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ABSTRACT: Nature uses enzymes to dissociate and transfer H, by
combining Fe®* and H' acceptor/donor catalytic active sites.
Following a biomimetic approach, it is reported here that very small
oxide nanoparticles (2.0 + 0.5 nm) supported on
slightly acidic inorganic oxides (nanocrystalline TiO,, ZrO,, ZnO)
act as bifunctional catalysts to dissociate and transfer H, to alkynes
chemo- and stereoselectively. This catalyst is synthesized by
oxidative dispersion of Fe’ nanoparticles at the isoelectronic point
solid catalyzes not only, in

planar Fe***

2+,3+

of the support. The resulting Fe

H, (10 bar)
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batch, the semihydrogenation of different alkynes with good yields but also the removal of acetylene from ethylene streams with
>99.9% conversion and selectivity. These efficient and robust non-noble-metal catalysts, alternative to existing industrial
technologies based on Pd, constitute a step forward toward the design of fully sustainable and nontoxic selective hydrogenation

solid catalysts.
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1. INTRODUCTION

Metal-catalyzed alkyne semihydrogenation is a key industrial
reaction to manufacture polymer-grade alkenes' and, in general,
to synthesize new chemicals, pharmaceuticals, and some natural
products with stereodefined alkene functionalities.”* Zerovalent
Pd, Pt, and Ni compounds are, by far, the most used catalysts
for these transformations despite the relative toxicity, low
abundance, limited access, and high prices associated with these
metals, particularly the Lindlar and related catalysts based on
lead-poisoned Pd metal supported on inorganic oxides.”> All
these drawbacks would be solved by the use of first-row early-
metal catalysts, particularly metallic Fe’, the most earth-
abundant and nontoxic early transition metal,’ in contrast to
the less abundant and more toxic Ni. However, Fe’ generally
catalyzes the hydrogenation of alkynes all the way to alkanes,
without stopping at the intermediate alkene, even with
supported” or unsupported® Fe’ NPs. In order to achieve the
semihydrogenation of particular alkynes, subnanometer ligand-
free,’ ligand-stabilized,10’11 or intermetallic'* Fe® catalysts must
be employed.

In contrast to the aforementioned Pd, Pt, Ni, or Fe electron-
rich catalysts, Nature makes use of a family of enzymes called
hydrogenases,"” with catalytic Fe** centers and H" acceptor/
donor sites, to activate and transfer H,, as is shown in Figure 1.
This assisted mechanism has been successfully mimicked in the
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Figure 1. Structures of (a) the catalytic active site of [FeFe]
hydrogenases, (b) an Fe complex that catalyzes the semihydrogenation
of alkynes, and (c) inorganic oxides containing Fe>** (this work). The
assisting donor/acceptor catalytic sites are shown in red.

laboratory for the semihydrogenation of alkynes with catalytic
Fe* complexes, where the ligands exert an acceptor/donor
function."* However, Fe** complexes are relatively expensive,
nonrecoverable, and unsuitable for in flow applications, which
severely hamper their application in industrial processes.
Following this rationale, a more practical, cheap, and nontoxic
biomimetic hydrogenation catalyst would consist, ideally, of a
ligand-free Fe**" compound supported on a simple solid able to
exert the assisting function.
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Figure 2. (top) Synthesis of nFeOx-supported materials. (middle) (a) Representative bright-field high-resolution aberration-corrected transmission
electron micrograph (HR-TEM) of the 0.5 and 1.0 wt % nFeOx-TiO, samples with the corresponding digital diffraction pattern (DDP) as an inset,
(b) representative bright-field high-resolution aberration-corrected transmission electron micrograph (HR-TEM) of 7.0 wt % nFeOx-TiO,, and (c)
DDP of a medium-magnification area covering a huge number of crystallites, where the position of the diffraction rings corresponding to anatase and
Fe-bcc are marked with white and red dashed lines, respectively. (bottom) Mapping of three different nFeOx-TiO, samples by X-ray energy
dispersive spectroscopy (X-EDS) working in scanning transmission electron microscopy/high-angle annular dark-field mode (STEM-HAADF).

Here, it is shown that a bifunctional Fe*** solid catalyst for
the semihydrogenation of alkynes can be obtained by a
nonconventional synthetic method based on the redox
interaction of zerovalent iron NPs (nZVI)'® with inorganic
oxides at the isoelectronic point. The resulting material is
composed of planar monolayers of Fe oxide NPs (nFeOx)
around 2.0 + 0.5 nm high covering the inorganic oxide surface.
The particularly small size and planar morphology of the nFeOx
units maximizes both the number of uncoordinated Fe cations
of the NP exposed to reactants and the contact surface with the
support, to give a bifunctional material able to dissociate H, and
catalyze the chemo- and stereoselective semihydrogenation of
alkynes in batch or in flow, including the semihydrogenation of
acetylene in ethylene-rich streams, with >99.9% conversion and
selectivity.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of the Catalysts.
The incorporation of Fe** and Fe®* atoms in inorganic oxides
has been carried out to date by a plethora of methods including,
mainly, coprecipitation,17 deposition—calcination,18 and iso-
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morphic substitution.'” In all these cases, Fe tends to overlay at
loadings >1 wt % or to be included within the oxide framework,
which severely limits the access of reagents to potential Fe
catalytic sites.”” However, in the particular case of TiO,, three
apparently unconnected issues reported in the literature
coincide here to open up the possibility of a conceptually
new synthesis of Fe-TiO, with highly accessible Fe atoms at the
interphase of the support.21 First, the energy of formation of
Fe’—O—Ti bonds is quite similar to that of Fe’—Fe® bonds in
clusters,” in contrast to those of more oxidizing early first-row
transition metals or less oxidizing late-transition-metals; thus,
the smooth addition of preformed nZVI onto TiO, may cover
the TiO, surface with flat layers of Fe” units. Second, nZVI on
TiO,, free of stabilizing agents, rapidly reoxidizes to Fe*" and
Fe** oxides after air exposure, without the formation of Fe’
cores, provided that the NPs are small enough.”® Thus, the flat
Fe® NPs formed on TiO, with nZVI should rapidly oxidize to
nFeOx. Third, the isoelectronic points in water of nZVI (pH
~8) and TiO, (pH ~6) fit well in maximizing the rate of
deposition of Fe atoms on the TiO, surface under ambient
aqueous conditions.”* With these three properties in hand, the

DOI: 10.1021/acscatal.7b00037
ACS Catal. 2017, 7, 3721-3729


http://dx.doi.org/10.1021/acscatal.7b00037

ACS Catalysis

Research Article

possible addition/oxidation of nZVI to high-surface-area
nanocrystalline TiO, pure anatase phase (110 m* g™', ~10
nm average size) was tested in water under open-flask
conditions.

Figure 2 (top) shows that nZVI of ~14 nm average size can
be prepared'® from Fe salts and added as an aqueous dispersion
to TiO, at room temperature with stirring. A complete set of
conditions with different Fe salts and supports and a brief
discussion on the possible role of the organic stabilizer can be
found in Figure S1 in the Supporting Information, with the
experimental details. Visually, it is observed that the black nZVI
progressively disappears from the dispersion and, at the same
time, TiO, becomes yellowish brown. After 18 h, the solid is
recovered by filtration and washed with water. Analyses by
inductively coupled plasma-mass spectroscopy (ICP-MS) of the
different nFeOx-TiO, materials prepared with increasing
amounts of nZVI show that the nominal amount of Fe
employed during the synthesis is fully incorporated into the
final solid, up to S wt % of Fe (Figure S2 and Table S1 in the
Supporting Information), and then the efficiency of incorpo-
ration drops to achieve a maximum of 7 wt % of Fe. As noted in
section 1, thermodynamics plays a key role in this process and,
thus, a mechanism similar to that of Ostwald ripening may be
operating here. Elemental analysis showed that the original
carbon content in nZVI (2%), corresponding to the stabilizing
agent citric acid, drops to nearly 0 in the nFeOx-TiO, material.
Quantitative X-ray photoelectron spectroscopy (XPS) of 7.0 wt
% nFeOx-TiO,, after deconvolution, shows two peaks in a
59:41 ratio with binding energies assignable to Fe®'/Fe?*
oxides, respectively, and without any trace of Fe’ (Figure S3
in the Supporting Information). Tiypi, XPS measurements
show that Ti*" is the only present Ti species, without any signal
of Ti** (Figure S4 in the Supporting Information),” and
Brunauer—Emmett—Teller (BET) surface measurements of the
material give Sgpr = 111.38 m* ¢! (Figure SS in the Supporting
Information), nearly identical with that of the original TiO,
material. These results support the success of the oxidative
incorporation of nZVI on TiO, without changing the native
structure of the support.

Bright-field, high-resolution aberration-corrected transmis-
sion electron micrographs (HR-TEM) of the nFeOx-TiO,
materials are also shown in Figure 2. For all of these solids,
TiO, nanocrystals assembled into large bunches of randomly
oriented units can be observed, with digital diffraction patterns
(DDPs) that correspond to the crystalline anatase phase (see
Figure S6 in the Supporting Information for the view along the
[011] axis). The fraction of rutile phase on the TiO, crystallites
is nearly negligible (Figure S7 in the Supporting Information).
Unfortunately, the presence of Fe crystalline phases for the 0.5
and 1.0 wt % Fe-TiO, materials was not detected with this
technique, even when they were recorded at higher
magnifications, since no double-diffraction Moire-like contrasts
were found.”® In contrast, when the high-loaded 7.0 wt %
nFeOx-TiO, catalyst was analyzed, the presence of very small
FeOx NPs could clearly be observed (Figure 2 middle center;
see also Figure S8 in the Supporting Information). With the
hope of finding Fe on the low-loaded samples in bright-field
mode, the study was expanded to a huge number of nanosized
TiO, crystallites at medium magnifications, but only the rings
of reflections of the anatase phase were found in the DDPs,
without any reflection that could be assigned to Fe (Figure 2
middle right; see also Figure S9 in the Supporting
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Information). These results suggest that Fe is in a very tiny,
probably subnanometer form in the low-loaded samples.

The spatial distribution of Fe in all of the samples could
finally be unveiled by scanning transmission electron
microscopy (STEM) using both X-ray energy dispersive
spectroscopy (STEM-XEDS) and high-angle annular dark-
field imaging (STEM-HAADF). For that, low voltage, high
current, and a sub-angstrom size electron probe were required
in order to minimize electron beam damage effects while still
maintaining a good signal to noise ratio and high spatial
resolution. Figure 2 (bottom) compares the Fe (Ka,f), Ti
(Ka,f), and composite Fe/Ti element distribution maps for
three different nFeOx-TiO, samples (see Figures S10—S15 in
the Supporting Information for details). Note that Fe is clearly
identified in all of the maps as isolated atoms, subnanometer-
sized patches, or flat nanoparticles depending on the Fe wt % of
the sample, covering to a large extent the surface of the support
TiO, crystallites. The absence of any contrasts for 3D type
FeOx nanoparticles in the HR-TEM images supports a planar
morphology. Further analytical results in this STEM study
(Figures S16 and S17 in the Supporting Information) confirm
that the presence of Fe in the maps is not due to artifacts
introduced during the acquisition of the X-EDS signals, since
the areas depicting low intensities in the Fe maps show a small
Fe Ka peak at 6.4 keV, which drops down to the noise level in
areas where the map shows no Fe. The quantitative analysis of
the samples using z factors,”” which is crucial to quantify light
elements such as O by enabling X-ray absorption correction
with simultaneous computation of the composition and mass
thickness, gave Fe loadings of 0.53 + 0.02, 0.8 + 0.2, and 6.98
+ 0.02 wt %, respectively, for the three solids, very close to
nominal loading and, thus, providing reliability to the Fe maps.

X-ray diffraction (XRD) of nFeOx-TiO, shows peaks
corresponding to the anatase phase without any peak for the
rutile phase (Figure S18 in the Supporting Information), in
accordance with the HR-TEM micrographs, and no FeO
diffraction peaks were found even for a 7.0 wt % nFeOx-TiO,
sample. Reflectance-diffuse ultraviolet—visible spectroscopy
(RDUV-vis) shows the typical band for an anatase TiO,
phase with a small band in the visible area that corresponds
to nFeOx, without any shift that could be assigned to doping
atoms (Figure S19 in the Supporting Information). These
results somewhat validate the microscopic images in Figure 2
and also support that nFeOx-TiO, is composed of planar
nFeOx supported flat on the anatase NPs, without significant
3D Fe structures or isomorphic substitution of Ti by Fe atoms,
since no rutile phases are gresent according to the different
characterization techniques.”® However, it must be noted that
an amorphous structure of FeO is very likely under these
conditions because of the low-temperature oxidation of Fe and,
thus, plays a role among the FeO species observed.

With the aim of further simplifying the synthesis of nFeOx-
TiO, and in order to bypass the isolation of nZVI, a one-pot
procedure from Fe salts, NaBH,, TiO, and the corresponding
organic stabilizer was attempted. The results showed that a
material nearly identical with that starting from nZVI was
obtained. ICP-MS measurements showed that, as occurs in the
two-step procedure, Fe is fully incorporated in the material up
to 5.0 wt % (Table S1 in the Supporting Information), and
elemental analyses confirmed the near absence of residual
boron and organic stabilizers in the solid, with a boron and
carbon content <1% of that originally introduced during the
synthesis (Table S2 in the Supporting Information). These
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entry support Fe precursor (supported Fe (wt %)) reductant/stabilizer T (°C)/time (h) conversn of la (%) selectivity to 2a (%)
1 TiO, FeCl, (7.0) NaBH,/citric acid 150/4 100 93
2 FeCl, (0.5) NaBH,/citric acid 150/4 100 SS
3 FeSO,7H,0 (0.5) NaBH,/PVP 150/4 95 91
4 FeSO,xH,0 (0.5, 99.999%) NaBH,/citric acid 150/4 100 91
S FeCl, (5.0) NaBH,/citric acid 100/20 100 83
6 FeCl, (1.0) NaBH,/citric acid 100/20 100 44
7 FeCl, (0.5) NaBH,/citric acid 100/20 100 S
8 FeCl, (0.5) H,/— 100/20 100 10
9 FeSO,7H,0 (0.5) H,/— 100/20 100 54
10 ZrO, FeCl, (7.0) NaBH,/citric acid 150 100 70
11 FeSO,-7H,0 (0.5) NaBH,/citric acid 100/20 100 72
12 FeSO,xH,0 (0.5, 99.999%) NaBH,/PVP 100/20 100 94
13 FeSO,-7H,0 (0.5) H,/— 100/20 100 43
14 ZnO FeCl, (0.5) NaBH,/citric acid 100/20 89 82
15 FeSO,-7H,0 (0.5) NaBH,/citric acid 100/20 68 71
16 FeSO,7H,O0 (0.5) NaBH,/PVP 100/20 87 97
17 FeCl, (0.5) H,/— 100/20 2 80
18 FeSO,-7H,0 (0.5) H,/— 100/20 28 85
19 SiO, FeCl, (0.5) NaBH,/citric acid 100/20 <5
20 FeSO,-7H,0 (0.5) NaBH,/PVP 100/20 <5
21 FeCl, (0.5) H,/— 100/20 <5
2 FeSO,-7H,0 (0.5) H,/— 100/20 <
23 AlLO; FeCl, (0.5) NaBH,/citric acid 100/20 <S
24 FeSO,-7H,0 (0.5) NaBH,/PVP 100/20 <5
25 FeCl, (0.5) H,/— 100/20 <5
26 FeSO,-7H,0 (0.5) H,/- 100/20 <5
27 MgO FeCl, (0.5) NaBH,/citric acid 100/20 36 80
28 FeSO,7H,0 (0.5) NaBH,/citric acid 100/20 <5
29 FeCl, (0.5) H,/— 100/20 <5
30 FeSO,-7H,0 (0.5) H,/— 100/20 18 8s
31 charcoal FeCl, (0.5) NaBH,/citric acid 100/20 <5
32 FeSO,-7H,0 (0.5) NaBH,/PVP 100/20 <5
33 FeCl, (0.5) H,/— 100/20 <5
34 FeSO,-7H,0 (0.5) H,/— 100/20 <5

analyses also revealed that ~0.05 wt % of hydrogenating metals
such as Pt and Rh were present in the final material,
incorporated as impurities from the Fe salt. To discard any
catalytic activity of the precious metals during the hydro-
genation reactions, a sample of nFeOx-TiO, starting from
ultrapure >99.999% FeSO,xH,O was prepared, and the
corresponding ICP-MS confirmed the absence of noble metals
up to the detection limit of the technique (<10 parts per
million (ppm)).

Once TiO, was successfully employed as support for the
synthesis of planar nFeOx species, our attention turned to
ZrO,, which may also be a suitable support for Fe. The
synthesis of the corresponding nFeOx-ZrO, solids was carried
out, and characterization by XPS (Figure S20 in the Supporting
Information),”* XRD (Figure S21 in the Supporting
Information), and RDUV—vis (Figure S22 in the Supporting
Information) strongly supports the formation of a material
similar to nFeOx-TiO,, regardless of the Fe salt or organic
stabilizer employed. The only difference found with TiO, was a
slightly higher amount of Fe** (Fe**:Fe’* = 21:79) by XPS. A
sample with ultrapure >99.999% FeSO,xH,0 was also
prepared.

For the sake of comparison and in accordance with the
literature, Fe oxide NPs of larger size supported on TiO, and
ZrO, were prepared by a typical impregnation/calcination
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procedure, and a representative XRD confirms the formation of
the larger FeO, NPs (Figure S23 in the Supporting
Information). A loss of ~50% of surface area for TiO, occurs
during the calcination procedure, in contrast to the synthesis of
nFeOx-TiO, (compare Figures $24 and S2S in the Supporting
Information). Finally, other supports such as ZnO, SiO,, AL,O;,
MgO, and charcoal were also submitted to the oxidative
dispersion method, shown here, as well as to the classical
calcination procedure (Figure S25). All of these materials,
regardless of the synthetic procedure and the Fe precursors,
show an Fe loading that correlates well with the nominal
amount of Fe employed during the synthesis, according to ICP-
MS measurements (Table S1 in the Supporting Information).

2.2. Catalytic Results for the Semihydrogenation of
Different Alkynes in Batch. Table 1 and Scheme 1 show that
1-dodecyne 1a is hydrogenated under 10 bar of H,, at 100—150
°C, when S mol % with respect to Fe of nFeOx-TiO, (entries

Scheme 1. Hydrogenation of 1-Dodecyne 1a with Different
Fe-Solid Catalysts

Fe-solid (5 mol% .
/(/\)N ( o) /(49\/
H, (10 bar) )
1a Mesytilene (0.25 M) a
100-150 °C, 4-20 h
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Table 2. Results for the Reaction in Scheme 2

Entry Alkyne Support | Conversion | Selectivity Conv/Select with
of 1 (%) to 2 (%) Lindlar’s catalyst (%)
1 = TiO, 100 67 90 / 94 [Ref. 4f, 4h]
1b
2 i \/& 84 89 >95/ >95 [Ref. 4f, 4i%]
1c
3 O 100 86 100/ 85 [Ref. 4i°]
=Z
J w
4 = 100 68 >95/ >95 [Ref. 4f, 4h,
4i°]
1e
5 = 80 91 -
O,N 1f
6 = Zr0, 100 50 100/ 97 [Ref. 4i%]
o 1g
7 =z 100 69 100 / 97 [Ref. 4€°]
H
1h
[e]
8 = TiO, 98 99 100 / 92 [Ref. 4i%
9 " Zr0o, 84 99
cl
10 = TiO, 72 95 100 / 92 [Ref. 4i%
11 Zr0, 98 96
Br 1j
12 W TiO, 100 98 >99 [Ref. 4a, 4g]
1k
13 O 82 91 95 / 96 [Ref. 4b, 4h]
Z
or
14 = 78 81 92/80 [Ref. 4h]
1im
15 2 100 78 92/80 [Ref. 4h]
1n
16 = 100 >99 100 / 96 [Ref. 4b]
10
17 /\/\/ 100 >99 100 / 96 [Ref. 4b]
1p

“Related Pd-supported catalysts.

1-9), nFeOx-ZrO, (entries 10—13), or nFeOx-ZnO (entries
14—16) is employed as a catalyst. A lower pressure of H,,
temperature, or catalytic amount of Fe gives <50% of
hydrogenation. In contrast, FeOx supported on SiO, (entries
19-22), ALO; (entries 23—26), MgO (entries 27—30), and
charcoal (entries 31—34) give only a marginal catalytic activity
even under the optimized reaction conditions. Remarkably, the
hydrogenation is selective to the alkene up to 98% only when
the nFeOx-solids are prepared by the oxidative dispersion
method, including the ultrapure Fe samples (see entries 1, 3, 4,
12, and 16, in boldface). In contrast, the Fe-supported catalysts
prepared by the impregnation/calcination method on the active
inorganic oxides give dramatically lower catalytic activities and
selectivity (entries 8, 9, 13, 17, and 18). Bare supports treated
identically to the Fe-supported catalysts, with NaBH, or H, but
without Fe precursors, give no catalytic activity.

Table 2 and Scheme 2 show the scope of alkynes for nFeOx-
TiO, and nFeOx-ZrO, (7.0 wt %) catalysts, and the results
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Scheme 2. Semihydrogenation of Alkynes 1b—p with nFeOx-
TiO, or nFeOx-ZrO, (7.0 wt %) Catalysts

nFeOx-TiO,
or -ZrO; (5 mol%) H _ H

H; (10 bar) R R'
Mesitylene (0.25 M) 2b-p
100°C, 20 h

R—==—R' + H,
1b-p

show that the semihydrogenation of terminal aromatic alkynes
(entries 1—11), aliphatic bis-alkynes (entry 12), and internal
alkynes (entries 13—17) occurs chemo- and stereoselectively to
the corresponding alkenes 2b—p in very good yields and
selectivity to the Z product in all cases, and other reducible
functionalities such as nitro (entry S), aldehyde (entry 7), and
halide (entries 8—11) are tolerated. No further hydrogenation
to the alkane product, either double bond isomerization to (E)-
alkene or olefin migration along the alkyl chain, was detected at
the end of the reaction, even after prolonged reaction times.
The selectivity is, in some cases, hampered by the polymer-
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pressure. The first point corresponds to 1 min reaction time.
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Figure 4. Initial rates for the hydrogenation of 1a catalyzed by nFeOx-TiO, plotted vs (a) catalyst amount, (b) reagent concentration, and (c) H,
pressure. (d) Intrinsic initial rate per surface Fe atom (turnover frequency, TOF) plotted vs Fe loading in the solid catalyst.

ization of the alkene and/or by the hydration of the alkyne to
the corresponding ketone, catalyzed by the solid acid material
containing some water. In addition to that, as also shown in
Table 2, it must be recognized that Lindlar-type catalysts
reported in the literature are much more selective and work
under milder reaction conditions for these substrates.

nFeOx-TiO, was compared under the optimized reaction
conditions with well-known Pd and Au hydrogenating catalysts
supported on TiO,, and the results (Figure S26 in the
Supporting Information) show that nFeOx-TiO, is significantly
much more selective toward alkenes than Pd-TiO, or Au-TiO,.
Note that the alkyne to alkene selectivity reported fhere or
nFeOx-supported catalysts is orthogonal and complements the
chemoselective hydrogenation of nitroarenes with other Fe-
supported solids."”

2.3. Catalytic Results in Flow for the Semihydroge-
nation of Acetylene. Raw ethylene produced by pyrolysis of
hydrocarbons contains up to 1% of acetylene, and this content
must be reduced to <S parts per million (ppm) during the
manufacture of polymer-grade ethylene, since higher levels of
acetylene either poison or form explosive acetylides with the
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metal polymerization catalysts. Currently, the semihydrogena-
tion of ethylene is carried out with Pd supported on ALO;,
modified with Ag, K, Pb, or Au additives, not only to control
the hydrogenation activity of Pd but also to inhibit the potential
deactivation of Pd by other molecules present in the gas stream,
particularly carbon monoxide (CO).”* These state of the art
catalysts operate in a wide window of temperatures to resist
potential runaways during the process, typically from <100 to
150 °C, and give an ethylene purity of >99.90%. Alternative
catalysts based on non-noble metals supported on inorganic
oxides have been developed, but they operate at >250 °C with
lower catalytic efficiency, often reducing acetylene to a level of
only 0.05%.”"

The nFeOx-supported catalysts developed here may catalyze
the semihydrogenation of acetylene within the parameters of
activity and selectivity required industrially and, potentially,
circumvent CO poisoning due to the cationic nature of Fe.””
Figure 3 shows that, indeed, nFeOx-TiO, (7.0 wt % Fe)
operates in flow to reduce the amount of acetylene on stream
from 1% (10000 ppm) to <100 ppm with <0.2% of ethane
generated. In addition, the reaction temperature can be
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switched from 115 to 165 °C (Figure S27 in the Supporting
Information) with a similar acetylene conversion and
maintainance of the generation of ethane below 0.1%, which
gives >99.9% ethylene at the reactor exit. These reaction
conditions open a reasonable window of temperatures to
operate the process and control the thermal runaways with the
nFeOx-TiO, catalyst, while giving ethylene product with very
nearly polymer grade specifications. These results constitute a
step forward toward the design of efficient, robust, and versatile
catalysts based on non-noble-metal catalysts that operate at
temperatures <150 °C in acetylene converters.

2.4. Nature of the Fe Active Catalytic Species and
Mechanism of the Semihydrogenation Reaction. Figure 4
shows the variation of the initial rate with the amount of
reagents for the hydrogenation of 1a catalyzed by nFeOx-TiO,
(7.0 wt % Fe) at 150 °C, and the results show that both
reagents and catalyst intervene in the rate-limiting step of the
reaction. The rate variation gives a straight line with [catalyst], a
volcano-type curve with [alkyne], and a sigmoidal curve with
P(H,). These experimental results discard an Eley—Rideal
mechanism where just one of the reactants adsorbs and reacts
on the catalyst; thus, Langmuir—Hinshelwood/Hougen—
Watson (LHHW) models involving the adsorption of the
two reagents must be invoked. When one compares the curves
in Figure 4 with the theoretical curves for the most probable
LHHW models (Figure S28 in the Supporting Information),
the best-fitted model to the experimental results obtained is
that having one site on which the alkyne and H, competitively
adsorb and a second site on which only the alkyne adsorbs. A
possible assignation of the reaction orders for each reactant,
according to the experimental curves obtained, is order 1 for
the alkyne at low concentrations and —1 at high concentrations,
order 1 for H, after an induction period and then 0 at high
concentrations, and order 1 for the catalyst in all the ranges of
concentrations studied. These reaction orders are in good
accordance with the best-fitted LHHW model for two catalytic
sites and explain the inflections in the experimental curves of
the alkyne and H, in Figure 4: since the alkyne necessarily
adsorbs more strongly than H, on the acid-type catalytic sites of
nFeOx-TiO,, H, adsorption becomes productive and over-
comes the blockage of the active site by the alkyne only at
relatively high pressures, which explains the sigmoidal curve for
H,. Nevertheless, higher concentrations of alkyne irremediably
poison the catalytic site for H,, which explains the volcano-type
curve for the alkyne. It is known, and it was experimentally
observed here under the reaction conditions in Table 1, that the
Bronsted acidic M—OH sites present in nFeOx-TiO, nFeOx-
ZrO,, and also in the bare supports TiO, and ZrO, isomerize
unsaturated C—C double bonds in the absence of H,, with a
higher isomerization rate for the supported nFeOx solids. Thus,
one can assign the adsorption of alkynes to the Bronsted sites
present in nFeOx-TiO, and, by elimination, the sites that
competitively adsorb alkyne and H, must be present in nFeOx.
These results strongly support the initial hypothesis of a
cooperative mechanism between nFeOx and the support.

XPS measurements of nFeOx-TiO, under H, at 150 °C show
that the relative population of Fe®* with respect to Fe** oxide
stays invariable (58:42) with respect to the as-synthesized
material (59:41, Figure S29 in the Supporting Information). It
is also observed that the nFeOx-TiO, solids exposed to ambient
conditions for prolonged times need a brief preactivation, at
150 °C under an H, atmosphere or at 200 °C under vacuum, to
become catalytically active. In addition, induction times were
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generally observed during the hydrogenation reactions. These
results indicate that typical adsorbates on #nFeOx such as water
or air poisons the catalysts, and although the results do not
clarify which oxidation state for iron, Fe**, Fe*, or both, is
responsible for adsorbing and reacting with H,, the
involvement of any Fe(0) species must be clearly discarded,
in accordance with most of the metal complexes and natural
systems studied so far.'>"*

Figure 4 also shows (bottom right) that the experimental
data obtained for the intrinsic catalytic activity per Fe atom of
different nFeOx-TiO, materials, expressed as turnover
frequency (TOF), perfectly fits to a second-order polynomial
curve, which is precisely the type of curve that best fits and
describes the nucleation and agglomeration of isolated atoms
into small NPs according to Smoluchowsky models,* not only
theoretically for a plethora of reported systems but also
experimentally for nFeOx-TiO, according to Figure 2. These
results strongly suggest that neither isolated Fe**" atoms nor
subnanometer FeOx clusters but rather nFeOx is the
catalytically active Fe species for the semihydrogenation
reaction. A series of additional experiments confirm this
hypothesis. First, TiO, and ZrO, impregnated with Fe** and
Fe* salts, without any reduction treatment, did not give any
catalytic activity under the reaction conditions in Table 1.
Second, the trinuclear Fe oxide cluster [Fe;(u;-O)
(OAc)¢(H,0);]0Ac (Figure S30 in the Supporting Informa-
tion) was prepared’’ and tested as a catalyst for the
semihydrogenation of 1-dodecyne, and no catalytic activity
was found under typical reaction conditions, despite the brown
Fe complex remaining intact during the reaction. Third, kinetic
experiments with different nFeOx-TiO, solids showed that the
alkene selectivity increases with the Fe loading, regardless of the
conversion (entries 5—7 in Table 1 and Figure S31 in the
Supporting Information). Fourth, commercial FeOx NPs of
~25 nm average size show some catalytic activity under
optimized reaction conditions. These results discard supported
isolated Fe atoms and subnanometer FeO, species as the
catalytically active species for the hydrogenation reaction, and
confirm that nanometer-sized nFeO,, species are responsible for
H, (and also alkyne) adsorption and reaction during the
process.

When the hydrogenation of 1a with nFeOx-TiO, catalyst was
performed under D, (S bar), a kinetic isotopic effect kyp
(KIE) of 5.7 was obtained. This result is dramatically different
from the typical KIE values for homolytic cleavage of the H—H
bond (<2) and is in good agreement with a heterolytic
cleavage.” In addition, the obtained deuterated product 2a
contained a significant amount (>3%) of non-deuterated H
atoms, which must come from the support. These results clearly
indicate that the hydroxyl groups in the support play a key role
during the catalysis, and Figure S shows a plausible mechanism
for the cis-selective semihydrogenation of alkynes catalyzed by
supported nFeOx on acid inorganic oxides.

The mechanism starts with the adsorption of the alkyne and
H, in the Bronsted acid site and the nFeOx catalytic sites,
respectively. Note that the alkyne can also adsorb and compete
with H, for the Fe’**" sites of nFeOx. Then, the hydroxyl-
assisted, heterolytic H, dissociation occurs, leaving a hydride
atom that hydrogenates the triple bond adsorbed on a Brensted
acid site. Finally, desorption of the alkene leaves a basic oxygen
atom that regenerates at the expense of the protonated
hydroxyl group left behind by dissociated H,, to regenerate
the catalyst. This mechanism nicely explains the active role of
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Figure S. Plausible reaction mechanism for the cis-selective semi-
hydrogenation of alkynes with nFeOx-supported catalysts.

acid supports but it does not give a clear reason that SiO, and
Al,O;, which have less acidity but are still potentially active
hydroxyl groups, lack any catalytic activity. The three active
inorganic oxides, TiO,, ZrO,, and ZnO, have in common that
their metallic elements are much less electronegative than Fe
(1.3—1.6 vs 1.8) while, in contrast, Si and Al atoms have values
similar to or higher than that of Fe (1.6—1.9). Thus, a possible
explanation for the lack of activity of FeO,, on SiO, and Al,Oj is
that the former, by inductive effect, increases the acidity of the
hydroxyl groups only in the active inorganic oxides. This also
explains the higher isomerization rate of alkenes found for
nFeOx-TiO, and nFeOx-ZrO, with respect to the bare
supports. The same inductive effect would decrease the per
se low acidity of the hydroxyl groups in SiO, and Al,O;, thus
hampering the acid-assisted hydrogenation.

3. CONCLUSIONS

Probably planar FeOx NPs with high coverage of the surface of
different acid inorganic oxides are easily formed by a one-pot
redox process at room temperature. These mixed Fe**** oxides
are able to dissociate and transfer H, to alkynes in a chemo-
and stereoselective way with the assistance of the hydroxyl
groups of the inorganic oxide support. The bifunctional solid
catalysts operate in batch and in flow for the cis-selective
semihydrogenation of different alkynes, including acetylene, in
high yields and selectivity. These results open new ways for the
design of very cheap, nontoxic, ligand-free, and ambient-
conditions-stable Fe solid catalysts.

4. EXPERIMENTAL SECTION

4.1. Synthesis of the Catalysts. 4.1.1. Synthesis of
Zerovalent Fe NPs (nZVI). In a 50 mL flask, 231.6 mg of FeCl,
was dissolved in 15 mL of distilled water. Then, S0 mg of citric
acid was added, and 120 mg of NaBH, was slowly added with
continuous stirring. During the addition, generation of gases
was observed and a black solid was formed. The suspension was
stirred until the generation of gases stopped. The solvent was
decanted. The solid was washed several times with distilled
water and dried under vacuum.

4.1.2. General Procedure for the Synthesis of nFeOx-MO,
using nZVl. In a 500 mL flask were placed 0.5 g of support and
12.5 mL of distilled water. Then, 50 mg of nZVI was added
with continuous stirring. The mixture was stirred for 18 h at
room temperature. Then, the solid was filtered under vacuum,
washed several times with distilled water, and dried for at least
2 h under vacuum.
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4.1.3. General Procedure for the One-Pot Synthesis of
nFeOx-MO, Using NaBH, as a Reducing Agent. In a 100 mL
flask were placed 2 g of support, 25 mL of an aqueous solution
of iron precursor, and the stabilizing agent (0.150 equiv of citric
acid or 0.007 equiv of PVP). Then, NaBH, was slowly added
with continuous stirring. During the addition, the solution
turned gray and generation of gases was observed. The mixture
was stirred for 18 h at room temperature. Then, the solid was
filtered under vacuum, washed several times with water, and
dried for at least 2 h under vacuum. Table S3 in the Supporting
Information summarizes the respective amounts for each Fe
catalyst loading.

4.1.4. General Procedure for the Synthesis of nFeOx-MO,
Using H, as a Reducing Agent. In a 100 mL flask were placed
2 g of support and 30 mL of aqueous solution of iron precursor.
The mixture was stirred for 12 h in order to have a good Fe
dispersion on the support. Then, the solvent was removed
under vacuum and the solid obtained was dried at 80 °C. When
the solid was totally dried, it was treated under a nitrogen flow
at 550 °C over 3.5 h and activated with an air flow at 450 °C (5§
h) and nitrogen flow (S h) at the same temperature. Finally, the
solid was reduced under a hydrogen flow of 100 mL/min at 400
°C over 3 h. Table S4 in the Supporting Information
summarizes the respective amounts for each Fe catalyst loading.

4.2. Reaction Procedures (Batch and Flow). 4.2.1. Gen-
eral Reaction Procedure for Hydrogenation of Alkynes in
Batch. In a double-walled 2 or 6 mL vial equipped with a
magnetic stirrer were placed the corresponding amount of
nFeOx-metal oxide catalyst and mesitylene (1 mL). Then,
0.125 mmol of alkyne was added, and the reactor was closed
with a screw cap connected to a manometer. The reactor was
purged three times with H, and finally charged with 10 bar of
H,. The reaction mixture was placed in a preheated oil bath at
100—150 °C and magnetically stirred over 4—20 h. For kinetics,
50 uL aliquots were periodically taken and analyzed by GC
using a n-alkane as an external standard. At the end of the
reaction, the mixture was cooled, the solid catalyst was filtered
off, and the filtrates were analyzed by GC, GC-MS, and NMR
spectroscopy.

4.2.2. General Reaction Procedure for Hydrogenation of
Acetylene in Flow. In a fixed-bed continuous reactor (0.5 cm
diameter and 22 cm length), 50 mg of nFeOx-TiO, (7.0 wt %)
was preactivated, with passing of a nitrogen flow at 200 °C over
30 min. After this time, the temperature was lowered to 160 °C.
At this temperature, a 0.1/0.4/10 bar mixture of acetylene,
hydrogen, and ethylene, respectively, was passed at 1 mL min™"
through the reactor, and the reaction outcome was followed
with a gas chromatograph coupled on line to the reactor.
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