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HIGHLIGHTS

GRAPHIC ABSTRACT

* ZnO/Perlite inactivated 72% of bioaerosols in

continuous gas phase.

* TiO, triggered the highest level of cytotoxicity

with 95% dead cells onto Poraver.

* Inactivation mechanism occurred by membrane
damage, morphological changes and lysis.
* ZnO/Poraver showed null inactivation of bioaer-

osols.

* Catalysts losses at the outlet of the photoreactor

for all systems were negligible.
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ABSTRACT

Bioaerosols are airborne microorganisms that cause infectious sickness, respiratory and chronic health
issues. They have become a latent threat, particularly in indoor environment. Photocatalysis is a
promising process to inactivate completely bioaerosols from air. However, in systems treating a
continuous air flow, catalysts can be partially lost in the gaseous effluent. To avoid such phenomenon,
supporting materials can be used to fix catalysts. In the present work, four photocatalytic systems using
Perlite or Poraver glass beads impregnated with ZnO or TiO, were tested. The inactivation mechanism
of bioaerosols and the cytotoxic effect of the catalysts to bioaerosols were studied. The plug flow
photocatalytic reactor treated a bioaerosol flow of 460x 1 0° cells/m”,;, with a residence time of 5.7 s.
Flow Cytometry (FC) was used to quantify and characterize bioaerosols in terms of dead, injured and
live cells. The most efficient system was ZnO/Perlite with 72% inactivation of bioaerosols,
maintaining such inactivation during 7.5 h due to the higher water retention capacity of Perlite (2.8
mL/gperiite) In comparison with Poraver (1.5 mL/gperiite). However, a global balance showed that TiO»/
Poraver system triggered the highest level of cytotoxicity to bioacrosols retained on the support after
96 h with 95% of dead cells. SEM and FC analyses showed that the mechanism of inactivation with
ZnO was based on membrane damage, morphological cell changes and cell lysis; whereas only
membrane damage and cell lysis were involved with TiO,. Overall, results highlighted that
photocatalytic technologies can completely inactivate bioaerosols in indoor environments.

© Higher Education Press 2020

1 Introduction

include bacteria, fungi, yeasts, spores, pollen, virus and
cell fragments, such as endotoxins and mycotoxins

Bioaerosols are defined as airborne bioparticles with an (Sén§hez et al., 2012; Humbal c.et'al., 2018). However,
aerodynamic diameter between 0.5 and 200 pum. These physical factors such as high humidity (greater than 60%),

temperature, incident light and presence of humans, plants
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and animals elicit the accumulation and proliferation of
bioaerosols (Wang et al., 2009; Humbal et al., 2018).
Biotechnological processes for the treatment of waste
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et al., 2014; Niazi et al., 2015; Esquivel-Gonzalez et al.,
2017; Pagalilauan et al., 2018). Important bioaerosol
emitters in indoors are human activities (talk, sneeze,
cough), animals, and air cleaner filters without auto-
disinfection system (Chuaybamroong et al., 2010; Sanchez
et al., 2012). Bioaerosols promote infectious sickness
(Covid-19, flu, influenza, tuberculosis) respiratory health
issues (asthma, rhinitis, conjunctivitis, pneumonia) and
cancer (Humbal et al., 2018; WHO, 2020; Wu et al., 2020).
As people spend more than 90% of their time inside
buildings, the World Health Organization (WHO) has
established an indoor space bioaerosol Exposition Limit
Value (ELV), which must be lower than 300 CFU/m’
(Esquivel-Gonzalez et al., 2017). Furthermore, technolo-
gies to remove and control indoor bioaerosols should be
developed; mainly in hospitals where the medical staff is
highly susceptible. Heterogeneous photocatalysis is one of
the most promising and rising technology, which consists
in the use of semi-conductive materials, excited by photons
to elicit the production of reactive oxidizing species which
are highly reactive with biological material such as
bioaerosols (Chuaybamroong et al., 2010; Boyjoo et al.,
2017). Radicals produced during photocatalysis can
disrupt cell membranes, and oxidize bioaerosols until
mineralisation. It has been reported that photocatalysis
induces genetic damage and denaturalization of bioaerosol
cells (Boyjoo et al., 2017; Rodrigues-Silva et al., 2017).
The aforementioned is called inactivation of bioaerosols
and is a photocatalytic activity-dependent characteristic.
Continuous mode photocatalytic processes are crucial
for the development of suitable technology for indoor air
quality control. Photocatalysis performed under contin-
uous air flow is controlled by humidity, temperature and
photocatalysts type and concentration. Catalysts loss is one
of the major drawbacks among this technology, as, due to
their aerodynamic properties, catalysts can be dragged out
with the air flow passing through the reactor. Therefore, the
immobilization of catalysts on inert carriers such as SiO,
based materials, cellulose acetate filters, polymeric mem-
branes, and polyethylene terephthalate (PET) (Hosseini
et al., 2007; Chuaybamroong et al., 2010; Sanchez et al.,
2012; Hinojosa-Reyes et al., 2013; Rodrigues-Silva et al.,
2017) has been reported to avoid their loss in continuous
systems. Furthermore, among the most common impreg-
nation methods reported is the sol-gel immersion, which
has been found suitable for photocatalytic inactivation of
bioaerosols (Chuaybamroong et al., 2010; Sanchez et al.,
2012; Rodrigues-Silva et al., 2017). Sanchez et al. studied
the photocatalytic inactivation of real bioaerosols with
TiO, impregnated in Polyethylene Terephthalate (PET) at a
flow of 180 L/min from a laboratory occupied by five
people, finding an inactivation efficiency for bacteria up to
76% and without significant inactivation of fungi. Also, the
catalyst deactivation by saturation of bioaerosol cells
deposited onto the material was presumably implicated. In
the study of Sanchez et al., (2012) significant variation in

the inactivation efficiency was reported. Such variation
could be related with the method used to quantify
bioaerosols (cascade sampling method) which under-
estimates airborne bacteria concentration, only considering
live cultivable microorganisms (bacterial and fungal cells).
However, only 10% of world microorganisms are
cultivable (Wang et al., 2009; Esquivel-Gonzalez et al.,
2017).

During the immobilization of catalysts onto carriers,
different solvents are used (i.e. ethanol, methanol, xylan,
saturated lime water or polymers) to suspend them and to
form dispersed solutions. Such dispersion avoids agglom-
eration of the catalysts, and increases BET area without
affecting the photocatalytic performances (Zhong and
Haghighat, 2015; Boyjoo et al., 2017). Likewise, the
temperature of calcination or drying of dispersing agents is
a factor that must be strictly controlled since rapid drying
can lead to the formation of flakes or phase transformations
of the catalysts, decreasing their photoactivity (Zhong and
Haghighat, 2015; Boyjoo et al., 2017). The impregnated
mass of catalyst can be calculated according to the
difference in weight after deposition treatment (Saucedo-
Lucero et al., 2014; Boyjoo et al., 2017). The ratio of
catalyst/carrier affects the adhesion force to the surface of
the material used for the impregnation (Zhong and
Haghighat, 2015).

To select the ideal carrier to impregnate catalysts several
characteristics must be considered such as porosity,
specific surface area and water retention capacity; the last
one is considered a precursor of -OH radicals. Other
characteristics encompass suitable size particles, good
resistance and stability; and an excellent affinity to the
catalysts to avoid their loss in the process (Chuaybam-
roong et al., 2010; Zhong and Haghighat, 2015; Boyjoo
et al., 2017).

In a previous study, the use of a Perlite carrier
impregnated with TiO, or ZnO catalysts was evaluated
for the continuous photocatalytic inactivation of bioaer-
osols emitted from a biofilter (Valdez-Castillo et al., 2019).
That study highlighted the major role of the carrier used to
coat the catalyst and the need to develop catalysts/carrier
systems with a higher life time, as catalysts were
deactivated in only 2 to 7 h.

In the present study, in an attempt to elucidate the
inactivation mechanisms of bioaerosols by TiO, and ZnO
photocatalysis, the physiologic state of the bioaerosol
(injured, dead and live cells) was evaluated before and after
the photocatalytic treatment, using flow cytometry coupled
with SEM analysis. This allowed to observe the cytotoxic
effect of the catalysts over the bioaerosol cells retained on
the supports. Moreover, the impact of the photocatalyst
carrier was explored evaluating the performance over both
Perlite and Poraver carriers. Particularly, carriers were
compared in terms of bioaerosol inactivation efficiency,
physicochemical characteristics and losses of catalysts at
the outlet of the photoreactor.
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2 Material and methods

2.1 Reagents and materials

Ethanol, zinc nitrate hexahydrate Zn(NO;),6H,0, TiO,
and oxalic acid H,C,O¢ were purchased from the Sigma-
Aldrich. Additionally, three fluorocromes: calcofluor-
white (Sigma Aldrich), thiazole orange (TO) and propi-
dium iodide (PI) were purchased from the BD Medical
Technology. HCI, KOH and NaOH solutions were used to
adjust pH. Perlite (Perlita La Laguna, Mexico) and Poraver
glass beads were used as packing carriers.

2.2 Immobilization of photocatalysts over carriers

ZnO was synthetized by the sol-gel method as was
reported previously (Valdez-Castillo et al., 2019), followed
by the sol-gel formation, it was mixed with 20 g of clean
and dry Perlite or Poraver. These samples were subjected
to a temperature of 80°C for 20 h followed by calcination
(550°C) to obtain the ZnO immobilized over the carrier.
The commercial TiO, was impregnated over Perlite or
Poraver by the sol-gel dip coating method reported by
Hosseini et al. (2007). The physicochemical characteristics
are presented in Table 1. The BET area of ZnO and TiO,
were previously determined (Valdez-Castillo et al., 2019).

2.3 Photocatalytic inactivation of bioaerosols

The photocatalytic reactor (Fig. S1) was fed with
bioaerosols coming from a biofilter treating ethyl acetate
vapors which was previously described (Saucedo-Lucero
and Arriaga, 2013; Valdez-Castillo et al., 2019). The air
residence time in the photocatalytic reactor was 5.7 s and it
was operated under UV irradiation at 254 nm. To study the
performance of the four photosystems (ZnO/Poraver, TiO,/
Poraver, ZnO/Perlite and TiO,/Perlite) on bioaerosol
inactivation, three phases were developed; a photolytic
test under 254 nm UV irradiation followed by an
adsorption phase without UV irradiation and then, a
photocatalytic phase with UV irradiation. The catalysts
supported over Perlite and Poraver were exposed to 20 h
and 14 h of adsorption, respectively. The four photo-
catalytic systems were tested for a period of 96 h.

2.4 Sampling and analysis of bioaerosol

Bioaerosols emitted from the biofilter (photoreactor inlet)
and from the photoreactor outlet were collected by liquid
impingement with the methodology previously described
(Esquivel-Gonzalez et al., 2017; Valdez-Castillo et al.,
2019). The quantification and characterization of bacterial
cells were carried out by FC and according with the
methodology and equations reported elsewhere (Valdez-
Castillo et al., 2019). Fungal cells and spores concentra-
tions in the gas phase bioaerosol samples were acquired by

Epifluorescence Microscopy (EM) coupled with fluoro-
chromes (Esquivel-Gonzalez et al., 2017).

Bioaerosols retained onto the supporting materials were
also quantified and characterized once the adsorption and
the photocatalytic phase finished. Carrier granules were
extracted and mixed with glutaraldehyde solution (GTH) at
2.5% v/v (diluted in sterile PBS). The proportion was 1:10
of granules and PBS solution. After 2 h, the granules were
dehydrated using five washing water:ethanol solutions at
30, 50, 70, 90 and 100% (v/v) for 15 min for each solution
change. The dehydration process using 100% ethanol was
repeated three times. Subsequently, the granules were
subjected to the Tousimis Samdri-PVT-3D critic point
dryer. Finally, samples were observed using a MEB FEI
QUANTA 250 scanning electron microscope with back-
scattered electron detector (BSD) (Garcia-Pérez et al.,
2013).

To quantify bioaerosol concentration retained on the
packing material, 1 g of impregnated carrier was extracted
and mixed with 20 mL of sterile PBS. The sample was
sonicated in an ultrasonic bath (BRANSON M Series) at a
sweep frequency of 40 KHz for 30 min. The resulting
sample was centrifuged at 12,000 rpm during 15 min. The
carrier pellet was sonicated three more times following the
same procedure to ensure the total detachment of cells. The
supernatants were analyzed by FC and EM.

2.5 Determination of catalyst losses

The same samples of bioaerosols obtained by impingement
from the outlet air flow of the photoreactor were subjected
to inductively coupled plasma optical emission spectro-
metry analysis (ICP-OES) to quantify the losses of catalyst
(Ti or Zn) over Poraver or Perlite carriers. Analysis was
carried out under axial configuration and using the next
conditions: radiofrequency power= 1.1 KW, stabilization
delay = 15 s, number of replicates = 3, nebulizer type=
concentric, gas flow plasma = 15 L/min, auxiliary = 1.5 L/
min, nebulizer= 0.5 L/min. First, samples were acidified
with nitric acid solution at 2% and pH 2. Determinations
were performed by using high purity standards in 2% nitric
acid covering metal concentration within the 0.05-5 ppm
range for Ti and between 0.1 and 5 ppm for Zn.
Concentrations of Zn and Ti measured were transformed
into ZnO and TiO, dividing by molecular weight. The total
percentage losses of catalysts during the overall period of
photocatalysis (116 h) were calculated with Eqgs. (1) and

).
Vsam le
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mcatalyst
. Vsam le
cn () (72 )
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where Cz, is the concentration of Zn in the impinger;
Vsample 18 the volume of sample collected which was fixed
to 20 mL; £ corresponds to 30 min of bioaerosol sampling;
t, corresponds to the total time of photocatalysis, 116 h;
Meatalysts 1S the mass of catalyst in each system, it was fixed
to 1 g for all the tested systems.

3 Results and discussion

3.1 Effect of supporting material over the physical
properties of ZnO and TiO,

Perlite is a glass rock of volcanic origin formed by
amorphous SiO, and Al,Os. It is capable of expanding
between 4 to 20 times its original volume by applying heat
(Anicua and Carmen, 2009). In addition, it has a pore
percentage of 77% to 85% (Anicua and Carmen, 2009;
Garcia-Pérez et al., 2013). On the other hand, Poraver is a
spherical particle from the recycling of pulverized glass
and it is mainly composed of SiO, with small portions of
Na,O, K,0 and CaO (Saucedo-Lucero et al., 2014). Due to
the content of SiO, in the chemical structure of both
materials, they are chemically stable. Furthermore, Poraver
is mechanically and thermally stable (Saucedo-Lucero
et al., 2014).

The morphology of the carriers without impregnated
catalysts is shown in Figs. 1 and 2. Perlite is porous with
rough texture. Magnification in Fig. 1A illustrates that
pores have an internal smooth concavity. However, in
Fig. 2A it can be seen that the surface of Poraver is smooth
and that the pores are scarce and not homogeneously
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Fig. 1
bioaerosols; (C) ZnO/Perlite; (D) TiO,/Perlite.

distributed. Therefore, these characteristics showed by
Poraver did not allow the catalysts to adhere to its surface
as efficiently as to Perlite, as shown in the impregnation
degree results detailed in Table 1.

Figures 1B and 2B show the formation of a biofilm over
the carriers when Perlite and Poraver were not impregnated
with the catalysts. Perlite facilitated the formation of
biofilm due to its texture, porosity and irregular surface, as
well as by its water retention capacity (5.54 mLy,0/gperiite)
which promoted the attachment of bioaerosol cells.
Figure 2B, barely shows the agglomeration of cells due to
its smooth texture and homogeneous surface, it can be
attributed to the low water retention capacity of Poraver
(0.92 mLy,0/gporaver) Which was 83% lower than Perlite.
The aforementioned has been reported for packing
materials commonly used in biofilters, where the materials
with complex and rough texture promotes the attachment
of cells and formation of biofilms (Muiioz et al., 2006;
Esquivel-Gonzalez et al., 2017). SEM analysis showed
differences among the impregnation of catalysts over
carriers. Figure 1C shows the crystal packing of ZnO/
Perlite and the homogeneous distribution of ZnO over the
surface of Perlite. Meanwhile, Fig. 1D shows the
homogeneous but scarce impregnation of TiO, over
Perlite, the magnification of this Figure highlights the
crystal packing and the formation of agglomerates in this
system.

Figures 2C and 2D show the heterogeneous impregna-
tion of ZnO and TiO, over Poraver, respectively; as spots
without catalysts were observed. The magnification of
each Figure showed the crystal packing of both catalysts.
The visual differences along with the impregnation degree
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Scanning electron micrographs of Perlite carrier and catalysts. (A) Morphological structure of Perlite; (B) Perlite exposed to



Mariana Valdez-Castillo et al.

1000 X $mm— 100 pm s

— Il mm ——

Response of bioaerosol to photocatalysis with ZnO or TiO, on Perlite or Poraver 5

250% ———300 pm

1000x ———100 pm

2 mm

Fig. 2 Scanning electron micrographs of Poraver carrier and catalysts. (A) Morphological structure of Poraver; (B) Poraver exposed to

bioaerosols; (C) ZnO/Poraver; (D) TiO,/ Poraver.

Table 1 Physicochemical characteristics of the impregnated materials used in the photocatalytic processes

Property ZnO/Perlite ZnO/Poraver TiO,/Perlite TiO,/Poraver
Morphology Crystal packing Crystal packing with forming of Crystal packing Crystal packing
agglomerates
BET area (m?/g) 15.60 - 10.00 -
Isotherm type v - v —
Hysteresis loop H; - H; -
Impregnation Degree (Zcatalyst/Ecarrier) 0.129 0.050 0.343 0.041
Water retention capacity (mLyo/Ecarrier) 2.79 1.51 2.89 1.58
Apparent density (g/mL) 0.15 0.16 0.15 0.16

(Table 1) confirm that Perlite is a carrier which facilitates
the impregnation of catalyst. Based on the elemental
analyzes, Energy Dispersive X-Ray Spectroscopy (EDS)
performed with the FEI QUANTA 250 equipment, it was
determined that the impregnation pattern did not modify
the composition of the catalysts. Furthermore, previous
studies have verified that the crystallographic character-
istics of the catalysts remained unchanged (Hosseini et al.,
2007; Hinojosa-Reyes et al., 2013; Saucedo-Lucero et al.,
2014).

The BET areas, type of isotherm and hysteresis loop
obtained for the four systems are shown in Table 1. The
BET area of ZnO/Perlite was 1.5 times higher than that
obtained for TiO,/Perlite. The sample measurements of
ZnO and TiO, impregnated on Poraver were not included

because the areas obtained were below the detection limit
of the equipment (0.5 m?g). The BET area for both
catalysts decreased from 38.2 m?/g to 15.6 m?/g for ZnO/
Perlite and from 53.3 m?%g to 10 m?/g for TiO,/ Perlite.
This was attributed to the tendency of catalysts to form
multilayers and agglomerations which are commonly
formed by mesoporous solids with hysteresis loop of
type Hs (Sing et al., 1985; Cardenas et al., 2012; Saucedo-
Lucero et al., 2014). Hence, these agglomerations
decreased the available surface area of each catalyst and
carrier, since the catalysts covered the channels of Perlite
and Poraver. Thus, the agglomeration of both ZnO and
TiO, onto Poraver took place avoiding the detection of the
BET area (Sing et al., 1985; Pinho and Mosquera, 2013;
Saucedo-Lucero et al., 2014). The photocatalytic systems
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with Perlite have an isotherm type IV (See Table 1)
indicating a weak interaction between the adsorbate
(catalyst) and the adsorbent (Perlite) that allows the
physisorption phenomena with multilayers (Sing et al.,
1985; Hosseini et al., 2007).

The gravimetric results for each catalyst impregnated on
carriers are shown in Table 1. It can be seen that the ZnO/
Perlite Impregnation Degree (ID) was 3.14 times higher
than the ZnO/Poraver. On the other hand, the ID of TiO,/
Perlite was at least 2.65 times greater compared with the
other 3 systems showed in Table 1. The superior ID
obtained when Perlite carrier was used is linked to its
morphology and Water Retention Capacity (WRC)
(Hosseini et al., 2007; Saucedo-Lucero et al., 2014;
Valdez-Castillo et al., 2019). Also, the ID of TiO,/Perlite
(0.34 grio/gperiite) 1s attributed to the crystal size of TiO,
which increased the contact area (Sanchez et al., 2012).

To determine the efficiency of impregnation of catalysts
onto carriers, the losses of catalysts due to their dragging in
the air flow of the photoreactor were measured. Table 2
shows the percentage of losses for all the systems studied.
Losses of catalysts were very low with values between
0.0003% and 0.05% for all the systems. TiO, was
impregnated onto the carriers with a higher efficiency
than ZnO as the losses of TiO, in the outlet stream
(0.0003%—0.0028%) were lower than those of ZnO
(0.0522%—0.0132%). Despite that, there was no significant
difference in losses between catalysts. Then, more than
99.05% of impregnation efficiency was attained during the
total lapsed time of the experiment with all the catalysts
used (116 h).

It is important to highlight that systems with Perlite
showed the highest WRC. This is directly related with the
water retained by van der Waals forces between the Perlite
granules and water hold in the pores. The irregular surface
of Perlite also increased the contact area between the water
and the particle, resulting in an increment of the WRC in
comparison with Poraver particles, which also has a lower
percentage of pores compared with Perlite (Figs. 1A and
2A). This diminished the number of active sites where the
water or the catalysts can be physisorbed. Furthermore,
WRC is an important parameter in the photocatalytic
process since water molecules are crucial for the produc-
tion of highly oxidizing radical species in any photo-
catalytic system (Li et al., 2012; Boyjoo et al., 2017).
Finally, there was no difference in the apparent density of
the impregnated catalysts over the four carriers.

3.2 Effect of the supporting material on the photocatalytic
activity

In a previous work, a null inactivation of bioaerosols was
reported during a photolytic test carried out under 254 nm
UV irradiation (Valdez-Castillo et al., 2019). Adsorption
controls were developed to determine the equilibrium point
at which the packing is saturated by bioaerosols, that is, the
point at which the concentration of bioaerosols in the inlet
and outlet of the photoreactor was equal. Experiments
indicated that such equilibrium was reached at 20 h and
14 h, for Perlite and Poraver carriers, respectively. The
time to reach the equilibrium of bioaerosol adsorption on
Perlite was longer due to this carrier presented a higher
BET area, rough texture and greater number of uniform
pores compared with Poraver which has a smooth texture
and an irregular pore sizes distribution (Valdez-Castillo
et al., 2019).

Once the adsorption equilibrium was reached in both
carriers, the photocatalytic process for each catalyst
started. Figure 3 shows the percentage of bioaerosols
inactivation measured through the 18 samples which were
taken during 96 h for the four photocatalytic systems. The
inactivation percentage was calculated by measuring the
live cells at the inlet (TO) and at the outlet through time
from 0.5 to 96 h (Valdez-Castillo et al., 2019).

Figure 3 shows that ZnO/Perlite system had a maximum
bioaerosol inactivation efficiency of 72% at hour 2.5. Such
inactivation percentage was maintained during the first
7.5 h of the process and decreased until hour 60 where the
deactivation of the ZnO catalyst was detected. The
efficiency of inactivation was a consequence of the water
retained in the carrier used to produce highly reactive
radicals and the homogeneity of impregnation which
allowed the contact between the bioaerosols and the
hydroxyl radicals (-OH) generated by ZnO. These
characteristics had a synergistic effect on the overall
ZnO/Perlite photocatalytic system efficiency. Whereas,
Fig. 3 shows that the inactivation efficiency of bioaerosols
with ZnO/Poraver was null. This is attributed to the
competitive reactions with the CO, contained in the same
outlet flow of the biofilter where bioaerosols came (Wu
et al., 2010; Lingampealli et al., 2017). Also, the low water
retention capacity of Poraver can promote the reduction of
CO, in the photoreactor due to the substitutions with
aliovalent anions and the precursors of -OH (Lingampalli
et al., 2017). The reduced CO, species produced can be

Table 2 Percentage of catalysts losses at the outlet of the photoreactor during the photocatalytic treatment of bioaerosols

Photocatalytic system

Ti concentration (pg/L)

Zn concentration, (mg/L)

TiO,/Perlite TiO,/Poraver ZnO/Perlite ZnO/Poraver
*Average concentration in impinger sample 0.36+0.144 3.67+0.28 0.083+0.008 0.022540.005
** catalysts losses 0.0003+0.0001 0.0028+0.0002 0.052240.0044 0.01324+0.0029

*Ti or Zn average concentrations measured by ICP-OES in bioaerosols samples at the outlet gas phase of photoreactor for n = 8 samples. **Percentage of catalysts

losses obtained with Eqgs. (1) and (2), respectively.
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Fig. 3 Photocatalytic inactivation of bioaerosols with ZnO and TiO, impregnated onto Perlite (A) and Poraver (B) carriers. Flow

cytometry analysis was used to quantify bioaerosols.

deposited on the catalyst and the coke formed by these
species; bioaerosols and cell lysis substances contribute to
the decrease of the active sites available to produce -OH
radicals (Wu et al., 2010).

Other species implicated in the ZnO/Poraver deactiva-
tion come from the damage of - OH radicals to bioaerosols
which causing cell lysis and thus the liberation of
exopolysaccharide substances from cell can deactivate
the catalyst. Also, the continuous retention of bioaerosols
on the system can provoke the deactivation of the catalyst.
FC analysis showed an increment of 10% in injured
bioaerosols during the first hour of the photocatalytic ZnO/
Poraver process. This is attributed to a photocatalytic
activity as the composition of bioaerosols at the inlet of the
photoreactor was constant as well as the amount of total
bioaerosols entering and leaving the photoreactor, con-
firming that the adsorption equilibrium was maintained.

Additionally, the smooth surface and the low porosity of
Poraver had a negative effect on ZnO photocatalytic
performance because the available surface area to produce
- OH radicals was reduced (see Table 1). Consequently, the
inactivation of bioaerosols dropped in comparison with the
ZnO/Perlite system.

The inactivation performance of bioaerosols with TiO,/
Perlite and TiO,/Poraver systems is shown in Fig. 3, as it
can be seen, both systems showed inactivation of
bioaerosols, but they were reached at different times and
percentages. For TiO,/Perlite, 40% of bioaerosols inacti-
vation efficiency was obtained during the first hour of
photocatalysis. However, after 1 h the deactivation of TiO,
was observed as the inactivation percentage dropped to
zero. Whereas for TiO,/Poraver, it was observed that the
catalyst remained active until the first 3.5 h and a

maximum inactivation efficiency of 77.8% was obtained
at hour 2 of the process, after this hour the percentage of
bioaerosol inactivation decreased.

From hour 4 of the photocatalysis with TiO,/Poraver
onwards, the deactivation of TiO, was detected as a
consequence of the saturation and deposition of cell lysis
products (exopolysaccharides) which came from bioaer-
osols degradation. Due to the high WRC of TiO,/Perlite
system, the saturation of the catalyst surface with water
vapor molecules could be present. Also, it has been
reported that TiO, is highly hydrophilic and easy to
supersaturate with H;O molecules which could contribute
to its inactivation and thus, affect its performance in the
production of -OH radicals (Cendrowski et al., 2013;
Rodrigues-Silva et al., 2017). Also, the saturation of the
catalyst surface with reduced species of CO, emitted from
the biofilter could be present (Wu et al., 2010; Lingampalli
et al., 2017).

The fluorochrome Calcofluor-White is not selective to
stain viable and non-viable fungi, thus, the inactivation
efficiency for fungal cells was not possible to calculate
(Esquivel-Gonzalez et al., 2017). EM counting indicated
that fungi were present in a range of 1% to 6% of the total
amount of bioaerosols sampled in the outlet flow of the
reactor for the ZnO systems and between 0.3% to 19% for
the TiO, systems (See Table S1). The predominance of
bacteria over fungi in bioaerosols sampled was function of
the inoculum used to pack the biofilter, the volatile organic
compound treated, and the biofilter operational conditions,
among other parameters. Hence, the main composition of
inoculums from wastewater treatment plants were linked to
bacteria (Alvarez-Hornos et al., 2007).

Likewise, the quantification of the total amount of
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bacteria and fungi retained on the carrier was performed at
the end (96 h) of the photocatalytic phase using FC and
Eq. (4) (Fig. 4). The percentage of bacteria and fungi
retained on the impregnated carrier was 99% and 1% (See
Table S2), for all the photocatalytic systems except for
ZnO/Perlite, which had 88.2% of bacteria and 11.8% of
fungi. The presence of a high percentage of fungi on this
carrier may be induced by the high WRC of ZnO/Perlite
system (Table 1) (Esquivel-Gonzalez et al., 2017).

Figure 4 shows the global distribution of bioaerosols
from the inlet to the outlet and on the carrier for the total
period of 96 h (gray bar). Equations (3) and (4) were used
to calculate the total bioaerosols in terms of cells in each
system. The results were also expressed in terms of dead,
live and injured cells content in the global distribution.

Total Bioaerosols (cellSipet or outlet)

cellsinlet or outlet (00022 m3>
X 3 . .
m- air min

X (Timephotocatalysis) e (3 )

Bioaerosolse, support(cells)

Cellsretained final photocatalysis
=X P P2 (Sample volume)

& support * HL

X (MasSgypport) - 4)

The global distribution did not include fungal cells as
they only represent a minor percentage (See Table S2).

The global distribution indicated that in the ZnO/Perlite
system, higher amounts of bioaerosol cells were present at
the outlet air flow (1.4 x 10° cells) and a lower amount of
bioaerosols were retained on the carrier (6.8 x 107). TiO,/
Poraver system accumulated more bioaerosols on the
carrier (4 x 10'°) than the outlet (9.0 x 10%). In the other
systems (ZnO/Poraver and TiO,/Perlite) the total cells in
the outlet and the accumulated on the carriers had the same
order of magnitude (~10°). The above indicated that the
photocatalytic systems capacity to retain or detach
bioaerosols was a function of both the type of catalyst
and the carrier used. Also, the high porosity of Perlite
promoted the dragging of bioaerosols in the outlet air flow
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Fig. 4 Global distribution of bioaerosols in terms of total cells in the inlet, outlet and on the carrier during the total time of photocatalysis
for the four systems. m Live cells, m dead cells, ® injured cells and ® total bioaerosol (cells).
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of the photoreactor. On the other hand, the low rugosity
and porosity of Poraver favored the retention and the
formation of a biofilm on the carrier. Also, the mesoporous
structure of catalysts with isotherms type IV allows non-
selective physisorption processes and favors the desorption
of bioaerosols retained on the carriers.

Figure 4 shows that the four systems maintained the
same proportion of live, dead and injured cells in the
entrance and outlet of the photoreactor confirming the
stability of the biofilter in the composition of bioaerosols
emitted. The system with higher percentage of dead cells
accumulated on the carrier was TiO,/Poraver with 95%,
followed by TiO,/Perlite with 70%, then ZnO/Perlite with
49% and finally ZnO/Poraver with 41%. For TiO, the
percentage of dead cells on both carriers was at least twice
greater than the percentage of live cells. But for ZnO the
percentage of live cells and dead cells on both carriers were
almost the same. On both carriers, TiO, produced a higher
cytotoxicity on bioaerosol cells than ZnO, as the
percentage of dead cells was two times greater. It has
been reported that TiO, nanoparticles can be diffused
through the membrane cell and cause intracellular damage
to the organelles (Cendrowski et al., 2013; Baysal et al.,
2018). In addition, the water retained in each support may
contribute to the damage and inactivation of bioaerosols as
cells need humidity to survive. Hence, the low WRC of
Poraver promoted the dehydration of cells. In this context,
the TiO, nanoparticles effect on cells and the dehydration
caused a cooperative damage resulting in higher percen-
tages of dead cells accumulated on the Poraver. The injured
cells retained on the carrier were around 8 times greater
than the injured cells at the inlet of the photoreactor, and

aly

JE—Ty

T — ) —
.

8000 X —— 10 pm ——

- ——— 100 pm ———

~1000x

around 4 times greater that the injured cells at the outlet.
Also, it is important to notice that the ZnO/Poraver had the
highest percentage of injured cells, with 15% compared
with the remaining 3 systems with percentage lower than
5% (Fig. 4). This can be attributed to the cytotoxicity that
ZnO NPs can cause to cells (Xie et al., 2011; Lee et al.,
2016). Finally, the high percentages of live cells at the
outlet of the systems indicated the end of the photocatalytic
activity.

3.3 Bioaerosol mechanisms of inactivation

To study the response of bioaerosol cells to the
photocatalytic process, flow cytometry results which give
us information about the physiologic state of cells (live,
dead and injured cells) and SEM analysis of bioaerosols
samples over catalysts/carriers were used to stablish the
mechanism of photocatalytic inactivation of bioaerosols.
The micrographs corresponded to the end of adsorption
equilibrium and to the end of the photocatalytic phases
described above. Figures 5 and 6 show the bioaerosol cells
retained in the catalyst/carrier of each system, the cells
presented a semi-spherical morphology highly noticeable
on micrographs. The size of these spheres was determined
with the SEM QUANTA 250 equipment resulting in a
range of 4.2 to 15.4 um. It has to be pointed out that
bacterial, yeasts and fungal cells fall within these sizes
(Humbal et al., 2018).

Figures 5A and 5B showed the differences after the
adsorption phase of bioaerosols retained on ZnO and TiO,
impregnated over Perlite, respectively. In Fig. 5A, the
appearance of ZnO nanoparticles is similar to a “foam or

N
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Fig. 5 Scanning electron micrographs of Perlite with catalysts. (A) ZnO/Perlite after sorption equilibrium phase; (B) TiO,/Perlite after
sorption equilibrium phase (C) ZnO/Perlite after 96 h of photocatalysis; (D) TiO,/Perlite after 96 h of photocatalysis.
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400 pmﬂ

Fig. 6 Scanning electron micrographs of Poraver with catalysts. (A) ZnO/Poraver after sorption equilibrium phase; (B) TiO,/ Poraver
after sorption equilibrium phase (C) ZnO/ Poraver after 96 h of photocatalysis; (D) TiO,/ Poraver after 96 h of photocatalysis.

snow” over the carrier. The ZnO nanoparticles avoided the
formation of biofilm by promoting the dispersion of cells.
Meanwhile, in Fig. 5B the bioaerosol cells seem to be
surrounded by the TiO,, confirming the low impregnation
of TiO, over Perlite (see Table 1). However, for both
catalysts, several EDS analysis were performed when the
spectrophotometer beam of electrons was alienated over
the bioaerosol cells indicating the presence of atoms of
carbon, phosphorus and potassium, common elements of
cells (Humbal et al., 2018). The percentage of such cell
components measured onto the catalysts/carriers was
included in Fig. S2 (supporting information); thus,
confirming the presence of cells. It was also measured
silicon, oxygen, aluminum (Perlite components) and Zn or
Ti (Catalysts components), depending of the system
studied (Fig. S2).

Figure 5C represents the response of bioaerosols
interacting with ZnO/Perlite system after the photocatalytic
phase. The increment of cell density was observed
although the biofilm was not developed. The presence of
collapsed cells is shown in Fig. 5C with the 2000X
micrography. Broken cells were detected under 8000X
magnification. Figure 5D shows the presence of bioaerosol
cells attached to the TiO,/Perlite after the photocatalytic
phase. It was not appreciable an apparent cell damage,
indicating a cell lysis and exopolysaccharides release over
the TiO,/Perlite, this is consistent with the amount of dead
bioaerosol cells (70%) accumulated on this catalyst/carrier
which was indicated in Fig. 4.

The mechanism of bioaerosols inactivation started with

the water retained on the carrier, which promoted the
formation of highly oxidizing radicals when catalysts are
excited at 254 nm. Also, the photons absorption is
improved by the high BET area of ZnO/Perlite compared
with the TiO,/Perlite. Meanwhile, the excitation of catalyst
induces the electron migration from the valence band to the
conduction band, which promoted the reduction of oxygen
and hydroxyl groups in water molecules. Highly oxidizing
radicals are formed by reactions with the electron of
conduction band (e.) and the positive electron hole from
the valence band hj,, respectively. This results in the
production of the superoxide radical (-O, ) and the -OH
formation (Lee et al., 2016; Ong et al., 2018). These two
radicals are the dominant species to inactivate bioaerosols;
the - OH reacts with bioaerosol membranes and triggers the
cell damage such as it was observed in Figs. 4 and 5. Once
the membrane is injured -OH the radical is diffused inside
cell and then reacts with intracellular components promot-
ing the inactivation. Likewise, the -O, radical is
protonated with the remaining H* of water molecules,
producing the hydroperoxyl radical (HOO-) and subse-
quently the hydrogen peroxide (H,O,) (Lee et al., 2016;
Ong et al., 2018). The Egs. (5) to (11) detail the sequential
reactions to inactivate bioaerosols.

Catalyst + photons— Catalyst(ecg + A7)
— -OH + Bioaerosols... 5)

ecg + hjy—heat... 6)
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ecg + 0,— 05 ... @)
hjp + OH — -OH... ®)
-OH + Bioaerosols— Injured bioaerosols + H,O... (9)

ecg + 0, -0, + H"—>HOO- + -0,

—HOO- +0 ... (10)
H,0, + -0; —-OH+OH ™ + O,... (12)

Figure 6 shows SEM micrographs of catalyst/Poraver
after the adsorption equilibrium phase (Fig. 6A and 6B)
and after the photocatalytic phase (Fig. 6C and 6D). It can
be noticed in Fig. 6A at 250X magnification that biofilm
formation was avoided. Nevertheless, spots with cell
agglomerations were found according with 4000X micro-
graphs. In addition, several grooves were detected over cell
membrane as shown in 30000X micrographs. Figure 6B
shows the agglomeration of TiO, over Poraver, in this
system cells with semi-spherical shape without apparent
damage were scarce. Figure 6C shows the ZnO/Poraver
where a high density of cells covering all the surface of the
carrier can be observed. The morphology of these cells did
not present any change after the photocatalytic treatment.
Figure 6D shows the compaction of TiO, over Poraver and
in a magnified 8000X micrography the cell damage over
the membrane can be observed. The cell presented clear
cuts and clefts. It is worthy to mention that this system
presented the highest level of cytotoxicity with 95% of

TiO, + photons —
ecg g —~
-OH + Bioaerosols —

dead cells and with 5% of injured cells on the catalyst/
carrier indicated in Fig. 4.

Following up the mechanism of inactivation caused by
ZnO was set the interaction of nanoparticles with the cells.
Then, general prevention of biofilm formation by the
systems with ZnO was attributed to the interaction between
cells and Zn** ions which have a cytotoxic effect when
they are accumulated intracellularly. It has been reported
that Zn>" ions interact with the proteins causing their
denaturalization, also the ZnO particles are genotoxic
resulting in DNA and RNA damage. This results in
interferences and damage of gens and peptides that may
promote the formation of exopolysaccharides and subse-
quent formation of the biofilm (Kumar et al., 2017).
Likewise, this contribute to the final step, the cell collapse
allowing its break and lysis, as Figs. 6 and 7 showed; and
also as the global balance indicated, the percentage of dead
cells on this catalyst/carrier at the end of the photocatalytic
process was 49% (Fig. 4). This response has also been
shown by the study of Xie et al., where they reported
morphological changes of Campylobacter jejuni from rod-
shaped to spheres when exposed to ZnO nanoparticles (Xie
et al.,, 2011). Whereas for the TiO,, as it was discussed
before, the combined effect of TiO, nanoparticles along
with the low retention capacity in Poraver may contribute
to the inactivation of bioaerosols. This is achieved through
the cell membrane damage caused by -OH radical. Then,
the cytotoxic effect of TiO, is related to intracellular
damage and final lysis. Bioaerosols mechanism of
inactivation by TiO, is showed in Fig. 7. The grooves
and morphological changes of cells can be also linked with
the extreme exposition of cells to dehydration.

It should not be forgotten that the cytotoxic effect caused
by the catalysts on bioaerosols was also stablished in the

membrane
damage

ZnO + photons —
ecg+ hvg —
-OH + Bioaerosols —

Step 1:
membrane
damage and
morphological
change

intracellular -OH
reactions with
protein
denaturalization
and DNA/RNA
damage

Step 3: Cell
break/lysis

Fig. 7 Mechanisms of inactivation of bioaerosols with photocatalytic systems based on ZnO and TiO, over Perlite and Poraver carriers.
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previous section of the global balance (Fig. 4), where the
percentage of dead and injured cells retained and emitted in
the photoreactor showed the clear cytotoxic effect of all
catalysts on bioaerosols.

The photocatalytic reactions were limited by the
remarkable quantity of cells covering the spots with ZnO
impregnated onto Poraver; this, along the low surface area
available and the low WRC decreased the efficiency of
bioaerosols inactivation but the poisoning effect of catalyst
should not be discarded. Reactions 6 to 12 aforementioned
took place with the Poraver systems. However, the low
WRC (lower than 1.6 mL/g) limited the production of
radicals and subsequent inactivation of bioaerosols of
Poraver-based systems.

4 Conclusions

The type of carrier and the catalyst used to inactivate
bioaerosols by continuous photocatalytic treatment are
crucial in the performance of the photoreactor. High WRC
and ID, homogeneous pore distribution and high BET area
are important physicochemical parameters required in a
carrier. The impregnation method used had 99% of
efficiency, as the losses of catalysts by dragging of the
air flow were insignificant in all the systems tested. ZnO/
Perlite had a high inactivation of bioaerosols of 72% for a
long period of activation of 7.5 h. The second better system
was TiO,/Poraver, which reached 77% of inactivation
efficiency, but with a short lifetime of 2 h. The prompt
deactivation (2 h) of TiO,/Perlite was linked to the low
WRC, this catalyst reached an efficiency of 40% of
bioaerosol inactivation. Null inactivation of bioaerosols
was presented by ZnO/Poraver. The cytotoxic effect of
catalysts to bioaerosols was confirmed by cell viability
measurements with FC confirming death and cell damage
in bioaerosols retained on the carriers. The mechanism of
inactivation of bioaerosols with ZnO was based on
membrane damage, morphological cell changes and cell
lysis along with denaturalization of proteins and genetic
material. For TiO,, inactivation was based on membrane
damage and cell lysis of bioaerosol cells. Photocatalytic
technologies are promising for indoor air treatment,
especially for indoor places polluted with high concentra-
tions of bioaerosols.
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