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Development and Testing of a Real-time Sterilization Unit Using in
Ventilation Duct

Po-Chen Hung', Chane-Yu Lai®, Yu-Hung Huang®, Shin-Ran Wun®, Wen-Chi Huang’

'Institute of Occupational Safety and Health, Council of Labour Affairs, Taipei, Taiwan
*Department of Occupational Safety and Health, Chang Shan Medical University, Taichung,
Taiwan

SUMMARY

Recent study results in Taiwan have shown high concentration of microorganisms that
sampled from the hospital HVAC (heating, ventilating, and air conditioning) system.  As it
is hard to empty the whole hospital patients and then sterilize the ventilation ducts, a real-time
sterilization unit that located in the ventilation duct is a useful method to control the

bioaerosol-transmitted infections in hospitals.

The objective of this research was to develop a real-time sterilization unit and evaluate
the unit under wind tunnel system and in field study. The real-time sterilization unit consists
of Nickel-based filters and UVGI (ultraviolet germicidal irradiation) modules. In the
experiment, a Collison nebulizer was used to generate Bacillus subtilis spores and
Escherichia coli  as challenge aerosols. Two Andersen 6-stage samplers were used to
sample bacteria concentration upstream and downstream of the real-time sterilization unit.
Moreover, two hospital wards and one nurse station located in central Taiwan were recruited
in the field study. The results showed the real-time sterilization unit could be used to reduce
the bacteria concentration under wind tunnel conditions. In field study, the real-time
sterilization unit that coating with silicone oil revealed less large size bioaerosol bounce
during velocity between 1.8 to 2.5 m/s in the ventilation duct. ~ The average bacteria
disinfection rate of ward 1, ward 2 and nurse station was 88.6 %, 92.5 % and 88.8 % by using
six-stage Andersen impactor, respectively. The conclusions recommended that the
Nickel-filter-based real-time sterilization unit should coat with silicone oil to avoid the large

bioaerosol bounce effect, and was better to use the unit in main duct under high face velocity.
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1 INTRODUCTION

Recent research results in Taiwan indicated that there were various bacteria and fungi
survive inside the hospitals’ ventilation ducts (Li & Hou, 2003). Two medical centres and
one local community hospital were included in the research conducted by Yu et al. (2006).
In these hospitals, two wards of airborne transmission-related departments at the end and head
of the ventilation system were selected as the sampling locations. Sampling was performed
at the ceilings of room supply air outlets and the breathing area 1.0~1.2 meter above the
sickbeds. The same sampling method was also performed at the clinics of Pulmonary Care
Department, Dental Department and Emergency Room. The highest bacterial concentration
located at the ceiling of an air outlet was observed at the end of the clinic’s ventilation system
with an average of 2330.0 CEFU/m’, with the lowest at the head of the ward’s ventilation
system with an average of 57.3 CFU/m’. The highest fungus concentration was observed at
the end of the clinic’s ventilation system with an average of 1383.3 CFU/m’. For the
breathing samples, the highest bacterial concentration was observed at the end of the ward’s
ventilation system with an average of 1227.9 CFU/m’, with the lowest at the head of the
clinic’s ventilation system with an average of 160.2 CFU/m’. The highest fungus
concentration was observed at the head of the emergency room’s ventilation system with an
average of 1957.6 CFU/m’. These results show that there were various bacteria and fungi
inside the ventilation ducts of hospitals. Although high efficiency particulate air filters (HEPA)
were mounted in the ambient air inlet of ventilation ducts, a great number of bacteria and
fungi were still found at room supply air outlets due to contamination occurring in the long
and dark ventilation ducts. Nevertheless, it was difficult to carry out sterilization procedures
in the ventilation ducts since there were outpatients and in-patients in the hospitals all the

time.

Conventional germicidal techniques include: using a general filter to collect aerosols in
the air, using ultraviolet germicidal irradiation (UVGI) or combining photo-catalytic coating
filter and UVGI to eliminate germs (Lee, 2003; Lin & Li, 2003; Lin & Li, 2003). However,
the aerosol collection efficiency of a general filter is lower than HEPA due to its larger
porosity and smaller packing density. Since air resistance affects the consumption of energy
resource, a good filter should be equipped with efficient particulate collection as well as low
pressure drop. Therefore, it is necessary to develop a filtration and sterilization device for
ventilation ducts, which can significantly reduce the bounce-off phenomenon of bioaerosols,
can effectively collect and eliminate bioaerosols at low maintenance cost. In addition, it
should be applicable to the HVAC system with high airflow rate and wind velocity.
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Consequently, porous filter media (made of foam or Nickel) and UVGI modules were used in
this research to meet the requirement of “effectively collecting bioaerosols, and preventing

bounce-off of aerosols, with sufficient time for sterilization”.

2 MATERIALS/METHODS

A real-time sterilization unit developed recently was able to carry out real-time
sterilization in ventilation ducts (Lai, et al., 2007). It combined 80 ppi foam filters and
UVGIs to proceed with the sterilization. However, the foam-base sterilization unit would
suffer from UV ageing, so a “nickel porous filter-UVGI” module was used in this research to
evaluate the feasibility of routine duct-sterilization in hospitals. Besides evaluating the

function of the sterilization unit, it was also tested in a wind tunnel system.

2.1 Real-time sterilization unit

The real-time sterilization unit combines 80 ppi foam filters and UVGI to proceed with
sterilization. The constitution of the module is “joint foam (12 mm) — UVGI — joint foam
(12 mm) — UVGI — joint foam (12 mm) — UVGI”. With such constitution, the total
filtration thickness of the foam is 36 mm (12 mm x 3). The UVGIs between the foam filters
can effectively destroy the germs collected by the filters. The foam can be coated with
silicon oil, thereby effectively reducing the aerosol bounce effect. Moreover, the overall
filtration resistance will be reduced, as the filtration pressure drop is lower than HEPA.
However, the weakness of the real-time sterilization unit is that the foam would suffer from

UV ageing.

2.2 Other porous material: nickel filter

Other porous material, such as nickel filter, was used in this research in the expectation of
preventing the disadvantage of foam ageing under UV irradiation as well as to extend the
service life of the real-time sterilization unit. To consider filtration efficiency and pressure
drop, 94 ppi nickel (similar to the porosity of foam), was selected. The average thickness of
nickel filter was 1.7 mm. In addition, to conform to the design of previous tests of
foam-based real-time sterilization units, 6 nickel filters were put together with thickness of
10.2 mm, and the constitution was: “joint nickel filters (10.2 mm) — UVGI—joint nickel
filters (10.2 mm) — UVGI —joint nickel filters (10.2 mm) — UVGI”. In such constitution,
the total filtration thickness of the nickel filters was 30.6 mm (10.2 mm x 3).

2.3 Methods
Before evaluating the foam and nickel filters in a wind tunnel system, testing of the
penetration rate was conducted to ensure that the filtration efficiency. In the wind tunnel

testing experiment, an Andersen Single Stage Microbial Sampler (Model 10-890) and
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Andersen Six Stage Microbial Sampler (Model 10-800) were used to sample the bioaerosols.
An Aerodynamic Particle Sizer (APS, Model 3321, TSI Inc., St. Paul, MN, USA) and
PORTACOUNT (Model 8020, TSI PORTACOUNT® Plus Respirator Fit Tester, TSI Inc., St.
Paul, MN, USA) was used to measure the concentration of the particles. Trypticase soy agar
(TSA, Difco, Detroit MI, USA) was used as the bacteria culture medium. As for the
preparation of challenge aerosol suspension, Escherichia coli  and Bacillus subtilis spores
were selected. Both Escherichiacoli  (C.C.R.C.17320) and Bacillus subtilis
(C.C.R.C.12145) were purchased from Food Industry Research and Development Institute
(Hsinchu, Taiwan). The preparation of bioaerosol suspension was put into Refluxing 6-jet
modified MRE-type short-form Collison nebulizer (Model NSF CN-31/1) and then the
bioaerosols were generated. A radioactive source, Am-241, was used to neutralize the
challenge particles to the Boltzmann charge equilibrium. The real-time sterilization system
was mounted in the test wind tunnel. An Andersen 1-stage sampler or 6-stage sampler was
used to sample bioaerosols at the upstream and downstream of the tunnel. The sample was
then incubated for 24 hours at 37 “C in an oven. The test is required to be repeated at least
three times. The range of steady wind velocity of the wind tunnel was 0.5~15 m/s. The
total length of the tunnel was 700 cm. The volume of the test section was 30*30*200 cubic

centimetre, as illustrated in Figure 1.

3 RESULTS

As illustrated in Figure 1, the major wavelength and the power of the 9W UVGI (model:
Philips UV-C Germicidal Sterilamp® TUV PL-L 9W/4P 2G11) used in this research was
about: 252.9 nm vs.13.5 mWatt/cm?, and 257.5 nm vs. 21.5 mWatt/cm®. An Ocean Optics
UV spectrometer (model: USB2000- UV-VIS Spectrometer, Dunedin, Florida, USA.) was
used in the study.
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When the face velocity was 1 m/s, the pressure drop of the real-time sterilization unit
alone, the unit combined with 45 ppi foam filter, the unit combined with 80 ppi foam filter
and the unit combined with 94 ppi nickel filter were very close to each other: 2.89, 3.08, 3.40,
3.56 mmH,;O0, respectively. When the face velocity was 8 m/s, the pressure drop of real-time
sterilization unit alone was 28.43 mmH,0, while the unit combined with 45 ppi foam filter
was 36.00 mmH-O, the unit combined with 80 ppi foam filter was 40.17 mmH,O, and the unit
combined with 94 ppi nickel filter was 42.67 mmH,O. When the pleated HEPA of M brand
used, and the face velocity was 1 m/s, the pressure drop of single layer HEPA (0.69 mm
thickness ) reached as high as 92 mmH,O, as illustrated in Fig. 2.
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Figure 2: Pressure drops of different Figure 3: The penetration rate of foam filter
combinations of sterilization unit and and nickel filter when challenge with PST

filters at different face velocities. particles.

Tests on the filter penetration rate with challenge PST aerosols were performed to
determine the filtration efficiency. As illustrated in Fig. 3, if a coating of silicon oil of 700
um thickness were applied to the nickel filter, when the face velocity was 1m/s, the
bounce-off phenomenon of PST particles can be restrained, leading to a more efficient
collection.

4 DISCUSSION

For the experiment of disinfection rate test of the nickel filter-UVGI sterilization unit,
three Andersen 1-stage samplers were used. The humidity of the test ranged from 42 %~45
%, and the temperature ranged from 21~25 ‘C. When the face velocity was 0.5 m/s and 1
m/s, the nickel filter alone could not effectively collect the Escherichia coli. The collection
rate was only 32 % at a face velocity of 0.5 m/s. However, when the UVGI was turned on,
the disinfection rate rose to 100 %.  Few Escherichia coli ~ with large aerodynamic
diameter experienced bounce-off and re-entrainment. On the other hand, the nickel filter

alone could collect Bacillus subtilis spores up to 72 %. The collection rate would increase to
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88 % when the face velocity increased to 1 m/s. After turning on the UVGI, the disinfection
rate of Bacillus subtilis spores increased to 82 %. When the face velocity increased to 1 m/s,

the disinfection rate rises to 96 %.

Moreover, three Andersen 6-stage samplers were used to best understand the bioaerosol
size distribution. In the nickel filter-UVGI sterilization unit, Escherichia coli  or Bacillus
subtilis spores were used as the challenge acrosols. While the UVGI was turned off, the
aerodynamic diameter of the challenge aerosol concentration sampled in the upstream of
nickel filter - UV sterilization unit by using an Andersen 6-stage sampler at face velocity of
0.5~1 m/s, had higher concentration distribution between aerodynamic diameter of 1.1~2.1
«m. When UVGI was turned on, most Escherichia coli  or Bacillus subtilis spores
would be killed or deactivated, so no colony would be cultured by the media of Andersen
6-stage sampler. However, Escherichia coli  with large aerodynamic diameter would
experience bounce-off and re-entrainment, especially with the aerodynamic diameter of 3.3~
7 1 m. While applying a silicon oil coating of 700 um thickness, it might restrain the
bounce-off and improve the collection efficiency of the nickel filter. The poor collection
efficiency for some Bacillus subtilis spores with small acrodynamic diameter might be the
cause of the higher penetration rate. The collection of particles with small diameter depended
on diffusion, when the face velocity increased, the collection efficiency of nickel filter was

reduced.

The disinfection rate of Escherichia coli by using an Andersen 6-stage sampler is
illustrated in ~ Fig. 4a shows that when the UVGI was turned off, the average disinfection rate
was less than 88 %, but after the UVGI was turned on, the disinfection rate reached 100 %.
Actually, the nickel filter-UV sterilization unit could not effectively collect Escherichia coli
with diameter smaller than 0.65 um. However, after turning on the UVGI, the disinfection
rate reached 100 %; it might be that the Escherichia coli with diameters smaller than 0.65 pm
were killed directly by the UVGI at low face velocity.
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Figure 4a & 4b: The disinfection rate of the nickel filter—UV sterilization unit for Escherichia
coli and Bacillus subtilis spores at face velocities of 0.5 m/s and 1m/s.

Fig. 4b shows that the disinfection rate of Bacillus subtilis spores at face velocity of 1 m/s
was higher than that at 0.5 m/s. At a face velocity of 0.5 m/s, when the UVGI was turned off,
there was no collection and disinfection effect on the Bacillus subtilis spores at diameter of
3.3 um. When the UVGI was turned on, the disinfection rate was close to 100 % at face
velocity between 0.5~1 m/s. However, the disinfection rate of the Bacillus subtilis spore at
aerodynamic diameter of 2.2 um was only 72 % at a face velocity of 0.5 m/s. The main
reason was that few Bacillus subtilis spores with an aecrodynamic diameter of 2.2 um could
penetrate the nickel filter.

For the experiment of disinfection rate test of the foam filter-UVGI sterilization unit, the
ranges of face velocity, humidity and temperature tested in this research were: 0.5-2 m/s, 48.4
%~62.7 % and 24.7~28.3 “C. Escherichia coli  and Bacillus subtilis spores were the
challenge bioaerosols with aerodynamic diameter of 0.65 1 m~7 y m tested in the research.
When the UVGI was turned on, the total disinfection rate exceeded 85 % within the ranges of

face velocity, humidity, and temperature as mentioned above.

The field study result showed that the nickel filter-UVGI sterilization unit coating with
silicone oil revealed less large size aerosol bounce during air duct velocity between 1.8 to 2.5
m/s. The average bacteria disinfection rate of ward 1, ward 2 and nurse station was 88.6 %,

92.5 % and 88.8 % using six-stage Andersen impactor, respectively.

5 CONCLUSIONS

Although the total cost of the nickel-based sterilization unit is more expensive (20~30 %
higher than foam-based sterilization unit), it was recommended for use after considering the
factors of the operation time and durability as well as the disadvantages of foam-based
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sterilization unit’s UV ageing and the extra cost of a foam-filter support frame. So the
nickel-based real-time sterilization unit was finally recommended for use in routine
duct-sterilization after comparing the total disinfection rate, filtration quality and economic

factors.

The conclusions recommended that the nickel filter-UVGI sterilization unit should coat
with silicone oil to avoid the large aerosol bounce effect, and was better to use the unit in

main ducts under high face velocity.
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