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Address   
This work was performed at the then Center for Indoor Air Research, Department of 
Microbiology and Immunology, Texas Tech University Health Sciences Center, 
Lubbock, Texas 79430, USA.  

Summary 

The efficacy of an Airocide ® photocatalytic oxidation reactor in detoxifying the 
trichothecene mycotoxins verrucarin A and roridin A over 3 time intervals was 
evaluated. Verrucarin A (1, 5, or 10 micrograms) and roridin A (5 or 10 micrograms) 
were each inoculated onto square-inch sections of glass and placed inside the 
Airocide for periods of either 2, 5 or 30 minutes. The samples were then removed 
and tested for toxicity using a yeast assay. 

Kluyveromyces marxianus (ATCC 8554), a yeast demonstrated to be particularly 
sensitive to trichothecene mycotoxins, was maintained in YPG-50 (1% yeast extract, 
1% bacteriological peptone, and 50 mM glucose) at −80°C in a 1-ml aliquot. Cultures 
for inoculation of the bioassay were prepared by adding 1 ml aliqout to 50 ml of 
YPG-50 in a culture flask. The flask was incubated in a rotary incubator for 
approximately 16 h at 37°C.  

For the bioassay procedure, YPG-50 was supplemented from a stock solution of 
polymixin B sulfate (PMBS; ICN Biomedicals, Seoul, Korea) to give a final bioassay 
PMBS concentration of 15 mg/ml. A total of 136 μl of PMBS supplemented YPG-50 
medium was added to the wells of a 96-well polystyrene microtiter plate in triplicate. 
A total of 8 μl of test sample or control was added to each well, followed by 16 μl of 
yeast inoculum to yield an initial cell density of approximately 1 × 108 cells/ml. Blank 
wells contained 152 μl of medium and 8 μl of sterile distilled water. Negative control 
wells consisted of 144 μl of medium and 16 μl of yeast inoculum. Positive control 
wells were also included which contained the medium, yeast inoculum and one 
microgram of roridin A. 

 The plates were sealed and incubated on a plate shaker at 37°C for 8 h. Turbidity 
was measured every two hours by measuring the absorbance at 550 nm in a 
microtiter plate reader. Toxicity of the sample was based on these absorbances. 
Yeast growth resulted in high absorbance, indicating that the sample was not toxic. 
Conversely, the lower the absorbance, the more toxic the sample was to the yeast. 

Results showed that the Airocide ® photocatalytic oxidation reactor completely 
inactivated the mycotoxins at all tested concentrations.  
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August 14, 2002 

John Hayman 
President 
KES Science and Technology 
3625 Kennesaw North Ind. Pkwy. 
Kennesaw, GA  30144 
(800) 627-4913 

RE:   Performance of AiroCide in Controlling Bacterial Spores 
(June 2002 Test Period) 

Dear President Hayman, 

Please find below the results from testing the AiroCide device (KES Science and 
Technology; Kennesaw, GA) as a technology for controlling air-borne concentrations of 
bacterial spores. These tests were conducted in June of 2002. Several figures are found in 
the Appendix. 

Experimental Methods 
The Experiment. The AiroCide device was challenged by introducing a commercial 
preparation of Bacillus thuringiensis (B. thuringiensis) spores (Thuricide, American 
Brand, Thermo Trilogy) directly into the intake of the AiroCide. [NOTE: In lieu of 
testing a virulent spore form of Bacillus anthracis (the anthrax spore), tests were 
conducted with a non-virulent form of bacillus – B. thuringiensis – which is a spore-
forming bacillus that is very similar to B. anthracis. See Figure 1.] A suspension of B. 
thuringiensis was obtained by dilution with purified (Milli-Q) water. A spore suspension 
was placed in the receptacle of a CollisonTM nebulizer. The nebulizer was connected to a 
compressed air cylinder, which provided a feed stream of air at 20 pounds per square inch 
(psi). In this manner, the nebulizer generates a fine particle aerosol (1-5 µm). Prior to 
introducing spores into the AiroCide, the device (internal fan and light sources) was 
energized for about 45 min to achieve steady-state (SS) conditions within the unit. 
[NOTE: The exhaust air from the unit during SS operation measured a constant 55°C.] 
Once steady-state was reached, the nebulizer was activated to generate an aerosol which 
was fed directly into the intake of the AiroCide (Figure 2). To allow for direct feed of the 
aerosol into the AiroCide, the device was placed upright on its side (Figure 3). The time 
marked by the activation of the nebulizer was the experimental start. Also at the start of 
the experiment, two large (14-cm diameter) PetriTM plates containing 70 ml of Trypticase 
Soy Sheep’s blood agar were placed side-by-side at the AiroCide exit to completely 
cover the device’s exhaust grille (Figure 4). In so doing, spores exiting the AiroCide will  
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impact the culture plates and be captured for subsequent growth-plate study. After 10 min 
of aerosolization, the nebulizer was deactivated, effectively terminating the introduction 
of spores into the AiroCide device. Then, over the next 60 min, twelve additional blood-
agar plates (two every 10-min interval), were placed at the device’s outlet as described 
previously to capture spores exiting the AiroCide. After this hour-long, post-nebulization 
sampling period, the AiroCide device was deactivated and the experiment ended. 

Post Experiment Spore Analysis. Because of the experimental design and the AiroCide 
configuration, spore distribution within the AiroCide is limited to three locations (Figure 
5): 1) spores attach to the surfaces of the fan and ante-chamber located upstream of the 
AiroCide reactor zone, 2) spores are captured, immobilized, and are either active or 
rendered inactive in the reactor zone, or 3) spores exit the AiroCide via the exhaust grille. 
The approach to determine the colony forming units (CFUs) surviving the experiment for 
these three locations are as follows, with the procedure to determine the number of spores 
introduced into the AiroCide discussed first: 

Inoculum size)  The volume of spores nebulized and introduced into the AiroCide is 
based on mass analysis of the pre- and post-weights of the nebulizer when containing 
the spore suspension. 

Location #1) After the experiment, the fan and ante-chamber, located upstream of the 
AiroCide’s reactor zone were mechanically removed from the AiroCide. All surfaces 
to which the spores can contact were sampled for spores by thoroughly swabbing with 
water-moistened, sterile gauze pads and swabs. The cotton pads and swabs were then 
placed in a sterile jar containing 100 ml of water and vigorously agitated for 1 min. 
Duplicate, 100-µl samples of the suspension were plated, incubated overnight at 35°C, 
and CFUs were counted the following day. 

Location #2) The reactor zone consists of 52 glass sleeves and catalyst-coated rings 
and for the purpose of this study was divided into 3 nearly equally sized zones – Zone 
1, Zone 2 and Zone 3, with Zone 1 closest to the fan and ante-chamber. After testing 
the contents of each zone were removed from the AiroCide and kept separated. Spores 
attached to the sleeves, chamber walls, sides, top, bottom, and entrance, support and 
exit grilles were sampled with water-moistened, sterile gauze pads. The rings and 
sampling pads were placed in a sterile, macerating unit (Osterizer) containing 600-ml 
sterile saline. The mixer was energized for 5 min, pulverizing the rings and thoroughly 
mixing the contents. Samples of the solution were plated, incubated overnight at 35°C, 
and CFUs were counted the following day. All three zones were sampled 
independently in this manner. 
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Location #3) After each 10-min sampling period, culture plates were covered and 
labeled. A total of 14 culture plates were incubated overnight at 35°C. The following 
day, the CFUs of B. thuringiensis were counted and recorded for each culture plate.  

Experimental  Results 
A total of 71,750 B. thuringiensis spores were introduced into the AiroCide (Fig. 6). The 
fan was found to contain 10,400 CFUs, or 14.49% of the original inoculum. Likewise, the 
ante-chamber was found to contain 485 CFUs, or 0.676% of the original inoculum. 
Therefore, a total of 60,865 spores entered the reactor zone. Of this inoculum, a total of 5 
CFUs exited the device and were collected on the surface of the seven sets of blood agar 
plates over the 70-min sampling period. Zones 1, 2 and 3 had 485, 291, and 0 CFUs, 
respectively, remaining after treatment.  

Terry A. Kurzynski, MS Date: August 14, 2002 
Advanced Microbiologist 

Dean T. Tompkins, PhD,  Date: August 14, 2002 
Professional Engineer 
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Appendix 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – Suspension of B. thuringiensis spores in nebulizer. 
 
 
 
 
 

Figure 1 – Phylogenic tree of genus Bacillus. Note group similarity  
between B. anthracis and B. thuringiensis. 

 
 
 
 

B.cereus / B. anthracis
B. thuringiensis
B.cereus / B. anthracis
B. thuringiensis
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Figure 2 – Suspension of B. thuringiensis spores in nebulizer 
and introduced into the AiroCide. 

Figure 3 – Experimental set-up. Air from a cylinder 
 aerosolizes suspension of B. thuringiensis spores. 
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Figure 4 – Experimental set-up. Petri dishes at exit of AiroCide;  
in position to capture spores in effluent from the AiroCide. 

Figure 5 – AiroCide Operation: Spore-filled air enters through the fan and is pressurized 
into the reactor bed.  Spores are immobilized onto the photocatalyst surfaces (and other 
interior surfaces), where they are exposed to surface-bound radicals (e.g., hydroxyl 
radical – OH.) and ultraviolet germicidal irradiation (UVGI).
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Figure 6 – Summary of testing results overlaid on the AiroCide Zones 1, 2, and 3 had 
465, 291, and 0 CFUs, respectively, during 70 min of operation. 
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Mineralization of Bacterial Cell
Mass on a Photocatalytic Surface in
Air

WILLIAM A. JACOBY,*
PIN CHING MANESS,
EDWARD J. WOLFRUM,
DANIEL M. BLAKE, AND
JOHN A. FENNELL

National Renewable Energy Laboratory,
Golden, Colorado 80401

Whole cells deposited on a titanium dioxide-coated
surface have been oxidized in air to carbon dioxide via
photocatalysis. This paper provides the first evidence that
the organic matter in whole cells can be completely
oxidized. Three experimental techniques were employed
to monitor this reaction: scanning electron microscopy,14C
radioisotope labeling, and batch reactor measurements.
The scanning electron microscopy experiments illustrate the
disappearance ofEscherichia colicell mass. The14C
radioisotope labeling experiments establish that the carbon
content ofE. coliis oxidized to form carbon dioxide with
substantial closure of the mass balance. The batch reactor
experiments corroborate the mass balance and provide
a preliminary indication of the rate of the oxidation reaction.
These results provide evidence that a photocatalytic
surface used for disinfection can also be self-cleaning in
an air-solid system.

Introduction
Disinfection of air in a photocatalytic system has been
reported (1), the photocatalytic deactivation of microorgan-
isms has been demonstrated in the aqueous phase, and
possible mechanisms have been postulated (2-4). Additional
work is included in a recent review of photocatalytic chemistry
(5). In an aqueous stream, the dead or damaged cells can
be washed off the catalyst surface. However, in an air-phase
system, the dead cells have the potential to accumulate and
block the active surface. We report here the first evidence
for the photocatalytic oxidation of whole cells to carbon
dioxide. This is a key observation on the path to development
of self-cleaning photocatalytic surfaces for air disinfection.

Bioaerosols are major contributors to indoor air pollution,
and their impact on indoor air quality has been reviewed
(6-8). More than 60 bacteria, viruses, and fungi are
documented as infectious airborne pathogens. Diseases
transmitted via bioaerosols include tuberculosis, Legionaries,
influenza, colds, mumps, measles, rubella, small pox, as-
pergillosis, pneumonia, meningitis, diphtheria, and scarlet
fever. A larger number of bioaerosols are allergens and may

be responsible for a growing incidence of asthma and other
respiratory illnesses.

Mineralization (e.g., complete oxidation) of low molecular
weight organic molecules has been widely studied in gas
and aqueous fluid-phase systems in which titanium dioxide
is the photocatalyst. A survey of this chemistry and a
discussion of the mechanisms that have been proposed are
covered in a recent review (5). Oxidation is accomplished
through the interaction between a photocatalyst and ultra-
violet (UV) light. Titanium dioxide (TiO2) is a semiconductor
photocatalyst with a band gap energy of 3.2 eV. When this
material is irradiated with photons with wavelengths of less
than 385 nm, an electron is promoted from the valence band
to the conduction band. The resulting electron-hole pair
participates in chemical reactions that form hydroxyl radicals
and superoxide ions. These highly reactive species oxidize
organic compounds adsorbed on the catalyst surface. The
technique has been explored as a means of removing volatile
organic compounds (VOCs) from indoor air (9, 10).

The photocatalytic deactivation of bacterial cells using
TiO2has been reported in both the aqueous and gas phases,
but the fate of the cell mass has not been addressed in
previous studies. For disinfection of air, it is necessary to
remove or deactivate bioaerosols (7). A practical device for
this purpose should accomplish three sequential steps: (1)
bioaerosols are separated from air and immobilized on the
catalyst surface; (2) bioaerosols are killed on the catalyst
surface; and (3) bioaerosols oxidatively decompose. The
focus of this paper is on step 3, oxidative decomposition of
cell mass to carbon dioxide and water vapor. Oxidation of
cell mass is a critical step for the continuous operation of a
photocatalytic reactor as a self-sterilizing and self-cleaning
filter for bioaerosols. Ultimately, the rate of cell mass
oxidation must be matched to the rate of cell mass deposition
if a practical device is to be designed. The first steps on this
path are presented here.

Cell mass oxidation was established using three experi-
mental techniques: (a) scanning electron microscopy, (b)
14C radioisotope labeling, and (c) batch reactor measurements
of carbon dioxide evolution. The scanning electron mi-
croscopy experiments show the disappearance ofE. colicells
deposited on the irradiated TiO2surface. The14C radioisotope
labeling experiments show that theE. coliare the source of
the observed carbon dioxide and provide substantial closure
of the carbon mass balance. The batch reactor experiments
corroborate the mass balance while providing an initial
indication of the rate of the oxidation reaction.

Results and Discussion
Scanning Electron Microscopy Experiments.The disap-
pearance of cell mass on an irradiated photocatalytic surface
was shown by coating microscope slides with a thin film of
TiO2(DeGussa P25). The slides were inoculated with a sterile
water suspension ofE. coliLE392 (grown in Luria broth) and
dried in air. Inoculated slides were exposed to UV (∼254
nm) or near-ultraviolet (nUV,∼356 nm) light for 75 h. A
blank was kept in the dark. After sputter coating with gold,
the slides were examined via SEM.

Figure 1 illustrates the results of this experiment. Figure
1a is a photomicrograph of a TiO2film cast on a glass slide.
Figure 1b shows the appearance ofE. colion glass with no
photocatalyst coating. The cylindrical shapes are the bac-
teria. Figure 1c is a catalyst-coated, bacteria-inoculated blank
that received no irradiation. Figure 1d reveals that, without

* Corresponding author’s present address: Department of Chemi-
cal Engineering, W2016 Engineering Building East, University of
MissourisColumbia, Columbia, MO 65211. Phone: (573)882-5037;
fax: (573)884-4940; e-mail: wjacoby@ecn.missouri.edu.
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catalyst, the nUV light has virtually no effect on theE. coli
after 75 h of exposure. Exposure to UV radiation in the
absence of catalyst for the same period effected some degree
of decomposition, as shown in Figure 1e. In Figure 1, panels
f and g,E. colicoated on irradiated films have decomposed
almost completely after 75 h of exposure to nUV and UV
radiation, respectively. These experiments were repeated
four times using various TiO2coating techniques, and the
results were consistent. In a fifth run, the films were cast
onto quartz slides and the radiation was introduced from
the reverse (uncoated and not inoculated) side of the slides.
Similar results were again observed revealing that direct
irradiation of theE. coliis not required to achieve decom-
position of the microbes.

14C Experiments.A flow-through photocatalytic reactor
assembly was used to oxidize14C-labeledE. colibacteria.
The use of the radiolabeled bacteria provided the detection
limits necessary to monitor the oxidation of cell mass and
provide proof that the cell components are the source of the
carbon dioxide. The14C-labeled cells were prepared by
culturingE. coliK12 in fructose minimal medium (11)
supplemented with 5µCi of [U-14C]fructose (New England
Nuclear).

The photocatalytic reactor consisted of a fritted-glass disk
(porosity E) with a total surface area of 12.6 cm2coated with
31.1 mg of TiO2catalyst (DeGussa P25). Approximately 0.33
mL of the 14C-labeledE. coliK12 suspension in water was
pipetted directly onto the disk and dried under a stream of
nitrogen gas. The total dry cell mass loaded onto the frit was
1.5 mg containing 24 411 disintegration per minute (dpm).
The reactor was irradiated by a nUV lamp that provided a
light intensity at the photocatalyst surface of 4.1 mW/cm2.
The14CO2produced was carried by a constant stream of
zero-grade air flowing at 11.5 mL/min and subsequently
trapped into a two-stage bubbler, each stage containing 65
mL of 0.2 N KOH solution. After 97 h of reaction, an aliquot
of the KOH solution was pipetted into a scintillation vial
with 8 mL of Optifluor scintillation cocktail (Packard) and
counted in a Beckman LS 6000 scintillation counter. A dark
control experiment was performed with a frit inoculated with
labeled cells but not exposed to light.

Fifty-one percent of the radioactivity from the added
bacterial cell mass was recovered in the KOH fraction as
14CO2, a product of complete cell mass mineralization.
Approximately 33% of the radioactivity still remained on the
glass frit. This may be due to some cells being deposited in
regions of the porous structure of the frit that were not
accessible to photons. A negligible amount of14CO2was
detected in the dark control experiment. Preliminary
experiments have also demonstrated mineralization of
Rhodobacter sphaeroidesSCJ, a Gram-negative, photosyn-
thetic bacterium.

Batch Reactor Experiments. The goal of the batch
mineralization experiments was to photocatalytically oxidize
bacteria in a closed volume so that evolved CO2could build
up to measurable concentrations and the rate of the oxidation
reaction could be approximated. The experiments were
performed using 250-mL gas sampling tubes that were
equipped with high-vacuum valves and a septum port (Kontes
Glass Company, Catalog No. 653150-250). In a typical
experiment, a 1.0-mL aliquot of a 0.05 g/mL suspension of
TiO2(DeGussa P25) was added to the gas sampling tube
through the septum port, followed by a 1.0-mL aliquot of a
0.3 mg/mLE. coliK12 suspension. In blank control experi-
ments, an equivalent amount of deionized water was added
in place of the TiO2orE. colisuspensions. TheE. coli/TiO2
slurry was then dried with house air and moderate heating.
After drying, the slurry formed an irregular film on the side
of the sampling tube.

The tubes were purged with an 80:20 nitrogen:oxygen gas
mixture and irradiated with an array of six evenly spaced
nUV lamps, which provided a light intensity at the surface
of the sampling tubes of approximately 3.5 mW/cm2. The
array heated the sampling tubes slightly above room tem-
perature. The dark control experiments were performed by
wrapping the sampling tube with aluminum foil before
placing it under the light table.
Periodic samples were taken according to the following

procedure. The sampling tube was removed from illumina-
tion and allowed to cool to room temperature. Triplicate
0.5-mL samples were removed from the tube with a gastight
syringe and analyzed by gas chromatography (GC) (Hewlett-
Packard model 5890 witha6ft×1/8 in., Porapak Q column).
The sampling tube was then repurged with a CO2-free
nitrogen:oxygen gas mixture, and illumination was continued.
The GC was calibrated daily using a 998 ppm CO2calibration
standard (Scott Specialty Gases).
Figure 2 shows representative kinetic data, including the

control experiments. The data in curves 1 and 2 are
experimental cases, where sampling tubes containing theE.
coliand TiO2were illuminated. Three control experiments
were also performed (curves 3-5), whereE. coli, light, and
TiO2were sequentially excluded from the gas sampling tube.
The greater cumulative yield of CO2among the experi-

mental cases relative to the control cases shows evolution
of CO2due to photocatalytic oxidation of cell mass. The
statistical significance of this conclusion is established by
the fact that each data point in Figure 2 represents between
6 and 15 replicate samples. Curve 1 includes representative
error bars corresponding to 99% confidence intervals.
Curve 2 is similar in shape to curve 1 but exhibits a lower

CO2flux. This may be due the degree of contact between the
suspendedE. coliand irradiated TiO2. To test this, 23 h into
experiment 2 theE. coli/TiO2film was resuspended in 2 mL
of deionized water, redistributed over the sampling tube
surface, and dried as before. An increase in the rate of CO2
evolution is observed at 23 h in curve 2. The CO2evolution
in the control experiments (curves 3-5) is likely due to leakage
of CO2from the ambient air, although for the light/TiO2
control experiment (curve 3), oxidation of trace organic
impurities on the catalyst would also produce CO2.
The carbon fraction of bacterial mass recovered as CO2

was calculated by subtracting the 80 h data point from curve
3 (0.03 mg, noE. coli) from the mass average of the 80 h data
points in curves 1 and 2 (0.11 mg) and then dividing by the
initial bacterial mass loading (0.30 mg) to give a value of
27%. The literature values for carbon content of a typical
bacterium range from 47% to 53% (12,13). If we assume
50% carbon content, the data in Figure 2 indicate 54%
mineralization of theE. coliby photocatalytic oxidation. In
this experiment, the amount of carbon remaining in the
sampling tube could not be determined.
The literature contains references to cell killing via

photocatalysis, but oxidation of cell mass has not been
previously reported. Three different experimental ap-
proaches have demonstrated that a TiO2surface irradiated
with nUV or UV illumination can oxidatively decompose a
substantial portion of the bacterial cell mass in the presence
of air. The carbon mass balances are not completely closed.
The missing carbon could be due to cell material that is
shaded from light and does not react or cell components
that are refractory and do not react. The experiments
reported here do not address the issue of the fate of mineral
matter in the cells and the impact they might have on catalyst
lifetime or activity. This inorganic matter could act to reduce
the local photocatalytic activity at the site of the cell that is
being decomposed.
Work is underway to further refine the carbon mass

balances, to determine the fate of other elemental compo-
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nents of mineralized cells, and to evaluate factors that control
the rate and extent of cell mineralization. Variables to be
investigated in this context include type of organism, light
intensity, reactor design, and catalyst type and configuration.
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FIGURE 2. Cumulative CO2evolution as a function of irradiation time during the oxidation of cell mass via heterogeneous photocatalysis.
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