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Abstract: 

Inactivation of SARS-CoV-2 in wastewater and on surfaces is critical to prevent the 

fecal-oral and fomite transmission, respectively. We hypothesized that visible light 

active photocatalysts could dramatically enhance the rate or extent of virus 

inactivation and enable the use of visible light rather than shorter wavelength 

ultraviolet light. A novel visible light active photocatalyst, boron-doped bismuth 

oxybromide (B-BiOBr), was synthesized and tested for its SARS-CoV-2 inactivation 

towards Vero E6 cell lines in dark and under irradiation at 426 nm by a light emitting 

diode (LED) in water. SARS-CoV-2 inactivation in the presence of B-BiOBr (0.8 g/L) 

under LED irradiation reached 5.32-log in 5 min, which was 400 to 10,000 times 

higher than those achieved with conventional photocatalysts of tungsten or titanium 

oxide nanomaterials, respectively. Even without LED irradiation, B-BiOBr 

inactivated 3.32-log of SARS-CoV-2 in the dark due to the ability of bismuth ions 

interfering with the SARS-CoV-2 helicase function. LED irradiation at 426 nm alone, 

without the photocatalyst, contributed to 10% of the observed inactivation and was 

attributed to production of reactive oxygen species due to blue-light photoexcitation 

of molecules in the culture media, which opens further modes of action to engineer 

disinfection strategies. The visible light active B-BiOBr photocatalyst, with its rapid 

SARS-CoV-2 inactivation in the presence and absence of light, holds tremendous 

opportunities to build a healthy environment by preventing the fecal-oral and fomite 

transmission of emerging pathogens. 
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Introduction: 

Fecal-oral transmission of the novel severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) plays a backseat to aerosol transmission, but cannot be overlooked as 

potential threats to the community (1, 2), because SARS-CoV-2 was found in 

environmental samples and can survive in wastewater over several days (3, 4). 

Mitigating transmission of SARS-CoV-2 in water is thus critical in both developed or 

developing countries. Current chemical and germicidal ultraviolet light (i.e., UV254) 

disinfection strategies can be well managed in centralized water and wastewater 

treatment plants to inactivate SARS-CoV-2 (3, 5). These strategies are almost 

impossible to be implemented at the household or community levels, where raw 

sewage, unsealed sewer vent pipes, leaking septic systems, medical biological wastes, 

etc. can all lead to SARS-CoV-2 infection (6). In some countries, mandatory 

disinfection, for example, chlorine-based bleach (1:99 dilution of 3% 

hypochlorite/hypochlorous acid in water), will be implemented upon request by the 

government. However, its effect is temporary, requires transport/storage of toxic 

chemicals, and its application is heavily labor-intensive.  

 

Heterogeneous visible light photocatalysis (VLP) is a promising disinfection approach 

to rapidly inactivate virus in water. In VLP, reactive hole-electron (���
� -���

� ) pairs are 

generated upon receiving visible light irradiation with light energy levels equal to or 

higher than bandgaps of photocatalysts (7). The ���
� -���

�  pairs then react with water 

and dissolved oxygen to produce reactive oxidative species (ROS), for example, 

hydroxyl and superoxide radicals (7). VLP were found to effectively inactivate 

different viruses, for example poliovirus I, hepatitis B virus, murine norovirus, and 

influenza virus H1N1 (8). Once coated on inner surfaces in photocatalytic reactors, 
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VLP offers a continuous and inexpensive mode of disinfection in water without 

additional chemical disinfectants. While titanium dioxide is inexpensive, they require 

ultraviolet light (wavelengths <380 nm) to be activated (7). Even with doping to make 

them visible-light active (7), their viral inactivation is limited to a single mode by 

photocatalytic-induced ROS. Among different groups of photocatalysts, of particular 

interest is the bismuth-based compounds, which hold promise to be visible-light 

active (9) and provide a secondary inactivation mode because of the unique capability 

of bismuth to interfere with enzymatic functions of different microbes (10, 11). 

 

In this study, a novel visible-light active boron-doped bismuth oxybromide (B-BiOBr) 

photocatalyst, with a bandgap of 2.53 eV (Fig. 1a), was synthesized and investigated 

for its inactivation of SARS-CoV-2 infectivity towards Vero E6 cell lines in the dark 

and under 426 nm LED irradiation in water (spectrum shown in Fig. 1b). The 

contributions of SARS-CoV-2 inactivation by B-BiOBr in the dark, under LED 

irradiation alone, and by photocatalytic-induced ROS towards the overall SARS-CoV-

2 inactivation were revealed. The inactivation performance of the B-BiOBr 

photocatalysis was compared with the virus inactivation by a widely reported titanium 

dioxide (anatase/rutile, P25) and a tungsten oxide (WOx) nanocomposite 

photocatalysts (bandgaps shown in Fig. 1a) under 361 and 398 nm LED irradiation 

(spectra shown in Fig. 1b), respectively. The work also used irradiation energy 

normalized SARS-CoV-2 inactivation rates at different LED wavelengths to 

understand how the energy of different photons contribute towards the virus 

inactivation. 
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Results and discussion 

Fig. 1c, 1d and 1e shows the inactivation kinetics of SARS-CoV-2 in water by B-

BiOBr, P25 and WOx photocatalysis, respectively. Each of the three photocatalysis is 

attributable to three different processes: i) photocatalyst-mediated inactivation even 

without light (i.e., inactivation in the dark), ii) LED irradiation alone, and iii) 

photocatalytic-induced ROS inactivation. The SARS-CoV-2 inactivation is reported 

as log-inactivation (log inactivation = -log (N/N0) using the fraction remaining of 

infectious virus (N/N0)). Figure 1c shows the overall SARS-CoV-2 inactivation 

achieved 5.32-log with B-BiOBr (0.8 g/L) under 426 nm LED irradiation, while 

inactivation in the dark or by LED irradiation alone reached 3.32- and 0.54-log, 

respectively. The photocatalytic-induced ROS inactivation thus contributes to 1.46-

log, as calculated by subtracting the overall SARS-CoV-2 inactivation with those in 

the dark and by LED irradiation. The contributions of three individual processes to the 

photocatalytic SARS-CoV-2 inactivation by B-BiOBr follow: inactivation in the dark 

(62%) > photocatalytic-induced ROS inactivation (28%) > LED irradiation alone 

(10%). A significant percentage of the SARS-CoV-2 inactivation by the B-BiOBr 

photocatalysis occurred in the dark. Surface adsorption was unlikely the major reason, 

because the BET surface area of B-BiOBr (3.4 m2/g) is an order of magnitude lower 

than for P25 (55.5 m2/g) (SI), where the later catalysts showed little virus inactivation 

in the dark (Fig. 1d). We hypothesized the much stronger inactivation of SARS-CoV-

2 by B-BiOBr in the dark shares a similar mechanism proposed by Yuan et al. (2020): 

Ranitidine bismuth citrate suppressed SARS-CoV-2 replication and relieves virus-

associated pneumonia in Syrian hamsters by replacing Zn(II) on the SARS-CoV-2 

helicase (Nsp13) with bismuth ions (11). We also found that not all photocatalysts 

would be as potent as BiOBr. The overall 5-min SARS-CoV-2 inactivation by P25 
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under 361 nm (5 g/L, Fig. 1d) and WOx under 398 nm (5 g/L, Fig. 1e) were just 1.32-

log and 2.71-log, respectively. For WOx and P25 to achieve 4- to 5-log SARS-CoV-2 

inactivation, respectively, requires much longer time (45 min) with the same power 

input (5 W) of different LEDs.  

 

In the absence of any photocatalyst, SARS-CoV-2 could be inactivated using 361, 398 

and 426 nm light emitted from different LEDs. Inactivation could be fitted with 

pseudo first-order kinetics with rate constants of 5.2 × 10-5, 86 × 10-5 and 63 × 10-5 s-1 

using 361, 398 and 426 nm LEDs, respectively. The corresponding irradiation energy 

normalized inactivation rate constants were 0.045, 0.019 and 0.0097 µE-1 cm2, with 

higher values at shorter wavelength. A prior work attributed the inactivation of Feline 

calicivirus irradiated at 405 nm light to the generation of ROS by blue-light 

photosensitizers in the culture media, not to absorption of photons by the virus (12). 

The presence of UV-A/blue-light photosensitizers in saliva and the aqueous 

environment (13) opens up further modes of action to engineered light sources using 

UV-A/blue-light instead of UV254 light, which damages human skin and eyes when 

directly viewed, and oxidizes plastics or other surfaces with prolonged exposures (14). 

But the feasibility of such practice needs further investigation. We also simulated that 

0.9-log inactivation of SARS-CoV-2 is expected in 30 min by solar irradiation 

reaching the earth’s surface (AM 1.5 standard spectrum), which shows a stronger 

inactivation than that in artificial saliva in the dark (about 0.3-log in 30 min) (15), but 

is still insufficient in many realistic scenarios.  

 

Our current results illustrate the excellent performance of the B-BiOBr photocatalyst, 

whose SARS-CoV-2 inactivation rate is of practical significance to prevent fecal-oral 
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transmission. The unique capability of bismuth interfering with microbial enzymatic 

functions provides B-BiOBr a secondary dark inactivation mode, in addition to the 

conventional visible-light photocatalytic-induced ROS inactivation mode, towards 

different microbes. Once coated on frequently touched surfaces, the B-BiOBr 

photocatalysis has the potential to serves as a preventive or an alternative strategy to 

prevent hand-to-mouth fomite transmission in public settings, where continuous 

application of chlorine or UV254 light disinfection strategies are not recommended or 

impossible. The dual modes of action for visible light active B-BiOBr photocatalyst 

holds tremendous opportunities to build a healthy environment by preventing the 

fecal-oral and potentially fomite transmission of emerging pathogens. 
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Figure 1. (a) UV-vis diffuse reflectance spectra of the three photocatalysts; (b) the irradiation spectra of AM 1.5, 361, 398 and 426 nm LED; 

(c−e) the inactivation kinetics of SARS-CoV-2 by different photocatalytic processes, condition: [B-BiOBr] = 0.8 g/L and [P25] = [WOx] = 5.0 

g/L.
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Materials and methods: 

B-BiOBr was synthesized via a hydrothermal method using boric acid, nitric acid, 

bismuth nitrate tetrahydrate, cetyltrimethylammonium bromide, and sodium 

hydroxide. The elemental mass % of B-BiOBr was B:Bi:O:Br:C = 

0.51:73.53:5.32:17.15:3.49 as identified using XPS (SI). WOx was synthesized 

following a previous publication (16). P25 was purchased from Sigma-Aldrich. All 

chemicals were used without further treatment. The experimental setup used for the 

SARS-CoV-2 inactivation and the detailed testing procedures are shown in SI. 

Detailed calculations of the fluence normalized inactivation rates and the SARS-CoV-

2 inactivation rates under AM 1.5 standard spectrum are shown in SI.  

 

SI information will be provided upon request.  
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