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Abstract

 This study determined the efficacy of photocatalytic HEPA filters on microorganism disinfection in a closed-loop 

chamber and later applied it in an air purifier and tested its efficacy in an 8-m
3
 chamber and in a hospital. The photocatalytic 

filters were made by dip-coating a HEPA filter in a TiO2 slurry. In order to disinfect the microorganisms retained on the filter, 

UV-A light was irradiated onto the filter to create strong oxidative radicals which can destroy microorganisms. 

 The findings showed that disinfection efficiency of the photocatalytic filters with high TiO2 loading was insignificantly 

higher than with lower loading. S. epidermidis was completely eliminated within 2 hours, while 86.8% of B. subtilis, 77.1% 

of A. niger, and 82.7% of P. citrinum were destroyed within 10 hours. When applying the photocatalytic filters into an air 

purifier in a 8-m
3
 chamber, it was found that as soon as the air purifier was turned on, 83.4% of S. epidermidis, 81.4% of 

B. subtilis, 88.5% of A. niger, and 75.8% of P. citrinum were removed from the air. In a hospital environment, the PCO air 

purifier efficacy was lower than that in the chamber. Besides, relative humidity, distances from the air purifier and room 

size were suspected to affect the efficacy of the photocatalytic filters.
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1. Rationale and Background

 Photocatalytic oxidation (PCO) is used for remov-

ing microorganisms; it involves the use of UV radiation 

onto a photocatalyst such as titanium dioxide (TiO2). 

When it is illuminated, the electrons in photocatalyst 

will jump from the valence band to the conduction band, 

thus electron (e´) and hole (h+) pairs will be created 

on its surface. The electrons will combine with oxygen 

and become superoxide radicals, O2

-
, while the posi-

tive holes will combine with hydroxide, mainly from 

water, and generate hydroxyl radicals. When organic 

compounds contact on the surface of the photocatalyst 

(TiO2), these radicals will oxidize them and turn into 

carbon dioxide and water (Zhao and Yang, 2003). In 

case of microorganisms, the reactive oxygen species can 

damage nucleic acids of the microorganism, disturbing 

cellular functions, resulting in cell death (Yang and 

Wang, 2008).

 Currently, there is much research applying the PCO 

onto different substrates for eliminating bacteria and 

fungi. For example, Griest et al., 2002 applied the PCO 

to aluminum disks to disinfect Serratia marcescens and 

found the most significant changes in bacteria cell mor-

phology after 11.75 hours of exposure and more than 

99% destruction acquired in 36 hours. For B subtilis 

and A. niger spores, the changes were observed after 

11.75 hours and 36 hours, respectively. Lin and Li, 2003 

applied the PCO to a glass slide and found the survival 

of B. subtilis and P. citrinum of 50% at 2.55 hours. 

Küehn et al., 2003 applied the PCO to a Plexiglas® 

substrate to destroy E. coli, P. aeruginosa, S. aureus 

and E. faecium and found the removal of more than 

6log10 in 60 minutes. Vohra et al., 2005 applied PCO 

to a fabric substrate in a recirculating chamber and 

found almost 76% of B. subtilis endospore destroyed 

in the first 4 hours. Pal et al., 2007 applied PCO to a 

membrane filter and found complete removal of E. coli 
within 30 minutes, while Microbacterium sp. Paeni-
bacillus sp. SAFN-007 and Microbacteriaceae str.W7 

were removed around 1log10 after 2 hours.

 However, the extensive literature on the use of 

TiO2 for photocatalytic disinfection has mainly focused 

on membrane filters, fabric filters, and glass filters in 

a lab-scale, not yet to the high efficiency particulate 

air filter (HEPA). The application of photocatalytic 

HEPA filters for microorganism removal, in the form 

of an air purifier, is still scarce. One study has referred 

to using a HEPA filter as a substrate for PCO in air 

purification (Lesavoy and Peccia, 2006) but provided 

no scientific evidence on methodology, conditions and 

results. Another study applied the PCO to an activated 
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carbon filter in an air cleaner for removing the VOCs, 

but not for bioaerosols (Ao and Li, 2005). Therefore, 

this study is a pioneer work using photocatalytic HEPA 

filter in an air purifier for microorganism disinfection. 

This work should provide a method for microorganism 

decontamination in indoor air, especially in tropical 

regions, where regular HEPA filters can be a breeding 

ground for microorganisms.

2. Materials and Methods 

2.1. Filter immobilization

 A 20 cm × 52 cm HEPA filter (99.99% ASHRAE 

efficiency, class H14) (Bernard Dumas S.A.S., Creysse, 

France) was used in a closed-loop chamber while a 36 

cm × 120 cm filter was used in an air purifier. The filters 

were pretreated to remove water-resistance by wash-

ing with 0.08 M sodium dodecyl sulfate (SDS) before 

dipping into a 2% Degussa P25 TiO2 suspension and 

dried at room temperature for 24 hours before calcina-

tion at 120
o
C for 1 hour. TiO2 loading was determined 

from the weight difference before and after the coating 

procedure. Two loadings were investigated, 1,870±169 

and 3,140±67 mg/m
2
. These filters were pleated and 

framed in filter holders and sterilized with UV-C radia-

tion before use. 

2.2. Airborne microbe preparation

 All microorganisms in this study were purchased 

from the Microbiological Resource Centre (MIRCEN), 

Thailand Institute of Scientific and Technological Re-

search, Bangkok, in dried-freeze form. S. epidermidis 

(TISTR 518) was inoculated at 35-37
o
C on tryptic 

soy agar (TSA) plates for 24 hours, while B. subtilis 

(TISTR 008) was inoculated for sporulation at 37
o
C for 

7 days. The spores were harvested into sterile distilled 

water, and heated at 80
o
C for 10 minutes to inactivate 

vegetative cell and centrifuged at 2,500 rpm for 5 min. 

P. citrinum (TISTR 3437) was incubated at 25
o
C for 7 

days and the spores were harvested into sterile distilled 

water and centrifuged at 2,000 rpm for 5 min. A. niger 

(TISTR 3012) was inoculated on Sabouraud Dextrose 

Agar (SDA) and grown at 37
o
C for 3 days. All culture 

suspensions were diluted in sterile water to the required 

microorganism concentration of 10
4
-10

7
 CFU/ml (Lin 

and Li, 2003; Vorha et al., 2006).

2.3. Photocatalytic HEPA filters efficacy investigation

 In the first phase, the experiment was performed 

in a closed-loop chamber (Fig. 1). Two photocatalytic 

HEPA filters were inserted into the chamber side by side. 

One was irradiated with UVA, while the other was not. 

In separate runs, the above mentioned microorganisms 

were filled in a nebulizer and compressed air, at a pres-

sure of 25-30 psi was applied to spray out the microbes 

for 20 minutes. The blower drew the air to circulate in 

the chamber at a velocity of 0.3 m/s, measured with 

a hot wire anemometer (Airflow Developments Ltd., 

model TA5-Flexible probe, Minnesota, USA). Relative 

humidity and temperature were controlled at 45±5% and 

25
o
C, respectively. After 20 minutes of injection, the 

photocatalytic HEPA filters were pulled out to extract 

the initial microorganisms remaining in them. New sets 

of the photocatalytic HEPA filters were inserted and 

the microorganism injection was restarted for another 

20 minutes. At this time, five 36-W UV-A lamps (Syl-

vania F36W-T8/BLB) were turned on with irradiance 

Figure 1. The closed-loop chamber
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intensity of 4.85±0.09 mW/cm
2
 for 60, 180, 240, 300, 

360, 480 or 600 minutes for A. niger, P. citrinum, and 

B. subtilis disinfection, and 30, 60, 90, 120,180 or 240 

minutes for S. epidermidis disinfection. After each 

of the irradiation times of interest, HEPA filters were 

pulled out to extract microorganisms remaining in 

the filters. Disinfection efficiency was obtained from 

comparing the remaining concentration with the initial 

concentration. 

 For phase 2, in a chamber (2 m × 2 m × 2 m), a 

photocatalytic HEPA filter with the same TiO2 loading 

was applied to a commercial air purifier (Alpine Co., 

model PT600, Bangkok, Thailand). The irradiation 

intensity was 3.18±0.75 mW/cm
2
, measured with a 

radiometer (Cole Palmer, model LW09811-50, Illinois, 

USA). The PCO air purifier was located at a corner 

of the chamber and each type of microorganisms was 

injected in separate runs using a nebulizer for 6 hours. 

Microorganisms in the air were collected at the height 

of 0.5 m and 1.5 m using an Anderson Impactor (SKC 

Inc., model Standard Biostage, California, USA) with 

the flow rate of 28.3 L/min and sampling time of 3 

minutes every 30 minutes. In the first two hours of injec-

tion, the air purifier was still off and was turned on after 

two hours for 2 hours and turned off again during the 

last two hours to observe any changes in microorgan-

ism concentrations. All sampled plates were incubated 

immediately at 37
o
C, 24-48 hours for S. epidermidis, 

and B. subtilis, 48-72 hours for A. niger, and 25
o
C, 48 

hours for P. citrinum. Relative humidity and temperature 

were controlled at 45±5% and 25
o
C, respectively. After 

each experiment, the chamber was sterilized by UV-C 

radiation (Sylvania Germicidal lamp 20W, Bangkok, 

Thailand) with the irradiation intensity of 1.21 mW/

cm
2
 for several hours. Inside-surface swabs as well as 

the bioaerosol sampling were performed to confirm the 

sterilization. 

 Phase 3 was conducted in a renal unit of a 800-bed 

public hospital. A PCO air purifier was located in a renal 

room (7.2 m W ×12 m L × 3 m H) and a washing room 

(2 m W × 2 m L × 3 m H). Bacteria and fungi were 

collected by Anderson Impactor in the same manners 

as those in phase 2. Three sampling points with a dis-

tance from an air purifier of 2 m, 6.5 m, and 8 m were 

assigned for the renal room and two sampling points 

with a distance of 1 m and 2 m were assigned for a 

washing room. The impactor media used for bacteria 

growth was TSA, while that for fungi was SDA. The 

media was incubated at 37
o
C for 24-48 hours. After 

that, microbial colonies were counted, and calculated 

in units of CFU/m
3
. 

  Descriptive and inferential statistics were per-

formed with SPSS software version 9. A comparison of 

disinfection efficiency was analyzed using t-test and the 

analysis of variance (ANOVA) at the confident interval 

level of 95%. 

Figure 2. Morphology of fibers under various conditions (5,000× magnifications for all micrographs)
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3. Results and Discussion

 The morphology of original HEPA fibers before 

coating and after coating with two TiO2 loadings, ob-

served by scanning electron microscopy are shown in 

Fig. 2. We found that TiO2 loading of 3,140±67 mg/m
2
 

was immobilized on the fiber better than that of 1,870 ± 

169 mg/m
2
 with no little change in pore structure from 

the original uncoated filter. 

 Disinfection efficiencies of the photocatalytic 

HEPA filters on airborne microorganisms in a closed-

loop chamber are shown in Fig. 3. We found that the 

PCO reaction for S. epidermidis destruction under low 

TiO2 loading and high TiO2 loading coated filter could 

completely destroyed S. epidermidis within 4 hours and 

2 hours, respectively. There was no significant differ-

ence between these two TiO2 loadings (p=0.239), but a 

significant difference occurred between uncoated filter 

and photocatalytic HEPA filters when all were irradi-

ated (p=0.0001-0.002). This indicates that the PCO 

was more successful for disinfecting S. epidermidis 

than UVA photolysis alone. For B. subtilis destruction, 

PCO reactions from high and low TiO2 loadings were 

not significantly different l (p=0.063) Pal et al., 2007 

found that increasing TiO2 loading from more than 

3,000 mg/m
2
 to around 9,000 mg/m

2
 could not increase 

B. subtilis destruction. Increasing TiO2 loading would 

cause an agglomeration of nano-titania on the surface 

that could reduce the removal efficiency from the for-

mation of less reactive hydroperoxyl radicals (HO2·) 

(Rincon and Pulgarin, 2003). A similar pattern to B. 
subtilis disinfection was found in fungi where 77.1% of 

A. niger and 82.4% of P. citrinum were removed under 

high TiO2 loading at an irradiation time of 10 hours and 

no significant difference between low and high TiO2 

loadings was found.

 For the UVA photolysis reaction (uncoated filter 

with UVA irradiation), UVA was effective only on bac-

teria but not on fungi, since no significant difference 

was found between the light and dark section (p=0.277 

for A. niger, p=0.110 for P. citrinum). This is probably 

because S. epidermidis is a gram-positive bacteria which 

is sensitive to UV-A light and it has a thick-mesh-like 

cell wall made of peptidoglycan that is easily destroyed 

Figure 3. Disinfection efficiency of photocatalytic HEPA filters in the closed-loop chamber
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(Lin and Li, 2003; Pal et al., 2005). Because UV-A has 

low energy, it could damage the cell by oxidative stress 

from the oxygen radicals to excite photosensitive mol-

ecules within the cell. The excitation produces active 

species like O
º

2, H2O2, and 
º
OH that affect genome and 

intracellular molecules, leading to inactivated mutations 

and growth delay (Oguma et al., 2002; Küehn, 2003). 

It could be implied that fungi in this experiment do not 

contain photosensitive molecules. 

 For microorganism removal using a PCO air puri-

fier in the 8-m
3
 chamber, the results are shown in Fig. 

4 under three continuous conditions: (1) background 

concentrations (air purifier not turned on yet), (2) con-

centrations during operation of the air purifier and (3) 

concentrations after turning off the PCO air purifier. 

When turning on the PCO air purifier at 121 minutes, 

all microorganisms were decreased immediately and 

the patterns of reduction efficiencies observed at 0.5 m 

and 1.5 m were not significantly different (p=0.954). 

On average, 83.4% of S. epidermidis, 81.4% of B. sub-
tilis, 88.5% of A. niger, and 75.8% of P. citrinum were 

removed from the air when the air purifier was turned 

on. On turning off the PCO air purifier, all microorgan-

isms recovered to their initial concentrations. It should 

be noted that the nebulizer injected the microorganism 

continuously from 0 minutes to 360 minutes. 

 For air sampling in the hospital, the mean back-

ground concentration of total bacteria in the renal 

room was 555±83 CFU/m
3
 while mean total fungi 

concentration was 21±8 CFU/m
3
. When the air purifier 

was turned on (at 90 minutes), total bacteria removed 

was 63.5%, 23.9%, and 28.2% for a distance of 2 m, 

6.5 m, and 8 m from the PCO air purifier, respectively, 

indicating that the efficacy of the PCO air purifier 

decreased with increasing distance. When the air purifier 

was turned off, total bacteria concentration increased 

immediately for the furthest point (8 m from the air 

purifier) [Fig. 5(a)]. At that time the door was open for 

transferring patients and this might cause the ingress of 

total bacteria to that point which was located in front 

of the door. For the washing room [Fig. 5(b)], the pat-

tern of reduction efficiency was similar to that of the 

8-m
3
 chamber. The mean background of total bacteria 

concentrations were 1,125±135 and 1,143±109 CFU/

m
3
 at a distance of 1 m and 2 m from the air purifier, 

respectively. The levels were higher than those in re-

nal room by approximately 2-3 times due to garbage, 

hazard wastes and toilets within the washing room. 

In terms of efficacy of the PCO air purifier, it clearly 

removed 77.5% and 59.5% of bacteria at a distance 

of 1 m and 2 m, respectively. The PCO air purifier in 

this room was more effective than in the renal room 

Figure 4. Disinfection efficiency of PCO air purifier in the 8-m
3
 chamber at two different heights: ① = before turning on the 

air purifier, ② = while turned on, and ③ = after turning off the air purifier
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because the volume of the washing room was smaller 

than that of renal room by about 21.6 times. When the 

air purifier was turned off, the bacteria recovered to 

near the original concentrations [Fig. 5(b)]; therefore, 

using a PCO air purifier could dramatically reduce the 

airborne microorganisms, if the distance or the size of 

the room is appropriate.

 When comparing microorganism reduction ef-

ficiency of PCO air purifiers under a real situation and 

in the experimental chamber, the efficacy of in the real 

situation was lower. This could be the result of higher 

relative humidity (73-75%) RH in washing room and 

74-76% RH in renal room). The relative humidity is 

the main factor affecting the PCO reaction because at 

higher humidity water molecules cover the surface of 

the photocatalytic HEPA filters and occupy the active 

sites of radical production (Zhao and Yang, 2003); con-

sequently, the efficacy of the PCO reaction is reduced. 

Normally, the efficiency of PCO is optimal at 50% RH 

(between 40-70%RH) (Goswami, 2003). Therefore, 

besides the room size and distance from the air purifier, 

relative humidity is another factor for consideration.

4. Conclusions

 A TiO2 loading of 1,870±169 mg/m
2
 was not sig-

nificantly different from the loading of 3,140±67 mg/m
2
 

for microorganism disinfection in this study. Photolysis 

could destroy bacteria, especially S. epidermidis, but 

could not affect fungi, and lacks of photosensitive 

molecules in their cells were suspected to cause the 

difference. Disinfection efficiencies of all microorgan-

isms in a closed-loop chamber were in the range of 

77.1-100% after 10 hours of irradiation, while those 

in the 8-m
3
 chamber were in a range of 72.4-88.5%. 

However, when applying it to a real unit in a hospital 

environment, the efficacy was reduced. We suggest that 

room size, distance from the air purifier, and humidity 

were the main reasons.

Acknowledgment

 We thank Aerofill Co., Ltd (Bangkok, Thailand) for 

supplying the air filters and Alpine Co., Ltd, Bangkok, Thai-

land) (for the PT-600 air purifier. This study was partially 

supported by the grants from the Graduate School of Khon 

Kaen University, the Thailand Research Fund (Project No. 

MRG 5080123) and the Commission on Higher Education. 

References

Ao CH, Lee SC. Indoor air purification by photocatalyst TiO2  

 immobilized on an activated carbon filter installed in  

 and air cleaner. Chemical Engineering Science 2005;  

 60: 103-09.

Goswami DY. Decontamination of ventilation system using 

 photocatalytic air cleaning technology. Journal of Solar  

 Energy Engineering 2003; 125: 359-65.

Griest HT, Hingorani SK, Goswami DY. Using scanning  

 electron microscopy to visualize photocatalytic miner- 

 alization of airborne microorganisms, Proceedings:Indoor  

 air, 9
th
 International Conference on Indoor Air Quality  

 and Climate 2002: 712-17,California: Monterey.

Küehn TH. Airborne infection control in health care fa 

 cilities. Journal of Solar Energy Engineering 2003;  

 125(3): 366-71.

Lesavoy G, Peccia J. Whole building design guide: air 

 decontamination. Retrieved May 24, 2006, from www. 

 wbdg.org/design/ air_decon.php. 2006.

Lin CY, Li CS. Inactivation of microorganisms on the pho- 

 tocatalytic surfaces in air. Aerosol Science and Techno- 

 logy 2003; 37: 939-46.

Oguma K, Katayama H, Ohgaki S. Photoreactivation of 

 Escherichia coli after low-or medium-pressure UV  

 disinfection determined by an endonuclease sensitive  

 site assay. Applied and Environmental microbiology  

 2002; 68(12): 6029-35. 

Pal A, Min X, Yu LE, Pehkonen SO, Ray MB. Photocata- 

 lytic inactivation of bioaerosols by TiO2 coated mem- 

 brane, International Journal Chemical Reactor Enginee- 

 ring, 2005; Article A45: 1-15.

Figure 5. Disinfection efficiency of PCO air purifier at different distances from the air purifier in a renal room and a washing 

room in a hospital: ① = background concentration, ② = during operation of the air purifier, and ③ = after turning off

R. Chotigawin  et al. / EnvironmentAsia 3(2) (2010) 1-7



Pal A, Pehkonen SO, Yu LE, Ray MB. Photocatalytic 

 inactivation of gram-positive and gram-negative bac- 

 teria using fluorescent light. Journal of Photochemistry  

 and Photobiology A: Chemistry 2007; 186: 335-41. 

Rincon AG, Pulgarin C. Photocatalytical inactivation of  

 E.coli: effect of (continuous-intermittent) light inten- 

 sity and of (suspended-fixed) TiO2 concentration. 

 Applied Catalysis B: Environmental 2003; 44:  

 263-84.

Vohra A, Goswami DY, Deshpande D.A, Block SS. Enhanced  

 photocatalytic inactivation of bacterial spores on 

 surfaces in air. Journal Industrial Microbiology Bio- 

 technology 2005; 32: 364-70. 

Vohra A. Goswami DY, Deshpande DA, Block SS. Enhanced  

 photocatalytic disinfection of indoor air. Applied 

 Catalysis B. Environmental 2006, 25: 57-65.

Yang X, Wang Y. Photocatalytic effect on plasmid DNA  

 damage under different UV irradiation time. Building  

 and Environment 2008; 43: 253-57.

Zhao J, and Yang XD. Photocatalytic oxidation for indoor air  

 purification: a literature review. Building and Environ- 

 ment 2003; 38: 645-54.

Received  10 January 2010
Accepted  27 February 2010

Correspondence to

Paradee Chuaybamroong

Faculty of Science and Technology, 

Thammasat University, 

Pathumthani, 12121, 

Thailand

Tel.: 66-2-564-4440 ext.2212 

Fax: 66-2-564-4480

Email: paradee@tu.ac.th

R. Chotigawin  et al. / EnvironmentAsia 3(2) (2010) 1-7


