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Abstract
In this work, macroscopic  TiO2 monoliths are proposed to serve simultaneously as support and co-catalyst in a continuous 
flow photoreactor. The impregnation via one-pot of mesoporous  TiO2 with CdS (m-TiO2/CdS) and CuO (m-TiO2/CuO) 
nanoparticles enabled the formation of photocatalytic heterojunctions retaining high specific surface area (~ 100  m2/g). 
The impregnated monoliths of 2–3 mm in size were employed as photocatalysts to inactivate airborne bacteria under blue 
light, reducing the emission of living airborne bacteria up to 0.1% and 37.7% when using m-TiO2/CdS and m-TiO2/CuO, 
respectively. Bacteria were characterized and quantified by flow cytometry and cell lysis was confirmed by SEM, detecting 
collapsed bacteria. Along 96 h of continuous photocatalysis at a flow rate of 2.2 L/min, the cell concentration presented 
maxima and minima due to the adsorption–desorption stages of bioaerosols over the catalysts, in concordance with thermal 
gravimetric analysis. The reactivation of catalysts was achieved by calcination at 400 °C, however, after a third re-cycle, 
the photocatalytic activity for all monoliths was practically negligible because the physicochemical surface changes hinder 
the adequate bioaerosol adsorption. These porous systems could emerge as promising gas-phase catalysts since the mass 
transport is facilitated by porosity and the release of catalyst nanoparticles is avoided by the active support, providing a safe 
and viable model for bioaerosols inactivation to improve indoor air quality with the use of interior lighting.
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1 Introduction

Air pollution is a global problem, whose impact on human 
health is increasingly evident. Poor air quality has been 
linked to premature death, chronic diseases, low IQ, decrease 
in labor productivity, among other adverse conditions [1, 2]. 
Air pollutants include carbon, nitrogen, and sulfur oxides; 
ozone; particulate matter  (PM2.5,  PM10); volatile organic 
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compounds (VOCs), and bioaerosols (fungi, bacteria, 
viruses, genetic material, etc.) [3, 4].

Commonly, bioaerosols concentrations in indoor environ-
ments poorly ventilated are a real threat to exposed individu-
als, even, the artificial ventilation systems become reservoirs 
of microorganisms when they are not cleaned and disinfected 
adequately [5, 6]. Exposure to bioaerosol causes adverse 
effects on health, such as infectious diseases, acute toxic 
effects, and allergies. For example, diseases like COVID-
19 are highly infectious because the virus SARS-CoV-2 is 
broadly spread in the aerosols principally in enclosed spaces 
[7, 8]. Thus, the urgency of methods for preventing the 
harmful effects of bioaerosols has been evidenced, pointing 
out in recirculation and purification processes to improve 
indoor air quality.

Among the most appropriate techniques for the removal 
of biological particles, advanced oxidation processes (AOPs) 
have shown a great effectivity since they can simultaneously 
capture and irreversibly transform bioaerosols into inert 
compounds [9–11]. Photocatalytic processes using AOPs, 
generally promoted by reusable nanometric semiconductors, 
have been broadly applied to inactivate microorganisms in 
liquid phase [12, 13]. On the contrary, the inactivation of 
bioaerosols is scarcely studied due to the technical difficul-
ties in bioaerosol sampling and characterization [14–16]. 
A continuous flow in photocatalytic systems (e.g. air cir-
culation) hampers the use of powders as catalysts because 
of the undesired dispersion in the flow, as an alternative to 
avoid catalysts loss in continuous flow air disinfection sys-
tems, the impregnation of nanoparticles on materials with 
macroscopic sizes has been employed [17–21]. However, 
the reuse of impregnated materials is not always possible 
because the supports are not as durable as the catalysts. For 
this reason, support materials based on ceramic monoliths 
have been proposed as macroscopic support to avoid the 
dragging out catalysts with the airflow in the case of reactors 
for air purification [22, 23]. In particular, titanium dioxide 
can be synthesized in a wide range of sizes according to 
the characteristics required resulting in suitable support for 
catalytic nanoparticles [24, 25]. In addition to its photocata-
lytic power, the choice of  TiO2 as support is based on the 
high thermal and mechanical stability, as well as the facility 
and low cost of synthesis [26]. Thus, a porous monolith of 
 TiO2 could be ideal in the air purification processes, since it 
meets the requirement of having a macroscopic particle size, 
without losing impregnation capacity because of its porosity 
(high specific surface area) [27–29].

Loading  TiO2 with a semiconductor with a bandgap lower 
than 3.1 eV improves the energy transference of the irradi-
ated energy which resulted in an increase in the photocata-
lytic efficiency under visible light [30–33]. For example, 
CdS/TiO2 and CuO/TiO2 heterostructures have been suc-
cessfully applied for microbial degradation under visible 

light in aqueous systems [34–38]. However, the application 
of these heterogeneous photocatalysts for indoor air purifica-
tion remains unexplored despite the possibility of exploiting 
the inherent interiors lighting to produce the AOPs. This is 
probably because continuous flow systems present a great 
challenge for the design of photocatalytic reactors since the 
increase in the number of variables to be considered, such 
as humidity, flow rate, pressure, catalyst load, etc. [39, 40].

In the present work, nanoparticles of CdS and CuO sup-
ported on a porous  TiO2 medium were synthesized in order 
to improve their reactivity due to the cooperative phenomena 
of both semiconductors. The modification of the  TiO2 sur-
face by integrating CuO or CdS was used successfully for 
the removal and inactivation of airborne bacteria under vis-
ible light irradiation. Therefore, the porous  TiO2 support acts 
as both an adsorbent and a co-catalyst, allowing the enhance-
ment of airborne-solid interactions and the overall photo-
catalytic process. The characterization of airborne bacteria 
was performed using flow cytometry as an alternative to 
culture-dependent methods since they can quantify the total 
concentration of cells and metabolites [41, 42]. Flow cytom-
etry enabled a rapid and accurate measurement of biological 
species in air samples in a short time, resulting in a powerful 
tool for indoor air quality management. These porous sup-
ports facilitate the study of various combinations of loaded 
nanoparticles, which contributes to a better design of high-
performance catalysts for the filtration-inactivation of future 
air treatment technologies by using indoor illumination.

2  Materials and Methods

2.1  Materials

Titanium isopropoxide (Ti(iPrO)4), PEG 10,000 (MW 
10,000 g/mol) and ethyl acetylacetonate (EtAcAc) were 
supplied by Sigma-Aldrich. Isopropanol, ammonium nitrate, 
absolute ethanol, cadmium nitrate, copper sulfate, thiourea 
(Meyer). Sterile counting beads (BD Medical Technology) 
were used for microorganism quantification. Thiazole orange 
and propidium iodide were used as fluorochromes (Sigma-
Aldrich). PBS (phosphate-buffered saline) at pH 7.2 was 
prepared. All reagents were used as received. Distilled water 
was used in all experiments.

2.2  Photocatalysts Synthesis

The synthesis of mesoporous  TiO2 monoliths (m-TiO2), 
based on the sol–gel method, was performed following the 
procedure described by Hasegawa [43]. In a typical reac-
tion, 100 mL of Ti(iPrO)4, 50 mL of isopropanol, and 50 mL 
of EtAcAc were mixed. The solution was heated to 60 °C 
and 6.0 g of PEG 10,000 were completely dissolved. The 
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solution was cooled at 40 °C, 20 mL of ammonium nitrate 
1.0 M was added with vigorous stirring and aged at 60 °C, 
24 h. The solvent exchange at 60 °C was achieved using 
100 mL of water/ethanol (30/70, 50/50, and 70/30) chang-
ing the solution after 24 h, and subsequently, the addition 
of pure water to ensure the complete hydrolysis of EtAcAc 
and condensation of Ti(iPrO)4. Then, monoliths were dried 
at 80 °C (24 h) and calcined (400 °C, 1 °C/min, 2 h). For the 
synthesis of impregnated monoliths, nanoparticles of CdS or 
CuO suspended in 10 mL of isopropanol were added after 
PEG dissolution, all successive steps in the protocol were 
identical. To synthesize the CdS nanoparticles, an aqueous 
solution of cadmium nitrate and thiourea (molar ratio 1:2) 
was adjusted to pH 8 with NaOH, the mixture was heated at 
150 °C, 20 min in a microwave digester (ETHOS UP, Mile-
stone). The CdS was recovered by centrifugation, washed 
three times with water, and calcined at 200 °C, 2 h. The 
CuO nanoparticles were synthesized from a solution of cop-
per sulfate, pH 10, heated with vigorous stirring at 80 °C, 
30 min. The brown solution was centrifuged (5000 rpm, 
5 min), washed three times with water, and calcined at 
200 °C, 2 h. The reactivation of catalysts was achieved by 
calcination at 400 °C, 1 °C/min, 2 h.

Crystallinity was analyzed using a Bruker Advance 8 
X-ray diffractometer  (CuKα, 1.5404 Å), a step size of 0.01°. 
The crystallite size was estimated by applying the Scher-
rer equation (Scherrer constant K = 0.9) using the diffrac-
tion peak of planes (101) and (110) of anatase and wurtzite, 
respectively. Nitrogen adsorption/desorption measurements 
at 77 K were performed on an ASAP 2020 (Micromerit-
ics) volumetric adsorption analyzer; before the measure-
ments, the samples were outgassed. The specific surface 
area of solid samples was calculated by the multiple-point 
Brunauer–Emmett–Teller (BET) method in the relative 
pressure range of P/P0 = 0.05–0.25. Pore size distribution 
curves were computed using the non-local density func-
tional theory (NLDFT) method (using the nitrogen desorp-
tion branch, assuming cylindrical pores on silica). Visible 
diffuse-reflectance spectra (UV–vis DRS) were measured on 
Cary 500 UV–Vis spectrophotometer (PE, USA). Bandgap 

was calculated using the Tauc plot according to the equa-
tion αhv = A(hν −  Eg)n/2 where α, hν, A, and  Eg correspond 
to the absorption coefficient, photon energy, a constant, and 
bandgap of semiconductor, respectively. For indirect transi-
tions (m-TiO2 and m-TiO2/CdS) n = 4 and for a direct semi-
conductor n = 1 (m-TiO2/CuO) [44]. For DRX and UV–vis 
DRS analyses the monoliths were previously pulverized with 
a mortar and pestle.

2.3  Airborne Bacteria and Photocatalytic System

A biofilter degrading toluene vapors was adopted as a bio-
aerosol emitter, whose outlet stream was connected to the 
photoreactor inlet. The biofilter, a two-module glass reactor 
(2 × 1.1 L), was packed with Perlite and inoculated with a 
consortium of activated sludge obtained from a wastewater 
treatment plant (San Luis Potosí, México). The photoreac-
tor comprised an annular plug flow reactor with a working 
volume of 200 mL (r = 2.5 cm, h = 10.2 cm). A scheme of 
this set-up is given in Fig. 1. The reactor was packed with 
25 g of monoliths (m-TiO2, m-TiO2/CuO, or m-TiO2/CdS). 
A dark period was ensured by completely covering the pho-
toreactor with aluminum foil. In the photolytic and photo-
catalytic steps, it was irradiated with 85 blue LEDs (2835, 
ShowLUX) around the photoreactor body (6.8 W, 340 lm, 
main radiation 460 nm). For the photolytic tests, the reactor 
remained empty (without catalyst) with a constant gas flow 
and a retention time of 6 s. Samples were collected for 6 h 
every 30 min.

2.4  Bioaerosols Sampling and Characterization

Bioaerosol sampling was carried out by liquid impingement 
as was described previously [41]. A glass impinger AGI-30 
(Ace Glass, Inc., Vineland, USA) whose output was con-
nected to a vacuum pump (Gast, No. DOA-P704A-AA) 
coupled with a rotameter for airflow regulation was used 
to sampling bioaerosols. The impinger was fed with a sonic 
flow of 12.5  Lmin−1 for 30 min, consisting of the outlet 
flow of the reactors (2.2  Lmin−1 air), and an ambient airline 

Fig. 1  Schematic view of the 
continuous flow photocatalytic 
system. 1 biofilter, a) inlet, 
toluene/humid-air flow 2.2 L/
min and b) activated sludge 
supported on perlite. 2 photo-
reactor comprised by c) packed 
monolithic catalyst and d) blue 
LED strip lights. 3 Impinger for 
air sampling, e) outlet flow, f) 
bioaerosols collected in PBS for 
characterization
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(10.3  Lmin−1 air) with a 0.45 μm hydrophilic glass fiber fil-
ter (Merck Millipore). Impingers containing 20 mL of PBS 
pH 7.2 were sterilized before sampling.

The characterization of bioaerosol in terms of cell viabil-
ity and concentration was analyzed with a Flow Cytometer 
BD FACSCalibur (Model 342,975, USA). A volume of 
500 μL of bioaerosol sample was stained, the optimal dye 
concentrations and incubation time were 5 μL of thiazole 
orange (2.0 μM) and 5 μL of propidium iodide (0.1 mM), 
for 10 min of staining. After incubation, 25 μL of counting 
beads fluorescent suspension (940 beads/μL, BD, 335,925) 
were added. Samples were measured after staining at a high 
flow rate up to reach 300–600 counts per second and 10,000 
target cells were counted for the acquisition of the database, 
this acquisition was performed in triplicate. Cell Quest Pro 
software was used to scan the data.

To calculate the cell concentration in each liquid sample 
Eq. 1 was used.

where  ER is the total events in the R region (correspond-
ing to live, dead, or injured cells),  Vb and  Cb is the volume 
and concentration of the counting beads respectively,  Vtot is 
the total volume of the sample and  Eb is the total events of 
counting beads.

The concentration of bioaerosols in the air, according to 
the sampling methodology was calculated with the follow-
ing equation:

were  Vs being the total volume of the liquid sample 
(20.0 ×  103 µL), Q the flow rate (2.2 ×  10–3  m3/min), and t 
the sampling time (30 min).

Bioaerosols adsorbed on the  TiO2 monoliths were ana-
lyzed by SEM before and after the photocatalytic perfor-
mance. The monoliths were submerged in a glutaraldehyde 
solution (4.0% in PBS) overnight at 4 °C, washed with 
PBS and water three times and twice, respectively. Sam-
ples were dehydrated by a graded series of ethanol (33% for 
15 min, 66% for 15 min, 90% for 15 min, and twice 100% for 
20 min). The samples were dried, gold sputter-coated, and 
visualized using a field emission scanning electron micro-
scope (FEI Quanta 250).

Bioaerosol samples collected by impingers also contained 
all the material that was released from the photoreactor, 
then, spectrophotometric analysis of Cd, Cu, and Ti spe-
cies was performed to monitor the release of the catalysts. 
UV–vis spectrum of 500 µL of each bioaerosols sample was 
measured in the range of 250 nm to 600 nm (path length, 
1 cm).  TiO2 has an absorbance at ≤ 400 nm, while CdS and 
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CuO absorb in the visible region with molar absorptivity 
coefficients in the order of  106  M−1  cm−1 [45, 46].

3  Results and Discussion

3.1  Photocatalysts Characterization

Monoliths of pure mesoporous  TiO2 (m-TiO2), CdS sup-
ported on mesoporous  TiO2 (m-TiO2/CdS) and CuO sup-
ported on mesoporous  TiO2 (m-TiO2/CuO) were synthesized 
with a particle size in the range of 2–3 mm. This grain size 
was adequate for packing the reactor and it avoided the loss 
of the catalysts in the continuous air flow. To ensure a high 
photocatalytic activity in the visible light radiation, the max-
imum load of nanoparticles was employed, this increases the 
total number of active sites on the surface. For the mono-
liths, the maximum percentage in weight of nanoparticles 
impregnated on m-TiO2/CdS and m-TiO2/CuO was 8.5% and 
7.5%, respectively. Increasing these loads, the sol–gel pro-
cess was heterogeneous resulting in precipitates. The syn-
thesized monoliths were calcinated at 400 °C for 2 h. This 
low calcination temperature prevented the collapse of the 
mesoporous structure but it was enough to remove organic 
residues [47, 48]. After calcination, all monoliths have a 
crystalline structure corresponding to anatase (Fig. 2). In the 
case of m-TiO2, the diffractions patterns correspond exclu-
sively to pure anatase (Fig. 2a), the diffractogram of m-TiO2/
CdS shows anatase and wurtzite patterns (Fig. 2b) confirm-
ing the presence of crystalline CdS. The crystalline phases 
of CuO were not detected in m-TiO2/CuO possibly due to 
the small load of CuO and overlapping with the broader dif-
fraction peak of  TiO2 at 38° (principal peaks of CuO: 35.5° 

Fig. 2  X-ray diffraction patterns of a) m-TiO2, b) m-TiO2/CdS, and 
c) m-TiO2/CuO. Squares and diamonds designate anatase  (TiO2) and 
wurtzite (CdS) patterns, respectively
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and 38.7°) [49]. In all cases, analysis by energy-dispersive 
spectroscopy (EDS) confirmed the presence of the constitu-
ent elements of each synthesized monolith (Fig. S1).

The textural properties of monoliths were analyzed by 
nitrogen adsorption–desorption, the isotherms of the three 
materials are shown in Fig. 3a. The isotherms are of type IV 
with hysteresis loop type H2 correspond to a mesoporous 
structure with a mean pore size diameter of 8.1 nm. The spe-
cific surface area of m-TiO2/CuO (113  m2/g) is slightly higher 
than m-TiO2 and m-TiO2/CdS (~ 100  m2/g) possibly due to 
the variation in the synthesis of each catalyst. These specific 
surface areas are superior compared to the most common  TiO2 
catalyst, Degussa P25, which has a specific surface area of ~ 50 
 m2/g [50], and even greater than other reported  TiO2 monoliths 

[26]. Furthermore, the monolith structure allowed the presence 
of macroporosity, therefore, it may have a high potential to be 
used as a material for air filtration. The UV–vis diffuse reflec-
tance spectra of catalysts are shown in Fig. 3b. It can be seen 
that the absorption intensity of pure m-TiO2 starts to increase 
at ∼410 nm, indicating a bandgap of 3.1 eV. It can be clearly 
seen that the absorption range of m-TiO2/CdS and m-TiO2/
CuO samples were extended to the visible region. For m-TiO2/
CuO, two closely spaced conduction bands formed by sharing 
interfacial  O2− entities between  Cu2+ and  Ti4+ were observed. 
The broad absorption band below 600 nm is associated with 
the d-d transition of Cu(II) and the weak absorption in the 
range of 600–800 nm is due to the intrinsic excitation band of 
CuO component and the d-d transition of Cu(II) species [51, 
52]. Similarly, the diffuse reflectance spectrum of m-TiO2/CdS 
showed a synergistic effect between CdS nanoparticles and 
 TiO2 mesoporous support which resulted in a high absorption 
capacity in the visible region [53].

Table 1 summarizes the physicochemical characteristics of 
the three catalysts. According to the similar textural parameters 
(pore size diameter and specific surface area), the photocata-
lytic performance can be attributed directly to the composition 
and electronic structure of the materials, as is discussed below.

The macroscopic aspect of the monoliths is shown in 
Figs. 4a-c, the color of impregnated  TiO2 is preserved from 
the original nanoparticles. The microscopic morphology of 
monoliths is rugged due to the porosity of  TiO2 (Figs. 4d-f), 
nanoparticles of CdS and CuO incrusted on the surface were 
present along with the entire exposed faces of the monoliths. 
The methodology of impregnation was made using the sol–gel 
technique, which is useful to ensure the retention of nanopar-
ticles on the surface of the support. Nanoparticles retention 
on monoliths was tested under air flow as is discussed below.

3.2  Airborne Bacteria Inactivation 
by Photocatalysis under Visible Light

In this work, a biofilter was used as a constant source of bio-
aerosols [54]. Details about the operation of the biofilter in 
steady-state can be found at S2.

To differentiate living, dead, and injured bacteria in 
flow cytometry, it was used thiazole orange (cell-permeant) 
and propidium iodide (impermeable to healthy cells) as 
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Table 1  Physicochemical 
properties of the synthesized 
photocatalysts

SBET BET specific surface area, Dp(NLFDT) average pore diameter by NLDFT, DCrystal crystal diameter by 
Scherrer equation, (A) anatase phase, (W) wurtzite phase, ρa apparent density, Lnp nanoparticle loading.

Name SBET  (m2g−1) Dp(NLDFT) (nm) Bandgap (eV) DCrystal (nm) ρa  (gcm−3) Lnp (%)

m-TiO2 104 8.1 3.1 8.5 (A) 1.3 0.0
m-TiO2/CdS 102 8.1 2.2 6.8 (A), 20.1 (W) 1.2 8.5
m-TiO2/CuO 113 8.1 1.4 8.1 (A) 1.2 7.5
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fluorochromes. In this work, bioaerosols inactivation are 
reported in terms of the percentage of living, dead, and injured 
cells. Also, throughout the text, the term cells or bacteria was 
used indistinctly.

3.2.1  Photolysis

The characterization of the influence in the viability of bio-
aerosols under blue LED light was performed. The residence 
time of the air flow in the empty reactor was 6 s, thus, each 
30 min sampling is equivalent to 300 volumes of irradiated 
aerosols from the photoreactor, and samplings along 6 h of 
irradiation were taken. The results, presented in Fig. 5, show 
that < 35% of dead and injured cells were identified dur-
ing the photolysis stage. Compared to the maximum dead 
and injured cells released by the biofilter solely (29.1%), it 
represents around 6% of inactivation. This slight inactiva-
tion could be produced because the photocatalytic system 
reached a maximum temperature of 42 °C, although high 
temperatures can produce bacterial mitigation, it is not 
enough to kill the most bacteria in a short time of exposure 
[55, 56]. Another factor to take into account for this varia-
tion in the percentage of dead and injured cells is that total 
cells at hour 6 were 6.1 ×  108 cells/m3 which could influence 
the distribution of bioaerosols, and also, coincided with the 
maximum inactivation of bioaerosols. Considering these 
results, the percentage of living cells can fluctuate up to a 
minimum of 65% due to photolysis and bioaerosol loading. 

If that percentage is lower, it can be attributed to a catalyst 
effect.

3.2.2  Photocatalysis 1st Cycle

Before the irradiation of blue light, the adsorption stage 
was performed for 24 h to ensure the saturation of active 
sites. The results of cell distribution during the adsorption 
and photocatalysis stage are shown in Fig. 6. The zero hour 
refers to the end of the adsorption stage (after 24 h) and the 

Fig. 4  Color and SEM images of m-TiO2 a, d; m-TiO2/CdS b, e; and m-TiO2/CuO c, f 
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start of photocatalytic activity. For m-TiO2, the minimum 
percentage of living cells was reached after 12 h of adsorp-
tion (51.3%), whereas for m-TiO2/CuO and m-TiO2/CdS 
the minimum percentage of living cells was obtained at the 
minute 30 and corresponded to values of 30.7% and 17.9%, 
respectively. After 24 h of adsorption, the living cell per-
centages were 84.8%, 79.3%, and 82.8% for  TiO2, m-TiO2/
CdS, and m-TiO2/CuO, respectively. All systems showed 
a maximum emission of living cells > 79% indicating the 
complete saturation of monoliths with bioaerosols.

For the photocatalytic stage, the first hours showed the 
high inactivation of bioaerosols. The m-TiO2 had a mini-
mum of 35.2% living cells at 8 h. In the case of m-TiO2/
CuO and m-TiO2/CdS, this minimum appeared at hour 2 
of photoreaction resulting in 23.5% and 0.1% of living 
cells, respectively. In all cases, after this first maximal 
inactivation, the percentage of living cells reaching a local 
maximum and subsequent local minimum. Three minima 
can be noted along the photocatalytic performance for the 
three systems at hours 8, 12, and 48 for m-TiO2; at hours 
2, 10, and 60 for m-TiO2/CdS; and at hours 2, 12, and 
60 for m-TiO2/CuO. This cyclic behavior of bioaerosol 
inactivation can be due to a three-step process involved: 
adsorption, photocatalysis, and desorption. At the begin-
ning of the photocatalytic activity, the adsorption stage of 
24 h ensures the maximum load of bioaerosols on active 
sites, but as it degrades the cells, new bioaerosols were not 
available on the surface immediately and photocatalytic 
inactivation was not achieved until new bioaerosols were 
adsorbed [57]. This is an important challenge in photocata-
lytic reaction in continuous air flow because lower flow 
can improve the adsorption process but affect the mass 
diffusion slowing down the process significantly [58], in 
this way, high pressures could be explored.

As expected, the lower inactivation of bioaerosols was 
given for the system using m-TiO2, this can be explained 
because the bandgap of pure anatase is 3.1 eV, and the main 
radiation used in this work was 2.7 eV. Thus, there is no 
absorption of electromagnetic radiation to produce free radi-
cals on the surface of m-TiO2, and the inactivation can be 
attributed to abrasion on the rough surface by the adsorp-
tion–desorption process commonly occurred in the dark 
stage for all monoliths [59, 60]. On the contrary, the impreg-
nation of CdS (bandgap 2.2) and CuO (bandgap 1.4) nano-
particles ensures that irradiation was absorbed, and pairs of 
electron-holes were promoted. This type-II heterojunction 
systems improved the photocatalytic activity, thus,  TiO2 not 
only acted as support but also provided a delocalization of 
the photogenerated charge carriers [61].

After 96 h of photocatalytic performance, the change 
of a brown-yellow color in m-TiO2 was evident (Fig S4). 
This change in the appearance of the impregnated mono-
liths  (TiO2/CdS, and m-TiO2/CuO) was not noticed due 
to its predominant innate coloring. In all cases, the gravi-
metric analysis showed retention after the photocatalytic 
process of 7.2%, 2.0%, and 2.6% of organic compounds for 
m-TiO2, m-TiO2/CdS, and m-TiO2/CuO, respectively. The 
organic compounds retained by the porous matrix are most 
likely bacterial residues (lipids, proteins, DNA). Although, 
the adsorption of toluene traces should not be discarded, 
which can interfere with the inactivation process. The high 
retention of organic matter in m-TiO2 could be attributed to 
the low photocatalytic performance, where the bioaerosols 
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Fig. 6  Bioaerosols distribution of the photoreactor outlet when is 
irradiated with blue light (First cycle). a m-TiO2, b m-TiO2/CdS, 
and c m-TiO2/CuO. Living cells (green bars), dead cells (blue bars), 
injured cells (orange bars). The solid line is the total cells with stand-
ard deviations (secondary axis)
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adsorbed were not degraded. In contrast, m-TiO2/CdS and 
m-TiO2/CuO degraded bioaerosols to more simple com-
pounds allowing a better mass exchange.

In order to investigate the inactivation process on the sur-
face of monoliths, the adhesion and morphology of adhered 
bioaerosols were analyzed. Figure 7 shows SEM images of 
bacteria found before and after the photocatalytic process. 
According to the shape of bacteria, the airborne cells were 
identified as bacilliform bacteria, in concordance with previ-
ous studies using activated sludge [62, 63]. Figures 7 (a, c, f) 
show bioaerosols adsorbed on mesoporous monoliths after 
24 h of air flow in dark conditions. During this adsorption 
process, the shape of the bacterium was preserved with a 
range size between 1.0 to 2.5 µm. Figures 7 (b, d, e) show 
bioaerosols after the photocatalytic stage, in all samples 
the collapse of the rod-shaped structure was evident. This 
damage on the cellular membrane implied that the genetic 
material was exposed and the identification of dead cells 
by flow cytometry was adequate. Thus, the inactivation of 
bacteria in the photocatalytic process consists of 3 principal 
steps as shown in Fig. 8. The first step corresponds to the 
cell adhesion (adsorption) of airborne bacteria on the sur-
face of monoliths. The second stage is the photocatalytic 
inactivation through the lipid peroxidation caused by the 
free radicals (·OH, ·O2H, ·O2

−) generated through electron 
transfer in the type II heterojunction, producing rupture of 
the cellular membrane and subsequent collapse and death 
of cells (advanced oxidation process). The third step is the 
release of inactivated bioaerosols to, once again, allow the 
adsorption of bioaerosols from the continuous air flow. This 
mechanism of inactivation caused by membrane collapse 
resulted in irreversible damage, being a much more effective 

method than UV light inactivation which photoreactivation 
may occur [64, 65].

To discard the release of the catalyst during the pho-
tocatalytic process, a qualitative assay of Cd and Cu was 
performed in all samples of bioaerosols. According to the 
UV–vis spectra, no absorbance > 350 nm was recorded, 
implying the absence of CdS, CuO, or Ti(IV) species in 
the samples (Fig. S5). This ensures that the nanoparticles 
are strongly retained on the mesoporous monoliths and its 
use in continuous air flow photocatalytic processes can be 
harmless. Additionally, the UV–vis spectra show a peak of 
absorbance at 280 nm involving a large amount of proteins 
in the solution, which implies the previous destruction of 
the cell membrane causing the dissolution of the proteins 
in the PBS buffer.

3.2.3  Catalysts Recycle Capacity

The reactivation of photocatalysts was achieved by calcina-
tion at 400 °C, 2 h. The identical amount of each catalyst 
was placed in the photoreactor, and the adsorption for 24 h 
was performed before the photoreaction. Figure 9 shows 
the cell distribution along the photocatalytic process. For 
m-TiO2, m-TiO2/CdS, and m-TiO2/CuO the minimum per-
centage of living cells was 47.8%, 43.6%, and 37.7% respec-
tively, which is higher than the results in the first cycle. Two 
local maxima and minima are still observed for all systems 
along the 96 h of photocatalytic activity. Once again, m-TiO2 
causes minor bioaerosol inactivation. Although m-TiO2/
CdS was the best photocatalyst in the first cycle reaching 
99.9% of inactivation, for the second cycle, m-TiO2/CuO 
performs high inactivation with respect to other monoliths. 

Fig. 7  SEM images of bioaerosols adsorbed on monoliths: a, b m-TiO2/CdS; c, d m-TiO2/CuO; and e, f m-TiO2, before and after photocatalysis, 
respectively
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The inactivation of m-TiO2/CuO was 62.3%, close to 75.5% 
in the first cycle, this result is probably due to the high spe-
cific surface area compared to the other monoliths (Table 1).

Variations in the total cell concentration through the 
inactivation performance in the first and second cycles are 
presented in Table 2. For m-TiO2 the average cell concentra-
tion in the first cycle was 2.5 ×  107 cells/m3, whereas in the 
second cycle the average concentration was 1.2 ×  108 cells/
m3. These results showed a difference of one order of mag-
nitude which can be attributed to the retention of bacteria by 
adsorption, in accordance with the gravimetric analysis dis-
cussed above. On the contrary, for m-TiO2/CdS and m-TiO2/
CuO, cell concentration in both photocatalytic cycles were 
practically equivalents, with a slightly higher load for the 
m-TiO2/CdS system.

As can be seen in Table 2, there was not a significant 
influence of cell concentration on inactivation efficiency. 
However, it is important to remark that in catalytic reactions, 
high bioaerosol concentrations can be unsuitable due to the 
saturation of active sites [58]. Thus, considering that the 
concentration of bacteria in indoor air is between  105–106 
cells/m3 lower than the studied in this work, the photocata-
lytic systems tested herein guarantee the complete treatment 
of a common load of bioaerosols in indoor air [66]. Unfortu-
nately, the detection limit of flow cytometry is still an issue 
to resolve during the characterization of diluted samples of 
bioaerosols [67].

Once again, reactivation at 400 °C was performed to test 
a 3rd photocatalytic cycle. In this case, the three systems 
showed practically an insignificant effect of inactivation. In 
the third cycle of photocatalysis, m-TiO2/CdS was able to 
release 34.0% and 2.7% of dead and injured cells respec-
tively, maintaining a percentage of living cells superior to 
63% which was similar to the percentage of living cells in 
the inlet flow of the photoreactor. m-TiO2/CuO monolith 
performance was analogous, the maximum percentage of 
dead and injured cells released in the third cycle of photo-
catalysis was 40.6% and 2.6%, respectively. In this stage, the 
dead and injured cells population were closed to photoly-
sis samples (~ 65% of living cells), thus, the photocatalytic 
activity was insignificant.

The loss of activity of catalysts in the  3rd cycle was prob-
ably related to the physicochemical changes when the mono-
liths are reactivated by calcination as discussed below. After 
two reactivations of catalysts by calcination at 400 °C, the 
adsorption capacity diminished because of the mesostructure 
sintering. For m-TiO2 the specific surface area diminished to 
86  m2/g and the pore diameter increased to 14.4 nm. Like-
wise, the pore size of impregnated monoliths m-TiO2/CdS 
and m-TiO2/CuO increased to 11.8 and 11.2 nm, respec-
tively. Furthermore, the loss of hydroxyl groups on the 
mesoporous surface can influence the photocatalytic activ-
ity [68], in the case of gas-phase reactions the rehydroxyla-
tion of catalysts was not achieved due to the low humidity 

Fig. 8  Bioaerosol inactivation mechanism in the continuous flow 
photoreactor. 1 airborne bacteria are adsorbed on the monoliths. 
2 photocatalysis produces reactive oxygen species affecting the 
adsorbed bacteria. 3 inactive bioaerosols are released, the monolith 

surface becomes available to adsorb new airborne bacteria. Inset 
shows schematically the generation of reactive oxygen species from 
the monolith surface under blue light, causing lipid peroxidation
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[69]. The bandgap of m-TiO2/CdS and m-TiO2/CuO after the 
 3rd reactivation remained practically unchanged (Fig. S6), 
which reinforces the hypothesis that surface physicochemi-
cal modifications are responsible directly for bioaerosol 
inactivation capacity. Thus, hydration steps previous and 
after the calcination should be useful to test that hypothesis. 
Despite the limited reusability of these materials, it is impor-
tant to remark that the  TiO2 monoliths can be dissolved and 
used for new synthesis or applications [70].

In overall terms, the kinetics of adsorption of the pollut-
ant on the active sites is a key factor to improve the activity 
of photocatalysts. Unfortunately, the high diversity of bio-
aerosols in common places requires multiple physicochemi-
cal surfaces. Studies on the influence of the surface charge 
or acid–base active sites to determine the most important 
factors that influence the AOP for bioaerosols inactivation 
remain necessary for the optimal design of photocatalysts.

4  Conclusions

The synthesis of monoliths of  TiO2 and impregnation with 
CdS and CuO nanoparticles was achieved using a one-pot 
methodology. The impregnated monoliths offered a high 
specific surface area (~ 100  m2/g) without the loss of nan-
oparticles under continuous air flow systems. The photo-
catalytic performance of monoliths m-TiO2, m-TiO2/CdS, 
and m-TiO2/CuO showed a maximum bacteria inactivation 
of 64.8%, 99.9%, and 76.5%, respectively. The percent-
age of dead bacteria in bioaerosol samples was detected 
by flow cytometry and the membrane collapse caused by 
lipid peroxidation was observed by SEM. A cyclic inacti-
vation behavior along 96 h of photocatalytic performance 
was noted, suggesting a three-step process limited by the 
adsorption–desorption stages. The catalysts maintained their 
photocatalytic activity until 2 cycles. In the third cycle of 
reuse, changes in mesoporous structure and possibly loss of 
hydroxyl groups during the reactivation by calcination ham-
pered the adsorption and photocatalytic inactivation of bio-
aerosols. Thus, the adsorption of pollutants on the catalysts 
and their physicochemical structure is an important feature 
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Fig. 9  Percentage of dead and injured cells after 2nd photocatalysis 
cycle. a m-TiO2, b m-TiO2/CdS, and c m-TiO2/CuO. Living cells 
(green bars), dead cells (blue bars), injured cells (orange bars). The 
solid line is the total cells with standard deviations (secondary axis)

Table 2  Cell concentration and percentage of inactivation in the photocatalytic experiments

1st cycle 2nd cycle

Name Bacteria concentra-
tion  (x107cells/m3)

Average (cells/m3) Maximum inac-
tivation (%)

Bacteria concentra-
tion  (x107cells/m3)

Average (cells/m3) Maximum 
inactivation 
(%)

m-TiO2 0.9–12 2.4 ×  107 64.8 1.6–27 1.2 ×  108 52.2
m-TiO2/CdS 2.5–33 2.2 ×  108 99.9 1.2–45 2.2 ×  108 56.4
m-TiO2/CuO 2.1–60 1.5 ×  108 75.5 1.8–36 1.6 ×  108 62.3
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to improve the efficiency of inactivation in continuous flow 
photocatalysis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10562- 021- 03659-9.
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