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Abstract: If a number of literature studies point at the positive role of coupling materials with non-
thermal plasma, particularly for Volatile Organic Compounds (VOC) removal, most of them focus on
the direct plasma-material interaction to understand the coupling. However, a key contribution relies
in the VOC–material interaction. Therefore, this study focuses on the adsorption step of targeted
VOCs to provide a new insight on plasma–material coupling. The adsorption of acetone, used as
probe VOC, is explored on two widespread coupling materials: TiO2 and CeO2. First, their behaviors
are compared regarding acetone uptake. This process is reactive and creates other organic species
than acetone on both surfaces. Second, the metal oxide behaviors are compared regarding ozone
uptake. Interestingly, under typical VOC treatment configuration, i.e., with organics on their surfaces,
ozone uptake is driven by the adsorbed organics, not directly by the metal oxides anymore. Finally,
the ozonation of both materials, preliminary exposed to acetone, is explored through the evolution
of the adsorbed organics and the corresponding mineralization, i.e., CO and CO2 formation. It
evidences that the reactive adsorption of VOCs plays a key role in making the surface organics ready
for an efficient oxidation and mineralization under post-plasma exposure.

Keywords: adsorbed phase; TiO2; CeO2; VOC oxidation; ozonation; non thermal plasma; plasma-
catalysis

1. Introduction

When the synergetic effect resulting from the coupling of non-thermal plasma with
materials was evidenced in the early 2000s, the origin of such a positive interaction for
the removal of pollutants was questioned and addressed. If the coupling materials can
positively affect the discharge physics [1], the observed synergy was rapidly evidenced to
be chiefly contributed by the material properties. First, the specific surface provided by the
solid to the gas phase and to the plasma generated species was identified as a driver of the
coupling process [2]. This point promoted the coupling of non-thermal plasma discharges
with solids characterized by high porosity and large specific surface area such as zeolites
and activated carbons. Further, the composition and the surface chemistry of the coupling
material was evidenced as the key driver of the coupling, for the in-plasma and for the post-
plasma configuration [3,4]. These findings oriented the investigation of the plasma-catalyst
coupling toward the exploration of the surface processes involved [5] and the development
of relevant experimental approaches to explore the underlying heterogeneous physical
chemistry [6,7].

In the perspective of using plasma catalysis for Volatile Organic Compounds (VOC)
removal [8], it is considered that the most interesting materials are generally able to (i)
use oxidative plasma species to maintain their surface oxidation state and (ii) provide
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sorptive and reactive surface sites to the processed VOCs and their organic byproducts.
For these reasons, silica and alumina were progressively discarded, other metal oxides
such as TiO2 and CeO2 were preferred since the 2010s. Based on the rich literature dealing
with VOC removal by plasma, catalysis and their combinations, review papers such as
the work of Chung et al. [9] proposed systematic analyses of the available data. If their
approach allows drawing general trends between the different reactor configurations and
catalysts deployed, the detailed comparisons of the performances of coupling materials
using a reference experimental protocol is scarcely proposed. For instance, TiO2 and CeO2
are considered as well-known metal oxides respectively in the field of photocatalysis and
thermal catalysis. Nonetheless, no accurate comparison of their behaviors based on the
same pollutants, protocols and experimental conditions has been proposed yet. Beyond the
comparison of their performances, assessing properly their individual actions can provide
an informative contrast to enlarge our knowledge on the interactions between non-thermal
plasma and metal oxide surfaces, especially when the treatment of organics is envisaged.

In the case of the post-situ configuration of plasma-catalysis for VOC treatment, the
experimental sequence typically consists in adsorbing first the targeted compound on the
coupling material. The importance of the adsorption step of organics on the coupling
material is generally undermined, while it is a key step of the processing of organic
pollutants by the plasma catalytic system. In a second step, the material covered by
VOCs, up to a certain surface coverage, is exposed to the outlet gas flow of the plasma
reactor. Adsorbed VOCs are subsequently exposed to long lifetime plasma species, i.e.,
ozone as a major oxidant. It should be mentioned that a number of VOCs could undergo
reactive adsorption on metal oxides during the uptake step. This point has been clearly
stated by Arsac et al. [10], Batault et al. [11], Thevenet et al. [12] and Barakat et al. [13].
It means that the performance of the plasma–catalytic system cannot be solely predicted
from the reactivity of ozone with the primary VOC to be treated, since a variety of VOC
byproducts, resulting from condensation or dissociation surface processes, can be present
on the material as the plasma is ignited. Similarly, depending on the surface coverage of
the coupling material by VOCs, ozone sent on the material surface does not necessarily
interact with the coupling material, but rather with adsorbed organics. It suggests that
the performance of the treatment is not only controlled by ozone decomposition on the
material, but also by the reaction rates of oxidants with the different organics adsorbed
on the material surface. In that context, Wang et al. [14] and Sultana et al. [15] proposed
advanced investigation of the surface reaction pathways underlying the processing of
methanol and trichloroethylene respectively. Beyond process investigations, these works
emphasize the relevance of concomitantly investigating the fate of VOCs and oxidants in
both the gas phase and adsorbed phase.

This work combines the investigation of the gas phase and the adsorbed phase. The
post-plasma configuration is selected because it allows the in-situ monitoring of the surfaces
of TiO2 and CeO2 by infrared (IR) spectroscopy while the materials, preliminarily covered
by organics, are exposed to the discharge outlet gas flow. The selection of acetone as a
model and probe VOC is motivated by (i) its representativeness in the domain of air quality
and air treatment [16] and (ii) its foremost occurrence as VOC oxidation product [10,17,18].
Acetone also offers a definite number of byproducts, making the diagnosis and exploration
of its reaction pathway in plasma–catalytic systems more accessible [13].

The objectives of this work are twofold. First, it aims at providing a comparative
investigation of the individual behaviors of TiO2 and CeO2 combined with non-thermal
plasma under the same experimental conditions. Second, this study aims at highlighting
some less explored steps of the plasma–catalytic process, especially the adsorption step
of primary VOCs and the evolution of the complex organic phase onto the surface of the
coupling material under ozonation. This work aims at deepening our understanding of the
contribution of the surface properties of coupling materials in the plasma–catalytic systems
applied to VOC removal. It is structured as follows:

(i) The sorptive properties of metal oxides are examined qualitatively and quantitatively.
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(ii) The individual abilities of TiO2 and CeO2 to decompose ozone generated by the
upstream plasma is evaluated under different surface states, i.e., fresh and covered by
acetone.

(iii) The evolution of the surface oxidation product is addressed to highlight and compare
the surface reactivity of metal oxides induced by the upstream plasma reactor in the
presence of adsorbed organics.

2. Results
2.1. Acetone Uptake on TiO2 and CeO2

Adsorbed phase monitoring: In order to evaluate the individual uptakes of acetone on
TiO2 and CeO2, the materials were successively exposed to 200 ppm of acetone inside the
diffuse reflectance infrared Fourier transform device (DRIFT) cell (setup (b) on Figure 1).
Figure 2a,c respectively reports the DRIFT spectra of TiO2 and CeO2 surfaces upon acetone
uptake at 294 K using 20% O2 in Ar as bath gas. Spectra are recorded in the range
3200–1000 cm−1 with subtraction of the unexposed fresh material spectra as backgrounds.
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Figure 1. Schematic representation of experimental setups equipped with (a) gas phase FTIR monitoring device and
(b) surface analysis by diffuse reflectance infrared Fourier transform device (DRIFT).

The presence of surface species on both metal oxides once acetone is introduced in the
DRIFT cell is attested by the growth of various absorption bands with time on their respec-
tive DRIFT spectra. Noticeably the DRIFT spectra of acetone uptake on CeO2 and TiO2
exhibited similarities and contrasts. In order to interpret these infrared absorption patterns,
literature data were collected to assign the bands observed to the corresponding groups.

Acetone uptake on TiO2: Typical absorption bands were observed at 2972, 2937, 2921,
2869, 1705, 1697, 1667, 1595, 1469, 1450, 1422, 1380, 1365 and 1236 cm−1 (Figure 2a). The
νC=O stretching vibration at 1705 and 1697 cm−1, the δCH3 at 1422–1365 cm−1 and the
δC-C bending at 1236 cm−1 attest of the presence of adsorbed acetone species [19]. The
temporal evolution of acetone adsorbed on TiO2 surface is reported in Figure 2b from the
integration of its characteristic band of absorption at 2972 cm−1. As the uptake of acetone
was initiated, the intensity of the characteristic bands sharply increased during the first
10 min of exposure. It suggest that the adsorption equilibrium of acetone was reached
rapidly; nonetheless, a gradual decrease in the surface coverage of acetone was noticed
beyond 10 min of exposure while the inlet concentration of acetone was kept constant. This
behavior suggests possible consumption of acetone on the surface of TiO2 once a significant
surface coverage is reached.
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Figure 2. DRIFT monitoring of acetone uptake and TiO2 and CeO2 (200 ppm acetone, 250 mL/min 20% O2 in Ar, 294 K):
(a) DRIFT absorbance spectra recorded during acetone uptake on TiO2. (b) Temporal profiles of acetone and mesityl oxide
(MO) adsorbed on the surface of TiO2 during the uptake of acetone. (c) DRIFT absorbance spectra recorded during acetone
uptake on CeO2. (d) Temporal profiles of adsorbed acetone, MO, formates and diacetone alcohol (DAA) on the surface of
CeO2 during the uptake of acetone.

Conversion of adsorbed acetone on TiO2: Indeed, other surface absorption bands
continuously increase on the DRIFT spectra in Figure 2a. Interestingly, these bands located
at 1667, 1595 and 1450 cm−1 can be assigned to the typical vibration modes of mesityl
oxide (MO) [20]. The temporal evolution of MO surface coverage is displayed along
with acetone in Figure 2b. It is retrieved after integration of the absorption band at
1450 cm−1. The observation of MO on TiO2 surface has formerly been attributed to surface
condensation and dehydration reactions of acetone molecules by Coronado et al. [21],
El-Maazawi et al. [17], Xu et al. [16] and Barakat et al. [13]. The temporal evolution of MO
on the TiO2 surface is reported in Figure 2b. Between acetone and MO temporal profiles,
a noticeable delay is visible on Figure 2b. Barakat et al. [13] and El-Maazawi et al. [17]
interpret delay as a surface coverage threshold in acetone to initiate the formation of MO.
Our observations confirm the existence of a threshold to induce acetone condensation and
dehydration. Assuming that saturation of the surface is reached when acetone reaches its
maximum at t = 8 min, we estimate the surface coverage threshold at 0.2, in accordance
with former values reported at ca. 0.3. It has to be noted that diacetone alcohol (DAA) was
identified and reported as a reaction intermediate of acetone condensation to form MO,
but it was not observed on the DRIFT spectra recorded along acetone uptake on TiO2. This
suggests that the conversion rate of DAA into MO on TiO2 was high enough not to allow
any accumulation on the surface.

Acetone uptake on CeO2: The introduction of acetone in the DRIFT cell containing
CeO2 initially resulted in the formation of specific bands at 2962, 2930, 1695, 1425, 1369 and
1234 cm−1 (Figure 2c). These bands were respectively assigned to νs-CH3, νas-CH3, νC=O,
δas-CH3, δs-CH3 and νC-C vibration modes of adsorbed acetone. In the course of adsorp-
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tion, at approximately 5 min, the band at 1695 cm−1 started splitting into two bands, at
1709 and 1676 cm−1, along with new increasing bands at 1630, 1577, 1556, 1441, 1202, 1122
and 989 cm−1 (Figure 2c), attesting of other adsorbed species than acetone [22].

Conversion of adsorbed acetone on CeO2: The band at 1630 was assigned to νC=O
and δCH vibrations in -CH2-C=O groups of diacetone alcohol-like species (DAA) [20].
Furthermore, the band at 1676 cm−1 was characteristic of the νC=O and νC=C vibration
modes of MO. A very broad band, appearing in the range 3500–3600 cm−1 (not displayed in
Figure 2c), accompanied them. It is assigned to dissociatively adsorbed H2O, resulting from
the dehydration of DAA molecule upon its conversion into MO. The peak at 1556 cm−1

also attested a contribution from the νOCO vibration of the formate species, which could
be expected on the CeO2 surface.

The adsorption of acetone on CeO2 led to molecularly adsorbed acetone. It is gradu-
ally transformed into three condensation products: DAA, MO and formates. Their time
evolution is reported in Figure 2d by monitoring the normalized peak areas of the different
species: νC=O of DAA at 1630 cm−1, νC=C of MO at 1676 cm−1 and νasCOO of formates
at 1556 cm−1.

According to the evolution of products adsorbed on CeO2 surface reported in Figure 2d,
in the first five minutes, no condensation products were yet observed. During this time
lapse, acetone gradually accumulated on CeO2 surface until a maximum. Then it gradually
decreased concomitantly with the formation of MO, DAA and formates. The increase in
MO was faster than that of DAA, the intermediate between acetone condensation and MO.
This could be consistent with a fast initial consumption of the intermediate, hindering its
accumulation on the surface. Indeed, DAA was highly reactive and rapidly dehydrated to
MO. As the surface became gradually covered, the formation of DAA was slowed down
as the likelihood of condensation of two acetone molecules diminishes. Formates also
gradually accumulated on the CeO2 surface. In accordance with former observations
reported for IPA adsorption on CeO2, acetone was converted into carboxylate species,
formates (HCOO−), via a mechanism certainly involving lattice oxygen [20]. This type of
reactive adsorption is observed on transition metal oxides, with readily accessible multiple
oxidation states [23,24]. On these oxide surfaces, the condensation of acetone into MO
is reported to start beyond a surface coverage of 0.28 as for TiO2. Profiles reported in
Figure 2d supported the existence of a coverage threshold regarding acetone conversion
to MO.

Reactive adsorption pathway of acetone: Based on the work of Zaki et al. [20] the
following steps of acetone reactive adsorption on CeO2 were proposed. In most of the
metal oxides, Mn+ sites typically act as Lewis acids and the O2

− ions act as Lewis bases.
First, acetone initially adsorbs on the surface of Lewis acid sites (Ce4+). If no basic site is
available in the vicinity, acetone remains adsorbed on the metal center. If basic sites (-OH−

or O2
−) are available, the C-H bond may be activated for α-hydrogen abstraction and the

consequent formation of an anionic enolate-type ion. This allows the reaction of the enolate
species with another acetone molecule, if the surface coverage of acetone is high enough,
to lead to a DAA intermediate. Finally, dehydration of DAA leads to adsorbed MO and
H2O(g) or H2O(ads). MO can be considered as the final product of acetone reactive uptake
on CeO2 and on TiO2. If intermediate species, namely formates and DAA are observed
on CeO2, this is not the case on TiO2. Assuming that similar reaction steps occur on both
metal oxides, intermediates are likely to be formed on the TiO2 surface as well, but directly
consumed, suggesting of a higher surface reaction kinetic on TiO2 for that step. According
to the proposed mechanism, Lewis acid sites are essential for anchoring acetone molecules
to the surface. Coexisting base sites catalyze the condensation of the acetone molecules
into mesityl oxide surface species, via formation and subsequent decomposition of enolate
and diacetone alcohol species.

The Lewis acid and base sites generate pairs of particularly efficient adsorption
capacity toward condensation products thus formed. Consequently, before any plasma
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exposure of the metal oxides with adsorbed acetone, surface reactions are already initiated,
changing the nature of the organics in the adsorbed phase on CeO2 and TiO2.

Gas phase analysis: a quantitative approach of acetone uptakes: To improve the
characterization of acetone adsorption on the TiO2 and CeO2 surface, adsorbed amounts
of acetone are determined using experimental set up (a) allowing the breakthrough curve
methodology as reported by Jia et al. [6]. Figure 3 reports the respective values of specific
surface areas of both oxides and the irreversibly adsorbed amounts of acetone expressed
in µmol/g respectively for TiO2 and CeO2. The specific surface of TiO2 (45 ± 5 m2/g)
was lower than the one of CeO2 (75 ± 5 m2/g). However, the adsorption capacity of TiO2
and CeO2 should be considered from a surface density of acetone taken up, expressed in
µmol/m2. The surface density of acetone molecules adsorbed on TiO2 was 2.64 µmol/m2

and that of CeO2 was 2.13 µmol/m2. This result shows that both metal oxides provide a
surface density of sorption sites for acetone in the same order of magnitude. The experi-
mental value determined for TiO2 exceeded that of CeO2 by 20%, which might promote
condensation reactions between acetone molecule and could possibly be consistent with a
higher kinetic in MO formation on TiO2.
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Figure 3. Features of TiO2 and CeO2 surfaces. On the left, specific surface areas of TiO2 (STiO2)
and CeO2 (SCeO2) expressed in m2/g. On the right, quantity of irreversibly adsorbed acetone (q)
expressed in µmol/g on TiO2 (q(Ac)-TiO2) and CeO2 (q(Ac)-CeO2).

2.2. Interaction of OZONE with TiO2 and CeO2: Impact of Adsorbed Acetone

The aim of the present section was to understand the similarities and differences of
the interaction of ozone produced by plasma with CeO2 or TiO2 under different surface
states, i.e., clean surface vs. covered by acetone. This approach addressed qualitatively and
quantitatively the reactive behavior of ozone on both oxides. The breakthrough curves of
ozone were monitored using the set up (a) (U-shape reactor and FT-IR) dedicated to gas
phase monitoring and described in Figure 1. Once set in the U-shape reactor, both materials
were treated first under dry air at 400 ◦C. Then two different cases were compared. First,
exposure of the clean CeO2 or TiO2 to a 22 or 24 ppm ozone flow of 750 mL/min in order
to monitor the uptake of ozone. Second, the materials were preliminarily exposed to
200 ppm of acetone for 60 min, as described in Section 2.1, then flushed using dry air, and
subsequently exposed to a 22 or 24 ppm and 750 mL/min ozone flow. In the second case,
the ozone interacts with a surface equilibrated with acetone. Note that the exact ozone
concentration was respectively 22 ppm and 24 ppm for TiO2 and CeO2.

Since, it is not experimentally achievable to have simultaneously the same BET surface
for both metal oxides, the same masses of materials and the same absolute amount of
acetone taken up on each material, the following compromise was defined. The mass of
material and BET surface were 200 mg, i.e., 9 m2 for TiO2, and 100 mg, i.e., 7.5 m2 for CeO2.
Hence, the amount of acetone irreversibly adsorbed before ozone exposure was 23 µmol on
TiO2 and 16.5 µmol on CeO2. Therefore, we reached a surface density of 2.6 µmol/m2 for
TiO2 and 2.2 µmol/m2 for CeO2, consistently with the previous section. Figures 4 and 5
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respectively reported the temporal profiles of the ozone concentration at the outlet of
reactor, and the corresponding concentration of the ozone consumed.
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Figure 4. Temporal evolution of ozone concentration at the U-shape reactor outlet under 5 different
conditions. (i) Without material in the U-shape reactor, i.e., ozone mixing curve. (ii) With 100 mg
fresh CeO2. (iii) With 100 mg CeO2 covered by 2.2 µmol/m2 of acetone. (iv) With 200 mg fresh
TiO2. (v) With 200 mg TiO2 covered by 2.6 µmol/m2 acetone. Flow rate = 750 mL/min, During the
ozonation induced by non-thermal plasma [O3]0 = 22 ppm for CeO2, [O3]0 = 24 ppm for TiO2 and
acetone is preadsorbed according to the protocol described in the previous adsorption section.
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Figure 5. Temporal evolution of the difference between inlet and outlet ozone concentrations in
the U-shape reactor under 5 different conditions: (i) Without material in the U-shape reactor, i.e.,
ozone mixing curve. (ii) With 100 mg fresh CeO2. (iii) With 100 mg CeO2 covered by 2.2 µmol/m2 of
acetone. (iv) With 200 mg fresh TiO2. (v) With 200 mg TiO2 covered by 2.6 µmol/m2 acetone. Flow
rate = 750 mL/min, During the ozonation induced by non-thermal plasma [O3]0 = 22 ppm for CeO2,
[O3]0 = 24 ppm for TiO2, acetone is preadsorbed according to the protocol described in the previous
adsorption section.

Without preadsorbed acetone, the clean ceria is a highly effective ozone decomposer
compared to clean TiO2. In the case of ceria, during 60 min of 22 ppm O3 exposure,
no ozone was detected downstream the U-shape reactor. At the opposite, ozone breaks
through TiO2 beyond 40 min of exposure only. TiO2 transiently induced the decomposition
of a fraction of ozone through its molecular and dissociative adsorption on Lewis acid
sites (Ti3+ and Ti4+). Ti is a Group IV transition metal and Ce is a lanthanide. Beyond the
electronic structure, the polarity, the coordination of the cation, the surface lattice and the
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corresponding surface vacancies are drivers of the surface properties of the solids. For metal
oxides, the polarity of the surface and the degree of coordinative saturation of the metal
cations are known as the driving forces of adsorption. The presence of a dipole moment
increases the surface Gibbs energy, making a polar surface more unstable and more reactive
than a non-polar one. However, more prominently, the coordinatively unsaturated surface
atoms are central for adsorption and reactivity. With a lower number of nearest neighbors
than their corresponding ions in the bulk, metal cations have underpopulated d orbitals and
become active in bonding with adsorbates in order to increase their coordination number
and lower their surface energy through chemisorption. In metal oxides, the coordination
unsaturated M+ sites behave like Lewis acids and the O2

− ions behave like Lewis bases.
Acetone, and ketones in general, initially adsorb molecularly on metal oxides through a σ

bond between the metal atom of the solid and the carbonyl oxygen atom of the molecule.
The electron rich carbonyl oxygen donates an electron pair to the surface acting as a Lewis
base, and the surface metal center acts as a Lewis acid by accepting the electron pair.

Bulanin et al. [25] showed that there are three main modes for ozone adsorption on
TiO2: (i) weakly bonded molecules that form hydrogen bonds with OH groups and are
physically adsorbed on the surface; (ii) molecules adsorbed on the weaker Lewis acid sites
and (iii) ozone interaction with strong Lewis acid sites. However, only ozone adsorbed
on strong Lewis sites leads to the dissociation of the molecule. The continuous increase
in concentration at the outlet of the sorbent reactor indicates that the decomposition
efficiency of ozone decreases with time. This behavior is consistent with an increasing
coverage of strong Lewis acid sites, making them gradually less available for further ozone
adsorption. In 1998, Bulanin et al. [26] also reported the uptake of O3 on CeO2. Using
electron-paramagnetic resonance, IR and kinetic studies, they show the formation of a
surface ozonide species generated by the reaction of ozone with the electron rich surface
sites on CeO2. Alike TiO2, they revealed two kinds of Lewis acid sites, where ozone
can either adsorb. They also show that ozone can form weak hydrogen bonds with the
most acidic OH groups on the surface. On acidic oxides such as alumina and titanium
dioxide, O3 activation and decomposition was shown to occur via dissociation on strong
Lewis sites [23]. In the case of ceria, however, another non-dissociative mechanism of O3
decomposition, involving unstable ozonide formation on surface basic oxygen sites was
also observed. The enhanced dissociation in the case of CeO2, as compared to TiO2, could
thus be attributed to this additional decomposition mechanism. However, does ozone
chiefly interact with the material surface when organics are involved?

With preadsorbed acetone, the behavior of ozone is strongly altered on both oxides.
On the one hand, the presence of acetone greatly inhibits the ozone uptake in the case
of ceria. On the other hand, it is markedly enhanced in the case of TiO2. The inhibition
observed in the case of ceria may be due to the blockage of basic sites responsible for ozone
dissociation by acetone decomposition products [24]. However, it is worth noticing that the
ozone outlet concentration (Figure 4) and ozone consumption (Figure 5) are very similar for
both materials covered by taking up acetone with equivalent surface densities of acetone.
This result indicates that, the behavior of ozone on materials covered by organics did not
mainly depend on the nature of the materials, but it was driven by the presence of the
organics. It could also be noted that during the first minutes of exposure to ozone, if the
uptake was close to 100%, it gradually decreased to 20% for precovered TiO2 and 40% for
precovered CeO2.

The similar trends in ozone behavior observed for TiO2 and CeO2, preliminarily
exposed to acetone indicate that, at high surface coverages, the adsorbed organics drive
the uptake and reactivity of ozone, rather than the material itself. In order to get a better
understanding of surface oxidation processes, CO and CO2 production in the gas phase,
and the evolution of adsorbed intermediates were investigated.

2.3. Ozonation of Acetone Adsorbed on TiO2 and CeO2

Monitoring of surface organics during ozonation of acetone exposed TiO2 and CeO2:



Catalysts 2021, 11, 350 9 of 15

In the following, ozonation of TiO2 and CeO2, preliminarily exposed to 200 ppm
acetone was monitored deploying the DRIFT technique (Figure 1, setup (b)). After the
adsorption step, the reversible fraction of acetone was flushed under dry air during 60 min.
As ozone was sent on the surface of TiO2 or CeO2, the reversible fraction with acetone
adsorbed was removed by flushing and only the irreversible fraction of organics remained
on the adsorbed phase of metal oxides. Note that the surface reaction involving adsorbed
acetone molecules and leading to surface byproducts was still effective along the flushing
step. The conversion of acetone taken up still contributed to the modification of the organic
phase during that step. Figure 6a,c respectively reports DRIFT spectra collected during
the ozonation of irreversibly adsorbed acetone on TiO2 (a) and CeO2 (c) surfaces in 20%
O2/80% Ar gas mixture at 294 K. DRIFT spectra are displayed in the range 3200–1000 cm−1

with subtraction of the spectra of the respective unexposed materials as backgrounds.
Figure 6a,c evidenced that the oxidation of the surface organics by ozone occurred on
TiO2 and on CeO2. If formates are observed in both cases, each material shows a different
reactivity. A specific analysis of each case is described in the following.
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Figure 6. DRIFT monitoring of the ozonation of TiO2 and CeO2, preliminarily exposed to 200 ppm acetone, 250 mL/min
20% O2 in Ar, 294 K, and flushed under dry air. (a) DRIFT absorbance spectra recorded during the ozonation of TiO2

preliminarily exposed to acetone. (b) Temporal profiles of adsorbed acetone and formates on the surface of TiO2 during
the ozonation. (c) DRIFT absorbance spectra recorded during the ozonation of CeO2 preliminarily exposed to acetone.
(d) Temporal profiles of adsorbed acetone and intermediates (mesithyloxide (MO) and formate) on the surface of CeO2

during the ozonation.

Ozonation of TiO2 preliminarily exposed to acetone: DRIFT monitoring: As discussed
in the previous section, acetone adsorption on TiO2 results in molecularly adsorbed acetone
and a main condensation product, MO. Exposing the saturated surface to ozone results in
the oxidation of the organics at the expense of a new adsorbed product: formates. DRIFT
spectra and temporal evolution of adsorbed organics are reported in Figure 6a,b respectively.
Acetone was monitored through the evolution of the narrow band at 2976 cm−1 to avoid
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peak overlapping with the products formed. As the discharge was turned on, the peak
at 1667 cm−1, corresponding to the νC=C of MO was broadened, probably because of
formates gradually accumulating on the TiO2 surface. The presence of surface formates
was attested by the increasing band between 1567 and 1556 cm−1. It is confirmed by a new
peak at 1734 cm−1, attributed to the νC=O vibration of carboxylic structure.

Ozonation of CeO2 preliminarily exposed to acetone: DRIFT monitoring: DRIFT
spectra and temporal profiles corresponding to the ozonation of CeO2, preliminarily
exposed to acetone, are reported on Figure 6c,d. At t = 0, the surface consisted of three
other compounds than acetone: MO (νC=C = 1676 cm−1), DAA (νC=O = 1630 cm−1) and
formate species (νasCOO) at 1556 cm−1 (Figure 2c). Exposing the surface to ozone resulted
in a decrease in the intensities of the methyl stretching and bending frequencies of MO and
DAA. The band 1693 cm−1 could be ascribed to formates, interacting with surface basic
sites [27]. Meanwhile, the bands at 1556, 1373 and 1359 cm−1 could be assigned to the νCOO
stretch of formate species upon acetone adsorption, and become more intense. Figure 6d
shows that MO, a condensation product present on the surface after the adsorption and
flushing steps, decreased at the expense of formates, gradually accumulating on the CeO2
surface.Figure 5 shows that ozone decomposition on the surface in the first five minutes was
concomitant with the significant MO loss and formate production Figure 6d. The surface
coverage of formates remained relatively constant throughout the ozonation period. It
suggests that the surface had reached a steady state, determined either by saturation of the
adsorption sites and/or by the dynamic equilibrium between the carboxylates formation
and consumption.

Mineralization and carbon balance during ozonation of acetone exposed TiO2 and CeO2.
The production of CO and CO2 in the gas phase during the ozonation of acetone

exposed TiO2 and CeO2 was investigated using the U shape reactor coupled to the 10 m
optical-path white-cell (Figure 1, setup (a)). Figure 7 reports the temporal profiles of CO
and CO2 monitored in the gas phase during ozone exposure of TiO2 and CeO2 preliminarily
exposed to 200 ppm acetone. Figure 8 reports the corresponding mineralization percentage
defined as the ratio of the total number of moles of CO and CO2 produced divided by
the irreversibly adsorbed number of moles of acetone according to Equation (1). In that
Equation, X(t) represents the mineralization percentage as a function of time t, (Ace)0
represents the number of mole of acetone irreversibly adsorbed before ozonation starts,
[CO] and [CO2] represent the concentration in ppm of CO and CO2, and Φ is the total
molar flow corresponding to 750 mL/min and equals to 5.13 × 10−4 mol/s.

X(t) =
Φ

3(Ace)0

∫ t

0
[CO + CO2]dx (1)Catalysts 2021, 11, x FOR PEER REVIEW 11 of 15 
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Figure 8. Temporal evolutions of the mineralization percentages of organics adsorbed on TiO2

and CeO2 along the individual exposure to ozone of the metal oxides preliminarily exposed to
acetone; reported data are derived from Figure 7 (flow rate = 750 mL/min, [O3]0 = 22 ppm for CeO2

experiments, [O3]0 = 24 ppm for TiO2; 100 mg CeO2, 200 mg TiO2).

Comparing the temporal profile of CO2 and CO monitored at the downstream of TiO2
vs. CeO2 reactors emphasizes contrasted mineralization regimes. First, for CeO2, concen-
trations of CO remained below the detection limits of the instrument (i.e., 10 ppb) while in
the case of TiO2 from 0.2 to 0.4 ppm CO were produced on the whole investigated time
span. CO2 profiles confirmed contrasted behaviors. In the case of CeO2, CO2 production
exhibited a characteristic transient regime while in the case of TiO2, CO2 production was
lower (ca. 1 ppm) but remained rather constant on the experimental time.

The contrasted CO2 dynamics may sound unexpected since: (i) the absolute amounts
of acetone taken up on TiO2 (23 µmol) exceeded the one taken up on CeO2 (16 µmol); while
(ii) the amounts of O3 consumed were equivalent between both systems. One hypothesis
to explain these contrasted behaviors relies on the fact that the oxidation pathway differs
between TiO2 and CeO2, not directly because of their different chemical natures, but
because they induce differences in the chemical nature of the adsorbed organics. More
precisely, the high and transient formation of CO2 using CeO2 (Figure 7) suggests that, as
the ozonation is initiated, a significant fraction of the organic phase adsorbed on CeO2 is
more compliant with the ozone reaction than organics adsorbed on TiO2. In spite of the
fact that TiO2 and CeO2 have preliminarily adsorbed the same initial VOC, namely acetone,
they induce a significant conversion of acetone on their surface into surface intermediates.
This reactive adsorption is effective on both oxides, with similar pathways, but with
contrasted kinetics, leading to the presence of similar (mesithyl oxide) and different (DAA
and formate) oxidation intermediates.

Consequently, the higher mineralization percentage observed in Figure 8 for CeO2
was not due to a higher consumption of ozone or a higher amount of organics present on
its surface, but rather to a difference in the nature of organic adsorbates compared to TiO2.
From that point of view, the mineralization ability of a metal oxide under post-plasma
exposure is driven by its ability to induce reactive adsorption of the primary VOC and
conversion to organics readily mineralized.

3. Discussion

Differences and similarities between CeO2 and TiO2 towards the ozonation of ad-
sorbed acetone can be pointed out. First, as mentioned in Section 2.1, although DRIFT
spectra evidence that a fraction of adsorbed acetone was converted into MO. This fraction
was completed, in the case of CeO2, by the presence of adsorbed DAA and formates.
Therefore, when the ozonation process started, CeO2 was covered by a larger diversity
of organics, than TiO2. When material preliminarily exposed to acetone, i.e., covered by
organics, were exposed to ozone, ozone consumption profiles on TiO2 and CeO2 surfaces
became very similar (Figure 5). The modification of ozone consumption by adsorbed
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organics, and the convergent behaviors of both materials evidence that ozone did not
directly interact with metal oxides, but rather with organic species adsorbed, at least at
high surface coverages. In that case the performance of the plasma-catalytic system could
be driven by the reaction between plasma oxidants and adsorbed organics. Therefore, the
reactivity of adsorbed species toward the ozone must be examined.

The reaction of ozone with acetone, DAA and formates is expected to be very slow
and is unlikely to occur. On the contrary, MO is suggested to be the key compound
initiating the oxidation chemistry on the surface of the materials. Indeed, it is clearly
stated in the literature that ozone is a reactive electrophilic molecule attacking the double
bond of unsaturated organic compounds through the known “criegee” mechanism. The
subsequent cleavage of this ozonide leads to the formation of carbonyl compounds and
excited biradical species that finally lead to the production of free ◦OH radicals with high
yields. Therefore, we suggest that the ozone readily attacks the double bond of adsorbed
MO through a Langmuir–Hinshelwood mechanism, forming the highly reactive ◦OH
radicals. MO being present in the adsorbed phase of both metal oxide after acetone ad-
sorption, this suggestion is consistent with the fact that oxidation was observed with both
oxides as the ozonation starts. Once ◦OH radicals are formed, they lead the oxidation
mechanism of other organics. Considering the gas-phase ◦OH rate coefficients of MO
(k (298) = 1.03 × 10−10 cm3 molecule−1 s−1) [28], DAA (k (298) = 5.27 × 10−12 cm3

molecule−1 s−1) [29] and acetone (k (298) = 1.8 × 10−13 cm3 molecule−1 s−1) [26], ◦OH rad-
icals attack first MO and DAA, rather than acetone. Therefore, the reduced concentration
levels of acetone noted in Figure 6b,d should not only be interpreted as a direct reaction of
acetone with OH, but also as the conversion of acetone to balance the consumed DAA and
MO since these last two were effectively oxidized. The formates noticed to be produced
from the very beginning of ozone introduction could be formed either from the ozonolysis
of MO or from the non-selective oxidation of organic species by ◦OH radicals.

This interpretation is supported by the temporal profile of CO2 (Figure 7) showing
that, for CeO2, CO2 increased rapidly during the first 15 min before decaying. However, at
t = 15 min, only 3% of the initial adsorbed carbon was mineralized. The decay of the CO2
production in the gas phase cannot be explained by a decrease of the total surface coverage.
It is more likely related to the decrease of DAA and MO fraction on the surface, which
have been mineralized first, leading to a hindering of the process. In the case of TiO2, the
CO2 temporal profile shows a fast increase up to 1.4 ppm and then remained nearly stable
with a concentration of 1 ppm after 70 min, which was consistent with a lower fraction of
adsorbed MO and the absence of DAA.

Comparing the behaviors of widespread metal oxides coupled to post plasma does
not only consist in exploring their respective abilities to interact with oxidative plasma
species. Indeed, the investigation of the adsorption phase of the targeted organics provides
key information on the nature of the organics adsorbed, as non-thermal plasma is ignited
and how readily the adsorbed organics can be oxidized. Finally, the surface properties
of metal oxides are essential to understand the plasma material coupling. However, this
study evidenced that a key contribution of the coupling material is to convert primary
VOCs into byproducts readily mineralized by plasma oxidants.

4. Materials and Methods

Chemicals and materials: The VOC used in this study was supplied by Sigma Aldrich
(St. Louis, MO, USA) and provided in the liquid form with the following reference: Acetone,
270725, CHROMASOLV®, for HPLC, ≥99.9%. Air Liquide (Paris, France) supplies certified
gas cylinders of air, nitrogen, oxygen and argon. CeO2 powder supplied by Sigma Aldrich
offers a specific surface of 75 ± 5 m2/g. The TiO2 powder was the P25 type from Degussa,
its specific surface area was 45 ± 5 m2/g. The specific surface areas of both materials were
determined using a laboratory sorption analyzer using N2 as probe gas.

Gas flow preparation: The regulation of the gas flows was insured using Brooks
(Hatfield, PA, USA) mass flow controllers up to 2000 mL/min (±1%, i.e., less accurate
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below an imposed flow of 20 mL/min). The mass flow controller used for VOC dilution
had a maximum of 10 mL/min and was accurately used down to 0.1 mL/min. Experiments
were typically performed using an acetone concentration of 200 ± 5 ppm. The gas inlet
system was mutualized for the two complementary reactors: U-shape reactor coupled to
FTIR in setup (a) and DRIFT cell in setup (b). (Figure 1). The U-shape reactor and DRIFT
cell cannot be used in parallel. A two-way valve allows the selection of either air or N2
as the main carrier gas. The flow was then divided into two lines, one of which could
pass through the cryostat containing water (main flow) and the other through the cryostat
containing the liquid VOC. For experiments under humid conditions, the main flow was
sent through the water condensation/saturation system to be saturated with the targeted
H2O level. For dry conditions, the cryostat containing water was bypassed. The second
line was used: (i) for calibration experiments or (ii) for diluting the VOC. The flow could
be sent to vent or to the reactor when needed. If sample heating is required, the furnace
can be moved to the reactor of setup (a).

Plasma reactors: One plasma reactor was set upstream from the U-shape reactor
(setup(a)) and another one was set upstream from the DRIFT cell (setup (b)). Each setup
constituted a post-plasma system. Each plasma reactor consisted of a Pyrex glass tube of
23.5 cm length, 3.3 mm external diameter and 1.7 mm inner diameter. The high voltage
electrode was a tungsten wire of 0.2 mm thickness placed in the middle of the tube. The
ground electrode consisted of a copper sheet wrapped around the dielectric Pyrex tube.
The electrical parameters of reactors were measured via two high voltage probesLeCroy
(Chestnut Ridge, New York, NY, USA) PPE20KV-CC connected to a digital oscilloscope
(LeCroy WaveSurfer 64Xs-A, 600 MHz). A measurement capacitor (Cm) of 680 pF was
placed in series with the dielectric barrier discharge (DBD) reactors. The injected power
was obtained from the Lissajous figures, corresponding to the plotting of the transported
electric charges through the discharge as a function of the periodical applied voltage.

Infrared diagnostics for GAS PHASE analysis: SETUP (a): For the real time detection
and quantification of the gas phase species, the U-shape reactor of setup (a) was coupled to a
high resolution Nicolet (Waltham, MA, USA) 6700 Fourier Transform Infrared spectrometer
(FTIR) equipped with a 10 m optical-path white-cell and a cooled MCT (mercury cadmium
telluride) detector (Figure 1, setup (a)). Two spectra per minute were collected with Omnic
software with 16 scans per spectrum and a spectral resolution of 0.5 cm−1. Detection limits
of this analytical tool were determined as two times the signal/noise ratio in the region of
interest and are: 80 ppb for acetone, 20 ppb for CO2, 10 ppb for CO and 15 ppb for O3.

Infrared diagnostics for ADSORBED PHASE analysis: SETUP (b): In the adsorbed
phase investigation setup, materials were inserted inside the cell of the diffuse reflectance
infrared Fourier transform device (DRIFT), placed downstream the plasma reactor as
shown in Figure 1. In the DRIFT cell, the infrared beam was focused on the material surface.
The sample holder was a ceramic crucible where materials were set. The cell contains a
heating resistor to possibly heated the sample up to 800 ◦C. The temperature was directly
monitored by a thermocouple in contact with the powder. Two spectra per minute were
collected with Omnic software with 16 scans per spectrum and a spectral resolution of
4 cm−1.
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