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The CoAlCeO Mixed Oxide: An Alternative to Palladium-Based Catalysts for Total Oxidation
of Industrial VOCs
Reprinted from: Catalysts 2018, 8, 64, doi:10.3390/catal8020064 . . . . . . . . . . . . . . . . . . . . 32

Niina Koivikko, Tiina Laitinen, Anass Mouammine, Satu Ojala and Riitta L. Keiski

Catalytic Activity Studies of Vanadia/Silica–Titania Catalysts in SVOC Partial Oxidation to
Formaldehyde: Focus on the Catalyst Composition
Reprinted from: Catalysts 2018, 8, 56, doi:10.3390/catal8020056 . . . . . . . . . . . . . . . . . . . . 52

M. V. Grabchenko, N. N. Mikheeva, G. V. Mamontov, M. A. Salaev, L. F. Liotta and O. V.

Vodyankina

Ag/CeO2 Composites for Catalytic Abatement of CO, Soot and VOCs
Reprinted from: Catalysts 2018, 8, 285, doi:10.3390/catal8070285 . . . . . . . . . . . . . . . . . . . 70

Fudong Liu, Hailiang Wang, Andras Sapi, Hironori Tatsumi, Danylo Zherebetskyy, Hui-Ling

Han, Lindsay M. Carl and Gabor A. Somorjai

Molecular Orientations Change Reaction Kinetics and Mechanism: A Review on Catalytic
Alcohol Oxidation in Gas Phase and Liquid Phase on Size-Controlled Pt Nanoparticles
Reprinted from: Catalysts 2018, 8, 226, doi:10.3390/catal8060226 . . . . . . . . . . . . . . . . . . . 106

v





About the Special Issue Editors

Eric Genty obtained his PhD in Chemistry from the Université du Littoral Côte d’Opale (ULCO)
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Oxidation processes, as part of the catalysis field, play a significant role in both industrial
chemistry and environmental protection. Without a doubt, the total oxidation reactions of volatile
organic compounds (VOCs) and hydrocarbons are critical for environmental pollution prevention
and control. Nevertheless, the high incidence of a blend of organic and inorganic compounds (e.g.,
CO, NOx, SOx, VOC, among others) increases the difficulty of obtaining active, stable, and selective
catalytic materials for total oxidation. Another way to eliminate these pollutants is through their
selective oxidation to produce highly valuable chemical compounds, such as fuels and alcohols. This
approach has also been utilized to yield chemical compounds from biomass. Furthermore, advances in
photocatalysis and plasma catalysis permit the intensification of low-energy processes.

The relevance of oxidation processes in the field of environmental catalysis is stimulating interest,
as proved by the multiplication of successful Special Issues on this very topic in Catalysts:

• Catalytic Oxidation in Environmental Protection;
• New Developments in Heterogeneous Partial and Total Oxidation Catalysis;
• Novel Heterogeneous Catalysts for Advanced Oxidation Processes (AOPs);
• Trends in Catalytic Advanced Oxidation Processes;
• Photocatalytic Oxidation/Ozonation Processes;
• Environmental Catalysis in Advanced Oxidation Processes;
• Heterogeneous Catalysis and Advanced Oxidation Processes (AOP) for Environmental Protection (VOCs

Oxidation, Air and Water Purification);

This Special Issue is focusing on “New Concepts in Oxidation Processes” and aims to cover recent
and novel advancements as well as future trends in the field of catalytic oxidation reactions. Topics
addressed in this Special Issue include the influence of different parameters on catalytic oxidation
at various scales (atomic, laboratory, pilot, or industrial scale), the development of new catalytic
materials of environmental or industrial importance, as well as the development of new methods

Catalysts 2019, 9, 878; doi:10.3390/catal9110878 www.mdpi.com/journal/catalysts1
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to analyze oxidation processes. A total of six papers were published, covering different aspects of
oxidation catalysis. Two papers are focused on photocatalysis. The first one proved that the calcination
temperature has a significant effect on the photocatalytic performance for removing amoxicillin, leading
to the formation of oxidation byproducts and to the decrease of amoxicillin antibiotic activity [1].
The second paper, combining experiments and theory, emphasizes the degradation of commercial
acetaminophen [2]. The use of heterogeneous catalysts is then highlighted in the frame of total oxidation
of industrial VOCs using a CoAlCeO mixed-oxides catalyst as an alternative to precious-metal-based
materials [3], but also for partial oxidation of sulfur-containing volatile organic compound (SVOC)
using vanadia-based catalysts, proving the significant role of the composition of the support in the
catalytic behavior [4].

Two review papers complete this Special Issue. The first one summarizes the recent advances and
trends on the role of metal–support interactions in Ag/CeO2 composites in their catalytic performance
for the total oxidation of CO, soot, and VOCs, and the promising photo- and electro-catalytic
applications [5]. The second one consists of a systematic study of catalytic alcohol oxidation on
size-controlled platinum nanoparticles in both gas and liquid phases [6] and demonstrates that different
molecular orientations in gas and liquid phases lead to very distinct reaction kinetics and mechanisms.

Given these diverse contributions, it is evident that catalytic oxidation processes will continue
to flourish. There are still many fundamental questions that remain unanswered, promising a great
future for this field. Finally, the Guest Editors would like to sincerely thank all the authors for their
valuable contributions.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In this study, a TiO2 catalyst, modified with tungsten oxide (WO3), was synthesized to
reduce its bandgap energy (Eg) and to improve its photocatalytic performance. For the catalyst
evaluation, the effect of the calcination temperature on the solar photocatalytic degradation was
analyzed. The experimental runs were carried out in a CPC (compound parabolic collector) pilot-scale
solar reactor, following a multilevel factorial experimental design, which allowed analysis of the
effect of the calcination temperature, the initial concentration of amoxicillin, and the catalyst
load on the amoxicillin removal. The most favorable calcination temperature for the catalyst
performance, concerning the removal of amoxicillin, was 700 ◦C; because it was the only sample that
showed the rutile phase in its crystalline structure. Regarding the loss of the antibiotic activity, the
inhibition tests showed that the treated solution of amoxicillin exhibited lower antibacterial activity.
The highest amoxicillin removal achieved in these experiments was 64.4% with 100 ppm of amoxicillin
concentration, 700 ◦C of calcination temperature, and 0.1 g L−1 of catalyst load. Nonetheless, the
modified TiO2/WO3 underperformed compared to the commercial TiO2 P25, due to its low specific
surface and the particles sintering during the sol-gel synthesis.

Keywords: sol-gel; bandgap energy; CPC; emergent pollutants; photodegradation

1. Introduction

Heterogeneous photocatalysis, based on TiO2, has been widely used for environmental
applications such as removal of contaminants and water disinfection due to its oxidative reactions [1–3].
However, TiO2 shows a significant limitation when solar radiation is used for promoting the formation
of oxidant species including hydroxyl radicals (•OH) because TiO2 uses only a small fraction of the
electromagnetic spectrum corresponding to the UV (Ultraviolet) radiation (wavelengths shorter than
400 nm) [4,5]. To improve the usage of the solar spectrum, several alternatives have been proposed,
including catalyst doping, dye-sensitization, and modification with other oxides [6,7].

Ramos-Delgado et al. [8,9] observed the highest photocatalytic activity of TiO2/WO3 materials
while using 1% w/w of WO3. Thus, the selection of WO3 as modifying oxide is encouraged by the
reduction of the bandgap energy (Eg = 2.8 eV), which has also been reported for TiO2 in a previous
work [10].

Catalysts 2018, 8, 222; doi:10.3390/catal8060222 www.mdpi.com/journal/catalysts3
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The reduction of the Eg improves the radiation usage by the photocatalyst since WO3 can act as
an electron-accepting species and reduces the recombination rate of the electron-hole pairs. Regarding
the photocatalytic mechanism, the semiconductor TiO2 is responsible for the electron exchange in the
redox reactions and WO3 can act as a defect of the crystalline structure, inserting an energetic localized
state [8,9].

For assessing the photocatalytic activity of the TiO2/WO3 material, the oxidation of a commercial
antibiotic (amoxicillin) was studied in the presence of solar radiation. Amoxicillin is one of the most
consumed antibiotics worldwide and concentrations in the range of 3–87 μg L−1 have been reported
for hospital effluents [11]. In general, antibiotics have been classified as emergent pollutants due to
the potential risks involved with their presence in water bodies and the recent interest in looking
for treatment alternatives for their removal. The highest environmental risk of these drugs is the
development of waterborne pathogens resistant to the antibiotic activity. Therefore, their natural
resistance to biological wastewater treatments has directed the research to novel and more effective
technologies for removing these pollutants [12].

Amoxicillin is recognized to be highly refractory and persistent in aquatic ecosystems. Due to the
non-selective nature of •OH, several emergent contaminants, including amoxicillin, can be entirely
oxidized by advanced oxidation processes (AOPs) as previously reported [13–15]. Photo-Fenton has
been reported as an alternative for amoxicillin removal, achieving 52% of total organic carbon (TOC)
reduction [16]. Regarding heterogeneous photocatalysis, few applications with TiO2/WO3 as a catalyst
have been reported. Ramos-Delgado et al. [8] synthesized TiO2 modified with WO3 for degrading
Malathion, an organophosphorus pesticide. The TOC removal in this work was 78%, comparable
with the 47% removal obtained with bare TiO2. It is important to note that for TiO2/WO3, there are
no reports of antibiotics removal. However, there are previous studies of TiO2 doped with Fe and C
where 78% of amoxicillin removal was achieved [12,17], evidencing the satisfactory performance of
the photocatalysis for eliminating amoxicillin.

This work assessed the photocatalytic activity, not only based on the amoxicillin degradation or
the TOC removal but also estimating the loss of the antibacterial activity. It has been found that despite
achieving a complete degradation of amoxicillin, even with high TOC removals, the presence of the
remaining intermediates can show some antibacterial activity [18]. Regarding bacterial inactivation,
this can be more harmful than the presence of the parent antibiotic since waterborne bacteria may
develop a more effective resistance to antibiotic activity. Nevertheless, there is no information about
the survival or regrowth rates for specific bacteria in such conditions.

Regarding the use of solar radiation as photon source, this is precisely one of the advantages of
the reduction of the Eg for the TiO2/WO3-based photocatalysis [9,19,20]. It is expected to observe a
better performance of the modified TiO2 in comparison with bare TiO2 due to a broader absorption of
the radiation spectrum of the modified photocatalyst, as mentioned earlier. The experiments of this
research were carried out in a pilot-scale CPC photoreactor [21] under the tropical weather conditions
of Cali, Colombia, to evaluate the activity of the modified TiO2 with solar radiation for removing
commercial amoxicillin. Moreover, the kinetics was studied by fitting the parameters of a modified
Langmuir-Hinshelwood expression with experimental data gathered from the solar photocatalytic
tests. The accumulated UV energy was chosen as the independent variable instead of time in this
kinetic analysis, because of the variation of the solar irradiation during the experimental runs. This
approach allows a consideration of a more accurate manner of a potential scale-up of the photoreactor
since the photocatalytic reaction rate depends on the photon absorption as it has been reported in
previous studies [22,23].

4
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2. Results

2.1. Effect of the Calcination Temperature on the TiO2/WO3 Characterization

The Kubelka-Munk theory was applied to obtain the Eg and hence the absorption wavelength of
the material [19–21,24–26]. Figure 1 shows that the lowest reflectance (highest UV absorbance) was
observed for the sample calcined at 500 ◦C. Ramos-Delgado et al. [8] synthesized TiO2/WO3 (2% w/w)
using the same calcination temperature, obtaining satisfactory results in terms of the particle size
and the Eg. Although it was expected to obtain higher reflectance values at higher temperatures, the
performance with a calcination temperature of 700 ◦C shows an intermediate reflectance. As reported
in other studies [27,28], this can be related to the ratio of anatase/rutile present in the synthesized
material. The calcination temperature can affect the formation of determined crystalline phase and the
ratio of these phases [29]. Although it is reported that rutile is the most photoactive phase, it is also
the most unstable. The rutile phase appears at temperatures higher than 600 ◦C; therefore, the lower
transmittance observed at 700 ◦C can be attributed to this phenomenon.
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Figure 1. DRS (diffuse reflectance spectroscopy)-UV Vis spectra for 1% TiO2/WO3 at
different temperatures.

The Kubelka-Munk function (Equation (1)) was used for estimating the Eg based on the reflectance
values obtained in Figure 1 for each synthesized material, as follows [30]:

F(R∞) =
(1 − R∞)2

2R∞
(1)

where R∞ corresponds to the ratio between the sample reflectance and a blank reflectance measured in
the same equipment. These values are not shown in the manuscript due to the high amount of data
obtained from the DRS analysis. The Eg could be calculated with the following equation:

[F(R∞)hν]0.5 = C2
(
hν− Eg

)
(2)

The plot of [F(R∞)hv]0.5 vs. hv (Figure 2) allowed to estimate the Eg based on the intercept of
the tangent of the obtained curve. For the case of the sample calcined at 700 ◦C, the obtained value
of Eg was 2.84 eV. The Eg results and the maximal wavelength of absorbed radiation for the samples
calcined at different temperatures are shown in Table 1.

5
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Figure 2. Eg determination for photocatalyst calcined at 700 ◦C.

Table 1. Bandgap energy and maximum wavelength of radiation absorption.

Calcination Temperature

500 ◦C 600 ◦C 700 ◦C
Eg (eV) 3.12 3.12 2.84
λ (nm) 397 397 436

The reduction of the Eg with respect to bare TiO2 (3.2 eV) is related to the modification of its
crystalline structure due to insertion of the WO3. The function of this oxide is to add a localized state
into the energy gap between the conduction and the valence bands. Furthermore, the insertion of
the WO3 (an electron acceptor species) increases the density of energy holes or vacancies on the TiO2

surface, and this prevents the electron-hole recombination [8]. As seen in Table 1, the best Eg was
obtained at 700 ◦C, and this result is consistent with the one observed in Figure 1. The Eg values for
500 and 600 ◦C were the same, but slightly lower than the corresponding one to bare TiO2. Higher
calcination temperatures can promote the formation of the rutile crystalline phase, which has a lower
Eg than the anatase phase. However, these changes could not be detected by XRD (X-ray Diffraction)
(Figure 3) due to the low concentrations of the WO3.

Figure 3. XRD for different synthesized materials.
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The difference between the bandgap energies obtained at higher calcination temperatures can
be attributed to the characteristic retention of the OH groups by the solids prepared by the sol-gel
method [8]. Because of the Eg reduction, compared to bare TiO2, TiO2/WO3 can absorb radiation
under 465 nm of wavelength, which means that the material can use part of the visible spectrum of
light, as reported in previous works [9,19,20,23,31,32].

Figure 3 shows the XRD patterns obtained with the three different calcination temperatures. There
is only one crystalline phase at 500 and 600 ◦C corresponding to the anatase (tetragonal) structure [8];
whereas, at 700 ◦C two phases appear, corresponding to a mixture of anatase (JCPDS 98-009-6394) and
rutile (JCPDS 98-004-1028) structures [33]. This result is consistent with those shown in Figure 1, where
the DRS obtained at 700 ◦C showed a lower reflectance than the one obtained at 600 ◦C. This outcome
is congruent with the reported literature [8–10] since the rutile phase has a lower Eg than the anatase
phase, as mentioned previously. Regarding WO3, its presence could not be detected by XRD because
of its low content in the photocatalyst [10].

The values of the crystal diameter (perpendicular and parallel) and the proportions of the phases
were obtained by processing the data with the X’Pert (Malvern Panalytical, Malvern, United Kingdom),
GSAS (Edgewall Software, Pittsburgh, PN, USA), and EXPGUI (Edgewall Software, Pittsburgh, PN,
USA) software packages, as seen in Table 2.

Table 2. Crystal diameters.

500 ◦C 600 ◦C 700 ◦C

Anatase Anatase Anatase Rutile

Øperp (nm) 59 58 116 820
Øpara (nm) 83 37 137 204

It is important to note that the sample calcined at 700 ◦C exhibited an anatase/rutile ratio:
74/26; nonetheless, the average crystal diameters are much larger than the obtained ones at 500 and
600 ◦C. The large crystal sizes are the product of the clustering of the WO3 on the TiO2 surface as
reported in similar studies [8,9]. Although the presence of these clusters can be beneficial for the
photocatalytic activity since they can avoid the hole-electron recombination, a larger crystal may
affect the performance of the material in photocatalytic reactions negatively, because of the significant
decrease of the surface area.

The results in Table 3 are the logical consequence of the behavior observed in Table 2. As the crystal
size increases, the surface area decreases as expected. The significant reduction of the surface area for
the sample calcined at 700 ◦C may be related to the formation of WO3 clusters mentioned previously.

Table 3. Surface area and average pore diameter.

Calcination Temperature (◦C) Surface Area (m2 g−1) Average Pore Diameter (nm)

500 66.45 77.53
600 35.93 77.31
700 4.970 122.40

Regarding the pore diameter, the results for the catalysts calcined at the different temperatures
show similar diameters for the samples obtained at 500 and 600 ◦C (~77 nm); however, a much larger
diameter (122.40 nm) was exhibited for the 700 ◦C sample. This last result represents a potential
positive effect for the photocatalytic reaction because the mass transport through the catalyst pore will
be easier than in smaller pores. The decrease of the surface area, with the subsequent increase of the
pore size, can be explained due to the material sintering during the calcination at higher temperatures.
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From the obtained results after carrying out physical adsorption tests with nitrogen, it can be
said that the solids are considered as mesoporous. This outcome was confirmed by the presence of
hysteresis in the adsorption and desorption processes, as seen in Figure 4.
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Figure 4. Absorption isotherms for material calcined at different temperatures. (a) 500 ◦C; (b) 600 ◦C;
(c) 700 ◦C.

The curves in Figure 4 indicate that the isotherms of the 500 and 600 ◦C samples are type V;
whereas the isotherm for the sample calcined at 700 ◦C is more similar to a type III [34]. As mentioned
above, this is a consequence of the pore diameter of the solid. On the other hand, it can be observed
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that the adsorbed volume is larger for the sample calcined at 500 ◦C, which is congruent with the
specific surface area estimated by the Brunauer, Emmet, and Teller (BET) method (Table 3).

The thermogravimetric analysis (Figure 5) was carried out to analyze the effect of the temperature
on the chemical stability of the material after the programmed heating of the samples without calcining.
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Figure 5. Differential thermogravimetric analysis and thermogram for synthesized material.

From Figure 5, four different regions are well differenced from the differential thermal analysis
(DTA): (A) loss of adsorbed water molecules under 150 ◦C; (B) Elimination of the precursors
(sec-butanol, tert-butoxide, and glacial acetic acid) and chemisorbed water from 150 to 400 ◦C; (C)
Formation of TiO2 crystals from 400 to 600 ◦C; and (D) Stable weight loss over 600 ◦C [35]. This
outcome supports the results of the XRD analysis, where the peak of the rutile phase appeared at
700 ◦C as reported in the literature [36,37].

2.2. Degradation and Loss of Antibacterial Activity of Commercial Amoxicillin by TiO2/WO3-Assisted
Solar Photocatalysis

The results of the experimental design for the amoxicillin degradation are shown in Table 4: The
highest amoxicillin degradation was achieved with the sample calcined at 700 ◦C, an initial amoxicillin
concentration of 100 ppm and a catalyst load of 0.10 g L−1.

Table 4. Amoxicillin solar photocatalytic degradation.

Calcination Temperature, ◦C

500 600 700

Catalyst load [g L−1] 0.05 0.10 0.05 0.10 0.05 0.10

Amoxicillin concentration [ppm]
100 39.8 28.6 58.6 31.7 45.6 64.4
200 4.7 16.7 17.6 46.0 12.0 17.0

2.2.1. Effect of the Calcination Temperature

The most relevant fact that can favor the degradation of amoxicillin is that with a calcination
temperature above 650 ◦C the rutile phase appears, and the photocatalytic activity of the synthesized
material increases. This fact was evidenced on the XRD of Figure 3, which shows a small peak next to
the anatase main peak.
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As discussed before, the ratio of anatase/rutile of the sample calcined at 700 ◦C was found to be
74/26, which is very similar to that reported for the commercial TiO2 Aeroxide P25 (Evonik, Essen,
Germany) [28]. Although the surface area of this sample was the lowest of the three materials tested
(due to the TiO2 sintering at higher temperatures), the larger pore diameter seems to compensate this
significant drawback of the catalyst. The sample calcined at 600 ◦C showed quite good performance
as well, which suggests that there must be an optimum of calcination temperature between 600 and
700 ◦C. Further experiments should be carried out to synthesize a material not only with adequate
surface area and particle size but also with a good photoactivity due to the rutile phase presence.

Regarding the Eg, the sample calcined at 700 ◦C showed the lowest value and its photocatalytic
performance was the best of the three samples tested. This result is congruent with the main
objective of the TiO2 modification, which is to reduce the bandgap energy and to improve the
photocatalytic activity.

2.2.2. Effect of the Initial Amoxicillin Concentration

The higher initial concentrations of the substrate in any photocatalytic reaction negatively affect
the catalyst performance, as has been reported in several works [16,22,28]. In this study, the same
behavior was observed as well.

The higher concentrations of amoxicillin are detrimental to the photocatalytic degradation
because of the reduction of the available active sites of the catalyst after the adsorption of the
amoxicillin and other compounds to the TiO2/WO3 surface. In the case of higher concentrations, the
adsorbed molecules can inhibit the •OH radicals’ generation and the degradation rate decreases as a
logical consequence.

2.2.3. Effect of the Catalyst Load

The catalyst load can have a positive effect on the photocatalytic degradation; that means that
the performance will increase with an increase of the catalyst load as can be observed from the results
shown in Table 4.

Nonetheless, the presence of a maximum has been reported in previous studies [22,38–40], which
is around 0.35 g L−1 for a CPC reactor of the same characteristics used for this research but with TiO2

P25 as the catalyst. The existence of this maximum is because of the “clouding” effect in the reactor
when higher catalyst loads are used in photocatalytic reactions. This phenomenon occurs when an
excessive number of particles suspended in the reactor does not allow the photon to pass through
the bulk liquid, and therefore, it avoids the generation of the electron-hole pairs necessary for the
•OH formation.

The highest catalyst load used in these experiments (0.10 g L−1) is still lower than the maximum
mentioned above; consequently, it is expected that better degradations are achieved with this value.
From Table 4, it can be observed that only the samples calcined at 700 ◦C show this behavior.

As mentioned above, the sample of 700 ◦C exhibited the largest crystal size and accordingly, the
largest cluster size. With these characteristics, they exhibit less scattering and photon absorption due
to their larger size and thus, higher catalyst loads are required to generate the same amount of •OH
radicals than the solids with smaller sizes (samples calcined at 500 and 600 ◦C) [38–40].

Although the effect of the pH was not considered in this study since the experiments were carried
out at the natural pH of the solution (6.8–7.0), it is reported that the particle size is affected by the
pH [5]. When the solution pH is close to the zero-charge point (pHzpc) of the solid, this tends to form
large clusters with the consequences mentioned above. For the commercial TiO2, the reported pHzpc

is around 6.5 [41]; therefore, it is probable that the value for the synthesized material in this study is
similar and large clusters are formed.
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2.2.4. Kinetic Analysis of the Amoxicillin Photocatalytic Degradation

The TiO3/WO3 calcined at 700 ◦C was chosen for the comparative kinetic study of the solar
photocatalytic degradation of commercial amoxicillin. Figure 6 shows a comparison between the
performance of this catalyst and the Aeroxide P25; both tested at the following reaction conditions:
100 ppm of the initial concentration of amoxicillin, 0.1 g L−1 for catalyst load and 510,000 J m−2 of
UVA (Ultraviolet A) accumulated radiation.
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Figure 6. Photocatalytic degradation of amoxicillin with TiO2/WO3 and Aeroxide P25.

The accumulated UVA energy was set as the independent variable instead of time because of
the variability of the solar irradiation. Consequently, the kinetic law will be expressed in terms of the
accumulated radiation that arrives at the solar reactor.

From Figure 6, it is evident that the P25 exhibited better performance than the TiO2/WO3. While
the anatase/rutile ratio is very similar for both catalysts, the difference between the crystal sizes and
the surface area are significant (50 m2 g−1 for P25 vs. 4.97 m2 g−1 for TiO2/WO3). The sintering of the
TiO2/WO3 particles at high calcination temperatures may be the primary cause of the formation of
large clusters, as discussed previously.

On the other hand, the Eg of the TiO2/WO3 is lower than the one of the P25; therefore, it was
expected to have a higher photocatalytic degradation rate for the modified material since it could
absorb photons of the visible part of the solar radiation spectrum.

Nonetheless, a lower Eg was not enough to improve the material performance over the P25
regarding photocatalytic applications. This result suggests that the modification of a semiconductor
should not only be focused on decreasing the bandgap energy, but also on improving other properties
that can affect the photocatalytic performance such as the surface area, pore diameter or the presence
of photoactive crystalline phases significantly.

For analyzing the kinetics of the photocatalytic degradation, a modified Langmuir-Hinshelwood
(L-H) was used and after fitting the model parameters. The obtained results are shown as follows in
Table 5:

Table 5. Apparent kinetic and adsorption parameters of the modified L-H model.

Catalyst Kads (ppm−1) kapp (ppm m2 J−1)

TiO2/WO3 0.0632 1.88 × 10−4

Aeroxide P25 0.0087 1.14 × 10−3
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Results shown in Table 5 can be related to the difference between the specific surface area of the
catalysts. Where the TiO2/WO3 showed a higher value of the adsorption constant than the P25, the
latter exhibited a higher apparent kinetic constant. The global reaction rate is limited by the kinetic
for the case of the TiO2/WO3 catalyst because of the surface can be covered easily by the substrates
(that means a zero-order rate law). Whereas, for the P25, the behavior of the degradation kinetics fits a
pseudo-first order law trend, where the adsorption can limit the rate or the kinetics indistinctly [41].

2.2.5. Loss of Antibiotic Power

Figure 7 shows a typical antibiogram, corresponding to the sample obtained at the most
favorable conditions for the photocatalytic degradation of amoxicillin. This result suggests that
the photo-oxidized amoxicillin could be transformed into a compound with less antibiotic activity.

 

Figure 7. Antibiogram; (1) and (3) correspond to initial, and final simple for a treatment, (C) is a control.

It has been reported that the photocatalytic degradation of several pharmaceuticals can lead to
more toxic byproducts [11,13,16,17]. Concerning antibiotics, the disappearance of the parent compound
does not guarantee that the byproducts do not present antibacterial activity, despite the non-selective
nature of the photocatalytic oxidation.

In Figure 7, the inhibition halo for the sample after photocatalytic treatment (3) is smaller than
that observed for the sample before the treatment (1). From this observation, it can be proposed that
the photocatalytic degradation yielded a lower number of antibiotic byproducts. This outcome is
congruent with previous works that used TiO2-assisted photocatalysis for removing amoxicillin and
other antibiotics [11–13,16,17]. This result can be used in future works that study the coupling of
heterogeneous solar photocatalysis to a biological system to polish the wastewater treatment.

3. Materials and Methods

3.1. Preparation of TiO2/WO3 Catalysts

For synthesizing TiO2/WO3, ammonium p-tungstate (ApT) (Sigma-Aldrich, Cali, Colombia),
tetrabutyl orthotitanate (TBT) (Fluka, Bogota, Colombia), sec-butanol (SB) (Thermo Fisher Scientific,
Bogota, Colombia), and glacial acetic acid (GAA) (Sigma-Aldrich, Cali, Colombia) were used. For
dilutions, ultrapure water (MilliQ) with an 18 MΩ cm−1 resistivity (Merck, Cali, Colombia) was used.
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The catalyst was prepared by using the sol-gel process, as suggested in the previous studies
of Ramos-Delgado et al. [8,9]. For obtaining 10 g of catalyst, 29.1 mL of TBT in 100 mL of SB were
mixed. The pH was adjusted to 3.5 GAA units. The pre-hydrolytic treatment was carried out with a
mixture of 56.3 mL of SB and 1.15 mL of H2O. Then, the ApT solution (89 mg ApT in 7.5 mL of water)
was slowly added dropwise. Finally, the solution was aged for two days; the resulting powder was
finely macerated in an agate mortar before calcination. Moreover, three temperature calcination of the
material 500, 600 and 700 ◦C were evaluated.

3.2. Photocatalyst Characterization

A UV-Vis spectrophotometer with diffuse reflectance analyzed the optical absorption of the
catalyst (Thermo Fisher Scientific Evolution 300 with integrating sphere, Bogota, Colombia) and used
a sample of Spectralon as standard blank. The XRD spectra were obtained with a Siemens D500
XRD equipment (Bogota, Colombia). The crystal size and the crystalline phases present in each of
the catalysts were determined by using the Gsas© and Xpert© software packages; while the surface
and pore diameter areas and adsorption isotherms were determined with a Quantachrome Autosorb
Automated Gas Sorption equipment. Simultaneously, a thermogravimetry analysis (DTA/TG) was
performed on a Simultaneous Thermal Analysis (STA) equipment PT1600 TG-DSC/DTA (LINSEIS,
Monterrey, Mexico) to determine the behavior of the material in terms of thermal decomposition and
phase changes.

3.3. Evaluation of the Photocatalytic Performance

A multilevel factorial experiment design was used for evaluating the following factors: the
concentration of catalyst (0.10 g L−1 and 0.05 g L−1), the concentration of amoxicillin (100 and
200 ppm), and the calcination temperature (500, 600 and 700 ◦C). The selected response variable
was the degradation of amoxicillin [26,42]. The photocatalytic reaction was carried out in a CPC
reactor with 25 L of total volume (Figure 8). The UV accumulated radiation was measured with a
UV-radiometer Delta OHM HD210.2 (Bogota, Colombia). For each test, the accumulated energy was
fixed at 550,000 J m−2. The commercial amoxicillin for the experimental runs was used as received
from 500 mg-capsules (Genfar, Bogota, Colombia). For following the amoxicillin concentration, UPLC
analyses were performed using an ACQUITY UPLC BEH® C18 1.7 μm column H-Class (Waters,
Bogota, Colombia), with a retention time of 1.36 min. The experimental procedure for carrying out the
solar photocatalytic tests was previously reported by Colina-Márquez et al. [41].

 

Figure 8. Solar pilot-scale CPC reactor (Photocatalysis lab, Universidad del Valle, Cali, Colombia).
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3.4. Kinetic Analysis

The Langmuir-Hinshelwood expression was modified to consider the change of the amoxicillin
concentrations with respect to the accumulated UVA radiation, as follows:

dC
dQUV

=
kappKAdsC
1 + KAdsC

(3)

where C is the amoxicillin concentration in ppm, KAds is the adsorption constant in ppm−1, QUV is
the accumulated UVA radiation in J m−2 and kapp is the apparent kinetic constant in ppm·m2 J−1.
For estimating the model parameters, Equation (3) is transformed into its linear form for fitting its
parameters from the experimental data by using linear regression:

dQUV
dC

=
1

kappKAds
· 1
C
+

1
kapp

(4)

The reciprocal of the term dC/dQUV, which is analog to dC/dt, was plotted versus the reciprocal
of the concentration (1/C). By using the minimum squares analysis, the model parameters, KAds and
kapp, were estimated from the slope and the y-intercept of the curve fitted to the experimental results.

3.5. Determination of Inhibition Halo

An antibiogram was performed for determining the potential loss of antibiotic power of the
amoxicillin [43]. The reactants used for this test were: eosin Methylene Blue agar (Lot. VM290047 124,
Merck, Cali, Colombia), nutrient agar (Lot. 16761, Bogota, Colombia), BactoTM Peptone (Lot. 3063372,
Becton Dickinson, Bogota, Colombia) and E. Coli. (WG5) as the model bacterium. The tests were carried
out in Petri’s boxes of 9 cm and an incubator (WTB Binder, Tuttlingen, Germany) with a McFarland 0.5
standard for determining the concentration of colonies forming units (CFU) of present bacteria.

4. Conclusions

The calcination temperature had a significant effect on the photocatalytic performance for
removing amoxicillin. The material synthesized at 700 ◦C was the only one that exhibited the
presence of the rutile crystalline phase in its structure. Nonetheless, it underperformed compared
with the commercial standard, Aeroxide P25, which could remove all the amoxicillin with less UVA
accumulated radiation than the required one by the TiO2/WO3 catalyst. Regarding the loss of
antibacterial activity, the inhibition test showed that TiO2/WO3-assisted photocatalytic degradation
yields oxidation byproducts with less antibiotic activity than the original amoxicillin.
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Abstract: In this work, the performance of a pilot-scale solar CPC reactor was evaluated for the
degradation of commercial acetaminophen, using TiO2 P25 as a catalyst. The statistical Taguchi’s
method was used to estimate the combination of initial pH and catalyst load while tackling the
variability of the solar radiation intensity under tropical weather conditions through the estimation of
the signal-to-noise ratios (S/N) of the controllable variables. Moreover, a kinetic law that included the
explicit dependence on the local volumetric rate of photon absorption (LVRPA) was used. The radiant
field was estimated by joining the Six Flux Model (SFM) with a solar emission model based on clarity
index (KC), whereas the mass balance was coupled to the hydrodynamic equations, corresponding to
the turbulent regime. For scaling-up purposes, the ratio of the total area-to-total-pollutant volume
(AT/VT) was varied for observing the effect of this parameter on the overall plant performance. The
Taguchi’s experimental design results showed that the best combination of initial pH and catalyst
load was 9 and 0.6 g L−1, respectively. Also, full-scale plants would require far fewer ratios of AT/VT

than for pilot or intermediate-scale ones. This information may be beneficial for reducing assembling
costs of photocatalytic reactors scaling-up.

Keywords: photoreactor; modeling; Taguchi; scaling-up; TiO2; acetaminophen

1. Introduction

Water pollution is a serious threat that has captured the attention of governments and scientific
communities worldwide. Chemicals such as pesticides, fertilizers, pharmaceuticals, steroids,
disinfectants, preservatives, additives, personal care products, and heavy metals are frequently found
in water and wastewaters, and because of this, they are commonly known as emerging contaminants,
and some of them are considered persistent organic pollutants (POPs) [1]. Unfortunately, the most
common water and wastewater treatment plants are unable to destroy these chemicals due to their
recalcitrant nature and toxicity [2].

Among the various adverse effects emerging contaminants and particularly POPs pose to human
life and the environment, it is the occurrence of many types of cancer, birth defects, and other
developmental disorders due to endocrine disruptors, as well as various diseases such as high
blood pressure, renal disorders, joint pain, and malfunctioning of the nervous system, which is
strongly related to the intake of water polluted with POPs [3–5]. Acetaminophen was chosen as the
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model pollutant because it is a massively consumed drug worldwide. The excretion of this drug (in
wastewater from hospitals and private households) and disposal of unused medicine have caused
acetaminophen to appear in surface waterbodies. A concentration range between 4.6 and 52 μg L−1

has been reported in previous studies carried out in several countries of Europe and America [6].
Nonetheless, it is expected that higher concentrations can be found in hospitals wastewaters although
there are no reports of these concentrations in literature. Furthermore, water contaminated with
pharmaceuticals such as acetaminophen can cause hepatic damage in humans [7,8] and alter the
equilibrium of aquatic ecosystems due to its toxicity [9,10]. As a result, there is a need to develop
efficient technologies to remove emerging contaminants from industrial wastewater and water bodies.

Heterogeneous photocatalysis has proven to be an effective method for eliminating many
emerging pollutants [11–14]. As an advanced oxidation process, heterogeneous photocatalysis uses
sunlight as the promotor of the redox reactions responsible for removing the contaminants. The
general mechanism of photocatalysis for degrading organic pollutants has been reported in several
papers [15,16] and involves the generation of electron-hole pairs, which in the presence of electron
acceptors such as atmospheric oxygen, leads to the formation of potent oxidant agents that can destroy
and mineralize organic matter.

Although photocatalysis was discovered around three decades ago, the worldwide applications
at full-scale are scarce or almost null. The estimation of the total footprint required for operating
photocatalytic reactors, as the land occupation is a matter of study from the engineering point of
view. To the best of the authors’ knowledge, no studies have been reported on the scaling of solar
photocatalytic reactors that consider pilot, middle and full-scale schemes, regarding the total area
required for its operation. Besides, most of the existing photocatalytic reactors have been designed
following empirical methods rather than strict mathematical modeling. This approach can be attributed
to the complexity of the modeling and simulation of simultaneous phenomena that take place during
its operation, i.e., photonics, hydrodynamics, and kinetics.

Regarding the photon absorption by the catalyst, the estimation of the radiant field can be a
challenging task when the catalytic particles are suspended in the reactor due to the scattering that
takes place once the photons enter the reactor. This difficulty may be even higher when the solar
radiation acts as the photon’s source, because of its variability and form of propagation (direct or
diffuse). The most common approaches for estimating the radiant field are the Discrete Ordinates
Method (DOM) [17,18], the Monte Carlo (MC) simulations [19–21], and the Six-Flux Model (SFM) [21].
The first two methods require far more computational effort than the SFM, which is based mainly on
the assumption that when photons collide with catalytic particles, scattering occurs in the six directions
of the Cartesian system. Despite the simplicity of the SFM, which is composed only of algebraic
equations, several reports show satisfactory fitting to experimental data [21].

Concerning photocatalytic kinetics, the Steady-State Approximation (SSA) is usually applied for
the total concentration of holes and hydroxyl radicals (OH•) according to the general mechanism of
photocatalysis with TiO2 [22]. This strategy, which was first reported by Turchi and Ollis [15] and
Alfano et al. [16], has led to the writing of several critical photo-kinetic laws, such as the modified
Langmuir-Hinshelwood equation.

For estimating the effect of the radiation field in the kinetic law, many authors have put explicitly
the radiation intensity or the local volumetric rate of photon absorption (LVRPA) in the kinetic
equation [23,24], which can allow finding kinetic parameters independent on the reactors’ geometry.
However, to date, there has not been reported a strategy for finding kinetic parameters that can
be suitable for describing the photocatalytic treatment of pollutants independently of the natural
variability and propagation form of the solar radiation.

In the present work, a strategy that combines simplicity and accuracy for modeling and
simulating solar CPC photocatalytic reactors was used, using acetaminophen as a target molecule. A
Langmuir-Hinshelwood-like equation derived from the SSA in the kinetic model was used, which
has shown to be adequate for describing many experimental data in the photocatalytic abatement of
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organic pollutants. Additionally, we applied the Six Flux Model and a solar emission model based on
the clarity index (KC) [25,26] for estimating the LVRPA and coupled it to the kinetic law in order to
find kinetic parameters independent of the reactor’s geometry.

For solving the time-dependent mass balance, the whole system (reaction zone, recycle tank,
and piping) was considered as a combination of a series of plug flow reactors (PFRs) and continuous
stirred tanks under turbulent flow and resolved for the total organic carbon (TOC) concentration.
Moreover, a Taguchi’s robust design was used for estimating the signal-to-noise ratio for each operating
parameter value (catalyst load and initial pH). These values were determined for obtaining the highest
mineralization of acetaminophen regardless of the variability of solar radiation. After finding these
photocatalytic kinetic constants, the performance of solar photoreactors at different scales in terms of
the theoretical footprint and the total area to total treating volume ratio (AT/VT) was analyzed.

2. Results

2.1. Signal-to-Noise Ratios of Initial pH and Catalyst Load

Table 1 shows the TOC removal obtained after varying the initial pH, catalyst load, and the solar
accumulated energy. The highest (53.49%) and lowest (5.39%) TOC removals were obtained with a pH
of 5, and the performance was favored by a higher catalyst load (0.6 g L−1). It was expected that acidic
pHs enhanced the photocatalytic degradation for the case of the acetaminophen. Regarding the solar
accumulated UV energy, the degradation increased with higher values because of a higher quantity of
available photons. In this case, the increase of TOC removal concerning the cloudy days was higher
than 50%. Whereas with a pH of 9, the variability of the TOC removals was smaller than the observed
one with a pH of 5.

Table 1. Total organic carbon (TOC) removal for the solar photocatalytic process.

Initial pH [TiO2] (g L−1)
Accumulated UV Energy

19.14 W h m−2 38.28 W h m−2

5.0
0.3 5.39 10.09
0.6 32.05 53.49

9.0
0.3 38.92 47.80
0.6 29.92 37.07

Regarding the catalyst load, the best results were obtained with 0.6 g L−1 for initial pH of 5 and
with 0.3 g L−1 for initial pH of 8. This result can suggest an interaction between the catalyst load and
the initial pH of the slurries.

The initial pH affects the physicochemical properties of the catalyst, including the surface charge,
the size of aggregates, and the position of the conductance and valence bands [27–29]. The reported
point of zero charge (pHzpc) for the TiO2 Degussa is between 6 and 6.5 [29,30]. When the pH of the
slurry is below the pHzpc, the surface of TiO2 acquires a positive charge and vice versa. Therefore,
when the initial pH is 5, the stronger electrostatic forces can enhance the attachment of anionic species
derived from the primary target molecule or its intermediates. This phenomenon favors the adsorption
of these species and their latter oxidation [11,31,32].

However, Horst et al. [30] have shown that when the pH is very close to 6, the TiO2 particles
aggregate with hydrodynamic diameters larger than those found in much more alkaline suspensions
(i.e., pH = 9). Similarly, Vanegas et al. [33] have proven that when the pH is near to 5, the agglomeration
of titania is stronger than in the case of suspensions having pH values around 8. The agglomeration of
TiO2 particles reduces its useful area, which is believed to diminish the photocatalytic mineralization
rates. As a result, due to the electrostatic forces and the agglomeration effects, the highest and lowest
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mineralization percentages of acetaminophen could have been obtained with the same value of initial
pH (Table 1).

Regarding the catalyst load, when the initial pH was 5 and the TiO2 concentration was 0.3 g
L−1, the availability of active sites might not have been enough for obtaining elevated TOC removal
rates due to the agglomeration effect mentioned before. On the contrary, when the catalyst load
was 0.6 g L−1, the higher amount of TiO2 particles could have overcome the limitation imposed by
their agglomeration. In any case, when the initial pH is 5, the instability of the TiO2 suspension may
diminish the effectiveness of the photocatalytic process because that value is very close to its pHzpc.

On the other hand, according to Table 1, high TOC removals could also be attained when the
initial pH was set to 9. With this pH, the availability of OH¯ ions in solution enhances. As a result, we
can expect that TOC removal rates rise because, according to the general mechanism of the TiO2-based
photocatalysis [22], the holes of the valence band react with OH¯ ions to generate OH•.

Nevertheless, as mentioned before, when the solution pH is above the pHzpc, the catalyst surface
charges negatively, and consequently the adsorption of OH¯ ions becomes more difficult. Probably,
that is why the highest TOC removal was not obtained when working with this initial pH. In this case,
the effect of catalyst load was opposite to that obtained with an initial pH of 5. The highest and lowest
TOC removals were attained with 0.3 and 0.6 g L−1 of TiO2, respectively. One possible reason may be
the clouding effect taking place in the slurry when the TiO2 concentration was 0.6 g L−1. This effect
could have occurred when the pH was 9 due to the higher dispersion of catalytic particles [29,34] in
the reactive media, which could block the photons’ path inside the reactor. Therefore, with an initial
pH of 9 and catalyst load of 0.3 g L−1, the clouding effect could have been minimal, and higher TOC
removals were obtained.

Table 2 shows the S/N ratios of the initial pH and catalyst load employed in these experiments.
According to it, the performance of the photocatalytic system is more robust (a steadier response
with high variability of the noise factor) when the initial pH is 9 (S/N = 31.33), and the TiO2 load
is 0.6 g L−1 (S/N = 31.01). Concerning to the catalyst load, this result is different to the estimated
by the SFM approach in a previous work that used a solar CPC reactor and P25 as the catalyst [34].
However, the SFM calculation of the cited report did not include the effect of the initial pH nor the
adsorption phenomenon. As mentioned above, there could be an interaction between the initial pH
and the catalyst load, and the optimal values can differ depending on the substrate and other operating
conditions. The same discussion can be applied to the effect of the initial pH. It is important to note
that the pH affects the surface charge of the solid (as mentioned previously) and the attack orientation
of the OH• as well, which can influence the oxidation rate significantly [26].

Table 2. Signal-to-noise ratios of the initial pH and catalyst concentration.

Variable Level S/R

Initial pH 5 19.43
9 31.33

[TiO2] 0.3 g L−1 19.46
0.6 g L−1 31.01

The most relevant result is the discrepancy with other studies with similar operating conditions
(initial pH and catalyst load) but using a controlled or fixed amount of UV accumulated energy.
Whereas in previous works [34–36], the reported values for catalyst loads were around 0.35 g L−1

(closer to the lower catalyst load used in this study), the recommended one in this study is 0.6 g L−1.
In fact, from Table 1, the TOC removal at pH of 9 was higher with 0.3 g L−1, which is more consistent
with the reported in the literature for this kind of reactor [35,37]. However, since the target of the
Taguchi experimental design is finding suitable operating conditions for a robust operation (regardless
to the variation of the solar radiation), the selection of 0.6 g L−1 is justified by a large number of active
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sites when the available UV photons are scarce (cloudy days) or particle agglomeration reduces the
surface area due to the pH effect. Furthermore, the initial pH of 9 is far from the pHzpc of the P25, and
therefore, the apparent particle size becomes more stable, which improves the photocatalytic process.

Additionally, as the effects of the photolysis and the physical adsorption in all experiments were
negligible (0.93%–1.17% of TOC removal). Therefore, it can be stated that the TOC removal can be
attributed mainly to the photocatalytic oxidation process.

2.2. TOC Removal Modeling

The TOC removal was modeled by coupling the hydrodynamics, photonics, kinetics and mass
balance in the photocatalytic reactor. The L-H parameters were obtained by fitting the experimental
data to the mathematical model. The reaction time was standardized according to the commonly used
t30W expression, which is a normalization of the time that considers continuous irradiation of 30 W
m−2 over the reactive zone [24,38,39].

The L-H parameters were estimated through linear regression of the reciprocal values of the initial
rates and initial concentrations (initial rates law) according to the Equation (1). This equation is the
reciprocal of the material balance expression associated with the batch-recirculating photocatalytic
system. Figure 1 shows the fitted linear analysis for the initial reaction rates obtained with the three
different TOC initial concentrations. This strategy allowed to find kinetic parameters independent
of the radiation field, as described in Equations (2) and (3). In Equation (2), VRPA represents the
integration of the LVRPA along the reactor volume, whereas the 1.2 × 104 factor was used as a
conversion factor from ppm to mol L−1.

1

VT

(
− dTOC

dt30 w

)
t=0

=
1

kTK1
∫

VR
(LVRPA)mdVR

(
1

TOC0

)
+

1
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(LVRPA)mdVR
(1)

kT =
1
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= 7.59 × 10−8 mol L−1s−1W−0.5m1.5 (2)

K1 =
(1 071.5)

(
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117 401
= 109.52 L mol−1 (3)

Figure 1. Linear regression for estimation of the Langmuir-Hinshelwood kinetic parameters.

Although the kinetics parameters were obtained with data of the bulk of the liquid-phase, they
are still valid to represent this model because the external mass-transfer limitations between the bulk
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and the catalyst surface are negligible due to the significant mass-transport in the turbulent regime. As
a result, the TOC found in the surroundings of the catalyst surface can be assumed as the same found
in the bulk of the solution. Besides, there are no internal mass-transfer limitations because the catalyst
(TiO2 Degussa P25) is considered non-porous.

Furthermore, as it will be explained in Section 3.5, Equation (21) was integrated in order to obtain
the TOC removal profile, as follows:

TOCout
r,θ = exp

[
ln
(

TOCin
)
− K1kT

vz(1 + K1TOC0)

∫ L

0
(LVRPA)m

r,θdz
]

(4)

where L is the total length of the reactor and m was taken as 0.5, which is a value suitable for
geographical zones closer to the Earth’s equator, where radiation intensities are high, and there is a
good photon availability [22]. The boundary conditions to solve Equation (4) were

Z = 0, TOC = TOCin (5)

where TOCin represents the inlet TOC concentration of the reactor in a given time. This model was
employed to predict the TOC abatement of the contaminant according to the three different initial
concentrations. The results are presented in the Figure 2, which reveals a good fit of the model to the
experimental data.

Figure 2. TOC photocatalytic removal. Model (solid line) vs. experimental data (markers).

From the obtained results, the kinetic parameters can be considered valid for the range of TOC
initial concentrations (40–150 ppm) and an initial pH of 9. Although they were estimated with a
single value of catalyst load, the model can be evaluated with different catalyst doses because the
SFM consider the optical thickness and the scattering albedo, which are functions of the catalyst load.
Nonetheless, the simulations were carried out under constant radiation flux of 30 W m−2, which is
considered as the average UV radiation flux received in a sunny day (10 a.m. to 2 p.m.) in northern
latitudes. This value was selected considering previous works with solar radiation [24,34,39–41] and
the difficulty of describing the solar radiation variability with the model used in this study.

2.3. Effect of Catalyst Load and Total Treated Volume on Plant Scaling-Up

The estimated kinetic parameters were used for simulating large-scale photocatalytic reactors in
the TOC removal of acetaminophen. In order to compare the potential size of full-scale plants, the
effect of the catalyst load and the total-pollutant volume on the mineralization concerning the AT/VT
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ratio was studied. Figure 3 shows the TOC removal profiles in a system with a total volume of 5000 L,
with two different catalyst loads (0.3 and 0.6 g L−1).

Figure 3. Effect of catalyst load on TOC removal, regarding the AT/VT ratio. (VT = 5000 L, t30W = 110
min, TOC0 = 87.6 ppm).

The simulations were done under the same conditions described above (Equations (4), (5),
and (8)–(11)) and the strategy is shown in Figure 4). The volume used of 5000 L represents
the average-daily-wastewater volume generated in medium-sized Colombian hospitals or some
industrial facilities.

Figure 4. Strategy for modeling the photocatalytic reactor as a series of plug flow reactors (PFRs) and
continuous stirring tanks (CSTRs).

The time t30W was set at 110 min and the total area was estimated based on the footprint of a
single CPC module (4.1 m2, as seen in Figure 5). This footprint includes the area that would be covered
by the whole CPC structure and the space between each module in a large-scale plant (30 cm of spacing
lengthwise and crosswise).

The plot shows that the photocatalytic performance is better when using 0.3 g L−1 of the catalyst.
This result was expected because the same photon-absorption model reported in ref. [34] was applied.
As stated before, the optimal catalyst load in CPC reactors (regarding the LVRPA) was 0.3 g L−1. As
mentioned before, with an initial pH of 9 and 0.3 g L−1 of catalyst load, the best performance for
TOC removal was obtained experimentally. Consequently, the simulations shown in Figure 3 are
congruent with the experimental data. This optimal value for catalyst load is consistent with the results
obtained in previous works, where solar CPCs of similar diameters were used under sunny weather
conditions [35,37,39].
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Figure 5. CPC reactor. (a) General scheme; (b) Tubes and reflectors (cross-sectional view).

The observed behavior in both plots (0.3 and 0.6 g L−1 in Figure 3) is similar for small ratios
of AT/VT. However, better performances are shown for 0.3 g L−1 when the AT/VT ratio increases.
For example, if a TOC removal of 50% is needed, a full-scale operation with 0.6 g L−1 of TiO2 would
require an AT/VT ratio of 175 m−1; but if it operates with 0.3 g L−1 of TiO2, the ratio would be 120 m−1.
The difference becomes more significant at higher TOC removals. This tendency can be explained
due to the relative low mineralization rates that are usually obtained in photocatalytic processes. At
small AT/VT ratios, there is no a significant difference of TOC removal performance when they are
low. When the AT/VT ratio increases, the residence time increases as well. Therefore, the conversion
of the organic matter (via photocatalytic oxidation) is higher. Nevertheless, the mixing effect with the
recycling-feeding tank (VT) acts as a damping stage of the TOC removal process. Therefore, the overall
degradation rate can become slower depending on the AT/VT.

From the above observation, the effect of the total treated volume (VT) on the mineralization was
evaluated as well. The photocatalytic abatement of acetaminophen with three different-contaminant
volumes: 50, 500 and 5000 L (Figure 6) was simulated, which represent respectively the number of
effluents that can be treated in the pilot, intermediate, and full-scale plants.

Figure 6 shows that the TOC removals for the 5000 L curve are much higher than the ones
corresponding to the 50 and 500 L curves, whose behavior is very similar. These results show that the
area (or CPC modules) needed for obtaining a specific TOC removal is not directly proportional to
the total volume. For example, if a TOC removal of 30% is required when treating a 500 L effluent
(containing acetaminophen), then the most appropriate AT/VT ratio would be 200 m−1. In contrast, if
the volume of the effluent is 5000 L, then this ratio is reduced to a third part approximately (60 m−1).
The difference becomes substantially higher as the required TOC removal increases. As a result, this
information may be tremendously useful when scaling photocatalytic processes, as it could avoid
unnecessarily monetary investment for the construction and operation of the reactors.
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Figure 6. Effect of total volume on TOC removal, regarding the AT/VT ratio ([TiO2] = 0.3 g L−1, t30W =
110 min, TOC0 = 87.6 ppm).

In all the simulations, the flow rate was held constant at 30 L min−1, which was the same used
in the experimental runs carried out in the pilot-scale photoreactor. This supposition can be made
because the CPC photoreactors are modular units that can be arranged in series. Therefore, a more
extensive scale plant would only require a higher number of CPC reactors with the same size and
operating conditions than the CPC used in the experimental pilot-scale plant. Nonetheless, larger
volumes with the same flow rate yield higher residence times, which can improve the TOC removal as
seen in Figure 6. Then, in order to scale-up and design full-scale plants with solar CPC photoreactors,
it is not enough to estimate an ideal AT/VT ratio for attaining a given TOC removal. It requires a more
in-depth analysis that can be done with the model presented here.

At large-scale, the effect of the initial concentration of acetaminophen was insignificant. Several
simulations conducted with [TiO2] = 0.6 g L−1, VT = 5000 L at 41.6 ppm, 87.6 ppm, and 149.8 ppm
showed almost null differences in TOC removal (results not presented here).

3. Materials and Methods

3.1. Reagents and Chemicals

A stock solution of the contaminant was prepared with commercial liquid acetaminophen
(Genfar®-Sanofi, Bogota, Colombia). TiO2 Aeroxide P-25 (Evonik, Essen, Germany) was employed as
the photocatalyst in all the experiments (primary particle size, ~21 nm by TEM; specific surface area
50 m2 g−1 by BET; composition 80% anatase and 20% rutile by X-ray diffraction). The initial pH was
adjusted with solutions of NaOH 0.1 N and HCl 0.1 N (Merck, Darmstadt, Germany).

3.2. Equipment

The experimental runs were carried out in the Solar Photocatalysis Laboratory at Universidad
del Valle (Cali, Colombia—3◦29′N latitude). Figure 5 exhibits a schematic representation of the CPC
photoreactor used in this study. It consisted of 10 Duran glass tubes (1200 mm in length, 32 mm o.d.,
1.4 mm wall thickness) that were placed upon a series of involutes made of aluminum (reflectance:
ψ = 0.85), as seen in Figure 5b. The reactor was operated under a batch regime with recirculation,
using a 40 L recycle feed tank and a centrifugal pump (0.5 HP of nominal power) that delivered 30.2
L min−1. This experimental setup made it possible to keep the slurry (fluid and catalyst) saturated
with oxygen, because whenever the slurry left the pipe, it was exposed to the surrounding air before
entering the tank. The whole piping and accessories were made of PVC, 1 in. diameter.

The TOC concentration was followed with a TOC analyzer (Shimadzu 5050A, Sao Paulo, Brazil);
whereas, the pH was measured with an Orion 4-Star pH-meter (Thermo Scientific-ARC Analisis,
Bogota, Colombia). Additionally, the solar UV intensity and the corresponding accumulated energy in
the 295-380 nm range were measured with a UV A+B radiometer (Solardetox-Acadus S50, Barcelona,
Spain).
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3.3. Experimental Design

Due to the weather variability (sunny or cloudy days in tropical regions), the photocatalytic
mineralization of acetaminophen was evaluated with the Taguchi´s experimental design [42,43]. This
is a robust design that allows finding the most appropriate operational conditions that are insensitive
to the noise (non-controllable factors), through the estimation of the signal-to-noise ratios (S/N) of the
controllable variables. In this study, the initial pH and catalyst load were chosen as the controllable
factors because they have been reported as two of the most influencing variables in the performance
heterogeneous photocatalytic reactions [27,37,44]. Similarly, the accumulated solar UV energy is
another important parameter, but it cannot be controlled since it depends on the geographical location,
weather conditions and time of the day. As a result, the accumulated solar UV energy was considered
as the noise factor. The corresponding signal-to-noise ratios (S/N) of each controllable variable were
estimated with the "more is better" equation from the Taguchi’s robust experimental design (Equation
(6)) because our purpose was to maximize the mineralization of acetaminophen.

S
N

= −10 log
(

1
n ∑

1
Yi

2

)
(6)

Regarding Equation (6), S/N stands for the signal-to-noise ratio of each level of the experimental
factors while Yi and n represent the percentage of mineralization and the number of experiments
associated with each level. The TOC removal was calculated with the Equation (7).

% Mineralization =
TOCi − TOCo

TOCi
(7)

where TOCi and TOCo represent the TOC at the beginning and the end of each experimental
run, respectively.

3.4. Procedure

The initial TOC concentration of acetaminophen was set to 40 ppm to simulate the strength of
the wastewater generated in the washing containers and glass equipment from the Drugs Laboratory
at the Universidad de Cartagena, Colombia. The initial pH was set to 5 and 9 for avoiding extreme
conditions of acidity or alkalinity, which would require further amounts of reagents for neutralization.

The catalyst loads were 0.3 and 0.6 g L−1, which are within the range reported in the literature [45,
46]. In the first stage of the experimental runs, the samples from the reactor were taken at the beginning
of the process and after the amount of UV energy reached 19.14 and 38.28 W h m−2. These values
represent the average quantity of accumulated solar-UV energy received in Cali during a 3-h period in
cloudy and sunny days, respectively. Subsequently, the samples were taken and filtered using 0.45 μm
membranes (Merck Millipore®, Cartagena, Colombia) for measuring the removal of TOC. Afterward,
three different initial concentrations (40, 90 and 150 ppm of TOC) were considered for finding the
kinetic parameters of the photocatalytic process. In this case, the initial pH and catalyst dosage were
set to the values that exhibited the highest S/N ratio described in Section 3.3, and the reactor was
operated until it reached 35 W h m−2 of solar UV accumulated energy. Here, the samples were also
taken at the beginning and the end of the experiments, and each 5 W h m−2 of accumulated UV energy.

These runs were conducted under sunny weather conditions, and the flow rate was held at 30.2 L
min−1 to ensure turbulent flow (Reynolds number = 19,420). In all cases, in order to achieve adsorption
equilibrium, the slurry was recirculated for 20 min under dark conditions.

3.5. Modeling of the Solar CPC Photoreactor

The modeling approach consisted of coupling hydrodynamics with a photocatalytic kinetic model
(including the LVRPA) in a time-dependent mass balance, as previously described in ref. [23].
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The hydrodynamics was described by the following equations [24,47]:

vz

vz, max
=

(
1 − r

R

)1/n
(8)

n = 0.41

√
8
f

(9)

vz, average =
Q
πR2 (10)

vz,max

vz, average
=

(n + 1)(2n + 1)
2n2 (11)

in which r is the radial coordinate, n is a hydrodynamic parameter, and f is the friction factor. Further,
the local volumetric rate of photon absorption (LVRPA) was estimated with the Equation (12) [21,24,34],
which is derived from the SFM and adapted for a cylindrical configuration. The central assumption of
this model is that the scattering phenomena takes place along the six Cartesians coordinates, which
reduces the complexity of solving the photonic balance within the photocatalytic reactor. According to
the SFM, the LVRPA is

LVRPA = I0
λωcorrωcorr(1−γ)

[(
ωcorr − 1 +

√
1 −ω2

corr

)
e−rp/λωcorr + γ

(
ωcorr − 1 −√

1 −ω2
corr

)
erp/λωcorr

]
(12)

where I0 corresponds to the solar UV radiation flux that hits the reactor wall (either direct or diffuse
radiation); whereas rp is a parameter considered in the SFM which is associated to the photon’s
traveling path [21,24], and γ, ωcorr, λωcorr are defined as follows:

ωcorr =
b
a

(13)

a = 1 −ωpf −
4ω2p2

s
1 −ωpf −ωpb − 2ωps

(14)

b = ωpb +
4ω2p2

s(
1 −ωpf −ωpb − 2ωps

) (15)

ω =
σ

σ+ κ
(16)

γ =
1 −√

1 −ω2
corr

1 +
√

1 −ω2
corr

exp
(−2τapp

)
(17)

λωcorr =
1

a(σ+ κ)ccat
√

1 −ω2
corr

(18)

τapp = aτ
√

1 −ω2
corr (19)

τ = (σ+ κ)ccatδSFM (20)

The simulation of the radiant field and the calculation of the LVRPA were done in a Visual Basic
routine that coupled the Ray Tracing technique with the SFM and a radiant emission model. This
was previously reported in refs. [24,34,40]. As the LVRPA appears as the photonic contribution in the
kinetic law, it is feasible to find kinetic parameters independent of the radiation field.

The mass balance was solved in terms of the TOC and was coupled to a hydrodynamic
model for turbulent regime [24,47]. Moreover, the kinetics contribution was described with a
Langmuir-Hinshelwood (L-H) equation that had an explicit dependence on the LVRPA, as shown on
the right-hand side of Equation (21).
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The entire reactor was divided into a large number (2500) of plug flow reactors (PFR) of length L,
each one of them associated to the (r,θ) coordinates of the cross-sectional area. A higher number of
PFRs would represent a significant increase in the computing time (as observed in previous simulations
not shown in this study), without a visible improvement in the accuracy of the model. In that case, the
mass balance can be described by the following equation:

Q
dTOCr,θ

dVR
= − ktK1TOCr,θ

(1 + K1TOC0)
(LVRPA)m

r,θ (21)

where kt and K1 represent the kinetic and binding constants, respectively. In each PFR, the flow
rate Q was equivalent to the product of the cross-section area and the average axial velocity (AR vz).
Besides, dVR in Equation (16) could be replaced by AR dz, so that we obtained a differential equation
in function just of the axial direction z. Thereby, it was only necessary to estimate the average axial
velocities profile in terms of the radial coordinate (r). Although the first option for modeling this kind
of photoreactor is to consider it as a PFR, this is not entirely accurate due to the turbulent regime of the
system. The mixing of the streamlines does not allow to find a well-defined velocity profile; therefore,
since the concentration depends on the velocity due to the convective effects, the turbulent regime
must be considered for the mass balance of the reactor. The CSTR provides a simple way for modeling
this part of the mass transfer phenomenon with more accuracy than the PFR alone.

Considering the above assumption, each PFR was divided into a series of small reactors with a
length of Δz. In every simulation step, Equation (21) was solved for each small reactor, starting from
the plane z = 0 down to z = Δz. Then, in order to consider the mixing effect of the turbulent regime,
the TOC profile was averaged in the z = Δz plane. This averaging step, as shown in Equation (17),
was intended for assuming that a continuous stirring tank (CSTR) was in that position.

TOCout
average =

∫ 2π
0

∫ 2R
0 rvZTOCout

r,θ drdθ
Q

(22)

Afterward, this average was taken as the inlet concentration for the next PFR reactor located from
z = Δz to z = 2Δz, being Δz = L/100. Subsequently, Equation (21) was solved for each reactor found in
the (z = Δz, z = 2Δz) interval, and a new CSTR was virtually placed in z = 2Δz. Finally, these steps
were repeated successively until the total length of the reactor was covered (z = L). This modeling
approach is described graphically in the Figure 4, in which n corresponds to the number of divisions
of the total length (L).

The time dependence of the photocatalytic process was treated as a step dependence, which is
associated with the number of passes (npass) that the slurry has in the reactor. This strategy has been
used several times for modeling photocatalytic recirculation systems [24,37,48].

npass =
Qt30W

VR
(23)

The change in TOC concentration per each pass was estimated as follows:

TOCin
i+1 =

TOCin
i (VT − VR) + TOCout

i VR

VT
(24)

4. Conclusions

The Taguchi experimental design was applied for analyzing the TOC removal of commercial
acetaminophen in a solar CPC photocatalytic reactor. It showed that the most favorable conditions
for a robust operation were an initial pH of 9 and a catalyst load of 0.6 g L−1. Although the
results differ from the reported studies with similar conditions, the variation of the solar radiation
and the interaction of the pH with the catalyst load are the reasons for this discrepancy. On the

28



Catalysts 2018, 8, 179

other hand, the kinetic parameters obtained through the mathematical model proposed in this work
(kT = 7.5874 × 10−8 mol L−1 s−1 W−0.5 m1.5 and K1 = 109.52 L mol−1) can be used for scaling purposes
since the model had a specific contribution of the photonic absorption. Furthermore, that large-scale plants
require smaller ratios of AT/VT when compared with intermediate and pilot-scale schemes. This result
is reasonable because the higher the scale, the higher residence times, and therefore, the conversion is
enhanced. Therefore, in order to save monetary resources, a careful analysis based on these results should
be made before deciding to scale photocatalytic reactors.
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Abstract: Catalytic total oxidation is an effective technique for the treatment of industrial VOCs
principally resulting from industrial processes using solvents, and usually containing mono-aromatics
(BTEX) and oxygenated compounds (acetone, ethanol, butanone). The catalytic total oxidation of
VOCs on noble metal materials is effective. However, the cost of catalysts is a main obstacle for the
industrial application of these VOC removal processes. Therefore, the aim of this work is to propose
an alternative material to palladium-based catalysts (which are suitable for VOCs’ total oxidation):
a mixed oxide synthesized in the hydrotalcite way, namely CoAlCeO. This material was compared
to four catalytic materials containing palladium, selected according to the literature: Pd/α-Al2O3,
Pd/HY, Pd/CeO2 and Pd/γAl2O3. These materials have been studied for the total oxidation of
toluene, butanone, and VOCs mixtures. Catalysts’ performances were compared, taking into account
the oxidation byproducts emitted from the process. This work highlight that the CoAlCeO catalyst
presents better efficiency than Pd-based materials for the total oxidation of a VOCs mixture.

Keywords: mixed oxide catalyst; VOCs; byproducts; BTEX; catalytic total oxidation; CoAlCeO

1. Introduction

Volatile organic compounds (VOCs) are known as one of the major contributors to atmospheric
pollution. Their anthropic release is particularly significant in industrialized areas and has noxious
consequences for health, environment, and construction materials. The majority of VOC emissions
originates from solvents used in several industrial sectors (paints, varnishes, lacquers, inks, adhesives,
glues, etc.). A significant part of these solvents is composed of mono-aromatic compounds, particularly
BTEX (benzene, toluene, ethylbenzene, and xylenes). The other part of these solvents is represented
by oxygenated compounds, such as butanone (or methyl ethyl ketone (MEK)) which is a common
oxygenated solvent, since it is a less toxic substitute for alcohols (methanol, ethanol) and acetone.
Butanone and BTEX are also widely used in mixtures as solvent for lacquers, inks, and coatings for
application to metal surfaces.

Catalysts 2018, 8, 64; doi:10.3390/catal8020064 www.mdpi.com/journal/catalysts32
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An effective method for the treatment of industrial VOC emissions is their catalytic oxidation
which is a cost-effective and an ecological alternative to thermal oxidation, with similar efficiency.
Studies of the BTEX oxidation, especially toluene, have been widely reported in the literature [1–7].
Oxidation of butanone is also well known in the literature, although the number of studies
is more restricted [7–12]. However, studies of the catalytic oxidation of BTEX and oxygenated
compounds in mixture are very limited, even though this is an important step towards industrial
applications. Concerning the oxidation of VOCs mixture, the authors generally observe inhibition
phenomena [7,13–18] that are either caused by competition between molecules, or at the level of the
adsorption step to the surface of the catalyst during the mechanism of oxidation (a reaction with
chemisorbed oxygen or lattice oxygen). These interactions depend on the VOC conformation and
polarity, but also on the nature of the catalytic material. Furthermore, some molecules can react directly
in the gas phase in contact with lattice oxygen, while others must be adsorbed to the catalyst surface
before being oxidized. Oxidation of the latter will be strongly inhibited in favor of the former due to
more favorable kinetics. Similarly, the oxidation of several compounds that need to be adsorbed on the
catalyst will lead to adsorption competition.

In this work, a new and original approach to the total oxidation of VOCs is presented. Indeed,
the catalytic oxidation of toluene and butanone alone or in mixture is presented for several materials,
with a focus on the formed byproducts. Toluene and butanone have been chosen in accordance with
effluents from industrial processes using lacquers, inks, and varnishes for application to metal surfaces.
For this, various materials had been screened in order to find the most suitable catalyst for the catalytic
treatment of VOCs from these industries. Firstly, palladium-based catalysts have been selected: Pd/HY,
Pd/CeO2, Pd/α-Al2O3, and a commercial Pd/γ-Al2O3. Palladium generally shows an equivalent
or superior activity to platinum for the total oxidation of aromatic compounds [15,19,20]. Moreover,
Pd is more resistant than Pt to sintering, the formation of volatile metal species, and poisoning by
chlorine, water, and carbon monoxide [16,21,22]. Thus, these materials are particularly suited for
the oxidation of VOC, especially BTEX. They have already been presented in a previous study on
the total oxidation of toluene [3]. Secondly, as an alternative to the use of precious metals-based
materials, our research group has conducted several studies to develop efficient transition metal oxides
for environmental catalytic applications. Indeed, the catalyst cost is an important limitation for the
industrial application of VOC catalytic oxidation processes. These studies led to the development of a
Co–Al–Ce mixed oxide, denoted CoAlCeO, which reveals promising results concerning the oxidation
of toluene [23]. Therefore, in this framework, these materials were compared for the total oxidation of
toluene, butanone, and finally VOC mixtures (MEK/toluene and industrial mixtures).

2. Results

2.1. Catalysts Characterization

The catalysts used in this study were first characterized to obtain information on the specific
surface area, the Pd content, the dispersion and particle size, as well as the molar ratio in the case of the
CoAlCeO catalyst. These details are reported in Table 1. Furthermore, the X-ray diffraction patterns of
the different materials are presented in Figure 1.

Table 1. Characterization of the studied catalytic materials.

Pd/α-Al2O3 Pd/HY Pd/CeO2 Pd/γ-Al2O3 CoAlCeO

Specific surface area (m2·g−1) 1 900 93 252 108
Palladium content (wt %) 0.48 0.46 0.40 0.40 N.A.
Palladium dispersion (%) 13.8 62.7 34.5 26.4 N.A.

Palladium particle size (nm) 8.1 1.8 3.2 4.3 N.A.
Co/Al/Ce Experimental molar ratio N.A. N.A. N.A. N.A. 6/1.1/0.8
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Regarding palladium-based materials, different diffractograms show only the presence of the
support, a sign that no supported palladium phase was detected. Nevertheless, the elementary
analysis confirms the presence of palladium in several materials with relatively good depositionrates:
this indicates that the palladium is deposited in the form of small nanoparticles whose size is lower than
the detection limit of the diffractometer. This hypothesis was confirmed by hydrogen chemisorption
measurements that indicate particle sizes between 1.8 and 8.1 nm. Concerning the Co6Al1.2Ce0.8Ox

material, denominated CoAlCeO, the diffractogram reveals X-ray patterns characteristic of spinel-type
oxides MIIMIII

2O4 [24–26] corresponding to Co3O4, CoAl2O4 or Co2AlO4. In addition to the spinel
phase, the diffraction pattern also showed the presence of a ceria phase (CeO2) (Figure 1).

 

Figure 1. X-ray diffraction patterns of the catalysts.

2.2. Toluene Oxidation

As a first set of experiments, the materials of interest were used to investigate the total oxidation
of toluene, and the light-off curves obtained are shown in Figure 2 for all materials.

 

Figure 2. Toluene conversion (solid arrow and lines) and benzene formation (dashed arrow and lines)
versus temperature for each catalyst.
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The light-off curves of Pd-based catalysts have been presented in a previous study (Pd/α-Al2O3,
Pd/HY, Pd/CeO2 and Pd/γ-Al2O3) [3]. T50 and T100 are defined as the temperature when 50% and
100% conversion, respectively, was observed. These values of T50 and T100 for toluene oxidation
are reported in Table 2. The test conducted with pure SiC shows only a slight toluene conversion
from 360 ◦C, with a maximum of 5% at 400 ◦C. This can be explained by a thermal decomposition.
Indeed, the test performed under the same conditions with the empty reactor leads to the same
result. The results show that the mixed oxide has a lower performance than palladium-based catalysts.
However, with a T50 value of 249 ◦C, the CoAlCeO material shows excellent activity for the toluene
total oxidation. Moreover, in view of the activity values (A) in Table 2, it is possible to observe that
the mixed oxide has a similar activity to that of Pd/CeO2 and Pd/γ-Al2O3 catalysts, highlighting the
possibility of such catalysts replacing Pd-based materials in the VOCs removal processes.

Table 2. T50 and T100 of catalysts for toluene catalytic oxidation and parameters characterizing the
emission profiles of benzene.

Catalyst T50 (◦C) T100 (◦C) A (mol/(m2·h)) Qmax (ppm) Tf (◦C) P (◦C)

Pd/α-Al2O3 218 233 2.84 × 10−7 8 300 67
Pd/HY 222 242 3.18 × 10−10 10 249 7

Pd/CeO2 197 235 3.34 × 10−9 7 298 63
Pd/γ-Al2O3 179 200 1.27 × 10−9 14 244 44

CoAlCeO 249 260 2.45 × 10−9 0.9 280 20

As for palladium-based materials, the CoAlCeO mixed oxide was investigated regarding its
properties to form byproducts, in particular benzene. In addition to the toluene conversion, Figure 2
shows the benzene emission profiles (as dashed lines) as a function of toluene conversion (solid lines)
and temperature. The results show that the four palladium-based catalysts present similar emission
profiles, with a maximum value at around 10 ppm. By contrast, the emission profile of the CoAlCeO
mixed oxide revealed a maximum value of less than 1 ppm, namely an order of magnitude lower
as compared to the other catalysts. In order to compare the benzene emissions of each material,
the methodology presented in a previous study has been used [3], where the emission profiles are
characterized by seven parameters. However, only the most relevant parameters are presented in
this paper:

Qmax: maximum quantity emitted observed of the considered byproduct (ppm);
Tf: temperature at which the byproduct is totally oxidized (◦C);

P: persistence of byproduct, corresponding to the difference between Tf and T100 (◦C).

Table 2 reports the values of Qmax, Tf and P. Regarding Pd/α-Al2O3, Pd/HY, Pd/CeO2,
and Pd/γ-Al2O3 catalysts, the Qmax values present a maximum amount of emitted benzene between 7
and 14 ppm. These values are relatively low as compared to the concentration of oxidized toluene.
However, by taking into account the toxicity of this compound and its strict regulations, these values
remain important. On the contrary, the CoAlCeO catalyst presents the lowest emissions with a Qmax

value of 0.9 ppm. Concerning the P values, they are positive (on average 40 ◦C), which clearly indicates
that benzene is not fully oxidized when the toluene total oxidation (T100) is reached. Therefore,
this shows that benzene is a crucial limitation to the catalytic process of toluene oxidation: it is then
necessary to consider this byproduct in order to set the working temperature of the process so as to
oxidize all organic compounds. Both materials Pd/HY and CoAlCeO stand with the lowest P values
of 7 and 20 ◦C respectively, sign of their improved performance for benzene oxidation.

To achieve real VOCs total oxidation, the working temperature must be set assuming the total
oxidation of the reactant and its byproducts. This fact is supported by the toxic and regulatory aspects
related to benzene. Therefore, the classification of the catalysts by their performance must be reassessed.
Subsequently, according to the T50 and T100, the ranking is as follows, from the most efficient to the least
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efficient: Pd/γ-Al2O3 > Pd/α-Al2O3 > Pd/CeO2 > Pd/HY > CoAlCeO. Considering the emissions of
benzene, as Tf, this classification may be reviewed as follows: Pd/γ-Al2O3 > Pd/HY > CoAlCeO >
Pd/CeO2 > Pd/α-Al2O3. The difference between the T100 value of Pd/γ-Al2O3 and Pd/HY catalysts
is then reduced from 42 ◦C to 5 ◦C by considering the Tf value corresponding to the temperature
at which toluene is totally converted. Thus, the performances of these two materials are very close.
Moreover, if the CoAlCeO catalyst exhibits lower performance considering only T50 and T100 values,
it is by far the lowest benzene emitter and consequently, accounting for this point, CoAlCeO is among
the best catalysts for toluene oxidation.

2.3. Butanone Oxidation

After analyzing the efficiency of the different catalytic materials for toluene oxidation, these
materials have been studied in the framework of butanone (MEK) oxidation with a similar methodology.
The light-off curves obtained for all materials are shown in Figure 3.

The values of T50 and T100 for MEK oxidation are reported in Table 3 in comparison with values
corresponding to the toluene oxidation. The test conducted with SiC shows a slight conversion from
260 ◦C, with a MEK conversion of 20% at 400 ◦C. As in the case of toluene, this observation can be
explained by thermal decomposition. However, this phenomenon is more important because ketone
function promotes the oxidation of the molecule. For the remaining materials, firstly, the curves
show greater reactivity of MEK as compared to toluene. Indeed, besides the Pd/α-Al2O3 catalyst,
the light-off curves are shifted to lower temperatures. This effect is particularly important for the
CoAlCeO catalyst with a difference of 71 ◦C in the T50 values. Moreover, the MEK conversion at low
temperature is particularly marked for the Pd/γ-Al2O3 and CoAlCeO catalysts. Therefore, from an
activity point of view, the classification observed for the toluene oxidation on these materials is
different, taking into account only the values of T100. In the case of toluene, the performance sequence
is: Pd/γ-Al2O3 > Pd/α-Al2O3 > Pd/CeO2 > Pd/HY > CoAlCeO. For the MEK oxidation however, the
performance sequence turns as follows: CoAlCeO > Pd/γ-Al2O3 > Pd/HY > Pd/CeO2 > Pd/αAl2O3,
where the CoAlCeO catalyst is now the most efficient catalyst.

 

Figure 3. Comparison of light-off curves for toluene (full lines) and MEK (dashed lines) total oxidation.
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Table 3. Comparison of catalyst performances for the MEK and toluene catalytic oxidation.

MEK Toluene

T50 (◦C) T100 (◦C) T90–T10 (◦C) T50 (◦C) T100 (◦C) T90–T10 (◦C)

Pd/α-Al2O3 234 350 75 218 233 23
Pd/HY 207 312 77 222 242 28

Pd/CeO2 189 347 111 197 235 75
Pd/γ-Al2O3 140 303 122 179 200 45

CoAlCeO 178 238 76 249 260 20

Figure 3 compares the light-off curves of toluene and MEK and clearly shows a shift of the light-off
curves towards lower temperatures for MEK (dashed lines) relative to toluene (full lines). However,
it is also possible to notice that these light-off curves are extended over a wider range of temperature
in case of MEK oxidation. This is particularly highlighted by considering the differences between T90

and T10 values for each light-off curve (given in Table 3). In fact, this difference is on average 38 ◦C
for toluene oxidation while it is on average 92 ◦C for MEK oxidation. For Pd/γ-Al2O3, Pd/CeO2 and
Pd/HY, the difference between the two light-off curves are substantially reduced and even reversed at
high conversion: toluene indeed becomes easier to oxidize than MEK beyond a certain conversion.
In addition, the light-off curves of MEK of these three catalysts exhibit an inflection point between 30%
and 50% of conversion. From this point, light-off curves are stretched towards higher temperatures.
In the case of Pd/α-Al2O3, no strong inflection point was evidenced, but the light-off curve stretches
progressively with increasing temperatures. On the contrary, the light-off curve of the CoAlCeO
material shows a similar behavior for both VOCs. The most important observation from this figure
is the fact that the CoAlCeO catalyst achieves 100% conversion for the lowest temperature, with an
important difference of approximately 65 ◦C with Pd/γ-Al2O3 and Pd/HY materials.

The profiles of the light-off curves for the MEK oxidation can be explained by the formation
of byproducts. Indeed, the generation of byproducts in the case of oxygenated compounds’
oxidation is relatively well known, and byproducts of MEK oxidation were identified as a result
of various studies made on its partial oxidation and total oxidation [8,9,12,27,28]. Firstly, studies of
McCullagh et al. [27,28], Álvarez-Galván et al. [12] and Arzamendi et al. [8] have identified three
oxidation pathways that lead to several oxygenated compounds in C2 and C4: acetic acid, acetaldehyde,
diacetyl (butane-2,3-dione) and methyl vinyl ketone. Secondly, a study realized by Machold et al. [9]
has highlighted a fourth method of oxidation that leads to the formation of propanal, propanoic acid,
and methanoic acid. The study of the byproducts has been applied for MEK oxidation. A microGC
analysis permitted the detection of four peaks corresponding to oxidation by-products. Injection of
organic standards allowed the identification of five compounds, in agreement with the literature: acetic
acid (AcOOH), acetaldehyde (AcO), propionic acid (PrOOH), diacetyl (DAC), and methyl vinyl ketone
(MVK). In fact, with acetic acid and acetaldehyde being co-eluted, it is not possible to differentiate
and quantify them separately by micro-GC. Nevertheless, in contrast to acetic acid, acetaldehyde is
carcinogenic and thus an unwanted product. Consequently, the corresponding chromatographic peak
was assigned to acetaldehyde in order to consider the worst results in terms of byproduct emissions.
The different byproducts have been quantified and their emission profiles have been determined
as a function of MEK conversion and temperature, and are represented in Figure 4 for Pd/γ-Al2O3

(Figure 4a) and CoAlCeO (Figure 4b).
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Figure 4. MEK conversion and MEK byproducts formation versus temperature for (a) Pd/γ-Al2O3

and (b) CoAlCeO catalysts (AcO: acetaldehyde; PrOOH: propionic acid; MVK: methyl-vinyl-ketone;
DAC: diacetyl).

For the two materials Pd/γ-Al2O3 and CoAlCeO illustrate the two behaviors observed for
the MEK oxidation. For Pd/γ-Al2O3, Figure 4a shows that the light-off curve is influenced by
the generation of byproducts. In fact, the inflection point at 50% conversion is consistent with an
emission peak of a byproduct: propionic acid. For the Pd/CeO2 and Pd/HY materials, this inflection
point is consistent with the emission peak of acetaldehyde. A hypothesis for this behavior is that
these byproducts induce a partial inhibition of the MEK oxidation by blocking the catalytic sites.
For CoAlCeO, the emission profiles are more important, especially for acetaldehyde (Figure 4b).
However, despite this larger amount of byproducts, the material does not show any inhibitory effect
on the MEK oxidation. The parameters used to characterize the benzene emission profiles were also
applied on the byproducts’ oxidation of MEK and are presented in Table 4.
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Table 4. Parameters characterizing the emission profiles of MEK byproducts.

Pd/α-Al2O3 Qmax (ppm) Tf (◦C) P (◦C) Pd/HY Qmax (ppm) Tf (◦C) P (◦C)

AcO 5.4 362 +12 AcO 15.0 312 0
PrOOH 0.6 274 −76 PrOOH 11.4 312 0

MVK 2.9 350 0 MVK 1.3 312 0
DAC 2.8 322 −28 DAC 1.8 282 −30

Pd/CeO2 Qmax (ppm) Tf (◦C) P (◦C) Pd/γ-Al2O3 Qmax (ppm) Tf (◦C) P (◦C)

AcO 51.2 331 −16 AcO 3.6 309 +6
PrOOH 11.3 283 −64 PrOOH 11.1 303 0

MVK 3.4 300 −47 MVK 5.1 309 +6
DAC 5.6 244 −103 DAC 1.4 291 −12

CoAlCeO Qmax (ppm) Tf (◦C) P (◦C)

AcO 55.8 220 −18
PrOOH 10.3 226 −12

MVK 5.2 226 −12
DAC 21.7 207 −31

Table 4 reports the values of Qmax, Tf and P for MEK byproducts. The profiles show that
acetaldehyde is the major byproduct of the MEK oxidation, except for Pd/γ-Al2O3. Moreover, it is
possible to distinguish two emission profiles. The first can be observed for Pd/α-Al2O3, Pd/HY,
and Pd/γ-Al2O3, where the maximum quantities issued for each byproduct are between 1 and
15 ppm. The second concerns Pd/CeO2 and CoAlCeO, where these values remain on the same order
of magnitude for propionic acid, methyl vinyl ketone and diacetyl, but acetaldehyde is emitted
in a much larger quantity, up to 56 ppm. Finally, except for the two materials with alumina
support, the byproducts seem to be fully oxidized before reaching the total conversion of MEK
(T100). For Pd/α-Al2O3 and Pd/γ-Al2O3, Table 4 shows a persistence of acetaldehyde. Nevertheless,
this persistence is very low (6–12 ◦C) and has a small impact on the performance of these materials.
Therefore, the sequence of performance established in relation to activities (T100) remains the same
after considering the byproducts: CoAlCeO > Pd/γ-Al2O3 > Pd/HY > Pd/CeO2 > Pd/α-Al2O3.

2.4. Toluene/MEK Mixture Oxidation

The next step towards application of industrial exhaust is to study the behavior of the different
catalytic materials for the total oxidation of a binary mixture (toluene/MEK 1000/1000 ppm).
The results presented in this section are discussed according to two aspects: (i) the light-off curves
of VOCs alone and in mixture are compared to assess mixing effects between toluene and butanone
for each catalyst; (ii) the light-off curves of the binary mixture are compared in order to differentiate
the performance of each catalyst. Two methods are used to calculate the VOC conversion. The first is
shown in Equation (1) and denoted “XTotal Carbon”. This allows for tracing the light-off curve in total
carbon without taking into account the pressure drop and adsorption/desorption effects. Subsequently,
the light-off curve is only influenced by chemical phenomena. However, this method gives a general
idea and does not allow following the conversion of each VOC in the mixture. The second method
is a conversion calculation taking into account the initial and outgoing quantity of VOCs. However,
the light-off curve is influenced by physical phenomena (pressure drop, adsorption/desorption
phenomena). The formula is given by Equation (2) and is denoted “XVOC”. Thus, the first method
has been used to compare oxidation performances between catalysts, and the second to compare the
oxidation performances between VOCs alone and in mixture.

XTotal Carbon = 100 × ∑ Xi × Pi,T + CO2, T

∑ Xi × Pi,T + CO2, T + ∑ Xi × Ri,T
(1)
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XVOC = 100 × Ri,0 − Ri,T

Ri,0
, (2)

where:

Ri,0 is the initial mole percentage of VOCs;
Ri,T is the mole percentage of VOCs at the temperature T;
Pi,T is the mole percentage of byproducts at the temperature T;
CO2,T is the mole percentage of carbon dioxide at the temperature T;
Xi is the number of carbon atoms in the compound i.

Concerning the mixing effects, two behaviors have been identified: inhibitory effects as well
as beneficial effects. These are more or less marked as a function of the materials used and the
temperature. As for the influence of MEK byproducts, these effects are more important on Pd/γ-Al2O3

and CoAlCeO catalysts. The light-off curves of the binary mixture for these catalysts are shown in
Figure 5, and the corresponding T50 values are reported in Table 5.

 

Figure 5. Light-off curves of VOCs alone and in mixture (XVOC formula) and binary mixture
(XTotal Carbon formula) for (a) Pd/γ-Al2O3 and (b) CoAlCeO catalysts.
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Table 5. Comparison of T50 for the total catalytic oxidation of binary mixture for Pd/γ-Al2O3 and
CoAlCeO catalysts.

Pd/γ-Al2O3 CoAlCeO

Toluene (◦C) MEK (◦C) Toluene (◦C) MEK (◦C)

VOC alone 149 141 251 165
VOC in mixture 185 204 221 193

In the case of Pd/γ-Al2O3 catalyst (Figure 5a), a modification of the reactivity is revealed for
both VOCs. For MEK oxidation in mixture, a shift of the light-off curve to higher temperatures is
observed as compared to the light-off curve of MEK alone. Indeed, the shift between the curves
begins at 100 ◦C on a conversion range of 0 to 70%, with a value of 63 ◦C at T50. Beyond 70% of
conversion, both light-off curves are reversed, MEK being then slightly more reactive in the presence
of toluene. For toluene oxidation in mixture, a shift in the conversion curve is also observed with
the light-off curve of toluene alone. Consequently, the light-off curves of VOCs in a binary mixture
show inhibitory effects for both compounds. This can be explained by competitive reactions between
the two molecules in the adsorption/desorption steps, causing the blocking of the active sites of the
catalyst. This phenomenon has already been observed in the literature in mixtures of hydrocarbons
and oxygenated compounds [7,13,29,30]. These inhibitory phenomena are also observed for Pd/HY
and Pd/CeO2.

For the CoAlCeO material (Figure 5b), the results also show a change in the reactivity of both
VOCs. For MEK oxidation in mixture, a shift of the light-off curve to higher temperatures is observed.
However, this effect between the two curves is more regular than with Pd/γ-Al2O3. A shift of
28 ◦C at T50 with the light-off curve of MEK alone is observed. In contrast, a beneficial effect is
observed on the toluene oxidation in mixture. Indeed, the light-off curve of toluene in mixture is
clearly shifted to lower temperatures (a difference of 30 ◦C at T50 with the toluene-alone light-off
curve). This behavior can be explained by an additive effect, as has been highlighted in the studies of
Beauchet et al. [31,32] for the oxidation of xylene/isopropanol mixtures. It has been shown that an
intermediate compound was formed during the oxidation of this mixture, isopropyldimethylbenzene,
which is obtained from the alkylation of xylene with propene, an oxidation byproduct of isopropanol.
This aromatic intermediate compound possesses more alkyl chains than xylene and a ternary carbon
atom, therefore its reactivity is probably higher than that of xylene. Hence, the formation of this
intermediate compound lowers the temperature of xylene oxidation due to the indirect increase of its
reactivity. Is has to be noted that in the case of xylene and isopropanol, the number of their respective
byproducts is restricted [31,33], leading to a facilitated identification of these intermediates during
the oxidation of xylene/isopropanol mixtures. In this work, both VOCs have a greater number of
byproducts with almost similar structures and chemical properties [3,8,9,33]: the identification of a
potential byproduct from the addition of toluene and MEK is then more difficult. Additional analyses
were performed with a Omnistar Quadrupole Mass Spectrometer (QMS-200) (Pfeiffer Vacuum, Asslar,
Germany), configured in “Bargraph” mode to scan all m/z fragments between 1 and 199. These
analyses have failed to detect compounds other than those already known and mentioned. As a
consequence, if an additional compound is formed between the toluene and MEK, its lifetime is
probably too short to be detected by ex situ analysis. Enhanced catalytic activity has also been
observed on the Pd/α-Al2O3 catalyst, but the difference was not significant.

Concerning the oxidation of the binary mixture, the light-off curves obtained are shown in
Figure 6 for all materials. The values of T50 and T100 are reported in Table 6, as well as the values for
the oxidation of toluene for comparison.
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Figure 6. Light-off curves of binary mixture total oxidation.

Table 6. T50 and T100 of catalysts for binary mixture and toluene catalytic oxidation.

Catalyst
Binary Mixture Toluene

T50 (◦C) T100 (◦C) T50 (◦C) T100 (◦C)

Pd/α-Al2O3 209 326 218 233
Pd/HY 230 330 222 242

Pd/CeO2 199 314 197 235
Pd/γ-Al2O3 198 290 179 200

CoAlCeO 215 290 249 260

The test conducted with SiC shows a slight conversion of the binary mixture from 225 ◦C, with a
maximum of 9.9% at 400 ◦C. This partial conversion is derived from the thermal decomposition of
VOCs, primarily of MEK, as has been observed for blank experiments performed with pure VOCs.
In addition, partial conversion of the mixture begins at 225 ◦C instead of 260 ◦C and 360 ◦C, respectively,
for MEK and toluene used on their own. However, partial conversion of the mixture reached a
maximum of 9.9% (198 ppm) at 400 ◦C instead of 20.6% (206 ppm) and 5.7% (57 ppm), respectively, for
MEK and toluene. Thus, the binary mixture seems to be reactive at lower temperatures, but with more
limited conversion rates at high temperatures. As a first proof, the tests show light-off curves much less
stretched than in the case of MEK oxidation. In addition, mixing effects observed for palladium-based
catalysts do not significantly modify their performance. Indeed, given the T50 values, they remain close
to those observed during toluene oxidation, with only a small temperature difference. Nevertheless,
the mixing effects observed for the CoAlCeO mixed oxide have a strong impact on its activity: this is
the least active catalyst for oxidation of toluene alone, without considering the byproduct oxidation.
For the binary mixture, the presence of the MEK significantly lowers the value of T50 and this material
exhibits performance fully comparable to palladium-based catalysts. As a second proof, beyond 95%
of conversion, the light-off curves significantly stretch, which is correlated with a strong persistence of
the residual traces of VOCs in the flow, especially for MEK. Therefore, the T100 values for the binary
mixture oxidation are more important for all materials with respect to the oxidation of toluene alone,
with an average shift of 88 ◦C. This phenomenon was expected since the total VOC concentration
is higher in the binary mixture (2000 ppm instead of 1000 ppm). An important point is that only
CoAlCeO mixed oxide presents a reduced impact of this phenomenon with only 30 ◦C difference on its
T100 value. As a conclusion, this oxide corresponds to one of the best catalyst for the total abatement of
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the binary mixture. According to the T50 and T100, the performance sequence observed for the binary
mixture oxidation is the following: CoAlCeO = Pd/γ-Al2O3 > Pd/CeO2 > Pd/α-Al2O3 > Pd/HY.

Regarding the effect of byproducts on the behavior of the mixture, their profiles were followed
according to the conversion and temperature. The results show the emission of all byproducts already
detected during the study of toluene and MEK oxidation: benzene, acetaldehyde (AcO), propionic
acid (PrOOH), methyl vinyl ketone (MVK), and diacetyl (DAC). Additionally, the emission profiles
present significant changes due to the mixing effects. Indeed, the persistence, P, and the maximum
quantity emitted observed Qmax, are significantly changed. Figure 7 shows the emission profiles of the
byproducts from the binary mixture oxidation on Pd/CeO2.

This catalyst exhibits the most remarkable and representative impacts of mixing effects on
byproducts’ emission profiles. Table 7 reports values of Qmax, Tf, and P for the binary mixture,
as well as the values for oxidation of toluene and MEK alone for comparison.

 

Figure 7. Binary mixture conversion and byproduct formation versus temperature for Pd/CeO2 catalyst.

Table 7. Parameters characterizing the emission profiles on Pd/CeO2 of byproducts for VOCs alone
and in binary mixture.

Toluene Qmax (ppm) Tf (◦C) P (◦C)

Benzene 7.0 298 63

MEK Qmax (ppm) Tf (◦C) P (◦C)

AcO 51.2 331 −16
PrOOH 11.3 283 −64

MVK 3.4 300 −47
DAC 5.6 244 −103

Binary Mixture Qmax (ppm) Tf (◦C) P (◦C)

Benzene 23.6 237 −77
AcO 76.1 249 −65

PrOOH 18.8 267 −47
MVK 4.0 225 −89
DAC 5.2 218 −96

The mixing effects mainly impact on the values of P and Qmax. Regarding the persistence, P,
the values decrease significantly for several compounds. This observation indicates that byproducts
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are eliminated at a lower temperature. This is particularly true for benzene whose P value is +63 ◦C
for toluene oxidation instead of −77 ◦C for binary mixture oxidation. As mentioned before, this effect
is especially beneficial due to the toxicity of this compound. Propionic acid is the only byproduct
here whose persistence increases significantly, although the value is still negative. Concerning Qmax

values, the emission peaks of benzene, acetaldehyde, and propionic acid are observed. This proves that
even though these compounds are more easily oxidized, they are also emitted in larger amounts. In a
different way to these three compounds, the values of Qmax observed for the methyl vinyl ketone and
diacetyl show very slight variations, and these two compounds are present as minority byproducts.
This observation is also carried out for all materials studied on the binary mixture. To simplify the
comparison between materials, only benzene, acetaldehyde, and propionic acid will be considered
thereafter. Table 8 reports the Qmax, Tf, and P values of these three compounds for the five materials.
This table highlights the significant reduction in the persistence of benzene.

Table 8. Parameters characterizing the emission profiles of binary mixture byproducts.

Pd/α-Al2O3 Qmax (ppm) Tf (◦C) P (◦C) Pd/HY Qmax (ppm) Tf (◦C) P (◦C)

Benzene 11.5 361 +35 Benzene 9.9 282 −48
AcO 7.6 320 −6 AcO 8.5 336 +6

PrOOH 1.3 314 −12 PrOOH 4.8 306 −24

Pd/CeO2 Qmax (ppm) Tf (◦C) P (◦C) Pd/γ-Al2O3 Qmax (ppm) Tf (◦C) P (◦C)

Benzene 23.6 237 −77 Benzene 26.5 296 +6
AcO 76.1 249 −65 AcO 3.8 266 −24

PrOOH 18.8 267 −47 PrOOH 11.6 260 −30

CoAlCeO Qmax (ppm) Tf (◦C) P (◦C)

Benzene 4.0 272 −18
AcO 73.7 255 −35

PrOOH 15.5 236 −54

Indeed, except for the two materials with an alumina support, the persistence of benzene is
negative, but has nonetheless been greatly reduced since these values have increased from +6 ◦C
to +35 ◦C and +44 ◦C instead of +67 ◦C, respectively, for the oxidation of toluene alone. Regarding
acetaldehyde and propionic acid, the tests show a relative increase in Qmax values as compared to
those for MEK alone. Similarly, the persistence of acetaldehyde emissions is greatly reduced for all
materials except Pd/HY. For the persistence of propionic acid, the behavior is more variable, though:
a slight increase is observed for Pd/α-Al2O3 and Pd/CeO2, while a decrease is observed for Pd/HY,
Pd/γ-Al2O3 and CoAlCeO. Considering these facts, the study of the total oxidation of the binary
mixture highlights the two most efficient catalytic materials: the commercial formulation Pd/γ-Al2O3

and the mixed oxide CoAlCeO. Indeed, these materials show the same performance in terms of activity
with a T100 to 290 ◦C for both materials. Considering the byproducts, the mixed oxide has a slight
advantage over Pd/γ-Al2O3 since the byproducts are completely eliminated at 290 ◦C. Considering
this fact, the performance sequence is as follows: CoAlCeO > Pd/γ-Al2O3 > Pd/CeO2 > Pd/HY >
Pd/αAl2O3.

2.5. Oxidation of a Simulated Industrial Exhaust

The literature on VOCs’ oxidation systematically studied models exhausts where VOCs’
concentration and flow rate are perfectly controlled, while only a few articles focus on the study
of VOCs mixtures [7,13–18,31,32]. As in this study, these articles highlight different inhibitory or
beneficial effects derived from interactions between compounds. However, a binary or ternary mixture
studied at the laboratory level remains far from the reality of an industrial effluent, which can be made
up of many more compounds (10 to 50 compounds) with variable compositions and concentrations
over time. To get closer to industrial applications, we further studied a more complex mixture of VOCs
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that was established based on the composition of an industrial effluent and will therefore be referred
to as a simulated industrial exhaust. In the industry, part of the manufacturing process is to apply
lacquers and paints to metal surfaces, the consequence being that industry emits significant amounts
of gaseous effluents with a high concentration of VOCs and a high flow rate. These effluents contain
mostly aromatic compounds, mainly toluene, and oxygenated compounds, mainly MEK, as well as
traces of paraffins (C9–C11). The liquid mixture used here to simulate the industrial effluent of VOCs
was constituted by selecting six aromatic compounds (toluene, o-xylene, ethylbenzene, propylbenzene,
4-ethylbenzene, and 1,4diethylbenzene), three oxygenates (butanone, butanol, butoxyethanol), and a
paraffin (decane). The concentration of each substance is fixed to a concentration of 10 vol% in
the liquid phase. This mixture was studied on the same experimental setup as in previous studies,
the mixture being placed in a saturator. The temperature of the saturator was set so as to fix a value
of 7000 ppm carbon equivalent (ppm eq. C) in a 100 mL·min−1 air flow, with a total hydrocarbons
analyzer COSMA Graphite 655 (Environnement SA, Poissy, France). The gas phase composition
determined by microGC is given in Figure 8.

 

Figure 8. Composition of the complex mixture determined by μGC.

In order to place themselves under real measurement conditions, the abatement rate of VOCs
mixture is measured with a total hydrocarbons analyzer (COSMA Graphite 655), equivalent to a
flame ionization detector (FID). Indeed, VOC measurements on industrial effluents are performed
with this type of device, and this measuring method conforms to a French regulatory norm (NF X
43-301). Furthermore, although the microGC is a suitable tool for measuring VOCs’ oxidation, this
technique reaches its limits with regards to the detection and separation of the various molecules
that can be emitted or generated during the process. The abatement curves obtained by the total
hydrocarbons analyser (measurements given in equivalent carbon (eq. C)) are comparable to light-off
curves determined by microGC. Nevertheless, microGC was used as a complementary analytic device,
as well as trapping on cartridge Tenax TA (Supelco, Bellefonte, PA, USA) and Mass Spectrometer
QMS-200 (Pfeiffer Vacuum, Asslar, Germany), for speciation analysis. Finally, this study has been
conducted with the two catalysts presenting the best performances: Pd/γ-Al2O3 and CoAlCeO. These
two materials appear to be most effective for the abatement of the VOCs studied and their resulting
byproducts. This choice is relevant for two main reasons: Firstly, Pd/γ-Al2O3 is an efficient commercial
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catalyst that is sold for such industrial applications and is thus suitable as a benchmark. Secondly,
CoAlCeO is an alternative formulation exhibiting an efficiency similar to or even better than the
commercial material. In addition, this material is not made of noble metals and its cost is considerably
lower as compared to the commercial formulation. The abatement curves obtained, expressed in
ppm carbon equivalent (ppm eq. C) versus temperature, are given in Figure 9. The T50 values are
reported in Table 9, where the values for the oxidation of toluene and binary mixture are also reported
for comparison.

 

Figure 9. Abatement curves of the complex mixture on Pd/γ-Al2O3 and CoAlCeO catalysts.

Table 9. T50 of Pd/γ-Al2O3 and CoAlCeO catalysts for toluene, binary mixture, and complex mixture
total oxidation.

Toluene (◦C) Binary Mixture (◦C) Complex Mixture (◦C)

Pd/γ-Al2O3 179 198 237
CoAlCeO 249 215 210

Δ +70 +17 −27

The test performed on the SiC shows a partial conversion of the complex mixture, with a maximum
of 28.1% at 400 ◦C. This relatively high conversion is due to the thermal decomposition of oxygenates
(MEK, butan-1-ol and butoxyethanol). This was confirmed by microGC analyses that highlight some
byproducts: acetaldehyde, propionic acid, methyl vinyl ketone and diacetyl, which are derived from
the MEK oxidation and butanal and 1-butene, which are derived from the butan-1-ol conversion
(partial oxidation and dehydration, respectively). In addition, analyses do not show the presence of
CO2, which confirms partial oxidation only. The results show an abatement of 99.2% and 100% of the
complex mixture for Pd/γ-Al2O3 and CoAlCeO, respectively. In addition, the abatement curves do
not exhibit a sigmoidal profile characteristic of the light-off curves. The conversion observed between
0% and 20% is due to the decomposition of oxygenates, mainly butan-1-ol and butoxyethanol, leading
to the corresponding aldehydes and acids (butanal, acetaldehyde, and acetic acid). The degradation of
aromatic compounds is only starting at 155 and 175 ◦C for CoAlCeO and Pd/γ-Al2O3, respectively.
Then, the mixture conversion abruptly increases from 30 to 95% for CoAlCeO and from 55 to 95%
for Pd/γ-Al2O3 in just seconds. This is accompanied by an overpressure/depression phenomenon,
confirmed by mass spectrometry, and an immediate increase of 30 ◦C of the reactor temperature.
This is characteristic of a deflagration effect, which explains the appearance of abatement curves.
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This phenomenon is slower on Pd/γ-Al2O3, and also more visible. Moreover, a peak of methane
emission is measured by the total hydrocarbons analyzer. Finally, the system returns to a steady state,
with a slight loss of conversion, before the degradation of the residual organic fraction is performed
until the maximum conversion is reached.

Concerning the performance, Pd/γ-Al2O3 presents a T50 values around 40 ◦C greater than in the
binary mixture case, highlighting a more significant inhibition effect. In addition, conversion of the
complex mixture stabilizes at 99.2% at 325 ◦C. Additional analyses at 325 (T99), 350, and 400 ◦C show
that the remaining organic fraction is predominantly composed of decane and benzene, as well as
a small proportion of MEK. For CoAlCeO, the T50 value is lowered once more in comparison with
the binary mixture and toluene oxidation, but to a lower extent with only 5 ◦C on T50 between the
complex and binary mixture. Moreover, conversion of the complex mixture reaches 100% from 357 ◦C.
Additional analysis at 325 (T99) and 350 ◦C show that the residual organic fraction is composed of
MEK and toluene, with MEK being predominant. The same analysis conducted at 400 ◦C confirms a
total abatement of the mixture. Therefore, the CoAlCeO mixed oxide is highlighted as a promising
alternative material to the commercial Pd/γ-Al2O3 catalyst, with the latter currently being used for
industrial units’ VOCs treatment. Indeed, CoAlCeO shows the best performance for the complex
mixture oxidation considering the rate and temperature of VOCs abatement. In addition, no toxic
compounds seem to be emitted at high conversion by this catalyst.

3. Materials and Methods

3.1. Synthesis of the Palladium Impregnated Materials

3.1.1. Preparation of Supports

Ceria support was prepared by a precipitation method. A solution of Ce(NO3)3·6H2O (Fisher
Scientific, Hampton, NH, USA) was added drop by drop to a NaOH (Fisher Scientific, Hampton, NH,
USA) solution with a molar ratio Ce3+/OH− of 1/5. The addition was made under magnetic stirring
over 3 h. The suspension was left under stirring for 2 h at ambient temperature. Then, the suspension
was filtered and washed six times with 200 mL of hot deionized water (~60 ◦C). The solid was dried
for 24 h at 100 ◦C and calcined for 4 h at 500 ◦C (1 ◦C·min−1) under air flow (2 L·h−1).

HY Faujasite zeolite was prepared by ionic exchange. A commercial NaY Faujasite zeolite (Si/Al:
2.7; Sigma-Aldrich, St. Louis, MO, USA) was slurried in a solution of ammonium nitrate 2.0 mol·L−1

with a molar ration NH4
+/Na+ of 20. The suspension was maintained for 18 h at 80 ◦C under magnetic

agitation. Then, the suspension was filtered and washed with hot deionized water (~60 ◦C) to a neutral
pH. These operations were repeated three times. Then, the solid was dried overnight at 100 ◦C and
calcined for 4 h at 400 ◦C (1 ◦C·min−1) under air flow (2 L·h−1).

For the α-Al2O3, a commercial powder was chosen (ACROS ORGANICS, 99.0%).

3.1.2. Palladium Impregnation

Palladium (Fisher Scientific, Hampton, NH, USA) was deposed on support (α-Al2O3, CeO2,
and HY Faujasite) by aqueous impregnation method (0.5 wt % Pd). Solid was suspended in an
appropriate volume of palladium nitrate solution (0.25 g·L−1). The suspension was maintained for
18 h at 60 ◦C. Then, water was removed by a rotary evaporator. The solid was dried overnight at
100 ◦C and then calcined for 4 h at 400 ◦C (1 ◦C·min−1) under air flow (2 L·h−1).

A commercial Pd/γ-Al2O3 catalyst (ACROS ORGANICS, 0.5 wt %) was chosen to complete
the study.

3.2. Synthesis of the Mixed Oxide

The CoAlCe mixed oxide was synthesized in the hydrotalcite way. An aqueous solution of 200 mL
was prepared with Co(NO3)2·6H2O, Al(NO3)3·9H2O and Ce(NO3)3·6H2O (Fisher Scientific, Hampton,
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NH, USA), with a molar ratio of Co2+/Al3+/Ce3+ of 6/1.2/0.8 (Co6Al1.2Ce0.8Ox). This solution was
added drop by drop to 30 mL of a Na2CO3 (Fisher Scientific, Hampton, NH, USA) solution (1 mol·L−1).
The pH of the additive solution was maintained at a value of 10.5 with a NaOH solution (2 mol·L−1).
After addition, the suspension was stirred for 18 h at room temperature. Then, the latter was filtered
and washed with hot deionized water (~60 ◦C). The solid obtained was dried in an oven for 24 h at
60 ◦C and ground before being calcined for 4 h at 500 ◦C (1 ◦C·min−1) under air flow (2 L·h−1) and
given the code name CoAlCeO.

3.3. Characterization of the Catalysts

Crystalline structures were determined at room temperature from X-ray Diffraction (XRD)
recorded on a D8 Advance diffractometer (Bruker AXS, Billerica, MA, USA) equipped with a copper
anode (λ = 1.5406 Å) and a LynxEye Detector. The scattering intensities were measured over an angular
range of 10◦ ≤ 2θ ≤ 80◦ for all samples with a step size of Δ(2θ) = 0.02◦ and a count time of 4 s per
step. The diffraction patterns were indexed by comparison with the “Joint Committee on Powder
Diffraction Standards” (JCPDS) files.

Specific surface areas (SBET) were determined by the Brunauer–Emmet–Teller method on N2

isotherms measured with a ThermoElectron Qsurf M1 series Surface Area Analyzer apparatus
(Waltham, MA, USA). The sample was degassed before measurement at 130 ◦C under helium flow.
Adsorption was made with a 30% N2−70% He mixture at −196 ◦C. Desorption of gaseous N2 was
quantified with a thermal conductivity detector.

For the elemental analysis, 50.0 mg of powder was dissolved in 5 mL of aqua regia (HNO3/HCl
1:2) (Fisher Scientific, Hampton, NH, USA) under microwave for 30 min (CEM, Model MARSXpress,
Matthews, CA, USA). Then, the solution was extended to 50.0 mL with ultrapure water and filtered
with a 0.45-μm cellulosic micro-filter. Analysis was performed with an ICP-OES (Thermo, model ICAP
6300 Duo, Waltham, MA, USA).

Hydrogen chemisorption was realized with 0.5 g of catalysts mixed with 0.5 g of silicon carbide,
in order to have a homogeneous catalytic bed and avoid hot spots. The mixture was reduced for 2 h
at 200 ◦C (3 ◦C·min−1) under dihydrogen flow (30 mL·min−1). Then, the system was cooled down
to 80 ◦C under an argon flow (30 mL·min−1). A step of 30 min under argon flow (30 mL·min−1)
was realized, followed by a step of 30 min under 10% H2/Ar flow (30 mL·min−1) and a last step of
30 min under argon flow (30 mL·min−1). Finally, desorption was performed under a flow of argon
(30 mL·min−1) from 80 to 475 ◦C (10 ◦C·min−1), followed by a step of 10 min. The detector used was a
mass spectrometer Balzers QMG 422 MS (Pfeiffer Vacuum, Asslar, Germany).

3.4. Catalytic Tests

Total oxidation of VOCs was studied in a fixed bed reactor loaded with 100 mg of catalyst.
VOC/Air mixtures were generated with a saturator in order to obtain 1000 ppm of VOC in a flow of
100 mL·min−1. A toluene/MEK binary mixture was generated in order to obtain 1000 ppm of each
VOC in a flow of 100 mL·min−1. Tests were made between 50 and 400 ◦C with a temperature ramp of
1.5 ◦C·min−1. Catalysts were pre-treated for 2 h at 200 ◦C (1 ◦C·min−1) under air flow (2 L·h−1) and
then, for impregnated catalysts, were reduced for 2 h at 200 ◦C (1 ◦C·min−1) under dihydrogen (5.0)
flow (2 L·h−1). Organic compounds were analyzed by gas chromatography with a CP-4900 microGC
(Agilent Technologies Inc., Santa Clara, CA, USA). A test was systematically conducted under the
same conditions with silicon carbide SiC to achieve a blank experiment.

Catalytic performances were compared considering the T50 and T100, which correspond to the
temperature at which 50% and 100% of VOC, respectively, were converted. VOC conversion was
calculated considering products and byproducts and as a function of the number of carbons for
each compound:

XT = 100 × ∑ Xi × Pi,T + CO2, T

∑ Xi × Pi,T + CO2, T + ∑ Xi × Ri,T
(3)
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where:

Pi,T is the mole percentage of VOCs at the temperature T;
Pi,T is the mole percentage of byproducts at the temperature T;
CO2,T is the mole percentage of carbon dioxide at the temperature T;
Xi is the carbon number of corresponding compounds.

Catalytic activity was calculated at a VOC conversion of 20% and considering a plug-flow reactor:

A =
Q

VM
·273.15

T20
·Ri,o

106 ·
X
m
· 1
SBET

(4)

where:

Q is the volume flow (L·h−1);
VM is the molar volume (L·mol−1);
T20 is the catalyst temperature for 20% VOC conversion (K);
Ri,o is the VOC initial concentration (ppm);
X is the VOC conversion (%);
m is the catalyst mass (g);
SBET is the specific surface area of the catalyst (m2·g−1).

4. Conclusions

Catalytic oxidation appears to be an efficient VOC treatment process that is more cost-effective
and environmentally friendly than thermal oxidation. Nevertheless, the cost of the catalytic materials
remains an obstacle to the wider use of this process at an industrial level. Indeed, the most efficient
catalysts are generally constituted of precious metals (Pt, Pd, Pt-Pd). The aim of this work was
to propose an alternative material to the materials commonly used for this application. To bring
this to fruition, a CoAlCeO mixed oxide was developed in the laboratory, and was compared to
palladium-based catalysts (Pd/α-Al2O3, Pd/CeO2, Pd/HY and a commercial Pd/γ-Al2O3) for the
total oxidation of industrial VOCs: toluene and butanone (MEK). These VOCs were selected as model
molecules in agreement with their use in industry as a solvent in paints, inks and varnishes for
application on metal surfaces. The study was conducted for these five materials on the total oxidation
of toluene, MEK, and a toluene/MEK binary mixture. The study was also carried out taking into
account the formation of byproducts in the catalytic performance. Tests have shown various results
for the three sets of experiments presented in this study. Different performances, as well as inhibition
or beneficial effects, were identified. Nevertheless, all the results highlight the two most effective
materials for the oxidation of VOCs, but also for oxidation of their byproducts: Pd/γ-Al2O3 and
CoAlCeO. The results obtained with the commercial formulation Pd/γ-Al2O3 were expected since it is
one of the formulations typically used for this industrial process; its effectiveness has been already
demonstrated. Therefore, our results on CoAlCeO mixed oxide highlight their efficiency and put
forward this material as a relevant alternative to conventional Pd-based catalysts. The estimated cost
of the CoAlCeO catalyst used in this study, based on the price of the metallic precursors and the
chemical species used, is around 30% lower than the Pd/γ-Al2O3 catalyst. Thus, this oxide opens up
the development of new, efficient and less expensive catalysts for this treatment process.
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Abstract: In this work, silica–titania supported catalysts were prepared by a sol–gel method with
various compositions. Vanadia was impregnated on SiO2-TiO2 with different loadings, and materials
were investigated in the partial oxidation of methanol and methyl mercaptan to formaldehyde.
The materials were characterized by using N2 physisorption, X-ray diffraction (XRD), X-ray
fluorescence spectroscopy (XRF), X-ray photoelectron spectroscopy (XPS), Scanning transmission
electron microscope (STEM), NH3-TPD, and Raman techniques. The activity results show the high
importance of an optimized SiO2-TiO2 ratio to reach a high reactant conversion and formaldehyde
yield. The characteristics of mixed oxides ensure a better dispersion of the active phase on the support
and in this way increase the activity of the catalysts. The addition of vanadium pentoxide on the
support lowered the optimal temperature of the reaction significantly. Increasing the vanadia loading
from 1.5% to 2.5% did not result in higher formaldehyde concentration. Over the 1.5%V2O5/SiO2 +
30%TiO2 catalyst, the optimal selectivity was reached at 415 ◦C when the maximum formaldehyde
concentration was ~1000 ppm.

Keywords: vanadium pentoxide; titanium dioxide; silicon dioxide; utilization of VOC; oxidative
dehydrogenation; oxidative desulfurization

1. Introduction

Silicon dioxide SiO2 and titanium dioxide TiO2 support materials are used extensively in academic
research and in industrial applications. Mixed SiO2-TiO2 materials have attracted many researchers,
because it has been shown that mixed SiO2-TiO2 materials can provide certain advantages over single
oxides. Benefits such as stronger metal–support interactions, higher acidity compared to single oxides,
better resistance to sintering, and resistance against sulfur poisoning have been observed in earlier
studies [1–7].

The sol–gel preparation procedure, not only being a rather easy way to prepare catalyst materials,
provides advantages over the SiO2-TiO2 preparation process [6,8,9]. The sol–gel preparation steps
include sol (colloid suspension) preparation, alkoxysilane hydrolysis, and condensation of silica
and titania precursors. This leads to a structure where Ti is homogeneously dispersed in the silica
matrix, which often results in better activity in oxidation applications. The presence of only a small
amount of Ti leads to structural changes of the support as it causes narrowing of the Si-O bond length
distribution. The support has a disordered tetrahedral structure in which Ti atoms are incorporated
into the silica network [5]. Due to the advantages of silica–titania supports, they are used as supports
for vanadia-containing catalysts in different applications [10–18].
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This work focuses on the utilization of sulfur-containing volatile organic compound (SVOC)
emissions. These emissions raise a lot of discussion, especially in the pulp and paper industry, as
they are very odorous at low concentrations and their emission levels typically vary. Nowadays,
methanol-containing streams are collected from the process and used as an energy source [19].
To increase the fuel value of methanol, the streams are concentrated and then directed to the combustion.
Since the streams are utilized in the pulping process as an energy source, the formation of carbon
dioxide emissions cannot be avoided. New approaches are needed to minimize the environmental
load originating from methanol emissions and to utilize the stream in the production of new valuable
chemicals more efficiently.

Compounds such as methyl mercaptan (MM), dimethyl sulphide (DMS), dimethyl disulphide
(DMDS) and sulfur dioxide (SO2) are present in mostly methanol (MeOH) and water containing
stripper overhead gases (SOG) of the pulp mills [19,20]. In this approach, the MM containing methanol
is considered as the raw material for formaldehyde production. We have previously shown the good
activity of V2O5/SiO2-TiO2 in this application [21], and thus the aims of the current study lie in
optimizing the catalyst composition and in finding more information from the catalyst properties
affecting the formation of formaldehyde and possible other products.

Methanol oxidative dehydrogenation to formaldehyde over different vanadia catalysts has
been under intensive investigation during recent decades [15,22–29]; however, the utilization of
the contaminated methanol by sulfur compounds, such as methyl mercaptan, has been less studied.
It has been stated that the performance of the materials depends on the surface structure of the
vanadium on the chosen support. According to current knowledge, the activity of the vanadium
catalysts is largely due to the presence of VO4 sites on the supporting materials [30].

2. Results and Discussion

2.1. Characterization of Catalysts

Specific surface areas, pore volumes, and pore sizes of all fresh supports and catalysts are given
in Table 1 with the catalyst elemental analysis results measured by X-ray fluorescence spectroscopy
(XRF). In addition, the vanadia surface loadings are given for the catalysts.

Table 1. The Brunauer-Emmett–Teller Barret-Joyner-Halenda (BET-BJH) method and X-ray fluorescence
spectroscopy (XRF) results calculated as oxides for the supports and vanadium-containing catalysts.

Support
Surface Area Total Pore Volume Pore Size XRF [%] Surface Loading

[m2g −1] [cm3 g−1] [nm] V2O5 SiO2 TiO2 Vatom nm−2

Si 225 0.1 1.9 - ~100 - -
Ti 10 0.02 6.8 - - ~100 -

SiTi(10) 560 0.28 2.0 - 70 9 -
SiTi(30) 590 0.35 2.3 - 57 27 -
SiTi(60) 220 0.11 2.1 - 35 56 -

Catalyst
1.5V/Si 140 0.06 1.9 1.56 98 - 0.74
1.5V/Ti 10 0.01 7.3 1.44 - 98 9.54

0.75V/SiTi(30) 560 0.33 2.3 0.65 58 27 0.08
1.5V/SiTi(30) 500 0.3 2.3 1.7 66 31 0.23
2.5V/SiTi(30) 470 0.28 2.3 2.4 66 31 0.34

Pure silica (denoted as Si) has a much higher surface area and pore volume compared to pure
TiO2 (denoted as Ti), 225 m2 g−1 and 11 m2 g−1, respectively. Addition of titanium into silica leads to
higher surface areas even with such low titania loadings as 10%. While titanium dioxide as a single
oxide has a low surface area, the mixed metal oxide SiO2-TiO2 (SiTi) with the Si:Ti ratios of 90:10 and
70:30 shows notably higher surface area, for example over 550 m2 g−1. For SiTi(60) the surface area
was ~220 m2 g−1 as a results of the higher Ti-content in the support. Generally, the surface areas
of vanadia-containing catalysts were lower than surface areas of the corresponding supports due to
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partial blockage of the pores of the support by vanadia particles. This has also been observed by other
researchers [7]. Pore sizes are on the level of ~2 nm for all silica containing catalysts. Titania supported
catalysts have pore sizes between 6.8 nm and 7.3 nm. Based on the XRF results, the desired amount of
V2O5 as well as the SiO2-TiO2 ratio were obtained by the sol–gel procedure rather well.

The X-ray diffraction (XRD) patterns of pure Ti, SiTi(10), SiTi(30) and 2.5%V/SiTi(30) (calcination
at 500 ◦C) are shown in Figure 1. The increase in Ti concentration in the mixed SiTi catalysts results
in an increase in the peak intensity in the XRD diffractogram. As silica is amorphous, the changes
in the spectra are related to the amount of crystalline titania which are shown by more intense
XRD peaks. Titania is mainly in the anatase form (an intense peak at 2θ = 25.28) with a crystallite
size of approximately 20 nm in a pure TiO2 sample. The crystallite size of anatase in SiTi(30) and
2.5%V/SiTi(30) was ~7 nm. The pure TiO2 sample also showed the presence of small amounts of
rutile-phase (7%), which was not visible in the mixed oxides. The XRD results did not show the peak
corresponding to V2O5 (2θ = 20.26) with the V2O5-loading of 2.5%. This may be due to low vanadia
loading, but it indicates also that vanadium oxide is probably present in a well-dispersed state on the
SiTi(30) support. To be able to detect V2O5, for example, on the anatase form of titania, earlier studies
have reported that the amount of vanadia should be over 5% or even higher [7,31].

 
Figure 1. XRD patterns of the SiO2-TiO2 catalyst with different ratios of silica and titania (calcined at
500 ◦C): (a) Ti; (b) SiTi(30); (c) 2.5V/SiTi(30); (d) SiTi(10).

The X-ray photoelectron spectroscopy (XPS) analysis was done mainly to find out the oxidation
degree of vanadium. Table 2 presents the binding energy (BE) values of V 2p, O 1s, Si 2p and Ti 2p for
the fresh 1.5V/Si, 1.5V/Ti and 1.5V/SiTi(30). The charge correction was made by adjusting the main C
1s peak at 284.8 eV [32].

Table 2. Binding energies and full width at the half-maximum (FWHM) values presented in the
brackets for the fresh 1.5%V2O5 catalysts supported on SiO2, TiO2 and SiTi(30).

Catalyst
V 2p [eV]

O 1s [eV] Si 2p [eV]
Ti 2p [eV]

V 2p3/2 V 2p1/2 Ti 2p1/2 Ti 2p3/2

1.5V/Si
517.49 524.85 533.17 530.46 103.86 - -
(1.86) (3.37) (1.78) (1.58) (1.66) - -

1.5V/Ti
517.62 524.94 531.92 530.41 - 464.84 459.19
(1.58) (3.37) (1.64) (1.29) - (2.13) (1.27)

1.5V/SiTi(30)
517.64 525.06 532.88 530.43 103.60 465.00 459.20
(2.67) (3.37) (1.86) (1.40) (1.65) (2.27) (2.02)
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The binding energy of the V 2p3/2 core level depends on the oxidation state of the V cation; the
curve fitting of V 2p3/2 is often used to detect the different vanadium cation oxidation states present
in vanadium oxide samples [32,33]. In this work, to define the oxidation states of vanadium, the
data was collected together for V 2p and O 1s. The results are presented in Figure 2. For the V 2p,
the spectra show a typical two-peak structure (V 2p3/2 and V 2p1/2) [33,34]. For each of the three
catalysts the V 2p3/2 spectra showed a peak at a binding energy value of ~517 eV (517.49–517.64 eV),
indicating the oxidation state of V5+. For the V 2p1/2, spectra showed a peak at BE values between
524.8–525.0 eV, which also is connected to oxidation state V5+. It was expected based on the literature
that the vanadium could be present on the catalyst surface as V2O5 or a lower-valence vanadium
oxide [32]. The typical value for full width at half-maximum (FWHM) for pure V2O5 is rather small
(on the level of less than 2 eV). In our case this is consistent for Si and Ti supported vanadia. In the case
of SiTi(30) support, the value is somewhat higher, indicating the possibility of the presence of other
oxidation states of vanadium. The large widths of the V 2p lines might be also due to defects at the
surface and/or disproportion at the surface [35].

 

Figure 2. Electron spectra of (a) 1.5V/Si; (b) 1.5V/Ti; (c) 1.5V/SiTi(30) (calcined at 500 ◦C) studied
with XPS.

The O 1s signal showed two clear peaks for silica containing samples: a major one at ca 532.9 eV
(Si-O in the SiO2 lattice) and a minor one at ca 530.3 eV (vanadium bonded oxygen) [12]. In addition,
for the Si-containing samples the deconvolution of the Si 2p spectra revealed one peak at the binding
energy values between 103.60–103.86 eV (see Table 2). Stakheev et al. [2] have observed earlier the
presence of Si 2p peaks between 102.5–104.1 eV; that position depends on the added Ti amount in
the sample.

The binding energy values for Ti 2p3/2 remain approximately the same for both Ti-containing
samples (~459.20 eV; see the Table 2). The addition of Ti to Si leads to a shift in the Si 2p1/2 peak
to a lower binding energy (total shift 0.26 eV). For the V/Ti catalyst the O 1s spectrum shows a
peak centered at 530.41 eV and a tail extending to higher binding energy (centered at 531.92 eV).
Odriozola et al. [36] explained that for the O 1s peak at ca. 532 eV, a so-called tail can be resolved and
explained by the presence of hydroxyl species. Keränen et al. in 2003 [18] have also reported O 1s
values of 530.0 and 531.6 eV for the V/Ti catalyst, which similarly explains the difference between
the two peaks. For the SiTi support, in addition to the band maxima of O 1s observed at 532.88 eV
(Si-O-Si) another band was observed at 530.43 eV, which is explained by either oxygen in Si-O-Ti
structure or vanadium bonded oxygen [37]. Furthermore, the surface ratio of Si and Ti determined for
1.5%V/SiTi(30) was 80:20, which is very close to that determined by XRF for the bulk structure of the
support. This gives an indication of the homogeneity of the prepared support.

The total acidities of SiTi materials with different ratios were determined with NH3-TPD. The total
amount of the desorbed ammonia representing the total amount of acid sites can be seen from Figure 3
(determined between 50 ◦C and 500 ◦C). Itoh et al. [1] have noted in 1974 that the acidity follows the
trend of the surface area, but also that the total acidity is increased when SiO2 is added to TiO2. This is
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also expected based on the point of zero charge (PZC) values of the two oxides (pH at PZC for TiO2

and SiO2 are 6.0–6.4 and 2–4, respectively) [30]. In the same way, the current work shows that pure Ti
has low acidity, which is increased after addition of silica ending up to pure SiO2 that has the highest
total acidity of the tested materials. The trend of total acidity based on NH3-TPD is Si > SiTi(10) >
SiTi(30) > SiTi(60) > Ti. Stakheev et al. in 1993 and Kobayashi et al. in 2005 [2,7] have presented results
where the highest acidity was gained with the Si:Ti molar ratio of 1:1 determined by a titration method.
This was not observed in our case. Considering the surface area of the samples, we did not notice clear
correlation with the total acidity and the specific surface area of the samples, as shown in Figure 3.
Concerning the strength of the acid sites, all the catalysts showed a broad low-temperature desorption
peak (see Figure 4) centered at about 100 ◦C, which indicates the existence of mostly weak acid sites.

Figure 3. The results of the acidity of the silica and/or titania support materials measured with NH3-TPD.

Figure 4. TPD profiles for ammonia desorption for silica and/or titania containing supports.

The STEM (Scanning transmission electron microscope) images of fresh catalysts, 1.5V/Si, 1.5V/Ti
and 1.5V/SiTi(30), are presented in Figure 5. The STEM analysis was performed to investigate the
microstructure of the catalysts. The EDS (Energy dispersive X-ray spectroscopy) mapping revealed
the dispersions of vanadium on the catalysts’ surface. On the silica support, vanadia forms bigger
clusters (~250 nm) (see Figure 5a). This is due to the rather inert silica surface [38]. In the case of
titanium dioxide and especially in the support of mixed SiTi, the particle size was much smaller and
vanadium was better dispersed. Basic oxides usually exhibit good dispersion of vanadia and for that
reason addition of less acidic titania to silica may result in better dispersion [39,40]. In the case of
Ti support, the V2O5 is unevenly dispersed on the surface (see Figure 5b). The surface loading of V
on TiO2 is much higher (9.54 Vatom nm−2) compared to the other catalysts, which have the surface
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loadings on the level of 0.08–0.74 Vatom nm−2. This explains why vanadia is not well-dispersed on
pure TiO2 support.

 

Figure 5. Scanning transmission electron microscope (STEM) images and Energy dispersive X-ray
spectroscopy (EDS) mapping results of vanadia for fresh (a) 1.5V/Si (b) 1.5V/Ti (c) 1.5V/SiTi(30).

2.2. Results of Catalytic Oxidation Tests

The first series of the prepared catalysts and performance of the catalysts in the oxidation reaction
of methanol (MeOH) and methyl mercaptan (MM) are presented in Figure 6a,b. In Figure 6a, the
activity of the supports Si, Ti, and SiTi(30) are shown; and in Figure 6b, the effect of SiTi ratio on the
gained formaldehyde concentration is presented. The earlier research results [21] show remarkably
better activity of the support material in the oxidation of MeOH and MM as a mixture when Ti is
added to Si. In this study, the main focus was on the investigation of the changes in activity to form
formaldehyde with different Si:Ti ratios.

Figure 6. Formation of formaldehyde over (a) Si, Ti and SiTi(30) and (b) SiTi(10), SiTi(30) and SiTi(60)
during the oxidation of methanol and methyl mercaptan (feed 500 ppm + 500 ppm, heating rate
5 ◦C min−1).
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As expected, with the addition of 30% titania to silica the formaldehyde production rose to more
than double, compared to single oxide supports. What was unexpected (see Figure 6b) was that the
SiTi ratio was crucial in gaining the highest formaldehyde concentration values. With the addition of
10% titania, no signs of activity improvement were observed. The 60% titania addition resulted only in
~400 ppm formaldehyde concentration, which is the same as with 10% Ti. Based on these results, it
was decided to continue the activity testing with the SiTi(30) support as it was clearly the most active
one from the tested materials with over 800 ppm formaldehyde production at 500 ◦C.

The addition of vanadia on the support was the second step in the current work. The 1.5%
vanadium pentoxide addition increased the activity of all the tested catalysts. Results of the 1.5%V
catalysts are presented in Figure 7. With single oxide silica and titania supports, the formaldehyde
concentration rose to 1000 ppm, which was over 500 ppm more than with single oxide supports
before vanadia addition. The addition of vanadia on SiTi(30) lowers the optimal reaction temperature
significantly. For 1.5V/SiTi(30), the optimal temperature was already reached at around 400 ◦C.

Figure 7. Formation of formaldehyde over pure silica or/and titania supports with 1.5% vanadium
pentoxide during the oxidation of methanol and methyl mercaptan (feed 500 ppm + 500 ppm, heating
rate 5 ◦C min−1).

The results indicate that the good performance of single oxide Si or Ti supported catalysts requires
an oxidation temperature over 500 ◦C—which we did not test—since lower temperatures are more
interesting from an energy point of view, and because vanadium pentoxide as the catalyst material
sets some limits to the activity testing. The melting point of V2O5 is 690 ◦C [41], and we wanted to stay
at lower temperatures to minimize the sintering of vanadia during the reaction. Vanadium pentoxide
as an active compound for MeOH and MM oxidation has been tested also at temperatures over 500 ◦C
by Laitinen et al., 2016 [42].

As mentioned, both the Si:Ti ratio and the active compound V2O5 have a significant role in the
reaction in reaching maximum formaldehyde production. The most active catalyst, 1.5V/SiTi(30), has
the highest surface area and the best dispersion of vanadia based on the characterization. It has been
shown that the dispersion of the active phase is dependent on the support composition. However,
the results do not fully support the significance of the surface area, since SiTi(10) has higher specific
surface area compared to single oxide silica, but it does not positively influence the activity results.
On the other hand, the STEM results showed that the dispersion of the active phase is much better
with the SiTi(30) support. Vanadia dispersion surely has a role in the activity of the material, but more
testing with each of the materials with different vanadia particle sizes should be done. The effect of
the total acidity in the activity is controversial. It is shown in the work of other researchers [1,7] that
formaldehyde can be produced only with acidic oxides. However, the current results do not fully
support these findings as pure silica resulted in the highest acidity of the tested materials, yet the
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lowest formaldehyde production. It seems that the acidity has to be at certain optimal level—not too
high and not too low. In addition, the quality of acid sites (Brønsted-Lewis) may play a role, however
we were not able to qualify the sites in the current study. Based on Tanabe et al. [43], SiO2 contains
mainly Brønsted acid sites (BAS) and TiO2 Lewis acid sites (LAS). In the mixed oxide when TiO2 is
added to SiO2, the amount of BAS in the material should increase. If this is true, the existence of both
acid sites is important to be able to carry out the reactions under investigation. In addition, it has
been also examined that the V/Ti catalysts show the presence of both BAS and LAS. The BAS are
dominating acid sites in V2O2 [3]. The addition of vanadia to silica–titania support increases further
the amount of BAS in the sample [44].

One of the objectives of this research was also to study the effect of the amount of vanadia
impregnated on the catalysts. The results of SiTi(30) supported vanadia catalysts with different
vanadia loadings (0.75%, 1.5% and 2.5%) are presented in Figure 8. As noted earlier, the addition of
vanadia lowers the optimal temperature and the temperature where the reactions start. These current
results reveal that the addition of vanadia from 1.5% to 2.5% does not result in increasing activity of
the catalyst. Based on this finding we can expect that increasing the vanadia amount is not significant
and it is reasonable to use a low amount of vanadia. This result is supported by Mouammine et al. [45],
as in the case of V/Ti the increase in the V amount from 1.5% to 3% and to 10% did not result in higher
formaldehyde yields.

Figure 8. Formation of formaldehyde over silica–titania (V/SiTi(30)) catalysts with different V amounts
(feed 500 ppm MeOH + 500 ppm MM, heating rate of 5 ◦C min−1).

The main results from all the activity experiments are presented in Table 3. The table is presenting
the key temperatures for each catalyst; the temperature in which the formation of the formaldehyde
begins (A) and the temperature when the formaldehyde concentration reaches the maximum value
during the experiment (B). From these values, it can be seen, that the formation of formaldehyde
begins at the temperature level between 210 ◦C and 410 ◦C. The 1.5V/SiTi(30) catalyst has an optimal
temperature of 415 ◦C (1060 ppm) and at 500 ◦C the formaldehyde concentration is only 760 ppm.
This means that, after the optimal temperature, formaldehyde has reacted further to CO.
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Table 3. Comparison of different catalysts in the reaction (key temperatures and gained maximum
formaldehyde concentrations). Feed: 500 ppm methanol and 500 ppm methyl mercaptan, reaction
temperature from room temperature to 500 ◦C.

Catalyst
Temperature A * Temperature B # Formaldehyde

Concentration at Temp. B
Formaldehyde

Concentration at 500 ◦C

[◦C] [◦C] [ppm] [ppm]

SiO2 380 500 360 360
TiO2 360 500 440 440

SiTi(10) 410 500 330 330
SiTi(30) 315 500 780 780
SiTi(60) 365 500 340 340

0.75%V/SiTi(30) 215 480 930 918
1.5%V/SiTi(30) 215 415 1060 760

1.5%VSi 350 500 1030 1030
1.5%VTi 335 500 1000 1000

2.5%V/SiTi(30) 215 420 960 660

* The temperature when the formation of formaldehyde begins (over 10 ppm) during the activity test.
# The temperature when the formaldehyde concentration is highest during the test (optimal temperature for
specific catalyst).

All the activity tests were repeated with the same catalyst twice. In Figure 9, the results of the
repeated tests for 0.75V/SiTi(30), 1.5V/SiTi(30), and 2.5V/SiTi(30) are presented. The activity of the
catalyst and the formation of formaldehyde follow exactly the same route in each test showing good
repeatability of the test, but also giving some indications on the stability of the catalyst.

 

Figure 9. Formation of formaldehyde of the repeated tests for (a) 0.75V/SiTi(30); (b) 1.5V/SiTi(30) and
(c) 2.5V/SiTi(30) (feed 500 ppm MeOH + 500 ppm MM, heating rate of 5 ◦C min−1, A referring to test 1
and B referring to the repeated test 2).

In addition, more information on the stability of the 1.5%V catalyst with Si, Ti, and SiTi(30)
supports was also revealed during the test at the optimal temperature for 8 h. The formaldehyde
concentration remained unchanged through the whole experiment and no signs of activity loss were
observed (figures not shown here).

Molecular structures of the dispersed vanadium oxide species on the support can be determined
with Raman spectroscopy. The surface analysis was performed in order to investigate the structures of
the fresh materials and if any changes after the 8 h stability test could be detected. The measurements
were performed with Timegated® Raman device, in which the effect of the fluorescence is reduced
from the resulting spectra. Figure 10 presents the Raman spectra of Si-, Ti-, SiTi(30)-supported V2O5

and bulk V2O5.
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Figure 10. Timegated Raman spectra of (a) 1.5V/Si, (b) 1.5V/Ti, (c) 1.5V/SiTi(30) and (d) bulk V2O5.

Bulk vanadium pentoxide gives peaks at ~144, 188, 280, 398, 474, 524, 697, 940, 992 and 1030 cm−1.
The peak at 992 cm−1 is related to the symmetric stretching of V=O groups in the bulk vanadia [18,46]
assigned as crystalline V2O5. It has been proposed that the less intense peaks at 940 cm−1 and
1030 cm−1 originate from isolated and polymerized surface vanadia species, respectively [10,47,48].
The intense peak at 700 cm−1 corresponds to lattice vibrations localized within the V-O-V bridge in the
V2O5 structure.

For the Si-supported V2O5, similar features to crystalline V2O5 exist, since the observed peaks are
in line with the peak positions of the bulk V2O5. For Ti-supported V2O5, the intense peaks from the
TiO2-support are visible at 142, 391, 510 and 633 cm−1 corresponding to the anatase TiO2 [18]. In the
case of both vanadia- and titania-containing samples the definite identification of the Raman spectra is
difficult due to the proximity of intense crystalline V2O5 (~144 cm−1) and TiO2 anatase (~147 cm−1)
peaks. There were no peaks visible at 800–1000 cm−1, which would be an indication that the dispersion
of the isolated VOx species on V/Ti was better than with V/Si. For the SiTi(30)-supported V2O5, the
VOx species at 278 and 991 cm−1 seem to be visible. Compared to the single oxide Ti support, a small
peak at 991 cm−1 (V2O5) exists in the spectrum SiTi(30).

When the Raman spectra of the fresh catalysts and the catalysts after 8 h of testing were compared,
no significant differences between the fresh and used samples were observed. The visible changes
are only due to the changes in the signal intensity, which may in this case indicate more crystalline
material (such as in the case of used VSi). This gives an indication on the stability of the material in
presence of sulfur. More studies will be done in the future to find out details related to the oxidation of
methanol in the presence of sulfur-containing compounds.

Figure 11 presents the formation of by-products over the 1.5V/SiTi(30) catalyst to study the
performance of the catalyst in more detail. The main products were sulfur dioxide, carbon monoxide,
and dimethyl disulphide, as expected based on the literature [19,49].
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Figure 11. Formation of by-products in the oxidation of the mixture of methanol and methyl mercaptan
(500 ppm + 500 ppm) over (a) 1.5V/Si; (b) 1.5V/Ti and (c) 1.5V/SiTi(30) catalysts (feed 500 ppm +
500 ppm, heating rate of 5 ◦C min−1).

The formation of the products are results of the following reactions:

CH3OH + 1/2O2 → CH2O + H2O (1)

CH3SH + 2O2 → CH2O + SO2 + H2O (2)

CH3OH + 3/2O2 → CO2 + 2H2O (3)

2CH3SH + 1/2O2 → CH3SSCH3 + H2O (4)

CH2O + 1/2O2 → CO + H2O (5)

CH2O + O2 → CO2 + H2O (6)

In the oxidation reaction of MM, sulfur dioxide is formed according to Reaction (2) and is the
main product of the reaction together with formaldehyde. As formaldehyde reaches ~1000 ppm
concentration in each of the tests, the formed SO2 concentration is about 550 ppm in each presented
case. The other reaction products, CO2, H2O and DMDS, are formed according to Reactions (3) and (4),
which are complete oxidation of methanol and partial oxidation of MM to DMDS. The formation of
DMDS is observed in the temperature range of 300 ◦C–450 ◦C for 1.5V/Si and 1.5V/Ti, reaching the
maximum value approximately at 400 ◦C. For the SiTi supported catalyst the max. DMDS concentration
of ~120 ppm is reached at temperature below 300 ◦C. The formation of carbon monoxide is detected
when formaldehyde reacts further (Reactions (5) and (6)). This is clearly visible in the case of V/SiTi(30)
at around 400 ◦C when the formaldehyde concentration starts to decrease and a significant amount of
CO is formed. In other cases, the CO concentration stays at rather low levels (max. 85 ppm at 500 ◦C)
as the concentration of formaldehyde is not decreasing during the temperature range used in the tests.

To compare the performance of the support and the vanadium containing catalyst, the
concentrations of each gaseous product compound are presented in Figure 12. The comparison
shown in the figure is done between the SiTi(30) support, marked as 1, and the 1.5V/SiTi(30) catalyst,
marked as 2. To start with the reactants, there is a significant difference in the reaction when comparing
the support and the catalyst. After vanadia addition on the support, the activity of the material
in the reaction becomes significantly higher, which is visible in the changes in the reaction of MM.
After vanadia addition, MM is already consumed starting at temperatures below 200 ◦C. Over the
support, MM consumption begins at temperatures above 250 ◦C. MM conversion reached ~100% in all
the tests. During the catalytic tests, the consumption of methanol begins at temperatures of around
300 ◦C. The differences in methanol partial oxidation activities between the support and the catalyst
are not that significant, but the rate of the reaction is faster and higher methanol conversion is reached
over the vanadia containing catalyst.
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Figure 12. Formation of by-products in the oxidation of the mixture of methanol and methyl mercaptan
(500 ppm + 500 ppm) over the SiTi(30) support(1) and 1.5V/SiTi(30) catalyst(2) (feed 500 ppm +
500 ppm, heating rate of 5 ◦C min−1).

As explained earlier, the addition of vanadia on the SiTi support lowers the optimal temperature
significantly, after which the formaldehyde concentration decreases when it starts to react further in
the used reaction conditions. Figure 12 shows clearly the difference between the support and the
catalyst in terms of the CO concentration, as in the presence of the VSiTi catalyst the CO concentration
is more than twice the concentration reached over the SiTi support material. DMS concentration in
both the experiments stays under 80 ppm, and for V/SiTi(30) the formation is insignificant. DMDS, for
both the support and the vanadia containing catalyst, is observed as an intermediate product between
300–450 ◦C and 200–350 ◦C, respectively.

3. Materials and Methods

In this research, 5 different supports were prepared: pure SiO2, TiO2, and SiO2-TiO2 supports
with the Si:Ti ratios of 90:10, 70:30, and 40:60 with no specific structure in target. After the optimization
of the support composition, different amounts of vanadium pentoxide, 0.75%, 1.5%, and 2.5%, were
impregnated on the support.

Mesoporous silica was prepared using the sol–gel method. A mass of 34.74 g of tetraethoxy
orthosilicate (Si(OC2H5)4, TEOS, 98% Sigma-Aldrich, St. Louis, MO, USA) was added to 54 g of
absolute ethanol (Merck, Darmstadt, Germany) with a molar ratio of 1:7. A few drops of nitric acid
were added to the solution to catalyze the hydrolysis step of the preparation. After dissolution of the
silicon precursor, 24.5 g of ultrapure water (Sigma Aldrich, St. Louis, MO, USA), with a molar ratio
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of 1:8, was added dropwise. The obtained sol was then left for 15 days for aging. The TiO2-support
was synthesized using the sol–gel method. A Ti-containing solution was prepared first by adding 43 g
titanium butoxide (Ti(OBu)4, TBOT, 97% Sigma-Aldrich, St. Louis, MO, USA) to 83 g absolute ethanol
with a molar ratio of 1:14 and stirred until complete dissolution of the Ti precursor. Then, ultra-pure
water was added drop by drop until a molar ratio of 1:15 was reached.

The titania doped silica supports were prepared by dissolving an appropriate amount of both
titanium and silicon precursors in absolute ethanol (molar ratio 1:14) to obtain a composition of
SiO2(1-x)TiO2(x) (with x = 0.1; 0.3; 0.6). A few drops of nitric acid were added to the solution, and then
ultra-pure water was added with a molar ratio of 1:15. The solution was kept under stirring for 2 h.
The final support was obtained after drying the gel at 90 ◦C overnight, and the dried gel was calcined
at 500 ◦C for 2 h.

Addition of the active phase was done by using a wet impregnation method. At room
temperature the appropriate amount of the vanadium precursor, vanadyl acetylacetonate (VO(acac)2,
98% Sigma-Alrich, St. Louis, MO, USA) was dissolved in methanol. The support was added to the
solution and kept under mechanical stirring overnight. The final catalysts were obtained after drying
on a sand bath at 80 ◦C, and calcining at 500 ◦C for 2 h. The target amounts of vanadium pentoxide
V2O5 on the support were 0.75 wt %, 1.5 wt %, and 2.5 wt %.

The materials prepared for this study and the abbreviations used in this article are presented
in Table 4.

Table 4. Catalysts prepared for the oxidation studies.

Support/Catalyst Abbreviation

SiO2 Si
TiO2 Ti

SiO2 + 10%TiO2 SiTi(10)
SiO2 + 30%TiO2 SiTi(30)
SiO2 + 60%TiO2 SiTi(60)

0.75%V2O5/ SiO2+30%TiO2 0.75V/SiTi(30)
1.5%V2O5/SiO2 1.5V/Si
1.5%V2O5/TiO2 1.5V/Ti

1.5%V2O5/SiO2 + 30%TiO2 1.5V/SiTi(30)
2.5%V2O5/SiO2 + 30%TiO2 2.5V/SiTi(30)

3.1. Characterization of Materials

The catalytic materials prepared for this study were characterized using different analytical
techniques. The BET-BJH (Brunauer-Emmett–Teller Barret-Joyner-Halenda) method was used to
determine the specific surface areas, pore volumes, and pore sizes of all the prepared materials.
Nitrogen adsorption–desorption isotherms were recorded at −196 ◦C using an ASAP 2020
Micrometrics apparatus (Norcross, GA, USA). Before N2 adsorption, the samples were degassed
at 300 ◦C and kept under vacuum for 2 h.

X-ray fluorescence analyses (XRF) were carried out to study the V, Si, and Ti amounts on the
catalyst samples. 0.2 g of the studied sample was mixed with 8.5 g of flux in a Pt-Au crucible followed
by melting in an Eagon 2 furnace at 1150 ◦C. The analysis was performed with an Axios mAX X-ray
fluorescence spectrometer (PANalytical, Almelo, The Netherlands).

X-ray diffractometer (XRD) Siemens D5000 was used to characterize the crystalline structure
of the catalyst materials. Analysis data was recorded between 10◦ and 80◦, with a step of 0.040◦.
The crystallite size of the active phase and support was estimated using the Scherrer formula:

D =
kλ

βc × cos θ
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where k is the shape factor (k = 0.94), λ is the wavelength of X-ray, θ is the Bragg angle, and βc is the
corrected line broadening defined as FWHM (full width at half maximum).

X-ray photoelectron spectroscopy (XPS) analysis was carried out by a Thermo Fischer Scientific
ESCALAB 250Xi instrument (Waltham, MA, USA) using Al Kα (1486.6 eV) radiation to excite
photoelectrons. The binding energy was normalized with respect to the position of the C1s peak
at 284.8 eV. The XPS analysis was performed on 3 fresh catalyst samples: 1.5%V/Si, 1.5%V/Ti and
1.5%V/SiTi(30). The samples were put on an indium substrate and placed inside a vacuum chamber.
Thermo Avantage software (v5.957, Thermo Fisher Scientific Inc., Waltham, MA, USA) was used in
data analysis. Smart background subtraction was used and the spectra of O 1s, C 1s, Si 2p, Ti 2p and
V 2p were recorded.

Temperature-programmed desorption measurements of ammonia (NH3-TPD) were carried out by
AutoChem II 2920 equipment (Micromeritics Instrument Corp., Norcross, GA, USA). A powder-form
catalyst sample was placed inside the reactor and pretreated in a Helium flow (50 cm3 min−1) from
room temperature to 500 ◦C at the rate of 5 ◦C min−1 for 30 min. The sample was then cooled to room
temperature (He 50 cm3 min−1). The adsorption of 15% NH3 in He (50 cm3 min−1) was carried out
at RT for 60 min, and then the sample was flushed with He for 30 min to remove any physisorbed
ammonia. TPD was performed in a He flow by raising the temperature to 550 ◦C with a rate of
5 ◦C min−1. Sample amount of 100 mg was used for Si-containing catalysts and 180 mg for pure Ti
due to significantly lower surface area. The desorbed amount of NH3 was analyzed by a TCD detector.
The area between 40 ◦C and 500 ◦C was used for determination of the total acidity of the samples.

Scanning transmission electron microscope (STEM) studies were carried out to analyze the
particle size and the distribution of the vanadium pentoxide on the surface of the supports.
The measurements were done using a JEOL JEM-2200FS apparatus (JEOL Ltd., Tokyo, Japan).
The acceleration voltage of 200 kV was used. For the measurements, the catalyst samples were
dispersed on a copper grid with ethanol. The apparatus was equipped with an Energy-Dispersive
X-ray Spectrometer (EDS) apparatus (JEOL Dry SD100GV). The EDS was used to identify the absorbed
chemical elements on the fresh catalysts. The measured catalysts were fresh 1.5V/Si, 1.5V/Ti and
1.5V/SiTi(30).

The Raman spectra were collected with a Timegate® Raman Spectrometer (Oulu, Finland) with a
pulsed 532 nm fiber coupled laser and a rapid SPAD-detector. The data were collected with a Raman
shift range from 150 to 1150 cm−1. Data was curve fitted and analyzed with a Shsqui Matlab based
software (v0.981, Timegate Instruments Oy, Oulu, Finland). The fresh 1.5V/Si, 1.5V/Ti and 1.5V/SiTi30
were measured and the measurement was repeated after the 8 h stability tests.

3.2. Catalytic Oxidation Tests

The catalytic partial oxidation tests were performed in a laboratory scale tubular quartz reactor.
The experimental set-up presented in our previous work [21] was modified for further studies with
a few basic improvements. The current set-up is presented in Figure 13. All the gas lines after the
evaporator (heated to ~70 ◦C) were heated to 180 ◦C to avoid the condensation of the evaporated
compound on the tube surfaces. Some condensation of methanol may still occur as the reactor part of
the set-up is in the room temperature in the beginning of each test. Relatively high GHSV (~94,000 h−1)
was used in the experiments and the experimental procedure was following the same path as presented
in the previous work [21].
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Figure 13. The experimental set-up for the catalyst activity testing.

All the experiments were conducted with 100 mg of a catalyst in the powder form. The feed
concentration in each test was 500 ppm of methanol (Merck, Darmstadt, Germany) and 500 ppm of
methyl mercaptan (Oy AGA Ab, Espoo, Finland) in a mixture. The reaction temperature was raised
from room temperature to 500 ◦C with a heating rate of 5 ◦C min−1. The outlet gas composition was
analyzed by using a Gasmet FTIR Cr-2000 (Helsinki, Finland) analyzer equipped with an MCT detector.
The following compounds were analyzed in each of the catalytic tests: carbon dioxide CO2, carbon
monoxide CO, nitrogen monoxide NO, nitrogen dioxide NO2, nitrous oxide N2O, sulfur dioxide SO2,
sulfur trioxide SO3, methane CH4, formaldehyde CH2O, methyl mercaptan CH4S, dimethyl sulfide
C2H6S, dimethyl disulfide C2H6S2, formic acid CH2O2, and methanol CH4O. First the supports Si and
Ti and mixed oxides SiTi(10), SiTi(30), and SiTi(60) were tested to find the possible changes in activity
with respect to the Si:Ti ratio. The activity experiments were continued to study the effect of different
vanadia loadings. The catalyst stability and repeatability of the catalytic tests were examined by testing
the same catalyst in the same experimental conditions twice. The stabilities of 1.5 V catalysts were also
tested in longer-term (8 h) experiments to gain some indication of the durability of the material. In 8 h
tests, the catalyst amount of 200 mg was used. The same procedure as in the activity tests was used
and the temperature was kept at the optimal formaldehyde production temperature (500 ◦C or lower)
for 8 h.

4. Conclusions

V2O5 catalysts supported on SiO2-TiO2 have been characterized and tested in the oxidation
of methanol and methyl mercaptan to formaldehyde. The results of the V2O5/SiO2 + TiO2 were
compared with those obtained for V2O5/SiO2 and V2O5/TiO2 catalysts, showing that the composition
of the support has a significant role in the catalytic behavior. The current oxidation results prove
that silica–titania supported vanadia catalysts show good potential for use in the oxidation of sulfur
contaminated methanol to formaldehyde. In the laboratory scale oxidation tests, significantly higher
formaldehyde yields were achieved with the mixed silica–titania support. The important role of
vanadium pentoxide in the catalyst is evident; the addition of the active compound results in higher
activity of the catalysts, and lowers the optimal temperature of the reaction in which the desired partial
oxidation products are formed. As expected, applying titania onto silica results in a higher surface
area, which allows a good dispersion of vanadia. The acidity of the materials was dependent on the
Si:Ti ratio of the support, but no solid conclusions about the role of the acidity in the activity of the
catalysts in oxidation of methanol and methyl mercaptan could be made based on these findings.
More detailed information on the surface of the catalysts and the reaction mechanisms is needed to
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optimize these materials further. For example, the role of the quality of the acid sites as well as the
effect of the vanadia dispersion should be detailed.
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Abstract: Nowadays catalytic technologies are widely used to purify indoor and outdoor air from
harmful compounds. Recently, Ag–CeO2 composites have found various applications in catalysis due
to distinctive physical-chemical properties and relatively low costs as compared to those based on
other noble metals. Currently, metal–support interaction is considered the key factor that determines
high catalytic performance of silver–ceria composites. Despite thorough investigations, several
questions remain debating. Among such issues, there are (1) morphology and size effects of both
Ag and CeO2 particles, including their defective structure, (2) chemical and charge state of silver,
(3) charge transfer between silver and ceria, (4) role of oxygen vacancies, (5) reducibility of support
and the catalyst on the basis thereof. In this review, we consider recent advances and trends on the
role of silver–ceria interactions in catalytic performance of Ag/CeO2 composites in low-temperature
CO oxidation, soot oxidation, and volatile organic compounds (VOCs) abatement. Promising photo-
and electrocatalytic applications of Ag/CeO2 composites are also discussed.

Keywords: silver–ceria; metal–support interaction; CO oxidation; soot oxidation; VOCs abatement

1. Introduction

Air pollution is a major environmental problem. According to the World health organization,
ambient air pollution contributes to 6.7 percent of all deaths worldwide [1], and the emissions of
harmful compounds from industrial plants and motor vehicles in crowded urban areas are getting
more attention. By reducing the level of air pollution, countries can reduce the morbidity rates of
heart disease, lung cancer, chronic and acute respiratory diseases, etc. Many substances cause air
pollution, including carbon monoxide (CO), particulate matter, ozone, nitrogen dioxide, soot, sulfur
dioxide, organic dyes, etc., with CO being the most common among these pollutants. Volatile organic
compounds (VOCs) comprising organic compounds with an initial boiling point inferior or equal to
250 ◦C (measured at a standard pressure of 101.3 kPa) also impact pollution of indoor and outdoor
air [2]. In a recent review [3], the authors consider several main classes of VOCs, including halogenated
VOCs, aldehydes, aromatic compounds, alcohols, ketones, polycyclic aromatic hydrocarbons, etc.

Therefore, air cleaning is a pivotal challenge, and new solutions are required. Catalytic total
oxidation of organic pollutants into CO2 and water is the most effective way to address this challenge.
Metal/ceria-based catalysts were found promising heterogeneous catalysts for CO, soot and VOCs
oxidation, and the highly dispersed noble metals (Me = Au, Pt, Pd, Ru, etc.) were used as the
active components of these catalysts. The ceria-supported catalysts containing Pd [4–11], Pt [12–16],
Au [17–23], Ru [24,25], Rh [26–29], and Cu [30,31] were proposed. Metal oxide-based catalysts
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(Co3O4 [32], MnOx [33], etc.) also attracted wide interest. However, a significant part of the developed
catalysts has limited use under real conditions due to high costs of noble metals (the loading of
palladium, platinum, gold is of 2–10 wt. %), relatively low stability to “hard” conditions of oxidation
processes causing the loss of active component and reduction of the catalyst activity and selectivity.
Therefore, the development of high-performance affordable and stable catalysts for low-temperature
total oxidation of harmful compounds is still challenging. Efficiency and costs of such catalysts are
connected with proper selection of the type of active component, support, and preparation method [34].

Recently, supported silver catalysts have brought about wide interest due to their high activity
in low-temperature oxidation processes. Different supports are studied (SiO2, CeO2, MnOx, TiO2,
Al2O3, ZrO2, etc.) [35–38]. It is shown that an enhanced catalytic activity of Ag-based catalysts can be
achieved by using reducible metal oxides as supports and by controlling the metal–support interaction
to provide synergistic effect between active sites of the support and noble metal [39].

Among the supports mentioned, CeO2 brings about high interest, since it combines exceptional
redox and acid-base properties with oxygen storage, which can be controlled by proper preparation
methods and treatments. Moreover, these distinctive properties of ceria cause its wide applications as
a support for catalysts. For this reason, highly active and relatively inexpensive Ag/CeO2 composite
is considered promising heterogeneous catalyst for total oxidation of harmful organic compounds,
including formaldehyde [40], CO [41–43], soot [44–49]. The Ag/CeO2 composites can also be used
in photo- [50] and electrocatalysis [51,52], reduction of NOx [41], methane oxidation reaction [53],
preferential oxidation of CO in excess of H2 (PROX CO) [54,55] as well as in biochemistry due to the
bactericidal properties of both ceria and silver [56]. It is noteworthy also that these composites are
applied in selective oxidation of organic compounds.

In this review, we provide a survey of the current state of catalytic total oxidation of CO, soot, and
VOCs over Ag/CeO2 catalysts. The reactions under consideration are discussed from the perspective
of (1) morphology and size effects of both Ag and CeO2 particles, including their defective structure,
(2) chemical and charge state of silver, (3) charge transfer between silver and ceria, (4) role of oxygen
vacancies, (5) reducibility of support and the catalyst on the basis thereof.

2. Topical Processes

2.1. CO Oxidation

CO oxidation is one of the most studied reactions in catalysis science. It is of great fundamental
and practical importance, since CO is formed as a by-product in many industrially important oxidation
reactions (e.g., methanol oxidation to formaldehyde [57], ethylene glycol oxidation to glyoxal [58], etc.).
CO seriously affects the environment and human health [59].

Ceria-based catalysts are among the most promising materials for CO oxidation [59–61].
A comparison of ceria-supported noble metals shown that Pd/CeO2 and Au/CeO2 catalysts were more
active in CO oxidation than Ag/CeO2 [62,63]. However, the relatively low activity of Ag-containing
catalysts in this case may be connected with non-optimal conditions of preparation and pre-treatment of
Ag/CeO2 catalyst. Ag/SiO2 catalysts are known to be able to catalyze low-temperature CO oxidation
even at temperatures below 0 ◦C [64–67]. Such factors as the size of Ag nanoparticles, the pre-treatment
conditions of both support and catalyst, metal–support interaction determine the catalytic activity of
silver catalysts in CO oxidation. In Ref. [68] it was shown that addition of CeO2 to Ag/SiO2 improved
the catalytic activity in CO oxidation due to the cooperation of oxidative species on Ag and ceria.
Thus, the study of Ag/CeO2 catalysts deserves special attention to reveal the reasons for high catalytic
activity and find the approaches to its regulation.

According to literature, the method of Ag/CeO2 synthesis determines the catalytic
properties. Thus, in Ref. [41] the 10% Ag/CeO2 catalysts were prepared by impregnation and
deposition–precipitation techniques. The catalysts prepared by impregnation demonstrated higher
activity in CO and propylene oxidation. This finding was associated with formation of Ag2+ species in
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these catalysts, confirmed by Electron Paramagnetic Resonance (EPR). Such species improve the redox
properties due to creation of three different redox couples: Ag2+/Ag+, Ag2+/Ag0, and Ag+/Ag0.

The effect of shape of ceria nanoparticles on the catalytic properties of ceria-based catalysts is also
discussed in the review [69]. In Ref. [70] synthesis of ceria nanopolyhedra, nanorods, and nanocubes
by a hydrothermal method is described (Figure 1). The oxygen storage capacity of CeO2 nanorods
and nanocubes was attributed to both surface and bulk oxygen species. The lowest oxygen storage
capacity for ceria nanopolyhedra was attributed to a predominance of (111) boundaries on the surface
of particles with low reaction ability toward CO. Thus, the shape-selective synthetic strategy may be
used for designing the catalysts with desired oxidative activity.

 

Figure 1. TEM (a) and HRTEM (b) images of CeO2 nanopolyhedra. TEM (c) and HRTEM (d) images
of CeO2 nanorods, inset is a fast Fourier transform (FFT) analysis. TEM (e) and HRTEM (f) images
of CeO2 nanocubes, inset is a FFT analysis. Reproduced from Ref. [70] with the permission from
ACS Publications.

In Ref. [71] the catalytic activity of ceria rods, cubes and octahedra was studied in CO oxidation.
The highest activity of ceria nanorods was attributed to a predominance of (110) and (100) surfaces,
while the lowest activity of ceria octahedra was caused by a predominance of (111) surface. The activity
of different surfaces also depends on the energy of oxygen vacancy formation, which is predicted to
follow the reverse order of lattice oxygen reactivity: (110) < (100) < (111). Supporting of silver on the
surface of ceria nanoparticles with different shapes by conventional incipient wetness impregnation
followed by calcination at 500 ◦C led to creation of additional oxygen vacancies in ceria surface [43].
Ag nanoparticles were suggested to facilitate the formation of oxygen vacancies in ceria surface in
a larger extent than in case of positively charged Agn

+ clusters. Thus, Ag loading (1 and 3 wt. %) in
Ag/CeO2 affects the amount of Ag0 and Agn

+ clusters that yields different concentrations of surface
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oxygen vacancies and, hence, different activity in CO oxidation. Ag0 nanoparticles (NPs) promote the
reducibility of surface lattice oxygen and catalytic activity of CeO2 in CO oxidation. The control of the
shape of CeO2 may be used as a strategy to design the metal/CeO2 catalysts with reduced amounts of
noble metals. An increase of the Ag content from 1 to up to 3 wt. % mitigates the difference in turnover
frequency (TOF) CO for the composites based on nanocubes and nanorods that allows concluding on
the need of coexistence of charged Agn

+ species and reduced Ag0 NPs on the CeO2 surface to create
an active catalyst.

The role of oxygen vacancies of Ag/CeO2 catalysts in CO oxidation is also discussed in Ref. [72].
Using Raman spectroscopy, it was shown that Ag promoted the formation of oxygen vacancies in ceria.
This effect is pronounced, when CeO2 and Ag/CeO2 were reduced in CO/N2 atmosphere up to 300 ◦C
(Figure 2a,b). Treatment in oxygen atmosphere leads to the decreased amount of oxygen vacancies
(Figure 2c,d). Thus, the introduction of Ag into CeO2 promotes the activation of lattice oxygen of ceria
and formation of oxygen vacancies that is the main reason for enhanced catalytic activity of Ag/CeO2

in CO oxidation.

 

Figure 2. Raman spectra of different catalysts under different reaction conditions (a) Ag/CeO2— 5 vol%
CO/N2, (b) CeO2—5 vol% CO/N2, (c) Ag/CeO2–O2, (d) CeO2–O2. Reproduced from Ref. [72] with
the permission from Springer.

The role of the shape of ceria nanoparticles in CO oxidation over Ag/CeO2 was also discussed
in terms of the complex or hierarchical structure of ceria. The Ag-based catalysts supported on
mesoporous CeO2 prepared by hard-template method and surfactant-template method was studied
in CO oxidation in Ref. [42]. Mesoporous ceria was prepared by hard-template method using the
SBA-15 material as a template, which was etched by NaOH. Hexadecyl trimethyl ammonium bromide
(CTAB) was used as a classical soft template to synthesize ceria by surfactant-template method.
Mesoporous ceria prepared by hard-template method was the preferable support for Ag catalysts,
and total conversion of CO (200 mg catalyst, 1% CO, a gas flow of 30 mL/min) for this catalyst was
achieved at 65 ◦C. High activity of this catalyst was attributed to oxygen vacancies in mesoporous
CeO2 support, which stabilizes dispersed silver and facilitates the transfer of electrons from Ag to
CeO2 via the Ag–CeO2 interface. However, one cannot exclude the participation of SiO2 used as
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a template to produce mesoporous CeO2 in formation of Ag-containing species highly reactive toward
low-temperature CO oxidation.

In Ref. [73] Ag/CeO2 catalysts with the Ag loading from 5 to 20 wt. % were prepared by the
HCl etching of CuO/CeO2/Ag2O mixed oxides followed by CuO removal. The formation of Ag
nanoparticles inside the ultrafine nanoporous CeO2 with sizes of pore channels below 20 nm was
observed after reduction by glucose in solution. The obtained composites also showed enhanced
catalytic activity in CO oxidation in comparison with CeO2–Ag composite prepared by co-precipitation
method, and the highest catalytic activity was observed for catalysts with 10 wt. % loading of Ag
(T50% ≈ 130 ◦C, 1% CO and 10% O2, WHSV of 60,000 mL g−1 h−1).

The CeO2 mesoporous spheres with a diameter of ~100 nm and Ag catalysts on the basis thereof
were synthesized in Ref. [74] (Figure 3). CeO2 mesoporous spheres were synthesized using glycol as
a solvent with addition of C2H5COOH in an autoclave at 180 ◦C for 200 min. Ag NPs were prepared
separately, and their dispersion in cyclohexane was stirred together with CeO2 mesoporous spheres.
The catalysts were characterized by high surface area (216 m2/g) and regular morphology. Ag molar
content was 10%. CO conversion achieved 96.5% at 70 ◦C (100 mL/min) and the enhanced catalytic
performance in CO oxidation was attributed to the unique structure of ceria support.

 

Figure 3. (a and b) TEM images with different magnifications of CeO2 mesoporous spheres supported
by a Ag nanoparticle catalyst. (c) Darkfield scanning TEM image of a single CeO2 mesoporous sphere.
(d) Compositional line profile across the single sphere (from A to B) probed by Energy Dispersive X-ray
Analysis (EDXA) line scanning. Reproduced from Ref. [74] with the permission from the ACS Publisher.

The catalysts with core-shell and yolk–shell structures also attract attention [75,76]. The Ag@CeO2

catalysts with a core-shell structure were prepared by surfactant-free method with subsequent
annealing redox reaction between silver and ceria precursor during co-deposition [77]. The particles
with metallic Ag cores with a diameter of 50–100 nm CeO2 shell with a thickness of 30–50 nm were
tested in CO oxidation (catalyst mass was 100 mg, 1% CO, a gas flow of 20 mL/min). The calcination of
Ag@CeO2 at 500 ◦C in air flow led to the growth of catalytic activity (100% CO conversion at ~120 ◦C)
in comparison with freshly deposited precipitate and catalyst after hydrothermal treatment and drying
at 80 ◦C. This growth of activity was attributed to the strengthened interfacial interactions between Ag
core and CeO2 shell during the calcination process (confirmed by TPR-H2) and to the fast desorption of
CO2 from the surface of catalyst that was shown by Fourier Transform Infrared (FTIR) spectroscopy
of adsorbed CO2. The charge transfer due to enhanced metal–support interaction from Ag to CeO2

was shown by XPS [39]. It is noteworthy that one-, two- and three-coordinated OH groups were shown
to exist over CeO2 surface [78], and their effect cannot be neglected.
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Thus, according to the literature, Ag/CeO2 composites are promising catalysts for CO oxidation.
The method of catalyst preparation, shape of ceria nanoparticles, and morphology of ceria are the
factors determining the catalytic properties of the composites. Special attention is given to oxygen
vacancies, and their concentration depends on the shape of ceria particles, amount of silver and charge
states of its clusters/nanoparticles as well as pre-treatment conditions. Certainly, the presence of
silver on the surface of ceria promotes the formation of oxygen vacancies and facilitates the growth
of catalytic activity in CO oxidation. The features of interfacial interaction also should be considered
since the transfer of electronic density from silver NPs to ceria accompanies metal–support interaction
in Ag/CeO2 catalysts. These phenomena may play a key role in oxidative catalysis [79,80], reduction
of nitroarenes [81], photocatalysis [82]. Different synthetic strategies may be developed to synthesize
Ag/CeO2 with high activity in CO oxidation and find real application in industrial or indoor air
purification from CO and VOCs.

2.2. Soot Oxidation

Soot is an amorphous impure carbon formed during incomplete combustion of fuels and
hydrocarbons in internal combustion engines, coal burning, power-plant boilers, etc. It is formed as
a by-product impairing the normal operation of combustion engines by fouling of exhaust systems,
generation of exhaust plumes, blocking the pipes, etc. [83]. Soot particles are harmful to the human
respiratory system since they cannot be filtered by upper airways. Thus, the development of materials
that prevent the harmful impact of soot on the environment and human health is an important research
and technology challenge. The soot combustion of diesel exhaust particulate occurs at temperatures
above 600 ◦C, while typical diesel engine exhaust temperatures are in the range of 200–500 ◦C [84,85].
Therefore, the decreasing of the temperature of soot combustion is the main requirement for catalysts
in this reaction.

The contact between soot and catalyst plays a key role in solid–solid reactions, and the observed
catalytic activity depends on the gas–solid–solid interaction [86]. The contact conditions between soot
and catalyst determine the combustion performance. In the literature two types of catalyst–soot contact
studies under laboratory conditions are proposed: tight contact (TC) and loose contact (LC) [85–87].
The LC mode comprises a mixing or shaking of the catalyst–soot mixture with a spatula providing
conditions for contact between soot particle and catalyst similar to those over diesel filter. TC mode is
achieved by milling (ball or mortar milling) of the mixture during several minutes. Compared to the
LC mode, the TC mode is less representative of the real contact conditions but is required to better
understand and discriminate the morphologies [86,88].

Many effective catalytic systems have been proposed for soot combustion and other oxidation
reactions [83,89]. Due to their unique physical-chemical properties, especially high redox properties
and the lability of lattice oxygen, ceria and ceria-based materials also show high catalytic activity
in total oxidation reactions, and soot oxidation to carbon dioxide is not an exception. Ceria also
possesses high oxygen storage capacity (OSC), which allows using the oxide not only as a support
or modifying additive, but also as a catalyst for soot oxidation. A selection of CeO2-based catalysts
for soot oxidation is presented in Table 1. In Ref. [90] the catalytic activity of pure ceria prepared by
co-precipitation method was described. Precipitation of aqueous solution of HNO3 and Ce(NO3)3

was carried out using the 0.4 M NaOH solution and 0.4 M Na2CO3. Combustion temperature of pure
oxide samples was achieved in the region of 445–560 ◦C. The acidification of cerium precursor at the
stage of catalyst preparation improved the catalytic performance of the obtained materials. The sample
prepared by precipitation method using HNO3/Ce(NO3)3 = 2 had the highest catalytic activity with
Tm = 465 ◦C. It is noteworthy that the use of large amounts of alkali metals at the stage of synthesis
may significantly influence on the morphology and defective structure of cerium oxide, which will
impact on the observed catalytic activity [91].

Morphology is known to play an important role in solid–solid reactions, where the number of
contact points is a crucial criterion of activity. In Ref. [92] three different morphologies of pure cerium
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oxide were studied in soot oxidation reaction. The materials comprised (1) ceria nanofibers that
capture the soot particles in several contact points, while having low specific surface area (~ 4 m2/g),
(2) solution combustion synthesis ceria having an uncontrolled morphology, but higher specific surface
area (31 m2/g), and (3) three-dimensional self-assembled (SA) ceria stars having high specific surface
area (105 m2/g) and highly available contact points. The latter showed the highest catalytic activity,
and the temperature of soot oxidation reduced from 614 to up to 403 ◦C for TC and to up to 552 ◦C in
case of LC (Figure 4).

Figure 4. FESEM images representing a loose contact mixture of CeO2 SA-stars and soot at × 40,000 (a)
× 150,000 (b) level of magnifications. Reproduced from Ref. [92] with the permission from the Royal
society of chemistry.

Comparing to the morphologies in groups 1 and 2, the three-dimensional shape of SA stars may
involve more of the soot cake layer that can be a reason for enhancement of the total number of contact
points and higher catalytic activity (Figure 5). SA stars also keep their high intrinsic activity after aging.

Figure 5. Total soot conversion in loose contact conditions. Reproduced from Ref. [92] with the
permission from the Royal society of chemistry.

A comparison of the catalytic performance of pure ceria with different morphology under LC
conditions was carried in [60], and the results were compared to those reported in Refs. [46,93–95].
The activity was shown to decrease in the following order: nanorod > nanocube > fiber > flake, and
the lowest temperature of complete combustion of 485 ◦C is observed for nanorod samples.

In Ref. [96] hydrothermal and solvothermal methods were used to prepare nanostructured ceria
with different morphology (nanorod, nanoparticle, and flake). The nanorod sample showed the
best catalytic activity (soot combustion temperatures for TC and LC modes were 368 and 500 ◦C,
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respectively) that was attributed to the maximal amount of adsorbed oxygen species on its surface.
Moreover, the high specific surface area, determined by BET (Brunauer Hemmet Teller) method,
was pointed out to have a positive effect in improving the activity under the LC mode. In Ref. [97]
hydrothermal method was used to prepare conventional polycrystalline ceria and single-crystalline
ceria nanorods and nanocubes. The obtained samples differ by the surface formed ((100) surfaces were
typical for nanocubes, a mixture of (100), (110) and (111) surfaces for nanorods, while (111) surface was
obtained for conventional polycrystalline ceria). More reactive exposed surfaces demonstrated higher
catalytic activity and soot oxidation becomes a surface-dependent reaction. Soot, while located at the
soot–ceria interface, can reduce ceria, and such surface becomes the source of active superoxide ions.
The formation energy of a surface oxygen vacancy is considered important for activity enhancement.

According to Ref. [48], the redox properties of ceria are an important, but not the major factor
for catalytic soot oxidation. A comparison of fluorite-type oxides CeO2, Pr6O11, CeO2–ZrO2, ZrO2

characterized by high oxygen capacity revealed that the reactivity rather than quantity of oxygen
species involved in oxygen release/storage processes is a favorable factor for low-temperature soot
oxidation. CeO2 was shown to be much more active in soot oxidation, than Pr6O11 and CeO2–ZrO2

that had higher OSC values than pure CeO2. Using the electron spin resonance (ESR) method it
was demonstrated that the reason was connected with the ability of the CeO2 surface to generate
superoxide ions (O2

−) that can rapidly react with neighboring carbon or recombine to yield O2.
Despite unique physical-chemical properties, it is often not feasible to use pure ceria,

since a significant loss of specific surface may occur due to thermal sintering, deactivation of redox
pair, reduction of OSC leading to deterioration of catalytic activity [98], etc. Even small sintering
causes a large impact on the crystallite sizes and the presence of oxygen vacancies, which significantly
reduces the catalytic activity. The presence of metal ions in the ceria lattice allows reducing the effects
of sintering and loss of catalytic activity along with a significant increase of OSC [99,100].

Special attention should be paid to the effect of introduction of Ag into the CeO2 structure.
Loading of Ag NPs on CeO2 improves the reactivity of CeO2 lattice oxygen toward soot oxidation.
Kinetic studies showed [45] that lattice oxygen of ceria interacting with Ag NPs had similar reactivity
to the one of lattice oxygen in Ag2O. Ag NPs enhance reducibility of ceria (which was also shown
in [101] and was attributed to reverse spillover of oxygen atoms from the Ag–CeO2 boundary to the Ag
NPs along with other possible interpretations), but not the reoxidation ability of reduced ceria surface
by dioxygen. Silver can become an agent that allows rapid formation of Ox

−. In Ref. [102] using
cyclic H2-TPR and Raman studies, it was shown that both dissociative adsorption of gaseous oxygen
and migration of bulk oxygen of ceria can be facilitated by silver. This results in a rapid generation
of atomic oxygen over silver, which under the TC mode can transfer onto soot particle and lead to
catalytic oxidation reaction [103]. If not, its spillover onto the ceria surface occurs, and the oxygen
transforms to Ox

− through 2O–O2
−–2O− –2O2− over the oxygen vacancies [45,49,57,104,105]. On the

other hand, silver is proposed to participate in the reverse transformation of O− to O2
− [105].
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In Figure 6 an effect of silver loading on the catalytic activity of ceria in soot oxidation is
represented. The temperature of soot combustion shifted from 668 ◦C in case of combustion of
pure soot to 393 ◦C for CeO2 and to up to 345 ◦C for the case of Ag/CeO2 [48].

 

Figure 6. Effect of Ag loading on soot combustion profiles of CeO2. Soot/CeO2 tight-contact mixtures
with a weight ratio of 1/20 were heated in 10% O2/N2 at the rate of 10 ◦C·min−1. Reproduced from
Ref. [48] with the permission from the American chemical society.

By comparing the onset temperature, Ti, of soot oxidation over various metal-loaded CeO2 with
different loadings (Figure 7) it results that Ti can be lowered with an increase of Ag loading from 357 to
324 ◦C (20 wt %). On the contrary, loading other metals, such as Pd, Pt, and Rh, could not improve the
activity. This result supports that superoxides activated over silver are the active species responsible
for low-temperature soot oxidation.

 

Figure 7. Soot oxidation activity (Ti) of metal-loaded CeO2 measured in a flow of 10% O2 and N2

balance. Tight-contact soot/catalyst mixtures with a weight ratio of 1/20 were heated at the rate of
10 ◦C·min−1. Reproduced from Ref. [48] with the permission from the American chemical society.

The catalysts for soot combustion have two main drawbacks, i.e. poor soot/catalyst contact
and restricted amount of active site. The promising composites should possess relatively low
specific surface area and have no micropores and small mesopores, which will provide the presence
of a maximal number of active sites on the external surface of the grain and will facilitate the
effectiveness of catalyst performance. Various preparation technique can be used to create such
active surfaces. While the impregnation method still can be used [48], the relatively simple and
economically feasible co-precipitation technique is considered the major way to prepare Ag/CeO2

catalysts for soot oxidation [44,49,104,108]. As a result, an opportunity exists to design favorable
structure to transfer/diffuse the activated oxygen species to reaction zones of the catalyst and promote
better catalyst–soot contact.

Among the catalysts prepared by co-precipitation technique, special interest is devoted to those
with the “rice-ball” core-shell structure [49,104] comprising metallic Ag particles in the core surrounded
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by CeO2 particles. These catalysts possess a unique agglomerated structure with a diameter of about
100 nm, where large Ag particles (30–40 nm) and a large interface between the Ag and CeO2 particles
cause its excellent catalytic performance in soot oxidation due to this morphological compatibility
(the oxidation proceeds below 300 ◦C).

A less common way to prepare Ag/CeO2 catalysts for soot oxidation is the electrospinning
method [47]. CeO2 nanofibers with diameters of 241–253 nm were produced using this method
(Figure 8).

 

Figure 8. Schematic illustration of Ag/CeO2 nanofiber synthesis sequence. CeO2 nanofibers were
fabricated through the electrospinning of spinnable Ce/PVP in a DMF/EtOH precursor solution
followed by thermal treatment. Ag was then loaded on the surfaces of the CeO2 nanofibers. Reproduced
from Ref. [47] with the permission from the Elsevier.

The Ag/CeO2 and CeO2 fibrous catalysts calcined at 500 ◦C exhibited an improved catalytic
performance in soot oxidation caused by their large pore sizes related to the macroporous characteristics
of the porous structure in CeO2. Large surface areas of CeO2 and Ag metallic species can contribute to
high soot oxidation activity (Figure 9).

 

Figure 9. TG and DTG curves: (a) CeO2-500, (b) CeO2-800, (c) CeO2-1000, (d) Ag/CeO2-500,
(e) Ag/CeO2-800, and (f) Ag/CeO2-1000. Reproduced from Ref. [47] with the permission from
the Elsevier.

In Ref. [106] it is pointed out that under oxygen-rich conditions the activity of Ag/CeO2 catalysts
is caused by oxygen vacancies near Ag particles, while under oxygen-poor conditions it is controlled
by bulk oxygen vacancies. The generation and transfer of active oxygen are affected by combinations
of both types of oxygen vacancies.

The mechanism of soot oxidation over Ag/CeO2 composites is also debating. Soot oxidation is
a solid–solid–gas reaction, and there are two points of views on the predominant reaction mechanisms
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of soot oxidation in the literature [48,109–111]. On one hand, soot oxidation is initiated by the
surface-active oxygen (peroxide and superoxide (O− and O2

−) species), which may be activated by the
oxygen vacancies. From the other hand, surface active oxygen comes from the bulk by migration of
lattice oxygen. Ref. [99,108] describes a mechanism of metal oxide catalyst participation in redox cycle,
where metal is subjected to repeated oxidation and reduction according to the following reaction set:

Mred + Ogas → Moxd—Oads (1)

Moxd—Oads + Cf → Mred + SOC (2)

SOC → CO/CO2, (3)

where Mred and Moxd–Oads represent the reduced and oxidized states of the catalyst, respectively;
Ogas and Oads are gaseous O2 and surface adsorbed oxygen species, respectively; Cf denotes a carbon
active site or free site on the carbon surface, and SOC represents a surface carbon-oxygen complex.

According to this mechanism, atomic Oads species is formed through dissociative adsorption of
gas-phase oxygen on the metal oxide surface, and then attacks the reactive free carbon site Cf yielding
an oxygen-containing active intermediate. CO/CO2 are formed through the reaction between the
intermediate and either Oads or gas-phase O2. The authors [45,99,108] suggest that in this mechanism
the surface adsorbed oxygen species play the key role in soot oxidation, in contrast to CO oxidation
that occurs through the Mars-van Krevelen mechanism. However, some researchers consider that
the second reaction mechanism is prevalent in soot oxidation over ceria-based catalysts under real
conditions [48] (Figure 10).

 

Figure 10. A schematic mechanism of soot oxidation over Ag/CeO2 catalyst. Reproduced from Ref. [45]
with the permission from the Elsevier.

In case of reverse CeO2–Ag catalyst [49], a synergistic effect of Ag and CeO2 particles causes
adsorption of gas-phase O2 followed by formation of atomic oxygen species and the process is
facilitated due to large Ag–CeO2 interface. The O species on the silver surface migrates to the surface of
ceria particles through the interface and transforms into On

x− species (Figure 11). These atomic oxygen
species exist in equilibrium during soot oxidation. Then the mobile active On

x− species migrates onto
soot particle through the soot–ceria contact and completely oxidizes the soot into CO2.

Figure 11. A schematic mechanism for soot oxidation over the CeO2–Ag catalyst. Reproduced from
Ref. [49] with the permission from the Elsevier.
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Another important problem that occurs in particulate filters under real conditions is connected
with the loss of contact between the catalyst and solid reactant (e.g., unreactive ash). In Ref. [104] the
catalytic soot oxidation was shown to occur, when a physical barrier of ash deposit exists between
the catalyst and the solid soot, and the reaction proceeds without a direct catalyst–soot contact or
any external energy applied (Figure 12). A CeO2–Ag catalyst prepared by the co-precipitation and
a Ag/CeO2 catalyst prepared by impregnation showed catalytic activity for remote oxidation of soot
separated by the deposition of alumina or calcium sulfate, while CeO2 catalyst did not. The remote
oxidation effect is extended to more than 50 μm for both the CeO2–Ag and Ag/CeO2 catalysts, with the
highest effect over the former catalyst. Based on the results of the ESR experiments, a mechanism for
the observed phenomenon was proposed, in which a superoxide ion (O2

−) generated on the catalyst
surface first migrated to the ash surface and then to the soot particles and then subsequently oxidizes it.

 

Figure 12. A schematic mechanism for remote catalytic soot oxidation over a catalyst composed of Ag
and CeO2. Reproduced from Ref. [104] with the permission from the Elsevier.

In [112] several model Ag/CeO2 catalysts with uniform structures and diverse surface oxygen
vacancy (VO–s) contents were prepared by solution combustion method, and the processes of their
activation and deactivation were considered (Figure 13). The VO–s content, conditions of catalyst–soot
contact and extra oxygen supplier were pointed out as the most important structural factors in the
activity of soot oxidation catalysts. The dioxygen concentration in the reaction atmosphere was
assumed to influence the VO–s content, while ceria reduction was mentioned to occur around the
catalyst–soot contact points and did not take place in the presence of O2. Moderate amounts of VO–s

were shown to boost the catalytic activity by generating more Ox
n− species, while their excess yields

O2− instead of O2
− that hinders the process. The interfacial reduction of ceria and insufficient O2

−

delivery and regeneration were suggested to determine the catalyst performance. The deactivation
can be postponed by noble metal addition, resulting in accelerated soot combustion over noble
metal-containing catalysts.

Figure 13. Schematic explanation for activity variations over (a) Ag/CeO2 with low initial VO-s

concentration (e.g., AgCe-0, AgCe-0.01, AgCe-0.02 and AgCe-0.03) and (b) Ag/CeO2 with high initial
VO-s concentration (e.g., AgCe-0.04 and AgCe-0.05) during isothermal soot oxidation. Reproduced
from Ref. [112] with the permission from the Royal Society of Chemistry.
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Thus, the development of catalysts with a special state of the deposited phase, characterized
by a strong metal–support interaction, makes it possible to stop the migration of the deposited
particles of the active phase, preventing the process of thermal aging (sintering) of the catalyst,
which is one of the main problems in the operation of catalytic systems for cleaning emissions of
internal combustion engines, both gasoline and diesel. The synergistic effect of Ag/CeO2 catalysts
is determined by high activity, stability and is achieved by decreasing the costs for use of expensive
metals, e.g., platinum [113–115], with saving of efficiency in the processes of catalytic cleaning of
emissions of internal combustion engines. In this way, Ag/CeO2 composites are considered promising
catalysts for soot oxidation.

2.3. VOCs Abatement

VOCs are a large group of organic chemicals having high vapor pressure and low boiling
point at atmospheric pressure (these include, but are not limited to aldehydes, alcohols, aromatic
compounds, etc.). These properties cause evaporation or sublimation of these compounds from
liquid or solid state and entering the indoor and outdoor air. VOCs are known to possess
high toxicity, poison the atmosphere and have a negative impact on human health and the
environment [34]. To date, numerous ways to solve the challenge of air pollution, such as combustion
of wastes, biodegradation [116], adsorption [117], plasmochemical decomposition [118], photocatalytic
oxidation [119], ozonation [120], etc., have been proposed. The main drawback of these methods is
the high-energy consumption that may be accompanied by the formation of formaldehyde and CO
as well as the complexity of regeneration of the active phase (bacteria, adsorbents, photocatalysts).
Catalytic oxidation of VOCs to carbon dioxide and water are considered the most promising methods
to control the emissions [121–124]. The use of catalysts allows carrying out VOCs oxidation at relatively
low temperatures at complete conversion. As a rule, two main types of effective catalysts for total
oxidation of VOCs are developed, including supported metals (e.g., Au, Pt, Pd, Ag) [125–130] and
transition metal oxides (CeO2, MnO2, Co3O4) [130–133]. The combination of noble metal and transition
metal oxide used as a support or modifier is promising to increase the effectiveness of catalytic
composites [134–136].

Currently, Ag–CeO2 composites represent both scientific and practical interest as catalysts for
VOCs abatement, in particular oxidation of formaldehyde, methanol, toluene, acetone, etc. A selection
of literature data on Ag/CeO2 composites used in VOCs abatement is presented in Table 2. Several
articles were published on formaldehyde oxidation over Ag/CeO2 catalysts [40,137–139]. One of the
pioneer works in this field was carried out by S. Imamura et al. [140], who suggested using Ag/CeO2

as catalysts for formaldehyde oxidation. High activity of the Ag/CeO2 composite was suggested to
be governed by high dispersion of active silver on CeO2 and easier removal of surface oxygen as
compared to the one over individual Ag or CeO2 components. The authors pointed out that compared
to other group VIII metals, silver is less expensive and more abundant and shows high activity and
durability, when high temperatures are not required.
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Thus, in Refs. [137,138] a comparison of Ag/CeO2 catalysts with Ag-containing catalysts
supported on various supports and the those with different active components supported on CeO2 was
considered. Catalytic activity toward formaldehyde oxidation was shown to strongly depend on the
Ag particle size and dispersion and the amount of active oxygen species [137]. The 100% formaldehyde
conversion was achieved above 125 ◦C. In Ref. [138] the defective sites of mesostructured CeO2

support prepared by pyrolysis of oxalate precursor were suggested to increase oxygen vacancies
able to absorb and activate dioxygen, and highly dispersed silver particles promote this process.
This allowed achieving the complete formaldehyde conversion at 100 ◦C and was accompanied by
a strong synergistic interaction between active component and CeO2 support causing enhancement of
redox capability of the catalyst.

L. Ma et al. [40] also pointed out the synergistic interaction between Ag and CeO2 that caused
an activity enhancement of Ag/CeO2 nanosphere catalysts with average sizes around 80–100 nm
composed of small particles with a crystallite size of 2–5 nm as compared to normal Ag/CeO2 particle
catalysts prepared by conventional impregnation method. The complete formaldehyde conversion
was achieved above 110 ◦C, which was also explained by the fact that surface chemisorbed oxygen can
be easily formed on the Ag/CeO2 nanosphere catalysts. Silver facilitated oxygen activation, which was
considered an important aspect of formaldehyde oxidation.

Similar idea was reported in Ref. [139], where the comparison of catalytic properties of Ag/CeO2

catalyst with different morphologies (nanorods, nanoparticles, and nanocubes) of CeO2 prepared by
hydrothermal and impregnation method was carried out. The authors pointed out shape dependence
of the chemical state of ceria-supported Ag NPs, with the catalysts supported on CeO2 nanorods
showing the highest activity caused by the highest surface oxygen vacancy concentration, high
low-temperature reducibility as well as existence of lattice oxygen species and lattice defects formed
with the participation of both silver and ceria. The electronic silver–ceria interaction yielded Ag0 in
Ag/CeO2 composites, and the Ag0/(Ag0 +Ag+) ratio was found the highest for the catalysts supported
on ceria nanorods. These results show that the catalytic activity of Ag/CeO2 composites toward
formaldehyde abatement can be regulated by engineering the proper shapes of CeO2 supports.

One of the main parameters that allows comparing the catalytic activity of different materials
is a TOF. Table 2 presents the TOF values calculated by the authors. Unfortunately, the differences
in calculation methods and absence of required experimental information in original papers did not
allow comparing the activity of Ag/CeO2 materials correctly.

Besides formaldehyde, Ag/CeO2 catalysts were also used to oxidize other VOCs, e.g. methanol,
toluene, acetone, and naphthalene [41,54,141–143]. In these articles, a comparison of catalysts prepared
by different methods was represented. The authors attempted to determine the influence of the
preparation method and structure of the catalyst on its catalytic activity. Thus, in Ref. [54] the properties
of catalysts prepared by deposition–precipitation and co-precipitation methods were compared in total
oxidation of methanol, acetone, and toluene. The catalysts prepared by co-precipitation method were
revealed to be more active in oxidation reactions. Small crystallites of silver and ceria enhanced the
mobility and reactivity of oxygen species over ceria surface, which participated in the said reactions
through the Mars-van Krevelen mechanism. The reactivity of the VOCs changed in a row: methanol >
acetone > toluene.

In Refs. [41,142] the comparison of the catalytic activity of M/CeO2 composites (M = Au, Cu,
Ag) prepared by conventional wet impregnation and deposition–precipitation methods was carried
out in propylene oxidation. It was shown that the Ag-containing catalyst prepared by conventional
wet impregnation method possessed higher catalytic activity. In Ref. [142] the presence of silver in
high oxidation state was considered responsible for high catalytic activity of Ag/CeO2 composites.
Using EPR technique it was shown that this is connected with the presence of Ag2+ ions (isotopes
107Ag2+ and 109Ag2+ were detected) along with Ag+ and Ag0 in the Ag/CeO2-Imp sample, while this
was not observed in case of Ag/CeO2-DP (Figure 14, A) [41].
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Figure 14. (A) EPR spectra for (a) CeO2, (b) 10% Ag/CeO2 (Imp), and (c) 10% Ag/CeO2 (DP) recorded
at −196 ◦C after treatment under vacuum for 30 min. (B) Propylene conversion over (a) CeO2, (b) 10%
Ag/CeO2 (Imp), and (c) 10% Ag/CeO2 (DP). Reprinted from [41] with the permission of the Elsevier.

In the presence of Ag2+ ions, a mobility of some oxygen species increases, which sets conditions
for the formation of three redox couples (Ag2+/Ag+, Ag2+/Ag0, and Ag+/Ag0). Nitrate precursor
decomposition with the participation of O2− of ceria lattice was considered a source of Ag2+ ions,
while the regeneration of oxygen vacancy may occur either from nitrate or from gaseous oxygen:

(
Ag+ + NO−

3
)
/
(

O2−Ce4+O2−
)
→

(
Ag+ + NO−

2
)
/
(

O2−Ce4+O2−
)
→(

Ag2+ + O2−
)

/
(

O2−Ce4+O2−
)
+ NO2

In Figure 14B the catalytic conversion of propylene over CeO2, Ag/CeO2-Imp and Ag/CeO2-DP
is shown. Adding Ag to CeO2 enhanced the catalytic activity, moreover, the performance of the Imp
catalyst was better than that for the DP. In order to evaluate the stability of the catalyst over time,
the authors also presented both static (isothermic conditions at 175 ◦C) and dynamic (7 consecutive
cycles vs temperature in the range from 50 to up to 300 ◦C) aging tests for the activity of the 10%
Ag/CeO2 (Imp) sample in propene oxidation. Moreover, EPR studies were carried out for the samples
before and after catalysis. It was stated that after catalysis the Ag2+ ions retained on the ceria surface.
This allows formulating the key role of Ag2+/Ag+ and Ag2+/Ag0 redox couples as active species in
propene oxidation over 10% Ag/CeO2 by prepared impregnation method.

S. Benaissa et al. [141] prepared a mesoporous CeO2 using nanocasting pathway with SBA-15 as
a structural template and cerium nitrate as a CeO2 precursor and compared the properties of catalysts
on the basis thereof prepared by wetness impregnation (WI), deposition–precipitation with urea (DPU)
and impregnation–reduction with citrate (IRC) methods, with the latter being the most active and stable
(the catalytic activity and selectivity did not significantly change after 50 h). The authors connected
this with higher surface lattice oxygen mobility over this catalyst and with strong silver–mesoporous
ceria interaction.

The authors [143] carried out isothermal naphthalene oxidation comparing the activity of catalysts
with different Ag content (0.5–5 wt. %), with the sample containing 1 wt. % Ag being the most
active one. This was explained by the balance between two factors: oxygen availability and oxygen
regeneration capacity. Introduction of Ag to CeO2 was shown to increase both factors. Regeneration
capacity was related to the number of oxygen vacancies in bulk ceria, and Ag facilitated the process
by reverse spillover effect. Cex+ ions were suggested to be the main active sites. Impregnated silver
was claimed to serve as a “pump” and increase bulk oxygen vacancies, while reducing the surface
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ones, which resulted in oxygen availability and determined the oxygen regeneration. Spillover effect
was proposed to reduce the regeneration ability of active oxygen, when Ag loading is high, which was
connected with lower concentration of surface oxygen vacancies.

Of particular interest is the approach to locate the Ag/CeO2 composition on the inert support,
which is usually represented by alumina or silica [144,145]. Thus, H. Yang et al. [144] used 3DOM
CeO2–Al2O3 as a support for Ag catalysts for toluene oxidation. This support was prepared using the
Pluronic F127 (EO106PO70EO106) and PMMA as soft and hard templates, respectively. The obtained
support showed high-quality 3DOM architecture with a diameter of macropores of 180–200 nm,
where ordered mesopores with a diameter of 4–6 nm were formed on the skeletons of macropores.
Such structure allowed producing the particles of active component with sizes of 3–4 nm that were
evenly distributed on the catalyst surface. The 50% and 90% toluene conversion (1000 ppm) over
0.81Ag/3DOM 26.9CeO2–Al2O3 sample was achieved at 308 and 338 ◦C, respectively.

In Ref. [145] silica gel prepared by sol–gel method and subjected to hydrothermal treatment was
used as a primary support. Ceria and then silver were supported onto silica gel using consecutive
impregnation method. The activity of the obtained catalysts was studied in formaldehyde oxidation
reaction. The author pointed out that the activity of Ag/CeO2/SiO2 catalysts was significantly higher
than the one of Ag/SiO2 sample, which was attributed to synergetic action between silver and ceria.
The results obtained for the silver catalyst with small amounts of ceria were not significantly inferior
to silver supported over bulk ceria (Figure 15). Thus, the silica-supported ceria-modified silver catalyst
can be used for formaldehyde oxidation.

Figure 15. Temperature dependence of the formaldehyde conversion over the catalysts: , Ag/SiO2;
�, Ag/CeO2/SiO2; , Ag/MnOx/SiO2; �, Ag/CeO2–MnOx/SiO2. Reaction conditions: 18,000–22,000
ppm of CH2O in dry air; catalyst mass 145 mg; WHSV = 69,000 mL/(gcath). Reproduced from [145]
with permission from Elsevier.

To conclude, Ag/CeO2 catalysts are promising materials for VOCs abatement. Even though their
activity is inferior to the one of catalysts based on noble metals, their use still represents wide interest
due to lower costs. Moreover, the opportunity to increase their activity due to the application of
various preparation methods as well as changing of Ag/Ce ratio forms the ground for future research
in this field. It is noteworthy that in the literature there is no consensus on the effect of preparation
method of Ag/CeO2 composites on their catalytic activity in VOCs abatement.
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3. Ag/CeO2 Composites: Insights from Theory

Due to low amounts of silver that are usually used in the preparation of highly effective
Ag/CeO2 composites for total oxidation of VOCs, soot, and CO, not all experimental techniques
can provide a representation of silver–ceria interface and the ways it works in the said catalytic
transformations. Thus, Ag/CeO2 composites have attracted the attention of theoretical chemists.
Two main directions are considered: (1) adequate representation and modeling of regular and defective
ceria surfaces [132,146–151], (2) systematic studies of the adsorption behavior of Ag clusters on ceria
surfaces [152–160]. In the latter case, the structure of Ag–ceria interface is widely discussed, while the
adsorption behavior of adsorbates over such composites and their roles in tuning the interfacial
properties are modeled in a lesser extent [152].

Researchers point out several difficulties in terms of theoretical modeling of CeO2-based
composites. These difficulties are as follows: (1) density functional theory (DFT) does not predict
correctly the localized nature of Ce 4f states, (2) change of Ce oxidation state causes incorrect lattice
parameters, (3) the calculation results strongly depend on the used methods and functionals, and the
obtained energy values oscillate.

These issues were partially addressed by application of hybrid functionals [132,161,162] or DFT+U
approach [152,157,163]. The latter is connected with the inclusion of U term for highly correlated
Ce 4f electrons in reduced ceria providing partial occupancy of the corresponding atomic level and
increasing the accuracy of modeling of the on-site Coulomb interactions in CeO2-based materials.
The values for U are usually selected semiempirically. The formalism by Dudarev et al. [164] is usually
used. A combination of local density approximation (LDA) and generalized gradient approximation
(GGA) in periodic calculations is shown to adequately describe geometry and energy parameters [165]
under this approach. However, it is noteworthy that the results of DFT+U calculations depend on
many parameters (e.g., lattice constants), which requires special attention to their interpretation.

In Ref. [160] using LDA+U and GGA+U DFT approaches with different U values and periodic
slab surface models, charge transfer was shown to occur from Ag to ceria with a concomitant reduction
of one Ce surface atom of the top layer, and the transferred electron was localized on Ce atoms.
For Ag-based systems, the most favorable adsorption site comprised three surface oxygen atoms.
In Ref. [159] the studies of surface structures and electrophilic states of Ag adsorbed on CeO2(111)
revealed that charge redistribution can be caused by local structural distortion effects. The distribution
of charge was not uniform over the top O layer because of Ag clusters on the underlying O ions,
which increased the ionic charge of the remaining O ions and decreased the effective cationic charge
over Ce atoms bonded with uncovered O atoms. This also influenced back on the structure of Ag
cluster. Silver clusters were shown to induce changes in the oxidation state of several Ce atoms located
in the top layer (Ce4+ to Ce3+), which are accompanied by a charge flow from metal cluster to surface
caused by electronegativity difference between Ag and O atoms [154].

In Ref. [158] charge redistribution during Ag adsorption was confirmed by construction of spin
density isosurfaces and site projected density of states. The distortions of selected Ce–O distances
were imposed to study the energetics of Ce4+ to Ce3+ reduction. Oxidation of Ag0 to Ag+ was
assumed, while the probable formation of partially oxidized AgxOy species was not considered.
Two nearest neighbor Ce3+ sites relative to Ag showed the highest Ag adsorption energy at O bridge
sites, while three nearest neighbor Ce3+ sites showed the highest Ag adsorption at Ce bridge sites.

DFT calculations were carried out for ceria-supported 4-atom transition metal (including Ag)
clusters in Ref. [155] and showed that the strength of metal–metal and metal–oxygen interactions
depended on the hybridization of d-states of metal with p-states of oxygen as well as the occupation of
antibonding Ag d-states. The interactions changed the itinerant f-states of cerium to localized ones,
which created a lateral tensile strain in the top layer of Ce on the surface. It was suggested also that the
structure of Ag cluster determined the number of cerium atoms in the localized Ce3+ oxidation state.

Combined experimental (XPS, STM) and theoretical (DFT+U) approaches were used to study
the nucleation and growth of Ag nanoparticles deposited on stoichiometric and reduced thin CeO2
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films grown on Pt(111) [157]. A direct electron transfer from Ag clusters and nanoparticles to ceria was
reported, and its extent, as well as spin, localization depended on the level of theory used. Ag atoms
or nanoparticles supported on stoichiometric CeO2 acted as electron donors and are subjected to
spontaneous direct oxidation at the expense of ceria followed by reduction of Ce ions of the support.
The energy costs to move single O atom from ceria toward adsorbed Ag nanoparticle was high, and
reverse spillover of oxygen cannot be considered a favorable mechanism of ceria reduction.

Silver–ceria interaction is often compared with the one in Au/CeO2 and Cu/CeO2 systems. Due to
relatively lower ionization potential, Ag and Cu show higher adsorption energies. Moreover, silver
nanoparticles act as a platform for oxygen diffusion leading to partially oxidized Ag nanoparticles
located on the surface of the partially reduced ceria [157]. To quantitatively explore the interactions
between silver and ceria, a method is proposed utilizing the conversion of total adsorption energy into
the interaction energy per Ag–O bond and measurement of a deviation of Ag–O–Ce bond angle from
the angle of the sp3 orbital hybridization of O atom [153]. It is noteworthy that coordination number
of O atom, although generally considered, is not included into the correlation, while in Ref. [156]
multiple adsorption configurations are shown to exist over single adsorption sites for Ag/CeO2(100),
and electron charge transfer occurs between the neutral silver atom and neighboring Ce4+ cation.

In Ref. [152] the reactivity of Ag-modified CeO2(111) surface used in soot combustion was
considered. The interactions of stoichiometric and reduced CeO2 (111) surfaces with dioxygen, carbon
clusters, isolated Ag atoms and silver clusters were studied using DFT+U approach. Carbonaceous
species yielded oxygenated carbon moieties of reduced ceria. Peroxo and superoxo species are
shown to form, when O2 is adsorbed over Ag cluster. The role of Ag atoms is to act as a donor,
which, when oxidized, donate the valence electron to ceria yielding reduced Ce3+ ions. The presence
of small Ag clusters mediates the formation of oxygen vacancies (Figure 16).

 

Figure 16. Structure of O2 adsorbed on Ag5/CeO2−x(111) surface complex. (a) Isomer where O2 is
above the Ag cluster and forms a superoxo species (less stable); (b) isomer where O2 is below the Ag
cluster and forms a peroxo group (more stable). Reproduced from Ref. [152]. Copyright© 2011, Elsevier.

The vacancies possess stronger affinity with respect to oxygen as compared to silver that leads to
refilling of the cavities with dioxygen. Co-presence of Ag clusters and reduced ceria lightens electron
transfer and activation of dioxygen molecule. Silver atoms perform as alkali metal promoters to
facilitate O2 to O2

− transition that leads to the formation of reduced Ce3+ ions. However, partial
oxidation of silver can take place in this case.

Despite thorough investigations, still there are several debating issues in the theoretical description
of Ag/CeO2 composites. Among them are the mechanism of oxygen replenishing in the support,
different behavior of CeO2 surfaces, adsorption of silver atoms over long and short O–O bridge sites,
quantitative description of Ag–CeO2 interactions, etc.
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4. Emerging Applications

4.1. Photocatalysis

The wide application of CeO2-based catalysts in oxidative catalysis is mainly attributed to
intrinsic redox properties [166]. Conversely, the interest in using ceria in photocatalysis is much lower.
This is connected with fast recombination of photoinduced electron–hole pairs and limited visible
light adsorption capacity [167]. CeO2 is an n-type semiconductor with a relatively wide bandgap
(Eg = 3.15–3.2 eV) [167,168]. On the other hand, CeO2 has emerged as a promising material for
photocatalysis owing to its chemical stability and photocorrosion resistance [169]. Redox Ce4+↔Ce3+

transition is accompanied by oxygen vacancy formation, which has high importance for both oxidative
catalysis and electron–hole separation/recombination in photocatalyst [170]. Thus, in Ref. [171]
a mesoporous nanorod-like ceria prepared by microwave-assisted hydrolysis of Ce(NO3)3*6H2O in
the presence of urea was characterized by significant shifts of adsorption to the visible region (a band
gap of 2.75 eV) that was associated with the presence of Ce3+. The growth of temperature was also
shown to result in significant reduction of the recombination of photogenerated electron–hole pairs.
The increased photocatalytic activity in gas-phase oxidation of benzene, hexane, and acetone was
found for the prepared mesoporous nanorod-like ceria due to these two phenomena. Thus, the shape
of ceria nanoparticles and the presence of Ce3+ in the structure provided a growth of photocatalytic
activity, including the one under visible light.

Various strategies are being developed to improve the photocatalytic properties of ceria-based
materials: morphology control [172,173], doping by europium or yttrium [174,175], fabrication of
heterojunctions [176], etc. Thus, in Ref. [172] the degradation of the azo dye acid orange 7 (AO7) under
ultraviolet irradiation over hierarchical rose-flower-like CeO2 nanostructures (Figure 17) is studied.
The synthesis of CeO2 sheets active under the visible light is described in Ref. [173].

 

Figure 17. (a) Scanning electron microscopy image and (b) TEM image of the CeO2 nanopetaled
rose-flower-like morphology annealed at 300 ◦C for 3 h. Insets present a high-resolution TEM image
and a selected-area electron diffraction pattern of the CeO2 roses. Reproduced from Ref. [172] with the
permission from the American Institute of Physics.

Moreover, the fabrication of CeO2-based heterostructures is a more promising way to reduce the
band gap and provide improved electron–hole separation due to charge transfer through the interfacial
boundaries. Silver salts may be used in photocatalysis due to their semiconductors properties.
Thus, Ag3PO4 are characterized by relatively small band gap (2.36–2.43 eV) [177], absorb visible
light (has yellow color) and possess a good photocatalytic stability. In Ref. [178] the photocatalytic
activity of new composite Ag3PO4/CeO2 in degradation of methylene blue and phenol under visible
light and UV light irradiation was studied. The photocatalytic activity of the Ag3PO4/CeO2 composite
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was shown to be associated with the fast transfer and efficient separation of electron–hole pairs at the
interfaces of two semiconductors (CeO2 and Ag3PO4). The stability of photocatalyst was demonstrated
during five catalytic cycles.

The photocatalytic remediation of water polluted by some chemically stable azo dyes using
Ag2CO3/CeO2 microcomposite under visible light irradiation was studied in Ref. [179]. The enhanced
photocatalytic activity for the photodegradation of enrofloxacin in aqueous solutions over Ag2O/CeO2

composites under visible light irradiation was demonstrated in Ref. [167]. The composite was
synthesized by an in situ loading of Ag2CO3 on CeO2 followed by thermal decomposition. The p-n
heterojuction between two semiconductors provided efficient separation of photoinduced charges
through the contact of semiconductors that was shown by photoluminescence spectra (Figure 18a).
The formation of Ag nanoparticles was associated with photoreduction of Ag2O. The surface plasmon
resonance (SPR) on Ag NPs may lead to the formation of electrons and holes in such a way that the
electrons could migrate from Ag NPs to the conduction band (CB) of Ag2O (Figure 18b). Thus, Ag NPs
may play a specific role in photocatalytic degradation of organic pollutants.

 

Figure 18. The proposed mechanism for the enhancement of photocatalytic activity of Ag2O/CeO2

catalyst in degradation of enrofloxacin. Reproduced from Ref. [167] with the permission from
the Elsevier.

The same effect of photoreduction of silver compounds with the formation of Ag NPs was
observed for Ag/AgCl–CeO2 catalysts [180]. The energy of hot electrons, generated on Ag NPs due
to SPR, is between 1.0 and 4.0 eV [181], and these electrons could migrate to the CB of AgCl in such
a way that the electrons and holes generated on CeO2 and Ag NPs would be efficiently separated.
Thus, in composite photocatalysts the role of Ag NPs in visible light adsorption and separation of
charges is high.

The decoration of ceria by metals (Au, Pt, Pd, Ag) provides growth of photocatalitic activity due
to increased electron–hole separation and extended time of light response of semiconductors [170].
The three main phenomena of charge transfer are involved through metal–semiconductor interface:
Schottky barrier (transfer of electrons from semiconductor to metal) (Figure 19a), metal SPR with
transfer of charge from metal to semiconductor (Figure 19b) and metal SPR—local electric field
(accompanied by recombination of electrons from metal and holes of semiconductors) (Figure 19c).
The SPR for Ag NPs is observed generally near the wave-length of 400 nm, while adsorption of Au NPs
is observed at 550 nm [181], which makes gold more attractive for photocatalysis [182,183]. However,
the position of the absorption band of nanoparticles depends on many factors, including the size and
shape of particles, interaction with surroundings. Thus, significant shift of SPR of Ag NPs from 400 nm
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to 480–500 nm is observed for Ag/CeO2 catalysts [184] that may be attributed to strong electronic
metal–support interaction between Ag and CeO2. This provides an enhanced photocatalytic activity
of Ag/CeO2 composites in the degradation of methylene blue under the simulated sunlight [50] or
visible light [185]. According to [50], Ag acts as an acceptor of photoelectrons, and then the electron
rapidly reacts with O2 yielding O2

− that reduces the probability of recombination of electron–hole
pairs. The correlation between the rate of degradation and amount of Ag NPs (active sites) was found.
High stability and high recyclability of the Ag/CeO2 heterostructure catalysts was shown.

 

Figure 19. Schematic diagram showing: (a) transfer of electrons to form a Schottky barrier (b) transfer
of electrons excited by surface plasmon resonance, (c) excitation of electrons in the photocatalyst from
the local electric field. Reproduced from Ref. [170] with the permission from the Elsevier.

In Ref. [186], a photocatalytic degradation of Congo Red under UV light and visible light over
three-dimensionally ordered macroporous (3DOM) Ag/CeO2–ZrO2 material was studied. It was
shown that the SPR effect of Ag particles provides the adsorption of visible light and promotes
separation of electrons and holes, reducing their recombination and improving the photocatalytic
activity. The superior photocatalytic activity of Ag/CeO2/ZnO nanostructure was shown in
degradation of azo dyes (methylene orange and methylene blue) and phenol solution under visible
light irradiation was demonstrated in Ref. [187]. It was found that formation of oxygen vacancies led
to a narrow band gap (2.66 eV), which helps to produce sufficient electrons and holes under visible
light in the ternary Ag/CeO2/ZnO nanostructure. The defect structure of composite inhibited the
electron–hole recombination and provided synergistic effect of narrow band gap. The SPR of Ag
NPs and defects (Ce3+ and oxygen vacancies) in CeO2 and ZnO resulted in superior photocatalytic
activity. In Ref. [188], the correlation between Ce3+ loading, amount of oxygen vacancies and activity
of Ag/CeO2 and Au/CeO2 catalysts in photodegradation of rhodamine blue dye in an aqueous
medium under UV–vis irradiations were found. The conditions of synthesis (pH of precipitation)
and Ag/Au loading provided different Ce3+ loading, distortion of CeO2 lattice and concentration of
vacancies. All these parameters affected on light absorbance, separation of photogenerated charges
and photocatalytic properties.

Thus, silver and its compounds supported on ceria have high importance in photocatalytic
degradation of organic pollutants. Semiconductor properties of silver compounds and SPR of Ag
NPs provide both absorbance of visible light, separation of electrons and holes and result in increased
photocatalytic activity. Several common aspects were found between classical oxidation catalysis and
photocatalysis over Ag/CeO2 composites. The interaction of silver with ceria (including electronic
metal–support interaction) influences on the catalytic activity of Ag/CeO2 due to cooperation of active
sites of Ag and ceria. The presence of Ag–CeO2 contact also leads to a growth of the amount of
oxygen vacancies in the structure of CeO2 that also promotes an enhanced catalytic/photocatalytic
activity. Generally, Ag/CeO2 composites are new for photocatalysis and poorly described. The study of
Ag/CeO2 systems in photocatalysis has high importance for fundamental research and real application
of catalysts in the purification of aqueous wastes from dyes and other organic pollutants.
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4.2. Electrocatalysis

Silver was also shown to be a promising material for electrocatalytic applications [189–191].
Recently, ceria has attracted a growing interest as a component of materials for electrocatalytic
applications [192,193]. The main reasons for this are its high oxygen storage and transfer abilities.
Application of proper amounts of noble metal improves the conductive properties of CeO2-based
materials, thus making them promising composites for electrocatalytic applications in fuel cells,
metal-air batteries, and other alternative energy transfer devices [194].

A combination of silver and ceria in Ag/CeO2 composites was used in several
publications [51,52,195,196]. In Ref. [196] the Ag/CeO2 composites comprising 30–50 nm silver
nanoparticles uniformly anchored on the surface of nanosheet-constructing porous CeO2 microspheres
were used as oxygen reduction reaction catalysts. CeO2 is known to show high oxygen storage
capability and oxygen transfer ability, and silver was added to improve the conductivity of the latter.
As a result, an enhanced activity was observed, and aluminum–air batteries based on Ag/CeO2

composites exhibited an output power density of 345 mW/cm2 and low degradation rate of 2.6% per
100 h, respectively.

In Ref. [51] a method was developed to prepare nanoporous Ag–CeO2 ribbons with
a homogeneous pore/grain structure by dealloying melt-spun Al–Ag–Ce alloy in a 5 wt. % NaOH
aqueous solution. The resulting structure comprised uniform CeO2 particles dispersed on the fine
Ag grains, with the amount of oxygen vacancies growing as the calcination temperature increases.
An enhanced Ag–CeO2 interfacial interaction was assumed to cause high performance of the
composites in electrocatalytic oxidation of sodium borohydride. In Ref. [195] Au was shown to
impair the promoting effect on these composites and decrease the reaction resistance. The activity
improvement was assumed to be caused by strengthening of interfacial interaction between the Ag–Au
solid solution and CeO2 particles due to Au effect, while the thermal stability and electron transport
properties also improved. An increase of the Au content in the precursor alloy results in the reduction
of catalytic activity and thermal stability.

In Ref. [52] 3D Ag/CeO2 nanorods with high electrocatalytic activity for NaBH4 electrooxidation
were discussed. The ongoing calcination in air resulted in the dispersion of small Ag nanoparticles on
the CeO2 surface, and well-defined Ag–CeO2 interfaces were created, where nanorods were connected
by large conductive Ag nanoparticles. The resulting mass specific current of the composite 2.5 times
exceeded the one for pure Ag in borohydride oxidation reaction. High concentration of surface
oxygen species was assumed to determine the exhibited enhanced catalytic activity along with a 3D
architecture of nanorod and strong metal–support interaction.

Thus, a variation of the chemical composition of Ag/CeO2 by using various promoters and
modifiers allows tuning the electrocatalytic activity of the composite.

5. Conclusions and Outlook

In the present review we have summarized the recent advances and trends on the role of
metal–support interaction in Ag/CeO2 composites in their catalytic performance in total oxidation of
CO, soot, and VOCs. Promising photo- and electrocatalytic applications of Ag/CeO2 composites have
also been discussed. The key function of the silver–ceria interaction is connected with the following
major aspects:

1. the catalytic performance of Ag/CeO2 composites strongly depends on the preparation method
that determines the morphology of both Ag and ceria nanoparticles, interfacial configuration and
strength of metal–support interaction;

2. active surface sites are formed at the Ag–CeO2 interface, with the interfacial O atoms exhibiting
different reactivity as compared to other surface O atoms, while oxygen species over Ag particles
are still of importance and participate in catalysis;
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3. positively charged Ag clusters facilitate the formation of surface oxygen vacancies over ceria
support, while metal Ag nanoparticles promote the reduction of CeO2 nanocrystals and enhance
their catalytic activity;

4. an enhanced activity of Ag/CeO2 materials is caused by the highest surface oxygen vacancy
concentration, high low-temperature reducibility as well as existence of lattice oxygen species
and lattice defects formed with the participation of both silver and ceria;

5. the role of impurities (such as alkali ions, carbon-containing species, etc., appeared on the surface
and/or bulk of ceria during the preparation procedure and participating in transferring of electron
density to O surface species) should be considered;

6. redox properties are caused by coexistence and interplay between Ag+/Ag0 and Ce3+/Ce4+ pairs;
7. high photocatalytic activity of Ag/CeO2 composites is caused by the ability of Ag nanoparticles

to prolong the lifetime of photogenerated electron–hole pairs due to the effect of localized SPR
and reduction of the recombination of free charges;

8. enhanced electrocatalytic activity and good electrochemical stability of Ag/CeO2 composites are
connected with strong interfacial interactions between Ag and CeO2 moieties that are caused by
their specific morphology and architecture, which hinder the particulate agglomeration during
the long-term electrocatalytic reaction.

Thus, the configuration of the silver–ceria interface provides the enhanced catalyst performance
caused by synergistic effects of silver and cerium oxide. A proper selection of preparation
method allows achieving the desired features of the composites and fine-tuning the strength of
electronic metal–support interactions that can be additionally improved by application of ordered
supports (e.g., SBA, MCM, MOFs, etc.) and promoters. This will allow rational designing of
a new generation of highly effective Ag/CeO2 composites for environmental, energy, photo- and
electrocatalytic applications.
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Abstract: Catalytic oxidation of alcohols is an essential process for energy conversion, production of
fine chemicals and pharmaceutical intermediates. Although it has been broadly utilized in industry,
the basic understanding for catalytic alcohol oxidations at a molecular level, especially under both
gas and liquid phases, is still lacking. In this paper, we systematically summarized our work on
catalytic alcohol oxidation over size-controlled Pt nanoparticles. The studied alcohols included
methanol, ethanol, 1-propanol, 2-propanol, and 2-butanol. The turnover rates of different alcohols
on Pt nanoparticles and also the apparent activation energy in gas and liquid phase reactions were
compared. The Pt nanoparticle size dependence of reaction rates and product selectivity was also
carefully examined. Water showed very distinct effects for gas and liquid phase alcohol oxidations,
either as an inhibitor or as a promoter depending on alcohol type and reaction phase. A deep
understanding of different alcohol molecular orientations on Pt surface in gas and liquid phase
reactions was established using sum-frequency generation spectroscopy analysis for in situ alcohol
oxidations, as well as density functional theory calculation. This approach can not only explain
the entirely different behaviors of alcohol oxidations in gas and liquid phases, but can also provide
guidance for future catalyst/process design.

Keywords: catalytic alcohol oxidation; gas phase; liquid phase; Pt nanoparticles; sum-frequency
generation spectroscopy; surface molecular orientation; density functional theory calculation

1. Introduction

Catalytic partial oxidation and complete oxidation of alcohols over platinum group metals
(PGM) or metal oxide catalysts are fundamental processes not only in energy conversion, such as in
fuel cells [1,2], but also in fine chemical synthesis and the pharmaceutical industry [3–7]. Usually,
the production of aldehydes and ketones is performed through alcohol oxidation in the gas phase
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at high temperatures, while the production of fine chemicals and pharmaceutical intermediates is
performed in the liquid phase at low temperatures [8,9]. Many researchers have focused on the
synthesis of novel, highly efficient, poisoning-resistant, or low-cost catalysts to improve productivity
and selectivity, as well as to lower environmental impact [6,10–18]. However, very few studies have
focused on the systematic comparison on gas phase and liquid phase alcohol oxidations over the
same PGM or metal oxide catalysts at the molecular level, which is very important for the basic
understanding of the reaction kinetics and mechanisms to advance and improve the catalyst and
process designs for practical application.

This review paper systematically summarizes our previous work in the catalytic alcohol oxidation
area, in both gas phase and liquid phase over size-controlled Pt nanoparticles [9,19–22]. The studied
alcohols included C1–C4 molecules, i.e., methanol (MeOH), ethanol (EtOH), 1-propanol (1-PrOH),
2-propanol (2-PrOH), and 2-butanol (2-BuOH). Detailed comparisons of the reaction rates in both
phases and the Pt nanoparticle size dependence of reaction rates, as well as product selectivity,
the apparent activation energy of alcohol oxidations in both phases, and also the response to co-existing
water under different reaction conditions, are all included herein. To understand the intrinsic reasons at
the molecular level for differences in reaction kinetics and mechanisms in alcohol oxidation under gas
and liquid phases, the sum-frequency generation (SFG) vibrational spectroscopy measurements on Pt
surface under reaction conditions were conducted and discussed in detail. In aid of density functional
theory (DFT) computational modeling, different alcohol molecular orientations/configurations on
Pt surface in the gas phase and liquid phase reactions were confirmed, which well explained the
phenomena that were observed with striking differences.

2. Results and Discussion

2.1. Turnover Rate Comparison for Alcohol Oxidation in Gas Phase and Liquid Phase

Figure 1 shows the turnover frequency (TOF) of different alcohols in catalytic oxidation reactions
producing carbonyl compounds in both gas phase and liquid phase. As we can observe, different
alcohols in the gas phase oxidation reaction showed distinct turnover rates; for example, at 60 ◦C,
MeOH showed the highest TOF, followed by EtOH, 2-PrOH and 1-PrOH. The saturated vapor pressure
of MeOH, EtOH, 1-PrOH and 2-PrOH at 20 and 60 ◦C, either cited from literature or calculated using
Antoine Equation, are also shown here [23–25]. From Figure 1, it can also be seen that, interestingly,
there seems to be a good correlation between gas phase alcohol oxidation reaction rates and alcohol
vapor pressure. Alcohols with higher vapor pressure such as MeOH, EtOH, and 2-PrOH have many
more dynamic molecules in the gas phase; thus, it can reach the catalyst surface, react to form
intermediates/products, and leave the catalyst surface more efficiently. In contrast, alcohol with lower
vapor pressure such as 1-PrOH has less dynamic molecules in the gas phase, and these molecules are
either “reluctant” to reach the catalyst surface or “stick” to the surface upon contact without leaving
quickly, thus resulting in the lower reaction rates in the gas phase oxidation reaction. For 2-BuOH
oxidation in gas phase, the reaction was carried out at 80 ◦C; therefore, the direct comparison of
reaction rates between 2-BuOH and other alcohols was not performed here.

For the liquid phase oxidation reactions using pure alcohols, in most cases, such as for MeOH,
EtOH, 2-PrOH and 2-BuOH, the turnover rates were lower than those in the gas phase reaction.
1-PrOH was an exception that the liquid phase reaction rate under such condition was higher than that
in the gas phase. For gas phase alcohol oxidations, it should be noted that the alcohol to oxygen ratio
was controlled at 1:5 (~0.48 mM of alcohols and ~2.41 mM of O2), while in the liquid phase reaction
this alcohol to oxygen ratio was much higher (~4 orders of magnitude depending on alcohol density)
than that in the gas phase due to much higher density of alcohols in pure liquid phase. Therefore,
for reasonable comparison, we diluted the liquid phase alcohols to one thousandth using a neutral
solvent, heptane, which does not show a clear impact on the reaction kinetics of alcohol oxidations
under similar reaction conditions [22]. In this way, the liquid phase alcohol concentrations ranged
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from 10 to 24 mM, and the dissolved O2 concentration in the liquid phase (alcohol plus heptane)
was about 16.7 mM, making the liquid phase reaction conditions much more similar/comparable
to the gas phase reaction conditions. It is evident that, even under comparable alcohol molecular
density on Pt nanoparticle surface after 1000 times dilution including MeOH, EtOH, 1-PrOH and
2-PrOH, the reaction rates in the liquid phase were about 1~4 magnitude slower than those in the
gas phase reaction. The dilution of 2-BuOH in the liquid phase was not performed, but based on
the dilution results for other alcohols, the reaction rate of 2-BuOH would be further decreased upon
dilution resulting in much lower activity. These results suggest that the reaction rates of catalytic
alcohol oxidation heavily depended on the reaction phase (gas phase versus liquid phase), and the
intrinsic root cause for such discrepancy should be understood at the molecular level.

Figure 1. Turnover rates of alcohol oxidation to carbonyl compounds in gas and liquid phases over 6 nm
Pt/MCF-17 (4.5 nm Pt/MCF-17 for 1-PrOH oxidation). Gas phase reaction: 1.33 kPa alcohol, 6.67 kPa
O2, 94.66 kPa He, 60 ◦C reaction temperature for MeOH, EtOH, 1-PrOH, 2-PrOH and 80 ◦C reaction
temperature for 2-BuOH. Liquid phase reaction: 15 mL alcohol, dissolved oxygen under 100 kPa for
MeOH, EtOH, 1-PrOH, 2-PrOH (60 ◦C reaction temperature) and 300 kPa for 2-BuOH (80 ◦C reaction
temperature). Liquid phase reaction (1000 times diluted): 15 mL heptane, 15 μL alcohol with dissolved
oxygen under 100 kPa for MeOH, EtOH, 1-PrOH, 2-PrOH at 60 ◦C reaction temperature. The vapor
pressure of MeOH, EtOH, 1-PrOH, 2-PrOH at 20 and 60 ◦C is also presented herein. (TOF data for
MeOH, EtOH, 1-PrOH, 2-PrOH, 2-BuOH oxidations were reported in [9,19–22], respectively).

2.2. Size Effect of Pt Nanoparticles on Alcohol Oxidation in Gas Phase and Liquid Phase

Both gas phase and liquid phase alcohol oxidations were carried out on Pt nanoparticles with
precisely controlled particle sizes, i.e., 2–9 nm Pt loaded into MCF-17 mesoporous silica. Accordingly,
we could study the Pt nanoparticle size dependence of the turnover rates, as well as the product
selectivity for different alcohols under both reaction conditions.

As shown in Figure 2A, for all the alcohol oxidations in the gas phase, including MeOH, EtOH,
1-PrOH, 2-PrOH at 60 ◦C and 2-BuOH at 80 ◦C, the turnover rates all showed a monotonic increase
as the Pt nanoparticle size grew (except a single point for MeOH oxidation on 8 nm Pt). A very
similar trend was also observed for all alcohol oxidations in the liquid phase, as shown in Figure 2B.
These results indicate that the alcohol oxidation reactions preferentially took place on step sites or
terrace sites on larger Pt nanoparticles, while the corner sites or edge sites on smaller Pt nanoparticle
were not favorable for alcohol oxidations, probably due to their too-strong affinity to oxygenated
species blocking the catalyst surface, which was not beneficial to the rate-determining dehydrogenation
process of alcohol adsorbates [1,26].
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Figure 2. Size effect of Pt nanoparticles on TOF values of MeOH, EtOH, 1-PrOH, 2-PrOH oxidation at
60 ◦C and 2-BuOH oxidation at 80 ◦C. (A) Gas phase reaction: 1.33 kPa alcohol, 6.67 kPa O2, 94.66 kPa
He; (B) Liquid phase reaction: 15 mL alcohol, dissolved oxygen under 100 kPa (300 kPa for 2-BuOH).
(TOF data for MeOH, EtOH, 1-PrOH, 2-PrOH, 2-BuOH oxidations as a function of Pt nanoparticle sizes
were reported in [9,19–22], respectively).

For all alcohol oxidations that we studied in both gas phase and liquid phase, except for CO2

resulting from complete oxidation, the products were mainly carbonyl compounds from partial
oxidation. Figure 3A shows the selectivity to carbonyl compounds in the gas phase alcohol oxidations.
For gas phase MeOH oxidation, the main products were formaldehyde (less) and methyl formate
(more), and the selectivity to these two compounds was about 60–70%. No clear correlation between
formaldehyde plus methyl formate selectivity and Pt nanoparticle size was observed, except that
the highest selectivity was observed on 4–6 nm Pt nanoparticles. For gas phase EtOH oxidation,
the main product was acetaldehyde, with selectivity as high as 97%. For gas phase 1-PrOH oxidation,
the main product was propanal, and similar to the MeOH case, the highest selectivity to propanal
(>80%) was also observed on 4–6 nm Pt nanoparticles. For gas phase 2-PrOH oxidation, acetone
was the only product. Moreover, for gas phase 2-BuOH oxidation, the selectivity to butanone on
4–6 nm Pt nanoparticles (ca. 97%) was also slightly higher than that on 2 nm Pt. Figure 3B shows
the selectivity to carbonyl compounds in liquid phase alcohol oxidations. For liquid phase MeOH
oxidation, interestingly, much more formaldehyde was produced than methyl formate, and the
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selectivity to formaldehyde plus methyl formate (ca. 80–90%) was also much higher than that in the
gas phase reaction (60–70%). Smaller Pt nanoparticles (such as 2 nm) were more likely to catalyze
the deep oxidation of MeOH, thus resulting in the formation of more methyl formate, while larger
Pt nanoparticles (such as 4–8 nm) were more favorable for formaldehyde formation with monotonic
correlation with particle size. For all other alcohols, including EtOH, 1-PrOH, 2-PrOH and 2-BuOH,
the selectivity to carbonyl compounds in the liquid phase oxidation reactions were either similar or
higher than those in the gas phase reactions (see 1-PrOH data for more apparent comparison), implying
that the complete oxidation of alcohols in liquid phase was actually inhibited to a certain extent,
probably due to the different molecular density or molecular orientation on the Pt nanoparticle surface.

 

 

Figure 3. Size effect of Pt nanoparticles on product selectivity to carbonyl compounds (other than CO2)
of MeOH, EtOH, 1-PrOH, 2-PrOH oxidation at 60 ◦C and 2-BuOH oxidation at 80 ◦C. (A) Gas phase
reaction: 1.33 kPa alcohol, 6.67 kPa O2, 94.66 kPa He; (B) Liquid phase reaction: 15 mL alcohol, dissolved
oxygen under 100 kPa for MeOH, EtOH, 1-PrOH, 2-PrOH, and 300 kPa for 2-BuOH. (Selectivity data
for MeOH, EtOH, 1-PrOH, 2-PrOH, 2-BuOH oxidations as a function of Pt nanoparticle sizes were
reported in [9,19–22], respectively).

2.3. Different Activation Energies of Alcohol Oxidation in Gas Phase and Liquid Phase on Pt Nanoparticles

To further investigate the difference of reaction kinetics for alcohol oxidations in the gas phase
and liquid phase, the apparent activation energy (Ea) on 4 nm Pt/MCF-17 for most alcohol oxidations

110



Catalysts 2018, 8, 226

(4.5 nm Pt/MCF-17 for 1-PrOH oxidation) was measured and presented in Figure 4. It is very
interesting to see that the apparent activation energy for all alcohol oxidations in the gas phase was
much higher than that in the liquid phase, although under such reaction conditions the gas phase
turnover rates were much higher than those in the liquid phase. This means that the gas phase
alcohol oxidations are more sensitive to the reaction temperature, while the liquid phase alcohol
oxidations do not. In practical application, if it is preferable to conduct the alcohol oxidations at
higher operation temperatures, gas phase reactions are highly recommended, while if it is preferable
to conduct the alcohol oxidations at lower operation temperatures, the liquid phase reactions are
probably more suitable. However, the oxygen mass transfer in the liquid phase is much slower
than that in the gas phase (e.g., regarding to oxygen diffusion coefficient DO2, DO2 in water, 283 K:
1.54 × 10−5 cm2/s, DO2 in N2, 1 atm, 273 K: 0.181 cm2/s) [27,28]. It is necessary to improve the oxygen
diffusion capacity in order to increase the total product yields in alcohol oxidations in the liquid phase.
Besides the oxygen diffusion difference between gas phase and liquid phase reactions, the distinct
alcohol molecular orientations on Pt surface in two different phases might be another important reason
for activation energy discrepancy, and will be discussed in detail in the SFG spectra analysis and DFT
calculation sections.

 

Figure 4. Apparent activation energy (Ea) of alcohol oxidations in gas and liquid phases over 4 nm
Pt/MCF-17 (4.5 nm Pt/MCF-17 for 1-PrOH oxidation). Gas phase reaction: 1.33 kPa alcohol, 6.67 kPa
O2, 94.66 kPa He; Liquid phase reaction: 15 mL alcohol, dissolved oxygen under 100 kPa for MeOH,
EtOH, 1-PrOH, 2-PrOH, and 300 kPa for 2-BuOH. (Ea data for MeOH, EtOH, 1-PrOH, 2-PrOH, 2-BuOH
oxidations were reported in [9,19–22], respectively).

2.4. H2O Effect on Alcohol Oxidation in Gas Phase and Liquid Phase on Pt Nanoparticles

H2O is one of the products of the complete or partial oxidation of alcohols, especially in gas
phase reactions, where the selectivity to carbonyl compounds is not as high as that in the liquid phase
reactions. Therefore, it is indispensable to check the H2O effect on alcohol oxidation not only in the
gas phase but also in the liquid phase, which is quite essential for practical application.

As the results of relative turnover rates shown in Figure 5 demonstrate, for the gas phase MeOH,
EtOH, 1-PrOH and 2-PrOH oxidations, water vapor definitely inhibited the reaction rates significantly,
with the TOF values dramatically increasing upon water vapor addition. This could be simply
explained by the competitive adsorption of H2O onto the Pt surface, thus obviously blocking the active
sites for catalytic alcohol oxidations. However, in the case of gas phase 2-BuOH oxidation, the water
vapor addition showed some promotion effect at medium H2O doping amounts (i.e., H2O content of
0.17 and 0.33), which seemed to be unusual.
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Figure 5. Effect of H2O addition on relative TOF of alcohol oxidations over Pt/MCF-17 in gas and
liquid phases. Gas phase reaction: 1.33 kPa alcohol, 0.13–1.33 kPa water vapor, 6.67 kPa O2, He balance
(in total 102.66 kPa); Liquid phase reaction: 5–10 mL alcohol, 0–10 mL distilled water, in total 15 mL
volume, dissolved oxygen under 100 kPa for MeOH, EtOH, 1-PrOH, 2-PrOH and 300 kPa for 2-BuOH.
Catalysts and reaction temperatures for both gas and liquid phases: 4 nm Pt/MCF-17 at 60 ◦C for
MeOH, EtOH, 2-PrOH, 4.5 nm Pt/MCF-17 at 60 ◦C for 1-PrOH, and 6 nm Pt/MCF-17 at 80 ◦C for
2-BuOH. All data were normalized by TOF value without water addition. (H2O effect data for MeOH,
EtOH, 1-PrOH, 2-PrOH, 2-BuOH oxidations were reported in [9,19–22], respectively).

In the case of the liquid phase alcohol oxidations, the responses to aqueous water addition were
totally different from case to case. For example, with regard to liquid MeOH oxidation, H2O showed
a nearly linear inhibition effect on reaction rate, but still the inhibition effect was not as strong as
that in the gas phase reaction. In the case of the liquid phase EtOH oxidation, the inhibition effect
of H2O seemed to be mitigated to a certain extent. While, for the liquid phase 1-PrOH and 2-PrOH
oxidations, H2O actually acted as a “promoter” or “co-catalyst”, which significantly increased the
turnover rates. Such striking difference of reaction rates in response to aqueous water in the liquid
phase alcohol oxidations comparing to response to water vapor in the gas phase alcohol oxidations
was mainly due to the totally different alcohol molecular density and/or alcohol molecular orientation
on the Pt surface. As for the liquid phase 2-BuOH oxidation, the impact of aqueous water on reaction
rate was totally opposite to other alcohols. Even with a very small amount of aqueous water addition,
such as an H2O content of 0.07, the turnover rate dramatically decreased to ca. 12% of the initial
value, indicating that aqueous water here actually acted as a “poisoning agent” for the liquid phase
2-BuOH oxidation.

So far, totally opposite effects were observed for H2O on gas phase and liquid phase 2-BuOH
oxidations, in contrast to other alcohols, which can probably be explained by the hydrophilicity
difference of alcohols. MeOH, EtOH, 1-PrOH and 2-PrOH are all miscible in water, while 2-BuOH
has a solubility of only 12.5 g per 100 mL of H2O due to the existence of more hydrophobic
alkyl chains [9,29]. The capping agent that we used for Pt nanoparticle synthesis, which was
polyvinylpyrrolidone (PVP), actually showed amphiphilicity. In the case of the gas phase 2-BuOH
oxidation with relatively high mobility of alcohol and H2O molecules, once the 2-BuOH molecules
had reached and attached to the Pt surface, H2O could not be adsorbed onto the surface anymore
in any significant amount due to the hydrophobic nature of the 2-BuOH molecules. Therefore,
water vapor only showed a slight inhibition effect, or even some promotion effect (probably due to
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the more hydroxyl group formation in the presence of H2O) [30,31], on gas phase 2-BuOH oxidation.
Contrastingly, in the case of the liquid phase 2-BuOH oxidation with relatively low mobility of
alcohol and H2O molecules, aqueous water would preferably gather around the Pt surface due to the
hydrophobic nature of 2-BuOH. Such aqueous water layer blocked the access to the surface active sites
thus resulting in the decrease of turnover rate in the liquid 2-BuOH oxidation [9].

2.5. Case Study of 1-PrOH Oxidation Using SFG Spectra Analysis on Pt Thin Film and DFT Calculation in
Gas and Liquid Phases

To fully understand the picture of how alcohol molecules interact with the Pt surface under
different reaction conditions, taking 1-PrOH as first example, we conducted SFG spectra study at
60 ◦C, which is an in situ technique with surface-specific characteristics, on Pt thin films prepared
by electron-beam deposition. Figure 6 shows the SFG spectra of 1-PrOH in gas phase on Pt thin film
during reaction at 60 ◦C with 101.33 kPa of O2 and different partial pressures of gas phase 1-PrOH,
as well as the SFG spectra of 1-PrOH on Pt thin films at 60 ◦C purged by N2 in the gas phase and
liquid phase. As can clearly be seen from Figure 6a,b, the SFG peaks that can be assigned to symmetric
CH2 stretching mode at ca. 2840 cm−1, symmetric CH3 stretching mode at ca. 2870 cm−1, asymmetric
CH2 stretching mode at ca. 2910 cm−1, CH3 Fermi resonance at ca. 2935 cm−1, and asymmetric
CH3 stretching mode at ca. 2970 cm−1 can be observed on the Pt surface under 1.87 and 9.07 kPa of
1-PrOH with O2. However, these spectra showed noticeable differences not only in the strength of CH2

peaks but also in the ratios between asymmetric and symmetric methyl stretches. This is absolutely
clear evidence that surface 1-PrOH molecule orientation on Pt is highly dependent on the alcohol
molecular density in the gas phase. It should be noted that our SFG spectra were measured under
ppp polarization. Therefore, the absolute 1-PrOH molecule orientation cannot be directly determined.
However, SFG theory predicts that a change in the orientation of specific functional groups (such
as –CH3 groups in this study) relative to the studied surface can result in the intensity ratio change
of different vibration modes [22]. In such studies, the surface of Pt was considered to possess C∞ν

symmetry, while the 1-PrOH molecule orientation on the Pt surface was assumed to be isotropic with
regard to the azimuthal angle to the z-axis. Therefore, the average tilt angle of –CH3 group from the Pt
surface (θ) could be described by such a measurement, and changes in the asymmetric/symmetric
mode ratio among the spectra were accordingly representative of a change of θ [21]. A low value of θ
describes a molecule with its methyl group pointing up from the surface (“standing up” configuration),
and a high value describes a molecule close to the surface (“lying down” configuration) [22]. The ratio
of asymmetric/symmetric stretches of –CH3 group under 1.87 kPa of 1-PrOH with O2 was ca. 0.5:1,
while this ratio significantly increased to 2:1 under 9.07 kPa of 1-PrOH with O2, which was four times
higher. This indicates a significant change in θ between low and high 1-PrOH partial pressure, and thus
a different molecular orientation on the Pt surface.

Furthermore, as shown in Figure 6c,d, we also measured the SFG spectra of 1-PrOH on the Pt
surface under N2 purge with 10.67 kPa partial pressure in the gas phase and pure 1-PrOH in the liquid
phase. The SFG spectrum recorded for gas phase 1-PrOH under such conditions showed peaks that
could be assigned to –CH3 groups with symmetric stretching mode at ca. 2870 cm−1, strong Fermi
resonance at ca. 2935 cm−1, and asymmetric stretching mode at ca. 2960 cm−1, as well as –CH2 groups
as weak shoulders with symmetric stretching mode at ca. 2840 cm−1 and asymmetric stretching
mode at ca. 2910 cm−1. This spectrum was pretty similar to the one recorded under O2 with 1-PrOH
with a relatively larger partial pressure in Figure 6b, although in this case, both the asymmetric and
symmetric stretches from –CH3 and –CH2 groups showed some increase in peak intensity, mainly
due to the higher 1-PrOH density on Pt surface. Contrastingly, the SFG spectrum recorded for liquid
phase 1-PrOH showed significantly changed peak patterns compared to the gas phase, with slightly
decreased peak intensity in –CH2 stretching modes and greatly increased intensity ratio between
asymmetric and symmetric stretching modes from –CH3. We believe that the average tilt angle of
–CH3 group from Pt surface, θ, for 1-PrOH in the liquid phase became much smaller than that in
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the gas phase, which means that the molecular structure in the liquid phase was more ordered and
more preferentially in a “standing up” configuration than the “lying down” configuration in the gas
phase [21].

 

Figure 6. SFG spectra collected for gas phase 1-PrOH on Pt thin film during reactions at 60 ◦C with
101.33 kPa of O2: (a) 1.87 kPa (14 Torr) of 1-PrOH; (b) 9.07 kPa (68 Torr) of 1-PrOH. SFG spectra
collected for 1-PrOH on Pt thin film at 60 ◦C purged with N2: (c) gas phase, 10.67 kPa of 1-PrOH;
(d) liquid phase 1-PrOH. (SFG data for 1-PrOH oxidation were reported in [21]. Reproduced with
permission from [21]. Copyright 2018 American Chemical Society.).

To better understand the molecular orientation of 1-PrOH on Pt surface in gas and liquid
phases, we performed DFT theoretical calculation to simulate the concentration-dependent 1-PrOH
configurations on Pt(111), which is the dominant surface for Pt nanoparticles used for alcohol
oxidation reactions. More details about DFT calculation, as well as comprehensive results,
can be found in our previous publication [21], while Figure 7 herein shows the minimum energy
configurations of 1-PrOH molecules on Pt(111) surface with a surface molecular coverage of
0.94 molecules/nm2, which represents the gas phase condition, as well as a surface molecular coverage
of 3.75 molecules/nm2, which represents the liquid phase condition. As we can see, under the gas
phase condition, the 1-PrOH molecules were nearly “lying down” on the Pt surface, with the bisectrix
connecting hydroxyl-O and methyl-C forming 6◦ angle relative to the surface (as shown in Table 1).
Under the liquid phase condition, the 1-PrOH molecules were nearly “standing up” on the Pt surface
with the bisectrix forming 41◦ angle relative to the surface (as shown in Table 1). These results are
very consistent with the SFG spectral data and well explain the relative peak intensity changes that we
observed for 1-PrOH on Pt thin film in the gas phase versus liquid phase. It should also be noted that,
as shown in Table 1, the distance between the hydrogen atoms from alcohol hydroxyl group in 1-PrOH
and Pt surface under the liquid phase condition was calculated as 0.261 nm, which was 0.056 nm
closer to the Pt surface than the corresponding distance under the gas phase condition, i.e., 0.317 nm.
This indicates that the hydroxyl group, and possibly also the α-H connecting to the same carbon atom
in the 1-PrOH molecule, were much more easily activated/dehydrogenated in the liquid phase than in
the gas phase, well explaining why the activation energy for 1-PrOH oxidation in the liquid phase was
much lower than that in the gas phase.
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Table 1. 1-Propanol molecule orientation as angle of C–C bonds relative to surface normal, and nearest
surface–molecule distance for different concentrations of molecules on Pt(111) surface [21].

Concentration (molecules/nm2) α (◦) Halc-Pt (nm)

0.94 6 0.317
3.75 41 0.261

Figure 7. Minimum energy configurations of 1-PrOH molecules on Pt(111) surface for (a) gas phase
(0.94 molecules/nm2) and (b) liquid phase (3.75 molecules/nm2) from DFT calculation (Pt—gray,
C—brown, O—red, H—pink). (DFT results for 1-PrOH oxidation were reported in [21]. Reprinted with
permission from [21]. Copyright 2018 American Chemical Society.).

2.6. Case Study of 2-PrOH Oxidation Using SFG Spectra Analysis on Pt Nanoparticles and DFT Calculation
in Gas Liquid Phases

Similar to the 1-PrOH case, we also performed SFG spectra analysis of 2-PrOH oxidation in both
gas phase and liquid phase on 4 nm Pt nanoparticles, which was more representatively reflective
of the real catalytic reactions that we studied. As shown in Figure 8a, in the gas phase 2-PrOH
oxidation reaction, three noticeable SFG peaks showed up, which could be ascribed to symmetric
stretches of CH3,ss at ca. 2875 cm−1, Fermi resonance mode of CH3,fr at ca. 2940 cm−1, and asymmetric
stretches of CH3,as at ca. 2970 cm−1. The intensity ratio between asymmetric and symmetric stretches
of –CH3 was relatively small in this case. Not surprisingly, as shown in Figure 8b, in the liquid
phase 2-PrOH oxidation reaction, all three SFG peaks ascribed to CH3,ss, CH3,fr, CH3,as showed up,
along with a stretching peak from –CH group at ca. 2905 cm−1; however, the intensity ratio between
asymmetric and symmetric stretches of –CH3 showed significant increase compared to the gas phase
spectrum. These results indicate that the average tilt angle of –CH3 group from Pt nanoparticle surface,
θ, must have changed from a high value in the gas phase to a low value in the liquid phase, suggesting
a change in the 2-PrOH molecular configurations from “lying down” to “standing up” on Pt surface,
respectively. More detailed discussions about the possibility of 2-PrOH orientation varieties in different
phases determined by SFG experimental data can be found in our previous publication [22].

To further confirm the 2-PrOH molecular configuration on the Pt surface, similarly to the
1-PrOH case, DFT theoretical calculation was also performed in our study. As the nanoparticles
and nanoparticle-molecule complexes were too large for ab initio calculation, we still used the most
dominant Pt(111) surface to investigate the concentration/phase dependence of 2-PrOH molecular
orientations. As shown in Figure 9a, the minimum energy configuration of 2-PrOH molecules on
Pt(111) surface with a low surface coverage of 0.94 molecules/nm2, which is representative of the gas
phase condition, showed a “lying down” pattern, with both of the C–C bonds forming 86◦ relative to
the surface normal (Table 2). In contrast, as shown in Figure 9b, the minimum energy configuration of
2-PrOH molecules on the Pt(111) surface with high surface coverage of 3.75 molecules/nm2, which is
representative of the liquid phase condition, showed a “standing up” pattern with one C–C bond
forming 84◦ and the other forming 38◦ relative to the surface normal (Table 2). The steric molecular
interaction effect can easily explain this phenomenon, i.e., alcohol molecules are forced to take the
“standing up” position in order to pack more molecules on the Pt surface [22]. As shown in Table 2,
the 2-PrOH molecular orientation change from “lying down” to “standing up” on the Pt surface also
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resulted in the distance change between α-H and the nearest Pt atom, i.e., 0.445 nm in the gas phase
and 0.257 nm in the liquid phase. Obviously, in such cases, much easier cleavage/dehydrogenation
of α-H from α-C (which was considered as the rate-determining step in 2-PrOH oxidation [1]) can
be achieved in the liquid phase than in the gas phase. This is also consistent with the observation
that 2-PrOH oxidation showed much lower activation energy in the liquid phase than that in the gas
phase [22].

 

Figure 8. SFG spectra obtained on the surface of 4 nm Pt nanoparticles for 2-PrOH oxidation under
(a) gas phase and (b) liquid phase reaction conditions. (SFG data for 2-PrOH oxidation were reported
in [22]. Reprinted with permission from [22]. Copyright 2014 American Chemical Society.).

Figure 9. Minimum energy configurations of 2-PrOH molecules on Pt(111) surface for (a) gas phase
(0.94 molecules/nm2) and (b) liquid phase (3.75 molecules/nm2) from DFT calculation (Pt—gray,
C—brown, O—red, H—blue). (DFT results for 2-PrOH oxidation were reported in [22]. Reprinted with
permission from [22]. Copyright 2014 American Chemical Society.).

Table 2. 2-Propanol molecular orientations as angles of C–C bonds relative to surface normal, and
nearest α-H-Pt distances for different concentrations of 2-propanol molecules on Pt(111) surface [22].

Concentration (molecules/nm2) α (◦) β (◦) α-H-Pt (nm)

0.94 86 86 0.445
3.75 38 84 0.257

2.7. Case Study of 2-BuOH Oxidation Using SFG Spectra Analysis on Pt Thin Film in Gas Phase: O2 and
H2O Effect

To better understand the 2-BuOH oxidation reaction in the gas phase, we performed SFG spectra
analysis using various oxygen concentrations as well as added water vapor to see if there was any
influence on the 2-BuOH molecular orientation. As shown in Figure 10a, we first collected the SFG
spectrum under 2-BuOH with N2, and the peaks ascribed to –CH3 symmetric stretching mode at ca.
2880 cm−1, –CH3 Fermi resonance mode at ca. 2945 cm−1, and –CH3 asymmetric stretching mode at
ca. 2975 cm−1 could be observed. Based on the SFG results for 1-PrOH, 2-PrOH on the Pt surface,
and judging from the intensity ratio between asymmetric and symmetric stretching mode for 2-BuOH
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case, it can be empirically deduced that the 2-BuOH molecules also had a “lying down” configuration
on the Pt surface in the gas phase. Interestingly, in the presence of oxygen, even at a relatively low
level (O2:2-BuOH = 3:1), a much higher SFG signal for 2-BuOH was observed than that in the presence
of inert N2. Further increasing the oxygen content to O2:2-BuOH = 10:1 yielded an even higher SFG
signal. These results indicate that with the co-existence of O2 in the gas phase, either the 2-BuOH
molecules on Pt surface tended to be more ordered, or much higher surface 2-BuOH molecular density
could be achieved.

 

Figure 10. SFG spectra of gas phase 2-BuOH on Pt thin film at 80 ◦C (a) with varying ratios of oxygen
to alcohol (i.e., N2 only, low O2 content with O2:2-BuOH = 3:1, and high O2 content with O2:2-BuOH
= 10:1), and (b) in the presence of water vapor (i.e., N2 only, high O2 content with O2:2-BuOH = 10:1,
and in the presence of H2O with O2:2-BuOH:H2O = 10:1:0.5).

In order to provide insight into the influence of water vapor on 2-BuOH oxidation on Pt surface
in the gas phase, the SFG spectra were also taken under reaction conditions with and without H2O
addition. As the results shown in Figure 10b indicate, again, the introduction of O2 into system resulted
in the sharp increase of SFG peak intensity, but the introduction of water vapor into system seemed to
have little effect on the SFG peaks (even with some increased peak intensity for –CH3,fr and –CH3,as).
These results well support the catalytic data for the gas-phase 2-BuOH oxidation, in which the addition
of water vapor had minimal effect on the reaction turnover rates. The SFG spectra analysis for 2-BuOH
oxidation on Pt surface in the liquid phase is essential and highly recommended in future study to
provide more information for alcohol oxidation chemistry in both phases at molecular level.

3. Materials and Methods

3.1. Pt Nanoparticle Synthesis and Encapulsation into Mesoporous Silica MCF-17

The Pt nanoparticles with sizes ranging from 2 to 9 nm were synthesized by a polyvinylpyrrolidone
(PVP) assisted polyol process using ethylene glycol as reducing agent. The detailed procedures have been
reported in our previous study [9,19–22]. Transmission electron microscopic (TEM) images showed that
the as-synthesized Pt nanoparticles had narrow particle size distributions, and the high resolution TEM
images with legible lattice fringes indicated that Pt(111) was the most favorable exposed surface.

Mesoporous silica MCF-17 with 20–30 nm pore size was used as support to immobilize the
Pt nanoparticles. The as-synthesized Pt nanoparticles and MCF-17 support were mixed in ethanol
solvent followed by sonication with 40 kHz, 80 W for 2 h. The MCF-17 supported Pt nanoparticles
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were collected by centrifugation followed by washing with ethanol for three times and drying at
80 ◦C overnight. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to
determine the amount of Pt nanoparticles encapsulated in MCF-17. A known amount of Pt/MCF-17
catalysts were sonicated in ethanol first for good dispersion and then drop-casted on silica wafers
followed by drying at room temperature for gas phase reactions. A known amount of Pt/MCF-17
catalysts were used, as it was for liquid phase reactions. The calculation of the active site number
was based on the ICP-AES results and the size of the particles for turnover rates (TOF) calculation,
assuming that Pt(111) surface was favorably exposed and every surface Pt atom was active in the
catalytic alcohol oxidation reactions. The way of molecule adsorption on Pt surface, the influence of
organic PVP capping agents and also the interface between Pt nanoparticle and mesoporous SiO2

support was not taken into account for TOF calculation.

3.2. Catalytic Oxidation of Alcohols over Pt/MCF-17 Catalysts in Gas Phase and Liquid Phase

The gas phase alcohol oxidation reactions were performed in a gold-covered batch reactor, and the
temperature of Pt/MCF-17 catalysts was precisely controlled by a boron nitride heater plate. Usually,
in the typical gas phase reactions, 1.33 kPa of alcohols, 6.67 kPa of O2 and 94.66 kPa of He were used,
and the gas was circulated with a metal bellow pump. A gas chromatograph (GC) integrated with
a flame ionization detector (FID) was used to monitor the gas composition online. All the alcohol
conversions were kept under 10% during the data collection to calculate the turnover rates (TOF).
For water effect study in the gas phase, 0.13–1.33 kPa of water vapor was introduced to the reaction
chamber keeping the total pressure still as 102.66 kPa.

The liquid phase alcohol oxidation reactions were carried out in a Teflon-lined stainless-steel
autoclave (Parr reactor, total volume of 100 mL). Usually, 15 mg catalysts were well dispersed in 15 mL
liquid alcohols. The headspace of the reactor (85 mL) was purged and pressurized with O2 (100 kPa
for MeOH, EtOH, 1-PrOH, 2-PrOH, and 300 kPa for 2-BuOH) before the reaction started. The system
was then heated to an elevated temperature and kept there for 3 h under continuous stirring. After the
reaction, the mixture was cooled down, and the headspace gas was leaked to the GC-FID through an
evacuated gas chamber for the gas phase product analysis. After the disassembly of the autoclave
reactor, the catalyst was separated with centrifugation and the liquid phase was analyzed with GC-FID
to obtain the liquid phase product information. For water effect study in the liquid phase, the ratio
of H2O in alcohols was adjusted to 0–75 VH2O/Vtotal % while the total amount of liquid was kept at
15 mL. For low-concentration alcohol oxidation in the liquid phase, heptane was used as a diluter,
and the ratio of alcohols to heptane was controlled at 1:1000.

3.3. SFG Spectral Analysis for 1-PrOH, 2-PrOH and 2-BuOH Oxidation in Gas and Liquid Phases

The SFG spectra taken for in situ catalytic 1-PrOH and 2-BuOH oxidations were carried out on
Pt thin film prepared by electron beam deposition method [21]. The SFG spectra taken for in situ
catalytic 2-PrOH oxidations were carried out on silica embedded 4 nm Pt nanoparticles deposited
by deposition of Langmuir-Blodgett films onto sapphire prisms followed by calcination in air at
550 ◦C for 3 h [22]. All the SFG experiments were carried out in a system described in our previous
work [32]. An active/passive mode-locked Nd:YAG laser (Continuum Leopard D10, 20 ps, 20 Hz,
1064 nm) was used to pump frequency conversion stages to generate two pulses, a visible pulse
(532 nm, 130 μJ) and a tunable mid-IR pulse (2800 to 3600 cm−1, 200 μJ). These pulses were overlapped
at 62◦ (visible) and 45◦ (mid-IR) on the sample which had been deposited on the bottom of a quartz
prism. Experiments were performed in the ppp polarization combination. The SFG signal was collected
using a photomultiplier tube (PMT) accompanied by a gated integrator to improve the signal quality.
The SFG spectra presented in this study had a resolution of 4 cm−1, and each spectrum involved
the average of at least 100 or 200 samplings to increase the signal-to-noise ratio for spectral analysis.
Using a home-built cell, the surface was heated, and a recirculating mixture of the reaction gases/liquid
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was passed onto the Pt film/Pt nanoparticles. All the SFG spectra were normalized with the reference
spectrum taken with a z-cut quartz.

3.4. DFT Calculation of Molecular Orientation of 1-PrOH and 2-PrOH on Pt Surface in Gas Phase and
Liquid Phase

All geometry optimizations within the frame of DFT were performed with first-principles periodic
system calculations using VASP software package [33]. The projector augmented wave (PAW) method
was utilized to construct the basis set for the one-electron wave functions with plane-wave basis
set limited by the cutoff energy of 400 eV [34]. For the constructed slabs, at least 3 × 3 × 1 (for
1-PrOH) or 5 × 5 × 1 (for 2-PrOH) Monkhorst-Pack k-point grid was used (depending on the
geometrical dimensions). The Pt(111) slabs used were four layers thick and contained a minimum
1.7 nm (for 1-PrOH) or 1.2 nm (for 2-PrOH) vacuum space to exclude surface-surface interaction.
The electronic steps were carried out with the energy convergence of 10−5 eV while the force
convergence of ionic steps was set to be 5 × 10−2 eV/nm. For 1-PrOH, geometry optimization was
performed using the PBE functional including Van der Waals interaction in DF approximation [35,36].
For 2-PrOH, geometry optimization was performed using the Perdew-Wang functional in generalized
gradient approximation (GGA) [37]. The selected two constructed systems corresponded to two
different concentrations of 1-PrOH and 2-PrOH molecules on Pt surface. At a low surface molecular
coverage of 0.94 molecules/nm2, the next-nearest distance between atoms of different molecules
was more than 0.8 nm. At this separation distance, the alcohol molecules were considered to have
minimal interaction at DFT level of theory. Therefore, we assumed that the corresponding molecular
configuration represented the adsorption of alcohols from the low-pressure gas phase. On the other
hand, the determined concentration of the 1-PrOH and 2-PrOH molecules in the liquid phase was
about 3.94 molecules/nm2, which was very close to the higher modeled surface concentration of
3.75 molecules/nm2 that we could call liquid phase condition.

4. Conclusions

C1-C4 alcohol oxidation reactions including MeOH, EtOH, 1-PrOH, 2-PrOH and 2-BuOH in
the gas phase and liquid phase over size-controlled Pt nanoparticles were systematically studied
herein. The catalytic oxidation of alcohols in the gas phase showed much higher turnover rates than
those in the liquid phase under the comparable surface density of reactants. Larger Pt nanoparticles
exhibited higher turnover rates for both gas phase and liquid phase reactions, and in general, the liquid
phase reaction showed very similar or higher selectivity to carbonyl compounds due to less complete
oxidation reaction occurring forming CO2 than the gas phase reaction. Interestingly, much lower
apparent activation energy was observed for the alcohol oxidations in the liquid phase than those in the
gas phase. In most cases, co-existing H2O acted as a promoter for the liquid phase alcohol oxidations
(especially for 1-PrOH and 2-PrOH) and as an inhibitor for the gas phase alcohol oxidations; however,
totally the opposite H2O effect was observed for 2-BuOH oxidation compared to other studied alcohols,
which can be explained by hydrophilicity/hydrophobicity change for longer carbon chain alcohols.
SFG spectra analysis suggested that significant change of molecular orientations was present for
1-PrOH and 2-PrOH on the Pt surface in the gas phase and liquid phase, and DFT calculation results
confirmed that the alcohol molecules were mainly “lying down” on the Pt surface in the gas phase
and “standing up” on Pt surface in the liquid phase. This led to totally distinct reaction kinetics and
mechanisms for alcohol oxidations in different phases. SFG spectra analysis also revealed that the
presence of O2 could result in more ordered surface species or higher density of alcohol molecules
on Pt surface in the gas phase 2-BuOH oxidation, and H2O did not show an obvious influence on
surface 2-BuOH molecules, explaining well why H2O had little impact on turnover rates in the gas
phase reaction. More systematic SFG spectra analysis and DFT calculation for the liquid phase 2-BuOH
oxidation on Pt surface are necessary in future study.
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