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ABSTRACT: Environmentally friendly catalytic composites based on cobalt and a natural clay as
catalytically active phase and support respectively, are herein reported for the valorization of fatty
acids and esters, in particular for wastes coming from agri-food industry, by selective
hydrogenation processes. The as-prepared innovative materials are constituted of zero-valent
cobalt nanoparticles immobilized on both pristine halloysite and an ammonium-functionalized
clay, with the former support exhibiting better particle distribution on the support as only Co
agglomerates could be obtained for ammonium-functionalized halloysite. Under optimized
conditions (5 mol% Co, 120 °C, 40 bar), high conversions and remarkable chemoselectivity were
observed, leading to the exclusive formation of saturated fatty acids or esters, as well as the

formation of tristearin used as a food additive.
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INTRODUCTION

Among the common saturated fatty acids, stearic and palmitic acids are widely present in our
daily lives, finding applications in a large variety of products such as emulsifiers, lubricants,
surfactants (detergents, soaps, softeners), cosmetics (lotions, creams), candles, and plastics. More
specifically, the intake of stearic acid as food supplement has shown to reduce the risk of
cardiovascular diseases by lowering both low- and high-density lipoprotein cholesterol
concentrations in the blood.!

The catalytic hydrogenation of unsaturated fatty acids (mono or poly-unsaturated) is a significant
industrial transformation, especially for the production of margarine.> As known, most of the
hydrogenations applied at industrial scale involve noble metals (such as Pd or Pt) or more abundant
Ni-based catalysts (Raney-Ni, Ni-Kieselguhr...), despite the hazards associated to nickel
handling.*> # Thus, cobalt-based catalysts could represent an appropriate alternative thanks to their
relative low toxicity profiles compared to nickel,””’ provided that selective catalytic systems
towards C=C hydrogenation can be achieved. Nevertheless, the highest is the content of Co(II),
the highest is the selectivity towards hydrodeoxygenation processes as seen for the efficiency of
supported cobalt oxide catalysts in the hydrodeoxygenation of fatty acid or esters,® ° albeit under
relative high temperature (up to 350 °C) and high pressure (up to 40 bar).!” Given our interest in
the selective hydrogenation of fatty acids for waste valorization purposes, we envisaged the
preparation of well-defined zero-valent cobalt nanoparticles immobilized on halloysite to
straightforwardly produce saturated fatty acids or esters by C=C bond hydrogenation from fatty

wastes. Beller’s group reported in 2018 a Co-based heterogeneous catalyst using chitosan as
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support, efficiently applied in the hydrogenation of terminal and internal alkenes with high
tolerance for different functional groups, including oleic acid.!! From an industrial point of view,
the catalyst robustness and recyclability are crucial aspects to implement innovative catalytic
systems at industrial scale. In the literature, few recyclable Co-based catalysts are reported,

requiring reactivation treatments given the prone oxidation of Co(0) under ambient conditions.'?

The design of cobalt nanocatalysts featuring high surface area, low-coordinated metal sites with
enhanced reactivity,'? and metal-support interfaces encompassing key synergistic effects for

14-17

heterogeneized systems, represents an innovative strategy towards catalyst enhancement that

has been widely successful for Pd- and Pt-catalyzed hydrogenation systems immobilized both in

1'® and polyols,'® ionic liquids,?® deep eutectic solvents®'...) and solid

liquid phase (glycero
supports (zeolites,”” 2* hydrochars,?* ionic polymers?® and membranes®® 2’) thanks to kinetic

stabilization of small particles at the nanometric scale, thus preventing deleterious catalyst

agglomeration pathways.

In the present work, the immobilization of small cobalt nanoparticles (CoNPs) on halloysite-
based supports, both pristine and functionalized halloysite, was successfully attained. These
composite materials were efficiently applied in the hydrogenation of mono and poly-unsaturated
fatty acids and fatty esters, as well as the hydrogenation of unsaturated Cig-rich fatty wastes from
duck industry and triolein, leading to tristearin in particular used as a safe food additive.?® To
override deleterious Co(0) oxidation processes which can alter catalyst selectivity (hydrogenation
vs hydrodeoxygenation), it was possible to take advantage of the magnetic properties of the as-
prepared cobalt materials to ease their manipulation and recovery under inert conditions using an

external magnet.”’
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EXPERIMENTAL SECTION

The general information is given in the Supporting Information.

Synthesis of quinidine-stabilized cobalt nanoparticles supported on halloysite by
decomposition with hydrogen (CoA). A Fisher-Porter bottle was charged with dicobalt
octacarbonyl (>90%) (161.1 mg, 0.42 mmol, 0.85 mmol of Co), quinidine (275.1 mg, 0.85 mmol),
halloysite (1000 mg) and sealed with a septum inside the glovebox. The Fisher-Porter bottle was
then removed from the glovebox and sealed with its head under argon flow. Degassed EtOH (32
mL) were transferred under Ar with a cannula to the Fisher-Porter bottle to suspend the solids. The
system was then pressurized with H> (3 bar) at room temperature and then heated at 100 °C (in an
oil bath) for 18 h under magnetic stirring. Then, the Fisher-Porter bottle was cooled down to room
temperature and depressurized under Ar. A blue greyish dispersion was obtained, which was
transferred to a centrifuge tube via cannulation under Ar. Centrifugation was carried out at 3500
rpm for 10 min. After the removal of the supernatant, the solid was redispersed in degassed EtOH
(20 mL) and the centrifugation process was repeated for two more times. The obtained gray powder
was dried under vacuum overnight and stored in the glovebox prior to use. ICP-AES (Co): 5.6%
wt.

Synthesis in polyethyleneglycol dimethylether of cobalt nanoparticles supported on
halloysite by decomposition with hydrogen (CoB). A Fisher-Porter bottle was charged with
dicobalt octacarbonyl (=90%) (161.1 mg, 0.42 mmol, 0.85 mmol of Co), halloysite (1000 mg) and
sealed with a septum inside the glovebox. The Fisher-Porter bottle was then removed from the
glovebox and sealed with its head under Ar. Degassed polyethyleneglycol dimethylether
(MW ayerage 240 g/mol, 30 mL) was cannulated under Ar to the Fisher-Porter bottle in order to both

solubilize the cobalt precursor and suspend the solids under stirring. The system was then
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pressurized with H» (3 bar) at room temperature and heated at 120 °C (in a silicon oil bath) for 18
h under magnetic stirring. Then, the Fisher-Porter bottle was cooled down to room temperature
and depressurized under Ar. A blue greyish dispersion was obtained, which was transferred to a
centrifuge tube via cannulation under Ar. Centrifugation was carried out at 3500 rpm for 10 min.
After the removal of the supernatant, the solid was redispersed in degassed EtOH (20 mL) and the
centrifugation process was repeated for two more times. The obtained gray powder was dried under
vacuum overnight and stored in the glovebox prior to use. ICP-AES (Co): 4.3% wt.

Synthesis of cobalt nanoparticles supported on halloysite by reduction with NaBH4 (CoC).
A round bottom flask was charged with cobalt acetate (150.5 mg, 0.85 mmol), halloysite (1000
mg), EtOH (30 mL) and stirred at room temperature for 3 h. Then, the solvent was removed under
reduced pressure using a rotary evaporator to obtain the cobalt precursor impregnated on
halloysite. A solution of NaBH4 (321.5 mg, 8.5 mmol, 10 equiv. to Co) in EtOH (25 mL) was then
added dropwise to a dispersion of cobalt-impregnated halloysite in EtOH (10 mL) under constant
stirring at room temperature. Upon addition completion, the reaction was stirred at room
temperature for 3 h to give a black suspension. The solution was transferred to a centrifuge tube
and centrifugation was carried out at 3500 rpm for 10 min. After the removal of the supernatant,
the solid was redispersed in EtOH (20 mL) and the centrifugation process was repeated for two
times more to remove the excess of NaBH4. The preformed CoNPs on halloysite obtained as gray
solid were dried at 80 °C overnight. Subsequently, the preformed CoNPs were transferred to a
Fisher-Porter bottle and the system was purged with Ar prior to the cannulation under Ar of
degassed EtOH (30 mL) to suspend the solids. The system was then pressurized with H» (3 bar) at
room temperature and heated at 100 °C (in an oil bath) for 18 h under magnetic stirring. Then, the

Fisher-Porter bottle was cooled down to room temperature and depressurized under Ar. A gray
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dispersion was obtained, which was transferred to a centrifuge tube via cannulation under Ar.
Centrifugation was carried out at 3500 rpm for 10 min. After the removal of the supernatant, the
obtained gray solid was dried overnight under vacuum and stored in the glovebox prior to use.
ICP-AES (Co): 4.61% wt; ICP-AES (B): 0.07% wt.* (depreciable amount); ICP-AES (Na): 0.57%
wt.

Synthesis of cobalt nanoparticles supported on halloysite functionalized with N,N,N-
triethylpropan-1-aminium iodide (CoD). A Fisher-Porter bottle was charged with dicobalt
octacarbonyl (>90%) (161.1 mg, 0.42 mmol, 0.85 mmol of Co), N,N, N-triethylpropan-1-aminium
iodide functionalized halloysite (HAL-Et3I) (1000 mg) and sealed with a septum inside the
glovebox. The Fisher-Porter bottle was then removed from the glovebox and sealed with its head
under Ar. Degassed EtOH (32 mL) was cannulated under Ar to the Fisher-Porter bottle to suspend
the solids. The system was then pressurized under H> (3 bar) at room temperature and heated at
100 °C (in an oil bath) for 18 h under magnetic stirring. Then, the Fisher-Porter bottle was cooled
down to room temperature and depressurized under Ar. A blue greyish dispersion was obtained,
which was transferred to a centrifuge tube via cannulation under Ar. Centrifugation was carried
out at 3500 rpm for 10 min. After the removal of the supernatant, the solid was redispersed in
degassed EtOH (20 mL) and the centrifugation process was repeated for two more times. The
obtained gray powder was dried under vacuum overnight and stored in the glovebox prior to use.
ICP-AES (Co): 5.3% wt.

General procedure for catalytic hydrogenation. A 4 mL vial was charged with halloysite-
supported Co catalyst (CoA, CoB, CoC or CoD, amount as specified in each run), the fatty acid
or fatty ester starting material (1 mmol) and a stirring bar under Ar inside a glovebox. The vial

was closed with a septum prior to be taken out of the glovebox and placed inside a 50 mL autoclave
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(TOP Industrie S.A.S.). Then the septum of the vial was removed and the autoclave was
immediately purged with Ar at room temperature prior to being charged with H> (specified
pressure in each run). The autoclave then was placed in a pre-heated aluminum block at 80 °C on
a heating plate equipped with a magnetic stirrer. The reaction mixture was then heated at the
selected temperature for the specified reaction time in each run. The aluminum block was then
removed, the autoclave was allowed to cool down to room temperature and the remaining
hydrogen pressure was carefully released. Taking advantage of the magnetic behavior of catalyst,
the reaction crudes were extracted with ethyl acetate (3 x 5 mL) using an external magnet to easily
separate the catalyst from the supernatant. After solvent removal under reduced pressure, 1,4-
dimethoxybenzene (1 equiv.) was added as internal standard (1 equiv.), and 'H NMR in CDCls
was performed for determination of reaction conversion and selectivity. Moreover, GC FID
analysis of reaction crudes was directly performed for fatty ester substrates. Indirect GC FID
analysis of reactions using fatty acid substrates, was performed after methanol esterification under
acidic conditions as reported in the literature *°. In both cases, reaction selectivity towards alkyl
stearate were estimated via integration of peak areas corresponding to the alkyl stearate derivative
versus other unsaturated esters.

Catalyst recycling procedure. Following the general procedure for catalytic reactions using
catalyst CoC (63.9 mg, 5 mol%) and methyl oleate (296.5 mg), 80 °C and 4 h reaction times were
chosen for each reaction run. A mixture heptane/ethyl acetate (5:1, 5 mL x 3) was used for reaction
crude extraction after each run and the recovered catalyst was dried under vacuum and kept under
Ar before each consecutive run. The loading of fresh methyl oleate substrate (296.5 mg) was done

under ambient conditions. ICP-AES analysis of all organic fractions was carried-out.
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RESULTS AND DISCUSSION

Synthesis and characterization of catalytic materials. With the aim of efficiently
immobilizing cobalt nanoparticles (CoNPs) on halloysite-based supports, different materials were
prepared using both unfunctionalized and ammonium-functionalized halloysite; the latter was

prepared following our previous reported methodology (Figure 1).3!

2 ap 5
Co,(CO)g H, (3 bar), EtOH CoA

100 °C, 18 h
H, (3 bar), PEG-DME
+  Coy(CO)g " CoB Halloysite-supported CoNPs:
120°C, 18 h CoA, CoB, CoC, CoD

Pristine halloysite (HAL)

i) NaBH, (10 equiv.)
/At BT St buth 7

Co(OAc), CoC d)
ii) Hy (3 bar)
100 °C, 18 h Z NN
b) |E13N§ EtOH \@?,gm
NEt3!
MeO
X
Si g
. ! pZ
So0 N
00 Qb
H, (3 bar), EtOH
+ Co0y(CO)g ——— > CoD
0 100 °C, 18 h
0l
0—Si__~_ NEtl

Functionalized halloysite (HAL-NEt])
Figure 1. a) Synthesis of Co-based nanocomposites supported on pristine halloysite (CoA, CoB,
CoC); b) synthesis of Co-based nanocomposites supported on a tetraalkylammonium
functionalized halloysite (CoD); c) schematic representation of CoNPs immobilized on halloysite-

based supports; d) chemical structure of quinidine.

Using the pristine clay, three approaches were envisaged taking into account the influence of the
metal precursor [Co2(CO)s, Co(OAc):], and the nature of both the stabilizing agent [quinidine,
polyethyleneglycol dimethylether (PEG-DME)] and the reducing agent (H2, NaBH4). In order to
study the influence of the two stabilizers in the synthesis of CoC and thus to compare the catalytic
behavior with CoA and CoB (see below Co-catalyzed hydrogenation discussion), we added QD

and PEG-DME in two independent controls using Co(OAc); as metallic precursor. Unfortunately,
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the materials obtained in both cases were not well-defined. Whereas the corresponding metal
nanoparticles were not adsorbed on the support, leading to two immiscible solid phases using
quinidine; the use of PEG-DME instead of ethanol was not possible due to the lack of solubility
of Co(OAc); in this medium.

As observed by TEM analyses, the presence of quinidine led to small nanoparticles uniformly
distributed on the halloysite (3.2 + 0.9 nm; dispersion of 23%, see Supporting Information for the
dispersion determination) (CoA, Figure 2a), in agreement with our previous contributions
involving metal nanoparticles.>!>* However, in the presence of PEG-DME, non-uniformly
distributed nanoparticles on the support were obtained (CoB) with sizes ranging between 13-30
nm, evidencing that PEG-DME (average MW 240 g/mol) was not a suitable stabilizer (Figure 2b).
Furthermore, it is worth to mention that molecular hydrogen was not able to reduce Co(OAc):
precursor. Thus, we used sodium tetrahydroborate as reducing agent, followed by hydrogen
treatment; this strategy led to homogenously distributed CoNPs on halloysite (CoC, Figure 2c¢),
attaining small sizes with a narrow distribution (2.9 + 0.4 nm; dispersion of 25%, see Supporting
Information for the dispersion determination). Besides, the alternative strategy using the
tetraalkylammonium-functionalized halloysite aiming at a plausible electrostatic stabilization of
CoNPs by the ammonium moieties was discarded as only cobalt agglomerates were obtained for

CoD (Figure 2d).
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Figure 2. TEM micrographs of halloysite-supported cobalt catalytic materials of: (a) CoA with
magnification and particle size distribution (3.2 + 0.9 nm for 120 nanoparticles); (b) CoB (particle
sizes between 13-30 nm); (c) CoC with magnification and particle size distribution (2.9 £ 0.4 nm
for 120 nanoparticles); (d) CoD (only agglomerates observed) (see Figures S1-S4 in the

Supporting Information for more TEM micrographs of each material).

ICP-AES analyses of the as-prepared materials corroborated the efficient deposition of Co over
the halloysites (see Table S1 in the Supporting Information): 5.6 wt% for CoA, 4.3 wt% for CoB,
4.6 wt% for CoC, and 5.3 wt% for CoD (expected data: 5 wt%). In addition, for CoC, no boron
was detected by ICP-AES, but a small amount of sodium remained (0.6 wt%). Elemental analyses
of CoA and CoD evidenced the presence of quinidine and ammonium groups respectively (N
content: 0.30 wt% for CoA and 0.31 wt% for CoD; N content of support HAL-NEt3I: 0.34 wt%)

(see Table S1 in the Supporting Information). Powder X-ray diffraction analyses of CoA-CoC

10
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only showed the corresponding peaks of halloysite, probably due to the small amount of cobalt
together with potential peak broadening effects due to the small size of CoNPs, in particular for
CoA and CoC (see Figure S5 in the Supporting Information). No further characterization of CoD
was carried out due to the lack of stabilization of ammonium groups.

With the aim of evidencing the functional groups present on the as-prepared Co-based materials
coming from stabilizers, FTIR analyses were carried out (Figures S6-S10). For CoA, absorption
bands corresponding to C—H stretching (ca. 3000-2840 cm™) were clearly identified together with
bands in the region ca. 1630-1450 cm™!, corroborating the presence of quinidine (see Figure S6 in
the Supporting Information). For CoB, absorption bands corresponding to C—H stretching (ca.
3000-2840 cm™) and C—O stretching (1100 cm™) were observed (see Figure S7 in the Supporting
Information), indicating that PEG-DME was still present in the material despite the several ethanol
washes carried out. For CoC, absorption bands in the region of 1650 and 1450 cm™! were observed,
indicating the presence of coordinated acetate groups; their presence can be responsible of the
stabilization of nanoparticles by an electrostatic effect during synthesis (see Figures S8-S9 in the
Supporting Information).>* 3 It is important to highlight that after the first step of the CoC
synthesis (i.e. prior treatment with H»; Figure 1), a mixture of acetates species (coordinated and
ionic) are present in the material, but not after the second step (i.e. after treatment with Hy; Figure
1). FTIR spectra of both CoD and the functionalized support HAL-NEt3I exhibited the same
absorption bands, indicating that the functionalization remains after immobilization of cobalt (see
Figure S10 in the Supporting Information).

For those materials exhibiting the presence of nanoparticles, i.e. CoA, CoB and CoC, specific
surface areas of CoA, CoB and CoC were determined (51.6, 19.0 and 50.3 m?g’!, respectively).

Furthermore, magnetic measurements of CoA, CoB and CoC at 2 K were carried out (see Figure

11
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S11 in the Supporting Information). CoA and CoB exhibited hysteresis with coercive fields of 445
and 469 Oe, and saturation magnetization (Ms) of 102.2 and 66.8 emu/g respectively, showing a
weak ferromagnetic behavior (see Figure S1la and S11b in the Supporting Information). The
values of Ms were lower than that reported for bulk Co-Acp (162 emu/g),*® probably due to either
the capping effect triggered by stabilizers over the surface of cobalt nanoparticles due to surface

3738 or the presence of cobalt oxides for CoA and CoB.****> Moreover, CoC

spin capping effects
exhibited higher coercive field (1235 Oe) and higher saturation magnetization (248 emu/g) than
CoA and CoB (see Figure S11c in the Supporting Information), evidencing a less saturated surface
(absence of stabilizers in agreement with the behavior reported for cobalt clusters and
nanoparticles).>” 4

The X-ray Absorption Spectroscopy (XAS) analyses of CoA and CoB confirmed the presence
of cobalt oxidized phases, mainly Co(II) attributed to CoO (Figure 3a). The absorption spectra of

CoA and CoB are comparable to the reported for CoO nanocrystals.** In contrast, CoC was mostly

constituted of Co(0) (Figure 3b).

12
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XPS survey spectrum. (d) High-resolution spectrum at the binding region of Co 2p; black and red
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Considering the catalytic performance of CoC (see below, section 3.2), further characterization

13

of this material was performed. X-ray photoelectron spectroscopy (XPS) analysis was carried out
to determine the elements present at the surface of the catalytic material as well as the oxidation
state of cobalt species immobilized on halloysite (Figures 3¢ and 3d). The XPS survey spectrum

showed the presence of Al, O, and Si from the halloysite support and also the presence of Na
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coming from the first step of its synthesis, along with Co; no boron was detected. The analysis at
the binding energy corresponding to Co 2p region evidenced that nanoparticles are mainly
constituted of Co(0) (91%) with only 9% of the mixed oxide Co3O4 [constituted of Co(II) and
Co(III)] (see Figure S12 and Table S2 in the Supporting Information for more information about
the quantification procedure).

Fast Fourier Transform (FFT) treatment on a HRTEM image corresponding to a nanoparticle
evidenced the presence of Co(0) with a hcp crystal structure [(4,1,1), (1,1,4) and (0,0,4]
crystallographic planes] (see Figure 4 and Figure S13 in the Supporting Information for a complete
list of measured crystallographic planes). Additionally, the EDX (Energy Dispersive X-ray
spectroscopy) mapping showed the uniformly distribution of cobalt over the halloysite surface (see

Figure S14 in the Supporting Information).

Figure 4. (a) HRTEM image of CoC (framed area corresponding to FFT analysis); (b) FFT
showing crystallographic planes of Co(0) hcp structure; (c) inversed FFT of (b) evidencing in

particular the crystallographic plane (1,1,4).

14
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Co-catalyzed hydrogenation processes. The as-prepared catalytic materials were applied in the
benchmark hydrogenation of oleic acid (1) to give stearic acid (2), in order to compare their relative
catalytic behavior (Table 1). Under neat conditions, working at 250 °C and 40 bar H; pressure,
CoD was the less active catalyst (entries 4 vs 1-3, Table 1), as expected for the presence of large
Co agglomerates in the catalytic material. At 180 °C, the activity of CoA dropped to 42%
conversion (entry 5, Table 1), in contrast to CoB and CoC which maintained a high activity (more
than 88%, entries 6-7, Table 1). From this trend, it seems that quinidine acting as stabilizer of the
CoNPs in the CoA catalytic material hampers the hydrogenation of oleic acid, probably due to a
stronger interaction with the metal surface than the fatty acid. At lower temperature, the most
active catalytic system was CoC, giving more than 90% conversion at 120 °C and even 62% at
100 °C (entries 9 and 11, Table 1); however, CoB exhibited a lower activity below 180 °C (entries
8 and 10, Table 1). From this comparative study, the catalytic material CoC, prepared from
Co(OAc), as precursor in the absence of stabilizing agent other than the unfunctionalized
halloysite, led to the better catalytic activity and selectivity (in all the cases, only stearic acid is
formed); after 6 h of reaction, the conversion was still relatively high (>60%, entry 12, Table 1).
The addition of quinidine or PEG-DME to CoC (stabilizers used in the synthesis of CoA and CoB,
respectively) deactivated the catalytic system (see Scheme S1 in the Supporting Information).

Working at lower pressure (20 bar), the activity dropped from 91% conversion to 39% (entry 9
vs 13, Table 1). A decrease in cobalt loading (2.5 mol%) also triggered an activity loss (entry 9 vs
14, Table 1). No significant adsorption of fatty acids or fatty esters was observed by infrared
spectroscopy (see Figure S15 in the Supporting Information), recovering quantitatively the organic
compounds, in contrast to the composite material halloysite/stearic acid described in the

literature.®
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Moreover, we desired to elucidate the impact of the hydrogenation treatment during the synthesis
of CoC (Figure 1). For this purpose, the material coming from the first-step (i.e. the material
obtained after reduction of Co(OAc), with NaBH4) was evaluated in the hydrogenation of oleic
acid. After reaction, the substrate was quantitatively recovered, proving the importance of the
activation step (i.e. H> treatment, which corresponds to the second step of the preparation of CoC)
to generate the catalytically active species (see Figure S16 in the Supporting Information).

Table 1. Co-catalyzed hydrogenation of oleic acid using CoA, CoB, CoC and CoD.“

[catalyst]
9 (5 mol% Co) Q
M;:MS\OH +(4(|)-|€)ar) 18 h 16 OH
1 neat 2

Entry  Catalyst T (°C) Conv. (%)?
1 CoA 250 95

2 CoB 250 96

3 CoC 250 >99

4 CoD 250 18

5 CoA 180 42

6 CoB 180 88

7 CoC 180 >99

8 CoB 120 52

9 CoC 120 91

10 CoB 100 18

11 CoC 100 62

12¢ CoC 120 63

134 CoC 120 39

14¢ CoC 120 57

“Reaction conditions: 1 mmol of oleic acid (1), 0.05 mmol of total Co (determined by ICP-AES).
>Determined by '"H NMR using 1,4-dimethoxybenzene as internal standard. Only stearic acid was
observed. ¢ 6 h of reaction. ¢ 20 bar H; pressure. ¢ 2.5 mol% cobalt.
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The high content of cobalt oxidized phases, mainly CoO, for CoA and CoB (as evidenced by
XAS), in contrast to CoC that contains more than 90% of Co(0) as determined by XPS
quantification,* resulted in differential catalyst behaviors. Notably, both CoA and CoB were more
active at high temperature (250 °C) than at relative low temperatures [<180 °C for CoA (entry 5
vs 1, Table 1); <120 °C for CoB (entry 8 vs 2, Table 1)], probably due to the reduction of cobalt
species at relative high temperatures; CoC preserved its activity even at 100 °C (entry 11, Table
1). This structural feature corroborates that Co(0) species are responsible of the C=C bond
hydrogenation.

Thus, we can conclude that both Co(0) oxidation state (CoA and CoB are less active than CoC)
and relatively small nanoparticle sizes (CoB is less active than CoC) of the as-prepared composite
materials are crucial aspects to induce catalytic reactivity in the hydrogenation of fatty acids.
Furthermore, CoC exhibits higher reactivity than other related first-row metal catalysts, and
comparable catalytic behavior regarding NiNPs immobilized on halloysite previously reported by
our team (see Table S3 in the Supporting Information).

Under the optimized conditions (CoC, 5 mol% Co, 120 °C, 40 bar H»), other Cig unsaturated
fatty acids were hydrogenated (3-5, Table 2). Elaidic acid (3), the (E£)-isomer of oleic acid, could
be hydrogenated giving 87% of stearic acid (entry 1, Table 2). Linoleic and linolenic acids
containing two and three C=C bonds respectively, were also efficiently reduced, yielding more
than 88% of stearic acid together with low amounts of unsaturated acids (2-5%; entries 3-4, Table

2).
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Table 2. CoC-catalyzed hydrogenation of Cig unsaturated fatty acids.?

O
PRGN
7 7 OH
3
[CoC]
0 (5 mol%) N Q
\(\/)q/:\MJ\OH t M o - \(\/)J\OH
4 4 7 (40 bar) 120 °C, neat 16
18 h 2
0]
T T T 7 OH
5

Entry  Substrate Conv. (%)°

1 3 87
2¢ 3 35

3 4 95(93)¢
4 5 93(88)¢

 Reaction conditions: 1 mmol of substrate, 0.05 mmol of total Co (determined by ICP), neat. °
Conversion determined by 'H NMR using 1,4-dimethoxybenene as internal standard. ¢ After 6 h
reaction. ¢ In brackets, stearic acid (%) determined by GC-FID after esterification of fatty acids
with methanol (methyl esters).

For oleic acid and elaidic acid, we were interested in evidencing the plausible £/Z isomerization
under hydrogenation conditions.*® 4’ At relative short reaction times (6 h), £/Z isomerization was
observed by °C NMR (298 K) for both fatty acids (see Figure S17 in the Supporting Information).
This behavior points to a more favored C=C bond adsorption than C=O bond adsorption in
agreement with the absence of C=0 reduced compounds, as previously observed for Co-based
heterogeneous catalysts applied to the isomerization of methyl cis-9-octadecenoate.*®

With the aim of eluding the plausible corrosive effects using fatty carboxylic acids as substrates,
we studied the efficiency of CoC in the hydrogenation of methyl fatty esters (6, 7) (Table 3). As

expected,*” the C=C bond hydrogenation of methyl oleate was favored compared to oleic acid
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(Table 1), obtaining quantitative conversions at relative low temperature (entries 1-2, Table 3).
Decreasing the cobalt loading, the activity dramatically decreased (only 17% conversion; entry 3,
Table 3). At 80 °C and short reaction times, the activity kept high (entries 4-6, Table 3). Methyl
linoleate was also hydrogenated, but 120 °C was required to fully hydrogenated the two C=C bonds
of the substrate (entry 8, Table 3); at 80 °C, a high amount of unsaturated products was obtained
(entry 7, Table 3).

Table 3. CoC-catalyzed hydrogenation of methyl fatty esters.?

Q 18 h 8
T e
Entry  Substrate Co loading Time T Conv. (%)’
(mol%) (h) )
1 6 5 18 120 >99¢
2 6 5 18 80 >99¢
3 6 1 18 80 17¢
4 6 5 6 80 99¢
5 6 5 4 80 88¢
6 6 5 3 80 50¢
7 7 5 18 80 62(11)%e
8 7 5 4 120 >99(99)7

“Reaction conditions: 1 mmol of substrate, 0.05 mmol of total Co (determined by ICP), neat. ”
Determined by 'H NMR using 1,4-dimethoxybenene as internal standard. ¢ Only methyl stearate
was observed. ¢ In brackets, methyl stearate (%) determined by GC-FID. ¢ 51 % of unsaturated
products.
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Taking advantage of the magnetic behavior of CoC, we assessed the reusability of the catalyst
towards the hydrogenation of methyl oleate with the help of an external magnet to facilitate the
workup procedure and minimize catalyst oxidation albeit such manipulations were done in air (see
Figure S18 in the Supporting Information). The catalyst was straightforwardly reused up to the
third run, maintaining 50% conversion after the fifth run (Figure 5). The cobalt content on the
organic products was depreciable (0.01 ppm) after each catalytic run (determined by ICP-AES),
discarding the loss of activity due to leaching. TEM analyses after the 7 catalytic run reveals the
presence of large cobalt agglomerates together with well-distributed nanoparticles over the
halloysite (see Figure S19 in the Supporting Information), probably being the cause of drop in
activity. Furthermore, elemental analysis of CoC catalyst before and after catalysis revealed 1.5
times higher C content after the first run than the original C content present in the fresh
nanomaterial composite after synthesis (1.30% C after the first run vs 0.84% C in the CoC fresh

catalyst), effect that can also contribute to the deactivation of the catalyst.
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Figure 5. CoC-catalyzed hydrogenation of methyl oleate and the corresponding recycling using

an external magnet.

From an application viewpoint, we were interested in the CoC-catalyzed hydrogenation of
triolein (9), the triglyceride of oleic acid, because its saturated product, tristearin (10), is considered
as a safe food additive and is also used as hardening stabilizer in the production of soaps. We
succeeded in obtaining tristearin in quantitative yield under neat conditions and smoother

conditions than previously reported cobalt nanoparticles immobilized on chitosan (Scheme 1).!!
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O (6]
=t o
7 7 CoC 16
M(O\)\/O\IM [ ] WO\)\/OW
7 o o 7 7 80°C, Hp (40 bar) 6 4, o0 °

18 h, neat
5 mol% Co: 70% conversion
15 mol% Co: 91% conversion
Scheme 1. CoC-catalyzed triolein hydrogenation. Reaction conditions: 0.33 mmol of substrate,

0.0165 or 0.05 mmol of total Co (determined by ICP). Conversions determined by 'H NMR using

1,4-dimethoxybenene as internal standard.

Upon completion of the optimization studies and scope starting from pure substrates, we
explored the catalytic valorization of mixtures of fatty wastes from agri-food industries, in
particular from duck industry (sample supplied by SAPOVAL company), using the best catalyst
composite (see Table S4 in the Supporting Information). Thus, CoC showed high efficiency in the
hydrogenation of duck fatty wastes, mainly constituted of Cig unsaturated acids (see Figure S20 in
the Supporting Information). At 120 °C for 18 h using 5 mol% cobalt under 40 bar H», the
hydrogenation of the waste was up to 93%. When this mixture was previously esterified with
methanol, the time was clearly reduced (4 h) obtaining a quantitative hydrogenation of the
esterified waste, mainly constituted of 32% of methyl palmitate (Ci¢) and 68% of methyl stearate

(Cig). Moreover, only 0.2 ppm of cobalt was detected by ICP-AES in the hydrogenated products.

CONCLUSIONS
To sum up, original Co/halloysite composites containing cobalt-based nanoparticles were
prepared by an organometallic approach, leading to well-defined materials, mainly depending on

both the nature of reagents and the support functionalization, which were fully characterized
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[(HR)TEM, PXRD, FTIR, XPS, XAS, magnetization, ICP, specific surface area]. Four catalytic
materials were prepared, those using unfunctionalized halloysite showed the formation of Co-
based nanoparticles of different sizes and distribution on the supports (CoA, CoB, CoC), whereas
the one prepared using the ammonium-functionalized clay led mostly to agglomerates (CoD). By
appropriately adjusting the reaction parameters, we managed to synthesize a material containing
small zero-valent CoNPs (ca. 3 nm of mean diameter), well-distributed on pristine halloysite and
in the absence of any stabilizer other than the support (CoC). The oxidation state of the
immobilized cobalt nanoparticles on halloysite (determined by XPS and XAS) appeared crucial to
understand their catalytic reactivity, being those mainly constituted of Co(II), CoA and CoB, less
efficient that the nanocomposite based on Co(0), CoC:; this structural feature reveals that Co(0)-
based nanoparticles are catalytically active in the hydrogenation of C=C bonds.

CoC was successfully applied in the selective C=C bond reduction of mono- and poly-
unsaturated Cg fatty acids and esters, including those coming from industrial wastes and finding

applications in the synthesis of value added products, such as tristearin.
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Cobalt nanoparticles immobilized on halloysite-based nanoclay led to efficient and highly

selective C=C bond hydrogenation catalysts, including fatty waste valorization.
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