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Iron-doped Coz0O, catalysts prepared by a
surfactant-assisted method as effective catalysts
for malic acid oxidative decarboxylation
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Iron-doped CozO, oxides prepared by a surfactant-assisted method exhibited good catalytic activity
in malic acid conversion, and the oxygen defects associated with the presence of Co?" played a key
role in catalyst activation for pyruvic acid production. The most active catalyst, for which the malic
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acid conversion was 70% and the pyruvic acid yield was 24%, has an inverse spinel type structure
(Fe** replaces Co?" from tetrahedral sites, while Fe** replaces Co®" from octahedral sites) as well as
a small energy difference between the highest occupied orbital and the lowest unoccupied orbital

DOI: 10.1039/d3cy00121k
(low band-gap, Eg). The catalyst with the highest Co?" loading showed the highest yield of pyruvic
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1. Introduction

Malic acid is among the first 12 chemicals produced from
renewable sources of carbohydrates, and can later be
transformed into a variety of high-value biochemicals, so its
world market reaches 200 000 tons per year."

The r-malic acid enantiomer, known as “apple acid”, is
the only one that exists in nature in fruits and vegetables,
particularly in apples, while the p-malic acid enantiomer does
not exist in nature. A mixture of pr-malic acid enantiomers is
produced through industrial synthesis®® as well as by the
enzymatic hydration of fumarate, the latter method being
under development. Considering the global trend at the
industrial level to find viable solutions for oil-based
compounds, malic acid production through enzymatic
fermentation has gained more attention. In this regard, the
industrial interest in the production of malic acid by
microbial fermentation has increased, especially through the
classic tricarboxylic acid (TCA) cycle, which converts 1 mole
of glucose into 2 moles of malic acid. There are also many
other methods for malic acid production, some of them
focusing on the use of glycerol as a raw material, but active
microorganisms for this process are still sought after.*”
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Malic acid is primarily used as a substrate in the
production of homo- and heteropolymers, such as polymalic
acid (by ring-opening polymerization or polycondensation), a
biodegradable, bioabsorbable, water soluble and innovative
bio-polymer® with medical applications by the introduction
of drugs into its polymer chain. It also has applications in
the pharmaceutical field as a component of the migraine
drug almotriptan malate, in the semiconductor industry as a
polishing and cleaning material, and also as an animal feed
additive.”

Pyruvic and malonic acids can be obtained through
photocatalytic oxidation of malic acid using a TiO,-coated
optical fiber reactor® or an illuminated aqueous suspension
of TiO,.° Pyruvic acid represents a precursor for
pharmaceutical chemicals (such as tryptophan, tyrosine,
cysteine, leucine, vitamin B12 and vitamin B6),"* a functional
additive for beverages'' and a substrate for pesticide
synthesis.’® The traditional route for pyruvic acid synthesis is
tartaric acid pyrolysis, a method with several environmental
and economic disadvantages. Malonic acid is widely used in
the production of pharmaceuticals, petrochemicals and
cosmetics. The traditional route for malonic acid production
consists of petrochemical processes using fossil resources."?

Biomass-derived acid decarboxylation is applied in the
chemical industry as a method for obtaining valuable
products, such as alkanes, alkenes with fuel and synthetic
applications,™® carbonyl compounds with applications as
solvents and as feed for bulk chemicals,’® ethers, and
nitriles."®"”

Transition metal oxides belonging to the iron series, such
as Coz04, have been developed and used as catalysts,

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Malic acid conversion to products.

particularly for the purpose of selective oxidation of
alcohols,"®2° and oxygen reduction.”” These catalysts possess
advantageous properties, such as redox properties, cost-
effectiveness, eco-friendliness and uncomplicated synthesis
methods.>*™*
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Fig. 1 XRD patterns of Fe-Co spinel oxides: FeCo400 (calcined 400),
FeCo500 (calcined 500), FeCoCA (citric acid), and FeCoCT (CTAB).

Many synthesis methods have been used to control the
phase composition, homogeneity, purity and
microstructure of CozO, materials;***® however, many
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Fig. 2 SEM images of Fe-Co spinel oxides: FeCo400 (calcined 400), FeCo500 (calcined 500), FeCoCA (citric acid), and FeCoCT (CTAB).
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challenges remain in terms of the synthesis method, the
factors that influence the network structure and texture
remaining to be determined. Organic surfactants were
used in order to control the growth, taking into account
the tendency of CozO, to form larger and irregular
particles. Wang et al®>” reported the synthesis of Co;0,
using a surfactant-assisted method in the presence of
cetyltrimethylammonium bromide (CTAB) yielding
nanomaterials with diameters ranging from 15 to 25 nm.
Deng et al®® used a citrate gel combustion method to
investigate the effect of changing the fuel ratio on the
phase composition and morphology, an excess of fuel
leading to a transformation from granular Co0;0,
aggregates with a cubic structure to a mixture of cubic
Co30, and tetragonal CoO phases. At the same time,
Singhal et al.*® reported a solution combustion method in
the presence of urea, obtaining particles around 50-70 nm
in size, with a hexagonal morphology.

To the best of our knowledge, no study regarding the
influence of iron doping on the catalytic properties of
cobalt spinel oxides in  malic acid oxidative
dehydrogenation/decarboxylation exists in the literature so
far. In the present study, we report the synthesis of iron-
doped Co30, nanoparticles using a surfactant-assisted
method, as well as the correlation of their physicochemical
properties with the catalytic activity in the conversion of
malic acid to pyruvic, acetic and malonic acids (see
Scheme 1).

2. Experimental section
2.1. Catalyst preparation

Samples with the formula Fe, ;5Co0, 450, were synthesized by
co-precipitation of cobalt and iron precursors with
ammonium carbonate with and without surfactants, such as
citric acid and cetyltrimethylammonium bromide (CTAB). In
the first stage, two solutions were prepared, a mixed solution
consisting of Fe(NO;3);-9H,0 (AGR ACS Labbox) and
Co(NO3),-6H,0 (AGR ACS Labbox), and a solution of
surfactant, such that the molar ratio of surfactant/(Co + Fe)
was 0.04. These two solutions were first separately prepared
and magnetically stirred for 30 minutes (the CTAB solution
was heated to 60 °C and then cooled) by using a stirring
speed of 600 rpm and later were mixed together. In the
second stage, to the above-mentioned mixture, a solution (0.5
M) of ammonium carbonate, (NH,),CO; (ROTH), was added
dropwise, the final molar ratio of (Co + Fe)/NH, being 1:2.

Table 1 Composition data of Fe-Co spinel oxides calculated from the
EDX results

Element/sample Co Fe o

FeCo0400 78.55 4.21 17.23
FeCo500 75.78 3.9 20.31
FeCoCA 83.65 4.27 12.06
FeCoCT 66.67 3.54 29.77
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The precipitation took place at ambient temperature and at a
pH value between 8 and 9.

The product was later filtered, washed several times with
distilled water, and then dried at 100 °C for 24 h. The
resulting solid was calcined at 500 °C for 4 h, except for the
two samples prepared in the absence of surfactants that were
calcined both at 400 °C and 500 °C, respectively. The final
solids were named as follows: FeCo400 (calcined 400),
FeCo0500 (calcined 500), FeCoCA (citric acid), and FeCoCT
(CTAB).

2.2. Catalyst characterization

X-ray diffraction (XRD) analysis of the powders was carried
out with a Bruker-AXS D8 Advance diffractometer (Bruker
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Fig. 3 UV-vis absorption spectra of Fe-Co spinel oxides (a), and the
absorption band gap E4 of the samples (b).
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Corporation, Billerica, MA, USA) equipped with a LynxEye 1D
type detector and a Cu-K, (0.1541 nm) radiation source, in
the 26 range of 10-80°.

The morphology of the samples was investigated by
scanning electron microscopy (SEM) and the composition
by energy dispersive X-ray spectroscopy (EDX) using a

Zeiss EVO 50 XVP scanning electron microscope
equipped with a Quantax Bruker 200 system as an
attachment.

Diffuse reflectance UV-vis spectra were recorded on BaSO,
diluted powders using a Jasco V-650 spectrometer fitted with
a D2/WI light source, with a JSV-9222 integrating sphere and
built-in PMT detector, with a scan speed of 1000 nm min™", a
data interval of 0.5 nm and a measurement range of 900-200
nm.

The FTIR spectra of all prepared samples were acquired
both in ATR and DRIFT mode by using a Jasco FI/IR 4700
type A infrared spectrometer, with a standard light source, a
TGS detector, a resolution of 4 em™ and a scanning speed of
2mm s

A Kratos Ultra DLD Setup (Kratos Analytical Ltd.,
Manchester, UK) was used to record the XPS data. Al K
radiation (1486.74 eV) was used as the radiation source, with
a monochromated X-ray source with a total power of 300 W;
for analyses a pressure of 1 x 10”7 Pa was used in the analysis
chamber. For the binding-energy values, a signal-calibrating
standard was used with C 1s at 284.8 eV.

All samples’ Raman spectra were recorded at room
temperature in the range of 100-800 cm™ on a Horiba
Jobin Yvon LabRAM HR Evolution spectrometer outfitted
with a cooled Sincerity CCD Peltier-cooled detector and a
633 nm air-cooled He-Ne laser. The spectra were obtained
by averaging 5 accumulations of 50 s of laser exposure.
By adjusting the laser power (9.7 mW) with a 25%
neutral density filter, the degradation of the samples was
avoided.
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Fig. 4 DRIFT spectra of Fe-Co spinel oxides: FeCo400 (calcined 400),
FeCo500 (calcined 500), FeCoCA (citric acid), and FeCoCT (CTAB).

3500 3000

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

O-Hacia
c=0
Very broad

C-H

c-0

7
/
'/FeCo500

/
/ FeCoCA

/’ eCoCT

/ FeCo400

3000 2500 2000 1500 1000
Wavenumber (cm™)

4000 3500

Fig. 5 FTIR-ATR spectra of all samples after malic acid conversion
toward pyruvic and acetic acid.

2.3. Catalytic tests

The catalytic tests were performed in the oxidative
dehydrogenation/decarboxylation reactions of r-malic acid.
The oxidative dehydrogenation/decarboxylation reactions
were carried out in the liquid phase by using a two-
necked flat bottomed boiling flask (25 mL) placed on a
heated magnetic stirrer. Different solutions of malic acid
in water or ethanol (with concentrations of 2, 3.5 and 5
wt%) were added in the flask and stirred, with a stirring
speed of 400 rpm, in the presence of air as an oxidant
(20 mL min™"), up to a temperature of 50 °C. Then, the
catalyst (0.05 g) was added to start the reaction. Aliquots
from the solution were taken out at regular time intervals
and analyzed with the help of a gas-chromatograph
(Thermo-Quest GC K072320) equipped with a flame
ionization detector (FID).
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Fig. 6 Raman spectra of Fe-Co oxides: FeCo400 (calcined 400),
FeCo500 (calcined 500), FeCoCA (citric acid), and FeCoCT (CTAB).
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Table 2 The composition of Coz04 and CoO from the XPS spectra

FeCo500 FeCoCA FeCoCT FeCo400
Co030, - multiplet 1 9 45 23 58
CoO - multiplet 2 91 55 77 42

3. Results and discussion
3.1. Catalyst characterization

The XRD patterns are shown in Fig. 1 and can be linked to
the presence of the AB,O, cubic phase with a spinel
structure, where A and B correspond to tetrahedral and
octahedral cations sites, respectively. As shown, the main
diffraction line of the (311) plane is situated at 20 = 36.8°.
The presence of a shoulder at lower values of 20 degrees and
even a splitting of this line in the case of the FeCoCT sample,
can be correlated with the coexistence of both normal and
inverse spinel phases.*”*" In the regular spinel, Fe** replaces
the Co®" ions from the octahedral sites; however, in the
inverse spinel, Co®" from the tetrahedral sites is replaced
with Fe®', while Co®' cations from the octahedral sites are
replaced by Fe** cations. When compared to other samples,
the main diffraction line of the (311) plane for the sample
FeCoCA is shifted towards the lower angle side; this could be
due to defects induced in the crystalline structure in the
presence of citric acid as a surfactant.

The morphology of the samples was investigated by the
SEM method (Fig. 2) and a granular structure can be
observed for all samples. The different nanograins on the
surface did not have large size variations and a porous
structure between different grains was also evidenced.

The elemental composition of the samples was evaluated
by analyzing different sample regions by the EDX technique.
The composition data calculated from the EDX results are
summarized in Table 1.

The ratio between Fe and Co obtained by EDX is almost
the same as the theoretical one for all samples, indicating
that the co-precipitation was efficient with or without the
surfactant.

The optical absorption spectra shown in Fig. 3a present
two broad bands in the 400-500 nm and the 650-800 nm
regions that are given by the 0>~ — Co** and the 0*>” — Co*"
charge-transfer transitions, respectively.*”> The broad band in
the region 650-800 nm showed three maxima located at 715
nm (Co*"), as well as at 745 and 770 nm corresponding to
iron ions,**”** visible especially on the FeCoCT catalyst.

In order to identify the centers responsible for the
catalytic activity in mixed metal oxides, it is useful to know
the chemical properties of both the metal centers and the
oxygen. A factor that describes both the nature of the active
oxygen centers and the tendency of the adjacent metal
centers to gain electron density is represented by the ligand
to metal charge transfer excitation energy (LMCT), which
corresponds to the band-gap energy.*®

This journal is © The Royal Society of Chemistry 2023
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The absorption band-gap E, of the samples was
determined using the following equation:

(FIR)w)" = a(hv - Ey)

where 7 is Planck's constant, v is the frequency of light, F(R)
is the Kubelka-Munk function, a represents a constant
independent of the energy, and E, is the optical band gap,
while n is 2 for an indirect transition or 1/2 to a direct
transition.”” The indirect bandgaps, better correlated with
the experimental data, were determined by plotting (F(R)kv)>
as a function of hv (Fig. 3b).

The energy gap values were given by the interception of
the two straight line portions. The values are situated in the
range of ~1.47-1.49 eV for the lower energy side region and
~1.88-1.95 eV for the higher energy side region, in good
agreement with the literature data.*®**° The relatively high
values highlight the presence of a small crystallite size and
partial amorphous structure.

DRIFT studies (Fig. 4) were performed in order to confirm
the nature of functional groups present on our samples. The
band at 1290 em™" is assigned to carboxylate (COO7), and that
at 1400 cm™' to bicarbonate species (HCO; ), while the band
located at 1525 cm™" is assigned to carbonate species (CO;*")
on the catalyst surface.*"**

The band of tetrahedral sites is located at a higher
wavenumber than that of octahedral sites, due to the fact
that tetrahedral positions have smaller bond lengths
compared with the octahedral positions.** The bands at 690
em™ and 600 cm™" are assigned to vibrational modes of
cobalt-oxygen, Co-0, in Co;04.** The absorption band at 500
em™ is linked with stretching modes of the Fe** octahedral
sites and that at 810 cm ™' is associated with iron ion
vibration in tetrahedral coordination.*®

Fig. 5 depicts the FTIR-ATR spectra of the catalysts after
malic acid conversion. The broad band in the 3000-3300
em™ range is associated with ~OH groups of carboxyls and
that at 3400 cm™ with H,O molecule absorption.*® The
carbonyl C=0 species present bands at 1720-1750 cm ™', and
the band at 1440 cm™ is assigned to ~CH bonds, while the
bands at 1060 and 1100 cm™ are assigned to C-O stretches.

Raman spectroscopy was employed to check the presence
of any non-crystalline secondary phases that might not be
identified by XRD. The Raman spectra of the FeCo samples
synthesized in this study are shown in Fig. 6. As revealed by
the XRD analysis, the FeCo samples are not fully normal
spinel type, with a mixture of both normal and inverse spinel
types co-existing. As part of the space group Fd3m, the Coz;0,
oxides crystallize in cubic structures, with such structures
presenting five Raman active phonon modes, namely Ay, E,
and °T,,. However, any cation redistribution in the
tetrahedral and octahedral sites of the Co;0, normal spinel
will alter the symmetry of the crystal structure into the 74,/
amd space group that can show up to ten active vibrational
modes in the Raman spectrum.
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In our case, all samples show more than five peak maxima
at 188, 357, 466, 508, 609 and 655 or 668 cm *. In accordance
with the literature, the frequencies above 600 cm™" are due to
A, symmetry involving symmetric stretching of an oxygen
atom with respect to the metal ion in the tetrahedral void,
the so-called tetrahedral breath mode since only oxygen
atoms are moving.*” The peak maxima located at 668 cm™
(for the case of the FeCoCT and FeCoCA samples) and 658
em™ (for the case of the FeCo400 and FeCo500 samples) are
characteristic for the cubic spinel-type structure, while the
presence of an additional mode designated as the A;4) mode
(located at 609 cm™) is a characteristic of inverse as well as
mixed spinel compounds. The average shift of ~10 cm™
between the peak maxima related to the A;; mode may be
attributed to size effects or surface stress/strain.

At lower frequencies below 600 cm™, the observed phonon
modes (E, and 3T2g modes located at 357 and 508, 466 and
188 cm™', respectively) are attributed to the symmetric and
antisymmetric bending of oxygen atoms in M-O bonds at
octahedral voids."®*

Besides these phonon modes, in the case of the FeCo500
sample, the presence of a secondary peak located at 246 cm™
and attributed to the E, mode of a-Fe,O; (ref. 50) indicates
the formation of a common impurity that typically is formed
during the synthesis of spinel-type catalysts.”*

XPS spectra of all prepared samples are shown in Fig. 7.
The general spectra show the presence of C, O, Co and Fe.
The high-resolution spectra of Fe 2p and Fe 3s give us
information about the existence of Fe, but unfortunately, no
quantitative information about the oxidation states of Fe can
be extracted, due to the auger lines of Co overlapping with
the Fe 2p signal. Moreover, the Co 3s lines overlap with the
Fe 3s signal. From the high-resolution spectrum of Co 2p,
the presence of two fingerprints specific to different
oxidation states of Co can be observed: the multiplet 1 Co;0,

This journal is © The Royal Society of Chemistry 2023
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footprint containing both Co(u) and Co(m) and the multiplet
2 footprint specific to CoO, with Co(u) surrounding the
specific CoO structure. Different percentages of the two
cobalt components are observed depending on the
preparation method (see Table 2). Thus, FeCo500 and
FeCoCT materials contain a small amount of up to ~20%
Co30, phase, while FeCo400 and FeCoCA materials show a
mixture of the two components Co;0, and CoO, respectively.
The peak area of Co®" is higher than that of Co** in FeC0500
and FeCoCT, which indicates the oxygen vacancy generation
accompanying Co>".>>

Deconvolution of the O 1s spectra reveals the presence of
three types of oxygen on the surface: the oxygen of
carbonate species (peak 2) centered at 531.8 eV, along with
two other peaks centered at 529.6 eV corresponding to
lattice oxygen (peak 1) and at 533.5 eV, corresponding to
hydroxyl groups (peak 3), the FeCoCT and FeCo0400 having a
higher amount of OH on the surface compared to the other
two samples. In addition, in these two samples, a fourth
peak appears at 534.8 eV, specific to water chemisorbed on
the surface (peak 4).

3.2. Catalytic experiments

Effect of solvent. In this study, malic acid oxidative
dehydrogenation/decarboxylation to pyruvic, acetic and
malonic acid, respectively, has been carried out on iron-
doped Co;0, catalysts prepared in the presence or absence of
surfactants. Fig. 8 depicts the concentration profile for malic
acid (in ethanol as a solvent) and the reaction products as a
function of time. The concentration of malic acid appears to
have been halved after 1.5 hours of reaction, whereas the
concentration of pyruvic acid appears to have reached a
maximum after 2.5 hours of reaction. The conversion of
malic acid (Fig. 8a) evolved as a function of the catalyst as
follows: FeCoCT > FeCo500 > FeCoCA > FeCo400, in the
same way as the energy band gap decreased, except for the
FeCoCA sample, which is probably due to the presence of a
large amount of octahedral iron on the surface (as can be
seen in the DRIFT spectrum) and the presence of an inverse
spinel structure (Scheme 2), while the pyruvic acid yield
increased with increasing oxygen defects, associated with the
presence of Co>" (Fig. 8f). The concentration of pyruvic acid
reaches maximum values (Fig. 8b) for the catalysts with a
larger number of tetrahedral sites, as observed from the
DRIFT spectra. Acetic acid (Fig. 8c) has almost the same
tendency as pyruvic acid, but is obtained in a larger amount.
The electronic transfer that occurred in the redox reactions
can be correlated with the existence of a low value of band
gap energy, which allows greater mobility of electrons in the
catalytic reaction, in accordance with the results obtained by
Kouotou et al.°>® in the oxidation of CO over Fe;0, catalysts,
who noticed an improvement in the catalytic activity when
the E, value decreased. Similar results were also reported by
Getsoian et al*® in propene oxidation over mixed metal
oxides as well as by Kasmi et al>* and Jibril et al® in
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Fig. 9 The plot of malic acid concentration (a), and pyruvic (b), acetic (c) and malonic acid concentration (d) versus time (the reaction conditions -
solvent: water, temperature: 50 °C, catalyst loading: 1%, air flow: 20 mL min™, stirring speed: 400 rpm); In(Co/C) versus time plot (e).

4428 | Catal. Sci. Technol, 2023,13, 4420-4434 This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cy00121k

Open Access Article. Published on 27 June 2023. Downloaded on 3/31/2026 7:39:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Catalysis Science & Technology Paper
o
(o]
OH
OH
HO oln HO 5 H,0 F\,
Tj b . o o
o 0 o H
Noof T g —= N LK o N BN °
0/,\0/ \O °/° Cco” /l\ /Co
0 i\o/ AN o ° \)
o
OH H3C
o co, o on 3
OH -
HO AN . wo o
° . ) CH2 1
T 00\( cl’ NN 0 o
Nebir” N, Neo N w O 0
NN AN S
o O
o ° o ° o % o O/J)\o/ [
Scheme 3 Mechanism of malic acid conversion over iron-doped Cos0,4 catalysts.
e 2% o 35% e 5% o1 e 2% o 35% e 5%
— j
05 o = i )
50’5 ) AL °
~ c
= ® o 0,09
S04+ ° . °
g 5 0,08 = e ©
=) [ ] c
& ' 8 0,07 L
Q0,3 ° ° e ] ®
c? o
8 g ® © 0,06 =
5 ® PS o L . ® )
50,2 o & 0,05+
© o [ J )
O ® ] = ®
L ® le] S 0,04 = °
© =
(] [ ] o
=01 (] > 0.03 = ®
) ® a "
| L} | | | | | | | | | | | | 002
0 20 40 60 80 100 120 140 160 180 b T T T T T AT
a ) . 0 20 40 60 80 100 120 140 160 180
Time (min) Time (min)
e 2% e 35% e 5% e 2% o 35% e 5%
0,18
— Y = 0,016 =
%0,16- 3 °
- < 0,014 = °
S 014 4 ° o
= ® 0,012 =
© 0,12 = ) = °
b= [=
c 0,010 = P
$ 0,10 - ° 8 o
c ° S 0,008 = e o
8 0,08 = ® o [
) ° P S 0,006 )
-g 0,06 = P e
o 0,004 =
.2 0,04 ® ‘e Y
-~ L [ ] o Y
@ s L 0,002 =
© 0,02 = ©
< () = .
0,000 = ® o [¢]
0’00 n " | | | | | | | | | | L] | | L] L] L] L] L] L] L] L] L]
c 0 20 40 60 80 100 120 140 160 180 d 0 20 40 60 80 100 120 140 160 180

Time (min)

Time (min)

Fig. 10 The plot of malic acid concentration (a), and pyruvic (b), acetic (c) and malonic acid concentration (d) versus time over the FeCo500
sample (the reaction conditions - solvent: ethanol, temperature: 50 °C, catalyst loading: 1%, air flow: 20 mL min?, stirring speed: 400 rpm).

This journal is © The Royal Society of Chemistry 2023

Catal. Sci. Technol., 2023, 13, 4420-4434 | 4429


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cy00121k

Open Access Article. Published on 27 June 2023. Downloaded on 3/31/2026 7:39:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Catalysis Science & Technology
—=— jnitial test —— leaching test
0,22
—~ 0,20 =
<
20,18
c
o
S 0,16
1]
£
S 0,14=
(%)
S 0,12+
o
U -
5 010
(1]
© 0,08
©
= 0,06 o
0’04 | | | | L] | | | | | | | | L}
0 20 40 60 80 100 120 140 160 180
a Time (min)
—&— First run —®— Second run Third run —&— First run —e— Second run Third run
0,22 0,06
0,20 5
T 018 4 )
3" 0,054
c 0,16 c
S ]
0,14 =
g S0,04 4
i
€ 0,12 = .
o] o
(3]
€ 0,10 = g
8 0 0,03 =
< 0,08 = )
O o
S 0,06 = ®
o Q2 0.02 o
g 0,04 = E )
0,02 = n>.'
o’oo L] | | | | | | | | | | | | L} | | 0’01 | | | | | | | | | | | | | | | | | |
b 0 20 40 60 _ 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180 200
Time (min) Time (min)

Fig. 11 Stability and recyclability tests of malic acid conversion over the CoFeCT sample: leaching test (a), malic acid concentration (b), and
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min%, stirring speed: 400 rpm).

reactions proceeding through the Mars van Krevelen
mechanism.
Under the applied conditions, the results follow first-order
reaction kinetics, in agreement with the equation:
-dc
—— —kC
dt

where C represents malic acid concentration and k is the

experimental first-order reaction rate constant. A linear plot
of In(Cy/C) versus time has been observed (Fig. 8e) and k
could be determined from the slope, its values being 3.6 x
10 h™, 32 x 10" h™, 40x 10" h™" and 2.6 x 10" h™,
respectively, higher than those obtained by Danion et al.>®
for malic acid conversion by photodegradation.

4430 | Catal Sci. Technol., 2023, 13, 4420-4434

The plots of malic acid and product concentration in
water as a solvent are illustrated in Fig. 9. The catalysts used
have the same trend in water as in ethanol, but present a
higher conversion of malic acid in water. The concentration
of pyruvic acid when water is used as a solvent is higher
compared to the use of ethanol, while the acetic acid
concentration in the same conditions decreased. The rate
constant in water has the following values: 3.9 x 10" h™, 3.3
x10" h™, 4.6 x 107" h™" and 2.8 x 10" h™", respectively.

The mechanism of the reactions occurring during the
oxidative dehydrogenation/decarboxylation of malic acid is
shown in Scheme 3. We suppose that the reaction
intermediate is oxaloacetic acid obtained in the oxidative
dehydrogenation of alcohol function, through the transfer of
electrons between Co®" centers and the hydrogen bound to

This journal is © The Royal Society of Chemistry 2023
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the carbon atom to which the hydroxyl group is located, and
between the hydrogen of the OH group and the oxygen of the
catalyst, with the appearance of an oxygen vacancy quickly
filled with oxygen from the reaction medium. Since
oxaloacetic acid was not found in our reaction products, we
can infer that its transformation into pyruvic acid and later
into acetic acid is fast. The transformation of oxaloacetic acid
into pyruvic acid is done through a stable cycle of five atoms
between Co>" centers and the oxygen atoms of the carbonyl
group and of the carboxyl group from the P position, the
ketonic complex being the species in the
decarboxylation stage.

Effect of malic acid concentration. The influence of malic
acid concentration in ethanol on its conversion and the
concentration of the reaction products has been investigated
for the FeCo500 sample and the results are illustrated in
Fig. 10. As shown, the concentration of malic acid is halved
after 90 min when its initial concentration in ethanol
solution is 2%, whereas the conversion to 50% takes longer
for the other initial concentrations of 3.5% and 5%. The
evolutions of the pyruvic acid and acetic acid concentrations
exhibit similar trends, irrespective of the malic acid
concentration. The concentration of pyruvic acid seems to
reach a maximum after 150 minutes, whereas the
concentration of acetic acid increases continuously over time,
with the highest values obtained for a 5% malic acid in
ethanol concentration. After 120 minutes, the malonic acid
concentration begins to fall, most likely due to its
transformation into acetic acid.

The stability and recyclability tests were performed over
the CoFeCT samples in ethanol as a solvent (Fig. 11). The
leaching studies were performed under optimized
conditions. The removal of the catalyst from the reaction
mixture was achieved after one hour, at a malic acid
conversion of 38.5%. Inductively coupled plasma analysis of
the reaction filtrate revealed that the presence of Co was
<4 ppm, with no iron being detected. The reaction filtrate
was stirred for a longer time, with almost no further
conversion being detected (Fig. 11a). For the recyclability
studies, three successive runs were carried out on the
CoFeCT sample. The spent catalyst was washed with
ethanol and dried at 100 °C for 12 h. The final
concentrations of malic and pyruvic acid were very little
affected in the second and third cycles compared to the
initial study (Fig. 11b and c).

active

4. Conclusions

The transformation of malic acid into pyruvic acid and then
into acetic acid was carried out using iron-doped Co;0,
spinel-type oxides that had been prepared using the
coprecipitation method. The preparation procedure was
carried out both with and without surfactants such as citric
acid and cetyltrimethylammonium bromide (CTAB). The
CoFeCT and CoFe500 samples, with a normal and inverse
spinel structure induced by iron, have the highest level of
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activity (malic acid conversion 70% and 66%, respectively).
This occurs as a direct consequence of the replacement of
octahedral positions occupied by Co®* ions with Fe** ions
and of tetrahedral positions occupied by Co** ions with Fe**
ions. A good correlation was also observed between the
activity of the catalysts, the optical band gap energy and the
presence of additional Co®>" sites on the surface. The
conversion of malic acid has been correlated with the
electron mobility increasing, whereas the yield of pyruvic acid
(27.8%-CoFe500; 20%-CoFeCA; 24%-CoFeCT; 18.8%-CoFe400)
has a linear association with oxygen defects, corresponding
to the existence of Co** ions from CoO, which are responsible
for their presence.
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