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ABSTRACT

Innovative cobalt and nickel catalytic materials containing metal nanoparticles immobilized into
the inner tubes of pristine halloysite, a naturally occurring nanoclay, and their application in
hydrogenation reactions of a large variety of substrates from biomass and industrial wastes are
described herein. The catalytic materials with a high metal loading (>24 wt.%) were prepared by
a one-pot two-steps procedure in the absence of additional stabilizers, leading to metal
nanoparticles essentially confined into the support lumen (constituted of aggregates of small
nanoparticles) as a result of the privileged electrostatic interactions between aluminols and metal
acetate salts (Ni(OAc)2, Co(OAc)2). Both catalytic materials, Ni/Hal and Co/Hal, gave different
chemoselectivities towards the reduction of unsaturated functional groups (carbonyl, C=C, nitrile)
under solvent-free conditions, and thus affording selectively added-value compounds depending
on the nature of the metal. In particular, the squalene hydrogenation monitoring permitted to
identify the partial hydrogenated products and estimate the partial turnover numbers and
frequencies, achieving a cumulative TON of 110 and TOF of 151 h™! using the most active catalytic

system, i.e. Ni/Hal.

1. Introduction
First-row transition metals applied in catalytic reactions represent a foremost research field
mainly due to their relatively abundance in comparison with precious metals and distinctive

reactivity, promoting complementary transformations in relation to 4d and 5d counterparts (for
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recent selected reviews, see: !°). Harnessing the sustainability of «light» metals such as lithium,
copper, cobalt or nickel in the context of the current societal energy transition encompasses a
number of environmental and technological challenges, namely ongoing efforts in preserving
natural resources, developing alternative battery technologies and enhancing recycling capabilities
to facilitate their upcycling and further use of these critical materials.® In particular, the
implementation of efficient and sustainable methodologies to recover cobalt’ and nickel® from
spent Li-batteries, together with the advent of nickel- and cobalt-free solid-state and polymer
alternatives’ represents a change of paradigm that ensures not only the sustainability, but also the
provisioning of these metals even in the event of a rise in their long-term demand associated to
low-carbon industries; the market forecast suggests relatively low prices for the near future amid
the three-fold decrease of cobalt prices that occurred in early in 2024, mainly due to oversupply.'®

The reports involving metal nanoparticles applied in catalysis have exponentially grown since
1980s when the relevance of the size on catalytic reactivity was stressed by the researchers (for a
pioneering contribution, see '!), at first mainly involving noble metals but in the last years an
undeniable work in more abundant metals has been devoted (for selected reviews, see: '>1%). In
this frame, selective hydrogenation processes represent a huge interest for both academic purposes
and industrial applications (%2 2!). Among 3d metals, nickel occupies a privileged position in
hydrogenation applications, being Ni-Raney (a Ni-Al alloy) largely applied but due to its easy
deactivation, instability and hazardous issues a plethora of alternative catalysts has been described
in the literature (some of them are commercially available), including well-defined (un)supported
nickel nanoparticles? (for selected reviews, see: 2>2%). Besides, cobalt-based nanoparticle catalytic

materials have been less applied in hydrogenation processes in contrast to its well-known CO-
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promoted reactivity (hydroformylation of alkenes,? Fischer-Tropsch process?”2%), albeit showing
lower activity than nickel.

From an application viewpoint, high metal loadings are preferred with the aim of minimizing
the total amount of catalytic material employed under catalytic conditions; however, when the
metal is present in a relative high proportion to the support, bigger particles are often favored,
generally losing their unique catalytic properties. In particular, high Ni loading (50 wt.% and more)
catalysts supported on SiO2?% % or Al,O3’" 32 for industrial applications have classically been
prepared via precipitation of nickel hydroxocomplexes in the suspension of the support
(homogeneous deposition—precipitation) as reported by Hermans and Geus late in the 60’s.%* Since
then, enhanced methodologies have been developed encompassing in situ formation of nickel
silicates as precursors of Ni nanoparticles ranging from 2-24 nm in size upon reduction (between
450-650 °C), leading to the commercialization of the EuroNi-1 catalyst in the 80’s.3% ¥
Furthermore, the effect of high cobalt loading for supported heterogeneous catalyst both on

alumina and silica supports has been proven to enhance catalytic activity.*3*

3940 in the

Taking into account the prevalence of self-assembled silica-based nanostructures
quest towards the design of environmentally friendly advanced nanocomposites, the unique
nanotubular structure displayed by halloysite, a naturally occurring nanostructured clay, featuring
rolled up aluminosilicate layers of 10—15 nm internal lumen diameter with average tube diameter
of ca. 50 nm and different chemical compositions of the inner/outer surfaces*! offers excellent
means to deposit transition metals (Ru,*> Ag,*>** Au,* Pd,* Ni,*” Co,*® Ni-C00,* Cu-Ni"?) either
via covalent interactions with the silanol-rich surface providing enhanced stability and distribution

51,52

of the resulting hybrid materials, or confined into the nanotube lumen cavities through ionic

interactions,” leading to confinement effects.** The development of synthetic methods to gain
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control not only on the selective deposition but also over fine-tuning particle size and shape, acting
as a template for the growth of transition metal nanoparticles, offers enhanced means to impact the
catalytic activity of the resulting composite nanomaterials through metal-metal and metal-support
synergistic effects.>> >

In the present contribution, the immobilization of N1 and Co nanoparticles into the lumen of the
pristine halloysite nanotubes was successfully accomplished without requiring the presence of
additional stabilizers. The as-prepared catalytic materials were efficiently applied in solvent-free
hydrogenation reactions of biomass-based substrates (o-pinene, ethyl levulinate, furfural, citral),
including substrates coming from industrial wastes, such as squalene from the olive oil production
and unsaturated fatty acids from agri-food and sewage industrial wastes, affording added-value
products. These original catalysts, Ni/Hal and Co/Hal, exhibited specific chemoselectivity,

allowing in particular the synthesis of primary (Co/Hal) or secondary (Ni/Hal) fatty amines from

the hydrogenation of the corresponding nitriles.

2. Experimental section

The general information related to chemicals and instruments is given in the Supplementary
Information.

2.1. Synthesis of Ni/Hal and Co/Hal

A round-bottom flask was charged with the desired metal acetate salt Ni(OAc)2:4H20, 1692 mg,
6.8 mmol; Co(OAc)>, 1200 mg, 6.8 mmol), halloysite (800 mg), EtOH (80 mL) and stirred at room
temperature for 3 h until a homogeneous suspension was formed. The solvent was then removed
under reduced pressure using a rotary evaporator and dried overnight using a vacuum line to obtain

the metal precursor impregnated in halloysite. Then, a freshly prepared solution of NaBH4 (1280
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mg, 33.8 mmol, 5 equiv. in respect to metal loading) in EtOH (80 mL) was added dropwise to a
dispersion of metal salt-impregnated halloysite in EtOH (10 mL) under constant stirring at room
temperature. Upon addition completion, the reaction was stirred at room temperature until no
hydrogen release was observed to give a black suspension. The supernatant solution (containing
sodium borate salts) was removed via cannula filtration and discarded to obtain preformed metal
NPs in halloysite as a black solid. Subsequently, the preformed nanocomposite was transferred to
a Fisher-Porter bottle and the system was purged with Ar prior to the cannulation of degassed
EtOH (80 mL) under Ar 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 black
dispersion was obtained, which was transferred to a Schlenk flask via cannulation under Ar.
Solvent was removed via cannula filtration and the solid was dried overnight under vacuum to
obtain the halloysite supported catalysts M/Hal (M = Ni, Co). Catalysts were stored in the glovebox

prior to use.

2.2. General catalytic hydrogenation procedure

A 4 mL vial was charged with the halloysite-supported catalyst (selected Ni/Hal or Co/Hal
amount as specified in each run), the substrate (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 (TOP Industrie S.A.S.). The septum of the vial was then removed and
the autoclave was immediately purged with Ar at room temperature prior to be charged with H»
(specified pressure in each run). The autoclave was then placed in a pre-heated aluminum block at

the desire reaction temperature on a heating plate equipped with a magnetic stirrer. The reaction
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mixture was heated at the selected temperature for the specified reaction time. The aluminum block
was then removed, the autoclave was allowed to cool down to room temperature and the remaining
hydrogen pressure was smoothly released. The reaction crudes were extracted with 3 x 3 mL of
selected solvent (heptane or CHCI; in the case of nitriles) and the combined organic extracts were
filtered through a PTFE filter (0.22 um) to remove the catalyst. After solvent removal under
reduced pressure, 1 equiv. of the selected internal standard (n-dodecane or dimethylsulfone) was
added. Analysis by GC-FID or 'H NMR in CDCl; was performed for the determination of
conversion, yield and selectivity. 'H and '*C NMR analyses of all organic products were carried
out for characterization purposes without further purification.

Blank control tests in the absence of catalyst were systematically carried out and only unreacted
starting materials were recovered in all cases.

2.3. Procedure for catalyst recycling

Following the general procedure for catalytic reactions, the reaction was prepared with the
desired amount of catalyst (5 mol%, 9.6 mg for Ni/Hal; 10 mol%, 24.2 mg for Co/Hal), squalene
from olive oil (550 mg) and put under the selected conditions (10 bar Hz, 150 °C for Ni/Hal; 40
bar H», 200 °C for Co/Hal) for 2 h. Taking advantage of the magnetic behavior of catalysts, the
reaction crudes were extracted with heptane (3 x 3 mL) using an external magnet to easily separate
the catalyst from the supernatant. After solvent removal under reduced pressure, n-dodecane as
internal standard was added to organics for the determination of yield and selectivity by GC-FID.
The recovered catalyst was dried under vacuum and kept under Ar before each consecutive run.
The loading of fresh squalene substrate (550 mg) was done under ambient conditions. I[CP-AES

analyses of all organic extracts were carried out.
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3. Results and discussion

3.1. Synthesis and characterization of the catalytic materials

Nanocomposites materials based on Ni or Co nanoparticles immobilized on pristine halloysite
nanotubes were prepared by a one-pot two-steps methodology in the absence of additional
stabilizing agents, based on our previously reported methodology;*” *® this approach permits to
fully reduce the corresponding metallic salts, probably generating metal-hydride nanoparticles,
crucial for their catalytic reactivity, as previously proven. From a structural point of view, this
methodology led to the confinement of metal nanoparticles into the lumen of the support
(constituted of alumina groups), in contrast to what is generally observed with transition metals,
where MNPs are adsorbed on the external walls (constituted of silanol groups) of the
unfunctionalized halloysite; actually, this strategy represents the first report on the inner
immobilization of monometallic metal nanoparticles involving non-noble metals (Scheme 1),
other than the bimetallic Ni-Cu nanoparticles in halloysite (for the immobilization of noble metals
into the halloysite nanotubes, see *>46-7-3%) From a mechanistic point of view, it seems plausible
that in a first stage the adsorption of the molecular metal precursor is preferentially done at the
external surface of the halloysite nanotubes (silanols) if it is not polar, e.g. [Ni(cod)],*’ or
[Co2(CO)s];*® or at the internal part (aluminols) for ionic metal precursors, such as the acetate salts
used in this work, taking into account the different ionic/covalent nature of silanols (less ionic)
versus aluminols (more ionic).

Moreover, the as-prepared materials, Ni/Hal and Co/Hal with high metal content (30.6 wt.% Ni
for Ni/Hal and 24.3 wt.% Co for Co/Hal, as determined by ICP-AES; see Table S1 in the
Supplementary Material), enable large-scale applications by minimizing the total mass of the

required catalytic material. However, a significantly better immobilization of nickel than cobalt
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was observed (92% of Ni and 73% of Co deposition). Furthermore, it is important to highlight that
only small amounts of sodium (0.4 wt.%) and boron (0.9 wt.% for Ni/Hal and 0.5 wt.% for
Co/Hal) were detected (arising from NaBH4 used in the synthesis), which reveals the efficiency

of the synthetic methodology for obtaining catalytic materials with marginal contamination.

silica layer

i) NaBH,
Ni(OAc),-4H,0 (5 equiv.)
* or ii) Hy (3 bar
Co(0Ac), 130 %((:, i
alumina layer EtOH
Halloysite (Hal) M/Hal

M = Ni, Co
Scheme 1. Synthesis of the catalytic materials Ni/Hal and Co/Hal, containing Ni and Co

nanoparticles confined in the lumen of pristine halloysite (Hal).

FTIR spectra analyses of Ni/Hal and Co/Hal showed absorption bands in the region of 1650 and
1450 cm™, indicating the presence of acetate groups coming from the starting metallic salts (see
Figures S1-S4 in the Supplementary Information). These anions can not only contribute to the
electrostatic stabilization of metal nanoparticles, but also facilitate the immobilization of the metal
nanoparticles in the halloysite lumen.’® Actually, the ionic environment of the lumen mostly
constituted of aluminols favors the immobilization of metallic salts (in this case metal acetates)
preferentially inside the nanotubes (inner) via electrostatic interactions rather than at silanol outer
surface, the latter presenting a more covalent character, in noticeably contrast to the catalytic
materials prepared from non-ionic organometallic complexes (such as [Ni(cod):2] or [Co2(CO)s])
as metal precursors of MNPs at relative low metal loadings.*”*3

Low-resolution Transmission Electron Microscopy (TEM) analyses of the nanocomposite

catalytic materials showed that halloysite preserved its nanotube structure, without observing
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morphological modifications after metal immobilization (neither by PXRD, see below). Large
metal nanoparticles were observed with mean diameters of 8.2 + 1.7 nm for Ni/Hal and 13.2 +2.4
nm for Co/Hal (Figure 1). The higher load of metal in these materials along with the absence of
stabilizers led to considerably larger nanoparticles in comparison with the Ni- and Co-based
catalysts previously reported by the group with a load of 5 wt.% Ni (5.3 = 1.5 nm)*’ and 5 wt.%
Co (2.9 £ 0.4 nm in the absence of stabilizer; 3.2 + 0.9 nm in the presence of CO and quinidine).*
It is important to mention that the diameter of the halloysite nanotubes was not modified during
the synthesis of the catalytic materials (see TEM analyses in Figures S5-S7 of the Supplementary
Material).

HAADF-STEM (High-Angle Annular Dark-Field-Scanning Transmission Electron
Microscopy) coupled to EDX (Energy-Dispersive X-ray spectroscopy) analyses of Ni/Hal and
Co/Hal showed the presence of the metal along the halloysite nanotubes (Figure 2). With the
purpose of verifying that the metal nanoparticles were mainly located in the inner of the nanotubes,
TEM images series of a selected area were collected with different tilt angles (see Figure S8 in the
Supplementary Information).

To identify the crystalline phases, powder X ray diffraction (PXRD) analyses were performed
for both catalytic materials (see Figures S9-S10 in the Supplementary Information). In addition of
the crystalline structure of halloysite, Ni(0) and Co(0) crystallographic planes corresponding to fcc
crystal structures were identified, exhibiting mean crystallite sizes of less than 2 nm for Ni/Hal
and Co/Hal, respectively. The small crystallite size of both nanocomposite materials compared to
the size determined by TEM (Figure 1) suggests that the nanoparticles observed by TEM are most

likely formed by aggregates of small nanoparticles.
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Figure 1. TEM micrographs and size distribution of catalytic materials: a) TEM micrograph of
Ni/Hal; b) mean diameter and size distribution of Ni/Hal; ¢) TEM micrograph of Co/Hal; d)

mean diameter and size distribution of Co/Hal.
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Figure 2. HAADF-STEM images of Ni/Hal and Co/Hal (top); EDX mapping of Si, Al and Ni for

Ni/Hal (middle); EDX mapping of Si, Al and Co for Co/Hal (bottom).

X-ray photoelectron spectroscopy (XPS) analysis of the as-prepared nanocomposites was
performed to determine the elements present on the catalytic materials and the oxidation states of
the immobilized metal species. The XPS survey of Ni/Hal and Co/Hal showed the presence of Si,
Al, O, C and Na in agreement with PXRD, FTIR and ICP-AES data (see Figure S11-S12 and
Tables S2-S3 in the Supplementary Information). The high-resolution spectrum at the binding
region of Ni 2p showed the presence of Ni(0) (45%) and NiO (42%), with 13% of Ni(OH). (Figure
3a and Figure S13 in the Supplementary Information), similarly to other Ni-based catalysts
prepared by our group.*’-3% %° The analysis at the binding region of Co 2p evidenced that the main
component was Co(0) (86%), along with 14% of mixed cobalt oxide Co3O4 (Figure 3b and Figure

S14 in the Supplementary Information), in agreement with previously reported by the group for
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CoNPs mainly immobilized on the outer surface of the support.*® This structural information is
crucial for applications in hydrogenation processes, taken into account the low activity observed

using Co(II)-based catalytic materials in these processes, as previously proven by our group.*®

a. Ni 2p

Ni metal 45%
NiO 42%
Ni(OH), 13% .

880 875 870 865 860 855 850
Binding energy (eV)

Co2p

Co metal 86%
Co,0, 14%

800 790 780
Binding energy (eV)

810

Figure 3. High-resolution XPS spectrum of: a) Ni/Hal at the binding region of Ni 2p; black, red
and blue continuous traces correspond to Ni(0), NiO and Ni(OH), envelopes respectively, used to
fit the experimental data (dotted line); the fit was carried out on the Ni 2p3,» binding energy; b)
Co/Hal at the binding region of Co 2p; black and red continuous traces correspond to Co(0) and
Co304 envelopes respectively, used to fit the experimental data (dotted line); the fit was carried

out on the Co 2ps3,2 binding energy.
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3.2. Catalytic hydrogenations

The novel catalytic materials, namely Ni/Hal and Co/Hal, were applied in solvent-free
hydrogenation processes of a variety of biomass-based substrates, also including waste from
sewage and agri-food companies.

We selected a triterpene, squalene (1), as benchmark reaction with the aim of comparing the
reactivity of the as-prepared catalysts with respect to the commercially available catalysts used on
an industrial scale (Ni-Clariant® and Ni-BASF®);%! the obtained squalane product (1a) finds
applications as an emollient to soften the skin along with its lipid barrier restoration properties.®
The raw material comes from an industrial process for extracting squalene from waste edible
vegetable oils; it has been further purified in order to remove catalyst poisons (pigments,
hydroperoxides...; see the procedure corresponding to the purification of squalene in the
experimental section of the Supplementary Information). Ni/Hal was active for the conversion of
squalene into squalane under relatively smooth conditions, mainly concerning pressure (10 bar Ha,
entries 1-2, Table 1). However, at 150 °C even though no squalene is present, squalane only
represents ca. 20% of the mixture of products obtained mainly corresponding to those showing
partially reduced C=C bonds (entry 1, table 1). At 200 °C and after 4 h, full conversion and
selectivity towards squalane was observed (entry 2, Table 1). Lower pressure triggered a dramatic
effect on chemoselectivity (only 4% of squalane; entry 3, Table 1). With the aim of reducing the
reaction time applying relatively low temperature, the loading of Ni was increased (up to 5 mol%),
successfully furnishing squalane (entry 4, Table 1). A GC-FID/MS reaction monitoring of
squalene hydrogenation under these conditions (5 mol% Ni loading, 10 bar, and 150 °C) at

different times was conducted to evaluate Ni/Hal catalyst activity (see Figures S21-S30 in the
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Supporting Information). Notably, after 10 minutes the conversion was of 23%, mainly
corresponding to one and two C=C bond hydrogenations (in 75 and 17%, respectively; see Table
S4 in the Supporting Information). Despite the increasing trend in selectivity towards three and
four C=C bond hydrogenations at 20 and 30 min, squalane yield only represented ca. 2%. The
highest TON observed for one and two C=C bond hydrogenations takes place at 60 min (TON =
13 and 6, respectively), whereas at 75 min the highest TON corresponds to three and four C=C
bond hydrogenations (TON = 2.5 and 3.9, respectively). The formation of squalane was significant
(i.e. hydrogenation of the six C=C bonds) after 75 minutes, reaching a steady-state with a constant
TON (20) until reaction completion at 120 min; after 90 min, the preponderant transformation
corresponds to the fifth double bond hydrogenation (5.2 TON and 21 h™* TOF; Figure 4; also see
Table S4 and Figures S31-S33 in the Supporting Information). Overall, the cumulative TON and
TOF for Ni/Hal squalene hydrogenation reached 110 and 150.7 h'!, respectively.

With the aim of comparing the efficiency of Ni/Hal with common catalysts used in industry, i.e.
Ni-Clariant® and Ni-BASF®, we used them for the squalene hydrogenation under the optimized
conditions (entries 5-6, Table 1; see Figure S15 in the Supplementary Information for their TEM
analyses). To our delight, these commercially available catalysts presented the same results under
the selected conditions. With these results in hand, we carried out a scale-up experiment with both
catalysts, Ni/Hal and Ni-Clariant®, starting with 500 g of squalene. The degree of hydrogenation
was comparable for both catalysts, showing a slightly higher iodine value when Ni/Hal was used
(2.1 vs 1.6 g I,/100 g of product, for Ni/Hal and Ni-Clariant® respectively) (see Table S5 in the
Supplementary Information).

1,47, 48

In view of the lower reactivity of Co-based catalysts than the analogous on nicke we used

higher metal loading using Co/Hal as catalyst (10 mol% of cobalt); at 200 °C under 10 bar Ho,
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only 22% conversion was achieved after 4 h, without formation of squalane (entry 7, Table 1).
Increasing the pressure up to 40 bar Ha, the activity and chemoselectivity drastically improved
(entry 8, Table 1). Lower pressure or lower temperature caused an important detrimental effect
(entries 9-10, Table 1). Despite the lower activity of Co/Hal versus nickel catalysts towards
squalene hydrogenation (for Ni/Hal, TON = 20 and for Co/Hal, TON = 10; entries 4 and 8, Table
1)), the harsher reaction conditions applied (higher temperature and pressure) offer an alternative

to the use of Ni in synthetic applications.

Table 1. Catalytic hydrogenation of squalene by Ni- and Co-based catalysts.?

_ _ _ _ H,, [catalyst] j/\/j/\/j/\/\)\/\/w
1 1a
Entry Catalyst M mol% H: T t Conv. (yield)
(M wt.%)P (bar) (°C) (h) Cey

1 Ni/Hal 2.3(0.25) 10 150 4 >99 (19)¢
2 Ni/Hal 2.3(0.25) 10 200 4 >99 (>99)
3 Ni/Hal 2.3 (0.25) 5 200 4 >99 (4)4

4 Ni/Hal 5(0.54) 10 150 2 >99 (>99)°f
5 Ni-Clariant® 5(0.54) 10 150 2 >99 (>99)
6 Ni-BASF® 5(0.54) 10 150 2 >99 (>99)
7 Co/Hal 10 (1.07) 10 200 4 22 (0)¢

8 Co/Hal 10 (1.07) 40 200 2 >99 (>99)°2
9 Co/Hal 10 (1.07) 40 150 2 >99 (3)¢
10 Co/Hal 10 (1.07) 25 200 2 >99 (3)¢

2 Data from duplicated experiments. ® M means metal (Ni or Co); metal loading determined by
ICP-AES. ° Determined by GC-FID using dodecane as internal standard. ¢ The obtained products
mostly correspond to partial hydrogenation of C=C bonds of squalene. * TON = mol of consumed
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substrate/mol of total metal; TOF = (mol of consumed substrate/mol of total metal)/time. f TON =
20; cumulative TON = 110; cumulative TOF = 150.7 h'! (see Table S4). ¢ TON = 10.

100 - B B o= 100
e /’/ :
"//”ﬂ ............ RN ;’{/ -
_go- / . / 80
=X A N
S 60- 7 " . Squalene (—)~ 60 9
D ' m Squalane {—) ;
© m Partial @
g40- hydrogenation 40 5=
8 % products (—)
20- f AN -20
Vv \\\
“nw
0 _‘-: S — T - : : j | .‘_ 0
0 20 40 60 80 100 120
Time (min)

Figure 4. Reaction monitoring of squalene hydrogenation using Ni/Hal (5 mol%) at 10 bar and
150 °C, at different times (10, 20, 30, 60, 75, 90 and 120 min). Squalene conversion (m) and
squalane yield (m) data points were fitted to sigmoid functions (blue-dotted and green-dotted
curves, respectively); the sum of squalene partial hydrogenation intermediates at the
aforementioned time points (m) match the red-dotted curve (resulting from the subtraction of the

green-dotted sigmoid function from the blue-dotted one).

From a synthetic point of view, both catalysts were applied to obtain squalane in quantitative
yields. More remarkable, no metal was detected by ICP-AES on the extracted organic phases,
mostly interesting for applications in cosmetics (see Tables S6 and S7 in the Supporting
Information). But only Co/Hal was robust enough to produce up to 354.6 mg squalane/mg Co
(after four consecutive batch runs), in contrast to Ni/Hal (only 230.5 mg squalene/mg Ni after two
runs), due to the MNPs agglomeration triggering a loss of magnetic properties and thus hampering

an efficient recycling (see Figures S16-S20 in the Supplementary Information).
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We pursued the catalytic assessment of Ni/Hal and Co/Hal applying them in the hydrogenation
of naturally occurring or biomass derived substrates, such as a-pinene (2), ethyl levulinate (3),
furfural (4) and citral (5), bearing different unsaturated functional groups (alkenyl, carbonyl or
ester groups) (Table 2). a-Pinene was hydrogenated mostly affording the added-value cis-pinane
(2a), with a 2a/2b selectivity up to 95%, which represents a highly selective catalytic systems
compared to the literature, most of them using noble based catalysts,** and as good as those based
on nickel.** Both Ni/Hal and Co/Hal were efficient for the hydrogenation of a-pinene (entries 1-
2, Table 2), being more active Ni/Hal than Co/Hal permitting to work under smoother conditions;

however, Co/Hal was slightly more selective towards 2a (92% and 95% 2a/2b selectivity for

Ni/Hal and Co/Hal, respectively).

Table 2. Catalytic hydrogenation of naturally occurring or biomass derivatives.

W W
2a 2b

OH

)\/\H/o\/
(0]

o)

s

(0]

3 H,, [catalyst] 3a 3b
0 Tt o o
L o U/\OH Q/\OH
4 4a 4b
Oﬂ)\/\/k HOM
5 5a
(63% Z-citral / 37% E-citral)
Catalyst H> T t Conv. TOF
Entry Substrate TON¢
(mol%)° (bar) | (°C) | (h) | (yield) (%)° (h'y°
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1 Ni/Hal (5) | 2 10 | 150 | 2 >9Z (291)6)2*" 20 10
2 C?l/gl)al 2 40 | 200 | 2 | (z;))za, 2 8.3 4.1
3 | NiHal(5)| 3 10 | 150 | 4 >993(39g)3a, 20 5

4 C‘E/Sl)ial 3 40 | 150 | 4 >9§8(f,i)3 a, 20 5

5 Ni/Hal 5)| 3 10 | 200 | 18 >9994(36b3)a’ 20 1.1
6 |Ni/Hal(5)| 4 10 | 150 | 18 >9993 (Zb‘;a’ 20 11
7 1\1(‘2/};;‘1 4 10 | 150 | 18 >920(1%)4 2, 40 22
8 Cg’z/?)al 4 40 | 200 | 2 >9ZS99 40 20
9 Ni/Hal 5)| 5 10 | 150 | 2 >9?5;)>99 20 10
10 Cz’l/gl)al 5 40 | 150 |18 | >99f 10 0.5

Data from duplicated experiments. ® Metal loading determined by ICP-AES. ¢ Determined by
GC-FID using dodecane as internal standard. ¢ TON = mol of consumed substrate/mol of total Ni.
¢ TOF = TON/time. " Carried out in heptane, giving a mixture of unsaturated alcohols: 62%
citronellol, 29% geraniol and 10% nerol (see Scheme S1 in the Supplementary material).

The hydrogenation of ethyl levulinate led to a mixture of the alcohol 3a and y-valerolactone
(3b), but both catalysts exhibited different chemoselectivity at short reaction time (4 h): while
Ni/Hal mainly afforded 3a under relatively smooth conditions (entry 3, Table 2), Co/Hal favored
the formation of y-valerolactone (entry 4, Table 2). However, at harsher reaction conditions (200
°C for 18 h), Ni/Hal also gave 3b (94% yield, entry 5, Table 2). The Lewis acidity of the catalyst

not only has an impact on lactone formation but also in terms of sensitivity towards catalyst
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quenching in the presence of EtOH as concomitant product of the reaction, thus enabling Co/Hal
to outperform Ni/Hal despite using milder reaction conditions.

Furfural hydrogenation catalyzed by Ni/Hal and Co/Hal also proved the higher activity of
Ni/Hal compared to Co/Hal (entries 6-8, Table 2), trend that permits to obtain selectively the fully
reduced alcohol 4b with Ni/Hal (entry 6, Table 2) and furfuryl alcohol (4a) with Co/Hal (entry 8,
Table 2).

Citral (mixture of E-citral, named geranial and Z-citral, named neral) was fully reduced to the
corresponding alcohol by Ni/Hal (entry 9, Table 2). However, Co/Hal was only active in the
presence of a solvent (heptane), reducing the carbonyl functional group, but partially reducing the
C=C bonds, yielding a mixture of three alcohols (citronellol, geraniol and nerol; entry 10, Table
2), in agreement with the reluctance observed of Co/Hal towards the C=C hydrogenation for
squalene, a-pinene and furfural (see above).

The selective hydrogenation of nitriles represents a more challenging task, because a mixture of
primary, secondary and tertiary amines can be formed, these last two (including unsaturated ones)
arising from condensation reactions between primary or secondary amines with the nitrile or imine
functional group. In particular, the formation of primary fatty amines is of great industrial interest
(as corrosion inhibitors, surfactants for textile softeners, detergents, and high energy density
materials).%® For that purpose, we have evaluated nitriles bearing long carbon chains (C6-C18), i.e.
hexanenitrile (6), lauronitrile (7) and stearonitrile (8). To our delight, we selectively obtained
secondary amines using Ni/Hal as catalyst and primary amines with Co/Hal (Table 3), working
under solvent-free conditions and without requiring any additive such as ammonia.®® ¢’ For
comparative purposes, we evaluated the catalytic behavior of the commercially available catalyst

Ni-Clariant® obtaining an undoubtedly lower chemoselectivity in comparison with Ni/Hal (entry
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7 vs 3, Table 3). The excellent selectivity towards primary fatty amines using the Co/Hal catalytic
system described herein is comparable to heterogeneous ruthenium—tungsten catalyst on a spinel
support (RuWOx/MgAl,04),%® or molecular Ru coordination complexes (Ru-MACHO and Gusev
catalysts).%” However, Ni/Hal shows better selectivity towards secondary amines than noble metal

catalysts (Ru, Pd, Pt) described in the literature.®’

Table 3. Catalytic hydrogenation of fatty nitriles by Ni- and Co-based catalysts.*

NP g T o
6 6a 6b
MN _ [catalys] g T o W S
H, (40 bar)
7 7a 7b
150 °C, 4 h
_N
W /(/\)I?/\NHZ /(/\)‘]}/\NH/\/%
8 8a 8b
Entry | Catalyst | Substrate Conversion Selectivity TON! TOF
(5 mol% (%)° (a/b)° (h'hye
metal )
1 Ni/Hal 6 98 0/92f 19.6 4.9
2 Co/Hal 6 99 90/9 19.8 5.0
3 Ni/Hal 7 98 4/96 19.6 4.9
4 Co/Hal 7 97 92/6 19.4 4.9
5 Ni/Hal 8 99 0/100 19.8 5.0
6 Co/Hal 8 99 94/3 19.8 5.0
7 Ni- 7 99 0/64# 19.8 5.0
Clariant®

@ Data from duplicated experiments. ® M means metal (Ni or Co); metal loading determined by
ICP-AES. ¢ Determined by '"H NMR using dimethylsulfone as internal standard. ¢ TON = mol of
consumed substrate/mol of total Ni. ¢ TOF = TON/time. f 8% of unsaturated secondary and tertiary
amines (both saturated and unsaturated ones); see Table S8 in the Supplementary Information. &
36% of saturated tertiary amine.
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Moreover, the as-prepared catalysts were applied to the upgrading of fatty acid mixtures coming
from industrial wastes, namely from agri-food sector (in particular from the duck industry) and
wastewater treatments via hydrogenation, with the aim of obtaining more stable saturated fatty
compounds. The fatty acid composition of the raw materials is reported in Tables S9-S10 in the
Supplementary Information. The selected wastes were esterified with ethanol to obtain the
corresponding ethyl ester derivatives, which are not corrosive under H» pressure and high
temperature in contrast to the analogous carboxylic acids, leading to waste 1 and waste 2 mixtures,
used as raw materials for the hydrogenation study (Table 4). Both catalysts led to fully
hydrogenated mixtures, being more active the Ni-based catalyst (entries 1 and 3 vs 2 and 4, Table
4; for the composition of the obtained products for each catalyst, see Table S11 in the
Supplementary Information).

Furthermore, Ni/Hal and Co/Hal were also applied in the hydrogenation of olive oil
triglycerides (for its composition, see Table S12 in the Supplementary Information), furnishing
fully hydrogenated triglycerides of particular interest as emollients and surfactants broadly used
in detergents and cosmetic formulations (C18:0, 91%; C16:0, 8%, see Scheme S2 in the

Supplementary Information).”
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Table 4. Catalytic hydrogenation of industrial wastes.*

. H,, [catalyst] M}k
Agri-food waste __ 12, LVGEIYSH
(waste 1) O/\

=14,16

Wastewater ~ _ Ha, [catalyst] Mﬂ\
(waste 2) o™

m =12, 14, 16, 18, 22

Entry | Catalyst Raw H> T t | Conv. | TON® | TOF®
material (%)
(mol%)° (bar) | (°C) | (h)

1 Ni/Hal | waste 1 10 150 | 2 | >99¢ 20 10
(5)

2 Co/Hal | wastel | 40 | 200 | 4 | >99" 10 2.5
(10)

3 Ni/Hal | waste 2 10 150 | 2 96 19.2 9.6
(5)

4 Co/Hal | waste 2 40 200 4 >99 10 2.5
(10)

a Data from duplicated experiments. ® Metal loading determined by ICP-AES. ¢ Conversion
stands for the percentage of the C=C bonds hydrogenated; determined by GC-FID using dodecane
as internal standard. ¢ The composition of the products is collected in Table S11 in the
Supplementary Information. ¢ TON determined as mol of consumed substrate/mol of Ni. © TOF
determined as TON/time (h). ¢ After 1 h of reaction, 70% conversion. " After 2 h of reaction, 55%
conversion.

Conclusions

Herein, we report the preparation of innovative cobalt and nickel nanocomposite materials with
high metal loading (>24 wt.%) immobilized into the inner tubes of unfunctionalized halloysite,
exhibiting worthy catalytic activity towards hydrogenation reactions of biomass substrates and
industrial wastes. The materials were prepared without addition of stabilizers, leading to metal

nanoparticles confined within the halloysite support lumen. Indeed, the electrostatic interactions
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between aluminols and metal acetate salts played a crucial role in the immobilization affording
aggregates of ca. 8 nm and 13 nm mean diameters for Ni/Hal and Co/Hal nanocomposites,
respectively; albeit crystallites of less than 2 nm were determined by PXRD. Thus, the covalent
nature of silanol groups present on the outer surface of halloysite nanotubes versus the ionic
character of aluminols in the nanotube lumen can be exploited in terms of metal precursors of
choice to gain either the immobilization of neutral organometallic complexes on the outer nanotube
surface via Van der Waals interactions,*® or lumen immobilization of cationic metal salts mainly
enabled by ionic interactions. The catalytic materials, Ni/Hal, and Co/Hal, exhibited
complementary chemoselectivities in reducing unsaturated functional groups, resulting in
selectively added-value compounds based on the choice of metal used. Despite both Ni/Hal and
Co/Hal nanocomposites showed comparable selectivity towards the hydrogenation of C=C bonds,
albeit Ni-based catalyst being able to fully hydrogenate furfural into tetrahydrofurfuryl alcohol,
whereas Co-based catalytic material was selective in reducing the aldehyde function towards
furfuryl alcohol (leaving the furane ring untouched); the most striking chemoselectivity trend was
observed in the hydrogenation of nitriles. Thus, a high selectivity towards monoalkylamines could
be obtained with Co/Hal, whereas the corresponding dialkylamines could be obtained using
Ni/Hal, probably due its higher Lewis acidity. This differential reactivity between both metal-
based catalytic materials can presumably be related with the important difference of the
nanoparticles mean size (8.2 nm for Ni/Hal vs 13.2 nm for Co/Hal), prompting an important
decrease of the active sites per particle in the case of the cobalt material.
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