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Co304 supported on CeOy, ZrO; and TiO», were used as catalysts in glycerol partial oxidation to lactic acid. The
aim was to establish the influence of the support on the cobalt-derived catalysts activity. The most active catalyst
based on TOF followed the order: Co304/CeO5 (1.2 x 107! s71) > C0304/Zr05 (8.3 x 102 s™1) > C0304/TiO,
(3.0 x 102 s71), with lactic acid selectivity at comparable glycerol conversion (53.5 % 5.5 %) being higher when
using CeO3 support, Co304/CeO2 (90 %) > C0304/ZrO2 (78 %) > Co304/TiO2 (68 %). These results indicated

that the support type not only influenced activity but also selectivity to lactic acid. The Co304/CeO catalyst with
less exposed cobalt species at the surface enriched in Co®* ions, a more homogeneous composition of cobalt
species being reduced at low temperatures, with acid sites of middle strength and lower density of acidic sites, is
at the origin of a greater selectivity towards lactic acid, in addition this catalyst was active in 4 catalytic cycles.

1. Introduction

Biomass valorization for obtaining chemicals and fuels has gained a
tremendous attention in the past three decades, especially because of the
depletion of fossil fuels and the increase of the emissions of environ-
mental harmful pollutants from combustion engines and industrial
chemical activities. Biomass-derived chemicals and fuels is fundamental
for reaching a more sustainable chemical industry, reduce harmful
emissions and to achieve the sustainable development goals of the
United Nations. The selective production of chemicals and fuels from
biomass or its derivatives required the fine tuning of heterogeneous
catalysts for achieving the desired molecules at high reaction rates,
while being stable and recyclable [1-3]. Catalytic processes accounts for
nearly 95 % in volume of the worldwide chemical-derived manufactured
products [4], it is reported that heterogeneous catalysts account for
nearly 90 % of all chemical processes [1] and are expected to play a key
role in the development of new industrial chemical sustainable
activities.

In general, most studied heterogeneous catalysts in biomass-derived
chemical transformations are based on supported noble metals - Pt, Pd,
Ir, Ru or Rh - for example, in hydrodeoxygenation reactions [5-7] or
alcohol valorization [8-12]. In recent years, most attention has been
paid to supported non-noble metals such as Ni [6,7,13-16] and Cu
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[17-20]. Alcohol oxidation is an important reaction for producing al-
dehydes and carboxylic acids, these compounds are key intermediates in
organic synthesis for obtaining valuable chemicals [9,21,22]. The
development of heterogeneous catalysts based on transition metals is
gaining more attention because of the low reserves of noble metals.
Glycerol is a byproduct generated during biodiesel production, nearly
100 kg are produced per ton of biodiesel (10 wt%) [23], generating a
global oversupply for instance, it is a drawback of the biodiesel industry
and tremendous scientific efforts have been undertaken for finding
practical applications. For decades, transformation of glycerol has been
studied in an attempt to produce valuable chemicals [23-27]. Because of
the high number of heterogeneous catalysts studied and reaction con-
ditions analyzed, glycerol reactivity might be used as a model reaction for
developing transition metal-based heterogeneous catalysts. Besides,
biodiesel production will continue to increase in the next decades
creating the need for efficient heterogeneous catalytic processes for
transforming glycerol [23].

Organic acids are of significant importance in industrial chemistry
[21]. One of the most important products that can be obtained from
glycerol is lactic acid, since it is a chemical platform for the synthesis of
various chemical intermediates and biodegradable polymers [22,
27-29]. Copper- [17-20,30,31], nickel- [16,32,33], and bimetallic
NiCo- [32], AuCu- [34,35], PtRu- [12], AuPt- [12,36] based catalysts
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have been widely studied for converting glycerol to lactic acid at mod-
erate reaction temperatures at different NaOH/glycerol mole ratio. More
recently, cobalt-based catalysts have also received attention for selec-
tively transforming glycerol into different chemicals [37,38]. Cerium
oxide supported Co304 particles is reported to be active in the selective
conversion of glycerol to lactic acid in aqueous medium and basic pH at
250 °C, reaching a selectivity of 79.8 % with a conversion of 85.7 %
[38]. Nevertheless, the catalyst exhibited low stability under cycling. It
is worth noting that it is unknown which species of cobalt are more
active and what is the effect of the support on the catalytic properties of
Co304 particles in the partial oxidation reaction of glycerol to lactic acid.
Therefore, in order to determine the potential of these catalysts in the
selective conversion of glycerol to lactic acid, it is necessary to continue
the development and physicochemical characterization.

In this work, spinel-like cobalt oxide particles are supported in three
different supports but with similar textural properties: cerium oxide,
zirconium oxide, and titanium oxide. Co304 is stable under basic con-
ditions as well as CeO,, ZrO5 and TiO,. The aim is to determine the
influence of the support chemical properties in terms of acidity and
redox properties on spinel-like cobalt oxide species and to determine the
activity and stability of these catalysts in glycerol selective conversion to
lactic acid.

2. Experimental
2.1. Supports preparation

2.1.1. CeOg synthesis

CeOy was prepared by hydrothermal treatment of a solution con-
taining 9 g of Ce(NO3)3-6H50 dissolved in 240 mL of ultrapure HoO and
19 g of NaOH (NaOH:Ce molar ratio of 23) at 100 °C for 14 h [38].

2.1.2. ZrOg synthesis

150 mL of a 2.5 M NaOH solution was added dropwise to a solution
containing 9 g of ZrO(NO3),-XH0 dissolved in 150 mL of ultrapure HoO
[39]. The resulting mixture was stirred for 30 min and then it was
transferred to an autoclave for a hydrothermal synthesis at 170 °C for
5h.

2.1.3. TiOz synthesis

10mL of titanium isopropoxide (TTIP) was mixed with 15mL of
ethanol, then 15mL of ultrapure H,O was added dropwise and the
resulting mixture was stirred for 2 h at room temperature [40], then the
mixture was transferred into an autoclave and heated at 80 °C for 4 h.
Finally, the recovered solid was calcined at 400 °C for 4 h.

2.2. Catalysts preparation

3 g of support was dispersed in 10 mL of ultrapure HoO and then a
solution of Co(NOs3)2-6H50 containing the required amount for the
desired cobalt loading (20 wt%) was added dropwise. The resulting
mixture was stirred for 1h at room temperature, followed by a slow
evaporation of the solvent at 50 °C under stirring. Then, the solid was
further dried at 50 °C in a vacuum oven and finally calcined in air at
400 °C during 4 h, with a heating rate of 2°Cmin™'.

2.3. Characterization of catalysts

The experimental content of cobalt in the catalysts was determined
by atomic emission spectroscopy using a 4200 MP-AES Agilent tech-
nologies spectrophotometer, equipped with a CCD detector, wavelength
of 340.512 nm for cobalt. For analysis, 3 mg of powder was dissolved in
aqua regia (HC1 : HNO3 volume ratio 3 : 1) and HF.

Nitrogen adsorption-desorption isotherms were obtained in a
Micromeritics ASAP 2020 instrument. Before analysis, the samples were
degassed at 250 °C for 12 h. The specific surface area was determined
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using the BET method and pore volume and pore size distribution were
determined using the BJH method.

The XRD patterns of the catalysts were obtained using a Panalytical
diffractometer equipped with a Pixcel-3D solid-state detector (Empy-
rean Series 2), using CuK,, radiation (1.5406 A), operating at 40 kV and
40 mA. Scans were recorded in the 10° < 26 < 90° interval using a step
size of 0.01° and a step time of 6 s. The identification of the crystalline
phases was carried out using the ICSD database.

XPS characterization of the catalyst’s surface was performed using a
SPECS, NAP-XPS, spectrophotometer equipped with a PHOIBOS 150 1D-
DLD analyzer, using a monochromatic Al-Ka X-ray source (1486.7 eV)
operated at 100 W and 13 kV. The pass energy was set to 90 eV for the
survey spectra and at 30 eV for high-resolution spectra with steps of 1 eV
and 0.1 eV, respectively. The surface charge compensation was
controlled with a flood gun operated at 3 eV and 20 mA. The analysis of
the spectra was performed using a binding energy (BE) scale calibrated
by adjusting the adventitious carbon C-H to 284.0 eV and for quantifi-
cation, the values of the Relative Sensitivity Factors (RSF), obtained
from the Scofield database were: C 1s (1.0), O 1s (2.93), Co 2p (19.16),
Ce 3d (51.62), Zr 3d (7.04) and Ti 2p (7.81). The XPS spectra were
analyzed using CasaXPS software and all signals were treated using an
Off Shirley background and for analysis of the signals, asymmetric
functions were considered using a line shape SGL(p)T(k).

Characterization of morphology and structural parameters was per-
formed using High Resolution Transmission Electron Microscopy
(HRTEM). The micrographs were obtained using a Tecnai F20 Super
Twin TMP instrument operated at 200 kV. For analysis, samples were
dispersed in ethanol thorough out sonication for 30 min before being
dropped on carbon-coated copper grid.

Temperature programmed reduction analysis was carried out in an
AUTOCHEM 2010 Micromeritics equipment. For the analysis, 200 mg of
solid was treated at 400 °C under Ar (flow rate of 50 mL min’l, heating
rate of 5°Cmin 1) for 1 h. Then, the powder was cooled to 50 °C and
finally heated to 900 °C under Hj (diluted in Ar, 10 vol.%) with a flow
rate of 50 mL min™! and a heating rate of 10 °C min .

Temperature programmed desorption of ammonia (NH3-TPD) was
performed in an AUTOCHEM 2010 Micromeritics instrument. Briefly,
200mg of the solid was treated at 400°C for 1h (heating rate of
10°Cmin~ 1) under He (flow rate of 30 mL min 1). After cooling down to
150 °C, NH3 was adsorbed by exposing the powder to a flow of NH3
diluted in He (5 vol.%, flow rate of 30 mL min~ ") for 2 h. Then, the gas
flow was changed to He (flow rate of 30 mL min 1) for 1 h at 150 °C with
the aim to eliminate the physisorbed NHs. Finally, NH3 was desorbed by
heating from 50°C to 800°C under a He flow (heating rate of
10°Cmin~?, flow rate of 30 mL min~?). The signal was followed by TCD
and MS detectors.

Raman spectra were obtained with a Raman confocal instrument,
Horiba Jobin Yvon (Labram HR model), using excitation laser with a
wavelength of 632.81 nm, spectra were recorded from 100 to 2000
em ™} using a D 0.3 filter, a slit of 600 pm, acquisition time of 20s.

Thermogravimetric analysis (TGA) was performed on a TA In-
struments SDT-Q600 equipment. 20 mg of the powder was deposited in
an Al,O3 capsule and heated from room temperature to 900 °C, heating

rate of 5°C min~!, under an air rate flow of 100 mL min".

2.4. Catalytic tests

Activity of catalysts in glycerol selective conversion to lactic acid was
evaluated in a batch Parr reactor with a capacity of 250 mL. The cata-
lytic reactions were performed at 250 °C, since at this temperature the
conversion of glycerol in presence of cobalt oxide catalysts is favored
[38]. The reactor was charged with a solution containing 5 wt% glycerol
concentration with a NaOH:glycerol molar ratio of 1, and 0.6g of
catalyst. The reactor was sealed, purged with N3 and then heated under
autogeneous pressure to 250 °C. After reaching the reaction tempera-
ture, it was pressurized with 32 bar of N (the total pressure was 70 bar)
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and the stirring was settled to 650 rpm. The reaction was carried out for
8 h with samples being taken out periodically to follow the progress of
reaction in terms of conversion and product selectivity. For analysis of
the degree of converted glycerol and product yield, 0.35mL of each
sample is quenched with the addition of 1 mL of 0.5M H3SO4 followed
by the addition of 0.05 mL of isopropanol as an internal standard. The
resulting solution was passed through a 0.45 pm filter and analyzed by
liquid chromatography (HPLC), Agilent 1200 series chromatograph
using a refractive index (RI) and equipped with an ICSep
ICE-COREGEL-87H3 column. The column temperature was 70 °C and
the mobile phase was a solution of H;SO4 0.005 M with a flow rate of
0.5mL min .

The gas phase was analyzed at 8h of reaction using an Agilent
Technologies gas chromatograph instrument, 6890 N model, equipped
with TCD and FID detectors. For analysis, a Carboxen 1010 PLOT silica
capillary column (30 m x0.53 mm) and an Agilent DB-PETRO column
(50 m x0.2 mm) were used. The temperature of the column was kept at
35°C for 10 min and then it was raised to 230°C, heating rate of
20°Cmin~", followed by an isotherm for 12 min.

Glycerol (GOL) conversion is calculated with Eq. 1:

CooL (%) = ((nGoL.in — NGOL.)/MNGOL,in) X 100 (@9)

where ngoin is the initial glycerol moles and ngor,; is the amount of
glycerol moles after a certain reaction time. Results are presented with a
standard deviation of 1.6.

Selectivity to any product is calculated with Eq. 2:

S; (%) = (ni/(nGoL,in — nGoL.Y) x 100. 2

where n; is the moles of the product formed at the reaction time, t. Re-
sults are presented with a standard deviation of 2.3.
Yield of products is calculated with Eq. 3:

Y; (%) = (CgoL * S;)/100. 3

where Cgoy, is the glycerol conversion and S; is the selectivity of the
product formed at the reaction time, t. Results are presented with a
standard deviation of 1.0.

TOF is calculated with Eq. 4:

TOF (sil) = NGOL converted/(CO at%*t) (C))

where ngoL converted i the converted moles of glycerol at a reaction time
of 15min (t) and Co at% is the percentage of cobalt at the surface of
catalyst determined by using XPS characterization. At 15 min reaction
time, the glycerol conversion varied between 12-15% among the
different catalysts.

Carbon balance is calculated with Eq. 5:

Chatance (%) = ((nct + Y _nc)/ncin) * 100 ()

where nc is the carbon moles from unreacted glycerol after a certain
reaction time, nc; is the carbon moles from the product formed in the
reaction time and nc i, is the initial carbon moles from initial glycerol.

Table 1
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3. Results and discussion
3.1. Characterization of chemical composition

The experimental content of cobalt, determined by atomic emission
analysis, is presented in Table 1. The cobalt loading varied between 19.5
and 20 wt%, values that are close to the nominal cobalt indicating that
the wet impregnation method, selected for deposition of the cobalt
precursor, favors an almost complete deposition on the different sup-
ports. Having comparable cobalt loading on the different supports is an
essential feature for comparing reactivity among the catalysts based on
other physicochemical properties.

3.2. Characterization of structural and morphological properties of
supports and supported cobalt oxide catalysts

Structural properties of the supports and supported catalysts were
analyzed by XRD (Fig. 1). In the case of supports, characteristic peaks of
the CeOs fluorite-like structure (ICSD 98-062-1716) were detected
(Fig. 1a). On the other hand, the XRD pattern of ZrO- exhibits diffraction
peaks that are indexed for two different phases (Fig. 1b): the tetragonal
phase (ICSD 98-008-5322) and the monoclinic phase (ICSD 98-017-
2161). The Rietveld refinement of the XRD patterns indicates that the
predominant phase is monoclinic (m-ZrO;) with 74 %, and the
remaining 26 % corresponds to the tetragonal phase (t-ZrOy). Finally, in
the case of TiO, characteristic diffraction peaks for the anatase phase
(ICSD 98-017-2916) were identified in the XRD pattern (Fig. 1c).

After deposition of the cobalt precursor and calcination at 400 °C for
4 h, the diffractograms show the characteristic peaks of the supports in
each catalyst (Fig. 1). Additionally, several diffraction peaks are
observed indicating the formation of cobalt oxide, Co304, with spinel-
like structure (ICSD 98-002-7498). Those characteristic diffraction
peaks are observed regardless of the support used. The diffraction peaks
for Coz04 on CeO support are of low intensity and roughly defined
moreover, the diffraction peaks of the Co304 phase are wider on CeO,
than on ZrO, and TiO» (Fig. 1 and Table 1), all these features indicating
that poorly crystalline particles might have been formed, while on ZrO,
and TiO; supports they are of high intensity and sharp, suggesting the
formation of more crystalline particles. Furthermore, the diffraction
peaks for CeO, are broaden after the formation of Coz04 particles
(Table 1), suggesting a modification of the structure, these changes
might be attributed to a strong interaction of cobalt species with cerium
oxide surface.

Morphology and structure of the catalysts were evaluated using
HRTEM characterization (Fig. 2), it is observed that the particles are
aggregated and is not possible to distinguish the Co3z04 particles from
the particles of the different supports. In the three catalysts, the particles
have an undefined morphology. When performing the micrograph
analysis, the measured interplanar distance values do not correspond
exactly to those reported for supports or cobalt oxide phases previously
identified by XRD analysis.

In the case of Co304/CeO; catalyst, the measured interplanar dis-
tances (3.25 A) do not matched to the Co304 spinel phase, identified by

Composition, textural and structural properties of supports and catalysts, after calcination at 400 °C for 4 h.

26 main peak position

Peak width (FWHM)

Catalyst Co (Wt%) Support Sger (m? g71) Vp (em®*g™)
Co304 Peak (113) support Co30.
Peak (hkI) 20 o PP o
CeO, — (111) 28.81 — 0.4 — 133 0.14
Co304/Ce0y 19.8 (111) 28.80 37.10 0.6 0.31 86 0.09
ZrOy — (11-1) 28.32 — 0.4 — 120 0.09
C0304/Zr0O, 19.5 (11-1) 28.39 37.14 0.3 0.15 115 0.16
TiOy — (011) 25.37 — 0.7 — 114 0.14
C0304/TiO4 20.0 (011) 25.45 37.03 0.6 0.20 72 0.09
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Fig. 1. XRD patterns of a) CeO, and Co304/Ce0,, b) ZrO, and Co304/ZrO, and c¢) TiO, and Co30/TiO,.

Co,0,/Ce0,

Fig. 2. HRTEM images of catalysts: Co304/CeO2, C0304/ZrO, and Co304/TiOx.

XRD analysis, but it can be assigned to the CeO, (111) plane, interplanar
distance of 3.12 A. The difference between the distances measured with
those reported can be attributed to the presence of the Co304, as the
interaction between both phases modified the structure of CeO; as re-
ported using XRD. It is possible that a strong interaction between the
support and the supported phase induced structural changes on CeOy
leading to an enlargement of the crystal planes. The radius of Ce>* ions
is larger than that of Ce** ions, Ce®" ions might have been formed on the
surface of CeOy because of the formation of oxygen vacancies after
Co304 deposition, this phenomenon might originate a lattice expansion
or distortion [41,42]. For Co304/ZrO> catalyst, the interplanar distances
of 3.10£0.05 A correspond to the (111) plane of the m-ZrO, and (011)

plane of the t-ZrO,, the last one far from the reported value of 2.94 A
(ICSD 98-008-5322), which is an indication of changes in the structural
parameters of the ZrO, during the cobalt oxide formation. On the other
hand, the interplanar distances measured in the Co304/TiO; catalyst,
3.66 A, do not matched with the interplanar distances of the phases
found by XRD, either for TiO; or Co304. The possible formation of a
different structure because of the interaction between cobalt species and
the support surface, might be at the origin of the interplanar distances
found. It has been reported that the strong interaction between cobalt
ions and TiO can lead to the formation of cobalt titanates [43], with
reported interplanar distances of 3.70 A for plane (012) in CoTiO3 phase
(ICSD 98-003-8158).
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3.3. Characterization of textural properties of supports and supported
cobalt oxide catalysts

The Ny adsorption branches of the isotherms for all supports show
that they correspond to type IV (Fig. 3), indicating the presence of pores
with diameters in the mesopore range (Fig. 3 inset, Table 1), although
the isotherm of ZrO, does not show a clear capillary condensation step
[44]. The N5 desorption branches of the isotherms show differences in
their shape, wherein CeO; exhibits a hysteresis of H1 type (Fig. 3),
which indicates the presence of cylindrical pores, ZrO, and TiO, exhibit
both H2 type hysteresis (Fig. 3), evidencing i) the presence of pores
without a defined shape or ii) the occurrence of different con-
densation/evaporation mechanisms in pores with narrow openings and
pores with large diameter size [44]. After deposition and calcination of
the cobalt precursor, the shape of the isotherms remains unchanged
(Fig. 3), however the adsorbed volume of N decreased for Co304/CeO2
and Co304/TiO,, which might be due to the formation of Co304 particles
blocking in some extent the access to the support surface and porosity.
Meanwhile, the isotherm of the Co304/ZrO;, powder is similar to that of
the bare support, ZrO,, showing a slightly increase in the amount of
adsorbed Ny with respect to the bare support at high P/Py values (Fig. 3),
indicating that during deposition and calcination of the cobalt precursor
no significant changes occurred in the textural properties of the support.

3.4. Characterization of chemical surface properties of supported cobalt
oxide catalysts

Surface composition of CozO4 supported catalysts is performed by
XPS (Fig. 4) and results are gathered in Table S1. The analysis indicated
that although the cobalt loading in all catalysts is comparable,
19.5-20 wt%, the cobalt concentration at the surface is lower on CeO,
than on ZrO,, reaching 2.3 and 4.2 at% respectively, both being
significantly lower than on TiO», 7.7 at% (Table S1). The analysis of the
high-resolution spectrum of Co2p core level in all three catalysts is
showing similar features in the photopeak profile, with its characteristic
doublet Co2p3,; and Co2pj,» due to the spin-orbit coupling, each
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CoSO 4/ZrO2

Co30 4/Ce02

Intensity (a. u.)

, Co2pg),
Co,0,/TiO,

Co2p,)
sat(Co2p,,)

805 800 795 790 785 780 775
Binding energy (eV)

Fig. 4. High-resolution XPS spectra for Co2p core level: Co304/ZrO3, Co304/
CeOz, CO304/Ti02.

photopeak showing the corresponding shake-up satellite structure at
higher binding energy (Fig. 4), these results indicating the presence of
both Co®" and Co®" in Co304 [45,46]. The best fitting of the spectra
showing 8 signals (Fig. 4). The Co2ps,2 and Co2p; /2 photopeaks are both
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Fig. 3. N, adsorption-desorption isotherms and pore size diameter distribution for i) CeO,, ZrO,, TiO, supports and ii) C0304/CeOy, C0304/ZrO,, Co30/

TiO, powders.
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convoluted in 2 peaks (Fig. 4), the peaks centered at 778.8 + 0.1 and
793.8 + 0.3 eV are assigned to co®t species while the peaks centered at
780.3 + 0.3 and 795.6 + 0.5 eV are assigned to Co>* species in Co304
[46].

Co304 crystal possesses 56 atoms in the unit cell with face-centered-
cubsic lattice structure formed by packed 0%~ ions, 16 octahedral sites
occupied by Co®" ions and 8 tetrahedral sites occupied by Co?" ions
[45]. According to fitting of the XPS spectra (Fig. 4 and Table S1), the
main contribution to the Co2ps,, signal arose from Co®" ions, the area
ratio Co?*/Co®* reached 0.33 in Co304/ZrO,, 0.32 in Co304/TiO5, and
0.07 in Co304/CeO5. These results indicating that non-stoichiometric
Co304 particles might have been formed on the surface of the different
supports, the low Co?t/Co>" reached in Co304/CeO, catalyst suggesting
that Co>* ions have been stabilized on the surface of CeO, which, in
agreement with XRD characterization, is indicating that low crystalline
crystallites have been formed.

3.5. Reduction of supports and supported cobalt oxide catalysts

To determine the number and type of reducible species in the cata-
lysts, Hy-TPR analysis was performed (Fig. 5 and Table S2). As a first
remark, the TPR profiles of supports show reduction peaks roughly
defined and of low intensity, indicating a low hydrogen consumption:
for analysis, they were normalized in an attempt to provide a clearer
analysis of the signals. On the contrary, high-intensity reduction events
are observed on the TPR profiles of Co304 containing catalysts. It is
reported that Co304 follows a two-step reduction, the first one attributed
to the reduction of Co®* to Co®" and the second one, attributed to the
reduction of Co®" to Co® [47,48].

The TPR profile of CeO, shows two main reduction events at 442 °C
and 711 °C (Fig. 5), indicating the reduction of surface and bulk oxygen
species respectively, while the shoulder at ~ 300 °C is assigned to the
reduction of non-stoichiometric CeOy oxides [35,49-51]. The TPR pro-
file of Co304/CeO- exhibits two main reduction events at lower tem-
peratures. The first reduction step of Co304/CeO2 centered at 247 °C
corresponds to the reduction of Co®" to Co?' and the second one,

Applied Catalysis A, General 621 (2021) 118199

centered at a temperature of 310 °C to the reduction of Co?* to Co°. The
shoulder in the second peak (~ 400 °C) suggests i) the reduction of
non-stoichiometric CeOy oxides as observed in the bare support or ii)
that after the first reduction event, two species of Co?" are generated,
where the one that is interacting to a greater degree with the support is
more easily reducible given the storage capacity of oxygen in the CeO,
support [52]. For ZrO, the TPR profile shows four reduction events at
temperatures higher than 350°C (Fig. 5). Two main reduction peaks
centered at 474 °C and 606 °C, might be correlated to the reduction of
carbonates and surface hydroxyl groups [53,54]. For Co304/ZrOs, four
reduction peaks are observed at lower temperatures than for ZrO, sup-
port, indicating the formation of four reducible species of cobalt oxide.
The presence of several signals associated with the reduction of Co304
might be due to i) the presence of different reducible cobalt species,
either Co?* or Co3*, with different degrees of interaction with the
support surface, indicating that the catalyst presents a high heteroge-
neity in its speciation and ii) the formation of particles with different
size, since this parameter is decisive in the reduction processes of cobalt
oxides [55]. In the case of TiO, it is reduced in a wide temperature
range with a main peak centered at 496 °C, in general it is reported that
no evident reduction peaks are observed for TiOy [56,57]. In the TPR
profile of Co304/TiO; (Fig. 5), four reduction peaks are observed, where
the reduction peaks at 274 °C and 360 °C might be attributed to the
two-step reduction of CozO4, the reduction at higher temperatures,
360 °C and 394 °C, might be attributed to i) the presence of different
reducible Co™" species in different degrees of interaction with the sup-
port surface or formation of particles with different size and ii) the
presence of Co®' species in strong interaction with TiO, surface,
possibly forming titanate-like species [58]. If these species are formed
during catalyst preparation, they were not identified using XRD because
of their amorphous nature or these species were highly dispersed with
crystallite sizes of less than ~ 4 nm, although lattice fringes suggesting
the formation of CoTiO3 phase were identified using HRTEM.

The results of Hy-TPR characterization evidenced a strong depen-
dence of cobalt species formed and their reducibility on the support
nature, thus the support chemical composition influenced the
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composition of the catalyst, particularly the homogeneity of cobalt
reducible species formed. Mainly two types of reducible species in
Co304/Ce0, were formed while in Co304/ZrO5 and Co304/TiOy four
reduction events are observed. Additionally, the support influences the
temperature at which the cobalt species reduction occurs, lower
reduction temperatures being observed when CeO5 or ZrO, are used as
support, probably because on the surface these supports generate a
reducing environment for the supported particles. CeO exhibits redox
properties and has a high oxygen storage capacity [41,52], which allows
the reduction of the Co304 particles to occur at a lower temperature
compared to unsupported Co304 nanoparticles. The changes observed in
the XRD pattern and HRTEM for CeO, after formation of Co304 sug-
gested a modification of the structure, these changes might be attributed
to a strong interaction of cobalt species with cerium oxide surface and
perhaps is also responsible for the stabilization of Co™" species being
reduced at low temperature. The formation of an oxygen vacancy on
CeO,, lattice generates 2 electrons which remain on the surface [41],
leading to a reducing environment favoring interaction with Co™" spe-
cies. In the case of the ZrO, support, the presence of Zr>* species on the
surface has been reported to generate anion vacancies, thus creating a
reducing environment [59], while the strong metal-support interaction
on TiO; generates the stabilization of oxidized cobalt species, which are
reduced at high temperatures.

3.6. Characterization of the acid properties of supports and supported
cobalt oxide catalysts

The acidity properties in terms of number of sites, strength and
density of acid sites for supports and supported cobalt oxide catalysts
were analyzed by NHs-TPD (Fig. 6 and Table S2). The strength of the
acid sites is classified in accordance to the desorption temperature of
NHs: i) weak strength corresponds to NHs desorbed at temperatures
below 200 °C, ii) medium strength for NH3 desorbed in the 200-400 °C
temperature range, and iii) strong acid sites for NH3 desorbed at tem-
peratures higher than 400 °C.

ZrO; and TiOs acid site densities are more than 2 times higher than
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for CeO, (Table S2). CeO, exhibits three different types of acid sites
(Fig. 6), with medium strength and strong acid sites, while ZrO, exhibits
the highest density of acidic sites with weak, medium and strong
strength. In both, CeO; and ZrO,, the main contribution to the acidity
arose from acidic sites with strong acidity while in the case of TiO,, the
main contribution to the acidity is found from sites with medium
strength (Fig. 6 and Table S2). The presence of acid sites on ZrO; is
attributed to Zr"" ions which behave as Lewis acids [60]. Nevertheless,
the m-ZrO, phase exhibits a combination of Br@nsted and Lewis acid
sites, while the t-ZrO, phase only exhibits Lewis acid sites [61]. The
presence of Zr** ions with different coordination in ZrO phases might
be at the origin of acidic sites with different strength [62], ZrO, shows
four different acidic sites reflecting the heterogeneity in the type/-
strength of acid sites (Fig. 6). In the case of TiO,, the anatase phase
exhibits Lewis acid sites [63,64].

After formation of Co304 on the different supports, the total density
of acidic sites increases in all cobalt oxide containing powders
(Table S2). On Co304/CeO4 catalyst only a slightly variation on the
density of acid sites with medium strength is observed (Fig. 6), perhaps
because Co304 also exhibits acid sites with different strength [65]. For
Co304/Zr0O, and Co304/TiO; catalysts, there is a significant increase in
the acid sites density, which is mainly reflected in the increase of strong
acid sites (Fig. 6). This indicates that the presence of cobalt oxide in
interaction with the surface of ZrO, and TiO, modifies the acidic
properties of these supports.

3.7. Evaluation of catalytic properties on glycerol conversion to lactic acid

Reaction is initially performed without heterogeneous catalysts i.e.
hydrothermal conditions, in order to evidence the effect of temperature,
pressure and NaOH on the conversion process of glycerol (GOL)
(Fig. S1). At 250 °C, GOL conversion continuously increased from 12 %
at the beginning of the reaction until reaching 48 % after 8 h reaction. In
the liquid phase identified products were lactic acid (LA), pyr-
uvaldehyde (PYR), glyceraldehyde (GLY), 1,2-propanediol (1,2-PDO),
hydroxyacetone (HA) and acetic acid (AA), while in the gas phase
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Fig. 6. NH3-TPD profiles for supports: CeO,, ZrO,, TiO,, and catalysts: Co304/CeO5, C0304/ZrO2, Co30/TiOs.
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hydrogen (Hs) was the formed product. During reaction, the main
products formed are LA and PYR, LA reaching a maximum yield of 32.9
% at 8 h reaction. Other products formed such as GLY, HA, 1,2-PDO and
AA are not exceeding 1.6 % yield during the reaction. According to
different reported studies on GOL conversion to LA [33,66-69], the re-
action route included the dehydrogenation of GOL to produce GLY
(Scheme 1), GLY forming an equilibrium with dihydroxyacetone (DHA)
[69], but DHA was not identified under the current reaction conditions.
The formed GLY then produced PYR via and oxidative dehydration
through 2-hydroxypropenal intermediate (HP), the later leading to a
2-hydroacetone keto-enol tautomerism allowing the formation of PYR,
finally LA can be obtained from PYR via an intramolecular benzyl acid or
Cannizzaro type rearrangement [66,68]. The formation of low amounts
of HA and 1,2-PDO can be attributed to the hydrogenation of PYR with
H, formed in the process of the dehydrogenation of GOL, while the
formation of acetic acid (AA) has been reported as a LA decomposition
reaction in a basic medium at high temperatures [67].

Results of glycerol conversion, lactic acid and piruvaldehyde yields,
and carbon balance in presence of the different catalysts are presented in
Fig. 7 and gathered in Table 2 and Table S3. As a first remark, the
identified products in liquid (Scheme 1) and gas phases are the same as
in the case of the reaction without heterogeneous catalysts, indicating
that the reaction route to obtain LA from GOL is not modified by the
presence of the different catalysts. Performing the reaction in presence
of the bare supports, CeO5 or TiOo, no significant differences in terms of
GOL conversion and LA yield are observed with regard to the hydro-
thermal reaction, indicating that these two supports have no significant
activity in the reaction. On the other hand, ZrO, favors the GOL con-
version, reaching a maximum of 77 % after 8 h reaction (Fig. 7). This
might be attributed to the acidic properties of the ZrO, polymorph, the
m-ZrO, phase possesses surface OH groups, either terminal or multi-
coordinated [70], which might favor on the surface the dehydrogenation
of the adsorbed primary alcohol [71] besides, the high density of acidic
sites on ZrO, might favor activation of the intermediate aldehydes.
Consequently, LA yield increased reaching 51 % when using ZrO, as
catalyst. Nevertheless, carbon balance decreased with reaction time
after 2 h indicating that side reactions or carbon deposition is occurring,
despite a continuous increase in GOL conversion with reaction time, LA
yield did not significantly increase after 2h reaction, thus the high
density of acid sites and with strong acidity might led to LA decompo-
sition leading to coke formation.

Conversion of GOL increased when using Co304/CeOy and Co304/
ZrO, catalysts with respect to the bare supports, following a pseudo-first
order kinetic order (Fig. 7), indicating that Co304 favored adsorption
and activation of GOL, perhaps Co304 mediated in the initial dehydro-
genation step of the adsorbed primary GOL to produce GLY. However,
on Co304/TiO, catalyst conversion of GOL remained similar to the TiO5
catalyst and hydrothermal conditions, showing that neither TiOy nor
Co304/TiO4 have activity for converting GOL. These results suggest that
the support type influenced activity of Co304 active phase on GOL se-
lective partial oxidation to LA. TOF was calculated following the order:

-H,0
@9 40 2 Mo o
‘)‘J OH

9
GoL GLY

)\/OH ‘__\ )I\/OH
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C0304/Ce0; (1.2 x 1071 s71) > C0304/ZrO5 (8.3 x 102 s71) > Co304/
TiO5 (3.0 x 102 s71). These results indicate that C0304/Ce05 is the most
active catalyst in converting glycerol to lactic acid. Conversion is greater
with Co304/ZrO3 catalyst, reaching up to 93 % at 8 h, while with Co3z04/
CeO, reaches 78 % (Fig. 7 and Table S3). The higher conversion reached
with Co304/ZrO, might be attributed to the support acidic properties
[72,73], which might favor adsorption and activation of primary OH
groups of GOL or the activation of the intermediate aldehydes. LA is the
main product formed with both, Co304/CeO5 and Co304/ZrO catalysts
during the whole reaction time, the increasing in GOL conversion with
reaction time being in favor of LA yield, reaching 67 % after 8 h reaction
with both catalysts while on Co304/TiO3, only reached 33 %. These
results evidenced that TiO; is not a suitable support for Co3O4 active
phase in GOL selective conversion to LA. In the case of Co304/TiO3, the
formation of cobalt titanates, as proposed with the results of charac-
terization by Hy-TPR and HR-TEM, might hinder activity of cobalt spe-
cies perhaps because of a strong interaction between cobalt and titania
led to less active cobalt species on the catalyst’ surface. Furthermore,
during reaction the Co®* ions are reduced (see characterization of the
spent catalyst below) while GOL is oxidized, and the presence of water
might, to some extent, favor the formation of cobalt titanates [74].

LA is the main formed product under hydrothermal conditions, in
presence of the bare supports or using cobalt oxide-based catalysts
(Fig. 7). The increase in conversion of GOL with reaction time being in
favor of LA yield. At comparable GOL conversion in the range 53.5 + 5.5
%, LA selectivity is higher using Co304/CeO3 catalyst (Table 2). At 8h
reaction time when the highest conversions of GOL are obtained, the
highest selectivity to LA is obtained using CeO; support for Co3O4
(Table S3). Although Co0304/ZrO; led to the highest GOL conversion
among the different catalysts, the selectivity toward LA is lower than
using Co304/Ce0s, reaching 72.8 and 85.6 %, respectively (Table S3).
Studies reported in literature on GOL valorization using heterogeneous
catalysts with different acid-base properties, evidenced that their ac-
tivity strongly depended on the total acidity of catalysts, especially
because it influenced the dehydration reactions [72]. Supports with acid
properties led to the generation of C3 products, GLY yield was mostly
favored on catalysts with a low number of acidic sites [72,73]. The re-
sults of NH3-TPD showed that Co304/ZrO5 exhibited a wide distribution
of acid sites with different strengths, with main contribution to the total
acidity arising from the strong acid sites, while Co304/CeO5 exhibited a
more balanced acidity between medium-strong strength acid sites. The
total acidity of Co304/ZrO5 being largely higher than that of Co304/-
CeOo. For instance, although high acidity favored a higher conversion of
GOL on Co304/Zr0O», it causes a significant decrease in LA selectivity
(Tables 2 and S3). After 2h reaction time, carbon balance decreased
when using Co304/ZrO, catalyst while it remained almost constant
when using Co3z04/CeO; catalyst (Fig. 7). According to the literature on
PYR activation to produce LA on m-ZrO, catalysts [62], carbonyl groups
are adsorbed and activated on coordinatively unsaturated Zr** ions,
although this can favor selectivity to LA it also suggests that high acidity
led to the formation of carbonaceous species adsorbed on the catalyst or
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Scheme 1. Reaction pathway according to identified products.
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Table 2

Selectivity and Yield to LA at comparable GOL conversion (53.5 + 5.5 %).
Catalyst Cgor (%) Sta (%) Yia (%)
hydrothermal 48 69 33
CeO, 48 71 34
ZrO, 49 76 37
TiOy 49 70 34
C0304/Ce0s 51 90 46
Co0304/Zr0O, 59 78 46
Co304/TiOy 49 68 33

coke formation, as LA selectivity was lower on Co304/ZrO; catalyst but
also carbon balance only reached ~82 %, while on Co304/CeO; reached
~97 % (Fig. 7 and Table S3). Low carbon balance is also evidenced with
ZrO, alone as catalyst, the high density of strong acid sites can lead to
strongly adsorbed PYR, generating the formation of carbonaceous de-
posits, as it has been reported in catalysts with high acidity [75].
Characterization of the recovered catalysts after the reaction using TGA
analysis shows a weight loss of ~15 % for Co304/ZrO; catalyst in the
temperature range of 200-700°C (Fig. S2), indicating that strongly
adsorbed carbonaceous species remain on the catalyst surface while the
weight loss for Co304/CeO5 catalyst is lower than 5 % in the tempera-
ture range of 200-450 °C.

Either on Co304/ZrO; or Co304/Ce0O, catalysts, conversion of GOL,
selectivity and yield to LA were higher than on ZrO, or CeO», indicating
that Co304 plays a key role for activating GOL and selectively forming
LA. For instance, Co304/CeO catalyst with less exposed cobalt on the
surface, with medium strength acid sites and more homogenous
composition in terms of reducible species of cobalt species at low tem-
peratures, is at the origin of the better performance of GOL selective
conversion to LA. As observed using XPS characterization, Co304/CeO2
catalyst is enriched in Co®™ species at the surface, in Hy-TPR results Co>*
species in Co304 supported on CeO3 are reduced at a temperature close
to the reaction temperature, thus although TPR is performed under Hj,
alcohols are reducing agents and it might be inferred that while GOL is
adsorbed and oxidized to GLY, Co®" species must be reduced. The
presence of acid sites with middle strength might allow the activation of

the intermediate aldehydes leading to the formation of LA avoiding side
reactions and coke formation.

In recent years, several reports in literature have evidenced the po-
tential of transition metals-based heterogeneous catalysts for selectively
converting GOL to LA, the results of some of these reports are summa-
rized in Table S4. In comparison, the results reported in this work with
Co304/Ce0y catalyst are in line with the obtained with copper-based
catalysts, Co304/CeOq catalyst allowed high conversion of GOL with
high selectivity to LA at stoichiometric mole ratio between GOL and
NaOH, and moderate N pressure.

3.8. Characterization of catalysts after reaction and cyclability

The solids recovered after 8 h reaction were washed, dried and
further calcined for 4h at 400°C (regeneration process) and then
characterized to determine the compositional, structural, and morpho-
logical changes induced during reaction. Regardless of the support type,
the cobalt content decreased indicating leaching of the supported phase
during the reaction (Table S5). The extend of cobalt leaching is less
important with TiOy support, which might be attributed to the forma-
tion of cobalt titanate species, where cobalt species are in strong inter-
action with the support surface.

Catalysts recovered after reaction are denoted as Co304/support R,
where support is: CeO3, ZrO,, TiO,, and R indicates recovered after re-
action without calcination. In this way, catalysts recovered and calcined
are denoted with the same abbreviation, Co304/support, changing R for
C. Characterization by XRD shows that for Co304/CeO; R catalyst, the
fluorite-like structure of the support is identified but diffraction peaks
for Co304 phase are not observed, instead identified phases are metallic
Co and CoO (Fig. 8), these observations indicate that the support does
not undergo structural changes during the reaction, but the Co®" and
Co%" ions present in the CosO4 spinel are reduced to Co® and Co?*.
Alcohols are reducing agents and as glycerol is adsorbed and oxidized on
the surface of the catalyst, the surface Co™" ions are reduced indicating
that cobalt oxide is an active species during reaction. Raman spectra
(Fig. S3) recorded on the spent catalysts without calcination are also
indicating major changes in the catalysts, the peaks for Co3O4 phase are
not observed after reaction. After calcination (Co304/CeO5 C), the XRD
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pattern indicates the regeneration of the Co304 phase, but the CoO phase
remains in the catalyst suggesting that a fraction of the cobalt is not
completely oxidized at the calcination conditions. In the case of Co304/
ZrOy R, the diffraction pattern indicates that Co3O4 is reduced to
metallic Co (Fig. 8), Raman spectra for the catalyst recorded after re-
action did not show signals for Co304 phase (Fig. S3). Additionally,
diffraction peaks associated with a carbonaceous species are also iden-
tified at 20 of ~26.6°, corroborating that the high density of strong acid
sites leads to coke formation. After calcination, the XRD pattern of
Co304/Zr0O, C shows that cobalt is forming Co304 spinel-like structure
and metallic Co (Fig. 8), in addition the carbonaceous species are still
identified indicating that calcination at 400 °C is not enough to remove
such carbonaceous deposits on the surface of the catalyst. Additional
characterization of the catalysts by Raman spectroscopy (Fig. S3), dis-
played further evidence of coke formation due to the presence of the
characteristic bands of carbonaceous materials, bands D and G at 1336
and 1586 cm ™! respectively, before and after calcination. TGA analysis
showed that a calcination at 700°C is necessary to eliminate the
carbonaceous species formed or adsorbed during reaction (Fig. S2).
Nevertheless, initially during preparation of catalysts, they were
calcined at 400 °C, thus high reaction temperatures could favor sintering
of the particles which will make the catalysts not comparable before and
after reaction. Finally, the XRD pattern of Co304/TiO2 R shows the
formation of mixed structures between cobalt and titanium (Fig. 8),
identified phase is Co,TiO4 (ICSD 98-006-9506). It is possible that
during reaction, the reduction of Co3z04 at high reaction temperature,
the strong metal-support interaction directed the formation of cobalt
titanates such as CoTiO3 and/or Co,TiO4, according to the catalytic
results these species do not have catalytic activity in the reaction and
avoid cobalt species to convert glycerol into lactic acid. After calcina-
tion, the XRD pattern of Co304/TiO5 C exhibits characteristic peaks for
titanate species and no characteristic diffraction peaks for CosO4 are
observed, therefore the regeneration of the catalyst is not possible.
Characterization by Raman spectroscopy showed the appearance of a
band centered at 694 cm ! (Fig. S3) which corroborates the formation of
CoTiO3 [74], as evidenced by XRD.

3.8.1. Recyclability tests

Stability in reaction is a key property in the development of active
and selective heterogeneous catalysts, which also reflects the stability of
the catalysts. Recyclability was studied with Co304/CeO2 and Co304/
ZrO, after calcination at 400 °C, as both showed in the first cycle con-
version of glycerol and selectivity toward the target product, lactic acid.

Results are presented in Fig. 9 and gathered in Table S5 with the cobalt
loading after every regeneration process.

In the case of Co304/CeOs, it is observed that conversion of glycerol
decreases from 77.8 % in the first cycle to 59.5 % in the third cycle with
the decrease of cobalt loading from 19.8 to 10.0 wt%, respectively.
However, the selectivity towards lactic acid remains stable at 84.6 + 0.9
%, thus indicating that active species for directing selectivity towards
lactic acid formation are regenerated during regeneration of the cata-
lyst. In the fourth cycle however, conversion and selectivity both fall to
values close to the obtained with the bare CeOy and hydrothermal
conditions, while the cobalt loading decreased to 7.4 wt%, for instance
at such cobalt loading the catalyst no longer shows activity. For Co304/
ZrO, catalyst, deactivation of catalyst both, for conversion of glycerol
and lactic acid formation, is observed in the second cycle, the conversion
went down from 92.5 % with the fresh catalyst to 65.6 % (Table S6), a
value lower than the conversion achieved when using the bare ZrO,
support as catalyst (76.5 % conversion with ZrO,); even if the loss of
cobalt is comparable with the observed for Co304/CeQO; catalyst. The
selectivity decrease, being very similar to the selectivity achieved when
using ZrO,. The loss in catalytic activity might be attributed not only to
the leaching of cobalt, but also to the deposition of carbonaceous de-
posits that are not completely removed under the calcination conditions
(Fig. S2). In the third cycle, a conversion of 47.1 % was achieved, similar
to that obtained without the presence of a catalyst (47.6 % conversion),
in addition, the selectivity towards lactic acid reached 62.6 %, which is
lower than that obtained under hydrothermal reaction conditions (69.2
%) which might be attributed to the degradation of lactic acid leading to
carbonaceous deposits formation (Fig. S2 and S3).

These results indicate that Co304/CeO, catalyst exhibits greater
performance in terms of selectivity and cyclability, thus CeO; is a more
suitable support for Co3O4 than ZrO, and TiO;. Co304/CeO; catalyst
with low density of acidic sites does not generate the formation of
carbonaceous deposits as does Co304/ZrO- catalyst, while CeO, support
retains more efficiently the active cobalt oxide species compared to ZrO,
through the successive catalytic cycles.

4. Conclusion

In this paper, it is demonstrated the influence of the support on the
catalytic performance of Co304 in the glycerol selective conversion to
lactic acid. According to the results, ZrO, and CeO, allowed achieving
active catalysts for converting glycerol while yielding lactic acid.
However, ZrO favored lower selectivity to lactic acid and formation of
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Fig. 9. Catalytic cycles with Co304/CeO, and Co304/ZrO catalysts.

carbonaceous species, on the contrary CeO, allowed high selectivity to
lactic acid avoiding deposition of carbon-containing species and the
catalyst could be regenerated for over three catalytic cycles. In this way,
the synthesis of a catalyst containing Co304 supported on CeOy with
medium strength acid sites and low concentration of surface cobalt
species, mainly enriched in Co®* ions being reduced at low temperature,
allowed a high degree of conversion of glycerol with high selectivity to
lactic acid. On the other hand, TiOs is not a suitable support for CozO4
with the aim of selectively producing lactic acid from glycerol. Although
Co304/TiO4 catalyst exhibited the higher concentration of cobalt species
at the surface and a high density of acid sites, glycerol was not activated
on this catalyst, perhaps because of the formation of cobalt titanates
such as CoTiOs, with Co?* ions in strong interaction with TiO, support.

The results obtained showed the potential of Co304/CeO; catalyst for
converting alcohols to valuable carboxylic acids as demonstrated with
the conversion of glycerol to lactic acid. However, the catalyst exhibited
low cyclability mainly because of the leaching of cobalt during reaction.
For instance, more studies in cobalt-based heterogeneous catalysts are
needed for a profound understanding of activity and stability in alcohol
valorization.
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