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Abstract 

This study deals with photocatalytic application for indoor air pollution remediation. 

Two target compounds were selected: Butane-2,3-dione (C4H6O2) and Heptan-2-one 

(C7H14O). Escherichia coli (E. coli) were used as bacteria strain. Photocatalytic 

removal of VOCs alone, E. coli alone and their mixture (VOCs/E. coli) were 

evaluated, at pilot scale. Indeed, a series of experiments were carried out in a 

continuous planar reactor using a novel photocatalyst/TiO2 technology with metal 

wires e.g. Copper (Cu)/Silver (Ag)-woven in optical fiber. Effects of experimental 

conditions such as flow rate (2-12 m3.h-1), VOCs inlet concentration (5-20 mg.m-3) 

and humidity levels (5-70%) on removal efficiency were investigated to properly 

appraise the oxidation performance in real conditions. All textile fiber photo-catalysts 
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(TiO2, TiO2-Cu and TiO2-Ag) showed good photocatalytic activities towards 

C4H6O2/C7H14O removal. As for simultaneous application with VOCs and E. coli: (i) in 

terms of VOCs removal efficiency, the same trend of performance was observed 

compared to VOCs experiments alone: 63% of removal efficiency by TiO2 alone, 46% 

by TiO2-Ag and 52% by TiO2-Cu, (ii) in terms of E. coli inactivation, only experiments 

with TiO2-Cu and TiO2-Ag revealed a good performance. 

 Keywords: Photocatalysis, Indoor air treatment, mixture (VOCs/E. coli), Cu-

Ag/TiO2-based optical fibers, continuous reactor 

1. Introduction 

Indoor air contaminants (such as Volatile Organic Compounds, VOCs and Bacteria), 

generated from food processing and preparation [1], can cause serious risks to public 

health. Moreover, the indoor air of all public places (Food industry, Hospitals, 

libraries,) were in the range above highly contaminated according to European 

Commission classification and the most isolates are considered as potential 

candidates involved in the establishment of sick building syndromes and often 

associated with clinical manifestations like allergy, rhinitis, asthma and conjunctivitis 

[2]. This can be due to the bacteria, viruses, molds and pollens. Thus, attention must 

be given to control those environmental factors which favor the growth and 

multiplication of microbes in indoor environment of public places to preserve the 

health of users and workers. Therefore, bacterial inactivation and VOCs removal 

remained very important approach for health and safety reasons [3,4]. The promising 

advanced technologies (Table 1.), provide interesting solutions at low cost with good 

removal efficiencies such as photocatalysis [5,6], cold plasma with/without catalysis 

[7-9] and catalytic ozonation [10,11]. Among the Advanced Oxidation Processes 
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(AOPs), the photocatalytic removal in air pollution abatement 

including chemical and microbiological contaminants, have been investigated by 

many researchers in recent years [12,13]. As a result, TiO2/UV-light oxidation was 

considered as a clean process for VOCs degradation with higher performance and 

complete mineralization [14-18]. Innovative catalysts can be used for increasing 

bacterial inactivation and VOCs degradation: Antibacterial metals such as Ag and Cu 

[19-22] coatings on semiconductors, usually titanium dioxide (TiO2), on glass fiber 

tissue [23-26], cellulosic paper [17] and polymer support [27] have been studied for 

indoor air treatment  

The Novelty of this work is to follow the degradation mechanism of contaminants 

(VOCs/bacteria mixture) using pilot scale continuous photocatalytic reactor. Butane-

2,3-dione (C4H6O2), Heptan-2-one (C7H14O) (i) and Escherichia coli (E. coli) (ii) were 

chosen as a VOCs (i) and bacteria strain (ii), specifically found in indoor air of food 

industries. The second novelty is to use a specific technology of textile fibers (TiO2, 

TiO2-Cu and TiO2-Ag), suitable for chemical/microbiological applications. The aim of 

this configuration is to provide a new and compact process, and no external UV 

lamps needed. To our knowledge, this is the first investigation on this combination 

(catalyst-reactor-semi-real conditions) which has been carried out at pilot scale. 

Table 1. Oxidation technologies for VOC/bacteria removal (advantages and disadvantages). 

Technologies VOCs/bacteria Reactor configuration Technologies 

batch  

reactor 

continuous 

reactor 

advantages disadvantages 

 

Photocatalysis 

[5,6,12-18] 

bacteria × -  
clean process 

 

photocatalyst 

poisoning 

VOC × × 

bacteria/VOC 

mixture 

× -  
complete mineralization 
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Cold plasma  

[7-9]   

bacteria × -  
high efficiency of reactive 

chemical species 

formation 

(at room temperature and 

atmospheric pressure) 

by-products 

(e.g. Ozone, CO) VOC - × 

bacteria/VOC 

mixture 

- - 

low mineralization 

× investigated, - not investigated 

 

2. Materials and methods 

2.1. Polluted-contaminated air generation 

Two targeted compounds like Butane-2,3-dione (C4H6O2) and Heptan-2-one 

(C7H14O), belonging to ketone groups, were used. Butane-2,3-dione (99% purity) was 

purchased from Janssen Chimica, Belgium and Heptan-2-one of 98% purity, was 

supplied from Acros Organics, France. The objective of this study was to validate the 

photocatalysis process efficiency in a case closer to the real indoor air conditions. 

Butane-2,3-dione and Heptan-2-one were selected following the building air analysis 

campaign in a food industry (Brittany region of France- June 2019). The exposure 

limit values of Butane-2,3-dione is around 11 mg.m-3 [28]. The polluted air flow was 

generated continuously by means of a syringe pump system (Kd Scientific Model 

100, USA) in order to obtain a stable VOC concentration during the experiment (from 

5 to 20 mg.m-3). To create a VOCs/air mixture, two similar injection systems are used 

for each pollutant [29-31]. A static mixer at upstream ensures a proper mixing of air . 

The Escherichia coli (E. coli DSM 10198-0307-001) was obtained from Deutsche 

Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ), Braunschweig, 

Germany. To test E. coli inactivation over time under a continuous photocatalytic 

reactor, aerosol/spray applications was performed via a nebulizer system. A set of 

valves and a flow controller (Bronkhorst In-Flow, France) were installed at the inlet of 

reactor (Figure 1. (a)). A maximum flow rate reached about 12 m3.h-1. Humidity and 
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Temperature measurements were monitored via a specific sensor (Testo 445, 

Mönchaltorf, Switzerland). Two value of relative Humidity (% RH = 5% and % RH= 

70%) of the effluent was investigated with using a packed column humidifier.  

 

Connector

Optical Fiber
Photocatalytic textile

l=80 cm

L=
1

0
 c

m(b)

 

Figure 1. Schematic illustration of the used set-up for VOCs/Microorganisms inactivation via 

a new continuous photocatalytic reactor: (a) experimental set-up and (b) photocatalytic 

material. 

 

 

(a) 
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2.2. Reactor design and catalyst form 

The pilot reactor, with its new configuration, was constructed to operate in 

photocatalytic mode using a novel catalytic material constructed with Copper 

(Cu)/Silver (Ag)-based optical fiber, double-sided optical fiber with a metal wire 

(Figure 2. (c)), as performed by Brochier Technologies Company (UVtex®) [32]. The 

characteristics of Optical Fiber (OF) are presented in Table 2. The optical fiber 

(Figure 2. (a)) is composed of (i) polymer fibers (polyester, Trévira CSTM fibres) and 

(ii) polyester fibers (polymethyl methacrylate, MMA CK-20 EskaTM fibres) and (iii) 

metallic wire. These elements are weaved following the Jacquard process meaning 

the interlacing, in a same plane, of fibers disposed in the direction of the chain (textile 

fiber) and some fibers disposed perpendicular to chain fibers, in the direction of the 

weft (optical fibers and metallic wire).  These optical fibers have a mean diameter of 

500 µm, its core is made in polymethyl methacrylate resin with a 480 µm mean 

diameter and covered with 10 µm of thick fluorinated polymer [33]. In the absence of 

micro texturing the surface of the optical fibers, light is transmitted from to the end of 

the fabric. Since this fabric is intended to be the UV irradiation source, the whole 

surface of the textile must be bright. Micro texturing is a necessary treatment allowing 

a uniform light output across the surface of the optical fibers [34-35]. As described on 

our previous paper [39], the photocatalyst used is TiO2 Degussa P25. The textile 

fibers, with/without metal wires (Cu/Ag), are coated with titanium dioxide in a bath of 

a concentrated aqueous suspension of TiO2 (50 g L−1). The coating was carried out 

by dipping the optical fiber textile in the bath maintained at 70 ◦C during 1h. Then, the 

sample is dried during 1h at 70 ◦C. Luminous textile is coated by a first layer by silica 

to protect optical fiber aging. In absence of silica, the optical fiber could be attacked 
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by photocatalysis. However, silica is chosen because it allows the passage of UV, 

and it is not an organic compound therefore is not degraded by photocatalysis [36]. 

 

Table 2. Material specifications of photocatalyst.  

metal/weaving 

 

  Surface illuminating  Allowable bending 

radius of OF 

OF 

diameter 

 - Textile wire of pure copper (Cu)  

 - Textile wire with silver (0.4% Ag)  

 - Bath coating of titanium dioxide (50 g L−1) 

    
Width (100 mm) 

Length (800 mm) 

    

 
9 mm 

 
500 µm 

 

Figure 1. (a) shows of the image of the photocatalytic planar reactor. The reactor 

consists of a rectangular glass chamber with a length of 1000 mm and a square 

cross section up to 145 mm × 145 mm. Two glass plates are installed into the reactor 

and help to keep an attached catalyst textile (dimensions: plate thickness of 1 mm 

and 800 mm long). The distance between both textile catalysts may be modified to 

study gas gap effect on photocatalytic performance. Two UVA-LEDs (365 nm, UVA- 

LED intensity = 1.5 W m−2) are used to ensure a good distribution of radiation on the 

surface catalyst through fiber filaments, working in tangential flow with one pass 

(Figure 1. (b)). Figure 2. illustrates the structure of the textile fiber surface through 

SEM images of the photocatalytic material with and without TiO2 and metal wires 

(Cu/Ag). The details of the surface texture characterization were analyzed by 

Scanning Electron Microscopy (SEM) using a JEOL JSM 7100 F microscope. 
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Figure 2. SEM images of the textile fiber surface: (a) and (b) SEM images of the textile fiber 

without and with TiO2, respectively ((a):*80, (b):*10000); (c) and (d) SEM images of the 

textile fiber with and without metal wires, respectively ((c):*30, (d)*50). 

 

(b) Textile fiber with TiO2 (a) Textile fiber without TiO2 

TiO2  

Particle 

(c) Textile fiber with metal 

wires 

(d) Textile fiber without metal 

wires 

Plastic optical fiber 

Textile 

Metal wires  

Textile 

Metal wires  
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2.3. Photocatalytic analyses system 

2.3.1. VOCs monitoring  

Gas Chromatography (GC), fitted with a flame ionization detector (FID), was used to 

monitor the VOCs concentration at the reactor downstream. The analysis was carried 

out using a Clarus GC-500 chromatograph fitted with a 60 m 0.25 mm polar DB-MS 

capillary column (film thickness, 0.25 µm).. The inlet/outlet samples (500 μL) are 

injected via a gas syringe.  

2.3.2. Microorganisms monitoring 

The performance of E. coli inactivation by each photo-catalyst was monitored over 

time by using agar-based culture method. Firstly, E. coli samples were collected on a 

polycarbonate membrane filter (Millipore, France) in a closed cassette 35 mm in 

diameter by using a membrane pump (KNF lab N86k18, France) with a 300 L.h-1 flow   

(Figure 3). Secondly a desorption step of E. coli collected on membrane filter was 

realized using a sterile aqueous solution (Tween 80 0.01% Tryptone 0.1% H2O). The 

suspension consisting of bacteria was diluted in Tryptone medium and subsequently 

mixed thoroughly using a Vortex. 100 µL aliquots were plated on Tryptone Soya Agar 

(TSA) medium in Petri dishes. Then, all agar Petri dishes were incubated at 37°C for 

24 h to allow bacterial growth.  

3. Results and discussion 

First, the photocatalytic removal of Butane-2,3-dione, Heptan-2-one alone and E. coli 

have been studied separately. Then, the main novelty: mixture of VOCs and E. coli 

study at pilot scale, was also performed. The effect of all photo-catalysts on the 

efficiency of oxidation was evidenced under real operating conditions (VOCs/E. coli 

concentration, flow rate and humidity). Finally, the results observed are discussed (i) 
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in terms of photocatalytic (UV-LEDs) activities of TiO2-Cu/Ag used, (ii) in terms of the 

removal efficiencies (VOCs degradation/E. coli inactivation) and (iii) in terms of 

oxidation mechanisms. 

3.1. Organic compounds treatment: Butane-2,3-dione & Heptan-2-one removal 

3.1.1. Effects of flow rate & VOC concentration  

Some process parameters were modified during the photo-degradation study of 

VOCs like the initial VOCs concentration and the air flow rate. It is important to study 

the effect of operating parameters and to identify which factors influence the 

performance of oxidation step. Thus, operating parameters were monitored as 

(Eqs.1-2):   

Butane-2,3-dione removal (%): 

(1) 

 Heptan-2-one removal (%):  

      (2) 

Figure 3 and 4 show the evolution of Butane-2,3-dione removal according to [Butane-

2,3-dione]Inlet and flow rate of VOCs/air, respectively. The experiments were 

performed ranging from 5 to 20 mg.m-3 for different flow rates i.e. 2, 4, 8 and            

12 m3.h-1. From figures 3 & 4, it was observed that for all photo-catalyst used i.e. 

TiO2, TiO2-Cu and TiO2-Ag, a similar oxidation behavior of removal efficiency vs inlet 

concentration was observed. However, a result shows that increasing the [Butane-

2,3-dione] Inlet leads to a significant decrease in the catalytic activity of photo-catalyst 

and, potentially, limits its photocatalytic degradation. At a constant VOCs/air flow 

(equal to 2 m3.h-1) and in the case of TiO2 study alone, the increase of the [Butane-
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2,3-dione]Inlet from 5 to 20 mg.m-3, results in a decrease of the degradation rate from 

66% to 38%. Our previous studies confirm this behavior for any other VOCs or 

groups of VOCs either at pilot or at industrial scale [37-41,25,26]. Therefore, photo-

catalysts containing metal wires e.g. Copper (Cu)/Silver (Ag) revealed a slight 

decrease compared to TiO2 alone in terms of Butane-2,3-dione degradation 

performance but remains adequate for photocatalytic application. Similarly, it is 

readily seen in Figure 3 & 4 that the performance of degradation decreased with very 

high air flow (in our case 12 m3.h-1). This higher level of flow condition causes a 

decrease of the contact time between the Butane-2,3-dione and the active sites of 

catalyst and consequently impede the interesting adsorption/oxidation on the 

photocatalytic sites. For example, it has been noted that increasing VOCs/air flow 

from 2 to 12 mg.m-3, performance of oxidation showed a decrease from 55 to 33% in 

the case of TiO2 study alone. Several studies confirm these experiment observations 

like Trichloromethane [42], inorganic compounds (e.g. Ammonia) [43], ketones (e.g. 

Heptan-2-one) [30], aldehydes (e.g. Butyraldehyde) [29] and related the slowdown in 

the performance. When VOCs inlet concentration is increased, due to the saturation 

and/or deactivation of the active sites by pollutants and /or oxidation by-products has 

been observed  

This new configuration of material integrating photocatalyst (TiO2) and fiber optic 

lighting has also demonstrated its efficiency to remove the formaldehyde [33]. A good 

distribution of light on catalyst surface through fiber filaments improves the 

photocatalytic activity. A similar behavior (with concentration and flow rate) was also 

observed in the case of Heptan-2-one. 

 A comparative study of Heptan-2-one and Butane-2,3-dione behavior’s was 

exhibited in our previous work (Glass Fiber Tissue as catalyst) [30] and the removal 
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efficiency would be much more remarkable in the case of Butane-2,3-dione which is 

why presently we are working with Butane-2,3-dione alone. 

 

Figure 3. Variation of Butane-2,3-dione degradation (%) with inlet concentration (mg m -3) for 

different photo-catalysts (1 mg cm-2 TiO2, 0.4% Ag, pure Cu). Operational conditions: 

T=20°C, LED-UVA intensity= 1.5 W m−2, Flow rate= 2 m3.h-1, dry air ~ 5% of RH. 

 

Figure 4. Variation of Butane-2,3-dione degradation (%) at different flow rates (m3.h-1) with 

the three photo-catalysts (1 mg cm-2 TiO2, 0.4% Ag, pure Cu). Operational conditions: 

T=20°C, LED-UVA intensity= 1.5 W m−2, [C4H6O2] = 10 mg.m-3, dry air ~ 5% of RH. 

TiO2-Cu 

TiO2-Ag 

TiO2  

TiO2-Cu 

TiO2-Ag 

TiO2  
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In order to improve the performance of this photocatalytic reactor and achieve higher 

levels of VOC removal, it is interesting to investigate(i) the effect of the number of the 

catalyst plates and (ii) the effect of space/air gap between the plates. 

3.1.2. Effect of VOC mixing on removal efficiency  

In order to investigate the effect of (Butane-2,3-dione/Heptan-2-one) mixture on 

removal efficiencies, initial experiments were performed continuously with each 

VOCs alone and then with their equimolar mixture. Removal efficiencies were studied 

in the same operational conditions: input flow rate was set to 2 m3.h-1 with ~ 5% of 

humidity and initial concentration was 20 mg.m-3 for each VOCs. The objective of this 

experiments study with the combination TiO2/metallic wire was to validate the 

photocatalysis process efficiency for a simultaneous treatment (VOCs/bacteria) by 

using a specific catalyst exhibit promising antibacterial efficiency. Results of mixture 

study (with TiO2-Ag and with TiO2-Cu) are presented in Figure 5, interesting removal 

efficiency was obtained with TiO2-Cu followed by TiO2-Ag either for single or for 

mixture VOCs oxidation. First, it is readily seen (Figure 5) that oxidation performance 

of heptan-2-one remains low, removal efficiency ∼ 19% with TiO2-Cu, compared to 

Butane-2,3-dione, removal efficiency ∼ 41% with TiO2-Cu. As for mixture, a positive 

oxidation effect (under low intensity) is observed for Butane-2,3-dione experiments in 

the case of TiO2-Cu and TiO2-Ag but not obviously observed on Heptan-2-one. This 

trend clearly demonstrates that Heptan-2-one presents a long molecular chain 

(C7H14O), harder to degrade via photocatalytic oxidation. Moreover, in our previous 

work, a classical configuration of the reactor was used with a TiO2-GFT catalyst 

(Glass Fiber Tissue) and illuminated with external UV Lamp [30], oxidize by-products 

exhausts from C4H6O2/C7H14O mixture are identified. Indeed, for a classical 
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configuration: the catalyst was illuminated with an external lamp. In this case, a glass 

annular reactor was used (2 concentric Pyrex cylinders, 100 cm length): the catalyst, 

Glass Fiber Tissue, is maintained on the inner reactor wall and the UV lamp (100 cm 

length) is placed in the inner concentric cylinder in order to have a homogeneous 

irradiation. The results showed that conventional by-products were created under 

photocatalytic treatment namely: Carbon dioxide, Acetone, Acetaldehyde, Acetic acid 

and Acid compounds (Formic acid, Propionic acid,…). In addition, the degradation 

pathway explaining what happens during the photocatalysis process has been added 

(Figure 6(a)). We suggest the following reactional scheme for Butane-2,3-

dione/Heptan-2-one degradation, where Acetone (C3H5O) and Propionic acid 

(C3H6O2) comes directly through Butanoic acid (C4H8O2), Pentanoic acid (C5H10O2) 

and Hexanoic acid (C6H12O2) and could dissociate into acetic acid (C2H4O2), 

acetaldehyde (C2H4O) and Formic acid (CH2O2). This last step (i) could be a common 

degradation pathway. Oxidation by-products (Figure 6(b)) were identified by Gas 

Chromatography coupled to Mass Spectrometry (GC-MS). Outlet oxidation reaction 

samples were concentrated on a Carbotrap (25 mL) and then removed by a thermal 

desorption unit coupled with GC-MS. 

 

Butane-2,3-dione 

alone 

Heptan-2-one 

alone  
Equimolar mixture 

Butane-2,3-dione Heptan-2-one 
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Figure 5. Variation of the removal efficiency of Butane-2,3-dione (C4H6O2) alone, Heptan-2-

one (C7H14O) alone and binary mixture via photocatalytic method. Operational conditions: 

T=20°C, Q= 2 m3.h−1, [Mixture]=[C4H6O2] =[C7H14O]= 20 mg.m-3, dry air ~ 5% of RH, catalyst: 

1 mg cm-2 TiO2, 0.4% Ag, pure Cu. 

 

 

(b) 

(a) 
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Figure 6. (a) Suggested reaction scheme of C4H6O2/C7H14O oxidation and (b) By-products 

identified by GC–MS following C4H6O2/C7H14O oxidation: (1) acetone and acetaldehyde, (2) 

Butane-2,3-dione, (3) Heptan-2-one, (4) acetic acid, (5) formic acid, propionic acid, butanoic 

acid, pentanoic acid, hexanoic acid and Heptane2,6-dione. 

3.2. Bacterial inactivation: case of Escherichia coli  

Before oxidation experiments via specific catalysts (TiO2-Cu, TiO2-Ag), a preliminary 

test (with TiO2 alone) was conducted to verify its effectiveness. The experiment was 

performed in the same photocatalytic reactor, replacing a syringe pump system 

(VOCs) by a nebulizer system (E. coli), at a 1 m3.h-1 input flow and E. coli initial 

concentration was 3 103 CFU.mL-1 (Colony Forming Unit per milliliter). Escherichia 

coli can be encountered as air contaminant in food industry [44]. Bacterial inactivation 

under UV irradiation was then calculated as (Eq. 3):   

                    (3) 

where, A: antibacterial activity and CFUcatalyst inlet, CFUcatalyst outlet : number of CFU at 

the inlet and outlet of the photocatalytic reactor. 

Results (Figure 7) showed that there is no inactivation of E. coli with TiO2 alone 

during our experiments with continuous configuration. As for TiO2-Cu and TiO2-Ag, 

experimental results were presented in Figure 7. First, it is noticeable that E. coli 

inactivation increase when the photo-catalyst tissue is woven with TiO2-Ag and TiO2-

Cu. Performance of E. coli inactivation under UVA light was estimated at around zero 

in the case of TiO2 alone and in contrast to the other photo-catalysts, E. coli 

inactivation was 0.25 and 0.37 log CFU with TiO2-Ag and TiO2-Cu, respectively. This 

behavior indicates that the contact between Silver (Ag), Copper (Cu) and bacteria 

can play an important role to improve bactericidal activity [45]. It was shown by Rtimi 
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et al. that Silver and Copper accelerated bacterial inactivation due to its disinfecting 

properties [46].  The efficiency of E. coli inactivation under photocatalytic treatment is 

attributed to the oxidative damage mainly induced by the photogenerated reactive 

oxygen species/radicals ROS (e.g. O2°-, H2O2 and HO°) [47,48,19], produced by 

redox reactions between adsorbed species (e.g. water vapor and oxygen) and 

electrons/holes photo-generated. Xiong et al. and Joshi et al. showed that the light 

irradiation leads to generate the ROS and this may improve bacteria inactivation 

[48,19]. The reaction mechanism of Ag-NPs and Cu-NPs, under light, [50,51] can 

affect bacteria activity, as shown in Eqs. 4-5, under ROS (Eqs.6-9). 

 (4) 

  (5) 

                                                                                             (6) 

                                                                                                (7) 

                                                                            (8) 

                                                                                                        (9)    

The synergistic mechanism for the photocatalytic inactivation of bacteria (E. coli) from 

indoor air in real condition (i) and the feasibility of simultaneous photo-oxidation of 

VOCs (Butane-2,3-dione & Heptan-2-one) is suggested in section 3.4 below. VOCs, 

VOCs by-products and E. coli suggested be adsorbing and/or oxidizing via ROS 

generated via Cu/Ag-doped TiO2, under UVA irradiation. By heating Cu as a metal in 

air, Cu Oxide I and II are formed and consequently the formation of copper oxides 

can be formed during the fabric drying step following the step of the surface modified 
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of the semiconductor (in our case TiO2). As for Silver, Ag ions escape from Silve 

R.STAT® fibre, enter the bacterial wall; destroy its cellular structure thus preventing 

bacteria from developing and multiplying. In order to show the photocatalysis stability, 

the reusability of catalyst (with TiO2-Cu and with TiO2-Ag) was studied (results on 

Figure 7). A stability of the performance of metal-fiber was confirmed after during the 

cyclic studies. In addition, experiment with (i) fibers alone without light and (ii) light 

alone without photocatalyst were also performed. Bacterial inactivation was negligible 

around 0.013 CFU (i) and < 0.01 CFU (ii). We observed, in our previous work [52], a 

similar trend of bacterial removal efficiency in a batch reactor. 

 

Figure 7. Bacterial inactivation (E. coli) via photocatalytic application with different photo-

catalysts: TiO2, TiO2-Cu and TiO2-Ag. Operational conditions: T=20°C, Q= 1 m3.h−1, [VOCs]= 

0 mg.m-3, [E. coli] = 3 103 CFU.ml-1, LED-UVA intensity= 1.5 W m−2, dry air ~ 5% of RH. 

3.3. Combination treatment: VOC/microorganisms removal 
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The removal of specific pollutants/microorganisms (as Butane-2,3-dione and E. coli in 

our case) is one of the principal objectives of indoor air treatment. In our study, the 

idea was to investigate, for the first time, the performance of photocatalytic 

application for simultaneous removal of VOCs and E. coli at pilot scale. Combination 

experiments were conducted with Butane-2,3-dione (10 mg.m-3) and E. coli (3 103 

CFU.ml-1) at dry conditions (air ~ 5% of Relative Humidity, RH) with a flow rate 

around 1 m3.h-1. The pollutant degradation over time was monitored as well as the 

bacterial inactivation (Figure 8). First, three experiments were performed by using 

various catalysts (TiO2, TiO2-Ag and TiO2-Cu). Results show an interesting efficiency 

in the case of TiO2-Ag and TiO2-Cu, indicating that these two metals oxides (in our 

case Silver and Copper) seem to be efficient for bacteria inactivation, which is 

attributable mainly to a damage of bacteria protein by the illumination of the photo-

catalyst surface [53, 50,51]. However, in the case of TiO2-Ag, higher performance of 

Butane-2,3-dione removal (47%) was observed and in contrast to the E. coli 

inactivation was only around 0.25 CFU. As for TiO2-Cu, results exhibit simultaneously 

(i) higher E. coli inactivation (1.27 CFU) and (ii) higher Butane-2,3-dione removal 

(52%). In our case, (i) this could be explained by the impact of by-products resulting 

from the degradation of VOCs on the behavior of E.coli. The LED-UVA intensity 

applied to the lamp is low (only 1.5 W m−2) and in view of this value (low-cost), (ii) a 

52% VOC removal is an interesting result. Thus, a compromise must exist between 

the removal rate of the target molecule and the inactivation rate of bacteria with a 

metallic wire. On the other hand, the inactivation value was always zero via TiO2 

alone, as shown in Figure 8. Thus, by comparing the inactivation efficiency obtained 

in the case of E. coli alone by photocatalytic process (Figure 7) to the results 

obtained in the case of E. coli/VOCs mixture (Figure 8). It is readily seen that the E. 
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coli inactivation is not influenced by the presence of VOCs. For example, we note 

that the inactivation of E. coli alone was around 0.25 log CFU (in the case of TiO2-Ag, 

Figure 7) and reaches 0.29 log CFU (in the case of E. coli/VOCs mixture, Figure 8). 

In this case, we can indicate also that the competition reactions of photo-catalyst 

between bacteria, VOCs and VOCs by-products are negligible. 

 

Figure 8. Bacterial inactivation (E. coli) and Butane-2,3-dione degradation using TiO2,TiO2-

Ag and TiO2-Cu as catalyst, with dry air. Operational conditions: T=20°C, Q= 1 m3.h−1, [E. 

coli] = 3 103 CFU.ml-1, [C4H6O2] = 10 mg.m-3, LED-UVA intensity= 1.5 W m−2, RH= 5%. 

Moreover, E. coli inactivation kinetics as well as Butane-2,3-dione degradation 

(Figure 9) are seen to be more dependent on the humidity level of air stream. 

The same methodology as the first one (combined simultaneous Butane-2,3-dione 

and E. coli with dry input air) was conducted but with humid air. However, a result (in 

the case of TiO2-Cu) shows that the efficiency of removing/destroying contaminants 
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(under low UVA-LED light intensity) was lowered by increasing Relative Humidity 

from dry (~ 5% of RH) to wet air (~ 70% of RH). It is observed that when the water 

vapor amount is higher (~70%), the effect of the competitive adsorption/oxidation 

phenomena between VOCs, H2O and E. coli becomes more important which causes 

the VOCs/E. coli removal decrease [30,54-56]. However, indoor air in the food 

industry is usually humid (around 75-95% of humidity). As already noted that this 

study deals with indoor air treatment in simulated real conditions and which is why we 

studied a high level of humidity (~70%). Butane-2,3-dione removal and E. coli 

inactivation behavior were 52% and 1.27 log CFU (with dry flow), respectively and 

decreased to become 38% and 0.73 log CFU after the addition of water vapor into 

the photocatalytic reactor.  

 

Figure 9. Bacterial inactivation (E. coli) and Butane-2,3-dione degradation using TiO2-Cu as 

catalyst, with dry and wet air. Operational conditions: T=20°C, Q= 1 m3.h−1, [E. coli] = 3 103 

CFU.ml-1, [C4H6O2] = 10 mg.m-3, LED-UVA intensity= 1.5 W m−2, RH= 5% and 70%. 
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3.4. Catalytic performance with real indoor air conditions 

In order to confirm the good performance observed for destroying Escherichia coli        

(E. coli) under UVA-LED light in the presence of organic compounds (in our case 

Butane-2,3-dione), another experiences, with simulated real indoor air were 

performed. Here, a photocatalytic treatment with mixture of VOCs (Heptan-2-one) 

and E. coli, were performed. The photocatalytic reactor was continuously supplied 

with 1 m3.h-1 of a dry air (RH∼5%). The initial concentrations were: 3 103 CFU.ml-1 of 

the E. coli, 10 mg.m-3 of the Butane-2,3-dione and 13.25 mg m-3 of the Heptan-2-one. 

This value reflects the Escherichia coli concentration in real conditions (Building 

indoor air analysis campaign in a food industry (Brittany region of France- June 

2019)). Regarding E. coli, with TiO2-Cu under UVA-LED (1.5 W m−2), it can be noted 

that the bacterial inactivation was around 0.37 for single oxidation (E. coli alone), 

reaches 1.27 and 1.77 for Butane-2,3-dione/E. coli and Heptan-2-one/E. coli, 

respectively (Figure 10). The reaction medium, combining simultaneous UVA-LED, 

TiO2-Copper, VOCs and intermediate by-products, seem to be a powerful disinfectant 

for bacteria. About organic compounds behavior, a positive effect on oxidation 

performance was observed for both VOCs. Performance of VOCs degradation 

increases from 47% (Butane-2,3-dione) and 39% (Heptan-2-one), for single oxidation 

(VOCs alone), to 52% (Butane-2,3-dione) and 50% (Heptan-2-one) when both VOCs 

and bacteria mixed together. Indeed, the objective of this experiments study was to 

validate the photocatalysis process efficiency in a case closer to the real indoor air 

conditions where several pollutants/bacteria must be eliminated simultaneously and 

to see if there is always improvement of pollutants/bacteria removal in the case of 

mixing. Thus, in the best of cases (mixture target molecule/bacteria), a compromise 

must exist between the removal rate of the target molecule and the inactivation rate 
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of bacteria, and this is what was obtained during the photocatalysis, from which we 

concluded this promising technology for real applications. 

 

Figure 10. Bacterial inactivation (E. coli) and VOCs degradation using TiO2-Cu as catalyst. 

Operational conditions: T=20°C, Q= 1 m3 h−1, [E. coli] = 3 103 CFU.ml-1, [VOCs] = 2.6 ppm, 

LED-UVA intensity= 1.5 W m−2, dry air ~ 5% of RH. 

The experimental data obtained from all possible combinations namely: (a) TiO2-

Cu/E. coli, (b) TiO2-Cu/Butane-2,3-dione/E. coli are summarized in Figure 10. It 

should be noted (Figure 10) from the E. coli behavior that the presence of Butane-

2,3-dione and Heptan-2-one simultaneously with Escherichia coli significantly 

enhances their inactivation. The photocatalytic treatment is attributed to the activity 

between pollutant/bacteria and photogenerated reactive oxygen species/radicals 

ROS (e.g. O2°-, H2O2 and HO°) [44,45,19] (Figure 11), produced by redox reactions 

between adsorbed species (e.g. water vapor and oxygen) and electrons/holes photo-

generated. 
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Figure 11. Suggested mechanism for E. coli inactivation and VOCs degradation under 

photocatalytic process: (a) E. coli + VOCs with TiO2 alone and (b) E. coli + VOCs with TiO2-

Cu/Ag. 

4. Conclusion 

This new work aims to study the performance of photocatalytic application for the 

degradation/inactivation of contaminants (e.g. chemical and microbiological pollution) 

from indoor air (as Butane-2,3-dione/Heptan-2-one and Escherichia coli in our case). 

The selection of photo-catalyst that will be used simultaneously for VOCs and 

bacteria removals represents one of the key parameters towards efficiency of 

photocatalysis. Three new configurations of photo-catalyst (TiO2, TiO2-Ag and TiO2-

Cu) were selected and their effect regarding oxidation performance was evaluated 

under a continuous system. Copper (Cu)/Silver (Ag) wires exhibit promising 
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antibacterial efficiency and can be considered as a potential new approach for the 

effective prevention of bacterial inactivation. In addition, competitive 

adsorption/oxidation phenomena between VOCs/H2O/E. coli can hamper the 

photocatalytic activity either for VOCs and/or for E. coli. Simultaneously to bacterial 

inactivation, VOCs removal was greatly enhanced, which adds value to this 

promising technology for real applications.  
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