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Abstract

A comprehensive kinetic model was developed to address the factors and processes governing the
photocatalytic removal of gaseous ethanol by using ZnO loaded in a prototype air purifier. This model
simultaneously tracks the concentrations of ethanol and acetaldehyde (as its primary oxidation product) in
both gas phase and on the catalyst surface. It accounts for reversible adsorption of both compounds to
assign kinetic reaction parameters for different degradation pathways. The effects of oxygen vacancies on
the catalyst were validated through the comparative assessment on the catalytic performance of
commercial ZnO before and after the reduction pre-treatment (10% Ha/Ar gas at 500°C). The influence
of humidity was also assessed by partitioning the concentrations of water molecules across the gas phase

and catalyst surface interface. Given the significant impact of adsorption on photocatalytic processes, the
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beginning phases of all experiments (15 min in the dark) were integrated into the model. Results showed
a notable decrease in the adsorption removal of ethanol and acetaldehyde with an increase in relative
humidity from 5% to 75%. The estimated number of active sites, as determined by the model, increased
from 7.34 10 in commercial ZnO to 8.86 10 mol gea! in reduced ZnO. Furthermore, the model predicts
that the reaction occurs predominantly on the catalyst surface while only 14% in the gas phase. By using
quantum yield calculations, the optimal humidity level for photocatalytic degradation was identified as
25%, showing highest quantum yield of 6.98 10~} (commercial ZnO) and 10.41 10~ molecules photon™!

(reduced ZnO) catalysts.
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1. Introduction

Indoor air quality is a crucial health concern [1, 2], particularly as urban residents spend roughly 90%
of their time indoors, including residential and public areas [3]. Next to particulate matter, volatile organic
compounds (VOCs) are the leading causes of indoor air pollution [4, 5]. Compounds such as ethanol and
acetaldehyde are emitted indoors from various sources such as cleaning products, food, building materials,
and personal care products [6, 7], and can lead to various health problems, including respiratory irritation,
headaches, and dizziness, especially when inhaled at high concentrations [8, 9]. The U.S. Occupational
Safety and Health Administration (OSHA) gives a threshold limit value for acetaldehyde of 25 ppm [10].
Moreover, long-term exposure to ethanol has been associated with liver and kidney damage and an
increased risk of cancer [11]. Therefore, it is important to efficiently mitigate these harmful compounds
from indoor air to ensure a healthy living environment.

Over the past few decades, the popularity of photocatalysis has increased significantly as an eco-
friendly environmental remediation technology [12, 13]. Zinc oxide (ZnO) is widely used as a
photocatalyst due to its beneficial properties such as high removal efficiency, low cost, non-toxicity, and
unique optical and electronic features [14, 15]. However, its application has a number of limitations such
as a relatively high bandgap (3.2-3.4 eV), photocorrosion, and a high recombination rate of electron-hole
pairs [16, 17]. Recent studies suggest that the modification or formation of surface oxygen defects can be
an effective approach to enhance the photocatalytic activity of semiconductor catalysts [18, 19]. Such
defects can act as charge traps and adsorption sites, facilitating the effective transfer of photo-induced
electrons to the adsorbates. This can suppress electron-hole recombination while also degrading adsorbate

molecules via charge transfer [20].
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One key environmental issue with application of photocatalytic processes, is potential generation of
intermediates that are more hazardous than the original pollutant [21, 22]. A good example is acetaldehyde,
produced as the main byproduct of ethanol oxidation [22]. The concentrations of ethanol and acetaldehyde
in indoor air of a French hospital were found at 245.7 and 10.5 pg m=, respectively [23]. According to the
National Fire Protection Association (NFPA), ethanol has a health hazard index of 2, while acetaldehyde
has a higher index of 3, indicating greater exposure risk. Therefore, the incomplete photocatalytic
degradation of ethanol can pose a higher exposure risk through the formation of acetaldehyde.

To gain a better knowledge on the mitigation of VOC:s, efforts were made to address the role of the key
factors (such as oxygen vacancies and humidity) in regulating the photocatalytic degradation of ethanol
and its byproduct, acetaldehyde. For the first time, a kinetic model was developed to consider not only the
adsorption and photocatalytic degradation of ethanol but also the simultaneous production and degradation
of acetaldehyde. By using selected ion flow tube mass spectrometry (SIFT-MS) equipment, the
concentrations of ethanol and acetaldehyde were continuously monitored and the model parameters were
estimated through curve fitting with the experimental data. To enhance catalytic efficiency, oxygen
vacancy enriched ZnO was created through hydrogen reduction pretreatment. Additionally, the effect of
relative humidity was incorporated into the kinetic model to describe the adsorption and photocatalytic

degradation behavior in relation to humidity levels.

2. Materials and methods

2.1 Materials and catalyst preparation

Ethanol (CAS: 64-17-5), acetaldehyde (CAS: 75-07-0), and commercial ZnO (named as C-ZnO) with
product number of 544906, used as photocatalyst, were obtained from Sigma-Aldrich. The oxygen

vacancies in the catalyst were generated by following the same procedures reported in our previous study
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[24]. To briefly summarize, hydrogen reduction of the commercial catalyst was performed using an
AutoChem II system (Norcross, USA). A pretreatment procedure was employed in order to cleanse the
catalyst surface of adsorbed molecules, such as water, oxygen, or CO,. The C-ZnO was heated to 130 °C
under a stream of He (flow rate 60 cm?/min) and then cooled to room temperature. Thereafter, the gas flow
was changed to 10% Ha/Ar at a flow rate of 60 cm3/min, and the temperature was ramped up to 500 °C at
arate of 10 °C/min. The sample was held at 500 °C for 5 hours to ensure effective reduction of the catalyst.
This reduced catalyst is named R-ZnO in this study.

2.2 Reactor setup and photocatalytic experimental procedure

The reactor setup is illustrated in Figure 1. A commercially available photocatalytic mini air purifier
(model LHS002KEK) provided by LocknLock company, Seoul, South Korea, was modified for the
intended experimental conditions [25, 26]. The original ceramic and dust filters of the air purifier were
removed and replaced by in-house coated catalyst materials. Plain ceramic filters made of a mixture of
silicon carbide and aluminum oxide were purchased from Shengquan group, Jinan, China (10PPI) and used
as a bed for catalyst coating. ZnO nanoparticles were coated onto the ceramic filters using the drop-cast
method [27-29]. The required amount of ZnO was added to 10 mL ethanol and sonicated for 30 minutes.
The suspension of nanoparticles was then distributed uniformly onto the ceramic filter by drops of less
than 5 pL using a micropipette. During the coating process, the ceramic filter was placed on a hot plate at
70 °C to increase the evaporation rate of ethanol. Subsequently, the coated ceramic was heated at 100 °C
for 12 hours to ensure that all ethanol had evaporated. The mass of the ceramic filter was measured before
and after the coating process to ensure that it was effectively coated. More than 95% of the catalyst
remained on the ceramic filter after coating. Pictures of the ceramic filters taken before and after ZnO

coating as shown in Figure S.1 in the Supplementary Information.
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The spectrum of the light source of the commercial air purifier was measured by an AvaSpec-
ULS2048CL-EVO optic spectrometer, produced by Avantes, Netherland. Figure S.2 shows the light
spectrum data, with the majority of the emitted light in the UVA range with a peak at 368 nm. The air
purifier was modified to control the light conditions of the process by installing a light/dark switch. This
allows the study of ethanol adsorption on the surface of the catalyst under dark conditions.

The reactor chamber was constructed from polypropylene and had a volume of 16 L with dimensions
of 32 x 24 x 21 cm. The air pump of the air purifier provided three different flow rate settings: 100, 130,
and 160 L/min. To ensure thorough mixing of the air inside the reactor chamber, an additional fan (Gegei
mini fan, Shenzhen, China.) was also employed. Prior to each experiment, the chamber was purged with
dry air (21% Oz and 79% N2) to remove any residual compounds. The required volumes of liquid ethanol
and water to reach the intended concentration and humidity for each experiment were then injected into
the chamber by Hamilton gastight micro-syringe (Reno, USA) and allowed to completely evaporate and
homogeneously mix for 15 minutes. The humidity of the air within the chamber was monitored with a
Dostmann LOG220-E sensor (Wertheim, Germany) and the production of CO, was measured on certain
moments using Vaisala GMP222 (Vantaa, Finland) CO> sensor.

All experiments were conducted at a room temperature of 25 + 2 °C. The concentrations of ethanol,
acetaldehyde, and formaldehyde in the reactor chamber were continuously monitored using a Voice 200®
(SYFT Technologies Ltd., Interscience, Louvain-la-Neuve, Belgium) selected-ion flow-tube mass
spectrometer (SIFT-MS). Prior to entering the SIFT-MS equipment, the gas from the reactor was
continuously sampled at a flow of 5 mL/min and diluted by a flow of 25 mL/min of N> gas. The SIFT-MS
equipment generates precursor ions of H;O", NO™, and O," in a discharge ion source, selects a specific
precursor using a quadrupole mass filter, and then injects the selected precursors into a fast-flowing He

carrier gas in a flow tube. Gas molecules in the sample react with the precursor ions, and the resulting
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product ions are measured every 20 seconds (depending on the number of product ions selected for
measurement) by a downstream quadrupole mass spectrometer in the m/z range of 15 to 250 [30-32]. The
details about the reactions between precursor ions and the analytes (ethanol and acetaldehyde) and the
subsequent calculations of the analyte concentrations are provided in section S.3 of the Supplementary
Information.

To verify that the adsorption and photocatalytic degradation of ethanol were solely due to the ZnO
catalyst, a control experiment was also conducted using an uncoated ceramic filter and UV lights. The
results of the control experiment are presented in Figure S.3. As shown, there was no reduction in ethanol
concentration due to either photolysis (without catalyst) or adsorption on the uncoated ceramic filter.

2.3 Catalyst characterization methods

The Micromeritics AutoChem II equipment was used to perform temperature-programmed reduction
(TPR) and pulse chemisorption oxidation (PCO) of the ZnO catalysts. For TPR analysis, a pretreatment of
200 mg of C-ZnO was performed with He (flow rate of 60 cm?/min at 130 °C). The sample was then cooled
to room temperature and the flow was switched to 10% Ho/Ar. The temperature was gradually raised to
650 °C at a ramping rate of 10 °C/min. Water molecules produced from the hydrogen reduction of ZnO
were separated from the gas stream by means of a cold trap, set at -80 °C. For PCO analysis, 200 mg of C-
ZnO or R-ZnO catalyst was heated to 500 °C under an Ar stream (flow rate of 30 cm?/min) as the carrier
gas. Pulses of 5% Oo/Ar, with a loop volume of 0.486 cm?®, were injected into the carrier gas, and the
consumption of oxygen due to re-oxidation of ZnO was monitored using a thermal conductivity detector.

A JEOL-7610F PLUS electron microscope (Tokyo, Japan) was used to conduct both field emission
scanning electron microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy (EDS) analyses. The
elemental composition of the catalysts was determined through EDS mapping, which allowed the detection

of 1 million points in an area of approximately 1 square micrometer. A Thermo Scientific™ K-Alpha™
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XPS system (Waltham, USA) was utilized to conduct XPS analysis. EPR spectra were generated using a
Bruker EMX plus equipment (Billerica, USA) at room temperature, with a 100 kHz field modulation
frequency and a microwave frequency of 9.64 GHz on the X-band spectrometer. Powder XRD analysis
was performed using a Rigaku Ultima IV (Tokyo, Japan), with a Cu (A = 1.54059 A) radiation source of
40 kV and 40 mA, and a scanning speed of 0.02 deg/sec. Quantachrome Autosorb-iQ 2ST/MP equipment
(Boynton Beach, USA) was used to perform adsorption-desorption isotherms analysis, with ultrapure
nitrogen gas at 77.35 K. All samples were degassed for 2 hours under vacuum at 150°C. The surface area
of the samples was measured by the Brunauer-Emmett-Teller (BET) method, while the pore volumes were
calculated by the nonlocal density functional theory (NLDFT) [33, 34]. The bandgap value of each catalyst
was found by Tauc plot [35, 36]. The solid nanoparticles were subjected to diffuse reflectance spectroscopy
(DRS) using PerkinElmer® Lambda 1050 spectrophotometer. The photoluminescence of the catalysts was
then analyzed using a LabRAM Aramis apparatus (Horriba Jovin Yvon company, Kyoto, Japan) by
plotting spectra for each catalyst using a He-Cd 325 nm laser, within a wavelength range of 325 to 900
nm.

2.4 Kinetic model

The kinetic model in this study is based on our previously developed model [37], which was specifically
designed for adsorption and photocatalytic degradation of micro-pollutants in water in relation to pH
changes. In contrast, the new model presented here is tailored for gas-phase reactions to consider the
influence of air humidity. The model accounts for the reversible adsorption and desorption processes
followed by the photocatalytic degradation of ethanol and its primary product, acetaldehyde, in both gas
phase and on the catalyst surface. As there was no noticeable increase in the concentration of formaldehyde
within the chamber, the possibility for the generation of formaldehyde through the degradation of ethanol

was excluded in the equations for the sake of simplification.
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Egs (1) to (7) depict the kinetic model employed in this study. Eq (1) tracks the variation in the
concentration of ethanol in the air (Cgg), which is influenced by the adsorption and desorption coefficients,
kie(g mol™ min™) and ko (g L" min™), respectively. C+ represents the concentration of free active sites.
The second part of Eq (1) denotes the photocatalytic degradation of ethanol in the gas phase by superoxide
and hydroxyl radicals, represented by k3 g (min'l) and by and ks (L mol™ min'l), respectively. The
concentration of adsorbed ethanol is defined as Caq,g, while Cgg corresponds to the concentration of ethanol
in the air. The volume of the reactor is V.

Eq (2) describes the concentration of ethanol at the surface of the catalyst, taking into account the
degradation by electron-holes and hydroxyl radicals, with degradation coefficients of ks g (min™) and ke g
(g mol™ min™), respectively. The adsorbed concentration of water molecules at the surface of the catalyst
is denoted as Caq,w, along with mey as the catalyst mass.

Eqgs (3) and (4) describe the concentration of acetaldehyde in the air (Cg,a) and on the catalyst surface
(Cad.a), respectively. The parameters ki a to ke a correspond to the same definitions as parameters ki g to
ke, respectively, but for acetaldehyde instead of ethanol. However, to account for the production of
acetaldehyde from ethanol, a third term is added to the equations. Specifically, k3 ga (min™") and ks ga (L
mol™ min'l) represent the production of acetaldehyde from the oxidation of ethanol in the air by superoxide
and hydroxyl radicals, respectively. Meanwhile, ksga (min'l) and kega (g mol” min'l) represent the
production of acetaldehyde from the oxidation of ethanol on the catalyst surface by electron-holes and

hydroxyl radicals, respectively.

dc, ,

VTj = _V(kl,ECg,EC* - k2,ECad,E) - V(k3,ECg,E + k4,ECg,ECg,w)é: (1)
dcad E

m., 7 = +V(k1,ECg,EC* - kZ,ECad,E) M.y (kS,ECad,E + k6,ECad,ECad,w)§ (2)
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E=0 , t<t
. (7)
E=1, "<t

Eq (5) expresses the concentration of adsorbed water Cadw (mol g') on the catalyst surface, which is
dependent on the water adsorption coefficient kv (kPa™), water vapor pressure Py (kPa), and the

concentration of free active sites C+ (mol g!). Eq (6) describes the active site balance, where the total

concentration of active sites Cior (mol g'l) is equal to the sum of the free active sites and those occupied by
water, ethanol, and acetaldehyde. Since multi-layer adsorption of water and ethanol has been reported [38,
39], parameters a and b are used to represent the number of layers of adsorbed ethanol/acetaldehyde and
water, respectively. Moreover, since increasing humidity leads to an increase in the number of adsorbed
water layers [40, 41], the index 1 in parameter b is used to represent each humidity level (5%, 25%, 50%,
and 75%) tested in this work.

Eq (7) for the light/dark switch conditions is used to assess the effect of light on the photocatalytic
degradation of ethanol and acetaldehyde. In the first 15 minutes of the experiments, photocatalytic
degradation is not considered under the light off conditions ({=0). Hence, the removal of the compounds

is only due to adsorption in the dark. After 15 minutes from the start of the experiments, the lights are
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switched on (£=1) to initiate the photocatalytic degradation. The photocatalytic degradation terms are then
included in the model, as described in Eqgs (1) to (4).

In-house code using Excel® software was utilized to perform the numerical integration of Eqgs (1) to (4)
for each 30-seconds time step. For the experiments 8 to 17 of Table 1, the initial conditions for the start of
the numerical integration (t=0) were Cgr = Co, Cga =0, Cagg = 0, and Cag,a = 0. With the same approach,
the initial conditions for experiments 18 to 25 were considered as Cgr = 0, Cga = Co, Cagg = 0, and Caga
= 0. Kinetic parameters were estimated by minimizing the residual sum of squares (RSSQ), as expressed
by Eq (8), using a GRG nonlinear solving method. The total number of experimental data points for each

experiment was denoted by Nj, while n represented the total number of experiments in the modeling.

n N
S= ;Zl(caqﬂ.,j -C,,;) — min ®)

The stgn(i;lrd deviation (SD) (i) for each parameter is evaluated through Eq (9) [42, 43]. Here, x? stands
for the RSSQ denoting the difference between the calculated and experimental data, while N represents
the total number of experimental data points and P is the parameter count. Symbol mii! indicates the i
diagonal element found in the inverse matrix M, as defined in Eq (10), with a; representing the parameter
estimated by the kinetic model. Eq (11) was used for computing the partial derivative of the fitting function,

OFw/0ai. To precisely calculate these partial differential values, it is essential to select a small 6 (where &

<< 1), so in this study, a value of 10** a; was applied to each parameter.

1.2
O-j: miix (9)
N-P
Y OF OF
m.,=) —Ltx—=L
! ,,Z_;aal. 0a, (19)
%: lim AE1 zﬂ(ai+5)_ﬂ(ai)

5 (an
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The standard deviation for parameters like the adsorption equilibrium coefficient (K), which is derived
indirectly by dividing the adsorption rate coefficient (ki) by the desorption rate coefficient (kz2), can be
calculated using Eq (12). In this equation, a and b denote the estimated parameters (specifically, ki and
k2), while o represents the associated standard deviation.

o (%)= \/(a<a))z+(a(b>)z 12)
b a b

A parameter is considered to hold statistical significance if its estimated value surpasses its

corresponding standard deviation [42, 43]. Hence, the standard deviation was computed for all estimated

parameters and used to ascertain the significance of each estimation offered by the model.

3. Results and discussion

Table 1 contains a comprehensive list of all the experiments conducted on the photocatalytic
degradation of ethanol and acetaldehyde. In order to allow the compounds to adsorb onto the catalyst
surface and reach equilibrium, the first 15 minutes of each experiment were carried out without light
irradiation. All experiments were performed at least as duplicate in order to ensure the reproducibility of
the results and to yield the standard deviation for the associated figures.

3.1 Catalyst characterization

This section presents a brief summary of the characterization results of the reduced catalyst (R-ZnO) in
reference to the commercial catalyst. A comprehensive characterization can be found in our previous study
[24].

To investigate the reducibility of the C-ZnO catalyst, the H>-TPR profile of C-ZnO is derived based on
TPR analysis (Figure S.4a). The TPR profile of the catalyst shows several Gaussian peaks at different
temperatures representing various oxygen bonds with different strengths on the catalyst’s surface. As the

reduction temperature rises, a greater quantity of oxygen vacancies is generated to potentially influence
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the photocatalytic performance of ZnO [44, 45]. The concentration of oxygen vacancies produced by
hydrogen reduction was quantified using pulse chemisorption oxidation (PCO) analysis. Figure S.4b shows
that C-ZnO has a low concentration of 1.33 10~ mol gcat! oxygen vacancies prior to reduction. After
reduction at 500 °C, the concentration of oxygen vacancies significantly increases to 3.99 10~ mol gcat™.

XPS analysis was conducted on the catalyst before and after hydrogen reduction and all XPS spectra
were referenced to C 1s at 285 eV. Figure S.5 a and b show the O 1s spectrum of C-ZnO and R-ZnO,
respectively, with three distinct components: lattice oxygen (Oia¢ at 530 eV), oxygen vacancy (Ovac at 531
eV), and adsorbed oxygen (Oags at 532 eV) [46, 47]. The results show effective reduction of the catalyst
with an increase in the ratio of oxygen vacancy to lattice oxygen from 0.44 in C-ZnO to 0.57 in R-ZnO
after hydrogen reduction. The maximum valence band of the catalysts was estimated from the surface XPS
spectrum data between -3 and 20 eV to investigate the electrical conductivity of the samples [48, 49].
Figure S.6 compares the estimated valence band of C-ZnO and R-ZnO. The introduction of oxygen
vacancies to the catalyst resulted in an upward shift of the maximum valence band from 2.43 eV in C-ZnO
to 2.62 eV in R-ZnO. A greater maximum valence band of a photocatalyst indicates an increased capacity
for electron-holes to carry out oxidation [50]. Additionally, a higher maximum valence band can lead to a
higher generation rate of hydroxyl radicals in a photocatalytic process [51, 52].

The presence of oxygen vacancies was investigated using EPR analysis. Figure S.7a shows the EPR
spectra of C-ZnO and R-ZnO catalysts. A symmetrical signal at g = 1.96, seen from both catalysts,
indicates a trapped photo-generated electron on the zinc atom [53, 54]. However, only R-ZnO shows an
additional smaller signal at g =2.01 to reflect the presence of oxygen vacancies [55-57].

The XRD spectra of the C-ZnO and R-ZnO catalysts were examined to confirm the fine particle size
and appropriate crystallinity [58], see Figure S.7b. The crystalline sizes of C-ZnO and R-ZnO were

determined as 6.2 nm and 6.0 nm using the Williamson-Hall equation, and 5.3 nm and 5.4 nm employing
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the Scherrer equation in our prior study [24]. The high quality of the crystal structure of R-ZnO catalyst,
as confirmed by the occurrence of sharp and narrow peaks, suggests its stability during the hydrogen
reduction process. The major peaks observed at 20 ~31.8°, 34.5°, and 36.3° in the spectrum were identified
as (100), (002), and (101) lattice planes, respectively [59, 60]. The results are consistent with the standard
JCPDS for ZnO [61].

According to BET analyses, the surface area and total pore volume of R-ZnO were found to increase
significantly through the introduction of new oxygen vacancies on its surface compared to C-ZnO [62].
The surface area of R-ZnO increased from 43.0 + 0.1 m?/g to 48.3 = 0.1 m?/g, while the total pore volume
increased from 8.87 102 cm’/g to 1.06 10! cm?/g. The effect of oxygen vacancies on the bandgap of the
catalyst was investigated using the Tauc plot method [63, 64]. As shown in Figure S.8a, a significant red
shift was observed in the Tauc plot of the catalyst after hydrogen reduction. Consequently, the bandgap of
R-ZnO was lowered down to 3.09 eV from 3.24 eV in the C-ZnO catalyst. This suggests that the creation
of oxygen vacancies in the R-ZnO catalyst has improved photon harvesting potential towards visible light
[65].

The creation of oxygen vacancies was also evaluated using photoluminescence (PL) analysis. In the PL
spectra shown in Figure S.8b, the peak at 380 nm observed in C-ZnO corresponds to the transition of
electrons from the valence to the conduction bands of ZnO [66]. However, in R-ZnO catalyst, the same
peak experiences a red shift to 421 nm due to the changes in its crystal structure caused by hydrogen
reduction [67]. This shift is in agreement with the reduction-induced decrease of the estimated bandgap of
the catalysts by Tauc plot. Additionally, the broad peak observed at 663 nm in the R-ZnO catalyst indicates

the presence of oxygen vacancies where the recombination of electron-hole pairs can take place [68, 69].

14



284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

3.2 Ceramic filter coating

To investigate the effectiveness of the catalyst coating on the ceramic filters, FE-SEM and EDS analysis
were performed on plain ceramic filters and ceramic filters coated with C-ZnO and R-ZnO catalysts. As
illustrated in Figure 2a and b, the uncoated filter has a smooth surface. The EDS analysis revealed that the
surface of the uncoated filter consists of 28.8 wt% silicon, 12.4 wt% carbon, 8.3 wt% aluminum, and 50.3
wt% oxygen, in line with the material specifications (silicon carbide and aluminum oxide) provided by the
manufacturer. Figure 2c¢ to f show the FE-SEM and EDS images of the ceramic filter coated with C-ZnO
and R-ZnO. It is evident from the images that a uniform layer of nanoparticles has been successfully
deposited onto the surface of the ceramic filter. Additionally, the hydrogen reduction process did not
significantly affect the morphology of the R-ZnO nanoparticles, compared to that of C-ZnO. Using these
FE-SEM data, the average particle size of the C-ZnO and R-ZnO catalysts coated on the ceramic filters
are 45 nm and 42 nm respectively. EDS analysis of C-ZnO (Figure 2d) revealed a weight percentage of
26.5% oxygen and 73.5% zinc. In contrast, the EDS analysis of R-ZnO (Figure 2f) showed a reduction in
weight percentage of oxygen to 22.1% and an increase in zinc to 77.9%. This reduction in oxygen
percentage is likely due to the hydrogen reduction process [70].

To investigate the reproducibility of the ceramic filter coating, three plain filters were coated with
500 mg of C-ZnO to give a coating density of 10.20 mg cm™ (mg of catalyst per square centimeter of
coated filter) and used in photocatalytic experiments at an initial ethanol concentration of 5 ppm (volume
basis), see Figure 3a. During the first 15 minutes of the experiment (under the dark condition), the
concentration of ethanol decreased due to adsorption until it reached equilibrium, while the concentration
of acetaldehyde did not increase. Once the lights were turned on, the photocatalytic degradation of ethanol
started, leading to the production of acetaldehyde. The concentration of acetaldehyde increased until

equilibrium at around 50 minutes from the start of the experiment, at which point the rate of production of
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acetaldehyde was equal to the rate of its photocatalytic degradation. Afterward, the concentration of
acetaldehyde declined since the concentration of ethanol had significantly decreased, and less acetaldehyde
was being produced than degraded. The almost identical experimental results of the three different filters
(standard deviation less than 2%) support the reproducibility of the ceramic filter coating.

In order to optimize the mass of catalyst used for coating a ceramic filter, three different filters were
coated with 125, 250, and 500 mg of C-ZnO, to give coating densities of 2.55, 5.10, and 10.20 mg cm™?,
respectively. These filters were then used for photocatalytic degradation of ethanol, as shown in Figure 3b.
The adsorption removal (dark phase, after 15 minutes) increased from 19.9% to 31.2%, as the mass of the
coated catalyst increased from 125 mg to 250 mg. Moreover, during the photocatalytic removal process,
the filter with 250 mg of coated catalyst showed a faster degradation of both ethanol and acetaldehyde.
The increase in coated catalyst mass from 125 mg to 250 mg allowed for more nanoparticles to stabilize
on the surface and cover the ceramic filter more effectively, improving the photocatalytic efficiency of the
filter. However, when the mass of the coated catalyst was further increased to 500 mg, the photocatalytic
degradation rate remained almost equal to the filter coated with 250 mg of catalyst, despite a slight increase
in the adsorption removal to 35.0%. The most plausible reason for this is that, as the mass of coated catalyst
increased, the nanoparticles started to pile up on top of each other and form a multi-layer. Since the ZnO
nanoparticles are porous material, the ethanol molecules were still able to reach the lower layers, which
slightly increased ethanol adsorption [71]. However, the UV light could not penetrate the bottom layers of
the nanoparticles, resulting in a constant photocatalytic degradation rate [72]. In conclusion, increasing the
coating mass of the catalyst to 500 mg did not result in a higher photocatalytic degradation rate, and a
catalyst mass of 250 mg was selected as the optimum coating mass in our setup.

In order to investigate the impact of the air purifier flow rate on the photocatalytic process, three

experiments were conducted with different fan speeds: low (100 L/min), medium (130 L/min), and high
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(160 L/min) flow rate. Figure S.9 in the Supplementary Information depicts the effect of the air purifier
fan speed on the ethanol photocatalytic degradation. The findings demonstrate that the flow rate of the air
purifier’s fan does not significantly affect the photocatalytic process (standard deviation less than 2%),
indicating efficient air mixing within the reactor. As a result, the medium fan speed (130 L/min) was
chosen for the remaining photocatalytic experiments, and a uniform mixing of air and the photocatalyst
within the reactor was assumed for kinetic modeling.

3.3 Kinetic modeling and the effect of relative humidity

Figure 4 presents the outcomes of the photocatalytic ethanol degradation experiments at different
relative humidity (RH). The dots on the graph represent the experimental data, while the lines denote the
calculated data using Eqs (1) to (8) of the kinetic model. The results reveal that the adsorption removal of
ethanol reduces significantly with increasing RH. Specifically, the highest adsorption removal of ethanol
by C-ZnO catalyst is 40.8% at 5% RH, while it drops to 7.1% at 75% RH. Similarly, the adsorption removal
by R-ZnO at 5% and 75% RH is 49.2% and 10.2%, respectively. The rise in RH causes an increase in
water vapor pressure, which increases the adsorption of water on the ZnO nanoparticles due to their high
hydrophilicity [73, 74]: see Eq (5). This promotes more active sites to be occupied by water molecules and
cause a lower adsorption removal of ethanol.

In order to gain a more comprehensive insight into the photocatalytic process and to improve the
accuracy of curve fitting to the experimental data, additional experiments were conducted at an initial
ethanol concentration of 10 ppm. Figure 5 illustrates a comparison of the results obtained with initial
concentrations of 10 ppm and 5 ppm, using both the C-ZnO and R-ZnO catalysts. It is apparent from the
results that R-ZnO records a higher removal efficiency and photocatalytic degradation rate at both initial

concentrations. Moreover, R-ZnO also exhibits a faster photocatalytic degradation rate for acetaldehyde.
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Table 2 summarizes the estimated kinetic parameters. The results show that the value of ki,
representing the adsorption rate of ethanol, increases from (3.64 + 0.16) 10* (g mol” min'l) for C-ZnO to

(3.85 £ 0.12) 10* (g mol” min'l) for R-ZnO, indicating a higher adsorption rate on the catalyst after
hydrogen reduction. Conversely, the estimated value of kz g, representing the desorption rate, drops from
(3.96 +0.21) 103 (g L™ min™") for C-ZnO to (3.41 +0.13) 103 (g L min™") for R-ZnO, indicating a lower
desorption rate for the reduced catalyst. The adsorption equilibrium coefficient, Kaq g, defined as the ratio
of ki to ko, shows a higher affinity of ethanol for the reduced catalyst with significant increase in its
value from (9.19 £ 0.07) 10% (L mol") in C-ZnO to (1.13 £ 0.05) 107 (L mol!) in R-ZnO. This can be
attributed to the creation of surface oxygen vacancies at the surface of R-ZnO, which can act as active sites
for the adsorption of ethanol molecules [75]. This finding is consistent with the observed increase in the
estimated values of Ciot, from (7.34 £ 0.02) 106 (mol g'l) in C-ZnO to (8.86 + 0.02) 10 (mol g'l) in R-
ZnO. It should be noted that the increased adsorption of ethanol by R-ZnO is the most pronounced at 5%
RH. This is because at high RH levels, similar to ethanol, water molecules also tend to be adsorbed in
higher quantities on the R-ZnO catalyst. Evidence of this is shown by a higher estimated value of k, (8.09
+0.04) 10" (kPa!) for R-ZnO, compared to (7.70 + 0.04) 10"! (kPa™!) for C-ZnO.

The estimated values for b, which represents the average number of water molecule layers adsorbed on
the surface of the catalyst, are consistent with this observation. Specifically, for C-ZnO, the b values
increase from 0.85 +0.12 at 5% RH to 1.99 + 0.03 at 75% RH. Similarly, for R-ZnO catalyst, the b values
for 5% and 75% RH are estimated to be 0.97 = 0.27 and 2.08 + 0.03, respectively. These findings suggest
that as RH increases, the number of water molecule layers on the catalyst surface also increases
significantly. The average number of layers of ethanol and acetaldehyde (parameter a) adsorbed on C-ZnO

and R-ZnO is estimated as 2.12 = 0.04 and 2.15 + 0.03, respectively. Note that this parameter is assumed
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to be constant across all RH levels as the initial concentration of ethanol and acetaldehyde is the same in
all experiments.

To obtain a more precise understanding of the adsorption and photocatalytic degradation behavior of
acetaldehyde, experiments were conducted at the same RH and at an initial acetaldehyde concentration of
5 ppm, without the presence of ethanol. The experimental and calculated data for the adsorption and
photocatalytic degradation of acetaldehyde are shown in Figure 6. It can be observed that the removal of
acetaldehyde through adsorption is significantly lower than that of ethanol. Similar to the results for
ethanol, an increase in RH from 5% to 75% resulted in a decrease of the adsorption removal of
acetaldehyde, from 5.2% to 1.9% with C-ZnO and from 6.5% to 2.4% with R-ZnO. The estimated values
of the parameters ki a and ko a, which represent the adsorption and desorption rates of acetaldehyde, are
(2.57 + 0.29) 10* (g mol™ min™) and (3.78 + 0.48) 102 (g L' min™) respectively for C-ZnO, while the
values are (2.69 + 0.33) 10* (g mol” min™) and (3.78 + 0.46) 102 (g L' min™) for R-ZnO, respectively.
The acetaldehyde adsorption equilibrium coefficient, Kad,a, can be calculated as (6.82 + 0.17) 10° (L mol
1 for C-ZnO and (7.11 £ 0.17) 10° (L mol!) for R-ZnO, which is two orders of magnitude lower than
those of ethanol. This can be attributed to the lower polarity of acetaldehyde than ethanol, primarily since
acetaldehyde has no hydroxyl functional group [76]. The high hydrophilicity of the ZnO catalyst causes it
to preferentially adsorb molecules with hydroxyl functional groups [77, 78].

Figure 7 illustrates the possible photocatalytic reactions and degradation pathway of ethanol. Under
UV-A light, an electron in the valence band of ZnO is excited to the conduction band, leaving a hole in the
valence band behind [79]. The excited electron can react with an oxygen molecule in air, producing
superoxide radicals [80]. The hole can react with a water molecule in the air, producing hydroxyl radicals
[81, 82]. These superoxide and hydroxyl radicals can then react with ethanol molecules in the air to yield

acetaldehyde with degradation rates represented by ks g and k4, respectively. The values of ks g and k4
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for C-ZnO are estimated as (2.55 + 0.27) 103 (min’l) and 2.63 £ 0.14 (L mol™ min'l), respectively. The
corresponding values for R-ZnO increased to (4.31 £+ 0.33) 1073 (min) and 2.76 + 0.20 (L mol" min™),
respectively. This increase can be attributed to the presence of oxygen vacancies in R-ZnO that result in a
higher maximum valence band [51, 52]. Furthermore, the estimated parameters of k3ra and kara are
exactly equal to ks r and ks for both catalysts, as all ethanol degradation in the gas phase resulted in the
production of acetaldehyde before further mineralization to water and CO,. To further degrade the
produced acetaldehyde in the gas phase, it can react with superoxide radicals (with a degradation
coefficient of k3 o) or hydroxyl radicals (with a coefficient of ks ,4) to form water and CO». Alternatively,
it may adsorb to the surface of the catalyst and follow a degradation path as surface reactions. The estimated
parameters (ks a and kaa) for C-ZnO are (9.67 + 0.09) 10~ (min™) and (1.02 + 0.22) 103 (L mol min™),
while those for R-ZnO are (1.09 + 0.09) 10* (min™) and (1.24 + 0.55) 103 (L mol™ min™), respectively.
These values indicate that R-ZnO has higher degradation coefficients for acetaldehyde, similar to the trend
observed for ethanol’s degradation coefficients.

Surface reactions involve the direct reaction between the adsorbed compound and the photo-induced
electron-holes at the catalyst’s surface. In an alternative scenario, an adsorbed oxygen molecule may react
with electron-holes on the catalyst's surface, giving rise to a superoxide radical [83-85]. This radical can
further engage with adsorbed compounds, leading to degradation at the catalyst's surface. Because of

constant concentration of the electron-holes and oxygen during all experiments, these reactions are
combined and represented by ks g, which is estimated to be (1.79 & 0.09) 10~ (min™) and (2.26 + 0.12) 10-

2 (min™") for C-ZnO and R-ZnO, respectively. The higher value in R-ZnO can be due to a higher maximum
valence band caused by the presence of oxygen vacancies, which can enhance the oxidative ability of the
photo-generated electron-holes [50]. Another parameter, ke, represents the photocatalytic reaction

between the adsorbed ethanol and the hydroxyl radicals at the catalyst’s surface. The estimated values for
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ke are (2.35 + 0.05) 10* (g mol” min™) for C-ZnO and (2.42 + 0.05) 10* (g mol™ min™) for R-ZnO. This
parameter follows the same trend as ks g, as the higher maximum valence band of R-ZnO can increase the
hydroxyl production rate due to the more active photo-generated electron-holes [86]. Additionally, a higher
number of water molecules are adsorbed at the surface of R-ZnO catalyst, resulting in a higher production
of hydroxyl radicals.

Similarly to the parameters of acetaldehyde production in the gas phase (k3 ga and ks ra), the estimated
values of ks ga and ke ga are equal to ks g and ke g in C-ZnO. This suggests that all of the ethanol adsorbed

on the surface of C-ZnO is oxidized to acetaldehyde. However, in the case of R-ZnO, although the
estimated value for kega is equal to keg, the estimated value for ksga (1.61 +0.15) 102 (min'l) is lower

than that of ks g (2.26 +0.12) 10 (min'l). This indicates that, at the R-ZnO surface, all ethanol molecules
reacting with hydroxyl radicals are converted to acetaldehyde before complete mineralization to water and
COz. However, a fraction of the ethanol molecules that react with electron-holes on the catalyst’s surface
does not produce acetaldehyde. In this pathway, ethanol may degrade into smaller compounds and remain
on the catalyst’s surface until they undergo complete mineralization to water and CO». The possibility of
production of by-products such as acetic acid and formic acid at the surface of the catalyst has been
reported [21, 87, 88]. This behavior can be attributed to the higher oxidative ability of photo-induced
electron-holes in R-ZnO, which is due to the upward shift in its maximum valence band [50-52].

The investigation into the potential production of acetic acid as a by-product during ethanol degradation
was extended using both the kinetic model and experimental data on carbon balance (see section S.7 of the
Supplementary Information). Figure S.10a illustrates the impact of relative humidity on acetic acid
production, employing Eq (S.10) with the parameters from Table 2. The percentage of total ethanol moles
converted to acetic acid decreases from 11.9% at RH 5% to 1.0% at RH 75%. These findings suggest that

acetic acid production is more noticeable in the absence of hydroxyl radicals.
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In order to experimentally investigate the presence of acetic acid in the reactor, a carbon balance study
was conducted using Eqs (S.11) and (S.12). Due to increased acetic acid production at low humidity levels,
investigations were performed at RH 5% and 25%. Figure S.10b and c¢ show deviations from carbon
balance at these humidity levels. After light activation, both scenarios revealed a shortfall in expected
carbon, indicating acetic acid production, with maximum deviations of 7.2% and 2.9% for RH 5% and
25%, respectively. Considering minimal acetic acid production, especially at higher indoor humidity levels,
this by-product is omitted in the kinetic model.

The acetaldehyde molecules produced by the oxidation of ethanol at the surface of the catalyst can
further degrade to water and CO; by the electron-holes (represented by ks a) or the hydroxyl radicals
(represented by ke ) at the catalyst surface. The estimated values for ks o and ke a are (1.40 £+ 0.07) 10!
(min") and (4.13 +0.24) 10* (g mol™ min™) in C-ZnO, and (1.90 + 0.08) 10°' (min™') and (4.36 + 0.23) 10*
(g mol” min™) in R-ZnO, respectively. Similar to ethanol, the estimated ks a and ke 4 are higher for R-ZnO
due to the presence of oxygen vacancies, resulting in a higher oxidative ability. Alternatively, the produced
acetaldehyde at the surface of the catalyst can also desorb into the air and follow one of the degradation
paths in the air.

3.4 Quantification of each degradation pathway

To assess the contributions of the individual degradation pathways to the overall degradation of ethanol
and acetaldehyde, the proportion of reactions facilitated by each coefficient (ks, k4, ks, and ke) was
calculated using equations (13) to (16) in conjunction with the estimated parameters outlined in Table 2.
The corresponding values for acetaldehyde were computed using the same equations and the respective

parameters of acetaldehyde, as represented in Eqs (S.13) to (S.16) in the Supplementary Information.

=180
EthCIHOZby ko g = J;_() Vk3,E Cg7E é dt (13)

22



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

=180

Ethanol,, b =) Vi, C,p C,, 6dl (14)
012180

Ethanolby o kp Cop 6 dt (15)
r1=180

Ethal’ZOlby k6’E = Jizo mcat k6,E Cad,E Cad,w é: dt (16)

Figure 8a and b depict the proportion of ethanol and acetaldehyde degraded by individual reaction
coefficients in photocatalytic experiments employing R-ZnO at varying RH levels. The results for C-ZnO
are shown in Figure S.11. Notably, the reaction coefficients ks and ks, representing gas-phase
degradation of ethanol, exhibit a lower impact, accounting for an average of 14.4% of the total degradation.
In contrast, the surface reactions denoted by ks and ke r play a more significant role. The contribution of
parameter k3 g attributed to the ethanol degradation (in R-ZnO), as calculated by Eq (13), reaches its lowest
value of 0.11 umol at RH 25% but peaks at 0.40 umol at RH 75%. This variation is primarily due to the
CgE variable in Eq (13), which has its lowest values at RH 25% and its highest values at RH 75% (see
Figure 4). For acetaldehyde, the corresponding values of degradation by k3 a increase from 0.09 umol at
RH 5% to 0.17 umol at RH 75%. The portion of ks in ethanol degradation rises from 0.01 umol at RH
5% to 0.24 pmol at RH 75%. Similarly, the corresponding values of k4 for acetaldehyde degradation
increase from 0.01 pumol at RH 5% to 0.18 umol at RH 75%. As outlined in Eq (14), the increase in relative
humidity and Cg, leads to a substantial increase in the quantity of ethanol (and acetaldehyde) degraded in
the gas phase.

The contribution of ks g to ethanol degradation decreases from 0.87 umol at RH 5% to 0.07 umol at RH
75%. This decline is attributed to the only variable in Eq (15), which is the concentration of adsorbed
ethanol (Caq). The contribution of ks is notably higher at lower humidity levels, where Cag increases
due to the absence of water molecules on the catalyst’s surface. Figure 8c provides an illustration of the

calculated values of adsorbed ethanol by R-ZnO at various humidity levels, computed through numerical
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integration of Eq (2). During the initial 15 minutes of dark adsorption, the ethanol concentration at the
catalyst surface experiences a rapid increase, reaching its peak at equilibrium. Subsequently, upon
exposure to UV light, the concentration of adsorbed ethanol drops due to photocatalytic degradation. It is
evident that the concentration of adsorbed ethanol significantly rises at lower RH levels, leading to a
greater contribution of ks in ethanol degradation. Likewise, the corresponding values for acetaldehyde
degradation by ks a decrease from 1.29 umol at RH 5% to 0.22 pmol at RH 75%.

The portion of ethanol degradation attributed to ke is determined using Eq (16). As RH is increased
from 5% to 25%, the degraded ethanol increases from 1.07 pmol to 1.72 pmol. However, with a further
increase in RH to 75%, the contribution of this parameter declines to 1.36 umol. As outlined in Eq (16),
ke, relies on both the concentrations of adsorbed ethanol and water (Cag g and Cad,w). Figure 8d illustrates
the concentration of adsorbed water on the surface of R-ZnO, computed using Eq (5). As RH levels rise,
the concentration of adsorbed water increases substantially, while the concentration of adsorbed ethanol
decreases (Figure 8c). Consequently, the influence of ke reaches its peak at RH 25%. It is noteworthy
that during the dark adsorption phase, ethanol adsorbs onto the catalyst’s surface, occupying the available
active sites. Consequently, the concentration of water decreases until it reaches an equilibrium with the
adsorbed ethanol. Essentially, ethanol displaces water molecules from the catalyst’s surface. Similar results
have been previously reported [76, 89]. At RH of 5%, the concentration of adsorbed water exhibits no
significant decrease. This phenomenon is because at low humidity levels, an ample number of unoccupied
active sites are available for ethanol adsorption. Consequently, there is no necessity to displace the
adsorbed water molecules. Upon exposure to UV light and the subsequent photocatalytic degradation of
ethanol, the concentration of adsorbed water on the catalyst’s surface returns to its equilibrium values
before ethanol was introduced. In the case of acetaldehyde degradation, the contribution of ke 4 rises from

0.34 umol at RH 5% to 1.21 umol at RH 50%, and then declines to 0.88 umol at RH 75%.
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As illustrated in Figure 8a, the predominant oxidation of ethanol occurs through the ksr and keg
coefficients located on the catalyst’s surface. However, the adsorption equilibrium coefficient for
acetaldehyde, denoted as Kaga (7.11 £ 0.17) 10° (L mol™"), is markedly lower than that of ethanol, Kade
(1.13 £ 0.05) 107 (L mol"). This disparity implies that acetaldehyde generated on the catalyst’s surface
cannot persist there for further oxidation into smaller molecules. To mathematically demonstrate this
phenomenon and gain a deeper insight into the changes in acetaldehyde adsorption/desorption during the

process, Eq (17) was plotted as a function of time.

dC, 4
& — = +V(k1,ACg,AC* - kZ,ACad,A) a7

Figure 9 depicts the quantity of acetaldehyde adsorbed (positive values) or desorbed (negative values)
at the surface of the R-ZnO catalyst, as calculated using Eq (17). In the initial 15 minutes of the experiments
conducted in the absence of light, the plotted values remain at zero since there is no acetaldehyde present
in the system. However, upon activating the lights, the oxidation of ethanol commences at the catalyst’s
surface, resulting in the plotted values reaching their maximum negative levels. This signifies the
desorption of acetaldehyde from the surface. Notably, similar to the predominant contributions of ks g and
ke, the highest desorption values for acetaldehyde are observed at RH 25% and 50%, indicating quantities
of 0.15 and 0.13 pmol geo! min’!, respectively.

Over time, the changes in adsorption-desorption behaviors converge to a point of equilibrium (Eq
(17)=0), where acetaldehyde production equates to its degradation. This marks a state of balance within
the system, with the quantity of acetaldehyde adsorbed being precisely matched by its desorption.
Continuing further, as ethanol concentrations decrease, acetaldehyde production nearly ceases, and only

its degradation occurs at the catalyst’s surface. As the concentration of acetaldehyde on the catalyst’s

surface diminishes, the number of unoccupied active sites increases, enabling the adsorption of new
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gaseous acetaldehyde. Consequently, the values calculated using Eq (17) become positive, indicating the
adsorption of acetaldehyde by the catalyst.

3.5 Performance evaluation by quantum yield and CADR

One practical approach for assessing the efficiency of various experimental conditions (different RH
levels in this study) in a photocatalytic degradation system is to compute the quantum yield (QY) [24, 37].
QY, in this context, represents the ratio of degraded molecules (ethanol and acetaldehyde) to the incident
photons entering the solution during the degradation time [90]. However, in calculation of QY, it is crucial
to distinguish between molecules removed from the system through physical adsorption and those removed
via photocatalytic degradation [91]. The kinetic model developed in this study provides a precise means
to calculate the total number of molecules removed through photocatalytic degradation. To accomplish
this, the total quantity of degraded ethanol molecules was computed by numerical integration of Eqs (13)
to (16) between t = 0 to t = tso. The parameter tso corresponds to the moment at which 50% of the initial
ethanol molecules undergo degradation. The total values for acetaldehyde degradation during the same
time span were calculated by summing Eqs (S.13) to (S.16). The rationale behind selecting tso as the upper
limit for QY calculations lies in the initial stages of the experiment, where ethanol concentrations are
higher and variations in reaction rates among different RH levels are more distinct. Consequently,
comparing QY across different RH conditions is facilitated during this phase.

Figure 10 provides a comparison of the calculated QY for both C-ZnO and R-ZnO catalysts. When

considering only ethanol degradation, the QY for the C-ZnO catalyst increases from 2.00 10 at RH 5%

to 4.64 10* at RH 25%, followed by a drop to 1.77 10 molecules.photon'1 at RH 75%. On the other hand,
for the R-ZnO catalyst, the QY rises from 3.22 10 at RH 5% to 6.85 10 at RH 25% but then decreases
to 2.50 10 molecules.photon‘1 at RH 75%. Remarkably, among all humidity levels, RH 25% exhibits the

highest QY in both catalysts. The interplay between gas-phase and surface reactions at various humidity
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levels creates an environment where RH 25% emerges as the optimal humidity level for the photocatalytic
degradation of ethanol and acetaldehyde. Furthermore, R-ZnO consistently exhibits higher QY values
across all RH levels, underscoring the enhanced photocatalytic activity resulting from hydrogen reduction
and the generation of oxygen vacancies in the catalyst.

It should be noted that QY encompasses not only the degradation of the target molecules but also
includes the degradation of the products in the reactor. To better understand the difference in considering
only the main target molecule and including product degradation in QY calculations, the total degraded
acetaldehyde during the time span for reaching 50% ethanol degradation (tso) was calculated and then
considered in the QY calculations. The results reveal that when considering acetaldehyde degradation in
experiments with C-ZnO, the QY increases from 2.43 104 at RH 5% to 5.53 10 at RH 25%, subsequently
dropping to 2.14 10 molecules.photon'1 at RH 75%. Similarly, for R-ZnO, the values rise from 3.88 10+
at RH 5% to 8.25 10 at RH 25% and then decrease to 3.11 10~ molecules.photon™ at RH 75%. Notably,
neglecting acetaldehyde degradation in QY calculations results in a significant omission, accounting for a
considerable percentage (19-24%) of the actual QY.

One of the critical factors influencing the QY is the mass of the catalyst employed within the system.
To account for this influence in the QY computations, the space-time yield (STY) is calculated by dividing
the QY by the mass of the catalyst (250 mg) [25, 37]. The maximum STY is calculated to be 2.21 10 and
3.30 10°% molecules photons™ mgea!' at RH 25% for C-ZnO and R-ZnO, respectively. This demonstrates
that R-ZnO exhibits a higher STY value in comparison to C-ZnO due to the presence of oxygen vacancies,
highlighting its superior photocatalytic performance. Furthermore, the results show relatively high STY
compared to the values reported in literature, which range from 6.43 10-13 to 3.88 10-° molecules photons-

1 mgcat_l [25].
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Another commonly employed performance assessment metric for domestic air purifiers is the
calculation of clean air delivery rate (CADR). The formula for determining CADR is represented by Eq
(18), where V is the volume of the reactor, k. is the experimental decay constant (min'), and k, is the

natural decay constant (min') [92].

CADR=V(k, -k ) (18)

As evident from the blank experiments presented in Figure S.3, there is no natural decay within the
chamber. Therefore, k, is assumed to be zero. The experimental decay rate, ke, was computed using Eq
(1), assuming that the lights were activated from the beginning of the experiment (=1 at t=0). The highest
achievable CADR value, calculated as 4.82 L.min"!, was observed at RH 25%. It is important to emphasize
that no adsorbent filter was employed in this study, and all calculated CADR values are attributed solely
to the photocatalytic removal process.

3.6 Reusability

One of the most important catalyst properties is the ability to reuse it in consecutive experiments. To
investigate this property, a 250 mg R-ZnO coated ceramic filter was used again under the same conditions
as experiment 13 in Table 1. This filter was used in a total of 18 experiments, including 8 experiments with
different humidity levels, 8 experiments with an initial acetaldehyde concentration of 5 ppm, and 2
experiments with an initial ethanol concentration of 10 ppm. Figure 11a shows a comparison of the initial
experiment at a RH of 25% with the reusing test after 18 experiments. The results show no considerable
difference between the two experiments (standard deviation less than 2%), indicating that the catalyst’s
performance remained constant.

Moreover, the ceramic filter was subjected to FE-SEM and EDS analyses after 18 reusing experiments.
As depicted in Figure 11b and c, a uniform layer of the R-ZnO catalyst remained on the surface of the

ceramic filter. The EDS analysis results indicate that the weight percentages of oxygen and zinc atoms on
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the surface of the nanoparticles are 22.5% and 75.7%, respectively, which is consistent with the results of
the freshly characterized R-ZnO catalyst. However, the EDS results of the reused ceramic filter show the
presence of 1.8% carbon, which can be residual degradation products of ethanol formed during the

photocatalytic reactions.

4. Conclusions

ZnO nanoparticles demonstrate high efficiency in the photocatalytic degradation of ethanol and
acetaldehyde in the air. Introducing oxygen vacancies through hydrogen reduction enhances ZnO's
photocatalytic properties, including adsorption capacity and ethanol degradation rate. Optimal hydrogen
reduction conditions involve 500°C treatment with a 10% Hz/Ar gas stream. The drop-cast method
stabilizes the catalyst on ceramic filter, with an optimum coating concentration of 250 mg (5.10 mg cm™).
Coated filters exhibit reproducibility, confirmed through FE-SEM and EDS analyses, and their
performance remained unchanged after 18 experiments, indicating durability for long-term applications.

The photocatalytic process is notably affected by relative humidity (RH). An increase in humidity
results in more water molecules adsorbing on the catalyst's surface, occupying active sites and hindering
ethanol adsorption. The highest adsorption occurs at 5% RH, while the optimal photocatalytic degradation
are observed at 25% RH, where increased water molecules lead to higher hydroxyl radical production.
However, at 75% RH, photocatalytic degradation diminishes due to reduced ethanol adsorption and
decreased surface reaction with electron-holes.

The kinetic model developed provides a detailed insight into the photocatalytic degradation of ethanol
and acetaldehyde, accounting for gas-phase and surface reactions. It considers reversible adsorption-
desorption, assigning degradation coefficients to each pathway. According to the model results, gas-phase

degradation contributes only 14% of the total degradation, emphasizing surface reactions' dominance.
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Presence of oxygen vacancies increased the concentration of active sites from (7.34+0.02) 10 in C-ZnO
to (8.86+0.02) 10° mol gea' in R-ZnO, boosting adsorption capacity. Moreover, hydrogen reduction
elevates the adsorption equilibrium coefficient of ethanol and acetaldehyde by R-ZnO. Quantum yield
(QY) calculations reveal that RH 25% yields the highest QY 0 6.98 10~ in C-ZnO and 1.04 102 molecules
photon™! in R-ZnO catalysts (factor 1.5 higher). R-ZnO consistently exhibits superior QY compared to C-
ZnO at all humidity levels, emphasizing enhanced photocatalytic activity by introduction of oxygen

vacancies.

Acknowledgements

AR and PMH acknowledge the Research and Development Program of Ghent University Global Campus
(GUGC), South Korea. KHK acknowledges support made by a grant from the National Research
Foundation of Korea (NRF) funded by the Ministry of Science and ICT (MSIT) of Korean government
(Grant No: 2021R1A3B1068304). The authors thank Prof. Jonathan Ozelton from the Center for
Language and Learning (LLC) at GUGC for proofreading of the document. The authors would like to

thank the reviewers for their constructive remarks.

30



630

List of symbols

Roman symbols

a Number of adsorbed layers of ethanol and acetaldehyde

b; Number of adsorbed layers of water at humidity level i

Cad Concentration of adsorbate on the surface of the catalyst
Ce Concentration of compounds in the gas phase

C. Concentration of free active sites

Chot Total concentration of active sites

ki Adsorption rate coefficient

ko Desorption rate coefficient

ks Gas phase degradation rate coefficient by superoxide radicals
ka Gas phase degradation rate coefficient by hydroxyl radicals
ks Surface degradation rate coefficient by electron-holes

ke Surface degradation rate coefficient by hydroxyl radicals
kw Water adsorption coefficient

Meat Catalyst mass

n Number of each experiment

N;j Number of experimental data in each experiment

Pw Water vapor pressure

S Residual sum of squares

A" Volume of the reactor

Greek symbols

31

mol g'l

mol L™

mol g'1

mol g'1

g mol"! min
gL' min™
.|

min
L mol” min™
.|

min
g mol™ min™

kPa’!

kPa

mol® L



& Light switch -

Gi Standard deviation calculated for each parameter -
Subscripts

A Acetaldehyde -
E Ethanol -
EA Oxidation of ethanol to acetaldehyde -
\W% Water -

Abbreviations and acronyms

BET Brunauer-Emmett-Teller -
CADR  Clean air delivery rate L min™!
C-ZnO Commercial zinc oxide -

EDS Energy-dispersive x-ray spectroscopy -

EPR Electron paramagnetic resonance -

FE-SEM Field-emission scanning electron microscopy -

PCO Pulse chemisorption oxidation -
QY Quantum yield Molecules photon'1
RSSQ  Residual sum of squares mol® L

R-ZnO ZnO reduced at 500°C -

SD Standard deviation -
STY Space-time yield Molecules.photons™ mgea!
TPR Temperature programmed reduction -

XPS X-ray photoelectron spectroscopy -
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XRD

X-ray diffraction

33



633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

References
[1] P. Gagliardi, Exploring the Technologies Behind Air-Cleaning Systems and Indoor
Applications, in: F. Capello, A.V. Gaddi (Eds.) Clinical Handbook of Air Pollution-Related
Diseases, Springer International Publishing, Cham, 2018, pp. 567-576.
[2] J.A. Becerra, J. Lizana, M. Gil, A. Barrios-Padura, P. Blondeau, R. Chacartegui, Identification
of potential indoor air pollutants in schools, J. Cleaner Prod., 242 (2020) 118420.
[3] G. Soreanu, M. Dixon, A. Darlington, Botanical biofiltration of indoor gaseous pollutants — A
mini-review, Chem. Eng. J., 229 (2013) 585-594.
[4]Y. Zeng, R. Xie, J. Cao, Z. Chen, Q. Fan, B. Liu, X. Lian, H. Huang, Simultaneous removal of
multiple indoor-air pollutants using a combined process of electrostatic precipitation and catalytic
decomposition, Chem. Eng. J., 388 (2020) 124219.
[5] C. Kaikiti, M. Stylianou, A. Agapiou, TD-GC/MS analysis of indoor air pollutants (VOC:s,
PM) in hair salons, Chemosphere, 294 (2022) 133691.
[6] W.-T. Tsai, An overview of health hazards of volatile organic compounds regulated as indoor
air pollutants, Rev. Environ. Health, 34 (2019) 81-89.
[7] K. Bralewska, W. Rogula-Koztowska, A. Bralewski, Indoor air quality in sports center:
Assessment of gaseous pollutants, Build. Environ., 208 (2022) 108589.
[8]7J. Lee, J. Jang, J. Kim, S.-H. Lim, A recyclable indoor air filter system based on a photocatalytic
metal-organic framework for the removal of harmful volatile organic compounds, Chem. Eng. J.,
430 (2022) 132891.
[9] Q. Zhao, Y. Li, X. Chai, L. Xu, L. Zhang, P. Ning, J. Huang, S. Tian, Interaction of inhalable
volatile organic compounds and pulmonary surfactant: Potential hazards of VOCs exposure to

lung, J. Hazard. Mater., 369 (2019) 512-520.

34



656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

[10] https://www.osha.gov/chemicaldata/570, consulted on September 25 2023, Occupational

Safety and Health Administration (OSHA), Acetaldehyde.

[11] J. Jiang, X. Ding, K.P. Isaacson, A. Tasoglou, H. Huber, A.D. Shah, N. Jung, B.E. Boor,
Ethanol-based disinfectant sprays drive rapid changes in the chemical composition of indoor air in
residential buildings, J. Hazard. Mater. Lett., 2 (2021) 100042.

[12] A. Ranjbari, N. Mokhtarani, Post treatment of composting leachate using ZnO nanoparticles
immobilized on moving media, Appl. Catal., B, 220 (2018) 211-221.

[13] A. Bembibre, M. Benamara, M. Hjiri, E. Gobmez, H.R. Alamri, R. Dhahri, A. Serra, Visible-
light driven sonophotocatalytic removal of tetracycline using Ca-doped ZnO nanoparticles, Chem.
Eng. J., 427 (2022) 132006.

[14] B. Abebe, H.C.A. Murthy, E. Amare, Enhancing the photocatalytic efficiency of ZnO:
Defects, heterojunction, and optimization, Environ. Nanotechnol. Monit. Manage., 14 (2020)
100336.

[15]Y. Fu,Z.Ren,J. Wu, Y. Li, W. Liu, P. Li, L. Xing, J. Ma, H. Wang, X. Xue, Direct Z-scheme
heterojunction of ZnO/MoS: nanoarrays realized by flowing-induced piezoelectric field for
enhanced sunlight photocatalytic performances, Appl. Catal., B, 285 (2021) 119785.

[16] A.E. Ramirez, M. Montero-Mufioz, L.L. Lopez, J.E. Ramos-Ibarra, J.A.H. Coaquira, B.
Heinrichs, C.A. Paez, Significantly enhancement of sunlight photocatalytic performance of ZnO
by doping with transition metal oxides, Sci. Rep., 11 (2021) 2804.

[17] M. Lelis, S. Tuckute, S. Varnagiris, M. Urbonavicius, K. Bockute, G. Laukaitis, Synthesis
and analysis of metallic Zn phase rich ZnO oxide films for the photocatalytic water treatment

technologies, Mater. Today:. Proc., 33 (2020) 2484-2489.

35



678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

[18] J. Li, X. Xu, X. Liu, C. Yu, D. Yan, Z. Sun, L. Pan, Sn doped TiO> nanotube with oxygen
vacancy for highly efficient visible light photocatalysis, J. Alloys Compd., 679 (2016) 454-462.
[19] J.B. Park, Y.T. Chun, Y.B. Lee, J.I. Sohn, W.-K. Hong, Defect-mediated modulation of
optical properties in vertically aligned ZnO nanowires via substrate-assisted Ga incorporation, J.
Nanotechnol., 26 (2015) 145202.

[20] Y. Yu, B. Yao, Y. He, B. Cao, W. Ma, L. Chang, Oxygen defect-rich In-doped ZnO
nanostructure for enhanced visible light photocatalytic activity, Mater. Chem. Phys., 244 (2020)
122672.

[21] L. Zhong, F. Haghighat, Modeling of by-products from photocatalytic oxidation (PCO) indoor
air purifiers: A case study of ethanol, Build. Environ., 144 (2018) 427-436.

[22] D. Farhanian, F. Haghighat, C.-S. Lee, N. Lakdawala, Impact of design parameters on the
performance of ultraviolet photocatalytic oxidation air cleaner, Build. Environ., 66 (2013) 148-
157.

[23] E. Baurés, O. Blanchard, F. Mercier, E. Surget, P. le Cann, A. Rivier, J.-P. Gangneux, A.
Florentin, Indoor air quality in two French hospitals: Measurement of chemical and
microbiological contaminants, Sci. Total Environ., 642 (2018) 168-179.

[24] A. Ranjbari, K. Demeestere, K.-H. Kim, P.M. Heynderickx, Oxygen vacancy modification of
commercial ZnO by hydrogen reduction for the removal of thiabendazole: Characterization and
kinetic study, Appl. Catal., B, 324 (2023) 122265.

[25] A. Bathla, D. Kukkar, P.M. Heynderickx, S.A. Younis, K.-H. Kim, Removal of gaseous
formaldehyde by portable photocatalytic air purifier equipped with bimetallic Pt@Cu-TiO filter,

Chem. Eng. J., 469 (2023) 143718.

36



700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

[26] W.-K. Kim, J.-M. Kim, K. Vikrant, K.-H. Kim, Performance validation of a non-
photocatalytic air purifier built by reactive adsorbent against a commercial UV-based air purifier,
Chem. Eng. J., 470 (2023) 144071.

[27] A. Datcu, M.L. Mendoza, A.P. del Pino, C. Logofatu, C. Luculescu, E. Gyorgy, UV—vis light
induced photocatalytic activity of TiO2/graphene oxide nanocomposite coatings, Catal. Today,
321-322 (2019) 81-86.

[28] A.M. Alansi, T.F. Qahtan, T.A. Saleh, Solar-driven fixation of bismuth oxyhalides on reduced
graphene oxide for efficient sunlight-responsive immobilized photocatalytic systems, Adv. Mater.
Interfaces, 8 (2021) 2001463.

[29] L. Marin-Caba, G. Bodelon, Y. Negrin-Montecelo, M.A. Correa-Duarte, Sunlight-sensitive
plasmonic nanostructured composites as photocatalytic coating with antibacterial properties, Adv.
Funct. Mater. ,31(2021) 2105807.

[30] P.M. Heynderickx, S.D. Clercq, P. Saveyn, J. Dewulf, H. Van Langenhove, Determination of
the sorption and desorption kinetics of perfume raw materials in the liquid phase with vesicular
dispersion: Application of SIFT-MS, Chem. Eng. J., 217 (2013) 281-288.

[31] D. Volckaert, P.M. Heynderickx, E. Fathi, H. Van Langenhove, SIFT-MS a novel tool for
monitoring and evaluating a biofilter performance, Chem. Eng. J., 304 (2016) 98-105.

[32] P.M. Heynderickx, P. Spanél, H. Van Langenhove, Quantification of octanol-water partition
coefficients of several aldehydes in a bubble column using selected ion flow tube mass
spectrometry, Fluid Phase Equilib., 367 (2014) 22-28.

[33] R. Bardestani, G.S. Patience, S. Kaliaguine, Experimental methods in chemical engineering:
specific surface area and pore size distribution measurements—BET, BJH, and DFT, Can. J.

Chem. Eng., 97 (2019) 2781-2791.

37



723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

[34] X. Liu, R.-X. Bi, C.-R. Zhang, Q.-X. Luo, R.-P. Liang, J.-D. Qiu, SnS;-covalent organic
framework Z-scheme van der Waals heterojunction for enhanced photocatalytic reduction of
uranium (VI) in rare earth tailings wastewater, Chem. Eng. J., 460 (2023) 141756.

[35] P.R. Jubu, O.S. Obaseki, A. Nathan-Abutu, F.K. Yam, Y. Yusof, M.B. Ochang,
Dispensability of the conventional Tauc’s plot for accurate bandgap determination from UV—vis
optical diffuse reflectance data, Results Opt., 9 (2022) 100273.

[36] A. Ranjbari, J. Kim, J. Yu, J. Kim, M. Park, N. Kim, K. Demeestere, P.M. Heynderickx,
Effect of oxygen vacancy modification of ZnO on photocatalytic degradation of methyl orange: A
kinetic study, Catal. Today, (2024) 114413.

[37] A. Ranjbari, K. Demeestere, F. Verpoort, K.-H. Kim, P.M. Heynderickx, Novel kinetic
modeling of thiabendazole removal by adsorption and photocatalysis on porous organic polymers:
Effect of pH and visible light intensity, Chem. Eng. J., (2022) 133349.

[38] A.F. Lee, D.E. Gawthrope, N.J. Hart, K. Wilson, A Fast XPS study of the surface chemistry
of ethanol over Pt{111}, Surf. Sci., 548 (2004) 200-208.

[39] M. Domok, M. Toéth, J. Rasko, A. Erd6helyi, Adsorption and reactions of ethanol and ethanol—
water mixture on alumina-supported Pt catalysts, Appl. Catal., B, 69 (2007) 262-272.

[40] D. Kibanova, M. Sleiman, J. Cervini-Silva, H. Destaillats, Adsorption and photocatalytic
oxidation of formaldehyde on a clay-TiO, composite, J. Hazard. Mater., 211-212 (2012) 233-239.
[41]J. Van Durme, J. Dewulf, K. Demeestere, C. Leys, H. Van Langenhove, Post-plasma catalytic
technology for the removal of toluene from indoor air: Effect of humidity, Appl. Catal., B, 87
(2009) 78-83.

[42] R. de Levie, Estimating parameter precision in nonlinear least squares with excel's solver, J.

Chem. Educ., 76 (1999) 1594.

38



746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

[43] M.P. Heynderickx, J.W. Thybaut, H. Poelman, D. Poelman, G.B. Marin, Kinetic modeling of
the total oxidation of propane over CuO-CeO2/y-Al2Os3, Appl. Catal., B, 95 (2010) 26-38.

[44] Y. Lv, W. Yao, X. Ma, C. Pan, R. Zong, Y. Zhu, The surface oxygen vacancy induced visible
activity and enhanced UV activity of a ZnO,-x photocatalyst, Catal. Sci. Technol., 3 (2013) 3136-
3146.

[45] Y. Li, C. Wang, H. Zheng, F. Wan, F. Yu, X. Zhang, Y. Liu, Surface oxygen vacancies on
WO3 contributed to enhanced photothermo-synergistic effect, Appl. Surf. Sci., 391 (2017) 654-
661.

[46] F.-M. Chang, S. Brahma, J.-H. Huang, Z.-Z. Wu, K.-Y. Lo, Strong correlation between optical
properties and mechanism in deficiency of normalized self-assembly ZnO nanorods, Sci. Rep., 9
(2019) 1-9.

[47] Z. Li, X. Liu, M. Zhou, S. Zhang, S. Cao, G. Lei, C. Lou, J. Zhang, Plasma-induced oxygen
vacancies enabled ultrathin ZnO films for highly sensitive detection of triethylamine, J. Hazard.
Mater., 415 (2021) 125757.

[48] R. Li, J. Liu, X. Zhang, Y. Wang, Y. Wang, C. Zhang, X. Zhang, C. Fan, lodide-modified
Bi4OsBr2 photocatalyst with tunable conduction band position for efficient visible-light
decontamination of pollutants, Chem. Eng. J., 339 (2018) 42-50.

[49] Y.-H. Zhang, C.-N. Wang, F.-L. Gong, P. Wang, U. Guharoy, C. Yang, H.-L. Zhang, S.-M.
Fang, J. Liu, Ultrathin agaric-like ZnO with Pd dopant for aniline sensor and DFT investigation,
J. Hazard. Mater., 388 (2020) 122069.

[50] M. Ji, R. Chen, J. D1, Y. Liu, K. Li, Z. Chen, J. Xia, H. Li, Oxygen vacancies modulated Bi-
rich bismuth oxyiodide microspheres with tunable valence band position to boost the

photocatalytic activity, J. Colloid Interface Sci., 533 (2019) 612-620.

39



769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

[51] X. Wang, Y. Zhang, C. Zhou, D. Huo, R. Zhang, L. Wang, Hydroxyl-regulated BiOI
nanosheets with a highly positive valence band maximum for improved visible-light photocatalytic
performance, Appl. Catal., B, 268 (2020) 118390.

[52] C. Feng, F. Teng, Z. Liu, C. Chang, Y. Zhao, S. Wang, M. Chen, W. Yao, Y. Zhu, A newly
discovered BiF3 photocatalyst with a high positive valence band, J. Mol. Catal. A: Chem., 401
(2015) 35-40.

[53] E. Cerrato, M.C. Paganini, E. Giamello, Photoactivity under visible light of defective ZnO
investigated by EPR spectroscopy and photoluminescence, J. Photochem. Photobiol., A, 397
(2020) 112531.

[54] H. Kaftelen, K. Ocakoglu, R. Thomann, S. Tu, S. Weber, E. Erdem, EPR and
photoluminescence spectroscopy studies on the defect structure of ZnO nanocrystals, Phys. Rev.
B, 86 (2012) 014113.

[55] A.J. Reddy, M. Kokila, H. Nagabhushana, R. Chakradhar, C. Shivakumara, J. Rao, B.
Nagabhushana, Structural, optical and EPR studies on ZnO: Cu nanopowders prepared via low
temperature solution combustion synthesis, J. Alloys Compd., 509 (2011) 5349-5355.

[56] S. Polarz, J. Strunk, V. Ischenko, M.W. Van den Berg, O. Hinrichsen, M. Muhler, M. Driess,
On the role of oxygen defects in the catalytic performance of zinc oxide, Angew. Chem. Int. Ed.,
45 (2006) 2965-2969.

[57] C. Drouilly, J.-M. Krafft, F. Averseng, S. Casale, D. Bazer-Bachi, C. Chizallet, V. Lecocq,
H. Vezin, H.Ln. Lauron-Pernot, G. Costentin, ZnO oxygen vacancies formation and filling
followed by in situ photoluminescence and in situ EPR, J. Phys. Chem. C, 116 (2012) 21297-

21307.

40



791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

[58] V.D. Mote, Y. Purushotham, B.N. Dole, Williamson-Hall analysis in estimation of lattice
strain in nanometer-sized ZnO particles, J. Theor. Appl. Phys., 6 (2012) 6.

[59] L.H. Kathwate, G. Umadevi, P.M. Kulal, P. Nagaraju, D.P. Dubal, A.K. Nanjundan, V.D.
Mote, Ammonia gas sensing properties of Al doped ZnO thin films, Sens. Actuators, A, 313 (2020)
112193.

[60] P. Shankar, M.Q.H. Ishak, J.K. Padarti, N. Mintcheva, S. Iwamori, S.O. Gurbatov, J.H. Lee,
S.A. Kulinich, ZnO graphene oxide core shell nanoparticles prepared via one-pot approach based
on laser ablation in water, Appl. Surf. Sci., 531 (2020) 147365.

[61] A. Katiyar, N. Kumar, R.K. Shukla, A. Srivastava, Substrate free defect-rich one dimensional
ZnO nanostructures, Mater. Today:. Proc., 46 (2021) 2374-2378.

[62] L. Xu, Q. Jiang, Z. Xiao, X. L1, J. Huo, S. Wang, L. Dai, Plasma-engraved Co3O4 nanosheets
with oxygen vacancies and high surface area for the oxygen evolution reaction, Angew. Chem.
Int. Ed., 128 (2016) 5363-5367.

[63] P. Makuta, M. Pacia, W. Macyk, How to correctly determine the band gap energy of modified
semiconductor photocatalysts based on UV—Vis spectra, ACS Publications, J. Phys. Chem. Lett.,
2018, pp. 6814-6817.

[64] P. Jubu, F. Yam, V. Igba, K. Beh, Tauc-plot scale and extrapolation effect on bandgap
estimation from UV-vis—NIR data—a case study of B-Ga>0s, J. Solid State Chem., 290 (2020)
121576.

[65] H.-L. Guo, Q. Zhu, X.-L. Wu, Y.-F. Jiang, X. Xie, A.-W. Xu, Oxygen deficient ZnO;—
nanosheets with high visible light photocatalytic activity, Nanoscale, 7 (2015) 7216-7223.

[66] N. Tu, K. Nguyen, D. Trung, N. Tuan, V.N. Do, P. Huy, Effects of carbon on optical

properties of ZnO powder, J. Lumin., 174 (2016) 6-10.

41



814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

[67] S. Muthukumaran, R. Gopalakrishnan, Structural, FTIR and photoluminescence studies of Cu
doped ZnO nanopowders by co-precipitation method, Opt. Mater., 34 (2012) 1946-1953.

[68] N. Tu, H. Van Bui, D. Trung, A.-T. Duong, D. Thuy, D. Nguyen, K. Nguyen, P. Huy, Surface
oxygen vacancies of ZnO: a facile fabrication method and their contribution to the
photoluminescence, J. Alloys Compd., 791 (2019) 722-729.

[69] N. Alvi, O. Nur, M. Willander, The origin of the red emission in n-ZnO nanotubes/p-GaN
white light emitting diodes, Nanoscale Res. Lett., 6 (2011) 1-7.

[70] G.R. Dillip, A.N. Banerjee, V.C. Anitha, B. Deva Prasad Raju, S.W. Joo, B.K. Min, Oxygen
vacancy-induced structural, optical, and enhanced supercapacitive performance of zinc oxide
anchored graphitic carbon nanofiber hybrid electrodes, ACS Appl. Mater. Interfaces, 8 (2016)
5025-5039.

[71] M. Mansournia, L. Ghaderi, CuO@ZnO core-shell nanocomposites: novel hydrothermal
synthesis and enhancement in photocatalytic property, J. Alloys Compd., 691 (2017) 171-177.
[72] W. Choi, J.Y. Ko, H. Park, J.S. Chung, Investigation on TiO-coated optical fibers for gas-
phase photocatalytic oxidation of acetone, Appl. Catal., B, 31 (2001) 209-220.

[73] X. Cha, F. Yu, Y. Fan, J. Chen, L. Wang, Q. Xiang, Z. Duan, J. Xu, Superhydrophilic ZnO
nanoneedle array: controllable in situ growth on QCM transducer and enhanced humidity sensing
properties and mechanism, Sens. Actuators, B, 263 (2018) 436-444.

[74] M.V. Arularasu, M. Harb, R. Vignesh, T.V. Rajendran, R. Sundaram, PVDF/ZnO hybrid
nanocomposite applied as a resistive humidity sensor, Surf. Interfaces, 21 (2020) 100780.

[75] J. Li, K. Li, B. Lei, M. Ran, Y. Sun, Y. Zhang, K.-H. Kim, F. Dong, High-efficiency
photocatalytic decomposition of toluene over defective InOOH: Promotive role of oxygen

vacancies in ring opening process, Chem. Eng. J., 413 (2021) 127389.

42



837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

[76] S. Kim, M.C. Marcano, U. Becker, Mechanistic study of wettability changes on calcite by
molecules containing a polar hydroxyl functional group and nonpolar benzene rings, Langmuir,
35(2019) 2527-2537.

[77] M.J.S. Spencer, K.W.J. Wong, 1. Yarovsky, Surface defects on ZnO nanowires: implications
for design of sensors, J. Phys.: Condens. Matter, 24 (2012) 305001.

[78] Y. Liu, W. Xu, Y. Shan, H. Xu, High reactivity of the ZnO(0001) polar surface: the role of
oxygen adatoms, J. Phys. Chem. C, 121 (2017) 15711-15718.

[79] Y. Xu, H. Li, B. Sun, P. Qiao, L. Ren, G. Tian, B. Jiang, K. Pan, W. Zhou, Surface oxygen
vacancy defect-promoted electron-hole separation for porous defective ZnO hexagonal plates and
enhanced solar-driven photocatalytic performance, Chem. Eng. J., 379 (2020) 122295.

[80] V. Lakshmi Prasanna, R. Vijayaraghavan, Insight into the mechanism of antibacterial activity
of ZnO: surface defects mediated reactive oxygen species even in the dark, Langmuir, 31 (2015)
9155-9162.

[81] X. Li, Z. Zhu, Q. Zhao, L. Wang, Photocatalytic degradation of gaseous toluene over ZnAl>,O4
prepared by different methods: A comparative study, J. Hazard. Mater., 186 (2011) 2089-2096.
[82] F. Achouri, S. Corbel, L. Balan, K. Mozet, E. Girot, G. Medjahdi, M.B. Said, A. Ghrabi, R.
Schneider, Porous Mn-doped ZnO nanoparticles for enhanced solar and visible light
photocatalysis, Mater. Des., 101 (2016) 309-316.

[83] I. Sopyan, M. Watanabe, S. Murasawa, K. Hashimoto, A. Fujishima, An efficient TiO; thin-
film photocatalyst: photocatalytic properties in gas-phase acetaldehyde degradation, J. Photochem.
Photobiol., A, 98 (1996) 79-86.

[84] M. Anpo, M. Che, B. Fubini, E. Garrone, E. Giamello, M.C. Paganini, Generation of

superoxide ions at oxide surfaces, Top. Catal., 8 (1999) 189-198.

43



860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

[85] J. Ryu, W. Choi, Effects of TiO» surface modifications on photocatalytic oxidation of
arsenite: The role of superoxides, Environ. Sci. Technol., 38 (2004) 2928-2933.

[86] J. Wang, W. Jiang, D. Liu, Z. Wei, Y. Zhu, Photocatalytic performance enhanced via surface
bismuth vacancy of BisS2015 core/shell nanowires, Appl. Catal., B, 176-177 (2015) 306-314.

[87] M.R. Nimlos, E.J. Wolfrum, M.L. Brewer, J.A. Fennell, G. Bintner, Gas-phase heterogeneous
photocatalytic oxidation of ethanol: pathways and kinetic modeling, Environ. Sci. Technol., 30
(1996) 3102-3110.

[88] L. Clarizia, J. Apuzzo, I. Di Somma, R. Marotta, R. Andreozzi, Selective photo-oxidation of
ethanol to acetaldehyde and acetic acid in water in presence of TiO; and cupric ions under UV—
simulated solar radiation, Chem. Eng. J., 361 (2019) 1524-1534.

[89] K. Bergamaski, E.R. Gonzalez, F.C. Nart, Ethanol oxidation on carbon supported platinum-
rhodium bimetallic catalysts, Electrochim. Acta, 53 (2008) 4396-4406.

[90] N. Raza, W. Raza, H. Gul, M. Azam, J. Lee, K. Vikrant, K.-H. Kim, Solar-light-active silver
phosphate/titanium dioxide/silica heterostructures for photocatalytic removal of organic dye, J.
Cleaner Prod., 254 (2020) 120031.

[91] A. Ranjbari, J. Kim, J.H. Kim, J. Yu, K. Demeestere, P.M. Heynderickx, Enhancement of
commercial ZnO adsorption and photocatalytic degradation capacity of methylene blue by oxygen
vacancy modification: Kinetic study, Catal. Today, 413-415 (2023) 113976.

[92] H.-J. Kim, B. Han, Y.-J. Kim, Y.-H. Yoon, T. Oda, Efficient test method for evaluating gas
removal performance of room air cleaners using FTIR measurement and CADR calculation,

Building and Environment, 47 (2012) 385-393.

44



882 Table 1. Summary of experimental conditions for the performed photocatalytic

883  experiments. All experiments are conducted at room temperature (25 £+ 2 °C) in duplicate
884  and the error bars, representing the SD on the average value, are demonstrated in the
885  corresponding figures.

Coated Ethanol ~ Acctaldehyde Relative Fan speed

Experiment catalyst (mg) Co (ppm) Co (ppm) humidity (%) Figure
1 Blank 5 0 25 Medium 93
2 C-ZnO (500) 5 0 25 Medium 3
3 C-ZnO (500) 5 0 25 Medium 3
4 C-ZnO (500) 5 0 25 Medium 3
5 C-ZnO (125) 5 0 25 Medium 3
6 C-ZnO (250) 5 0 25 High S9
7 C-ZnO (250) 5 0 25 Low S9
8 C-ZnO (250) 5 0 25 Medium  34510,5.9,5.10
9 C-ZnO (250) 5 0 5 Medium 4,10.5.10
10 C-ZnO (250) 5 0 50 Medium 4,10,S.10
11 C-ZnO (250) 5 0 75 Medium 4,10,8.10
12 R-ZnO (250) 5 0 5 Medium 4.8.9.10
13 R-ZnO (250) 5 0 25 Medium 45891011
14 R-ZnO (250) 5 0 50 Medium 4.8.9.10
15 R-ZnO (250) 5 0 75 Medium 489,10
16 C-ZnO (250) 10 0 25 Medium 5
17 R-ZnO (250) 10 0 25 Medium 5
18 C-ZnO (250) 0 5 5 Medium 6
19 C-ZnO (250) 0 5 25 Medium 6
20 C-ZnO (250) 0 5 50 Medium 6
21 C-ZnO (250) 0 5 75 Medium 6
22 R-ZnO (250) 0 5 5 Medium 6
23 R-ZnO (250) 0 5 25 Medium 6
24 R-ZnO (250) 0 5 50 Medium 6
25 R-ZnO (250) 0 5 75 Medium 6

26 (reuse)  R-ZnO (250) 5 0 25 Medium 11

886
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887 Table 2. Estimated parameters of the kinetic model for the photocatalytic degradation of
888  ethanol and acetaldehyde in air with C-ZnO and R-ZnO.

Entry Parameter C-ZnO R-ZnO
1 kig(gmol' min")  (3.64+0.16) 10"  (3.85+0.12) 10
2 ke(gL'min")  (3.96+0.21) 107 (3.41+0.13) 10”
3 ks & (min™) (2.55+0.27) 10°  (4.3120.33) 10~
4 kg (L mol™ min™) 2.63+0.14 2.76+0.20
5 ks (min™) (1.79+0.09) 107 (2.26+0.12) 107

6 ker (gmol’ min™)  (2.35+0.05) 10*  (2.42+0.05) 10*

7 ks.ea (min) (2.55£0.87) 103 (4.31£1.72) 1073
8 kaga (L mol” min™) 2.63+0.79 2.76+0.49
9 ksea (min) (1.79£0.12) 102 (1.61%0.15) 102

10 Kkepa(gmol” min™)  (2.35+0.05) 10* (2.42+0.05) 10"
11 kia(gmol' min")  (2.57+0.29) 10"  (2.69+0.33) 10°
12 koa (gL' min™)  (3.78+0.48) 10° (3.78+0.46) 10~
13 k3. (min™) (9.67+0.09) 10°  (1.09+0.09) 10™
14 kaa (Lmol” min")  (1.02+0.22) 107  (1.24+0.55) 10”
15 ks. (min™) (1.40+£0.07) 10" (1.90+0.08) 10™"

16 kea (gmol' min")  (4.13+0.24) 10*  (4.36+0.23) 10"

17 kw (kPa™l) (7.70+0.04) 10" (8.09+0.04) 10™
18 C, (mol g (7.3440.02) 10°  (8.86+0.02) 10
19 a 2.12+0.04 2.15+0.03
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889
890
891

20

21

22

23

b (RH 5%)
b (RH 25%)
b (RH 50%)

b (RH 75%)

0.85+0.12

1.68+0.04

1.55+0.09

1.99+0.03

0.97+0.27

1.424+0.05

1.62+0.06

2.08+0.03
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893 Figure 1. Reactor setup. 1) Air purifier. 2) ZnO coated ceramic filter. 3) UV LED light. 4)

894  Air pump. 5) Mixing fan. 6) Humidity sensor 7) Injection valve. 8) Flushing valve. 9) Light
895  switch. 10) Sampling port. 11) Mass flow controller. 12) Discharge ion source and upstream

896  quadrupole. 13) Flow tube. 14) Ion collider and downstream quadrupole. 15) Computer.
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900
901 Figure 2. FE-SEM (a, c, e) and EDS (b, d, f) images of the uncoated ceramic filter (a, b),

902  the ceramic filter coated with 250 mg of C-ZnO (c, d), and the ceramic filter coated with 250
903 mg R-ZnO (e, f).

49



a) % Dark zone| Lights on
A 4 7]
£ i
o s
& 3 n i
u X
-8 { Ethanol
2
= 27
Q
Q
=
S
O 14
-Acetaldehyde
0 - T
I I L I 4 I E | > I .
0 30 60 . 90. 120 150 180
904 Time (min)
b) s Dark zone| Lights on
4
e
z \
Q‘ 1
= | Ethanol [%}
=
g
e 27
)
Q
g
= o
O 14 ,
] Acetaldchyde
O . e
I I J I L I ¥ | . I "
0 30 60 90 120 150 180
905 Time (min)
906 Figure 3. Ceramic filter coating optimization. a) Reproducibility of the coating process:

907 filter #1 (=), filter #2 (==), and filter #3 (==), using experimental conditions 2 to 4 in Table
908 1. b) optimization of the catalyst mass used for coating: 125 mg (=), 250 mg (==), and 500
909 mg (==) of C-ZnO using experimental conditions 4, 5, and 8 in Table 1.
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912 Figure 4. Effect of relative humidity (RH) on adsorption and photocatalytic degradation

913  of ethanol by a) C-ZnO and b) R-ZnO. (¢) RH 5%, (A) RH 25%, (=) RH 50%, and (®)
914  RH 75%. Full lines are generated through the integration of Eqs (1) to (4), utilizing the

915  reaction conditions 8 to 15 outlined in Table 1 (along with parameter values specified in
916 Table 2).
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Figure 5. Comparison of the photocatalytic degradation of ethanol by C-ZnO (red) and
R-ZnO (blue) at different initial concentrations of 5 and 10 ppm. () Cp =5 ppm with R-
Zn0, (A) Cy=5 ppm with C-ZnO, (m) Cp =10 ppm with R-ZnO, and (@) Co =10 ppm.
Full lines are generated through the integration of Eqs (1) to (4), utilizing the reaction
conditions 8, 13, 16, and 17, outlined in Table 1 (along with parameter values specified in

Table 2).
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926 Figure 6. Effect of relative humidity (RH) on the adsorption and photocatalytic

927  degradation of acetaldehyde by a) C-ZnO and b) R-ZnO. (¢) RH 5%, (A) RH 25%, (=)

928 RH 50%, and (@) RH 75%. Full lines are generated through the integration of Eqs (3) and
929  (4), utilizing the reaction conditions 18 to 25 outlined in Table 1 (along with parameter
930  values specified in Table 2).
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937 Figure 8. The contribution of each reaction coefficient in photocatalytic degradation of

938  a) ethanol, b) acetaldehyde at (u) RH 5%, (m) RH 25%, (=) RH 50%, and (m) RH 75% by
939  R-ZnO. The concentration of adsorbed c) ethanol and d) water at the surface of R-ZnO
940  catalyst at (—) RH 5%, (=) RH 25%, (=) RH 50%, and (=) RH 75%. Data is generated
941  through the integration of Eqs (13) to (16), utilizing the reaction conditions from

942  experiments 12 to 15 outlined in Table 1 (along with parameter values specified in Table 2).
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945 Figure 9. Changes in concentration of adsorbed acetaldehyde by R-ZnO. a) RH 5% (—),

946  b) RH 25% (=), ¢) RH 50% (=), and d) RH 75% (=). Data is generated by Eq (17),
947  utilizing the reaction conditions from experiments 12 to 15 outlined in Table 1 (along with
948  parameter values specified in Table 2).

949
950

56



o)

o

tn
1

W =
1 L 1
=N
1

b2
1

V%]
1

[=1
1

Quantum yield(molecules.photon'l) x10™ =

; Bl 4
Quantum yield(molecules.photon™) x107 &,
[ -

I

951 RH5%  RH25%  RHS50%  RH75% RH 5% RH25%  RH50%  RH75%

952 Figure 10. Quantum yield calculations for a) C-ZnO and b) R-ZnO catalysts. (m) for only
953  ethanol degradation till tso of ethanol, (m) for ethanol and acetaldehyde degradation. Data is
954  generated from experiments 8 to 15 outlined in Table 1 (along with parameter values

955  specified in Table 2).
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Figure 11. a) Photocatalytic performance of R-ZnO catalyst after reusing for 18
experiments, (==) fresh R-ZnO, (=) reused R-ZnO, using experimental conditions 13 and 26
in Table 1. b) FE-SEM of the R-ZnO coated filter after reusing, ¢) EDS image of the R-ZnO

coated filter after reusing.
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