygen re-
ported here can only be considered as a minimum. Nevertheless, in
the real applications, the filters will be directly exposed to light,
while air is circulated or brought into contact with the filter. Under
such circumstances, the amount of generated on the surface of the
filter is N N than 1O2 migrating further away from the filter into the
air. Therefore, contaminated air will encounter a large amount of
1O2 on the surface of the filter that will be significant towards bacte-
ria/virus inactivation.

4. Conclusions

1O2 generation from the irradiation of a sensitizer-impregnatedfilter
was successfully demonstrated in this study using simple, inexpensive
laboratory and commercially-available materials. By using filters al-
ready deployed in air purifier and air conditioner units for this study,
we have successfully demonstrated that 1O2-generating ability can be
incorporated into impregnated filters. Such filters can find potential ap-
plication for bacteria/virus inactivation in indoor environment by incor-
porating them into air purifiers. Current commercially available
Table 1
Effect of sensitizer loading on 1O2 generation.

Treatment RB adsorbed (mg/cm2) R1O2 (x 10 −7 M s−1)

1000-fold diluted stock 0.082 ⁎ND
50-fold diluted stock 0.26 0.232
10-fold diluted 2 0.62
Undiluted stock
(10 g RB in 150 g of gel)

9.4 3.32

⁎ ND: Not detectable as there was no observable difference from blank.
purifiers make use of ozone (O3) or hydroxyl radical (•OH) in their sys-
tems. Ozone is harmful to health. Also, some ozone-based purifiers have
been shown to increase the background indoor ozone level. Conse-
quently, the use of O3, especially in indoor environments has been dis-
couraged. The •OH-based systems generate •OH by the high energy
UVC irradiation (185 nm) of water vapor using UVC lamps containing
mercury (Crosley et al., 2017) or by heterogeneous photocatalytic oxi-
dation technology (Zhong and Haghighat, 2015). The disposal of such
lamps constitutes an environmental concern and they pose health
threats if carelessly handled by unsuspecting users. Also, the mecha-
nisms of •OH generation also produces O3 (Crosley et al., 2017) which
may increase the O3 levels in the indoor environment. Singlet oxygen-
based purifiers as proposed in this study present a number of advan-
tages. Firstly, the involvement of 1O2 in the inactivation of a wide
range of bacteria and viruses has been well documented in literature
(Banks et al., 1985; Lenard et al., 1993; Wainwright et al., 1998; Villen
et al., 2006; Bartusik et al., 2012; Costa et al., 2012; Felgenträger et al.,
2014; Kim et al., 2020). Similar evidence for •OH is insufficient. There-
fore, 1O2-based air purifiers can potentially provide protection against
a wider range of bacteria and viruses. Secondly, the lifetime in air is
about 85 ms (Schweitzer and Schmidt, 2003) while that of •OH ranges
between 0.01 and 1 s (Crosley et al., 2017). The lifetimes of both •OH
and 1O2 may be lower depending on the nature of other substances
present. Hence, these values can be considered to be their upper limit
values at ground-levels in the atmosphere. Nevertheless, the use of RB
as sensitizer, which has a high 1O2 quantum yield (0.76) (Wilkinson
et al., 1992), can ensure relatively high production of 1O2. Therefore,
more 1O2 can be available for bacteria/virus inactivation in 1O2-based
air purifiers compared to •OH in •OH-based systems. In addition, the
system proposed in this study makes use of simple, cheap and
commercially-available LED light sources emittingwhite light in the vis-
ible region, in-linewith theλmax of RB (550nm). Such light source is rel-
atively simple, easier to handle and maintain. The findings from this
study can contribute significantly to the development of 1O2-based air
purifiers with potential applications in small or large indoor environ-
ments in offices, at homes or even on automobiles and trains. Such
products are necessary to contribute to improved indoor air quality con-
sidering the outbreak of airborne viral infections such as the present
COVID-19. Although this is a preliminary study, the findings from this
study have led to the development of a prototype where additional pa-
rameters necessary for its deployment are being studied.
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