Environmental Science and Pollution Research (2021) 28:23859-23867
https://doi.org/10.1007/s11356-020-11663-6

ADVANCED OXIDATION/REDUCTION TECHNOLOGIES: AN PERSPECTIVE FROM IBEROAMERICAN o')
COUNTRIES

Check for
updates

Design and performance evaluation of a photocatalytic reactor
for indoor air disinfection

Silvia Mercedes Zacarias ' (® - Agustina Manassero ' - Silvana Pirola’ - Orlando Mario Alfano’ - Maria Lucila Satuf’

Received: 29 July 2020 / Accepted: 12 November 2020 / Published online: 21 November 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Since COVID-19 pandemic, indoor air quality control has become a priority, and the development of air purification devices
effective for disinfecting airborne viruses and bacteria is of outmost relevance. In this work, a photocatalytic device for the
removal of airborne microorganisms is presented. It is an annular reactor filled with TiO,-coated glass rings and irradiated
internally and externally by UV-A lamps. B. subtilis spores and vegetative cells have been employed as model biological
pollutants. Three types of assays with aerosolized bacterial suspensions were performed to evaluate distinct purification process-
es: filtration, photocatalytic inactivation in the air phase, and photocatalytic inactivation over the TiO,-coated rings. The radiation
distribution inside the reactor was analysed by performing Monte Carlo simulations of photon absorption in the photocatalytic
bed. Complete removal of a high load of microorganisms in the air stream could be achieved in 1 h. Nevertheless, inactivation of
retained bacteria in the reactor bed required longer irradiation periods: after 8 h under internal and external irradiation, the initial
concentration of retained spores and vegetative cells was reduced by 68% and 99%, respectively. Efficiency parameters were also
calculated to evaluate the influence of the irradiation conditions on the photocatalytic inactivation of bacteria attached at the
coated rings.
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Introduction

For many years, efforts from the scientific community have
been conducted towards the development of efficient indoor
air purification technologies. The US Environmental
Protection Agency (USEPA) reported in 1989 the potential
impact on human health of indoor air pollution. This concern
was mainly due to the fact that people in industrialized socie-
ties spend approximately 90% of their time indoors (U.S. EPA
1989), where the concentrations of pollutants are often 2 to 5
times higher than typical outdoor concentrations.
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Indeed, indoor air quality control is now a priority, since
the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has impacted in most countries around the world.
Millions of positives cases have been reported, resulting in
hundreds of thousands of deaths. Therefore, the development
of air purification devices effective for disinfecting airborne
viruses and bacteria is attracting worldwide attention.

Photocatalysis is a well-known air treatment technology for
the removal of airborne chemical and biological pollutants.
The photocatalytic removal of VOCs (volatile organic com-
pounds) in air has been widely reported in the literature, and it
has been summarized in recent studies (Luengas et al. 2015;
Ren et al. 2017; Costa Filho and Vilar 2019). Many research
groups have dedicated their efforts in either developing new
types of photoreactors or improving the existent designs, such
as (i) packed-bed photoreactors, (ii) monolithic photoreactors,
(iii) photocatalytic membrane reactors, and (iv) microreactors
(Costa Filho and Vilar 2019; Assadi et al. 2014).

In contrast to photocatalysis applied to chemicals, photo-
catalytic disinfection of contaminated air remained scarcely
studied due to the complexity of working with bioaerosols,
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which combines difficulties inherent to microbiology and to
acrosol sciences (Josset et al. 2010). Nevertheless, new prom-
ising photocatalytic materials and reactor designs have been
recently reported in the literature. To study the inactivation of
bacteria and fungi, Rodrigues-Silva et al. (2016) carried out
experiments in a single-pass annular photoreactor packed with
cellulose acetate monolithic structures coated with P25. They
found that the survival rate of the microorganisms under study
decreased with the catalyst load and the UVA exposure time.
Inactivation of fungi (A. fumigatus, 80%) was slower than
Gram-positive bacteria (S. aureus, 88%), followed by Gram-
negative bacteria (Pseudomonas aeruginosa, 92%) and resis-
tant bacteria (methicillin-resistant Staphylococcus aureus,
93%). Doss et al. (2018) designed a small-size, flow-through
structured photocatalytic device (40 mm x 65 mm) for puri-
fying air from airborne T2 bacteriophage viruses. They used
LEDs at 392 nm as irradiation light source and TiO,/3-SiC
solid alveolar foams as photocatalytic media. A logarithmic
abatement of 3 for 60 min of run time was observed. Also,
Kim and Jang (2018) tested VUV photocatalysis for
inactivating airborne MS2 viruses using pleated and spiral-
type Pd-TiO, catalysts and short irradiation times (0.004—
0.125 s) in a continuous annular photoreactor. They obtained
more than 90% inactivation for MS2 viruses. Recently, Li
et al. (2019) studied the photocatalytic bactericidal properties
of air filters fabricated from zinc-imidazolate metal organic
frameworks (ZIF-8 MOF). They built a rectangular chamber
(30 x 30 x 60 cm), assumed to be an air duct model, which
was divided into an inlet section, a reaction section, and an
outlet section by the MOFilter. The filter was exposed to
Escherichia coli-containing aerosols under simulate sunlight
illumination for 30 min. They analysed the viability of air-
borne bacteria in the air outlet and over the photocatalytic
filters. They obtained a good performance for integrated pol-
lution control, with > 99.99% photocatalytic killing efficiency
against E. coli in 30 min and 97% particulate matter removal.

The selection of the model microorganism to test the effec-
tiveness of purification devices is a relevant issue. Bacterial
spores have distinctive features crucial to their survival under
adverse conditions, which make them more resistant to disin-
fection techniques. This characteristic has been explained by
considering their structure, morphology, and chemical com-
position (Atrih and Foster 2002). Therefore, spores of Bacillus
species are good candidates to act as biological indicators in
disinfection processes. If spore inactivation is accomplished, it
is very probable that inactivation of less resistant microorgan-
isms has also been attained.

The photocatalytic mechanism to inactivate biological pol-
lutants is associated to the oxidation of the organic compo-
nents of the microorganism cells through photogenerated
holes or radicals, analogous to the photocatalytic degradation
of organic pollutants (Josset et al. 2010). Although there are
many hypotheses about the reactive oxygen species that are
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responsible for the inactivation, most researchers agree that
the *OH radical is the primary oxidant (Horie et al. 1998a, b;
Blake et al. 1999; Pal et al. 2005; Vohra et al. 2005; Yu et al.
2008). In a previous work (Zacarias et al. 2010), a simplified
scheme was proposed for the complex photocatalytic inacti-
vation process of B. subtilis spores. In the suggested mecha-
nism, *OH radicals were the main responsible species for the
damage of the spore’s coat and core, which finally led to the
microorganism inactivation.

To evaluate the disinfection efficiency of photocatalytic
reactors, the knowledge of the spatial distribution of the
absorbed radiation represents a key factor. Stochastic simula-
tion methods, like the Monte Carlo method, are preferred to
solve radiation models in reactors with complex geometries
(Moreira et al. 2010). The Monte Carlo method has been suc-
cessfully employed to evaluate the photon absorption distri-
bution inside reactors with different geometries, radiation
sources, and catalyst arrangements (Imoberdorf et al. 2010;
Zazueta et al. 2013; Marugan et al. 2015; Akach and
Ochieng 2018).

In a recent publication, our group reported the photocata-
lytic inactivation of airborne Bacillus subtilis spores and veg-
etative cells in a packed-bed reactor filled with TiO,-coated
glass rings and irradiated with UV-A lamps (Zacarias et al.
2019). The aim of the designed reactor was to combine two
processes for air disinfection: the retention of airborne micro-
organisms in the reactor bed (filtration) and the photocatalytic
inactivation of the retained microorganisms. After the pass of
polluted air through the reactor during 10 min, the inactivation
was assessed by measuring the viability of the microorgan-
isms retained by the coated glass rings inside the reactor. At
the end of the experiments (12 h of irradiation), the initial
concentration of retained spores and vegetative cells was re-
duced by almost 55% and 96%, respectively. The purpose of
the present work is to improve the design of the reactor for
indoor air disinfection. A new illumination arrangement has
been constructed, and a system to recycle the polluted air has
been introduced in the experimental setup. The radiation dis-
tribution inside the reactor is analysed by performing Monte
Carlo simulations of photon absorption in the photocatalytic
bed. Bacterial spores and vegetative cells are aerosolized in-
side the reactor, and the air stream is recycled under irradiation
supplied by external and internal UV-A lamps, simultaneous-
ly and alternatively. The viability of microorganisms retained
in the reactor bed and present in the air flow is evaluated under
different experimental conditions. Finally, efficiency parame-
ters are calculated to assess the use of light inside the reactor
for air disinfection.

The novelty of the present work relies on (1) the assess-
ment of distinct processes (filtration and photocatalytic inac-
tivation) for bioaerosol remediation in a photocatalytic reactor
employing the resistant form of a model microorganism and
(2) the analysis of the effect of the absorbed radiation,
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computed by Monte Carlo simulations, on the reactor perfor-
mance for the inactivation of the retained bacteria.

Experimental
Materials
Photocatalytic packing material

Borosilicate glass rings (0.4-cm diameter x 0.8-cm length)
were employed as support to immobilize the TiO, catalyst.
Among the advantages of choosing glass rings as packing
material, we can cite high transmittance in the UV-A region,
resistance to the high temperatures employed in the coating
procedure, and low air pressure drop.

Titanium dioxide AEROXIDE® TiO2 P25 (Evonik,
Germany) was employed for the coatings. Catalyst immobili-
zation on the glass rings was performed by the dip-coating
technique (Zacarias et al. 2019). Briefly, the rings were verti-
cally immersed in the catalyst suspension (150 g L") and
withdrawn at a speed of 3 cm min . Then, they were dried
(110 °C for 24 h) and calcined (500 °C for 2 h, 1° min ).

The mass of TiO, per unit area of the support, obtained
from the weight difference of a significant number of rings,
was 0.28 + 0.03 mg cm 2. The thickness of the TiO, film,
determined from the SEM images, was 0.73 + 0.03 um. The
coated rings were reused several times in different inactivation
assays. After each assay, they were sterilized at 160 °C for 2 h.
It has been demonstrated that the coated rings maintain the
photocatalytic activity without significant changes up to ten
irradiation cycles (Zacarias et al. 2019).

Model microorganism

Inactivation tests were carried out with vegetative cells and
spores of Bacillus subtilis (ATCC 6633 strain). They are
Gram-positive, rod-shaped, endospore forming bacteria, com-
monly found in soil and rotting plant material.

Suspensions with approximately 10* CFU (colony forming
units) mL ™" of bacteria were used for bioaerosol generation.
Spore suspensions were obtained following the technique pro-
posed by Shehata and Collins (1972). They were stored in
sterile distilled water at 4 °C for up to 2 months.

Methods
Experimental setup

As depicted in Fig. 1, the photocatalytic device is a horizon-
tally held, annular reactor with recycle. It is made of borosil-
icate glass with 4.0-cm inner tube diameter and 10.5-cm outer
tube diameter. The reactor is equipped with a special mobile
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b) Picture of the reactor with inner and outer UV
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Fig. 1 Photocatalytic reactor

mechanism that allows changing the reactor length from 1 to
10 cm. This feature gives the device great flexibility to make
experiments under different operating conditions, with differ-
ent packing materials and with diverse type of pollutants.
Based on preliminary tests, a length of 3 cm provided a satis-
factory retention percentage of bacterial cells. Therefore, the
reactor length was fixed at 3 cm. Six hundred glass rings were
employed to completely fill the 3-cm-long annular reaction
space in a random disposition.

The reactor inlet contains a perforated plate that acts as an air
distributor to ensure uniform distribution of the polluted air in
the reaction bed (Fig. 1a). The pressure drop in the reactor,
calculated with Ergun equation at 12 LPM, is less than 0.1 mbar.

The UV radiation emitting system consists of two arrange-
ments of tubular black-light fluorescent lamps (Satellite F6T5
BLB 6W). Internal irradiation is supplied by 3 lamps placed in
the axis of the annulus. External irradiation is provided by 16
lamps spaced equidistantly around the reactor outer tube.
They are surrounded by an enclosure that prevents UV-A
exposure during operation. This enclosure contains a fan to
cool the lamps and maintain constant temperature during the
experiments.
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The incident radiation flux at the reactor windows was
measured using a miniature spectrophotometer with an optical
fibre (USB 2000 + UV-VIS-ES Ocean Optics). The average
of the inner and outer incident radiation fluxes are 3.43 mW
cm 2 and 1.89 mW cm 2, respectively. The emission spectra
of the lamps is comprised between 300 and 400 nm with a
maximum at 355 nm (UV-A).

The experimental setup (Fig. 2) also includes a synthetic air
cylinder, a nebulizer (6 jet “Collison” type), a microorganism
sampler (single-stage viable particle sampler), and a recircu-
lation peristaltic pump (Apema SRL, BS6D). The nebulizer,
containing the bacterial suspension, is connected to the reactor
inlet through silicone tubing. At the reactor outlet, two valves
allow the air flow to pass alternatively through the microor-
ganism sampler, or along the recycle, also constructed with
silicone tubing.

Inactivation tests were performed under 3 irradiation con-
ditions: internal irradiation (only inner lamps on), external
irradiation (only outer lamps on), and internal + external irra-
diation (inner and outer lamps on).

Test procedure

Previous experiments revealed that the viability of spores and
vegetative cells over uncoated glass rings under UV-A light,
and over TiO,-coated glass rings in the absence of UV-A
light, was not significantly affected (Zacarias et al. 2019).
Therefore, the effect of photolysis and catalytic inactivation
in the dark can be safely neglected.

Three types of assays were performed to evaluate dis-
tinct processes: (i) filtration of microorganisms (spores)
present in the air stream by adsorption in the packed bed,
(ii) photocatalytic inactivation of microorganisms (spores)
present in the air stream, and (iii) photocatalytic inactiva-
tion of microorganisms (spores and vegetative cells)
retained in the packed bed.

i) Filtration of microorganisms in the air stream To evaluate
the adsorption of microorganisms in the packed bed, spore

suspensions of the same initial concentration were nebu-
lized during 10 min at an air flow rate of 12 LPM inside the
empty reactor (without filling) and, alternatively, in the
reactor filled with the coated glass rings (exhaust valve
open). During nebulization, samples were collected every
2 min by allowing the outlet air to impact 5 s in a culture
plate with nutrient agar (Merck Chemicals) placed in the
microorganism sampler (Fig. 2). When the sampler was not
connected, the outlet air passed through a liquid impinger
filled with sodium hypochlorite solution before being re-
leased to the atmosphere.

The culture plates were incubated at 30 °C for 48 h, and the
CFU were counted. The percentage of filtered spores is calcu-
lated as:

%filtered spores = (CFUempty—CFUbed) /CFUcmpy x 100 (1)

ii) Photocatalytic inactivation of microorganisms in the air
stream (with recirculation) Before each inactivation experi-
ment with recirculation, spore suspensions were nebulized
during 5 min at 12 LPM air flow rate inside the packed-bed
reactor (exhaust valve open). Then, the exhaust valve was
closed, and the polluted air was allowed to recirculate in
the system at 3 LPM (pump on) with the lamps off. To
assure that adsorption equilibrium between spores and the
experimental device (reactor, tubing, connectors, and
valves) is reached, several samples of the air stream were
analysed with the microorganism sampler. Constant spore
concentration was obtained after 30 minutes of recircula-
tion in the dark (stabilization time, without irradiation).
Subsequently, UV lamps were turned on (the pump
remained on) and the inactivation experiments started.
Air samples were taken at different time intervals (0, 20,
40, 60, and 80 min) by allowing the recirculating air to
impact 30 s on a nutrient agar plate located in the micro-
organism sampler. The culture procedure was the same as
that reported in (i). This experiment was carried out with
inner and outer lamps simultaneously on internal + exter-
nal irradiation.

Fig. 2 Complete experimental
setup
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To evaluate the percentage of spores inactivated in the air
stream at each sampling time ¢, the following equation was
employed:

%inactivated spores in the air = (CFU,—CFU,)/CFU, x 100 (2)

In this type of experiments, CFU, corresponds to the sam-
ple taken immediately after the stabilization time.

iii) Photocatalytic inactivation of microorganisms in the
packed bed (without recirculation) Before each inactivation
experiment without recirculation, spores and, alternatively, veg-
etative cell suspensions were nebulized during 5 min at 12 LPM
air flow rate inside the packed-bed reactor (exhaust valve open).
Then, the exhaust valve was closed, and 9 glass rings were taken
from different representative locations of the packed bed. Next,
the lamps were turned on and the inactivation experiment started.
The packed bed was irradiated during 8 h. Every 2 h, 9 glass
rings were removed from the reactor. To count the number of
viable spores or vegetative cells attached at the TiO,-coated rings,
each set of 9 rings was placed in tubes with an extraction solution
(0.1% peptone in distilled water with 0.01% of Tween 80),
stirred, and then sonicated. Finally, aliquots of the resulting sus-
pension were diluted and spread onto nutrient agar plates, incu-
bated at 30 °C for 48 h, and the CFU were counted. The extrac-
tion step was performed in triplicate (3 rings per tube), and the
counting of the viable spores of each triplicate was performed, in
turn, in duplicate. This experiment was carried out under 3 irra-
diation conditions: only inner lamps on (internal), only outer
lamps on (external), and inner and outer lamps on (internal +
external). It should be mentioned that when internal irradiation
was employed, the inactivation rate was very low, so the exper-
iments lasted 12 h, and sampling was carried out every 4 h.

To assess the photocatalytic inactivation of the microorgan-
isms attached at the coated rings, the decay of viable spores or
vegetative cells was fitted with the exponential equation:

N = Noexp(—k 1) (3)

where N (CFU cmfz) is the bacterial concentration per unit
area of the support, Ny (CFU cm ) is the initial bacterial
concentration per unit area of the support, k (h™") is the appar-
ent kinetic constant, and ¢ (h) is the irradiation time. The area
of support was calculated as the sum of the internal and exter-
nal surface of the 3 glass rings in each extracting tube.

Also, the percentage of inactivation and the logarithmic
reduction (LR) after 8 h of irradiation were calculated as:

%inactivated spores or cells in the packed—bed = (N o—N f) /Ny x 100
(4)
LR = —logl0 (N,/Ny) (5)

where Ny corresponds to the bacterial concentration per unit
area of support at £ = 8 h.

Efficiency parameters

To assess the influence of the irradiation conditions on the
photocatalytic inactivation on B. subtilis spores and vegetative
cells attached at the coated rings, the following efficiency
parameters were calculated:

Photonic efficiency (n,,;,) This parameter relates the photocat-
alytic inactivation rate with the rate of incident radiation. It can
be expressed as (Zacarias et al. 2012):

X Acar

( /d’) =0 (6)

<%‘>AW X Ay

T’ph =

where (dN / dz) represents the initial rate of bacteria inacti-
=0

vation [CFU cm 2 h™'], A, is the total TiO,-coated area of the
glass rings inside the reactor [cm?], {g,) is the incident radia-
tion flux at the reactor window (internal or external) [Einstein
cm 2 hfl], and A,, is the irradiated window area (the internal
area of the reactor inner tube or the external area of the outer
tube) [cm?]. When the reactor was irradiated with the inner
and outer lamps simultaneously, the denominator of Eq. 6 was

calculated as {<q1> 4, X AW} int + [(qi> 4, X Aw} ext- Apar WAas

calculated as the sum of the coated internal and external sur-
face of the 600 glass rings in the packed bed.

Quantum efficiency (n,,) It relates to the photocatalytic inac-
tivation rate with the photon absorption rate. This parameter
can be written as (Zacarias et al. 2019):

(dN/dt) 0 X Acat

= — = 7
Nqu <ea-,5>Acm X Acat ( )

where (e“), is the local surface rate of photon absorption
averaged over A, [Einstein cm > h™'].

The initial rate of inactivation under each experimental
condition was obtained by calculating the first derivative of

the corresponding fitting equation (Eq. 3) at = 0.

("/)

The Monte Carlo method was employed to evaluate the
photon absorption distribution inside the reactor and to com-
pute the surface rate of photon absorption ((e**), ). Briefly,

:_N()Xk (8)

t=0

this method consists of tracking the trajectory of a statistically
significant number of photons inside the reactor until they are
either absorbed or scattered out, and the spatial location of the
absorbed photons is recorded. The direction, length of the
trajectory, and fate of the photons are determined by random
numbers. A photon travels with a linear trajectory through the
reactor annular space until it finds a glass ring or the reactor
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walls. The distance that a photon can travel without reaching a
ring is defined by the photon mean free path (Imoberdorf et al.
2010) and by a random number. If a photon reaches a TiO,-
coated ring, three phenomena can take place: absorption, re-
flection, or transmission. If the photon is absorbed in the TiO,
film, the position is stored in a spatial cell, and the trajectory of
anew photon is considered. If the photon is reflected, the new
direction is determined by considering specular reflection
(Imoberdorf et al. 2007). Finally, if the photon is transmitted,
a new travelling distance is calculated. If the photon reaches
the reactor windows without being absorbed, it can be
reflected back inside the reactor space or transmitted outside
the reactor. Considering the angular symmetry of the reactor,
the annular reaction region was divided into 2D spatial cells to
store the absorption places of the photons and to subsequently
calculate the local surface rate of photon absorption. More
details of the methodology employed can be found elsewhere
(Zacarias et al. 2019; Manassero et al. 2017).

Results and discussion

Monte Carlo simulations of the photon absorption
rate inside the reactor

The values of the radiation absorbed by the TiO,-coated glass
inside the reactor, for the 3 irradiation conditions tested, are
presented in Table 1. The values of radiation entering the
reaction space through the windows, experimentally measured
with a fibre optic spectrophotometer, are also shown in the
table.

These results demonstrate that more than 60% of the inci-
dent radiant energy is absorbed inside the reactor under the 3
irradiation conditions. The fraction of radiation that is not
absorbed by the photocatalytic rings is lost through the reactor
ends (20%) or through the reactor windows (20%). These
values were calculated from simulation results by taking into
account the total number of photons analysed.

Figure 3 shows the absorbed radiation profiles inside the
reactor filled with the TiO, glass rings for the different irradi-
ation conditions. As expected, the highest values of absorbed
radiation are obtained next to the irradiated windows. When
only inner or, alternatively, outer lamps are on, as we move

Table 1  Radiation simulation results

Irradiation condition {gi) Ay X Aw

[Einstein b~ ']x 10°

{e**) A X Acat
[Einstein b ']x 10°

Internal 1.38 0.85
External 2.00 1.23
Internal + external 3.38 2.07

@ Springer

inside the reactor bed, the absorbed radiation significantly
decreases (Fig. 3a and b). At the centre of the reaction space
(r = 3.6 cm), radiation absorption reaches approximately 10%
of the value at the window, i.e., half reaction space is under-
illuminated. Conversely, when the reactor is irradiated from
both sides, there is no location where radiation absorption is
less than 25% of the value at the outer window (Fig. 3¢). This
analysis shows that under-illumination from both sides, the
distribution of radiation in the packed bed is more uniform,
allowing a better utilization of the whole reactor volume.

Filtration of microorganisms in the air stream

The quantification of the CFU in the reactor outlet air showed
that the value of viable spores remained approximately con-
stant after 4 min of nebulization. 92 + 6% of the spores ini-
tially present in the air stream were retained inside the reactor.
Taking into account that the concentration of bacteria
employed in the inlet air stream (2 x 10* CFU m ) is higher
than the usual concentration of pathogens present in indoor
air, we can affirm that almost all microorganisms can be fil-
tered by passing one time through the packed-bed reactor.

Photocatalytic inactivation of microorganisms in the
air stream (with recirculation)

The air stream containing the spores that were not filtered in
the reactor bed was recirculated in the system under UV radi-
ation (internal + external irradiation). Table 2 presents the
results of spores’ inactivation at different irradiation times.

As observed in the table, in less than 1 h of recirculation,
spores were completely removed from the air stream. It is
important to point out that the air was allowed to recirculate
in the system with the lamps off after the end of the assays in
order to evaluate the possible detachment of microorganisms.
No viable spores were found in the air stream after 60 min of
recirculation in the dark.

Photocatalytic inactivation of microorganisms in the
packed bed (without recirculation)

Figure 4a shows the experimental concentration of viable
spores attached to the coated glass rings vs irradiation time
under different irradiation conditions. The corresponding
fitting curves are also presented in the figure. Similarly, Fig.
4b shows results of B. subtilis vegetative cells inactivation in
the packed bed.

Both spores and vegetative cells inactivation are clearly
enhanced by the irradiation level. Table 3 shows the inactiva-
tion percentage and the logarithmic reduction after 8§ h of
irradiation and the values of the apparent kinetic constant for
both bacterial structures. As expected, the inactivation rate of
vegetative cells is higher than that obtained for spores. After
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Fig. 3 Monte Carlo simulations of the absorbed radiation in the reactor
under the different irradiation conditions. Radial profiles along the
middle-length plane (1.5 cm). (a) Internal irradiation (only inner lamps
on). (b) External irradiation (only outer lamps on). (¢) Internal + external
irradiation

Table 2  Inactivation percentage in the air stream

Irradiation time (min) % inactivated spores

20 60+ 7
40 74+8
60 100 +2
80 100 +2

8 h of irradiation, 2 logs of reduction were obtained for veg-
etative cells, whereas spores only reached 0.5 LR.

To assess the utilization of radiant energy to inactivate the
retained microorganisms inside the reactor, photonic and
quantum efficiency parameters were calculated from Eqgs. 6
and 7, respectively. Both parameters, along with the initial
inactivation rates under different irradiation conditions, are
presented in Table 4.

Although the inactivation rate increases with the incident
radiation rate and the photon absorption rate, this relationship
is not proportional, as evidence by the values of 7, and 74,.
Similar efficiencies were obtained with internal and external
irradiation separately. But under illumination from both sides,
although inactivation rates increase, the denominators of Egs.
6 and 7 increase more, and, therefore, efficiencies decrease
around 20% for both bacterial structures. This behaviour is
usually found in photocatalytic reactions, and it is attributed
to the increase in the recombination rate of electrons and holes
in the TiO, particles at high irradiation levels. This effect
originates a nonlinear relation (square root dependence) be-
tween the inactivation rate and the radiation absorption rate.
Consequently, efficiencies drop (Hoffman et al. 1994; Satuf
et al. 2007; Motegh et al. 2010).

Conclusions

The performance of a packed-bed photocatalytic reactor for
air disinfection has been analysed. The reactor can completely
remove vegetative cells and resistant forms of B. subtilis from
the air by combining filtration and photocatalytic inactivation.
One hundred percent elimination of bacterial spores in the air
stream can be reached by 1 h of recirculation inside the irra-
diated reactor. Nevertheless, when all microorganisms have
been removed from the air stream, a high percentage of the
filtered bacteria is still viable inside the reactor. Long irradia-
tion times are needed to completely inactivate the spores at-
tached at the photocatalytic rings. Better utilization of the
reaction space is achieved when the reactor is irradiated from
both sides, reaching higher inactivation rates, although effi-
ciency parameters slightly decrease. After 8 h of irradiation
under this condition, the initial concentration of retained
spores and vegetative cells was reduced by 68% and 99%,
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Fig. 4 Bioaerosol inactivation in the packed bed under different
irradiation conditions. Fittings are depicted with solid lines, and
experimental values are depicted with the following symbols: squares
(internal irrad), circles (external irrad), triangles (internal + external
irrad). Error bars represent 99% confidence interval. (a) Spore
inactivation. (b) Vegetative cell inactivation

Table 3  Photocatalytic inactivation in the packed bed

Irradiation condition Inactivation % LR ki)
Spores

Internal 39 0.2 0.07 £ 0.01
External 61 0.4 0.11+0.01
Internal + external 68 0.5 0.14 +0.01
Vegetative cells

Internal 92 1.1 0.28 £0.01
External 96 1.4 0.40 +£0.03
Internal + external 99 2.0 0.56 = 0.04

@ Springer

Table 4  Efficiency parameters

Parameters
Irradiation  _ (dN / ) % Ay Ph Tqu
condition iz [CFU [CFU
[CFUh ] x 10 Einstein '] x  Einstein '] x
107 107
Spores
Internal 0.8+0.1 58+0.7 9.4+1.0
External 1.3+0.1 6.5+0.5 10.6 £0.8
Internal + 1.7+0.1 50+0.3 82+0.5
external
Vegetative cells
Internal 34+0.1 25+1 41 + 1
External 4.8+04 24+2 39+3
Internal + 6.7+0.5 20+ 1 32+£2
external

respectively. TiO,-coated glass rings have proven to be an
excellent packing material for photocatalytic reactors
employed in bioaerosol disinfection. They have high filtration
capacity, they provide low pressure drop, they can be reused
without appreciable loss of activity, and microorganisms do
not detached easily from them.
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