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Fluorescent tubes, a continuous source of UVA radiation, are increasingly being replaced by ultraviolet light-emitting diodes (UV LEDs or UVEDs), which emit an almost discrete spectrum (5 nm bandwidth). This creates both problems and opportunities from a photocatalytic point of view. In this paper, we report the influence of UVED radiation on the performance of an industrially produced TiO2 photocatalytic coating by measuring the degradation of nitrogen oxide (NO) and toluene (C6H5CH3) from a test atmosphere in a laboratory test setup. The influence of four commercially available UVED types (365 nm, 385 nm, 395 nm, and 415 nm) on the performance of a commonly used photocatalyst was compared. In a subsequent investigation, we switched from continuous to pulse-modulated LED operation and investigated its influence on the photocatalytic activity of the assembly. We could show that UVEDs are suitable replacements for fluorescent lamps when carefully chosen to the absorption spectrum of the used photocatalyst. In addition, the pulse width and pulse frequency modulation of the LED current show non-linear correlations with the resulting photocatalytic activity. The activity remains unexpectedly high with short pulse widths and low frequencies. By adjusting the control of the UVEDs accordingly, much energy can thus be saved during operation without reducing the catalytic activity.
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1 INTRODUCTION
Photocatalysts are semiconductor materials that convert electromagnetic radiation into chemically usable energy. In the case of Anatase Titanium Dioxide (TiO2) used in this paper, UVA photons above the energy of 3.2 eV cause an electron-hole pair, leading to chemical oxidative or reductive reaction cascades (Zhu and Wang, 2017). A widely researched application of the chemical energy provided by this effect is the degradation of airborne pollutants of organic and inorganic nature (Venkata Laxma Reddy et al., 2011). As test gases for degradation experiments, toluene (C6H5CH3) and nitric (II) oxide (NO) are determined in the considerations of this paper. Both toluene and NO are common air pollutants that can have biogenic origins but are emitted mainly by anthropogenic sources at concerning levels (Rasmussen and Khalil, 1983; Tian et al., 2020).
Outdoors, the UVA fraction of the solar radiation supplies enough photons in the absorption spectrum of TiO2 to drive photocatalytic reactions (Park et al., 2022). Indoors or specifically inside photocatalytic reactors, an artificial source of UVA photons is needed (Zaleska et al., 2010). For a long time, fluorescent tubes were used to supply the required UVA irradiation (Deutsches Institut für Normung, 2018). Due to law regulations on mercury lamps in the EU and other nations and a steady price drop in ultraviolet emitting diodes (UVEDs) with wavelengths in the UVA range, fluorescent tube emitters vanish more and more from the European market and get replaced by LEDs (Office P. VERORDNUNG, 2008). As the fluorescent tubes will soon no longer be available, photocatalysis projects must switch to UVED as irradiation sources (Muramoto et al., 2014; Mittal et al., 2019; Luo et al., 2020).
Other studies have shown that both emitter types can achieve an equally strong photocatalytic effect while emitting a comparable number of photons (Tokode et al., 2015). The electrical equipment for the operation of UVEDs and fluorescent lamps differs fundamentally. Fluorescent lamps are primarily driven with an inductive choke on AC mains voltage; UVEDs use an electronically controlled direct current (Kuo et al., 2016). The electronic to control the UVED current can also be used to reduce the radiation output with pulse width modulation (PWM) (Sun et al., 2012). PWM uses a sudden switch between the on-state (photon emission) and off-state (no photon emission) of the LED, whereas the pulse width describes how a single PWM time is split between the on-state and off-state. With pulse width dimming, both the pulse width and the frequency can be varied. The latter can be varied while keeping the pulse width constant at 50/50 on/off, called pulse frequency modulation (PFM). An exemplary illustration of a PWM and PFM modulated current can be found in Figure 1. From a chemical point of view, the question is what influence the period of PWM and frequency of PFM have on photocatalytic efficiency. It is conceivable that the reaction cascades triggered by photocatalysis under periodic UV illumination exhibit desirable turnover rates. This could save energy and provide a simple way to optimize the process by introducing PWM or PFM as regulation variables.
[image: Figure 1]FIGURE 1 | Illustraion of PFM and PWM modulation.
While fluorescent tubes produce a broad spectrum of UVA-frequencies with a continuous photon flow, UVEDs emit a narrow bandwidth of about 5 nm peak width at half-height with a photon emission flow limited to the on-state sections of the PWM. Furthermore, the emission frequency of the UVEDs can be precisely controlled during production. Several UVEDs irradiating in the UVA spectrum are available on the market. The absorption of a common TiO2 photocatalyst, as can be seen in Figure 11, hits a maximum between 370 and 300 nm; therefore, matching UVEDs have to be selected. For this paper, we tested four UVED types with emission spectra of 365 nm, 385 nm, 395 nm and 415 nm in the UVA area.
To avoid hindering the photocatalytic reaction by the formation of a diffusion layer on the catalyst surface, a permeable foam material was used as a support matrix for the photocatalyst, providing both a considerable reduction of the diffusion layers width by the induction of turbulent flow and a significant increase of the reaction surface per volume unit. The test atmosphere flowed through the foam material, which was irradiated from one side.
Other studies have already worked on the operation of LEDs with and without PWM and PFM methods in photocatalysis. In contrast to our study, pure photocatalysts were considered here (Hou and Ku, 2013). In addition, high-frequency modulation was particularly interesting since reaction rates in denser environments such as aqueous solutions are much higher than in atmospheric conditions (Dai et al., 2013; Korovin et al., 2015; Tokode et al., 2016; Dilissen et al., 2019; Liang et al., 2019).
2 MATERIALS AND METHODS
2.1 Foam carrier with TiO2 photocatalyst coating
TiO2 is a widely used white pigment. For past decades, its photocatalytic properties were considered undesirable as they can cause a degradation of the paint matrix and other color pigments, limiting use time and resilience. Nowadays, the potential of oxides to degrade organic and inorganic pollutants has been investigated by many studies, seeking suitable carrier matrices and use cases. This study uses an acrylic foam of 3 cm thickness and a pore density of five pores per inch (ppi) as carrier material. The photocatalyst is applied by dip coating the foam and then drying. The coating used for the measurements, named LR160/3, is an Acrylic/silicone resin combination with KronoClean 7000 as the photocatalytically active component. In laboratory tests according to ISO 22197-1 (DIN Normenausschuss Materialprüfung, 2018) and ISO 22197-3 (ISO, 2019), deposition rates of up to 4.4 cm/s for NO and 0.5 cm/s for toluene could be observed. It was developed and tested for high stability and high degradation rates in laboratory tests in a project called PhRIschluft, funded by the German Federal Ministry for Economic Affairs and Climate Action.
After long-term stability tests by weathering for more than 12 months, the material combination showed ongoing high photocatalytic deposition rates. The coated and uncoated foam is shown in Figure 2. For additional information about the coating, please see the Final Report of the project (Licht et al., 2021) and the publications on the coating, which are being created at the moment.
[image: Figure 2]FIGURE 2 | Samples of the used foam coated (left) and uncoated (right).
2.2 Measurement equipment
The reactor, shown in Figure 3 used to determine photocatalytic activity in this study is designed to test permeable materials (see Figure 2). It is encapsulated to prevent any radiation from the surroundings from entering the reaction chamber to keep environmental influences out. The setup enables the user to control the PWM, PFM, toluene and NO inlet concentrations and the volume flow rate. The experimental parameters were set as shown in Table 1.
[image: Figure 3]FIGURE 3 | Picture of the Foam Reactor with attached Supply Tubes and Electronics for Ambient Sensors and Irradiation.
TABLE 1 | Parameter set for the degradation tests.
[image: Table 1]A schematic overview of the used test system can be found in Figure 4. Synthetic air was passed through an activated carbon filter and a membrane dryer to rule out contamination of the reaction chamber or undesired reactions. The airflow was split and passed through a wash bottle, creating separate air flows for dry and humid air. Using mass flow controllers (MFC), it was possible to mix an exact humidity of 50% rH by changing the ratio of both streams at the re-mixing point. Toluene and NO levels were then set with an injector pump or a MFC, respectively. To achieve the necessary low concentrations in the test atmosphere, toluene was injected via a microliter pump as an almost saturated aqueous solution (450 mg/L). The airflow was forced through the x-y-plane of a 5 ppi foam (100.100.30 mm³), and UV irradiation was produced by UVED and low-pressure mercury fluorescent tube directed at the x-y-plane as well (see further details in the description of the irradiation setup). NO levels at the reaction chambers outlet were continuously monitored by a photoluminescent detector (HORIBA APNA 370), while toluene concentrations were determined in intervals, integrating over 30 min by continuously sampling thermodesorption gas chromatography (Synspec GC955).
[image: Figure 4]FIGURE 4 | Experimental setup for toluene and NO degradation measurements.
The UVED panel was designed for a uniform (±5%) irradiation of the sample surface in the reactor. All four UVED types were chosen and arranged to maintain an irradiation intensity of 10–12 W/m2 for each wavelength (see Figure 5). As a result, the reactions in the excess state concerning photons remained similar to laboratory tests like ISO 22197-1 (DIN Normenausschuss Materialprüfung, 2018). UVEDs were connected in serial groups of 6 diodes of the same type. Each series was driven by a control circuit, as shown in Figure 6, consisting of a switch (transistor + resistor connected to “PWM in”) and a AL5890 LED driver. The driver stabilizes the current to ensure a constant radiation intensity towards the reaction chamber. The “PWM in” input was implemented by a frequency generator in rectangular frequency mode for measurements with PWM or PFM. Otherwise, the Input was connected to + 5 V. To perform comparative measurements with fluorescent lamps, the UVED board was removed from the reactor, and a conventional UVA-radiator like mentioned ISO 22197-1 (DIN Normenausschuss Materialprüfung, 2018) (aluminum housing with 2 Philips Cleo 18 W fluorescent tubes) was attached to achieve comparable radiation conditions of 10 W/m2 on the surface of the foam material.
[image: Figure 5]FIGURE 5 | Picture of the UVED panel with the schematics of the emitter placement.
[image: Figure 6]FIGURE 6 | Electrical circuit for the operation of the UVEDs.
To verify the PWM and PFM control capabilities, the test setup shown in Figure 7 was built. To independently measure the radiation produced by the UVED panel, a photodiode (SG-Lux SG01M-D18) was placed in the irradiation field of the UVED board. The diode was connected to an oscilloscope to measure the induced photovoltaic voltage. This voltage represents the UVED radiation output and can be measured with a time resolution of 0.01 µs.
[image: Figure 7]FIGURE 7 | Measurement set up to verify the function of the PWM and PFM control electronics.
Two groups of diagrams are shown in Figure 8, a low frequency (0.4 Hz) and a high frequency (22 kHz) test. The PWM input voltage for switching the UVEDs is named exciter voltage, while the diodes output voltage is named response voltage. The diagrams show that in the range of the frequencies used in all mentioned tests, a distinct light pulse is produced for every excitation pulse. The response pulse for the 22 kHz frequency is considered the highest frequency useable with this setup. Since the response function at even higher frequencies consisted solely of rising and falling edges, a defined switching time of the UVED boards could no longer be guaranteed. The behavior could be due to the capacitance of the photodiode used, thus the UVED board most likely operates sufficiently at even higher frequencies. However, this could not be verified.
[image: Figure 8]FIGURE 8 | Exciter and response voltage of the PWM validation circuit for slow (0.4 Hz) excitation on the left and fast excitation (22 kHz) on the right.
2.3 Measurement program
2.3.1 Comparing fluorescent lamps and UV diode emitter performance
In this series of tests, degradation measurements were performed under constant parameters, as described in Table 1, except for the radiation source. The UVEDs and the fluorescent lamps were continuously activated, as described before. In addition, the emission curves of all UV sources were taken by spectroscope and compared with the frequency-depending absorption of the tested foam.
2.3.2 Modulation of pulse width (PWM)
In this test series, the parameters from Table 1 were used and kept constant. The radiation was produced by the 365 nm UVEDs, with a variation in pulse width and constant PWM frequency. The LED driving current was modulated with an exciter frequency of 10 kHz while the pulse width was varied from 0% (UVED permanently off) to 100% (UVED permanently on).
2.3.3 Modulation of pulse frequency (PFM)
In this test series, the parameters from Table 1 were used and kept constant. The radiation was generated by the 365 nm UVEDs, with a constant pulse width of 50% and a variation in the pulse frequency. The LED driving current was modulated with an exciter signal pulse width of 50%, which corresponds to a comparable constant illumination of 5 W/m2. The pulse frequency was varied between 10 mHz and 10 kHz.
3 RESULTS
3.1 Comparing fluorescent lamps and UV emitting diode performance
The diagrams in Figures 9, 10 show scatter plots of deposition rates in the photocatalytic reactor system for a fluorescent UVA tube (fl.tube) and the four UVED types. All deposition rates were determined from 7 independent measurements for each UV source for toluene and NO, respectively. The deposition rate is distinctly higher for NO than for toluene. Deposition rates for the 365 nm UVED were comparable to the fl. tube for both pollutants. The mean values for the fl. lamp and for the UVED 365 (Table 2) were comparably high, while the fl. tube showed higher scattering for toluene measurements. The UVEDs with wavelengths of 385 nm, 395 nm and 415 nm generated significantly less photocatalytic activity in each case.
[image: Figure 9]FIGURE 9 | Deposition rates for toluene degradation with different UVA emitters and a fluorescent tube. The radiation intensity was kept at 10 W/m2 for each emitter type. The UVEDs, as well as the fluorescent tube, were operated with a continuous current.
[image: Figure 10]FIGURE 10 | Deposition rates for NO degradation with different UVEDs and a fluorescent tube. The radiation intensity was kept at 10 W/m2 for each emitter type. The UVEDs, as well as the fluorescent tube, were operated with a continuous current.
TABLE 2 | Mean values for the degradation of toluene and NO.
[image: Table 2]The photocatalytic deposition rates correlate with the absorbance spectrum of the photocatalytic material. This has already been hinted by the results shown in Figure 11, where the measured absorbance of the photocatalyst on the foam carrier is outlined and overlaid with the measured emission spectra for all five emitter types. The absorbance became minimal (<0.8) for wavelengths >400 nm and maximal (>2.0) for wavelengths <375 nm. While the emission spectrum of UVED 385 was in the area of higher absorbance, only UVED 365 was entirely in the range of maximum absorbance and, therefore, most suitable for the application.
[image: Figure 11]FIGURE 11 | Relative emission vs. wavelength of the four used UVEDs and the fluorescent tube in comparisonto the spectral absorbance of the TiO2 coating applied on the foam carrier.
3.2 Variation of pulse width (PWM)
Beginning with a PWM of 0%, a deposition rate of 0 was observed for both pollutants. The deposition rate rises with increasing PWM duty-cycle until the latter reaches 37 %, where a plateau was reached, which lasted up to a PWM of 100 %. Consistent with the measurements in 4.1, a maximum deposition rate of 0.16 cm/s was obtained for toluene and 2.15 cm/s for NO. The results for the pulse width variation are shown in Figure 12.
[image: Figure 12]FIGURE 12 | The sweep of pulse width and resulting deposition rate for the degradation of toluene and NO. At 100% pulse width, 10 W/m2 365 nm irradiation was determined on the catalyst surface.
3.3 Variation of pulse frequency (PFM)
The variation of pulse frequency was performed starting at the high frequencies and continuously dropping to lower ones. With a constant pulse width of 50%, the frequencies were changed from 10 kHz to 10 mHz. The deposition rate for toluene and NO remained constant until a threshold of around 1 Hz. A significant drop (>5%) in the deposition rate was observed for NO for ≤0.8 Hz and for toluene for ≤0.3 Hz. Consistent with the measurements in 4.1 and 4.2, a maximum deposition rate of 0.16 cm/s was obtained for toluene and 2.15 cm/s for NO. The results for the pulse width variation are shown in Figure 13.
[image: Figure 13]FIGURE 13 | Deposition rates for the degradation of toluene and NO as a function of frequency modulation.
4 DISCUSSION
The test results from chapter 4.1, in which different irradiation sources were compared, show comprehensible results. The expected dependence of the wavelength of the UVED on the activity of a photocatalytic system was shown. The emission spectrum of the UVEDs used is the most critical parameter as the emission band is very narrow compared to the fluorescent lamp type. However, photocatalytic activity was detected for all UVED types investigated, even if it was significantly below the most effective wavelength of 365 nm. In previous studies, it was shown that multiple factors act on the activity of photocatalyst systems, which are difficult to detect individually. Nevertheless, a certain dependence between the photocatalytic activity and the light absorption properties of a substance can be established (Calza et al., 2018). It should be noted that the measurements in this publication are of mixed systems and not pure photocatalysts. Accordingly, the absorption is a sum value of the absorptions of all matrix materials and not of pure photocatalysts, so the absorbed photons are converted into heat to an even greater extent than the photocatalyst into an excited state compared to pure photocatalysts. The comparison of the emission bands of different UVEDs with the absorption curves of the catalyst systems can therefore give a first, approximate indication of the activities to be expected. However, this cannot replace a proper measurement of the photocatalytic activities but can at best weed out UVEDs from a batch under consideration as unsuitable, allowing to limit the subsequent more complex activity determinations. If the adsorption curve of a material overlaps with several UVED emission bands, a combination of different UVED types can be considered.
Furthermore, we could show that increasing the irradiation time by raising the PWM ratio has a linear effect of increasing the deposition rates until saturation is reached. Above this threshold, a further increase does not have an additional effect on the degradation. As was demonstrated in the experiments, this observation can only be confirmed for sufficiently high pulse modulation frequencies above 1 Hz (toluene) resp. 10 Hz (NO). This differs from the work of Liang et al. (2019) as they did not find a saturation point while changing the PWM duty cycle in aqueous systems. On the one hand, this difference could be due to a high diffusion rate in liquids compared to air, and thus high mass flows to the catalyst surface. On the other hand, the reaction rates for the decomposition of the reactive oxygen species formed on the surface could be significantly higher in a liquid environment. Other studies show in contrast, that while increasing the intensity of unmodulated irradiation (at low intensities of 0–20 W/m2) an increasing of the photoatalytic activity follows (Dillert et al., 2013; Enesca and Isac, 2020). This shows that this effect is also known for continuous irradiation scenarios and cannot to be achieved exclusively by PWM modulation.
A variation of the pulse frequency also showed an effect on the photocatalytic degradation rate. The deposition rate increased from unexpectedly low frequencies of 10 mHz and remaind largely constant after exceeding a threshold within the measured frequency range. For toluene, the threshold of 0.3 Hz and for NO, a threshold of 0.8 Hz was observed. For even lower frequencies, a significant drop in the degradation rate was found. Several buffer effects could be the cause of this behavior. Depending on the reaction rate of the reactions downstream of the photon capture, the triggered radicals or intermediates could be available for some time as a reservoir for ongoing reactions. FT-IR studies with high temporal resolution could provide further insights. The different threshold frequencies for toluene and NO indicate a material-specific phenomenon. One of the reasons beside different complex degradation pathways could be the different diffusion behaviour of the two sample pollutants. With the diffusion constants of 0.079 cm2/s (toluene) and 0.21 cm2/s (NO) in air at 20°C (Environmental Modeling Community of Practice, 2022), an estimated diffusion way of 0.5 mm in the porous foam material and the idealized assumption that on the catalyst surface the pollutant molecule concentration is zero, about 300 times fewer toluene molecules diffuse to the catalysts surface per unit of time and area than NO molecules. This may be another explanation for the saturation of the activity at a lower frequency, as the toluene molecules take longer to refill the empty spots on the catalysts surface after a period of irradiation and photocatalytic decomposition. The longer this refilling time is, the lower the irradiation frequency can be.
The results of Hou and Ku (2013) could be confirmed in our experiments. With high PFM at high PWM rates, more efficient use of the photons generated is achieved. Assuming a PWM operation of the LEDs to degrade NO at the threshold of maximum photocatalytic activity, the following savings can be achieved in comparison to constant-current driven LEDs:
With a pulse width of 37%, the power consumption of the system drops by 63% of the electrical power required for continuous operation while keeping the photocatalytic degradation at a constant rate.
The efficiency thus increases by a factor of 2.7. With an average radiant power of the used LEDs of 13 mW at a power consumption of 70 mW per square meter of photocatalytic surface (10 W/m2/0.013 Wopt·0,07 Wel), 53 W electricity is needed. The 1-year related (8760 h×53 W) 464 kWh are reduced to 172 kWh.
The lifespan of the LEDs is directly related to their operating time under otherwise comparable environmental conditions (mainly with sufficient cooling). The LEDs, in this case, achieve an average time to fail of 10,000 h under continuous operation. With a PWM of 37%, the continuous reactor operation can be extended from 13 months to 3 years.
In subsequent studies, it should be investigated to what extent known photocatalytic degradation rates of other air pollutant molecules change the cut-off frequency of LED operation. Furthermore, it should also be investigated how a reduced volume flow through the foam carrier influences the cut-off frequencies via the formation of larger diffusion zones and whether this results in a significant decrease in reactor performance.
5 CONCLUSION
The operation of photocatalytic reactors can be optimised by using UV LEDs to be a serious competitor to other air cleaning systems. All the influencing variables considered (wavelength of the LEDs used, frequency duty cycle of the irradiation) contribute to the efficient operation of an air purification photocatalysis reactor.
The selection of the appropriate wavelengths for the catalyst system is of utmost importance. If the excitation frequency of the narrow emission band of the LEDs used does not match the absorption band of the photocatalyst system, its efficiency will drop to zero in the worst case.
The shaping of the LED irradiation can lift the energy efficiency even further. In our experiments, slow light pulses (0.8 Hz, 37% pulse width) were sufficient for both NO and toluene to produce consistently high photocatalytic degradation rates in an otherwise identical reactor setup—compared to continuously illuminated LEDs. The results of this study show the same trends for the two test substances, with increasing frequency of the PFM, up to a substance-specific limit, the degradation rate of a pollutant rises. After this limit the degradation rate remains constant, which lowers the photon efficiency increasingy. This behavior also applies for experiments with a increasing duty cycle of the PWM.
The toluene degradation rate dropped at lower PFM frequencies and at a lower duty cycle of PWM compared to NO. This hints the possibility of optimizing each reactor energetically for the specific contaminant that is to be removed in a particular application.
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