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K-10 montmorillonite: An efficient and reusable catalyst for
selective oxidation of aldehydes in the presence of dioxygen

Ikram El Amrani “and Ahmed Atlamsani

University Abdelmalek Essaadi, Faculty of Sciences - Tetouan, Laboratory of Materials and Interfacial Systems,
PO Box 2121, 93030, Tetouan, Morocco

Abstract: A commercial montmorillonite clay catalyst, K-10 montmorillonite, was tested for catalytic oxidation
of aldehydes in the presence of molecular oxygen under mild conditions. K-10 montmorillonite catalysed the
oxidation of aldehydes with good activity and excellent selectivity toward the formation of the corresponding
acids. The effects of the amount of catalyst, temperature and solvent on the catalytic activity were investigated.
Remarkably, this catalyst was reusable without any appreciable loss in activity and selectivity.
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Introduction

Selective catalytic oxidation of aldehydes to
corresponding acids has recently been subject to
considerable interest due to various potentials in
organic synthesis and industrial applications * 2. In
addition to numerous versatile methods for the
oxidation of aldehydes, more convenient methods
such as Baeyer-Villiger oxidation 37, Cannizzaro
reaction &3, and metal catalysed oxidation have been
reported 1419,

Although many reagents are known to oxidize
alcohols to aldehydes or ketones 221, the next step of
oxidation from the aldehyde to acid is relatively much
more difficult to achieve using a very mild procedure
and ensuing good yields 2. Various oxidants such as
t-BUOOH 23, H,0, 3824 and molecular oxygen 25?7
are applied in the catalytic oxidation of aldehydes to
the corresponding carboxylic acids. However, despite
the merits of these procedures, they might have
various disadvantages such as harsh reaction
conditions, the excessive requirement for reagents or
catalysts, prolonged reaction time, tedious work-up
procedures, non-reusability of the catalysts, and low
yields of products. Development of a more efficient,
convenient, and environment-friendly oxidation
methods for aldehydes is therefore still a significant
experimental  challenge  for  chemists. The
development of heterogeneous catalysts for the
aerobic oxidation of organic compounds is a
challenging goal 2222, Dioxygen and commercially
available K-10 montmorillonite are materials that can
fulfil these requirements. K-10 montmorillonite has
been widely used in synthetic organic chemistry
because it is a non-toxic, reusable, inexpensive,
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preventing waste, and promote the atom economy. It
is highly effective under mild reaction conditions, and
recyclable purpose 4%, K-10 montmorillonite is a
solid acid of moderate acid strength. Its Hammett
constant is Ho = - 8, which is similar to that of
concentrated HNOs. It is a layered alumino-silicate
with a dioctahedral layer sandwiched between two
tetrahedral layers 3.

Clays function as efficient catalysts for various
organic transformations due to their Bronsted and
Lewis acidities in both their natural and ion-
exchanged forms “°. Due to intense catalytic activity
as Bronsted acid, K-10 montmorillonite clay has been
used extensively as a catalyst in y-lactones #*. The
synthesis of fused heterocycles %2, the Friedel-Crafts
reaction 3, acetal and ketal deprotection reactions,
selective bromination of alkylbenzenes %4, oxidation
of organic sulfides to sulfoxides %%, the synthesis of
biomarkers 6, oxidative demethylation of methyl
phenols to benzoquinones #', (2,5) intramolecular ene
cyclization “8, Michael addition 4°, Boc group removal
from aromatic amines °°, and the Diels-Alder
reaction 5L,

In the present work, we set out to optimize
conditions for the oxidation of aldehydes to
carboxylic acids in the presence of dioxygen. Most
experimental parameters, such as the amount of
catalyst, temperature, and solvent were systematically
optimized.

Results and Discussion

Characterization of the materials
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The composition (wt %) of K-10MT determined
by X-ray fluorescence (XRF) includes 82.67% of SiO»
,13.93% of Al,03, 1.61% of Fe;03, 0.32% of TiO,,
0.10% of CaO, and 1.36% of K;O. The calculated
cation exchange capacity was 0.8 mequiv./g clay.

The X-ray diffraction patterns of the K-10MT
before (a) and after (b) oxidation reaction are
presented in Figure 4. They exhibit characteristic
reflections usually observed for smectites %2. The basal
spacing (do o0 1) for K-10MT is about 10.3°A. The
different (0 0 1) positions observed could, thus, be
explained by different water amounts in the
interlamellar space of the clay mineral. Moreover, the
(0 0 1) peak is broader, which can be explained by
considering a higher crystallization state of K-10MT.

Infrared spectra (Figure 5) are evident in the
frequency range of 4000-400 cm™. The distinct
increase of infrared absorbency at 3620-918 cm*
confirms the dominant presence of di-octahedral
smectite with [Al, Al-OH] stretching and bending
bands 53. The adsorption bands at 3412-1645 cm™
correspond to OH frequencies for the water molecule
adsorbed on the clay surface. Bands at 468-520 cm!
can be assigned to [Si-O-Al] and [Si-O-Si]. Bands at
806 cm are characteristics of quartz. The (Si-O)
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bands are strongly evident in the structure and can be
readily recognized in the infrared spectrum by the
very strong adsorption bands in the 1100-1000 cm*
region.

Oxidation of hexanal

The study of the oxidation of aldehydes uses
commercial K-10MT as heterogeneous and dioxygen
as a clean oxidant. Initially, the oxidation of hexanal
was chosen in order to investigate the catalytic
activity, selectivity, and stability of the clays.

The amount effect of catalyst and substrate

The amount effect of K-10MT on the conversion
of hexanal, using a mixed water/acetic acid
(4.5/0.5 mL/mL) solvent was investigated (Figure 1).
The amount of K-10MT was increased from 0 to 0.6
g, and the conversion of the hexanal was increased to
reach an optimum of 90% for 0.2 g. This point can be
explained by the increase in the number of acid and
redox sites available for the oxidation reaction. Blank
experiments performed in the absence of K-10MT
showed that the hexanoic acid could not be
synthesized.
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Figure 1. Effect of the catalyst amount on the conversion of hexanal.

Conditions: hexanal (5mmol), AcOH/H,0 (4.5 mL/0.5 mL), HsPO4 (0.2mmol), t=24 h, T = 70°C,
p(02) = 0.1MPa.

The effect of the initial amount of hexanal
(1-8 mmol, at 70°C) was tested on the conversion rate
by keeping the optimum amount of catalyst, which is
0.2 g. As shown in Figure 2, the conversion increased
with the increase in the quantity of hexanal reaching a

maximum of 90% for 5 mmol. In the following, all the
catalysis tests were; thus, performed using 0.2 g of
solid K-10MT and 5 mmol of the substrate as
optimum values for maximum conversion.
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Figure 2. Effect of the substrate amount on the conversion of hexanal.

Conditions: K-10MT (0.2g), HsPO4 (0.2mmol), ACOH/H,0 (4.5 mL/0.5 mL), t=24 h, T = 70°C,
p(0,) = 0.1MPa.

Effect of temperature

We studied the temperature role on the
conversion of hexanal into hexanoic acid. To this end,

we realized the oxidation reaction at room
temperature (Table 1, entry 1), at 40 °C (Table 1,
entry 2), and 70 °C (Table 1, entry 3). The yield in
acid was gradually increased from 16 to 88%.

Table 1. Oxidation of hexanal with MT K-10/0,%: reaction temperature effect

Entry Temperature Time
(°C) (h)
1 r.t. 48
2 40 24
3 70 24

Conversion® Acid Yield®
(%) (%)
16 14
60 58
90 88

aConditions: hexanal (5mmol), K-10MT (0.2g), HsPO4 (0.2mmol), AcOH/H,0 (4.5 mL/0.5 mL), p(O2) = 0.1MPa.
b Conversions and yields were determined by GC analysis, . room temperature.

However, the optimal yield (88%) was obtained
after 24 hours of reaction at 70°C (Table 1, entry 3).
It should be noted that the K-10MT remains less
active at room temperature (Table 1, entry 1).

Effect of solvent

A solvent effect on the oxidation of hexanal with
pure dioxygen and K-10MT was studied thoroughly.
The main results obtained are summarized in
Table 2.

Table 2. Effect of solvents on the catalytic oxidation of hexanal using (K-10MT) as a catalyst?

Entry Solvent (mL)
1 Toluene (5)
2 THF (5)
3 CH3CN (5)
4° MeOH (5)
5 -
6 H>0 (5)
7 AcOH (5)
8 AcOH/H,0 (4.5/0.5)
9 AcOH/H,0 (4/1)
10 AcOH/H,0 (3/2)
11 AcOH/H,0 (2.5/2.5)

T(°C) Conversion® (%) Yield® (%)
70 88 86
40 90 87
70 88 86
60 13 12
70 80 75
70 45 43
70 70 64
70 90 88
70 45 43
70 43 42
70 42 37

2Conditions: hexanal (5mmol), K-10MT (0.2g), HsPO4 (0.2mmol), t =24 h, T = 70°C, p(O2) = 0.1MPa.

b Conversions and yields were determined by GC analysis.

¢ Twenty-four hour, the product is identified as methyl heptanoate.
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We have tested many solvents with different
properties (non-polar, polar protic, and polar aprotic),
in order to find the best media of our oxidation. Thus,
moderate conversions and yields are observed using
Toluene, THF, CH3CN, and MeOH (Table 2, entries
1-4). In the absence of a solvent (Table 2, entry 5)
complete conversion was obtained without a
considerable reduction in the yield of the reaction,
which was around 80%. In aqueous media, the
conversion reaches only 45% after 24 hours of
reaction time (Table 2, entry 6) and with pure acetic
acid (AcOH); slightly lower values are obtained in
(Table 2, entry 7). The best result is obtained with
AcOH/H,0 (4.5 mL/0.5 mL), giving 90% conversion
after 24 h (Table 2, entry 8). Probably, this mixture
provides good acidity for the medium of reaction that
promotes the oxidation of the hexanal.

Even if the initial rates are higher for
compositions with a lower AcOH/H-0 ratio (4/1, 3/2,
or 2.5/2.5 (v/v)), see (Table 2, entries 9-11), the final
conversions after 24 h drop dramatically to values less
than half of those obtained with AcOH/H.0.

Moreover, X-ray fluorescence analyses have
shown that iron and titanium are present in K-10MT.
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Thus, the active species could correspond to Fe(ll)
and/or Fe(111) species and/or Ti(1V). We think that the
mixed solvent AcOH/H,0 (4.5 mL/0.5 mL) facilitates
the reduction rate of M™ (M = Fe or Ti) and increases
the solubility of dioxygen 4. In the following, the tests
have been carried out with the AcOH/H,O = 4.5/0.5
(v/v) mixed solvent.

Catalyst regeneration

The K-10MT obtained was separated at the
reaction temperature from the reaction mixture by
filtration and washed four times with distilled water.
The resulting K-10MT was dried at 373K for 10h,
grounded into a fine powder and used again to study
its activity for the oxidation reaction. Figure 3 shows
that the K-10MT can be recycled several times
without any significant loss in activity and selectivity
(the small observed variations are within the
experimental error). This means that the structure of
the active centers is maintained from one test to
another. Structural evolution of recovered catalyst at
the end of the reaction was monitored with X-ray
diffraction (Figure 4) and IR spectra (Figure 5) and
XRF Table 3.

B Conversion
B Yield

3 4

Figure 3. Recycling of K-10MTcatalyst in the oxidation of hexanal by dioxygen.

Conditions: hexanal (5mmol), K-10MT (0.2g), HsPO4 (0.2mmol), AcOH/H,0 (4.5 mL/0.5 mL), t =24 h,
T =70°C, p(02) =0.1MPa

We would like to emphasize that the
crystallographic structure of the K-10MT was not
altered through the experiments. Thus, the X-ray

diffractograms after oxidation reaction show peaks
corresponding to K-10MT (Figure 4).
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Figure 4. X-ray diffractograms of K-10MT before (a) and after (b) oxidation reaction.
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The IR spectra of K-10MT after oxidation K-10MT, which correspond to Si-O and Al-OH
reaction show the characteristic bands of (Figure 5).
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Figure 5. IR spectra of K-10MT before (a) and after (b) oxidation reaction.

The XRF chemical analyses (wt. %) of the fresh clay and recovered catalysts are given in Table 3.
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Table 3. X-ray fluorescence analyses of the fresh and recovered catalysts.

Run

SiO; Al,O3
0 82,67 13,93
1 82,72 13,93
2 82,74 13,93
3 82,75 13,93
4 82,77 13,93
5 82,77 13,93

% (WIW)
Fe20s TiO: CaO K20
1,61 0,32 0,10 1,36
1,52 0,34 0,09 1,40
1,51 0,34 0,08 1,40
1,50 0,34 0,08 1,40
1,48 0,34 0,08 1,40
1,48 0,34 0,08 1,40

Conditions: hexanal (5 mmol), K-10MT (0.2 g), H3PO4 (0.2mmol), AcOH/H,0 (4.5 mL/0.5 mL), t = 24 h,

T =70°C, p(O2) = 0.1MPa.

The variations of the relative content of metals
(M/My) in the K-10MT with several runs are given in
(Figure 6) in which Mo and M are the wt. % of the
oxide elements in the fresh clay and recovered
catalysts samples. Different behaviours are observed

depending on the nature of the element. The relevant
contents of the leached elements in the K-10MT
decrease in the order of Ca%*, Fe3*, K*, and Ti** with
the increase in several runs.
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Figure 6. Variations of the relevant metal contents (M/My) determined by XRF for K-10MT powder vs. the
number of runs.

There is a marked decrease in the Ca element and,
to a lesser extent, in the Fe. There is partial leaching
of iron under the reacting conditions for the first four
tests. After four tests, their amount in the solid
material is nearly constant.

Oxidation of other aldehydes

The catalytic system (K-10MT/dioxygen/acetic
acid/water) shows high catalytic activity for the
oxidation of other aldehydes (Table 4). No oxidation
products were detected in the absence of the K-
10MT catalyst.

Table 4. Oxidation of aldehydes to carboxylic acids by K-10MT /O,/AcOH-H,0 system?
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aConditions: aldehyde (5mmol), K-10MT (0.2g), HzsPO4 (0.2mmol), AcOH/H,0 (4.5mL/0.5mL), t = 24h, T=70°C,

Entry Aldehyde Time (h)
1 \(\CH o 24
2 X -CHO 24
3 >=/_>_\ 24

CHO
o CHO
5 24
CHO
6 48
MeO CHO
7 pw o 48
Me
: Q ®
MeO
9 48
Cl CHO

p(02) = 0.1MPa.

bConversions and yields were determined by GC analysis.

The oxidation of iso-valeraldehyde (Table 4,
entry 1) provides iso-valeric acid as the main product.
The oxidation of trans-cinnamaldehyde and
citronellal were evaluated under the oxidative
conditions of our catalytic system. These substrates
contain aldehyde functionality together with an
epoxidizable olefinic double bond #’.

The results obtained show that the oxidation of
trans-cinnamaldehyde (Table 4, entry 2) is selective
towards the formation of trans-cinnamic acid (88%).
However, oxidative scission of the conjugated
carbon-carbon double bond takes place in a lesser
amount, resulting in the generation of side products.
The oxidation of citronellal was also rather selective
to the corresponding citronellic acid (Table 4, entry
3). Moreover, the treatment of furan-2-
carboxaldehyde produced furan-2-carboxylic acid in
good yield (Table 4, entry 4).

In the last case, the reaction of benzaldehyde
(Table 4, entry 5) provides benzoic acid in high yields,
In contrast to the substitutions at a different position
on the phenyl ring. The reaction is prolonged with
substrates containing electron-donating substituents
in the aromatic ring (Table 4, entries, 6- 9). These
observations clearly show that such active electron-
donating groups do not allow smooth oxidation of
aldehydes to carboxylic acids because these types of

Conversion® (%) Acid yield® (%)
84 82
90 78
62 50
90 87
90 90
30 26
26 22
20 20
36 34

aldehydes can also act as radical scavengers .
Previous work 5 showed that irons salts are efficient
catalysts precursors for the oxidation of aldehydes.
The X-ray fluorescence demonstrates that Fe cations
were mainly located in the octahedral sheet K-10
montmorillonite . There is partial leaching of iron
under the reacting conditions. We; thus, could suspect
the contribution of solvated iron species to the global
catalytic activity. The active species could correspond
to Fe (1) and /or Fe (111) intercalated between the
clay layers and/or Ti (IV) species which are located in
the tetrahedral sheet. To date, titanium (IV) has not
been reported as a catalyst for such a reaction of
aldehydes.

Conclusion

In this work, we have demonstrated that
K-10MT/AcOH-H,0/O;, catalytic system is an
environmentally friendly process for the selective
oxidation of aldehydes to carboxylic acids. The
simple experimental and product isolation
procedures, as well as the natural recovery and reuse
of the catalyst, are expected to play an essential role
in the development of this new method. Moreover, the
conditions of these reactions might also represent a
perfect alternative to the process carried out in the
liquid phase, which is characterized by a no longer
acceptable environmental impact. Further research
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will also develop toward elucidating the catalytic
oxidation mechanism.
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Experimental

The K-10 montmorillonite (K-10MT) used in this
work was purchased from Aldrich with a surface area
(Seer) of 269 m? g1, All catalytic tests were carried
out using Schlenk flasks (20 mL), which were
attached to a vacuum line with a manometer and a gas
inlet. In a typical experiment, the Schlenk (flasks)
were filled with 5.0 mL of the corresponding solvent
(CHsCN, H20, CH3;0H, CH;COOH or a mixture of
CH3;COOH/H20) and K-10 montmorillonite (K-
10MT) (0.02 mmol). The substrate (5.0 mmol) was
then added, and the vessel was immersed in an oil bath
preheated at 70 °C. O, was introduced at atmospheric
pressure and the mixture was stirred magnetically for
the time indicated in the tables. Three parallel
catalytic experiments were carried out for each test.
The addition of biphenyl as an internal standard at the
end of the experiment permitted to quantitatively
analyze the products using a Shimadzu GC-2010 gas
chromatograph equipped with a Chiraldex G-TA
column (30 m length x 25 mm diameter) and a flame
ionization detector. Gas Chromatography conditions
were as: initial temperature 60 °C for 5 min; ramp rate
10 °C min?; final temperature 170 °C; injection
temperature 250 °C (split mode); detector temperature
250 °C (detector FID); and carrier gas: mixture of
helium, hydrogen, and air.

X-ray diffraction patterns were obtained with a
Panalytical X Pert Pro diffractometer equipped with
an X’Celerator detector using Fe-filtered Co-K,
radiation. The data were collected at room
temperature with a 0.017° step size in 20 (scan step
time = 25 s), from 20 = 5 to 110°. The crystalline
phase was identified by comparison with ICSD
reference files.

X-ray fluorescence analyses were carried out
using a PANalytical MiniPal 4 spectrometer
wavelength dispersion-type Axios.

Fourier transform infrared spectrometry analysis
was carried out using a Varian 640-IR spectrometry in
the region of 4000-400 cm?. Samples were
thoroughly mixed and ground with KBr powder to
make a pellet for the Fourier transform infrared
spectroscopy (FTIR) measurements.
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