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Abstract: In this work, the catalytic performance of cobalt oxide supported on activated carbon was studied
during the oxidation reaction of several aliphatic/aromatic primary or secondary alcohols. Good results for ben-
zyl alcohol and benzyl alcohol derivatives conversion and selectivity were obtained, while aliphatic, primary,
and secondary alcohols in the study exhibited low conversions. The influence of the use of sonication during
the impregnation of cobalt species was also evaluated. The particle size, distribution and dispersion of cobalt
oxide (Co304) were compared with the catalyst prepared conventionally. These results are essential for under-
standing more about the activity of this type of catalysts in the synthesis of aldehydes and ketones.

Methods: Two powdered activated carbons, RX3 Extra provided by NORIT and G60 provided by Aldrich,
were used as support of the catalysts. Cobalt oxide particles were deposited on the supports by means of the
incipient wetness technique. A portion of this preparation was manually stirred (i), while another portion
was subjected to sonication by 20 min (ii). The catalysts so synthetized were called: Co/RX and Co/G60 as
item (i); while Co/RX-s and Co/G60-s for item (ii). The performance and characterization of synthetized
catalysts was studied with N, physisorption, AA (Atomic Absorption), SEM (Scanning Electron Microsco-
py) and H2-TPR (Temperature Programmed Reduction). Alcohols oxidation reaction was carried out at
80°C using 0.2 mmol of each alcohol, a mass of catalyst (0.1 g, 0.09 mol%) and 20 mL of toluene as sol-

vent. Different types of alcohols were used: benzyl alcohol, 1-phenylethanol, 4-chlorobenzyl alcohol, cyclo-
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Results: Co;04 particles supported on activated carbon catalysts were prepared through incipient wetness
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method. According to the characterization results, the use of sonication is an important factor if used in the
impregnation process. G60 and RX supports and Co/G60, Co/RX, Co/G60-s,Co/RX-s catalysts have a very
high surface area (500-1900 m2 g-1). No differences were found on surface area between catalysts either us-
ing or not the sonication treatment. Cobalt loading by AA technique in each support showed a slight varia-
tion with the synthesis method. The cobalt content for Co/G60 and Co/RX catalysts was 9.5 and 9.6 % wt
Co, respectively; while Co/G60-s and Co/RX-s was 9 % wt Co, indicating that ultrasound affects interaction
between precursor and support. SEM analysis showed uniform distribution on the catalysts, when ultrasound
is used during the synthesis. It is evidenced that the synthesized catalysts without the sonication treatment
have more agglomerations, and consequently the particles are less distributed on the support surface. Excel-
lent results were obtained in the oxidation of aromatic alcohols such as benzyl alcohol and benzyl alcohol
derivatives, showing higher conversion and selectivity with Co/G60-s and Co/RX-s (100 % conversion and
99 % selectivity at 3 hours of reaction). It is believed that their chemical properties permit good dehydro-
genation and the subsequent oxidation. On the contrary, the aliphatic primary and secondary alcohols by
their structural and chemical characteristics do not demonstrate good conversions.

DoI:
10.2174/2211544707666180831094741

Conclusion: Cobalt oxide-based catalysts supported on activated-carbon (Co/AC) showed good catalytic activi-
ty and selectivity during the alcohol oxidation. The use of sonication is an important factor if used in impregna-
tion step, because it causes physicochemical changes by the cavitation and implosion processes, changing the
nucleation and agglomeration of the active phase on support. This favors the catalytic development of the sys-
tem mainly involved in quantity, dispersion and particle size. Excellent results were obtained in the oxidation of
aromatic alcohols such as benzyl alcohol and benzyl alcohol derivatives, showing higher conversion and selec-
tivity with this type of catalyst (Co/AC). The effect of sonication on the preparation of this type of catalysts
might contribute to the study of the green oxidation reaction of alcohols with O, as oxidizing agent.

Keywords: Oxidation of alcohols, activated carbon, molecular oxygen, cobalt oxide, sonication.

1. INTRODUCTION

Aldehydes and ketones have been identified as raw mate-
rial compounds in different industrial processes and fine
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chemistry [1, 2]. They may be obtained from alcohol oxida-
tion, using conventionally oxidizing agents like chromium
(IV) salts, but this reaction presents considerable difficulties
by stoichiometric amounts [3-5]. These oxidants, besides
being very expensive, generate wastes that pollute the envi-
ronment and produce byproducts as carboxylic acids. Devel-
opment of catalysts and oxidizing agents to minimize these
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drawbacks is necessary [6, 7]. Benign heterogeneous cata-
lysts and environmentally friendly oxidizing agents greatly
help to reduce the limitations in the alcohol oxidation reac-
tion [8, 9].

In recent years, it has been important to study the selec-
tive oxidation of various types of alcohols into their corre-
sponding aldehydes and ketones. Reports of Seok, S et al.
[10] and Babak Karimi ef al. [11] showed interesting results,
some differences in the oxidation of different types of ali-
phatic and aromatic alcohols were observed. Yamaguchi and
Mizuno [12, 13] have proposed the use of oxidizing agents
like O, or air which generate H,O as the unique byproduct,
being the most promising work in these processes.

It has been developed heterogeneous catalysts based on
transition metals like Pd [14, 15], Pt [16, 17], Rh [18, 19],
Ru [20, 21], among others. However, although these cata-
lysts present good activity and selectivity, they tend to be
quite expensive. Thus, the use of low-cost metals such as Mn
[22-25], Ni [9], Co [26-29], and their respective oxides have
an industrial interest. Several materials have been used as
catalyst supports for the alcohol oxidation reaction, due to
their influence in different parameters physic-chemicals for
example MCM-41[30], SBA-15 [31], ZrO, [32].

Activated carbon (AC) has well known properties: high
superficial area, chemical surface that might be modified
with different treatments, good stability, low cost, inertness
in liquid reaction media, and porosity [22-24]. Zhu ef al. [33,
34], demonstrated excellent results during oxidation of ben-
zyl alcohol by using activated carbon supported cobalt oxide
catalysts (Co3;04/AC) and previous studies [28] showed the
importance of the type of support in the catalytic activity of
cobalt species. The ultrasonic techniques for synthesis and
preparation of solid catalysts have great importance [35-37],
because they might affect the catalysts properties such as
dispersion, particle size, morphology, among others either in
a positive or a negative way, depending on the case. Some
effects of the use of sonication treatment over the activated
carbon, which improve the efficiency of support and the cat-
alyst itself have been reported [38].

In this work, the catalytic performance of cobalt oxide
supported on activated carbon was studied during the oxida-
tion reaction of several aliphatic/aromatic primary or sec-
ondary alcohols. The influence of the use of sonication dur-
ing the impregnation of cobalt species was also evaluated.
The particle size, distribution and dispersion of cobalt oxide
(Co304) were compared with the catalyst prepared conven-
tionally.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation

Two powdered activated carbons, RX3 Extra provided by
NORIT and G60 provided by Aldrich, were used as support
of the catalysts. Cobalt oxide particles were deposited on the
supports by means of the incipient wetness technique accord-
ing to procedures described [28, 33, 34]. 0.5 g of Co(NO3),*
6H,0 (MERCK, 99.9%) were dissolved in 5 mL of deion-
ized water adding 1 g of carbonaceous support. Then pro-
ceeded as follows: (i) a portion of this preparation was man-
ually stirred, while (ii) another portion was subjected to son-

Cordoba et al.

ication by 20 min at 42 kHz and 100W (Branson Ultrasonics
2510), posteriorly both samples were dried in an oven
(WTB-Binder 0,80Kw) at 110 °C during 12 h. Finally, the
samples were treated in an inert atmosphere (N,) at 350 °C
for 2 h in a circular oven. The catalysts so synthetized were
called: Co/RX and Co/G60 as item (i); while Co/RX-s and
Co/G60-s for item (ii) previously described.

2.2. Characterization

Brunauer-Emmet-Teller surface area (Sggr) and pore
average sizes of the supports and catalysts were determined
by nitrogen physisorption (N,) at -196 °C following the BET
model in Quantachrome Autosorb Automated equipment.
0.02 g of each sample was degassed in an inert atmosphere
(Ny) at 150 °C during 3 h, before the measurement. Metal
loading in the catalysts was determined by Atomic Absorp-
tion (AA) in Thermo-electron Series S equipment. 23 mg of
sample were calcined at 900 °C to mineralize the carbona-
ceous support, and then it was digested with hydrochloride,
nitric and hydrofluoric acids during 2 h at 180 °C. Finally,
boric acid was added to complex the excess hydrofluoric
acid. The solution obtained was measurement at A= 240.7
nm. Average particle size was determined via Transmission
Electronic Microscopy (TEM), images were obtained by an
electronic microscope (JEOL 1200 EX) operating at 90 kV.
Temperature Programmed Reduction with H, (H,-TPR)
measurements of catalysts were carried out by using 10%
Ha/Ar as a reducing gas. The gas flow rate was 25 mL min™
and was kept constant by using mass flow controllers at
10 °C min™". Calibration was made by reducing 30 mg of
CuO powder (99%, Merck) under the same experimental
conditions. Area under the peaks from hydrogen consump-
tion was determined by the deconvolution using the Fityk
programme. The electronic state of the surface species and
their surface atomic ratios of catalysts were determined by
X-ray Photoelectron Spectroscopy (XPS). XPS profiles of
carbonaceous supports were made. Measurements were ac-
quired in a VG-Microtech Multilab equipment with a MgKa
(hv: 1253.6 eV) radiation source and a passing energy of 50
eV, following the Co 2p3; N 2p3,, O 1s, and C 1s peak bind-
ing energies (BE). The analysis pressure during data acquisi-
tion was kept at 5.107 Pa. Samples were treated by following
the same pretreatment conditions for each catalyst. A careful
deconvolution of the spectra was made and the areas of the
peaks were estimated by calculating the integral of each peak
after subtracting a Shirley background and fitting the exper-
imental peak to a combination of Lorentzian/Gaussian lines
of 30-70% proportions, using the sensitivity factors of each
element normalized the areas. The reference BE was the C 1s
peak at 285.0 eV.

2.3. Catalytic Test

Reaction tests were performed in a semi-batch reactor
with constant stirred. Equipment consist of a three-necked
flask with thermometer, condensation tube and oxygen entry.
Alcohols oxidation reaction was carried out at 80°C using
0.2 mmol of each alcohol, a mass of catalyst (0.1 g, 0.09
mol%) and 20 mL of toluene (Merck, 99.9%) as solvent.
Different types of alcohols were used: benzyl alcohol
(Merck, 99.5%), I1-phenylethanol (Merck, 97%), 4-
chlorobenzyl alcohol (Sigma, 99%), cyclohexanol (Fisher
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Scientific, reagent grade), 2-phenylethanol (Merck, 98%), 2-
octanol (Alfa Aesar, 98%), l-heptanol (Merck, 99%), 1-
octanol (Carlo Erba, 99%), 3-phenyl-1-propanol (Sigma,
98%). As feed an oxygen flow of 50 mL min" was used as
oxidizing agent. Reactant and products were analyzed by gas
chromatography coupled to mass detector CG-MS (GC 6890
Series Y1530A) and a DB-VRX nonpolar capillary column.

3. RESULTS AND DISCUSSIONS
3.1. Characterization

XRD (X-ray Diffraction), TGA/MS (Thermogravimetric
Analysis/Mass Spectrometry) and XPS (X-ray Photoelectron
Spectroscopy) analysis of supports and catalysts were report
in previous works [28]. According to the results, G60 and
RX supports are amorphous. Further, the Co/AC catalysts
evidence a crystalline phase as a cobalt oxide spinel (Co;04).
XPS results showed peaks at 779.5 and 780.8 eV that corre-
spond to Co’* and Co”" surface species of Co;0,, which is
very active for the reaction studied [29, 39]. TGA/MS analy-
sis for G60 and RX showed a greater amount of functional
groups, the catalysts prepared with these supports exhibited
the best catalytic performance in the benzyl alcohol oxida-
tion [28].

Table 1 presents the superficial properties for both the
supports and catalysts, with and without the sonication
treatment. It is well known that the carbonaceous support has
a very high surface area (500-1900 m* g) [40], according to
this RX and G60 Sggr is high, as shown in Table 1.

It can be seen that both catalysts have lower values of
Sget, compared to the supports, which suggests that the sup-
ported metallic particles are blocking an important fraction
of the support surface area (23-24%) [37]. No differences
were found on surface area between catalysts either using or
not the sonication treatment, thus it was not the main factor.
In the same way, RX and G60 supports showed the highest
pore total volume, while Co/RX, Co/RX-s, Co/G60 and
Co/G60-s catalysts present similar values (Table 1); this
suggests that no change occurs in the surface properties
(Sger) of the catalysts, using manual stirring or sonication
during the preparation step.
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Cobalt loading by AA technique in each support showed
a slight variation with the synthesis method. The cobalt con-
tent for Co/G60 and Co/RX catalysts was 9.5 and 9.6 % wt
Co, respectively; while for Co/G60-s and Co/RX-s was 9 %
wt Co, indicating that ultrasound affects interaction between
precursor and support. Cavitation processes affect functional
groups on the activated carbon surface, which leads to less
interaction between cobalt precursor and support, reducing
the cobalt loading by leaching.

SEM analysis allowed seeing the morphology of the cata-
lysts as well as distribution, dispersion and the average particle
size. (Fig. 1) illustrates two SEM images of the synthesized
catalysts, in which morphological differences are observed.

A uniform distribution on the support surface is observed
when ultrasound is used during the synthesis (Fig. 1 (b),
(d)), while, it is evidenced that the synthesized catalysts
without the sonication treatment have more agglomerations,
and consequently the particles are less distributed on the
support surface (Fig. 1 (a), (¢)). This behavior is due to the
effect of cavitation [41], which makes the particles of Co;04
become well and uniformly dispersed on the support [42]. In
addition, this process might remove impurities and some
labile groups of the surface as well as a portion of the pore
walls, especially the microspores, may be destroyed [38].

Fig. 2 shows the frequency histograms of the catalysts
obtained by SEM. In this figure is observed that nanoparti-
cles of supported cobalt oxide (Co;O4 <100 nm) were im-
pregnated in the whole catalysts. Co/G60 and Co/G60-s cata-
lysts present an average particle size between 20-30 nm.
However, Co/G60-s present larger particle sizes indicating
less uniformity, in comparison with its equivalent without
sonication treatment.

In Fig. 2 (¢, d), Co/RX and Co/RX-s catalysts have a
more noticeable difference in particle size, approximately 30
nm were obtained for Co/RX, while for Co/RX-s average
sizes were 40-50 nm. This behavior is observed in those cat-
alysts that were prepared with sonication, causing greater
size in particles of Co;04; this might be caused mainly by
cavitation and implosion that affects the crystalline structure
of the precursor causing effects in both the nucleation and
the sintering [42, 43].

Table 1. BET surface area, pore volume, H,-TPR, and metal loading results for supports and catalysts.
H,-TPR
Sample (nslf';_l) (m:;"g_l) Met:‘;]Lv‘;:)di“g C0;0,-CoO C00-Co’ AC
Area Tmax (°C) Area Tomax (°C) Area Thmax (°C)

RX 1524 0.883 - - - -- - 42368 688
Co/RX 1007 0.666 9.6 46597 323 130148 444 127369 650
Co/RX-s 1011 0.657 9.0 23715 271 91935 433 117148 660
G60 978 0.940 - - - - - 41159 680
Co/G60 704 0.710 9.5 25978 267 68429 407 230143 604
Co/G60-s 729 0.738 9.0 18397 265 27753 388 269311 584
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Fig. (1). SEM analysis for (a) Co/G60, (b) Co/G60-s, (¢) Co/RX and (d) Co/RX-s catalysts.

H,-TPR analysis helped to identify the oxidation states
and the reducible character of impregnated cobalt species, as
well as the amount of reducible species in the AC supports
determined by deconvolution of TPR peaks. Area under the
peaks, maximum temperature (Ty,,) and the assignment of
each signal reducible species of cobalt for each catalyst are
shown in Table 1.

In Fig. 3 the H,-TPR profiles for G60 and RX supports
and catalysts, similar peaks for activated carbon reduction
are evident, while in the catalysts differences are observed in
the H,-TPR profile in each case. The TPR for G60 and RX
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supports (Fig. 3 (c¢)) exhibits a single characteristic peak
around 700°C caused by the reduction of surface functional
groups such as carbonyls, carboxyls, phenols among others
from the activated carbon [44, 45]. The H,-TPR profile of
the catalysts (Fig. 3 (b, ¢)) shows the presence of very simi-
lar peaks with differences in intensity along the whole TPR
profile.

The reduction of cobalt species indicates the presence of
Co304 [46]. Initially, a peak around 250-350 °C is attributed
to the reduction of Co;04 to CoO, later a second peak around
400-500 °C is attributed to the reduction of CoO to Co’.
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Similarly, a peak around 500 °C is observed which is at-
tributed to the catalytic effect of the catalysts by the presence
of the products of AC and hydrogen reduction [47, 48].

The reducibility of the species of these catalysts strongly
depends on their particle size and/or interaction with the
support [49]. In order to observe the degree of reducibility
and the interaction with the support, the values of the area
obtained and the peak temperature of the H,-TPR are com-
pared. Results show areas of higher hydrogen consumption
for Co/G60 and Co/RX catalysts, indicating greater reduci-
bility of the cobalt species, which may be related to greater
amount of cobalt as determined by AA (Table 1) and smaller
particle size observed in SEM analysis (Fig. 2).

On the other hand, Co/G60-s and Co/RX-s catalysts have
lower hydrogen consumption, confirming a larger particle
size; maximum reduction at low temperatures are still ob-
served confirming a better distribution of these particulates on
the catalyst as determined by SEM images Fig. 1. The area
and the maximum reduction temperature of the activated car-
bon supports depend on the amount of reducible functional
groups [28]. In this case, it is evident that the catalysts with
G60 support have a greater number of reducible functional
groups and maximum reduction at lower temperatures, in
comparison with catalysts with RX3 support. This indicates
greater presence of functional groups in G60 support, making
it an interesting parameter for both the activity and oxidizing
power in the oxidation reaction of alcohols. Previous studies
[28], showed the oxidant power dependence of the catalysts
with greater presence of functional groups in the activated
carbon supports in the presence of molecular oxygen.

3.2. Catalytic Activity

Benzyl alcohol (Scheme 1) was chosen as a standard sub-
strate in order to evaluate the synthesized catalysts and the
performance of catalytic system.

OH Co/AC
+ Oy —— >
= Toluene, 80°C

Scheme 1. Oxidation reaction of benzyl alcohol to benzaldehyde.

+ H,0

The catalytic results of this oxidation reaction can be ob-
served in Table 2, all catalysts had activity for this type of oxi-
dation reaction, with high percentages of total conversion (X, %)
and selectivity (S, %) towards the production of benzaldehyde.
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Compared the catalysts synthesized from different acti-
vated carbon supports, it can be observe that Co/G60 catalyst
showed higher activity that Co/RX, despite having a lower
surface area (Table 2), this difference is mainly due to the
physicochemical properties of supports and their interaction
with the active phase. However Co/G60-s and Co/RX-s ex-
hibited the same activity. The previous studies showed
greater activity in Co/G60 because it exhibited the best oxi-
dative properties [28]. It can be also observed that this cata-
lyst has a smaller average particle size, this generate a better
interaction with the substrate showing greater synergism
between the active phase and the G60 support.

When comparing the catalytic performance of the solids
with and without sonication on the catalytic activity, it was
observed that the catalysts synthesized with sonication have
a higher activity, because they can totally oxidize the benzyl
alcohol in less time maintaining its selectivity as shown in
Fig. 4. The increase in catalytic activity may be caused by
both the dispersion and particle size of the active phase in
the catalyst. As observed above, SEM images of the
Co/G60-s and Co/RX-s catalysts show that the oxide parti-
cles are not agglomerated on the surface of the support and
are evenly distributed. Even with lower cobalt content (Table
1). This catalytic behavior is caused because there is greater
availability of active sites throughout the specific area of the
catalyst by improving the oxidative dehydrogenation caused
by the Lewis acidity of the oxide with the alcohol and its
subsequent oxygen oxidation [33]. However, it should not be
ruled out the effect of surface chemistry and porosity of AC
on both conversion and selectivity [33, 40].

Reaction Conditions: Alcohols (0.2 mmol), Co/AC
(0.1g), Toluene, 80°C, O, (50 mL min™)

While the catalysts without sonication showed smaller
sizes of particles, they exhibited greater agglomeration caus-
ing less distribution which greatly decreases their catalytic
activity, compared with the catalysts with sonication.

Table 3 shows the results of catalytic oxidation for other
aromatic and aliphatic alcohols, with the most active cata-
lysts (Co/G60-s and Co/RX-s), the influence of variation in
the chemical structure, functionality, electronic and steric
effects of substituents on the alcohol during oxidation was
investigated. The oxidation of 4-chlorobenzyl alcohol
showed high conversion rates (96%) and selectivity values
(> 99%) and 2-phenylethanol also showed a strong behavior
in undergoing oxidation despite the fact that it is a secondary
alcohol and it needs a longer reaction time. The activity of

Table 2.  Results of benzyl alcohol oxidation reaction.
Activity
Catalyst t(h X (% S (% .
¥ () %) ) mmol BA h” g'Co h’lgclO

Co/G60 3 88 >99 6.2
Co/G60-s 3 100 >99 7.4

Co/RX 3 57 92 4.0

Co/RX-s 3 100 >99 7.4
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Fig. (4). Conversion of Benzyl Alcohol as a function of time (h) for a) (A) Co/G60-s (¢) and Co/G60; b) (¢) Co/RX and (A) Co/RX-s catalysts.

Table 3. Oxidation reaction of aromatic and aliphatic alcohols by O, catalyzed by Co/G60-s and Co/RX-s catalysts.

Substrat Catalyst t(h) X (%) S (%)

- Co/RX-s 5 96 92
Co/G60-s 5 96 100
Cli

Co/RX-s 7 15 100

Co/G60-s 4 5 100

oH Co/RX-s 8 60 100
©)\ Co/G60-s 8 79 100
OH

OH Co/RX-s 9 6 60
Co/ G60-s 9 9 75

1
OH Co/RX-s 8 14 100

)\/\/\/ Co/ G60-s 8 24 60
Co/RX-s 7 5 100
e VaVaYa Co/ G60-5 7 7 100
Co/RX-s 8 4 100
PV N N Co/ G60-s 8 8 46
| ST Non Co/RX-s 6 3 100

=

Reaction Conditions: Alcohols (0.2 mmol), Co/AC (0.1g), Toluene, 80°C, O, (50 mL min™)
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the benzyl alcohol derivatives is provided by the electronic
stability conferred by the presence of the aromatic ring and
substituent groups such as —Cl. This substituent has two elec-
tronic effects on the phenyl ring: 1) resonance donation, and
2) inductive withdrawal [50]. In aromatic alcohols, halogen
substituents in the para positions act as electron-donor
groups and provide major resonance contribution due to the
availability of their lone pairs, easily promoting the dehy-
drogenation of the alcohol and therefore its oxidation.

While the primary and secondary aliphatic alcohols
showed low conversion rates, it might be caused by the poor
Lewis acid character from the oxygen of the hydroxyl group
of these molecules, in the case of 2-octanol, 1-octanol and 1-
heptanol; the steric hindrance does not allow a good adsorp-
tion and subsequent dehydrogenation of the molecules de-
creasing their conversion.

CONCLUSION

Cobalt oxide-based catalysts supported on activated-
carbon (Co/AC) showed good catalytic activity for selectivi-
ty oxidation of alcohols. The use of sonication is an im-
portant factor if used in impregnation process, because it
causes physicochemical changes by the processes of cavita-
tion and implosion, changing processes of both nucleation
and agglomeration of the active phase on support, which
favor the catalytic development of the system mainly in-
volved in quantity, dispersion and particle size. Excellent
results were obtained in the oxidation of aromatic alcohols
such as benzyl alcohol and benzyl alcohol derivatives, show-
ing higher conversion and selectivity with this type of cata-
lyst (Co/AC); it is believed that their chemical properties
permit good dehydrogenation and the subsequent oxidation,
in difference with the aliphatic, primary and secondary alco-
hols, that by their own structural and chemical characteristics
do not demonstrate good conversions. The effect of soni-
cation on the preparation of this type of catalysts might con-
tribute to the study of the green oxidation reaction of alco-
hols with O, as oxidizing agent.

CONSENT FOR PUBLICATION
Not applicable.
CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

The author acknowledges the financial support from
University of Cauca (project ID VRI 3573). M. Cordoba
thanks COLCIENCIAS (Young Researchers Program 2012 -
Call 566), Design of Advanced Catalytic Materials Group,
Department of Process Engineering, Universidad Auténoma
Metropolitana - Iztapalapa, UAM-I (Mexico), and the group
of Zeolites and Solids from Université de Poitiers (France).

REFERENCES

[1] R.C. Larock, Comprehensive Organic Transformations: A Guide to
Functional Group Preparations, Wiley-VCH, New York, 1999.

[2] M. Hudlicky, Oxidations in Organic Chemistry, American
Chemical Society, Washington, DC, 1990.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

Cordoba et al.

J.C.C.W.W. Hess, Aldehydes From Primary Alcohols By
Oxidation With Chromium Trioxide: Heptanal., Organic Syntheses,
6 (1988) 644.

F.M. Menger, C. Lee, Synthetically useful oxidations at solid
sodium permanganate surfaces, Tetrahedron Letters, 22 (1981)
1655-1656.

G.F. Tojo, Marcos 1., Oxidation of Alcohols to Aldehydes and
Ketones: A Guide to Current Common Practice Springer, New
York, ,2006.

B.-Z. Zhan, A. Thompson, Recent developments in the aerobic
oxidation of alcohols, Tetrahedron, 60 (2004) 2917-2935.
K.W.a.A.F.L. C. Prabhakaran Vinod, Recent advances in the
heterogeneously catalysed aerobic selective oxidation of alcohols, J
Chem Technol Biotechnol, 86 (2011) 161-171.

T. Mallat, A. Baiker, Oxidation of Alcohols with Molecular
Oxygen on Solid Catalysts, Chemical Reviews, 104 (2004) 3037-
3058.

T. Punniyamurthy, S. Velusamy, J. Igbal, Recent Advances in
Transition Metal Catalyzed Oxidation of Organic Substrates with
Molecular Oxygen, Chemical Reviews, 105 (2005) 2329-2364.

S. Seok, M.A. Hussain, K.J. Park, JW. Kim, D.H. Kim,
Sonochemical synthesis of PdO@silica as a nanocatalyst for
selective aerobic alcohol oxidation, Ultrasonics Sonochemistry, 28
(2016) 178-184.

K. Babak, E.F. Kabiri, Gold Nanoparticles Supported on the
Periodic Mesoporous Organosilicas as Efficient and Reusable
Catalyst for Room Temperature Aerobic Oxidation of Alcohols,
Advanced Synthesis & Catalysis, 354 (2012) 1319-1326.

J.W.K. Kazuya Yamaguchi, Jinling He, Noritaka Mizuno, Aerobic
alcohol oxidation catalyzed by supported ruthenium hydroxides,
Journal of Catalysis, 268 (2009) 343-349.

N. Mizuno, K. Yamaguchi, Selective aerobic oxidations by
supported ruthenium hydroxide catalysts, Catalysis Today, 132
(2008) 18-26.

J. Luo, F. Peng, H. Yu, H. Wang, Selective liquid phase oxidation
of benzyl alcohol catalyzed by carbon nanotubes, Chemical
Engineering Journal, 204-206 (2012) 98-106.

A. Villa, M. Plebani, M. Schiavoni, C. Milone, E. Piperopoulos, S.
Galvagno, L. Prati, Tuning hydrophilic properties of carbon
nanotubes: A challenge for enhancing selectivity in Pd catalyzed
alcohol oxidation, Catalysis Today, 186 (2012) 76-82.

F. Al Badran, S. Awdry, S.T. Kolaczkowski, Development of a
continuous flow reactor for pharmaceuticals using catalytic
monoliths: Pt/C selective oxidation of benzyl alcohol, Catalysis
Today, 216 (2013) 229-239.

M.C. Figueiredo, R.M. Aran-Ais, JM. Feliu, K. Kontturi, T.
Kallio, Pt catalysts modified with Bi: Enhancement of the catalytic
activity for alcohol oxidation in alkaline media, Journal of
Catalysis, 312 (2014) 78-86.

B. Wang, M. Lin, T.P. Ang, J. Chang, Y. Yang, A. Borgna, Liquid
phase aerobic oxidation of benzyl alcohol over Pd and Rh catalysts
on N-doped mesoporous carbon: Effect of the surface acido-
basicity, Catalysis Communications, 25 (2012) 96-101.

M. Pérez-Cadenas, L.J. Lemus-Yegres, M.C. Roman-Martinez, C.
Salinas-Martinez de Lecea, Immobilization of a Rh complex
derived from the Wilkinson's catalyst on activated carbon and
carbon nanotubes, Applied Catalysis A: General, 402 (2011) 132-
138.

X. Yang, X. Wang, J. Qiu, Aerobic oxidation of alcohols over
carbon nanotube-supported Ru catalysts assembled at the interfaces
of emulsion droplets, Applied Catalysis A: General, 382 (2010)
131-137.

T. Tang, C. Yin, N. Xiao, M. Guo, F.-S. Xiao, High Activity in
Catalytic Oxidation of Benzyl Alcohol with Molecular Oxygen
over Carboxylic-Functionalized Carbon Nanofiber-Supported
Ruthenium Catalysts, Catal Lett, 127 (2009) 400-405.

Q. Tang, X. Huang, Y. Chen, T. Liu, Y. Yang, Characterization
and catalytic application of highly dispersed manganese oxides
supported on activated carbon, Journal of Molecular Catalysis A:
Chemical, 301 (2009) 24-30.

S. Mandal, C. Santra, K.K. Bando, O.0. James, S. Maity, D.
Mehta, B. Chowdhury, Aerobic oxidation of benzyl alcohol over
mesoporous Mn-doped ceria supported Au nanoparticle catalyst,
Journal of Molecular Catalysis A: Chemical, 378 (2013) 47-56.

Q. Tang, C. Wu, R. Qiao, Y. Chen, Y. Yang, Catalytic
performances of Mn—Ni mixed hydroxide catalysts in liquid-phase



Catalytic Activity of Co;0, Supported on Activated Carbon for Alcohols Oxidation

[25]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

benzyl alcohol oxidation using molecular oxygen, Applied
Catalysis A: General, 403 (2011) 136-141.

M. Amini, M.M. Najafpour, M. Zare, E. Amini, Nanolayered
manganese-calcium oxide as an efficient and environmentally
friendly catalyst for alcohol oxidation, Journal of Molecular
Catalysis A: Chemical.

D. Qiao, C. Xu, J. Xu, Aerobic oxidation of benzyl alcohol over
Co304/rehydrated hydrotalcite catalysts: The promotional effect
of hydrotalcite support, Catalysis Communications, 45 (2014) 44-
48.

Y. Kuang, Y. Nabae, T. Hayakawa, M.-a. Kakimoto, Nanoshell
carbon-supported cobalt catalyst for the aerobic oxidation of
alcohols in the presence of benzaldehyde: An efficient, solvent free
protocol, Applied Catalysis A: General, 423-424 (2012) 52-58.
M.M. Cordoba, C.; Lederhos, C.; Coloma-Pascual, F.; Ardila, A.;
Fuentes, G.A.; Pouilloux, Y.; Ramirez, A. s Catalytic
Performance of Co304 on Different Activated Carbon Supports in
the Benzyl Alcohol Oxidation. , Catalysts, 7 ( 2017) 384.

W. Gao, F. Li, H. Huo, Y. Yang, X. Wang, Y. Tang, P. Jiang, S. Li,
R. Li, Investigation of hollow bimetal oxide nanomaterial and their
catalytic activity for selective oxidation of alcohol, Molecular
Catalysis, 448 (2018) 63-70.

A. Patel, S. Singh, Undecatungstophosphate anchored to MCM-41:
An ecofriendly and efficient bifunctional solid catalyst for non-
solvent liquid-phase oxidation as well as esterification of benzyl
alcohol, Microporous and Mesoporous Materials, 195 (2014) 240-
249.

C.M.A. Parlett, P. Keshwalla, S.G. Wainwright, D.W. Bruce, N.S.
Hondow, K. Wilson, A.F. Lee, Hierarchically Ordered Nanoporous
Pd/SBA-15 Catalyst for the Aerobic Selective Oxidation of
Sterically Challenging Allylic Alcohols, ACS Catalysis, 3 (2013)
2122-2129.

Y.-H. Kim, S.-K. Hwang, J.W. Kim, Y.-S. Lee, Zirconia-Supported
Ruthenium Catalyst for Efficient Aerobic Oxidation of Alcohols to
Aldehydes, Industrial & Engineering Chemistry Research, 53
(2014) 12548-12552.

J. Zhu, J.L. Faria, J.L. Figueiredo, A. Thomas, Reaction
Mechanism of Aerobic Oxidation of Alcohols Conducted on
Activated-Carbon-Supported Cobalt Oxide Catalysts, Chemistry —
A European Journal, 17 (2011) 7112-7117.

J. Zhu, K. Kailasam, A. Fischer, A. Thomas, Supported Cobalt
Oxide Nanoparticles As Catalyst for Aerobic Oxidation of
Alcohols in Liquid Phase, ACS Catalysis, 1 (2011) 342-347.

C.L. Bianchi, R. Carli, C. Fontaneto, V. Ragaini, Preparation of
highly  dispersed supported catalystsby ultrasound, in:
JM.B.D.P.AJ. G. Poncelet, P. Grange (Eds.) Studies in Surface
Science and Catalysis, Elsevier, 1995, pp. 1095-1100.

W.-y. Wang, Y.-q. Yang, J.-g. Bao, Z. Chen, Influence of
ultrasonic on the preparation of Ni-Mo—B amorphous catalyst and
its performance in phenol hydrodeoxygenation, Journal of Fuel
Chemistry and Technology, 37 (2009) 701-706.

C.L. Bianchi, E. Gotti, L. Toscano, V. Ragaini, Preparation of Pd/C

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

Current Catalysis, 2018, Vol. 7, No. 3 9

catalysts via ultrasound: a study of the metal distribution,
Ultrasonics Sonochemistry, 4 (1997) 317-320.

F. Yu, J. Ji, Z. Xu, H. Liu, Effect of ultrasonic power on the
structure of activated carbon and the activities of Ru/AC catalyst,
Ultrasonics, 44, Supplement (2006) €389-e392.

V.R. Mate, M. Shirai, C.V. Rode, Heterogeneous Co304 catalyst
for selective oxidation of aqueous veratryl alcohol using molecular
oxygen, Catalysis Communications, 33 (2013) 66-69.

J.L. Figueiredo, M.F.R. Pereira, The role of surface chemistry in
catalysis with carbons, Catalysis Today, 150 (2010) 2-7.

M. Ameen, M.T. Azizan, S. Yusup, A. Ramli, M. Yasir, K.A. Jais,
M.H. Sa'aid, Effects of Ultrasound Irradiation on Synthesis of Solid
Acid Catalysts, Key Engineering Materials, 701 (2016) 67-72.

C.L. Bianchi, R. Carli, C. Fontaneto, V. Ragaini, Preparation of
highly dispersed supported catalystsby ultrasound, in: G. Poncelet,
J. Martens, B. Delmon, P.A. Jacobs, P. Grange (Eds.) Studies in
Surface Science and Catalysis, Elsevier, 1995, pp. 1095-1100.

P. Louyot, C. Neagoe, F. Galli, C. Pirola, G.S. Patience, D.C.
Boffito, Ultrasound-assisted impregnation for high temperature
Fischer-Tropsch catalysts, Ultrasonics Sonochemistry, 48 (2018)
523-531.

X. Zhang, Y. Zhang, Q. Liu, W. Zhou, Surface properties of
activated carbon from different raw materials, International Journal
of Mining Science and Technology, 22 (2012) 483-486.

C.R. Lederhos, J.M. Badano, N. Carrara, F. Coloma-Pascual, M.C.
Almansa, D. Liprandi, M. Quiroga, #xf3, nica, Metal and Precursor
Effect during 1-Heptyne Selective Hydrogenation Using an
Activated Carbon as Support, The Scientific World Journal, 2013
(2013) 9.

C.-W. Tang, C.-B. Wang, S.-H. Chien, Characterization of cobalt
oxides studied by FT-IR, Raman, TPR and TG-MS,
Thermochimica Acta, 473 (2008) 68-73.

H. Zhang, Y.A. Alhamed, A. Al-Zahrani, M. Daous, H. Inokawa,
Y. Kojima, L.A. Petrov, Tuning catalytic performances of cobalt
catalysts for clean hydrogen generation via variation of the type of
carbon support and catalyst post-treatment temperature,
International Journal of Hydrogen Energy, 39 (2014) 17573-17582.
H. Zhang, C. Lancelot, W. Chu, J. Hong, A.Y. Khodakov, P.A.
Chernavskii, J. Zheng, D. Tong, The nature of cobalt species in
carbon nanotubes and their catalytic performance in Fischer-
Tropsch reaction, Journal of Materials Chemistry, 19 (2009) 9241-
9249.

M. Fadoni, L. Lucarelli, Temperature programmed desorption,
reduction, oxidation and flow chemisorption for the
characterisation of heterogeneous catalysts. Theoretical aspects,
instrumentation and applications, in: A. Dabrowski (Ed.) Studies in
Surface Science and Catalysis, Elsevier, 1999, pp. 177-225.

R. Bikas, E. Shahmoradi, N. Noshiranzadeh, M. Emami, S.
Reinoso, The effects of halogen substituents on the catalytic
oxidation of benzyl-alcohols in the presence of dinuclear
oxidovanadium(IV) complex, Inorganica Chimica Acta, 466 (2017)
100-109.



