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Catalyst Recovery and Recycling Facilitated by Magnetic
Separation: Iridium and Other Metal Nanoparticles

Marcos J. Jacinto,” Fernanda P. Silva,”! Pedro K. Kiyohara,® Richard Landers, and

Liane M. Rossi*™

The immobilization of metal nanoparticles in magnetic respon-
sive solids allows the easy, fast, and clean separation of cata-
lysts; however, the efficiency of this separation process de-
pends on a strong metal-support interaction. This interaction
can be enhanced by functionalizing the support surface with
amino groups. Our catalyst support contains an inner core of
magnetite that enables the magnetic separation from liquid
systems and an external surface of silica suitable for further

Introduction

Iridium is a platinum group transition metal that is of particular
interest for catalytic applications." An iridium carbonyl catalyt-
ic system based on Ir(CO),l, species, Cativa, has shown many
benefits over the conventional rhodium-based Monsanto tech-
nology used for methanol carbonylation in the production of
acetic acid.? Bis(1,5-cyclooctadiene)iridium(l) complexes, also
combined with a chiral ligand, are catalyst precursors for enan-
tioselective hydrogenations, for example, the enantioselective
hydrogenation of imines for the manufacture of (S)-metola-
chlor™ Well-known iridium complexes include Crabtree’s cata-
lyst,”! a very active hydrogenation catalyst that is active even
in the hydrogenation of sterically hindered alkenes, and
Vaska's complex,” active in the decarbonylation of formate
esters to form alcohols and CO.® Iridium in its reduced form
[Ir°], has been less studied than other platinum group metal
heterogeneous catalysts.”) A limited number of research
groups have synthesized, characterized, and explored the cata-
lytic properties of Ir° nanoparticles in hydrogenation reactions
in comparison to the extensive work on other platinum group
metals, such as Pd, Pt, Rh, and Ru.”? Moreover, if compared to
the number of methodologies developed recently for the syn-
thesis of other noble metal nanoparticles,” relatively few re-
ports on the synthesis of different Ir° nanoparticles can be
found in the literature.”%"""% Despite its low availability,”” the
price of iridium is comparable to that of palladium as a result
of its minor use in industry."” In addition, the straw-colored
metal is not as commercially desirable on an aesthetic level as
platinum, gold, and rhodium. Therefore, the development of
better-quality particles for catalytic studies in the search for
highly active Ir-based catalysts, as alternatives to noble metals
of greater commercial interest, is of considerable significance.

Recent studies by our research team have focused on the
design of noble metal nanoparticle catalysts supported on
magnetic carriers,"" seeking a fast and efficient method to sep-
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modification with organosilanes. We report herein that a mag-
netically recoverable amino-functionalized support captured
iridium species from liquid solutions and produced a highly
active hydrogenation catalyst with negligible metal leaching.
An analogous Ir® catalyst prepared with use of a nonfunctional-
ized support shows a higher degree of metal leaching into the
liquid products. The catalytic performance in the hydrogena-
tion of alkenes is compared with that of Rh and Pt catalysts.

arate products and catalysts in liquid phase batch reactions.
Magnetic separation has attracted increasing interest in cataly-
sis research."? The use of a magnetic separation tool simplifies
greatly the workup and isolation of the desired product and
makes the use of conventional separation methods, such as fil-
tration and centrifugation, totally dispensable. Furthermore,
product isolation can be completely achieved under solvent-
less conditions. This is particularly important for laboratory-
scale and batch reactions, in which the use of an extra solvent
is commonly necessary. However, the efficiency of this separa-
tion process depends on a strong metal-support interaction,
which can be enhanced by functionalizing the support surface
with organosilanes."® Herein, we report the preparation of
supported Ir® nanoparticles by in situ H, reduction of Ir’™ spe-
cies bound to a catalyst support that contains an inner core of
magnetite, which enables the magnetic separation from liquid
systems, and an external surface of silica suitable for further
modification with amino groups. The catalytic performance in
the hydrogenation of alkenes is compared with that of Rh and
Pt catalysts.
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Results and Discussion

Catalytically active iridium(0) nanoparticles were prepared by
reducing iridium trichloride, previously impregnated into the
solid support, with hydrogen gas in liquid phase under mild
conditions (100°C and 6 atm H,; 1atm=101.325kPa). The
preparation of Ir° nanoparticles is often accomplished by using
organometallic precursors either by the hydrogen reduction of
[IrCl(cod)], (cod = 1,5-cyclooctadiene)”>4Fhmna-sl or by the ther-
mal decomposition of [(MeCp)ir(cod)] (MeCp=methylcyclo-
pentadienyl)” and metal carbonyls [Ir,(CO);,].7* The reduction
of IP* ions (IrCl;) to zerovalent nanoparticles often requires
stronger reducing agents, such as NaBH,” or thermal treat-
ment under reducing conditions.” We have shown here that
I’ nanoparticles can also be prepared by the reduction of iridi-
um salts with hydrogen under mild conditions.

The core-shell catalyst support Fe;0,@SiO, obtained by
means of a reverse microemulsion technique has been previ-
ously characterized™ and shows magnetic properties suitable
for the easy separation of catalysts impregnated into it by
using a permanent magnet and the immediate redispersion in
liquid media for further use. This is possible because the mag-
netite core nanoparticles maintained the superparamagnetic
behavior after receiving the silica shell. Any nonmagnetic ma-
terial or molecules attached to the magnetic support in this
regime can be separated by applying a remote magnetic field
and are redispersed immediately after the field is removed.
This separation process eliminates the use of any further physi-
cal or chemical procedure for catalyst isolation. With the use of
this catalyst support we recovered, with high efficiency, Rh,!"'®
Ru,l" Pt,l""Y and Pd""™® nanoparticle catalysts after hydrogena-
tion reactions.

The reaction with 3-aminopropytriethoxysilane provides an
extra molecular silica layer enriched with NH, groups. The pres-
ence of these functional groups was characterized by means of
X-ray photoelectron spectroscopy (XPS). In Figure 1, the N 1s
spectrum could be deconvoluted into two peaks at 399.4 and
401.9 eV, which can be attributed to the primary amino group
(C—NH,) and its protonated C—NH,* form, respectively."™ This
suggests an equilibrium of the protonated and deprotonated

NH; NH,
N1s Y
- B

0 % NH,;
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Figure 1. XPS spectrum of N 15 region of the amino-modified catalyst sup-
port (Fe;0,@Si0,—NH,).
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forms of the amino group on the surface of the solid, although
the major component is still NH..

The first step in the catalyst preparation is the loading of
the support with I** ijons from aqueous solutions of iridium
trichloride. The adsorption capacity of the prepared catalyst
support is very low, and the presence of amino groups on the
support surface was found to be important in increasing the
metal uptake from aqueous solution (Figure 2 and Table 1).
This behavior is similar to that observed for platinum™< and
rhodium™® in our previous work with the same solid support.
Moreover, we have suggested™™ that the coordination of the
metal ions to the organically modified support surfaces affects
the nanoparticle formation, stabilization, and catalytic perfor-
mance. Ir° nanoparticles could be easily prepared by the reduc-
tion of Ir’™ loaded into the support by H, under the conditions
selected for the hydrogenation reactions. The material referred
to as Fe;0,@Si0,—NH,—Ir** (100 mg, 0.007 mmol Ir) was dis-
persed in cyclohexene (1.2 g, 14.6 mmol) and submitted to re-
duction in a glass reactor with H, (6 atm) at 100°C. The reduc-
tion of IP*—Ir° promoted the hydrogenation of the substrate
and was accompanied by a drop in the pressure in the H,
supply tank connected to the main reactor. After the hydrogen
consumption stopped, the hydrogenation reaction was com-
plete (confirmed by use of GC) and a sample of the material,
Fe,0,@Si0,—NH,—Ir°, was collected and placed in a TEM grid
for analysis. The catalyst morphology was assessed from the
TEM micrographs.

The TEM image in Figure 3a reveals that the morphology of
the catalyst support comprises a core-shell nanostructure of
magnetite spherically coated with silica with an average size of

®

Figure 2. Metal impregnation into silica-coated magnetic supports by use of
a) nonfunctionalized solids and b) amino-functionalized solids.

a) |

)

b)

Table 1. Loading of iridium(lll) ions into magnetic supports.”!

Entry Support Metal loading™ [wt %]
1 Fe,0,@5i0,—NH, 14
2 Fe,0,@5i0, 0.17

[a] 100 mL of an aqueous solution containing iridium(lll) chloride (1x
102 molL™") was added to 1g of solid support; [b] Determined by
ICP-OES.
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Figure 3. TEM analysis of the spent Ir° catalyst.

40-50 nm. However, the presence of iridium on the silica sur-
face was confirmed only by use of energy-dispersive X-ray
spectroscopy analysis. The analysis of high-resolution TEM mi-
crographs such as those shown in Figures 3b and c revealed
Ir° nanoparticles of approximately 3-5 nm on the support sur-
face. Surface analysis by XPS was used to verify the presence
of iridium species on the support. The XPS analysis of the
spent catalyst showed, as expected, the presence of iridium,
silicon, and oxygen. The deconvoluted spectrum of the Ir 4f
level (Figure 4) exhibits two doublets that can be attributed to
two chemically different Ir entities. The binding energy peaks
at 61.4 and 64.4 eV can be assigned to the 4f,, and 4f,,
peaks of metallic iridium, whereas the peaks at 62.7 and

70 68 66 64 62 60 58
Binding energy / eV

Figure 4. XPS spectrum of the 4 f region of the spent Ir° catalyst.
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Table 2. Hydrogenation of cyclohexene by supported metal nanoparti-
cles Fe;0,@Si0,—NH,—M°.?!

Entry Catalyst Olefin/metal ! TOFY Reference
molar ratio [h] [h™"]
1 Ir 2000 0.33 6000 this study
2 [l 2000 0.28 7200 this study
3 Irtel 2000 0.36 5600 this study
4 Rh 1900 0.25 7600 [11e]
5 Ru 2100 5 420 [11d
6 Pd 2500 0.45 5500 [11b]
7 Pt 1200 0.3 4000 [1di

[a] Reaction conditions: constant hydrogen pressure (6 atm), solvent-free,
75°C; [b] Time interval required for reaction completion estimated by H,
consumption curves (>99% conversion as determined by use of GC anal-
ysis); [c] Catalytic TOF: moles of substrate transformed per mole of cata-
lyst (total metal) per hour at 100% conversion; [d] First catalyst reuse;
[e] Sixth catalyst reuse.

65.7 eV can be assigned to the 4f,, and 4f,,, peaks of iridium
dioxide, which probably covers the Ir° nanoparticles.”s¥

The magnetic-responsive supported Ir° catalyst was tested
initially in the hydrogenation of cyclohexene (Table 2, en-
tries 1-3). The results were obtained from a single portion of
the catalyst used in successive hydrogenation reactions and
separated exclusively by magnetic separation. After the first
load of the substrate had been completely converted into cy-
clohexane [reaction time 0.33 h, turnover frequency (TOF)
6000 h™'], the reactor was cooled to room temperature and
the catalyst was separated magnetically by use of a permanent
magnet that was placed on the glass reactor wall. After collect-
ing the product by using a syringe, a new portion of the sub-
strate was injected into the reactor and subjected to the same
reaction conditions used in the first reaction. This method
could be repeated up to six times with >99% conversion and
an accumulated turnover number of 12600 mol of the sub-
strate converted per mole of the catalyst (total metal) without
catalyst deactivation. The performance of this catalyst is re-
markable as compared to that of other Ir° nanoparticle cata-
lysts tested in the hydrogenation of cyclohexene under similar
conditions.”*@ It is also comparable to the performance of
other metal catalysts prepared similarly by the hydrogen re-
duction of metal salts impregnated into the core-shell silica-
coated magnetic nanoparticles (Table 2, entries 4-7). The gen-
eral trend for the cyclohexene hydrogenation activity, compar-
ing the TOF values estimated under similar conditions, of
Fe;0,@Si0,—NH,—M°supported metals is Rh> Ir> Pd>Pt>
Ru. This is only a rough comparison because the TOF values
are estimated by using the total amount of metal and not the
exposed metal atoms, which will vary according to the nano-
particle sizes. The data on the catalytic activity of the magneti-
cally recovered Ir°, Rh®, and Pt° catalysts in the hydrogenation
of other olefin compounds are summarized in Table 3. The
highest TOF was observed for the less substituted nonaromatic
alkenes. Moreover, double bonds conjugated to the aromatic
ring are more difficult to reduce as can be seen in the ethenyl
series and 2-propenylbenzene. The catalysts were active in the
selective hydrogenation of the side chain of these substrates
with >99% conversion without touching the aromatic ring. Al-

ChemCatChem 2012, 4, 698 - 703
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Table 3. Hydrogenation of alkenes® by the Ir°, Rh®, and Pt° magnetic cat-
alysts (Fe;0,@Si0,—NH,—M°).

Entry Substrate Catalyst t*® [h] TOF [h™"]
1 1-hexene Ir 0.30 6666
2 Rh 0.08 15000
3 Pt 0.10 12000
4 1-methylcyclohexene Ir 3.04 675
5 Rh 0.29 4137
6 Pt 0.35 3428
7 styrene Ir 1.25 1600
8 Rh 0.23 5217
9 Pt 027 4444
10 2-propenylbenzene Ir 5.5 364
Il Rh 0.42 2857
12 Pt nd. n.d.

[a] Reaction conditions: catalyst/substrate molar ratio 1:2000 (Ir) and
1:1200 (Rh and Pt), solventless, 75°C, constant hydrogen pressure
(6 atm); [b] Time interval required for reaction completion estimated by
H, consumption curves and GC; [c] Catalytic TOF: moles of substrate
transformed per mole of catalyst (total metal) per hour at 100% conver-
sion; [d] Data from Ref. [11d].

though Rh® and Pt® are also active catalysts in the hydrogena-
tion of aromatic bonds, the partially hydrogenated product
could be isolated by stopping the reaction at the desired time
after the inspection of the hydrogen consumption profile in
hydrogenation curves. The difference between the reaction
rates for the hydrogenation of olefinic and aromatic bonds is
sufficient to distinguish between the two regimes and stop
the reaction at the appropriate time (see also discussion in
Ref. [11d]). Notably, the Ir° catalyst was inactive in terms of the
additional reduction of aromatic bonds in these selected sub-
strates under the conditions studied.

Additional experiments were conducted to identify whether
the active catalysts behave as homogeneous or heterogeneous
catalysts. No single technique can provide an unambiguous
result; however, the association of different techniques can
help to distinguish between the “"homogeneous” and “hetero-
geneous” catalysts.”™ These techniques include TEM studies,
catalyst isolation studies, kinetic studies, and quantitative phe-
nomenological studies with associated control experiments. In
the TEM analysis (Figure 3), iridium nanoparticles with an aver-
age diameter of 3-5 nm were detected. The kinetic curve (Fig-
ure 5a) for the hydrogenation reactions has an induction
period that evidences the in situ formation of the true catalyst
by H, reduction of the Ir’* precatalyst prior to the hydrogena-
tion of the substrate. In the poisoning tests with elemental Hg
(excess) and CS, (0.5 equiv.), the catalytic activity is immediate-
ly suppressed (Figures 5b and c). All the results suggest the
presence of a heterogeneous Ir° catalyst. Moreover, the mag-
netic separation is very efficient and the products collected
from the solventless hydrogenation of various substrates
showed negligible Ir content in the organic phase [Ir<
0.01 ppm, by use of inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) analysis].

As previously mentioned, the presence of amino functional
groups grafted onto the silica surface of the magnetic support
improved the metal uptake in the catalyst preparation step. It

ChemCatChem 2012, 4, 698 - 703
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Figure 5. Hydrogenation of cyclohexene by supported Ir nanoparticles
Fe;0,@Si0,—NH,—Ir’: a) control experiment; b) poisoning experiment with
Hg® (300 equiv.), and c) fractional poisoning experiment with CS, (0.5 equiv.).

is also reasonable to assume that the presence of these amino-
binding sites increases the stability of the catalyst, avoiding
metal leaching processes, a drawback associated with liquid
phase reactions. Ir® catalysts prepared with the magnetic sup-
port, with and without surface functionalization, were brought
into contact with polar substrates to test their stability. An ex-
ample of the behavior observed by using different supports is
shown in Figure 6. The Ir® catalyst immobilized in a nonfunc-
tionalized solid could not be completely separated from ani-
sole, and the total Ir leaching reached up to 22 ppm as com-
pared to undectable levels of iridium achieved if the amino-
functionalized solid support was used.

Conclusions

An Ir° nanoparticle catalyst was prepared by the facile hydro-
gen reduction of Ir*™ loaded into an amino-modified silica sup-
port. No extra stabilizers or capping molecules were added to
stabilize the particles in the range of 3-5 nm. The solid support
contains a magnetic core that allows the quantitative recovery
of the catalyst from the reactor wall by applying a permanent

Figure 6. Supernatant solutions obtained after magnetic separation of Ir°
catalysts immobilized on nonfunctionalized supports (left) and amino-func-
tionalized supports (right) from anisole at room temperature.
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magnet. The Ir° catalyst hydrogenates various alkene deriva-
tives under mild conditions. Its catalytic performance was com-
parable to that of other platinum group metal catalysts pre-
pared by our group—Rh>Ir>Pd>Pt>Ru (cyclohexene hy-
drogenation at 75°C and 6 atm H,)—and superior to that of
many other Ir° catalysts reported in the literature. In addition,
an efficient recycling process using magnetic separation exclu-
sively, with negligible metal loss, was obtained. Finally, the
functionalization of the silica surfaces with amino groups im-
proved the metal uptake and minimized metal leaching com-
pared to nonmodified silica. The use of low metal concentra-
tions, solventless conditions, mild pressure and temperature re-
actions, and solvent-free product isolation are important fea-
tures of this “green” hydrogenation process.

Experimental Section
Preparation of the Ir° catalyst

The methodology used to prepare the catalyst support was based
on the fabrication of Fe;0,@Si0,, as reported elsewhere.'" A re-
verse microemulsion was prepared by adding the surfactant poly-
oxyethylene(5) isooctylphenyl ether (44.6 g), oleic acid-coated
Fe;0, (200 mg), and ammonium hydroxide (9.4 mL, 29% commer-
cial solution) to 700 mL of cyclohexane. The mixture was stirred
until it became transparent. Then, tetraethylorthosilicate (7.70 mL)
was added to the microemulsion. The solution was stirred gently
for 16 h. The core-shell nanocomposite Fe;0,@SiO, (Brunauer-
Emmett-Teller surface area=69 m?’g~")"¥ was precipitated with
methanol and collected by centrifugation at 7000 rpm. After the
collected material was washed with ethanol, it was dried under
vacuum, giving a yield of approximately 1 g.

The silica surfaces were further modified with amino groups by
adding the dried solid to a toluene solution containing 3-amino-
propyltriethoxysilane (200 mL, 1% v/v solution in dry toluene)
under N,. The mixture was stirred for 2 h at room temperature,
and then the amino-functionalized solid (Fe;0,@Si0O,—NH,) was
washed with toluene, separated by centrifugation, and dried for
20 h at 100°C.

In the following step, the amino-functionalized magnetic solid
Fe;0,@SiO,—NH, (1 g) was added to an aqueous solution (100 mL)
containing iridium(lll) chloride (1x1072 molL™"). The mixture was
stirred for 2 h at 25°C. The solid was then magnetically collected
and washed quickly with water and acetone and then dried at
100°C for 3 h. The Ir® catalyst was prepared by in situ H, reduction
(100°C and 6 atm H,) of the Ir*"-loaded support dispersed in the
substrate selected for the hydrogenation experiments. Similar ex-
periments were performed with the nonfunctionalized solid
(Fe;0,@Si0,).

Catalytic reactions

The hydrogenation reactions were conducted in a modified Fisch-
er-Porter glass reactor loaded with the supported Ir*" catalyst pre-
cursor (100 mg, 0.007 mmol Ir) and the desired amount of liquid
substrate (solventless conditions) under inert atmosphere. The re-
actor was connected to a pressurized H, tank through a gas regu-
lator set to the required working pressure (typically 6 atm), which
was maintained constant for the entire course of the reaction by
leaving the reactor open to the H, supply tank. The temperature

702 www.chemcatchem.org
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was maintained by using an oil bath and a hot-stirring plate con-
nected to a digital controller (ETS-D4 IKA). The reactions were con-
ducted under magnetic stirring (700 rpm). The fall in the H, pres-
sure in the H, tank was monitored with a pressure transducer inter-
faced through a Novus Field Logger converter to a computer. The
pressure versus time data were collected by the Field Chart Novus
Software. After each reaction was complete, the catalyst was recov-
ered magnetically by placing a magnet on the reactor wall and the
products were collected and analyzed by use of GC and GC-MS.
Samples of the Ir° catalyst were isolated through magnetic separa-
tion and dried under reduced pressure for TEM and XPS analyses.
In the recycling experiments, the magnetically recovered catalyst
was maintained inside the reactor and a new portion of the sub-
strate was added under inert atmosphere. The reactor was con-
nected again to the H, gas supply tank and successive hydrogena-
tion reactions were performed.

Hg° and CS, poisoning test

The catalytic reactions were conducted under the same standard
hydrogenation conditions, except for the addition of elemental Hg
(300 equiv.) or CS, (0.5 equiv.) to the reaction mixture at 40% con-
version of cyclohexene to cyclohexane. The reaction was moni-
tored by the fall in hydrogen pressure in the H, reservoir as a func-
tion of time before and after the addition of Hg or CS,.

Catalyst characterization

TEM was performed at the Instituto de Fisica (IFUSP) on a Philips
CM200 microscope operating at 200 kV. Samples for TEM observa-
tions were prepared by placing a drop containing the nanoparti-
cles on a carbon-coated grid. High-resolution TEM was performed
at the Laboratério Nacional de Luz Sincrotron (Campinas, Brazil)
with a JEOL 3010 ARP microscope. The XPS spectra were obtained
at the Instituto de Fisica (IF-UNICAMP) with a VSW HA-100 spheri-
cal analyzer using an aluminum anode (AIK, line, hv=1486.6 eV)
X-ray source. The high-resolution spectra were measured with
a constant analyzer pass energy of 44 eV, which produces a full
width at half-maximum line width of 1.7 eV for the Au 4f,, line.
The powdered samples were pressed into pellets and fixed to
a stainless steel sample holder with a double-faced tape and ana-
lyzed without further preparation. To correct for charging effects,
the spectra were shifted so that the C1s binding energy was
284.6 eV. Curve fitting was performed by using Gaussian line
shapes, and a Shirley-type background was subtracted from the
data.
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