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Abstract 

The photocatalytic oxidation of volatile organic compounds (VOCs) has been extensively 

investigated. With respect to water treatment, photocatalytic degradation of air pollutants is still less 

understood, but this has not prevented photocatalytic building materials and air purifiers to reach 

the market. Here, we provide a selective overview of the current understanding on VOC 

photocatalytic oxidation, focusing on ethanol, acetaldehyde, and acetic acid. Among the main 

indoor pollutants, these molecules are also oxidation intermediates of numerous VOCs. Their 

adsorption at the photocatalyst surface is first presented, based on theoretical and experimental 

evidence. Reaction intermediates are discussed, comparing proposed reaction mechanisms. The role 

of the photocatalyst features in directing adsorption and oxidation phenomena is highlighted, 

encompassing both TiO2 and emerging photocatalysts. We then critically discuss gaps in our 

knowledge, such as the effect of air humidity, multi-pollutant interactions and deactivation 

pathways. Finally, attempts to model VOC degradation in realistic conditions are reviewed.  
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1. Introduction  

In recent years, indoor air quality has become a pressing concern[1] as people spend most of their 

time inside buildings (65-90%)[2,3]. A large number of air pollutants has been identified in 

households and offices, including numerous volatile organic compounds (VOCs), which derive 

from sources both inside buildings (consumer products, construction materials, tobacco smoke, etc) 

and outdoor surroundings[4,5]. Indoor environments can also increase the pollutant lifetime by 

slowing down the natural degradation processes, which are catalyzed by rain and sunlight[6]. As a 

result, pollutants concentrations in indoor air can be higher than those in the outdoor 

environment[7].  

Among the various air pollutant remediation techniques, photocatalytic oxidation represents one of 

the most promising as it can degrade a broad range of pollutants (including some that are poorly 

removed by conventional remediation methods[8,9]), working in environmental conditions and 

without the addition of reagents[10–12]. Photocatalysis is based on the absorption of light of 

adequate wavelength by a semiconductor (photocatalyst), which elicits the excitation of electrons 

from the semiconductor valence band to its conduction band; the generated electron-hole pairs can 

either recombine or migrate to the surface of the photocatalyst, where they can promote redox 

reactions with adsorbed species[10]. The active material can be integrated in building materials and 

in air purifiers[13–15].  

Despite the extensive literature results on this subject, the degradation of gas-phase pollutants is still 

less understood than photocatalysis in aqueous environment[16] and presents inherent unsolved 

problems. In gas-phase reactions, the photocatalyst deactivation issue is more pressing than in 

aqueous environment, where water can help to remove products and intermediates from the 

surface[17]. Other specific problems to overcome regard contact time, especially in high flow-rate 

systems, the role of air humidity, and adsorption competition among different species at the 

photocatalyst surface. The potential accumulation of toxic intermediates is another concern that 

demands an in-depth knowledge of the degradation mechanism. 

This review article provides a critical overview of the adsorption and photocatalytic oxidation of 

selected VOCs: ethanol, acetaldehyde, and acetic acid, which represent key primary pollutants per 

se, emitted by both biogenic and anthropogenic sources (fermentations, biofuels, building materials 

and consumer products)[18,19]. Particularly, acetaldehyde is one of the main indoor pollutants due 

to its carcinogenicity and ubiquitous diffusion. Furthermore, these compounds are degradation 

intermediates of a wide range of pollutants like methylethylketone[20,21], acetone[22], 

toluene[23,24], ethyl acetate[25]. Owning to their relatively simple molecular structure (only two 

carbon atoms), they are often used as model molecules in both experimental and theoretical studies 
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for three broad classes of VOCs (alcohols, aldehydes, and carboxylic acids). In this respect, they 

represent better models than their one-carbon analogues due to the presence of C-C bonds, which 

make their chemistry more similar to that of longer hydrocarbon chains[26]. Finally, ethanol and 

acetaldehyde are widely used as model pollutants in laboratory settings to test the photocatalytic 

activity of new systems, due to their ease of detection and relatively fast photocatalytic 

degradation[27,28].  

Hence, the present review focuses on their adsorption and degradation mechanism mainly on TiO2-

based photocatalysts, on the grounds of their large prevalence in literature reports and in currently 

available market technologies. The pollutant adsorption on TiO2 photocatalysts will be first 

presented on the grounds of both theoretical and experimental evidence. The role of surface 

hydration/hydroxylation and competition between species will be discussed. In the second part, the 

reaction intermediates will be reviewed, with special emphasis on the role of oxygen and humidity. 

Then, the role of the photocatalyst features and modification strategies on the reaction kinetics and 

deactivation will be discussed, with reference not only to TiO2 materials but also to other emerging 

photocatalysts. Finally, recent attempts to model VOC degradation in realistic conditions will be 

reviewed, discussing potential hurdles associated to byproducts accumulation. Fig.1 summarizes the 

main topics here covered. 

 

2. Adsorption 

Adsorption of ethanol, acetaldehyde and acetic acid has been extensively investigated both 

experimentally, by means of in situ Fourier Transform Infrared (FTIR) spectroscopy[29–33], Room 

Temperature Desorption, RTD[34], Temperature Programmed Desorption, TPD[34–37], 

Photoelectron Spectroscopy, PES[38–40], femtosecond two-Photon Photoemission spectroscopy, 

2PPE[41], Nuclear Magnetic Resonance, NMR[42,43], and theoretically using ab initio 

calculations[44–47]. Scanning Tunneling Microscopy, STM, has also been employed to clarify the 

preferential pollutant adsorption sites[26,48–51]. 

In the following, the adsorption of each pollutant on dehydroxylated surfaces will be first reviewed. 

The role of surface hydration and presence of competing species will be then discussed.   

 

2.1 Adsorption on dehydroxylated surfaces 

2.1.1 Ethanol 

Ethanol adsorption on TiO2 surfaces has been studied extensively using STM[48–50], TPD[35,52], 

spectroscopic techniques[38,40], and density-functional theory (DFT) modeling[48–50,53]. 
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Ethanol adsorption occurs preferentially in a dissociative way at temperatures >300 K, both on 

rutile(110)[38,44,48,52,54] and on anatase(101) TiO2 surfaces[55]. In particular, ethanol dissociates 

at two-fold coordinated bridging oxygen (Obr) vacancies via O-H bond scission, leading to adsorbed 

ethoxide species bonded to the Ti3+ atom (i.e. with the oxygen atom of the former OH groups filling 

the Obr vacancy) and to the H adatoms capping a neighboring Obr atom (Fig.2). Theoretical 

calculations[44,48] showed an energy for this adsorption mode lower than that of the molecular one 

(Fig.2c,d). In this respect, photoemission studies on the band gap of TiO2 rutile(110)–1×1 

surfaces[40] showed that ethanol adsorption alters the surface charge associated with defects (e.g., 

oxygen vacancies and Ti3+ interstitials): this observation supports attractive interactions between 

ethanol molecules and such defects (Fig.3).  

Moreover, other adsorption geometries were also observed: STM experiments on rutile(110) 

surfaces provided direct evidence for the coexistence of dissociatively and molecularly adsorbed 

ethanol species on surface 5-fold coordinated Ti atoms, Ti5c[48], in agreement with DFT 

calculations of adsorption energy on these sites[26,44,48]. Also in the case of anatase(101) surfaces, 

DFT calculations of adsorption geometries showed similar adsorption energies for the same 

adsorbed species[41,53,55]. Both adsorption modes on Ti5c involve an interaction between a surface 

Ti5c centre and the ethanol oxygen: the ethoxy species resulting from dissociative adsorption binds 

via a strong Ti-O bond with covalent and ionic character[48], whereas molecular adsorption gives 

rise to a weak bond via the oxygen lone pair, further stabilized by strong hydrogen-bonds[44]. 

Overall, ethanol acts as an electron donating adsorbate bound to the surface, hence responsible for a 

decrease in work function[44]. Even upon dissociative adsorption, ethanol retains its geometry, 

showing only a mild C–O shortening[44]. The molecular alignment of adsorbed ethanol has limited 

effect on the adsorption energy and on electronic states[44].  

Molecular ethanol and ethoxide species can be distinguished in STM images due to their different 

apparent heights (Fig.2a,b) and diffusion rates. Time-lapse STM images showed the diffusion 

phenomena of ethanol molecules adsorbed at the surface[48,50]: molecularly adsorbed ethanol at 

Ti5c sites can diffuse to other Ti5c sites, unless it gets trapped at Obr vacancies where it dissociates 

forming an ethoxide species[48]. Conversely, dissociatively adsorbed ethanol cannot diffuse in the 

investigated temperature range (180-200 K)[48], as supported by calculated diffusion barrier 

energies[48]. FTIR spectroscopy studies confirmed this picture, as ethoxide species can be 

distinguished from molecular adsorption by the intense stretching band of C-O groups at ca. 1145 

cm-1 and by the low intensity ratio of OH and CH bending bands[30].  

TPD studies further supported the occurrence of a variety of adsorption modes[35,52,56]: 

desorption peaks up to 200 K are generally attributed to molecular adsorption[52], whereas those at 
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higher temperatures (up to 600 K) can be related to dissociative one[38,41,52,56]. Notably,  

dissociative adsorptions on Ti5c sites and on oxygen vacancies were reported to give rise to separate 

TPD peaks (at ca. 370 K and >500 K, respectively)[52,56]. These attributions were confirmed by 

STM studies showing that, at low temperature (140 K) ethanol predominantly adsorbs at Ti5c sites 

on rutile(110), whereas annealing at higher temperature favors adsorption at Obr sites; at T >380 K, 

only adsorption at Obr sites is appreciable[48]. TPD studies showed also a marked effect of ethanol 

coverage on the preferential adsorption mode, with dissociative adsorption favored at low coverage 

and molecular adsorption becoming prevalent at increasing ethanol dosage[52].Oxygen vacancies 

along step edges on rutile(110) were also reported to give rise to dissociative adsorption of 

ethanol[26,49,57]. A higher density of ethanol molecules was observed at the bottom of step edges 

on anatase(101), as opposed to upper step edges, and related to ethanol diffusion at room 

temperature, RT[55]. 

Ethanol displays a relatively weak adsorption in terms of mean sticking coefficient (0.03 on 

anatase(101) surfaces[55]), especially with respect to other molecules such as acetic acid (see 

Section 2.1.3), mirroring differences in adsorption energies. A maximum surface coverage of 50% 

was predicted theoretically[44] and observed experimentally[39,48]. STM images showed the 

coordination of ethanol in adjacent sites along the [010] direction of anatase(101) surfaces, with the 

C−C moiety oriented perpendicular to the titanium rows[55], similarly to acetic acid (see Section 

2.1.3). This observation can be explained considering that the short side of the surface unit cell 

(∼3.7 Å) would prevent adsorption on two neighboring Ti cations. 

 

2.1.2 Acetaldehyde 

Also in the case of acetaldehyde adsorption on TiO2 surfaces, a variety of adsorption modes 

(molecular, dissociative, and reactive ones) have been identified on the grounds of theoretical 

calculations and experimental evidence.  

DFT studies showed that the most favored adsorption modes of acetaldehyde on rutile(110)[45] and 

anatase(101)[58] (the TiO2 polymorphs’ most stable surfaces) involve the interaction of the C=O 

dipole moment with the surface electric field due to Ti cations. In this respect, the rutile/anatase 

coverage ratio for acetaldehyde was reported to be 1.5[59], i.e. consistent with the difference in 

cation densities of the low-index surfaces of the two TiO2 polymorphs[60]. In the case of 

stoichiometric and oxidized rutile surfaces, the most stable adsorption configuration is atop a Ti5c 

channel site, which results in a distorted Ti-O bond and in an elongated C=O bond with respect to 

the pristine surface and free molecule, respectively, indicative of some adsorbate-to-surface charge 

transfer[45] (Fig.4a,b). Further stabilization of this geometry can arise from the hydrogen-bonding 
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interaction between the α-hydrogen and a lattice oxygen, due to the Brönsted acid character of the 

former. A similar adsorption mode was proposed also for anatase(001) surfaces[46]: in this case, 

Yao and coworkers[46] reported that the weakening of the carbonyl and Ti5c-Obr bonds, ensuing the 

interaction between the carbonyl oxygen and Ti5c sites, leads to the formation of a bond between the 

Obr and the C of the carbonyl group (Fig.5). 

On the other hand, in reduced TiO2 surfaces, a more energetically favorable adsorption 

configuration involves the insertion of the C=O into an oxygen vacancy with the acetaldehyde 

molecular symmetry plane parallel to the Obr row, as reported for rutile(110)[45] (Fig.4b). Also in 

this case, the α-hydrogen atom of acetaldehyde molecules is tilted towards a nearby lattice oxygen. 

This stabilizing interaction imposes an energy barrier to acetaldehyde molecule diffusion along the 

oxygen row, which is however easily overcome at RT by passing through a bidentate configuration 

with a bridging oxygen atom. DFT calculations showed that adsorption on reduced surfaces is 

energetically slightly more favored than that on stoichiometric surfaces[45], as also confirmed by 

TPD experiments[32].  

TPD studies in ultra-high vacuum, UHV, of reduced and oxidized rutile(110)[36] showed a 

coverage dependence in acetaldehyde binding energy, even at low coverage (<0.5 monolayer 

coverage, ML). This effect is more significant for the low temperature component, assigned to 

acetaldehyde bond with Ti5c sites, which shifts towards lower energy at increasing surface coverage. 

This effect can be ascribed to dipole-dipole repulsions between co-adsorbed acetaldehyde 

molecules and to a reduction in the acidity of neighboring Ti5c sites, due to charge transfer effects 

upon acetaldehyde bonding.  

FTIR studies confirmed the formation of different adsorption modes of acetaldehyde at TiO2 

surfaces as different peaks, attributable to carbonyl stretching, can be observed at ca. 1710 and 1690 

cm-1[29,32,58], also fully in agreement with TPD results[34]. The red shift of these bands with 

respect to gas-phase spectra (where νC=O occurs at ca. 1750 cm-1) indicates an adsorption 

mechanism via coordination of the carbonyl oxygen to the surface. The peak at ca. 1710 cm-1 is 

generally attributed to a poorly stable molecular adsorption mode due to H-bonding with surface 

hydroxyls, as also supported by the increase in the broad band around 3400 cm-1 ascribable to H-

bonded OH groups[32,61]. On the other hand, the most shifted carbonyl stretching is attributed to a 

more stable adsorption mode involving a covalent bond between the carbonyl oxygen and Lewis 

acid sites at the TiO2 surface (Ti5c centers)[32,58,61]. While the irreversible adsorption mode is not 

impacted by surface hydroxylation, the fraction of reversibly bound acetaldehyde molecules 

depends on the density of surface hydroxyls[34,61]. In particular, at low surface hydroxylation, the 

reversible adsorption is almost negligible[34,59,62], as confirmed by DFT studies.  
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Reactive adsorption at RT has also been consistently reported for acetaldehyde adsorption on a 

series of oxides, including TiO2[32]. Besides acetaldehyde bands, FTIR spectra on TiO2 present 

additional peaks at ca. 1660, 1630 and 1160 cm-1, showing intensity increasing with time at the 

expense of the peaks of acetaldehyde carbonyl. These peaks are generally attributed to the 

stretching modes of C=O, C=C and C-C of crotonaldehyde[32,58,59,61,63], respectively. 

Adsorption of acetaldehyde on TiO2 at RT was reported to produce crotonaldehyde via aldol 

condensation[29,32,42,58,61,63,64] and, as short-lived intermediate, 3-hydroxybutanal[29,61]. 

Aldol condensation of adsorbed acetaldehyde molecules is catalyzed by nearby lattice oxygens, 

acting as Lewis base sites for abstraction of α-hydrogen[64] (Fig.6). As a result, this reaction is 

favored in extensively oxidized surfaces. Aldol condensation of acetaldehyde was reported on rutile 

at 313 K[59], on anatase at 373 K[59], and on brookite nanorods at 460 K[37], indicative of a lower 

activation energy for aldolization on rutile. Crotonaldehyde formation was observed on mixed TiO2 

phases also at lower temperatures (down to 251 K), although with slow kinetics[61]. Further 

aldolization producing higher-molecular-weight species was reported [32,65,66]. Reduced surfaces 

favor, instead, the formation of butene by reductive coupling of acetaldehyde at high 

temperature[36,64,67].  

Lower fractions of acetate species[29,32,36,61] and ethoxide species[32] were also reported upon 

adsorption of acetaldehyde on TiO2 at RT. Acetate formation was reported to occur preferably on 

oxidized surfaces[36] and was attributed to oxidation reactions between an adsorbed acetaldehyde 

molecule and an oxygen adatom followed by deprotonation, which result in a bidentate acetate on 

the Ti5c channel and in an hydroxyl on the O row[45] (Fig.3).  

 

2.1.3 Acetic acid 

The adsorption of carboxylic acids at TiO2 surfaces has been investigated extensively, owing to the 

bonding stability, which enables the formation of self-assembled monolayers and the use of 

carboxylic acids as organic linkers for dye molecules in solar cells[68,69]. As other carboxylic 

acids, acetic acid generally adsorbs via dissociative chemisorption in a bidentate bridging mode, 

where the two carboxylate oxygens coordinate to two neighboring Ti5c atoms, whereas the acetic 

hydrogen adsorbs on Obr[51,70–77]. Both experimental[51,77] and theoretical studies[47,69,78,79] 

show no molecularly adsorbed acetic acid at RT on dehydroxylated surfaces. (110)Rutile, (101) and 

(001) anatase facets present bidentate bridging adsorption[51,74,77] (Fig.7), despite the increased 

separation of the Ti5c sites on anatase(101) (3.78 Å) with respect to rutile(110) (2.96 Å), which 

could result in an increased strain of the binding[77]. Moreover, acetic acid was reported to adsorb 

dissociatively in a bridging configuration also on brookite[37]. Indeed, theoretical calculations 
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showed that bidentate configurations have the lowest-energy adsorption energies for 

dehydroxylated surfaces of the most stable crystal planes of anatase, brookite and rutile[47]. Acetic 

acid has a strong interaction with both anatase and rutile, with a near unity sticking probability for 

both anatase(101) and rutile(110) surfaces[51,77] and the adsorption mode is not affected by the 

coverage degree[51,77]. STM studies showed that, at variance with ethanol (see Section 2.1.1), 

acetate adsorbs homogenously on both rutile(110) and anatase(110)[51,77], with no apparent 

preference for defect sites, like step edges. However, differences between the two surfaces were 

reported in terms of the adsorbed acetate mobility at RT and ordering at high coverage[51,77,80]. In 

rutile(110), a bidentate coordination occurs between adjacent Ti5c sites along the rows in the [001] 

direction, leading to an ordered (2×1) acetate overlayer at saturation coverage (corresponding to 0.5 

ML)[51,81], whereas no long range ordering of the adsorbate at saturation coverage was observed 

for anatase(110) at RT[77] (Fig.8).  

The adsorption geometry was reported to vary with the crystal planes involved. Other crystal 

planes, such as rutile(011)–2×1 surfaces, display a monodentate coordination[51]. Moreover, STM 

studies showed that initially acetate adsorbs only at surface defects of this surface, as the adsorption 

at the Ti5c sites is sterically hindered by the coordination of protruding O2c lattice oxygens[51]. A 

self-catalyzed adsorption mechanism was observed: the pre-adsorbed acetic acid facilitates the 

adsorption of further acetic acid molecules along these nucleated acetate clusters, which then spread 

to the defect-free terraces[51].  

 

2.2 Adsorption competition with other species 

Most studies about VOC adsorption on TiO2 investigated fresh photocatalyst surfaces, i.e. in the 

absence of other species competing for adsorption. However, real effluents present complex 

mixtures of various pollutants and concurrent adsorption can occur among the different species. 

Competition phenomena can be limited for low pollutant concentrations (ppbv), but more 

significant at ppmv levels[82].  

As acetic acid and acetaldehyde are intermediates during the photocatalytic degradation of ethanol, 

their possible competition for adsorption at the TiO2 surface is particularly relevant. It was shown 

that acetic acid displaces acetaldehyde[34] and alcohols[33]. These observations are also supported 

by TPD data on rutile and brookite TiO2: while acetic acid shows substantial thermal desorption at 

high temperature (T >>300 K)[37,81], most of acetaldehyde desorbs molecularly[36,37] at T <300 

K[37,57,83]. Moreover, acetaldehyde and crotonaldehyde adsorb in a similar way on both anatase 

and rutile, and either aldehydes could displace the other from the surface layer[59]. On the contrary, 

a significant fraction of ethanol desorbs at T >300 K, in particular when molecules adsorb 
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dissociatively as ethoxide species[38,41,52,56]. At comparable surface coverage, acetaldehyde is 

thus thermally desorbed at lower temperature than ethanol[41]. DFT calculations of adsorption 

energies of ethanol and acetaldehyde[57] further support this picture and can help to rationalize the 

concentration profiles of reaction intermediates during ethanol photocatalytic degradation: 

particularly, it is generally observed that acetaldehyde concentration builds up until ethanol has 

completely disappeared, while acetic acid is only observed at the photocatalyst surface[18,84,85] 

(see Section 3.1.1).  

Few reports investigated the interaction between our model VOCs and other air pollutants. 

Thevenet and coauthors[62] studied the competition for adsorption between acetaldehyde and 

ubiquitous air pollutants, nitrogen oxides. NOx are characterized by reactive adsorption properties at 

TiO2 surfaces, leading to irreversibly adsorbed species[86]. Both reversibly and irreversibly 

adsorbed fractions of acetaldehyde are negatively impacted by the pre-adsorption of NOx[62] 

(Fig.9). Several mechanisms seem to be at play beside competitive adsorption. The loss of 

reversible adsorption can be due to a lower surface hydroxylation ensuing NOx adsorption; 

adsorbed NO2 and/or NOx are known to increase the TiO2 surface acidity by consuming surface 

hydroxyls[87]. Moreover, adsorbed NOx- species modify the TiO2 surface chemistry and 

acetaldehyde reactive adsorption, possibly leading to the formation of a new adsorption mode[62].  

 

2.3 Effect of surface hydroxylation and hydration 

While numerous theoretical and experimental adsorption studies considered dehydrated and 

dehydroxylated surfaces (e.g., STM and PES studies are performed in UHV after thorough surface 

cleaning, often by ion sputtering), in real applications the TiO2 surface is hydroxylated and covered 

by layers of water molecules. As water can block adsorption at defect sites[88], the oxide surface in 

environmental condition is less prone to adsorb pollutants, hence the formation of some of the 

reported adsorption products (e.g., alkoxydes and carboxylates) may occur only on dry surfaces[82]. 

Pichat[82] suggested that organic pollutants, especially in ppbv concentrations, remain 

undissociated in the adsorbed water layers until reaction with the active species. Indeed, although 

the adsorption of acetic acid is much stronger than that of water[33], recent studies showed a 

variation in the adsorption modes of acetic acid on anatase in humid conditions from a dissociative 

chemisorption (bridged bidentate acetate) to a molecular chemisorption (monodentate-

coordination)[89]. In the latter, the acetic acid molecules are bonded at Lewis acid sites (Ti4+) and 

form hydrogen-bonds with neighboring water or acetic acid adsorbed molecules (Fig.10)[90,91]. 

This variation in adsorption geometry was reported also for formic acid[92]. The monodentate 

mode yields a characteristic FTIR carbonyl peak at ca. 1675 cm-1, often reported at RT in surfaces 
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with residual hydroxylation[90,91]. The parallel occurrence of simple adsorption of acetic acid 

molecules via mere hydrogen-bonding has been scarcely reported[91,93] on the grounds of a weak 

FTIR signal at 1736 cm-1. It is worth noting that in dry conditions, dissociative chemisorption 

(bidentate acetate, showing characteristic –COO– antisymmetric and symmetric stretching 

frequencies at ca. 1540 and 1450 cm-1[89–91]) is largely prevailing over reversible molecular 

adsorption, especially at low coverage[89], as shown by RTD experiments[34,94]. Humid 

conditions markedly increase the amount of reversibly adsorbed acetic acid at the TiO2 surface, 

which, however, still remains in equilibrium with chemisorbed acetate species[34,91,94].  

Batault et al.[34] investigated the impact of humidity on acetaldehyde and acetic acid adsorption on 

TiO2: they found considerable differences between the two VOCs, which are directly related to their 

adsorption modes and to the VOC–water interactions in adsorbed phase, related in their turn to the 

pollutant hydrophilicity. In humid conditions (RH=50%), acetaldehyde adsorption is completely 

reversible[34], whereas both adsorption modes of acetic acid are in equilibrium. Notably, in the 

absence of surface hydroxylation, the reversible adsorption of acetaldehyde is almost negligible 

with respect to the irreversible modes[34,59,62]. Similarly, the adsorption on anatase of another low 

weight aliphatic alcohol, methanol, gives rise to the formation of methoxy groups only below 10 

Torr of water vapor pressure[33].  

Water vapor affects not only the adsorption mode of acetaldehyde and ethanol, but also the total 

adsorbed amount. In particular, water molecules can displace ethanol and acetaldehyde from the 

TiO2 surface, hence the adsorbed amount of these two pollutants decreases significantly in humid 

conditions[34,95,96], which has significant consequences in terms of reaction kinetics (see Section 

3.3).  

 

3. Reaction mechanism 

3.1 Reaction intermediates 

The reaction intermediates of ethanol, acetaldehyde, and acetic acid have been identified mainly 

using gas chromatography[85,94,97], mass spectrometry[35,55,94,98], TPD[36,83,88,99] and FTIR 

spectroscopy[29,30,63,89,91]. The reaction mechanism has been corroborated also via isotope 

labeling studies[36,90,94,100], NMR[42,43,101], electron spin resonance spectroscopy, ESR[102], 

STM[26,57], photon stimulated desorption, PSD[36,99], 2PPE[41] and DFT calculations[26,44,89]. 

In the following, the reaction mechanism of each pollutant will be discussed separately. The role of 

oxygen and water on the photocatalytic pathway will then be presented. 
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3.1.1 Ethanol   

Among the three pollutants this review is focused on, the photocatalytic degradation pathway of 

ethanol has received the most attention, partly motivated by ethanol potential for H2 production 

using metal-modified TiO2[103]. The main intermediate in ethanol photocatalytic oxidation is 

acetaldehyde. Acetaldehyde formation is widely regarded as the initial step of ethanol 

oxidation[29,104] (Fig.11). Only few alternatives have been proposed: Pilkenton and coauthors[43] 

suggested that acetaldehyde is produced from the oxidation of a different first intermediate, 1,1-

diethoxyethane. The pathway of acetaldehyde degradation is instead much more debated. Besides 

acetaldehyde, other commonly observed intermediates are adsorbed acetate and formate species 

together with their corresponding acids, as supported by GC[105], FTIR[30,106–108], STM[55] 

and XPS studies[39,55]. Formate/acetate species are thought to form via reaction of acetaldehyde 

with oxygen-containing radicals[55,56], as discussed in Section 3.2. Few authors reported also 

traces of condensation products, such as ethyl acetate, methyl acetate and methyl formate[105,109].  

The first step of ethanol photocatalytic oxidation was investigated in single-crystal studies under 

UHV conditions: a hydrogen atom is removed from the α-carbon (i.e., the carbon of the functional 

group, -CH2OH) of either ethoxide groups or molecularly adsorbed ethanol, giving rise to adsorbed 

acetaldehyde and an adsorbed water molecule by reaction between the abstracted hydrogen and a 

surface hydroxyl group[26]. The same reaction was for both reduced and oxidized rutile(110)[88] 

and anatase(101)[55] surfaces, and was supported by DFT calculations[26] (Fig.12).  

A 2PPE study reported the initial formation of a photo-induced excited state at ~2.4 eV above the 

Fermi energy during the photocatalytic degradation of ethanol over rutile(110), which was related to 

bridging hydroxyls forming hydrogen bonds with dissociated ethanol adsorbed on Ti5f sites[41], 

similarly to previous reports on methanol[110].  

The α-hydrogen elimination reaction is a hole mediated process[88]. Surface adsorbed alcohols are 

generally regarded as hole-trap molecules, able to transfer an electron to a hole in the valence band 

of the semiconductor[44,106,111]. Tamaki et al.[111] observed electron transfer from trapped holes 

in TiO2 to alcohol molecules by transient absorption spectroscopy: the process is faster for methanol 

(∼100 ps), but occurs in the ns scale for both ethanol and isopropanol (ca. 1 ns and 3 ns, 

respectively). When the adsorbed ethanol is converted to acetaldehyde, there is an overall electronic 

transfer of two electrons from the ethoxide to TiO2 states[26]: one electron is captured by the photo-

generated hole (hole trapping), i.e. it is transferred to the top of the TiO2 valence band, while the 

other is directly transferred to the conduction band (insets of Fig.12b,c) as the radical species 

generated by the hole trapping step (CH3CH•O) has sufficient energy (current doubling 

mechanism[57,112]). 
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Both ethoxide species and adsorbed molecular ethanol can act as hole traps thanks to their oxygen 

lone pairs[44]: DOS calculations showed that photogenerated charges migrated to the bound Ti can 

be trapped by ethanol states associated with the oxygen lone pairs[44]. This is in agreement with 

STM studies showing that regular Ti surface sites are the most active sites in the photocatalytic 

oxidation reactions on reduced rutile(110) surfaces[26]. As the energy difference between the 

ethanol highest occupied molecular orbital (HOMO) and the Ti highest occupied electronic state is 

almost the same for molecularly and dissociatively adsorbed ethanol, both adsorption modes are 

expected to display a similar trapping efficiency[44]. However, ethoxide species were reported to 

photo-oxidize faster than molecularly adsorbed ethanol[101], with similar observations for 

methanol/methoxide groups[113], possibly as the dissociatively adsorbed ethanol has more states 

which could act as electron traps due to its additional lone pair.  

The involved reactive species may vary depending on the reaction conditions, such as surface 

coverage. Yu et al.[106] reported hole-initiated oxidation at high ethanol coverage, as the surface is 

deficient in adsorbed water, whereas at low ethanol coverage a main role of hydroxyl radical was 

suggested on the grounds of in situ IR studies.  

The presence of active sites with different reaction mechanism has been hypothesized also on the 

grounds of kinetics studies[105,114]. Recently, Hansen and coauthors observed diverse reaction 

rates for ethanol molecules bound to Ti5c sites, Obr vacancies and oxygen defects at step edges[26], 

with molecules bound to oxygen vacancies reacting only in the presence of O2 and with more 

difficulty in step edges. 

The second step of ethanol photocatalytic oxidation can involve the photooxidation of aldehyde by 

hole capture, leading to methyl radicals and surface-bound carboxylate species (in particular 

adsorbed formate species[57]), as shown by pump–probe laser ionization studies[83]. This 

conclusion is also supported by isotopic labeling investigations[114–116], showing that the CO2 

evolved in the first reaction stages comes from conversion of the α-carbon. Similar observations 

were reported for the degradation of acetaldehyde and acetic acid, as extensively discussed in the 

following sections (see 3.1.2-3.1.3), supporting a common surface intermediate before C–C bond 

cleavage.  

 

3.1.2 Acetaldehyde 

The degradation of acetaldehyde has been mostly studied as an intermediate in ethanol 

degradation[85,105,114], but few studies are devoted specifically to acetaldehyde 

degradation[29,42,63,107]. There is no consensus on the reaction mechanism of acetaldehyde 

photocatalytic oxidation on TiO2. Its degradation was proposed to give rise directly to 
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CO2[84,117,118], in particular when the amount of incident photons exceeds the adsorbed 

acetaldehyde molecules. On the other hand, the formation of several intermediates was reported by 

several authors: acetic acid/acetate[117], formaldehyde[29,105], formic acid/formate[63,119], 

together with condensation products, such as ethyl acetate, methyl formate and ethyl formate[105].  

The occurrence of several parallel reaction pathways has been consistently reported by several 

authors. Using isotopic labeling, Muggli et al.[114] proposed two parallel pathways for the 

photodegradation of acetaldehyde on TiO2, one involving acetic acid and the other one only formate 

intermediates. The former involves the direct formation of acetic acid from acetaldehyde, and the 

subsequent oxidation of its α-carbon directly to CO2, while the β-carbon produces formate 

intermediates, before being oxidized to CO2. The latter instead gives rise directly to a formic 

acid/formaldehyde mixture, which is then further oxidized to CO2. Evidence of the latter pathway 

was reported by Zehr and coworkers[36], who investigated the acetaldehyde degradation 

mechanism on a dehydroxylated, reduced rutile(110) surface in the presence of O2. They found that, 

in those experimental conditions, acetaldehyde undergoes a facile thermal reaction to produce an 

acetaldehyde-oxygen complex (estimated activation energy ca. 8 kJ mol-1). Upon UV light 

irradiation, this complex ejects a CH3• radical into gas-phase upon cleavage of the C-C bond[120]; 

methyl radicals can be expected to be re-adsorbed on the surface to form methoxy groups, which 

are then converted to formate species[29]. The surface bound fragment deriving from the α-carbon 

is instead directly converted to adsorbed formate species. PSD studies showed the complex 

degradation is mediated by photogenerated charge carriers from the TiO2 substrate rather than direct 

photon absorption by the adsorbate[36]. Similar conclusions were reached by Wilson and coauthors 

for a broader range of carbonyl containing compounds, including acetaldehyde[120]. The 

occurrence of a parallel reaction pathway on reduced TiO2 surfaces was also suggested by Xu and 

coauthors[99]. According to their TPD and TOF experiments, after an initial adsorption in a 

bidentate configuration, acetaldehyde can give rise to either formate species by ejection of a methyl 

radical into the gas-phase or acetate via transferring the α-hydrogen to a bridging-oxygen site. 

Hauchecorne et al.[29] proposed instead different degradation mechanisms for molecularly 

adsorbed acetaldehyde and crotonaldehyde (Fig.13), the latter derived from aldol condensation of 

adsorbed acetaldehyde (see Section 2.1.2).  

On the grounds of the proposed mechanisms, the reactive species involved in acetaldehyde 

photocatalytic degradation are likely photogenerated charges, in particular holes, h+[36,120], as also 

supported by charge carrier lifetimes determined by time-resolved studies[121]. However, there are 

few reports suggesting a main role of OH• radicals[122,123], especially in the presence of water 
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vapor, as these species are formed by the oxidation of hydroxyls and water molecules adsorbed by 

the photo-formed holes.  

 

3.1.3 Acetic acid 

Starting from the seminal works by Kraeutler and Bard[124], the photocatalytic degradation of 

acetic acid in water by TiO2 has been extensively investigated in the literature[102,124,125]. On the 

other hand, the gas-phase reaction has received far less attention[94].  

The main reaction intermediates of acetic acid photocatalytic degradation in the presence of oxygen 

and water include methanol, acetone, methane, methyl acetate[89] and methyl formate[91]. 

Experiments with isotopic markers show that the CH3 group of acetic acid remains unchanged in 

the intermediates[89], ruling out degradation mechanisms based on the H-abstraction from the 

methyl group by •OH radicals. There is the substantial agreement that the first step of the reaction 

on non-platinized TiO2 is a direct oxidation of acetic acid by holes[89,94]. Indeed, acetate is a more 

efficient hole acceptor than methanol[126]. The hole-mediated process leads to decarboxylation 

through the cleavage of the C-C bond via photo-Kolbe reaction[124,127]. Hence, the 

decarboxylation step produces CO2 and methyl radicals, as proved by ESR experiments[102]; the 

latter can react with surface OH or H, as well as give radical coupling reactions, leading to the 

described intermediates[89] (Fig.14). Indeed, during the photocatalytic oxidation of CH313COOH, 

while 13CO2 production peaks shortly after exposure to UV irradiation, the rate of 12CO2 production 

increases slowly[98]. Hence, the α-carbon oxidizes to CO2 in a single step without the formation of 

long-lived intermediates, whereas the β-carbon forms CO2 through methoxide, formaldehyde, and 

formate[90]. Methanol, which is the main intermediate of the initial photooxidation step[89], can 

give rise to formaldehyde by oxidation as well as to methyl formate and methyl acetate[94]. Also 

acetaldehyde and acetone are probably resulting from methanol[89] and they are not obtained from 

reduction of the acetic acid -COOH moiety, as shown by Ngo et al. who observed non-marked 

acetone and acetaldehyde molecules during experiments with marked acetic acid 

(CH313COOH)[94].  

 

3.2 Effect of oxygen 

Studies on single-crystal TiO2 showed that background O2 is required for ethanol photocatalytic 

oxidation[39,55,56]. Irradiation of anatase(101) in the absence of O2 gives rise to small amounts of 

gas-phase photoreaction products (H2, CH3CHO, and CH3•)[55], in line with reports on rutile(110) 

surfaces[39,56]. The acetaldehyde amount detected in the gas-phase increased with increasing doses 

of O2[55,56,83,88], suggesting that the O2 main role in this first stage is acceptor of photogenerated 
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electrons, which decreases the electron−hole recombination rate. This conclusion is supported also 

by FTIR results: Guzman et al.[30] compared the intensity of the background shift, measured as the 

IR absorbance intensity at 2000 cm-1, while pulsing O2 over ethanol adsorbed on TiO2 (Fig.15). 

They observed a decrease in the background shift intensity indicated that O2 directly reacted with 

photogenerated electrons (O2ad + e- " O2-). Walenta et al.[88] reported the surface accumulation of 

acetaldehyde upon photoxidation on reduced rutile(110) in the absence of O2 at low temperature 

(110 K); saturation was reached at 15% with respect to ethanol. Hansen et al.[26] detected 

acetaldehyde formation upon UV irradiation in UHV conditions for both reduced, oxidized and 

hydrogenated rutile(110) surfaces, although also in this case a fast saturation was observed. Both 

authors discuss this result in terms of upward band bending in the semiconductor, which can cause a 

preferential movement of photogenerated holes to the surface defects, while photogenerated 

electrons travel into the bulk. 

Nadeem et al.[56] reported a 0.5 reaction order of O2 partial pressure at near saturation coverage of 

ethanol/ethoxide on rutile(110) surfaces, suggesting that two O2 molecules are required for the 

formation of an acetaldehyde molecule, which is a two-electron/hole-transfer reaction. A lower 

reaction order (0.15) for the ethanol to acetaldehyde conversion was reported by Katsiev and 

coauthors[55] on anatase(101), which they attributed to the weak equilibrium O2 binding constant 

on the TiO2 surface, which requires to increase the oxygen pressure for reaction.  

Oxygen radicals are thought to participate directly in the formation of carboxylates from 

acetaldehyde species[30,39,55,56]. Pump-probe measurements over rutile(110) showed that the 

emission of CH3• radicals upon UV irradiation takes place only in the presence of O2 (either in the 

atmosphere or preadsorbed)[83], indicating its participation in the acetaldehyde oxidation step 

leading to methyl radicals and adsorbed carboxylates. It is noteworthy that a shift in product 

selectivity from acetaldehyde (obtained by dehydrogenation reactions) to methyl radicals (produced 

by C-C cleavage pathways) was reported at increasing O2 pressure in the case of ethanol 

photocatalysis over rutile(110) surfaces[55]. On the other hand, studies on anatase(101) surfaces 

showed a negligible C-C bond dissociation pathway at all investigated O2 pressures[55].  

The crucial role of oxygen has been related also to self-inhibiting effects[128]. Self-inhibition in the 

rate of ethanol photodecomposition was reported[88,129] and attributed to a site-blocking effect by 

the pre-adsorbed ethanol (or reaction intermediates) inhibiting the interaction between molecular 

oxygen and surface defects on TiO2 surfaces[30,40]: the sticking probability of O2 on a fully 

oxidized TiO2 surface is negligible[130] and even on defective TiO2, being many orders of 

magnitudes lower than the sticking coefficient of ethanol[57]. Indeed, the adsorption of O2 at the 

TiO2 surface was reported as the rate determining step in ethanol photocatalytic degradation[30]. 
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Most of the reported studies about acetaldehyde degradation involve O2 and oxidized TiO2 surfaces. 

However, there are few conflicting reports about photocatalysis of acetaldehyde in the absence of 

O2. Several authors[36,120] reported that no acetaldehyde photochemistry could take place on a 

reduced TiO2(110) surfaces without the presence of adsorbed oxygen. Conversely, Xu and 

coworkers reported acetaldehyde degradation on reduced TiO2(110) surfaces in the absence of 

O2[99]. Such a difference was attributed by the authors to the different light source used during 

photoactivity tests, much more powerful (pulsed laser) in work of Xu and coauthors, and to 

differences in the electron impact ionization detection. This comparison points out that the 

photodissociation cross-section of acetaldehyde on rutile(110) is much smaller in the absence of 

oxygen. Xu et al.[99] proposed two reaction channels for the photocatalytic degradation of 

acetaldehyde in the absence of O2, both involving surface oxygen species to produce acetate and 

formate species. As formate and acetate were detected also in experiments carried out without pre-

oxidation of the photocatalyst surface, a bridge-bonded oxygen is likely the source of the required 

additional oxygen atom[99] via the formation of a bidentate acetaldehyde intermediate.  

In the case of acetic acid, it is instead well accepted that the reaction can proceed even without 

molecular oxygen. However, although the photocatalytic degradation of acetic acid can take place 

also in the absence of oxygen[94], the presence of O2 largely increases the reaction rate[81,98] 

(Tab.1), as it extends the hole lifetime by capturing photogenerated electrons[91]. Tab.1 also 

suggests that acetic acid has a slower degradation kinetics than that of ethanol, supporting earlier 

reports of a lower photocatalytic activity of TiO2 toward carboxylates with respect to 

alcohols[57,81,131]. The absence of O2 was reported to increase the amount of adsorbed acetic acid 

relatively to experiments in air[94], possibly due to a change in the adsorption mode. Most 

importantly, the detected reaction intermediates vary depending on the presence of O2[91,94,98]. 

While decarboxylation is the first step under both atmospheres, the observed differences arise from 

the fate of the methyl group. In an oxygen-containing atmosphere, both carbon atoms of acetic acid 

can be transformed into CO2[98], leading to a complete mineralization.  

On the contrary, in an oxygen-free atmosphere, a complete mineralization is never achieved[98] as 

only the COOH group (α-carbon) is transformed into CO2[90], while the β-carbon gives rise to 

alkanes, such as methane and ethane[94]. Without O2 acting as photogenerated electron-acceptor, 

CH4 is always detected and its formation is generally attributed to H• radicals formed from the 

reduction of adsorbed H+ from acetic acid by photogenerated electrons[94,132]. Specifically, there 

are conflicting reports about the formation of methane and ethane in the presence of 

oxygen[89,94,98]. Zhang et al. reported the appearance of methane after acetic acid was completely 

oxidized, suggesting that it was produced from the reaction of methanol and acetone[89]. Ngo et 
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al.[94] reported the formation of ethane at high coverage, supporting its formation via the 

combination of two methyl radicals; they suggested that ethane formation can occur via the reaction 

of a methyl radical with an irreversibly adsorbed acetic acid molecule. 

 

3.3 Effect of water 

Comparatively few studies have considered the role of water vapor on the photocatalytic 

degradation pathway. This is partly due to the aforementioned experimental difficulties in studying 

hydrated surfaces. As a result, photocatalytic degradation mechanisms at high relative humidity 

(RH) still remain highly speculative[16]. 

Water vapor depresses largely the photocatalytic oxidation of ethanol, due to the competition of 

water molecules for the photocatalyst surface sites[43,115], which hinders the interaction of ethanol 

with the surface[95,123].  

In the case of acetaldehyde, there are mixed reports about the role of water vapor on the 

photocatalytic degradation rate, with some authors describing a marked detrimental effect of 

humidity on molecule disappearance[95,133] and others reporting enhanced mineralization in the 

presence of water vapor[123,133] (Fig.16). The slower kinetics of acetaldehyde disappearance on 

pristine TiO2 was related to its decreased adsorption in humid conditions, due to competition with 

water molecules[34,95,134]. Conversely, the increase mineralization was attributed by Takeuchi et 

al.[123] to a faster degradation by •OH radicals formed by the photo-oxidation of adsorbed water 

molecules. As the role of •OH radicals in acetaldehyde degradation is still debated, an alternative 

explanation based on the change in adsorption mode, favoring reversible adsorption in humid 

conditions, can be hypothesized in analogy with acetic acid results (see also Section 4).   

On the other hand, there is substantial agreement that the photocatalytic degradation of acetic acid is 

faster in the presence of water[123,129,135]. Several explanations have been put forward[89,123]. 

A possible role of the different adsorption modes of acetic acid with and without surface water was 

hypothesized[89]. Indeed, kinetic isotope studies and PDOS calculations supported a degradation 

originating from direct oxidation by holes, rather than from •OH radical attack, even in humid 

conditions[89]. PDOS calculations of different adsorption modes of acetic acid revealed that the 

coordination geometry favored in the presence of water (monodentate acetic acid) is more easily 

oxidized by holes than the bidentate coordination; indeed, the former retains a higher electron 

density on the O 2p atom upon coordination with the surface Ti site, which is essential to favor hole 

transfer to this O atom[89]. 
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4. Role of the photocatalyst features 

4.1 TiO2-based materials 

The photocatalytic oxidation of ethanol, acetaldehyde and, to a lesser extent, acetic acid has been 

widely used as benchmark for comparing the photocatalytic activity of different systems. Extensive 

research efforts have been devoted to the evaluation of the photocatalytic performance of both 

commercially available photocatalysts and laboratory-made ones. Besides single crystals, 

commercial powders are mostly investigated in mechanistic and kinetics studies. Among them, 

Evonik P25 is up to now the most investigated photocatalyst thanks to its availability, cheapness 

and good photocatalytic performance[30,32,85,90,91,94,95,114]. Micrometric commercial TiO2 

powders has been recently proposed as an alternative to nanometric materials[136]. Besides 

powders, films[18,137,138], porous and other supported materials[139–143] have been tested. 

Moreover, a broad range of modifications of TiO2 have been investigated for the degradation of our 

target pollutants, including metallization[102,144–147], doping[27,104,107,148], coupling with 

other semiconductors[149,150] or with high surface area materials[151], fluorination[42,97,152] 

and sulfonation[63,152]. Thermal treatments to improve the sample crystallinity are often reported, 

mainly calcination[18,107,123,145,148–150] and hydro/solvothermal procedures[147,151,153]. 

The post-synthetic treatment affects two key photocatalyst parameters for air remediation: surface 

area and surface hydroxylation[154].  

Tab.2 reports an overview of some key characteristics of selected TiO2-based materials used for 

ethanol, acetaldehyde, and acetic acid photocatalytic degradation, highlighting the relevant 

synthetic details.  

Recently, the effect of noble metal deposition (Pt, Au, Ag) on the adsorption and degradation 

mechanism of ethanol[31,35,145,146,155–158], acetaldehyde[147] and acetic acid[102,144] has 

received increasing attention. Gold and platinum nanoparticles have been shown to play a key role 

in the selective ethanol adsorption providing sites for hydrogen abstraction from adsorbed surface 

ethoxy species, therefore resulting in the formation of acetaldehyde, linearly bonded to Ti4+ sites, 

and H2[31,146,157]. Hence, noble metals do promote ethanol oxidation to AcH[146,156], but 

mixed results were reported on acetaldehyde further oxidation[156,159]. Tan et al.[31] proposed 

that the so-generated acetate species can go through further oxidation reactions to form oxalate, 

thanks to the synergistic effect between gold and TiO2. The oxalate species can in turn undergo the 

C−C cleavage on the acidic surface sites of titania, thus forming formate species, which is finally 

converted to CO and CO2 molecules through further dehydration and oxidation steps. Furthermore, 

additional reaction intermediates have been reported for ethanol oxidation over noble-metal-

modified TiO2, such as ethylene[157], butene[156] and oxalate[31] (Fig.17). 



21 
 

The effect of sulfate-modification on the adsorption and reactivity of acetaldehyde[63] and 

ethanol[145] at the TiO2 surface was also reported. Aldehyde condensation reactions, giving rise to 

undesired species with higher molecular mass, can be suppressed by addition of noble metals[32], 

or via modification with sulfates[63]. In particular, crotonaldehyde formation in sulfate modified 

TiO2 is hindered due to interactions between the carbonyl group of adsorbed acetaldehyde and the 

electron-rich sulfate: this stabilizing bond prevents further nucleophilic attacks, thus hindering aldol 

condensation[63]. This change in adsorption properties has important consequences in terms of 

reaction rate and on the photocatalyst reusability (see Section 5). 

The role of surface fluorination on acetaldehyde adsorption and reactivity was investigated[42,97]. 

Kim et al. reported that surface fluorination markedly decreases, up to 30%, the amount of adsorbed 

acetaldehyde[97]. Surface fluorination of TiO2 is known to inhibit the adsorption of molecules 

forming attractive interactions with surface hydroxyl groups. As TiO2 surface can be expected to be 

fully hydroxylated/hydrated in their experimental conditions[97], a preferential reversible molecular 

adsorption can be hypothesized, explaining the marked influence of surface fluorination. The 

occurrence of aldol condensation upon acetaldehyde adsorption was also reported in fluorinated 

TiO2[42]. Despite the loss in acetaldehyde adsorption, fluorination promoted the photocatalytic 

oxidation of acetaldehyde on TiO2[97]. 

 

4.2 Other photocatalysts 

While being the archetypal photocatalytic semiconductor, the large band gap energy of TiO2, 

suitable only for UV-light activation, the fast charge carriers recombination together with the 

emerging health concerns hinder its large-scale application. In the last decades, other photocatalysts 

have been proposed as efficient alternatives, including WO3[160,161], graphitic carbon nitride (g-

C3N4[162–164]), SrTiO3[165], Bi2O3[166,167] and metal-organic frameworks (MOFs)[168,169].       

Concerning especially acetaldehyde photodegradation, many endeavors have been made up to now 

and in particular in the very recent decades. A thorough outlook on the latest photocatalysts 

exploited to photodegrade acetaldehyde is reported in Table 3. Most of them have been engineered 

to be potentially used under simulated solar/visible light. Specifically, several authors focused their 

efforts towards the development of photocatalysts based on differently modified polymeric 

graphitic carbon nitride (g-C3N4) materials, thanks to their low cost, unique chemical stability, 

environmental friendliness and tunable microstructure[164] (see Table 3). Promising results were 

achieved by coupling metal oxide nanoparticles (like SnO2[164] and WO3[162]) to g-C3N4 aiming 

to form nano-heterojunctions able to slow down the charge carrier recombination, concomitantly 

boosting the final photocatalytic efficiency. 
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Besides, another emerging material that can enhance the light harvesting is mica: by introducing 

this compound into metal oxide networks, thus forming ternary systems[170], an augmented 

photocatalytic response can be obtained thanks to the insertion of reflection centers[171]. Indeed, 

the transmitted light that reaches mica can be reflected to the metal oxide being harvested and 

utilized, so that much more e- and h+ pairs are photoinduced. For instance, in a system composed by 

mica/TiO2/rGO[171], hydroxyl radicals are generated by the interaction between holes and water, 

leading to the decomposition of pre-adsorbed acetaldehyde through a step-pathway comprising the 

possible formation of acetic acid, formaldehyde, formic acid and finally CO2.  

Furthermore, a very novel work by Gao et al.[168] has shown that the N,Zn co-doping of metal 

organic frameworks (MOFs, namely MIL-125(N-Ti9Zn1)) surface can provide a synergistic effect, 

efficiently degrading gaseous aldehyde molecules under humid conditions (relative humidity of 

80%). Indeed, MOFs are believed to be promising photocatalysts (having huge surface area, tunable 

surface modification, high density and dispersion of active metal sites) even if some significant 

drawbacks should be overcome, such as the low photosensitivity. Gao et al.[168] observed 

enhanced performances due to the N,Zn co-doping that can augment the ability of activating oxygen 

and H2O molecules into superoxide (O2-•) and hydroxy radicals (OH•), showing a ten-fold faster 

reaction kinetics with respect to the pristine metal organic framework. Actually, the proposed 

reaction mechanism, triggered by visible light, contemplates the electrons excitation to the 

conduction band of MOF ligands, leaving the holes at the valence band of MOF. In this process, the 

dopants (Zn and N) act as a shallow trap, efficiently avoiding the recombination of electron-hole 

pairs. Vaporous acetaldehyde is firstly adsorbed and enriched on the surface of MIL-125(N-Ti9Zn1), 

and then reacts with positive holes or generated radicals oxidizing into CH3COOH intermediate and 

finally CO2 and H2O. 

To sum up, the newly designed photocatalysts herein reported can give an idea of the current 

investigated materials exhibiting promising features for the photocatalytic abatement of several 

VOCs, as already shown in the case of acetaldehyde model molecules. 
 

5. Photocatalyst deactivation 

Photocatalyst deactivation due to site-blocking by strongly bonded intermediate products can 

severely deteriorate the photocatalyst efficiency and lifetime. This issue is particularly relevant in 

gas-phase photocatalysis, where there is no water solvent to help to remove products and 

intermediates from the surface[17]. Deactivation occurs even upon the gas-phase photocatalytic 

degradation of relatively small molecules, such as ethanol and acetaldehyde, after a limited number 

of recycle tests with pollutant concentrations in the ppm range[63,88,95,152,172]. 
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The loss of photocatalytic activity has been related to changes in adsorption properties of the 

photocatalyst surface. In the case of ethanol, dark adsorption on fresh TiO2 follows a Langmuir 

isotherm, whereas upon consecutive photocatalytic degradation experiments a non-Langmuirian 

behavior was reported and related to the formation of organic deposits[95]. Such effects do not 

seem related to carbon deposits, as no coking was observed upon photocatalytic degradation of 

ethanol by Auger spectra[88]. Topalian et al.[63] reported an accumulation of carboxylate species 

(in particular formate) upon consecutive photocatalytic tests of acetaldehyde over TiO2. Also 

Guzman and coauthors[30] reported a detrimental effect of acetate species stably adsorbed at the 

TiO2 surface on the photocatalytic degradation of ethanol, blocking the O2 access to the 

surface[106]. 

Water is a byproduct of photocatalytic oxidation of our model pollutants and its accumulation 

during photocatalytic tests is thus unavoidable[88]. As discussed in Section 3.3, water vapor can 

have beneficial effects, as for the photocatalytic degradation of acetic acid[127], but it can also 

compete for adsorption with ethanol and acetaldehyde[88,96], decreasing their degradation 

rate[95,123]. During ethanol photocatalytic degradation on rutile(101), Walenta et al.[88] reported a 

site-blocking effect of oxygen vacancies by water molecules, on the grounds of the absence of O2 

photon-stimulated desorption upon O2 dosing after thermal removal of adsorbed ethanol and 

acetaldehyde molecules. They restored the surface activity upon heating at temperatures >450 K, 

which was attributed to the removal of adsorbed water molecules. 

Piera et al.[95] investigated several surface treatments aimed at restoring the photocatalytic activity 

of used TiO2. The tested regeneration procedures involved prolonged treatment under dry or humid 

air flux at temperatures up to 150 °C and treatments with vaporized H2O2 solutions. The 

combination of clean air and irradiation has also been tested to restore the activity of TiO2 upon 

ethanol degradation tests[173]. However, none of these treatments proved able to completely 

recover the TiO2 initial dark adsorption properties nor the photocatalytic activity. In particular, 

treatment at 80-150 °C can be counterproductive as it can favor the transformation of some of the 

surface-bound intermediates to less volatile species[95]. Treatments with H2O2 or UV seemed to be 

more effective, even though a complete recovery of the photocatalyst properties was never 

achieved[95,173]. As mentioned above, higher temperatures (above 450 K) can be used to 

thermally remove adsorbed species and to re-oxidize to surface from the bulk, thus replenishing the 

surface defects acting as adsorption sites[88].  

Besides using regeneration treatments, the lifetime of a photocatalyst can be prolonged by 

engineering its properties. Antonello et al.[18] reported mechanically stable TiO2 films showing 
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limited loss in photocatalytic activity upon recycle tests, without any regeneration treatment, with 

respect to P25 Evonik films.  

The modification of the photocatalyst surface acidity was proposed as a suitable strategy to enhance 

byproduct desorption and promote the photocatalyst reusability[63]. Desorption is generally a rate-

determining step in photocatalysis, and it depends on the acid-base properties of the photocatalyst 

surface. The modification of TiO2 surface with sulfate groups weakens the adsorption of aldehyde 

and carboxylate species and, in particular, it prevents the formation of crotonaldehyde via aldol 

condensation[63]. Different reaction pathways have been proposed for the photocatalytic oxidation 

of crotonaldehyde and adsorbed acetaldehyde[29], the rate-determining step of the former being 

formate photo-oxidation (and CO2 desorption), and acetaldehyde photo-oxidation for the latter. 

Hence, upon sulfate-modification, the formation rate of formate species lowers and becomes 

smaller than formate desorption or conversion to other intermediates: this prevents the accumulation 

of site-blocking formate intermediates and promotes acetaldehyde adsorption capacity in repeated 

tests and a higher sustained reactivity of the photocatalysts[63]. 

The modification of TiO2 with selected metals (Pd, Cu) has also proven a promising strategy to 

reduce deactivation phenomena[152]. Arana and coworkers[152] attributed deactivation phenomena 

observed after repeated photocatalytic degradation tests of ethanol on pristine TiO2 and Fe-modified 

TiO2 to the surface accumulation of acetate species. The formation of acetates was attributed to the 

reaction of ethoxides, created by ethanol adsorption on photocatalyst surfaces rich in H-bonded 

hydroxyls, and O2-• radicals, generated by reduction of adsorbed O2 by photo-promoted electrons. 

Titania modification with Pd and Cu lowers the content in H-bonded hydroxyls, promoting different 

adsorption modes of ethanol molecules at the photocatalyst surface; moreover, Pd and Cu oxides 

can capture photogenerated electrons, thus slowing down the formation of O2•− radicals linked to 

acetate generation.  

 

6. Modeling realistic indoor conditions 

Most literature studies report photocatalytic tests in unrealistic conditions: batch tests, often in dry 

air and without other pollutant species competing with the main target molecule. Conversely, the 

successful application of photocatalytic technologies to the removal of VOCs in air purifiers 

requires a better understanding of the role of operational and environmental parameters in 

continuous reactors.  

Air purifier technologies (both stand-alone air cleaners and units integrated into heating, ventilation 

and air conditioning, HVAC, systems) work in continuous mode with airflow velocities that can 

reach several hundreds of cubic meters per hour[174]. As in gas-phase photocatalysis only the 
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adsorbed molecules can undergo redox reactions by photogenerated charge carriers or surface 

radicals, therefore mass transfer and contact time are key parameters. While in batch reactors, 

commonly used at lab-scale, contact times range from seconds to minutes, continuous set-ups 

employ high airflow rates to maximize mass transfer but, in doing so, very short contact times 

between the pollutant and the photocatalyst surface (in the order of seconds or less) are 

obtained[175]. Sub-optimal contact times between the pollutant and the active surface can result in 

incomplete degradation of the pollutant and potential accumulation of undesired, toxic 

byproducts[14,176]. Aldehydes, such as acetaldehyde, feature among the most common toxic 

degradation intermediates, prone to accumulation especially in the presence of pollutant 

mixtures[176,177]. As a result, Héquet et al. proposed to monitor acetaldehyde and formaldehyde 

for the evaluation of the efficiency of photocatalytic air purifiers for indoor applications[177].  

Reactor design and operating parameters are pivotal in ensuring the effective removal of primary 

pollutants and minimizing the formation of secondary byproducts. Destaillats et al.[174] studied the 

degradation of a mixture of pollutants including acetaldehyde, by a prototype air cleaner operating 

in recirculation mode at flow rates in the range 178–878 m3 h−1. They found that the removal 

efficiency for highly volatile species, such as formaldehyde and acetaldehyde, improved 

significantly using longer contact times: it is noteworthy that a net production of formaldehyde was 

observed at high flow rates, while net removal was determined when longer contact times were 

ensured (Fig.18). They also reported that using pleated, instead of flat, support increased the 

performance by extending the dwelling time of pollutants on the irradiated photocatalyst surface. 

Zhong and Haghighat[14] investigated the role of  several operational (airflow rate, light intensity) 

and environmental (ethanol concentration, RH, ozone concentration) parameters on byproduct 

concentrations (formaldehyde and acetaldehyde) of ethanol photocatalytic degradation by TiO2–

coated fiberglass filters in a pilot duct reactor operating in open-loop mode with airflow up to 270 

m3 h-1 under UV irradiation (Fig.19). They found a positive correlation between inlet ethanol 

concentration and acetaldehyde concentration, but not with formaldehyde, which is indicative of 

poor mineralization (Fig.19a). Higher pollutant concentrations are generally associated with 

improved reaction rates, but also with poorer removal efficiency and lower mineralization[178]. 

The observed trend in terms of airflow rate suggests that surface photochemical reaction rate, rather 

than the mass transfer between gas and solid phases, was the controlling step in the adopted 

conditions (Fig.19b). Higher relative humidity promoted mineralization, although a complete 

ethanol disappearance was not achieved (Fig.19c), while higher irradiance heightened byproduct 

concentration as it increased ethanol oxidation rate (Fig.19d). The addition of ozone did not affect 
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acetaldehyde and formaldehyde formation, but gave rise to trace amounts of other byproducts, such 

as acetone, crotonaldehyde, and propionaldehyde[14]. 

Few attempts of modeling the photocatalytic degradation of ethanol and acetaldehyde have been 

reported in the literature[140,179]. As photocatalytic reactor performance depends on numerous 

parameters (light distribution, mass transfer via convection and diffusion, air flow, photocatalytic 

reactions), multiphysics models combining light distribution models, air flow dynamics models, and 

photocatalytic reaction kinetic models[180] are needed to better design, upscale, and optimize these 

reactors. For instance, van Walsem et al.[181] applied computational fluid dynamics (CFD) to 

model acetaldehyde degradation in a multi-tube reactor under UV irradiation with an incident 

intensity of 2.1 mW cm-2 (Fig.20a). CFD modeling enabled them to consider the whole reactor 

geometry and flow parameters, leading to a model that could accurately simulate simultaneous 

adsorption, desorption and photocatalytic degradation (Fig.20b).  

Models should be validated using realistic conditions, possibly relying on standardized tests. Weon 

et al.[13] equipped a commercial air-cleaner (Samsung, AX7000) with two 273×308 mm2 TiO2 

nanotube filters and 30 UV-LEDs and tested its VOCs removal efficiency according to the Korean 

air cleaner standards protocol SPS-KACA002-132 (Fig.21). Tests were carried out in a 8 m3-test 

chamber at 23 °C and RH=55%, towards the removal of various VOCs, including acetaldehyde and 

acetic acid, each at 10 ppmv initial concentration. An average VOCs removal efficiency of 72% 

was obtained in 30 min of operation (95.2% and 58.7% for acetic acid and acetaldehyde, 

respectively). This system was the first photocatalytic air cleaner to pass the SPS-KACA002-132 

protocol.  

Other studies[9,181] have reported acetaldehyde photocatalytic degradation tests based on the ISO 

22197-2:2011 standard[182], which adopts a 5 ppmv acetaldehyde concentration, a 1.0 dm3 min-1 

air flow, RH=50%, 1.0 mW cm−2 UV-A irradiation and 3 h test time[183]. The ISO 22197-2:2011 

standard has been revised by ISO 22197-2:2019 standard test method for air-purification 

performance towards acetaldehyde of photocatalytic ceramics and structured filter materials.  

van Walsem et al.[181] adopted a multi-tube reactor for the photocatalytic oxidation of 

acetaldehyde under HVAC operating conditions (flow velocity 2–2.5 m s-1, 5 ppmv, RH=50%, UV-

A, 10 h duration) in an airtight climate chamber build according to the French standard AFNOR XP 

B44–013[184] reporting a mass-transfer limited kinetics. Costamarrone and coauthors compared 

commercial photocatalytic air purifiers in standardized chamber tests in accordance with the 

AFNOR XP B44–013 standard[185,186] and its replacement, the European standard NF EN 16846-

1:2017[187]. The device performance towards the abatement of a mixture of VOCs including 

acetaldehyde were evaluated in terms of Clean Air Delivery Rate (CADR), secondary product 
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emission and mineralization rate. They also reported pilot experiments in 35–40 m3 rooms using 

VOC emitted by furniture[186] and evaluated nanoparticles release from the photocatalytic 

material[185]. 

 

7. Conclusions and outlook 

This review has outlined the current understanding on the adsorption and photocatalytic oxidation 

mechanisms of three selected model VOCs, i.e. ethanol, acetaldehyde and acetic acid. 

Notwithstanding the important differences among the three pollutants, some general conclusions 

can be drawn.  

Most literature studies are focused on dehydroxylated/dehydrated surfaces. On this kind of surfaces, 

dissociative adsorption has been reported for ethanol and acetic acid, and reactive adsorption has 

been reported for acetaldehyde, leading to the formation of adsorbed crotonaldehyde. For each 

pollutant, adsorption involves the formation of interactions between the oxygen atoms of the 

organic molecules with surface Ti5c centers, favoring adsorption on oxygen defect sites for ethanol 

and acetaldehyde. Notably, the presence of water molecules affects the adsorption of the three 

pollutants both in terms of adsorption competition, especially for ethanol and acetaldehyde, and by 

modifying the adsorption geometry in favor of monodentate and molecularly adsorbed species.   

Light irradiation elicits the photocatalytic oxidation of the three molecules, which can proceed to 

partial or complete mineralization. Most of the literature identified reaction pathways driven by 

photogenerated holes. However, depending on the surface coverage and presence of water 

molecules, the occurrence of hydroxyl radicals mediated pathways has been reported, in particular 

for ethanol and acetaldehyde. On the other hand, molecular oxygen plays an essential role as 

electron acceptor, increasing the reaction rate, and its presence is essential to achieve a complete 

mineralization, also for acetic acid. Mechanisms involving a direct attack of oxygen radicals have 

been proposed for ethanol and acetaldehyde. The conclusions drawn from these simple model 

molecules could be used to predict the adsorption and photocatalytic behavior of analogues with 

higher number of carbon atoms[188].  

However, numerous gaps in our knowledge remain unsolved. While adsorption on fresh and 

dehydrated TiO2 surfaces is relatively known, the interaction of our model VOCs with real 

photocatalyst surfaces is far less understood. Water molecules play a complex and crucial role on all 

the steps of the photocatalytic process, from adsorption to reaction mechanism, from kinetics to 

photocatalyst reusability. Their presence is unavoidable in real systems, partly because water is 

among the final oxidation products. However, the role of water on the adsorption and photocatalytic 

oxidation of ethanol, acetaldehyde and acetic acid is still debated in the literature, as several 
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experimental techniques cannot be applied to fully hydrates surfaces and theoretical approaches 

often do not involve water molecules due to computational costs. Moreover, further research should 

shed light on the interfering effects of other common air pollutants, both in terms of competition for 

adsorption at the photocatalyst surface and of reaction pathways.  

Another topic that deserves further study is the deactivation mechanism of photocatalysts and 

possible strategies to restore their activity. The occurrence of photocatalyst deactivation has been 

consistently reported even for the gas-phase degradation of small molecules such as ethanol and 

acetaldehyde; particularly, it has been related to strongly bound intermediates (carboxylates) or 

products (water molecules), thus blocking the photocatalyst surface sites. A promising strategy to 

tackle this problem is the surface modification: increasing the photocatalyst surface acidity (e.g., 

with sulfate groups) has been reported to slow down deactivation phenomena. 

While a broad range of photocatalysts have been tested towards the degradation of ethanol and 

acetaldehyde and, to a lesser extent, of acetic acid, they are mostly based on TiO2 materials. The 

photocatalyst surface features (i.e. specific area and acidity) have been reported to play a crucial 

role in the overall reaction kinetics and stability to deactivation. Recently, other semiconductors 

have been proposed as visible-light alternatives to TiO2 systems, including g-C3N4, WO3 and 

MOFs, but adsorption mechanisms and reaction pathways for these emerging photocatalysts remain 

to be deeply unravel.   

Comparatively, few reports presented tests in continuous reactors adopting realistic conditions in 

terms of airflow, irradiance, pollutant concentration, relative humidity and other interferents. These 

studies consistently showed that, when sub-optimal conditions are adopted, the photocatalytic 

oxidation can lead to accumulation of acetaldehyde and other highly volatile byproducts. Because 

of its potential for accumulation, acetaldehyde has so far received the most attention in terms of 

standard tests for photocatalytic reactors. In this respect, modeling studies can offer valuable 

predictive tools to simulate adsorption and photocatalytic oxidation in complex reactor geometries, 

thus guiding the design and dimensioning of better performing configurations.  

An in-depth understanding of the adsorption and photodegradation mechanisms of ethanol, 

acetaldehyde and acetic acid would thus have far reaching consequences in terms of innovation 

potential. By highlighting the current state of the art and open challenges, this review aims at 

stimulating further research on this topic. 
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Table 1. Cross sections, defined as the ratio between rate constant (in s-1) and light flux (in number 
of photons cm-2 s-1), reported in the literature for ethanol, acetaldehyde and acetic acid 
photocatalytic degradation by single-crystal TiO2 under UV irradiation. 

molecule surface cross section 
(cm2) 

pO2  
(torr) 

Ref. 

ethanol rutile(110) 2×10-18 1×10-6 [39] 

ethanol anatase(101)  (4-1)×10-19 (2.5-7.5)×10-8 [55] 

ethanol rutile(110) 2×10-19* 10-7−10-9 [57] 

acetaldehyde  rutile(011) 10-17−10-19 Predosed [36] 

acetaldehyde rutile(110) ca. 10-22 ** - [99] 

acetic acid rutile(011) 9×10-22 1×10-6 [81] 

acetic acid  rutile(011) 5×10-22 1×10-8 [81] 
* For acetaldehyde formation 

** Visible-light irradiation (λ >400 nm) 
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Table 2. A selective overview of TiO2-based photocatalysts for the degradation of ethanol (EtOH), acetaldehyde (AcH) or acetic acid (AcOH); 
A:anatase, R:rutile, B:brookite; n.d. = not determined. 

photocatalyst post- 
treatment 

physicochemical properties 

test conditions pollutant Ref. SBET phase 
composition 

(%) 
d  

(nm) 
Eg 

(eV) (m2 g-1) 

Sol-gel TiO2 

Pristine 

calc. 

(700°C) 

6 A 100 >100 2.97 

C0= 12,030 ppm,  

RH ∼70% 
UV EtOH [148] 

P/Ti = 1%at 10 A 86–R 14 23.7 n.d. 

P/Ti = 5%at 75 A 82–R 18 11.9 3.13 

P/Ti=10%at 105 A 75–R 25 9.4 n.d. 

Sol-gel TiO2 

Sulfated 
calc. 

(650°C) 

58 

A 100 

20 

n.d. 3:1 v/v EtOH-H2O UV EtOH [145] Au+Sulfated 60 19 

Pt+Sulfated 49 20 

Hombikat 

UV100 
1%w Pt 

vacuum 

drying 
n.d. A 100 

1.5-

3.0 
n.d. 

C0= 1.1 %v;  
CO2= 0-19.5%v;  

RH= 0-40% 

UV (LED) EtOH [146] 

Sol-gel TiO2 

Pristine 

calc. 

(400°C) 

149 

A–B 

10.2 3.23 

C0= 198-238 ppm 
UV, simulated 

solar 
EtOH [104] 

N-doped 132 11.6 3.18 

Nb-doped 119 12.8 3.09 

Nb,N-codoped 161 9.5 3.13 

Ta-doped 135 11.3 3.16 

Ta,N-codoped 111 13.8 3.09 

NH3- impregnated 165 9.3 3.22 

Nb-impregnated 133 11.5 3.22 

N,Nb-impregnated 150 10.2 3.22 

Ta-imprgnated 124 12.3 3.24 

N,Ta-impregnated 123 12.4 3.23 

Electro-

deposited TiO2 

films 

- 
calc. 

(400°C) 
n.d. n.d. n.d. n.d. C0= 140-275 ppm 

UV, simulated 
solar 

EtOH [18] 
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V2O5 nanorods 

on TiO2 
nanofibers 

V2O5 fiber 

calc. 

(400-
600°C) 

8 

A 100 

- 2.23 

EtOH-saturated O2 

stream (15 sccm) 
Visible EtOH [149] 

V:Ti = 1:1 58 
10-

25 
2.26 

V:Ti = 1:1 12 
25-
50 

2.24 

V:Ti = 1:1 10 
80-

100; 
2.30 

V2O5 powder 6 - 2.22 

TiO2 fiber 30 
13-
29 

3.23 

P25 TiO2 45 8-21 3.08 

P25 Evonik 

Pristine 

180°C n.d. A 80-R 20 n.d. n.d. 
saturated EtOH/Ar 

gas flow 
UV EtOH [155] 1% Au 

1% Ag 

P25 Evonik <1% Pt - 50 A 80-R 20 n.d. n.d. n.d. UV EtOH [158] 

P25 Evonik 
Pristine 

- 
50 

A 80-R 20 n.d. n.d. 7.2 μmol/min UV EtOH [189] 
7% activated carbon 90 

Commercial 
TiO2 powders 

P25 Evonik 

- 

52 A 80-R 20 26 3.21 
C0= 400 ppm; 

RH= 40% 
UV EtOH [22] Krono 1077 11 A 100 130 3.15 

A-HR Hunsdman 12 A 100 130 3.15 

SnO2 nanorods-
TiO2 

- - 7 R 100 n.d. 3.70 C0= 172 µmol 
UV (Xe lamp, 

300 W) 
EtOH [190] 

WO3/TiO2 

4% Ti/W 
calc 

(450°C) 

151 A 65–B 35 7 3.23 

C0= 198 ppm UV EtOH [109] 6% Ti/W 158 A 64–B 36 6 3.23 

8% Ti/W 170 A 68–B 32 6 3.24 

TiO2 on ZnS 

based phosphors 

microparticles 

10%w Ti 

calc. 
(400°C) 

10 

A 100 

19 3.2 

C0= 0.2-2 %v, 

He stream, O2/EtOH 

ratio = 2 

UV (LED) 
EtOH, 
AcH 

[150] 

20%w Ti 13 24 3.2 

30%w Ti 19 26 3.2 

5%w V2O5-10%w Ti 6 28 2.8 

5%w V2O5-20%w Ti 15 25 2.7 

5%w V2O5-30%w Ti 20 27 2.8 

Sol-gel TiO2 

Pristine 

calc. 

(400°C) 

173 

A 100 

7 3.25 
C0(EtOH) = 273 

ppm; 

C0(AcH) = 300 ppm 

UV for EtOH; 
UV and solar 

for AcH 

EtOH, 

AcH 
[107] 

N-doped TiO2 (trietilamine) 104 9 3.19 

N-doped TiO2 (NH3) 120 15 2.98 

N-doped TiO2 (NH3, precipitation) 98 17 3.08 



47 
 

 

Ag 

nanowires@TiO2 

Pristine 

autoclave 

(160°C) 

112 

A 100 n.d. n.d. 
C0= 500 ppm,  

flow rate= 20 sccm 

Fluorescent 

lamp 
AcH [147] 

Ag/Ti 25% 109 

Ag/Ti 50% 106 

Ag/Ti 75% 100 

P25 Evonik stabilized by diatom frustules 
calc. 

(550°C) 
85 A 100 12 n.d. 

flow rate= 400 cm3 
min-1 

UV AcH [141] 

P25 Evonik 0.5% rGO 
autoclave 

(433 K) 
227 A 100 8-10 n.d. C0= 25 ppm, dry air UV AcH [151] 

Commercial 

TiO2 paste 

Pristine calc. 

(450°C) 
69 n.d. n.d. n.d. C0= 50 ppm UV AcH [63] 

Sulfated 

Flame pyrolysis 

TiO2 
fluorination - n.d. n.d. n.d. n.d. C0= 50 μmol UV AcH [42] 

Fe(III) grafted 

WO3/TiO2 

2.5%w WO3 
calc. 

(500°C) 
42 

A – R 
5-7 

nm 

2.90 

C0= 200 ppm UV AcH [191] 
0.005% Fe - 2.5%w WO3 

- 

50 

<2.90 
0.1% Fe - 2.5%w WO3 58 

0.2% Fe - 2.5%w WO3 
44 

0.3% Fe - 2.5%w WO3 

TiO2 open 

channels 

nanotubes 

- 
calc. 

(450°C) 
n.d. A 100 n.d. n.d. 

C0= 1000 ppmv, 

RH= 65% 
UV (LED) AcH [192] 

{001}-TiO2 filter - 
calc. 

(400°C) 
n.d. A 100 

10-

20 
2.95 

C0= 1000 ppmv, 

RH= 65% 
UV (LED) AcH [13] 

TiO2-UiO-66-

NH2 
75% TiO2 – 25% UiO-66-NH2 - 281 A – R n.d. 

ca. 

2.90 
C0= 25 ppm UV (LED) AcH [169] 

Ti3C2/Ti3+-TiO2 - - 125 A 100 n.d. n.d. C0= 500 ppm 
UV (Xe lamp, 

500 W) 
AcH [193] 

g-C3N4/Ti3+-

doped TiO2 

Z-scheme 

- 

calc. 

(350°C, 

H2/Ar) 

63 A 100 n.d. 2.80 C0= 200 ppm 

Simulated solar 

light (Xe lamp, 

150 W) 

AcH [194] 

Evonik P25 and Pristine 

- n.d. n.d. n.d. n.d. C0= 0.1 mol L-1 UV AcOH [102] Hombikat  

UV100 
Pt/TiO2 
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Table 3. Emerging photocatalysts used for the gas-phase degradation of acetaldehyde; n.d. = not 
determined. 

 

  

photocatalyst 

physicochemical 
properties test conditions Ref. 

SBET 
(m2 g-1) 

d 
(nm) 

Eg 
(eV) 

Mica-TiO2-
rGO MT@rGO-0.10 17 10-20 2.85 C0= 500 ppm UV (Xe lamp, 

400 W) [171] 

Mica-TiO2-
Fe2O3 

MTF 1.5% 
(Fe/Ti) 44 n.d. 3.00 C0= 500 ppm UV (Xe lamp, 

400 W) [170] 

N/Zn-
codoped 

MIL-125(Ti) 

MIL-125(N- 
Ti9Zn1) 

1420 n.d. 1.85 C0= 200 ppm, 
RH = 80% 

UV (Xe lamp, 
400 W) [168] 

H3BO3-
modified g-

C3N4  

B/N 1% 

6 n.d. 2.70 C0= 810 ppm, 
20% O2 

Xe lamp, 150 
W [163] B/N 3% 

B/N 5% 
B/N 7% 

g-C3N4/WO3 

g-C3N4/WO3 8/2 6 

n.d. 

2.73 

C0= 250 ppm, 
RH= 50% 

Fluorescent 
lamp [162] 

g-C3N4/WO3 6/4 5 2.73 

g-C3N4/WO3 4/6 5 2.75 

g-C3N4/WO3 2/8 4 2.73 

WO3 
nanoplate 

film 
- n.d. 19 2.58 C0= 2% in N2 

Simulated 
solar light (Xe 
lamp, 150 W) 

[160] 

SnO2/B-P-
codoped g-

C3N4 

6SnO2/0.12B-
0.20P-CN n.d. n.d. 2.20 C0= 810 ppm, 

20% O2 
Sunlight (Xe 
lamp, 150 W) [164] 

Rh–Sb-
codoped 
SrTiO3 

Rh(1%),Sb(1%) 47 n.d. n.d. C0= 150 ppm, 
RH= 50% 

Visible light 
(Xe lamp, 200 

W) 
[165] 
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Figure Captions 

 

Figure 1. Overview of the topics covered in the review highlighting the interconnected key factors 
regarding VOCs photoremoval. 

 
Figure 2. (a) STM image of a TiO2 rutile(110) surface after exposure to ethanol at 145 K followed 

by annealing at 280 K; assignments of the adsorbates are given in (b). Squares, hexagons, 
and circles indicate Obr vacancies, single H adatoms and paired H adatoms, respectively. 
(b) STM height histograms of the distinct adsorbates observed in STM images. (c-f) 
Adsorption geometries and corresponding adsorption energies of the most stable 
configurations of molecularly (c,e) and dissociatively (d,f) adsorbed ethanol on 
rutile(110): adsorption at an Obr vacancy (c,d); configurations without Obr vacancies (e,f); 
red, dark gray, black, yellow and pink spheres represent Ti5c, Obr, C, H and Oethanol atoms, 
respectively. Adapted from Ref.[48] with permission of the American Physical Society. 

 
Figure 3. UPS valence band spectra of TiO2(110) taken after O2 dose and subsequent ethanol dose 

at RT. Reproduced from Ref.[40] with permission of Elsevier. 
 
Figure 4. Adsorption geometries of acetaldehyde on rutile(110) TiO2: adsorption on top of a Ti5c 

site on a stoichiometric surface (a); at an oxygen vacancy on a reduced surface (c). 
Geometries of adsorption for O-acetaldehyde complex on rutile(110): after coordination 
to an Oad adatom on an oxidized surface (b); after coordination to an O2 molecule 
adsorbed on an oxygen vacancy (d). Adapted from Ref.[45] with permission of the 
American Chemical Society. 

 
Figure 5 – (a) Most stable adsorption geometry of acetaldehyde on anatase(001) surface. Light 

gray, red, dark gray and blue spheres are titanium, oxygen, carbon and hydrogen atoms, 
respectively. Original bond lengths (in Å) are reported in parentheses. (b) 
Corresponding charge density difference between the clean TiO2 surface, gas-phase 
acetaldehyde and the surface with adsorbed acetaldehyde. Yellow spots represent areas 
gaining electrons, while blue ones represent areas losing electrons Adapted from 
Ref.[46] with permission of the American Chemical Society. 

 
Figure 6. Scheme of aldol condensation reactions of acetaldehyde molecules adsorbed on TiO2; 

reproduced from Ref.[58] with permission of Elsevier. 
 
Figure 7. Acetic acid adsorption in bidentate bridge geometry on a rutile(110)-(2×1) surface. Blue, 

red, black, small pink spheres are oxygen, titanium, carbon, and hydrogen atoms, 
respectively. Reproduced from Ref.[69] with permission of the American Chemical 
Society. 

 
Figure 8. STM images of rutile(110) at RT: (a) clean surface (an Ovac is highlighted by a circle); 

after adsorption of 0.04 ML (b) and 0.43 ML (c) acetate; (d) saturation coverage with 
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acetate overlayer arranged in a (2´1) superstructure. Reprinted from Ref.[51] with 
permission of the American Chemical Society. 

 
Figure 9. Irreversibly adsorbed acetaldehyde fractions on TiO2 (qirr) as a function of NOx surface 

coverage, θ, under dry air at 296 K. Reproduced from Ref.[62] with permission of 
Elsevier. 

 
Figure 10. (a,b) Adsorption geometries of acetic acid on anatase(101) surface with co-adsorbed 

water: water molecule placed far away (a) and near (b) the acetic acid molecule. The 
iso-surfaces represent spin-density distributions in the presence of an extra hole. (c) The 
projected density of states (PDOS) of different potential hole trapping sites on 
anatase(101). Dashed lines represent the total DOS of the corresponding slabs. DOS are 
aligned with Ti 3s states in the middle of the slabs. (d) Switching of acetic acid 
adsorption mode between bridged bidentate to monodentate coordination in the 
presence of water. Adapted from Ref.[89] with permission of Elsevier. 

 
Figure 11. Photocatalytic degradation pathway of ethanol as proposed in Ref.[85]; reproduced with 

permission of Elsevier. 
 
Figure 12. (a) Energy profiles for photocatalytic oxidation of adsorbed ethanol on stoichiometric 

rutile(110) supercell with an OH group adsorbed on one side (energies in eV). 
Formation of Ti-bound ethoxide (b) and of acetaldehyde (c), with corresponding band 
schemes. Filling of the bands and the Fermi level (EF) are indicated by dark yellow 
colour and a dashed line, respectively. Atoms of Ti5c, Obr, in-plane O, C, Had and 
ethanol oxygen are represented in red-brown, dark-grey, light-grey, black, yellow and 
pink, respectively. Reproduced from Ref.[26] with permission of Nature.  

 
Figure 13. Photocatalytic degradation pathway of acetaldehyde as proposed in Ref.[29]; reproduced 

with permission of Elsevier. 
 
Figure 14. Relative concentration of intermediates of photocatalytic oxidation of acetic acid over 

TiO2 under UV irradiation in the presence of O2 and photocatalytic degradation pathway 
of acetic acid as proposed in Ref.[91]; reproduced with permission of the Royal Society 
of Chemistry. 

 
Figure 15. (a) Difference FTIR spectra of adsorbed species and CO2 during photocatalytic 

oxidation of adsorbed ethanol on P25 TiO2 with O2 pulses; (b) Variation of the coverage 
of adsorbed species as a function of UV illumination time. The dotted line represents 
the cumulative coverage of O2ad, and the continuous black line the resulting IR intensity 
at 2000 cm-1 (I2000) after each O2 addition; reproduced from Ref.[30] with permission of 
the American Chemical Society. 
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Figure 16. Effect of water vapor addition on the photocatalytic oxidation on TiO2 of acetaldehyde 
(a), acetic acid (b) and ethanol (c) under UV irradiation. Reprinted from Ref.[123] with 
permission of Elsevier. 

 
Figure 17. Proposed mechanism of photothermal oxidation of ethanol by Au/TiO2; Black arrows 

represent associated electron transfer steps, while red and blue highlights indicate 
plasmonically-mediated charge transfer and bandgap photoexcitation, respectively. 
Reprinted from Ref.[31] with permission of the American Chemical Society. 

 
Figure 18. Performance of a flat TiO2-coated filter working in recirculating mode towards the 

removal of a mixture of pollutants from a 20 m3-test chamber with an air exchange rate 
of 1 h-1 using UVC irradiation: global chamber removal efficiency for each pollutant 
(final-to-initial pollutant concentration ratio, Css/C0) as a function of recirculation flow; 
reprinted from Ref.[174] with permission of Elsevier. 

 
Figure 19. Relationship between by-product concentrations and several parameters during ethanol 

photocatalytic degradation in a pilot duct system under UV irradiation: ethanol inlet 
concentration (a), airflow (b), RH (c), light intensity (d); adapted from Ref.[14] with 
permission of Elsevier. 

 
Figure 20. (a) Airflow rate profile modeled by CFD in a multi-tube photoreactor (scale in m s-1); b) 

Acetaldehyde transient concentrations in the P25 TiO2-coated reactor under UV 
illumination for three different initial pollutant concentrations (colored dots) and 
concentration profiles simulated by CFD modeling (black lines). Reproduced from Ref. 
[181] with permission of Elsevier. 

 
Figure 21. (a) Photo and cross-sectional FE-SEM image (inset) of a TiO2 nanotube filter (TNT); (b) 

filter unit containing also a reflector plate; (c) inside view of a Samsung AX7000 air 
cleaner equipped with two TNT filters and UV-LEDs; (d) test chamber; reprinted from 
Ref.[13] with permission of the American Chemical Society. 
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