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ABSTRACT: Supported copper nanoparticles are a promising = O OTUTTTUTOTO) 1,3-butadiene butene(s)
alternative to supported noble metal catalysts, in particular for the < of ©

selective gas phase hydrogenation of polyunsaturated molecules. In 3 C R

this article, the catalytic performance of copper nanoparticles (3 2 ® 72 % -

and 7 nm) supported on either silica gel or graphitic carbon is S L 5

discussed in the selective hydrogenation of 1,3-butadiene in the
presence of a 100-fold excess of propene. We demonstrate that the 100
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routinely used temperature ramp-up method is not suitable in this % 75 «% ..5 St i
case to reliably measure catalyst activity, and we present an 2 -
alternative measurement method. The catalysts exhibited selectiv- g’

ity to butenes as high as 99% at nearly complete 1,3-butadiene S

conversion (95%). Kinetic analysis showed that the high selectivity
can be explained by considering H, activation as the rate-limiting
step and the occurrence of a strong adsorption of 1,3-butadiene
with respect to mono-olefins on the Cu surface. The 7 nm Cu nanoparticles on SiO, were found to be a very stable catalyst, with
almost full retention of its initial activity over 60 h of time on stream at 140 °C. This remarkable long-term stability and high
selectivity toward alkenes indicate that Cu nanoparticles are a promising alternative to replace precious-metal-based catalysts in

propene
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selective hydrogenation.

B INTRODUCTION

Hydrogenation reactions play a crucial role in fine and bulk
chemicals production. A wealth of processes is based on the
addition of molecular hydrogen to an unsaturated carbon—
carbon bond, often using a supported catalyst. Examples
include the hydrogenation of polyunsaturated hydrocarbons to
olefins,' hardening of vegetable oils,” and selective hydro-
genation of various organic compounds such as vitamin
intermediates™* as well as pharmaceutical and agrochemical
active ingredients.” The selective removal of polyunsaturated
hydrocarbons from monounsaturated hydrocarbons is essential
for the production of polymer- and synthesis-grade
alkenes."*™® Polyunsaturated hydrocarbons, which are often
present in crude alkene streams (e.g., 1,3-butadiene, up to 1-5
wt % in C,—C, steam cracking mixtures’ ), interfere with the
subsequent conversion of alkenes as they can degrade polymer
quality and/or poison the polymerization catalyst."'" Con-
sequently, their concentration should be reduced to below tens
of ppm."”'”"" This challenge is commonly addressed by
selective hydrogenation of the residual polyolefins to the
corresponding mono-olefins, commonly using palladium-based
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catalysts.'”~"® Pd has a very high hydrogenation activity, which
can result in a poor selectivity at high alkyne/alkadiene
conversion in particular when large Pd assemblies are present.
Therefore, the metal is often diluted or partially deactivated
with appropriate modifiers (e.g, PdAg/AlL,O; PdS/CaCO;,
and PdPb/ CaCOSIZ’B’lS). However, restructuring and metal
segregation (e.g, when a large excess of diluting metal is
present'” or after oxidative regeneration of the catalyst™’) can
lead to unwanted reactions such as isomerization, polymer-
ization, and over-hydrogenation of the alkenes to alkanes
which often results in limited selectivity and decreased catalyst
lifetime.' '

The selective hydrogenation of alkynes and alkadienes has
generated industrial interest,”” >’ in particular regarding noble
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metals catalysis. Nonetheless, little is known about the reaction
mechanism, catalyst stability, and selectivity, in particular for
the case of more inexpensive and sustainable®® catalysts such as
those involving base metals. Copper has been reported to be an
active catalyst for the selective hydrogenation of alkynes and
alkadienes since the 1970s. The reactants investigated were
mainly propyne,” 1,3-butadiene,’”’" 1-butyne,® and 1-butene-
3-yne.” The catalysts were prepared by reduction of
precipitated Cu species® and Cu*" ion adsorption on silica.*>**
Compared to palladium-based catalysts, copper was found to
be less active (3—4 orders of magnitude in terms of 1,3-
butadiene turnover frequency™**), but particularly selective,
showing almost full conversion to the corresponding alkenes at
relatively mild conditions (temperatures below 150 °C and
near-atmospheric pressure®*”’). Unfortunately, the stability
of these catalysts was generally poor because of oligomer
formation, often termed “green oil formation”, which limited
further interest in this type of catalyst.”**?

Renewed interest in Cu as a selective hydrogenation catalyst
was spurred by a paper from Studt et al,*® who computation-
ally predicted that the best performing metals in the selective
hydrogenation of ethyne to ethene share a particularly high
adsorption affinity toward the alkyne rather than the alkene.
Not only Pd alloys but also base metals and related alloys such
as NiZn, FeZn, and monometallic Ni and Cu were predicted to
be good catalysts.*® Recent experimental developments on Cu-
based catalysts were reported by the group of Louis et al.*> In
particular, the authors showed that the addition of Zn species
to TiO,-supported Cu catalysts helped to stabilize the catalytic
performance. The monometallic copper lost more than 90%
activity within 4 h on stream, while for the Cu;Zn; sample the
decrease in activity was limited to ~30% during 20 h on
stream. Partial alloying of Zn with Cu and passivation of TiO,
surface Lewis acid sites by Zn species might play an important
role in stabilizing the samples.”> Further insights regarding the
support effect on catalyst stability were recently reported by
Masoud et al. for Au-based catalysts.”” SiO,-supported Au
nanoparticles demonstrated much more stable catalytic
performance than TiO,-supported ones (10% loss of the
initial activity for Au/SiO, after S days on stream at 200 °C,
while Au/TiO, loses 90% of its initial activity after 15 h on
stream, same conditions). The steady loss of activity in the case
of Au/TiO, was due to green oil formation on the surface of
the catalyst (around 2 wt % of carbonaceous deposit, as
measured thermogravimetric analysis), and full recovery of the
initial catalyst activity was obtained by heating in air. The same
amount of carbon deposits was found on bare TiO, upon
exposure to the reaction mixture (16 h, 200 °C),”” while for
SiO, and Au/SiO, the production of those species was
negligible. This observation suggests that the formation of
oligomers over the TiO, surface takes place regardless of the
type of metal nanoparticles supported on it.””

On the basis of these earlier findings, we decided to explore
silica- and graphitic carbon-supported copper catalysts for
selective hydrogenation. The supports were chosen based on
their relative inertness toward oligomer formation (fouling)
under reaction conditions. The samples were prepared by
means of incipient wetness ir11pregnation.38’39 Catalysts were
tested in the selective hydrogenation of 1,3-butadiene in an
alkene-rich feedstock (1,3-butadiene to propene molar ratio
equal to 1 to 100),””*" and we investigated in detail the
catalyst selectivity and stability. Attention was also paid to the
catalytic testing methodology, which was shown to be of
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paramount importance to obtain reliable results for copper-
based hydrogenation catalysts.

B EXPERIMENTAL SECTION

Details on the chemicals used for the synthesis and gas feeds
are reported in the Supporting Information (section 1).

Functionalization of the Carbon Support. The pristine
carbon support (HSAG-500, high surface area turbostratic
graphitic carbon, average pore size 250 A, BET surface area
500 m> g7'; kindly provided by Timcal Ltd.) was surface
functionalized by liquid-phase oxidation using concentrated
nitric acid.*' Herein, ~10 g of the pristine carbon material was
suspended in HNO5(aq) (65%, 40 mL g™') inside a 1 L round-
bottom flask fitted with a reflux condenser. The pristine
graphite material was heated to 80 °C in ~25 min and kept at
80 °C for 110 min. Thereafter, the reaction was quenched by
diluting the suspensions with ~1.6 L of cold deionized water
(25 °C). The surface-oxidized carbon was allowed to sediment
for 30 min, and the supernatants were decanted. The solids
were washed with deionized water until a pH of around 7 was
reached. After the final washing step, the carbons were dried
overnight at 120 °C and crushed into powders. Finally, the
carbon support was dried for 90 min at 170 °C, under dynamic
vacuum, to remove traces of adsorbed water and kept inside an
Ar-filled glovebox (Mbraun LABmaster; <1 ppm of H,0; <1
ppm of O,).

Synthesis of Cu/SiO,. Cu nanoparticles on silica gel were
prepared via adaptation of the impregnation and drying
method reported elsewhere for SiO,-based supports.®*”** In
particular, the impregnation solution concentration and the
thermal treatment conditions were adjusted to obtain particles
of ~3 and ~7 nm (final Cu weight loading equal to 5.7 wt %).
Around 2 g of bare support (Davisil Grade 645, >99% purity,
average pore size 150 A, BET surface area 300 m”® g~'; Sigma-
Aldrich) was dried at 230 °C for 2 h in a double-neck round-
bottom flask. The material was then impregnated under static
vacuum with dropwise addition of a 1 M Cu(NOs;), solution
acidified to pH ~ 1 with HNO; to incipient wetness (the
volume of the solution used was equal to 90% of the total pore
volume of the support). The impregnated solid was then
transferred in a 4A zeolite-filled desiccator and kept there for 2
days. Subsequently, it was further dried under dynamic vacuum
at room temperature (RT) for S days and then transferred to a
tubular plug flow reactor for the final thermal decomposition
treatment. Nanosized Cu® particles of 3 nm (sample 3nm_Cu/
SiO,) were obtained by heating the solid to 250 °C under 20%
H,/N,. The sample was left to cool to RT, purged with 20 vol
% 0,/N, flow (100 mL min~" g™*), and heated to 250 °C in
the same gas mixture (heating ramp of 2 °C min ™", isothermal
hold of 2 h, 100 mL min™" gas flow for each gram of dry
material). It was found that particles cannot be grown larger on
silica gel by simply increasing the reduction or the nitrate
decomposition temperature (see Figure S1). Larger crystallites
were thus prepared by using 2% NO/N, as the gaseous
atmosphere during the copper nitrate decomposition step, as
previously described by Munnik et al.>’ In particular, particles
of around 7 nm (sample 7nm_Cu/SiO,) were obtained by
performing the thermal treatment at 350 °C under 2% NO/N,
(heating ramp of 2 °C min~’, isothermal hold of 2 h, 300 mL
min~" gas flow for each gram of dry material). The samples
(supported CuO) were exposed to air and stored in closed
vials at RT.
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Synthesis of Cu/C. Cu/C catalysts were prepared with a
similar impregnation and drying method.””*" As for Cu/SiO,,
the synthesis parameters were chosen to obtain particles of ~3
and ~7 nm and guarantee homogeneous distribution of the Cu
NPs over the surface of the support. For the preparation,
around 2 g of dry oxidized carbon was impregnated by
dropwise addition of a 2 M Cu(NOs), solution acidified to pH
~ 1 with HNO; to incipient wetness (the volume of the
solution used was equal to 90% of the total pore volume of the
support; resulting Cu weight loading equal to 6.3 wt %). The
dried impregnate was heated to 230 °C (0.5 °C min™'),
followed by 1 h isothermal hold at 230 °C, under N, flow (100
mL min~' g7') to decompose the nitrate precursor. The
sample was left to cool to RT, purged with 20 vol % O,/N,
flow (100 mL min~" g') for 3 h at RT, and then purged with
pure N, flow (100 mL min™" g™') for 30 min. Subsequently,
the material was reduced by heating to 150 °C (2 °C min™"),
with 2 h isothermal hold at 150 °C, under S vol % H,/N, flow
(100 mL min~' g'). Next, the temperature was increased to
either 250 or 400 °C (2 °C min™"), with 1 h isothermal hold at
the final temperature, to obtain the 3nm_Cu/C and 7nm_Cu/
C catalysts, respectively. The final catalyst was collected after
letting it cool to RT and passivating it by exposure to air
(overnight) at RT and then stored in closed vials at RT. Prior
to X-ray powder diffraction analysis and TEM imaging, the
nanoparticles were fully oxidized under 20 vol % O,/N, flow
(100 mL min™" g™') at 250 °C (heating ramp of 2 °C min~’,
isothermal hold of 2 h).

X-ray Powder Diffraction (XRD) and TEM Imaging.
Characterization measurements were performed on XRD
analysis was performed on the as-prepared samples with a
Bruker D2 Phaser. Radiation source: Co Kar (1.78897 A). The
diffractogram were recorded in the 20 interval 15°—90° with a
step size of 0.05°. Rietveld refinement was performed with
DIFFRAC.SUITE TOPAS software. Transmission electron
micrographs of the Cu/C and Cu/SiO, catalysts were obtained
on a Tecnai F20 apparatus, operated at 200 kV. Scanning
transmission electron microscopy was performed in high-angle
annular dark-field (HAADF) mode on a Talos F200X (FEI),
equipped with a high-brightness field emission gun (X-FEG)
and operated at 200 kV. Prior to TEM imaging, the two silica-
supported samples were both ultramicrotomed to increase the
contrast between the amorphous silica gel support and the Cu
nanoparticles. The catalyst grains (<75 ym) were embedded in
a two-component epoxy resin (Epofix, EMS) and cured at 60
°C for 24 h. The embedded catalysts were sliced into 50 nm
nominal thickness sections by means of a Diatome Ultra 35°
diamond knife mounted on a Reichert-Jung Ultracut E
microtome. The sections were then deposited on a TEM
grid and analyzed. Graphitic carbon supported materials were
finely grinded via mortar and pestle and dry deposited onto the
TEM grids. Average particle sizes are defined as dppy =
>.(dp,*/dxp,*) , while particle size dispersion was described
as the standard deviation. The number of surface copper atoms
was calculated by using a copper dispersion of 1.46 X 10"
atoms per square meter of Cu exposed surface area. We
calculated the latter by assuming a spherical particle shape and
using the equation Sc, = 6000/drgpypc, where S, is the
specific copper surface area (mc,”gc, '), drpy is the mean
particle diameter, and pc, is the copper density (8.92 ¢
em™).*” The CuO and Cu particle sizes (after reduction of the
precatalyst prior to catalytic tests) were assumed to be the
same.

Catalytic Tests. The catalytic tests were performed with
the use of a tailor-made gas-phase hydrogenation setup
previously described by Masoud et al.>’ The experiments
were performed by loading a homogeneous mixture of each
individual sample (sieve fraction 75—150 um; total amount of
copper loaded in the reactor equal to 1.28 mg) and 150 mg of
SiC as thermal diluent (sieve fraction 212—425 ym) in a U-
shaped Pyrex packed bed microreactor (internal diameter of 4
mm). Prior to the test, the catalysts were reduced in situ under
pure H, flow (50 mL min™") from RT to 250 °C (ramp 2 °C
min~") and kept at 250 °C for 90 min. Hereafter, the catalyst
was put into contact with the reaction mixture (0.3%
butadiene, 30% propene, 20% hydrogen, and helium for
balance with a flow rate of 50 N mL min?, 1 bar). The reactor
temperature was either linearly increased from RT to 150 °C at
0.5 °C/min or held constant for 2 h long isothermal steps in
the range 110—180 °C. More details on the methodology can
be found later in the text (see sections Activity Measured
during a Temperature Ramp and Activity under Steady State
Conditions). The concentration of the products and
unconverted reactants was monitored every 15 min via gas
chromatography by using a flame ionization detector (GC-
FID; hydrocarbons detected: C;—C,). The composition of the
gas mixture fed to the reactor was monitored at the beginning
and at the end of each catalytic run by bypassing the reactor
bed. Calculated turnover frequencies (TOF, s™') were defined
as the molecules of 1,3-butadiene consumed per unit time per
Cu surface atom (see section 4 of the Supporting
Information).

B RESULTS AND DISCUSSION

Structural Characterization of Cu/C and Cu/SiO,. The
structural properties of the prepared catalysts (oxidized form)
were investigated by X-ray powder diffraction, and results are
reported in Figure 1. CuO crystallite sizes obtained via
Rietveld refinement are shown in Table 1. Both silica-
supported samples (3nm_Cu/SiO, and 7nm_Cu/SiO,) dis-
play two main characteristic CuO reflections peaks at 42° and
45.5° (corresponding to the [002] and [111] diffractions,

* SiO, * 3nm_Cu/Sio,
T CuO 7nm_Cu/SiO,
o
t torot
S
: #
W g(grah-) # 3nm_Cu/C
u 7nm_Cu/C

10 15 20 25 30 35 40 45 50 55 60 65 70 75
20 (deg.)
Figure 1. X-ray powder diffraction patterns of the oxidized 3nm_Cu/

SiO,, 7nm_Cu/SiO,, 3nm_Cu/C, and 7nm_Cu/C. X-ray source: Co
Ka.
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Table 1. Structural Properties for the As-Prepared Samples

particle size

Cu

Cu® weight Chas) dispersion
catalysts loading (%) drgy (nm)  (nm) (%)
3nm_Cu/SiO, 5.7 35+ 1.0 3.1 20
7nm_Cu/SiO, 5.7 73 +24 10.4 14
3nm_Cu/C 6.3 3.1 +09 n.a. 34
7nm_Cu/C 6.3 73+ 18 10.1 14

respectively), while the broad scattering band at 25° is ascribed
to the disordered silica gel support. The peak broadening for
3nm_Cu/SiO, indicates the presence only small CuO
crystallites in this sample. For 7nm_Cu/SiO, the intense and
much sharper diffraction peaks demonstrate the presence of
large CuO crystallites. The average CuO crystallite sizes were
found to be 3.1 and 10.4 nm in 3nm_Cu/SiO, and 7nm_Cu/
SiO,, respectively (Table 1). The diffractogram of the
3nm_Cu/C did not show any CuO or Cu/Cu,O reflections,
implying a high copper dispersion. Lastly, the sample
7nm_Cu/C exhibited intense CuO peaks, and the average
crystallite size was found to be 10.1 nm, similar to the
7nm_Cu/SiO, sample.

The XRD results show that the crystallite sizes on carbon
can be tuned by changing the temperature at which the catalyst
is treated. A reduction step performed at 400 °C led to larger
and more crystalline CuO nanoparticles (sample: 7nm_Cu/
C), while at 250 °C particle growth was limited (sample:
3nm_Cu/ C). This was not observed in the case of CuO over
SiO, (see Figure S1). The difference between carbon and silica
supports suggests that Cu (or CuO) particles are much more
strongly anchored on the surface of the silica gel rather than on
the modified graphitic carbon. Moreover, reduction under H,
at 250 °C results in visible CuO particles on SiO, but not on
oxidized carbon by XRD, which may indicate a different
interaction of the copper species with these two supports, such

as the presence of a nonhomogeneous CuO phase over the
carbon support.

The CuO nanoparticle sizes and distributions on both silica
and surface-oxidized graphitic carbon were investigated with
TEM (Figure 2). A uniform distribution of the CuO particles
over the surface of the support was observed for both the silica
and the graphitic carbon. Interestingly, the 3nm_Cu/C sample
contained small particles all over the surface of the carbon,
which had been not detected via XRD probably due to low
crystallinity. Unimodal particle size distributions were found
for all the four samples, and no particles above 20 nm in
diameter were present.

The particle diameters as determined by TEM are in good
agreement with the crystallite sizes as determined by XRD
(Table 1). In the case of 7am_Cu/C and 7nm_Cu/SiO,, XRD
data analysis gives a slightly larger crystallite diameter (about
10 nm) in both cases. This could be explained by considering
the higher degree of crystallinity and hence diffraction intensity
of the larger particles present in those samples (most probably
caused by slight overimpregnation of a fraction of the support),
which leads to a stronger contribution to the overall signal by
the larger crystallites. Hence, the effective copper dispersion
used for the evaluation of the catalytic data was based on the
CuO particle sizes determined from TEM data (Table 1).

Activity Measured during a Temperature Ramp.
Figure 3A depicts the 1,3-butadiene conversion as a function
of the temperature measured while linearly heating the in situ
prereduced samples from 50 to 175 °C (0.5 °C min™"). All Cu-
containing catalysts showed a similar conversion—temperature
plot, with an onset temperature around 105 °C, followed by a
sharp increase up to full hydrogenation (Tygy = 120—130 °C).
The copper catalysts were almost fully selective toward
butenes, and the main product was 1-butene (selectivity
~70%, see Figure S2). Smaller amounts of cis-2-butene and
trans-2-butene were also detected (10—15%), and their
concentration increased along with the temperature. The
selectivity to butane and propene conversion were generally
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Vg >
s *» =40 3.5+1.0 nm
. i >
3 o ' S
- A 20
> BT »""f‘% 3 w 0
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Figure 2. Representative transmission electron micrographs for the as synthesized 3nm_Cu/C, 3nm_Cu/SiO,, 7nm_Cu/C, and 7nm_Cu/SiO,
catalysts, with the corresponding particle size distributions. Silica-supported samples were ultramicrotomed to 50 nm slices (nominal thickness)

prior to imaging.

369

https://dx.doi.org/10.1021/acs.jpcc.0c08077
J. Phys. Chem. C 2021, 125, 366—375


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c08077/suppl_file/jp0c08077_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c08077/suppl_file/jp0c08077_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08077?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08077?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08077?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c08077?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c08077?ref=pdf

The Journal of Physical Chemistry C pubs.acs.org/JPCC
S 100fa | OESREIese| E 100f " 0-0®&® ]
5 a), 5 ¥
B 80 F g 1 ? 80 l : N 1
2 ¢ 2 4
2 60 o 1 Z 6ot ;o ]
: A ol 8 ;

o 40 j‘,” --Q-- 3nm_Cu/SiO, | © 40 F ,O ,' 4

= ' --A--7nm_CuiSio, < ; ! f

5 20} - @--3nm_culC i 5 20 ;! ',' --@-- i

.g q --@- - 7nm_Cu/C S o 3nm_Cusio,

a o . e v . .1 2 0}, ©w©oo0-9 . K
). 50 75 100 125 150 175 200 50 50 75 100 125 150

Temperature (°C)

Temperature (°C)

Figure 3. (A) 1,3-Butadiene conversion as a function of temperature for the 3nm_Cu/SiO,, 7nm_Cu/SiO,, 3nm_Cu/C, and 7nm_Cu/C samples.
The data points were collected while heating the prereduced catalyst from 50 to 175 °C (heating ramp 0.5 °C min™"'). (B) 1,3-Butadiene
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catalyst from S0 to 175 °C and then cooling the used catalyst back to RT (temperature ramp: 0.5 °C min™"). Reaction conditions: butadiene/
propene/H,/He = 0.15/15/10/24.85 mL min~}, 1 bar absolute pressure and 1.28 mg of Cu loaded. GHSV: 35000 hL

below 1.5% and 1%, respectively, at almost full (>95%) 1,3-
butadiene conversion. The bare supports did not show any
hydrogenation activity when exposed to the reactant mixture at
temperatures up to 200 °C.

All samples seem to have the same activity (per unit Cu
mass) within error at temperatures between 105 and 125 °C.
This is surprising as differences due to the different particles
sizes and supports might be expected. Hence, we started a
more detailed study of the activity by temperature cycling
experiments, with as an example results for 3nm_Cu/SiO,
reported in Figure 3B. A pronounced hysteresis was observed;
the high 1,3-butadiene conversion was retained to temper-
atures below 105 °C during cooling. A possible explanation
might be the formation of local hot spots in the catalyst bed
due to the exothermicity of the hydrogenation reaction,
although this is not expected under the given conditions (see
section 2 of the Supporting Information). Another possibility is
that the low activity between 85 and 105 °C during the first
heating ramp is due to deactivation of the surface of the copper
nanoparticles by oxidation. Oxidation of copper is favored at
low temperatures (e.g, during cooling steps after in situ
activation or at the beginning of the catalytic test heating
ramp) and can be caused by trace amounts of oxygen and/or
water that are always present in commercial gas mixtures. The
onset of activity might correspond to the reduction of Cu
oxides by the H, present in the reaction mixture. This is
supported by the fact that indeed the onset of hydrogenation
activity shown in Figure 3 is very close to the onset of
reduction of Cu oxides (see Figure S3). Such deactivation by
formation of surface oxides, which are reduced at a certain
temperature, would also explain the similar activity onset
temperatures observed for all catalysts (Figure 3A).

Interestingly, a sudden increase in conversion between 100
and 120 °C was previously reported also in the case of
hydrogenation of various alkynes using Cu-based catalysts.® In
fact, using a single heating ramp is a common way to assess the
activity of catalysts. Although this might be a valid method
when measuring catalytic performance of more noble metals
such as Pd,” Pt,** or Au,*"* clearly for Cu-based catalysts the
intrinsic properties might be obscured by oxidation. Therefore,
another type of testing protocol had to be developed, as
described in the next section.
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Activity under Steady-State Conditions. The new
measurements protocol involved a first step of catalyst
preconditioning for 15 h under reaction mixture at T =
110—130 °C. Subsequently, the catalyst was heated (or
cooled) to the desired temperature, and kinetic data were
recorded for 2 h in isothermal conditions. The data points used
for performance evaluation were collected at the end of a 2 h
hold to reach a steady state in terms of solid-to-gas interface
composition and thermal equilibrium. The process was iterated
at each temperature level, and multiple points were collected at
one chosen temperature (e.g, 120 °C for the sample
3nm_Cu/SiO,, as reported in Figure S4) to detect any
deactivation or activation phenomena of the catalyst during the
entire duration of the test. As an example, the 1,3-butadiene
conversions as a function of the temperature obtained with the
described protocol are given in Figure 4A,B for three selected
catalysts: 3nm_Cu/SiO,, 7nm_Cu/SiO,, and 7nm_Cu/C.
With this new measurement protocol, the activity plot looked
very different from the one obtained by linearly heating the
catalyst (Figure 3): the new protocol yielded a well-defined
onset temperature of activity, no hysteresis, and clear
differences between the various catalysts. Both 7nm_Cu/C
and 7nm_Cu/SiO, showed very similar conversion profiles
(Figure 4A). Hydrogenation activity was measurable starting at
around 115 °C with almost full 1,3-butadiene conversion
reached at around 170 °C. However, the sample 3nm_Cu/
SiO, (Figure 4B) displayed a higher activity than the
7nm_Cu/Si0,, with full hydrogenation at 135 °C.

The turnover frequencies (normalized to the number of
exposed copper atoms) measured at 125 °C were (6 + 2) X
1073, (S £2) X 1073, and (22 + 6) X 107 57" respectively for
7nm_Cu/C, 7nm_Cu/SiO,, and 3nm_Cu/SiO,. The TOFs
measured for Cu nanoparticles in this work can be compared
for those previously reported in the literature. Wang et al.
measured a turnover frequency of 32 X 107> s™" at 105 °C for
S nm Cu on TiO, (same reaction conditions),* comparable
but appreciably higher activity than the catalyst hereby
reported. The authors, in fact, stated that the catalyst was
able to partially hydrogenate 1,3-butadiene at temperatures as
low as 60 °C.*® The lower Cu-based activity for the catalysts
supported on SiO, and carbon, compared to TiO,, may be
caused by the presence of support effects for small nano-
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Figure 4. 1,3-Butadiene conversion as a function of temperature for
(A) 7nm_Cu/SiO, and 7nm_Cu/C and (B) 3nm_Cu/SiO, and
7nm_Cu/SiO, samples. The catalysts were preconditioned for at least
15 h at 110—130 °C prior to measurements (see Figure S4). The
catalytic data were collected after allowing at least 2 h at a given T for
reaching stable state conditions. Conditions: 1,3-butadiene/propene/
H,/He = 0.15/15/10/24.85 mL min~}, 1 bar absolute pressure and
1.28 mg of Cu loaded for each test. GHSV: 35000 h™".

particles on reducible metal oxide supports. For example,
Masoud et al. reported a 4-fold higher activity for <5 nm Au
nanoparticles supported on TiO, compared to Au/SiO,.”” The
activity may also be strongly influenced by the specific catalyst
pretreatment and reaction conditions. The Cu-based activities
for 1,3-butadiene hydrogenation investigated in our work were
in every case higher than for Au/SiO, catalysts (4 X 1073 s™" at
120 °C)*” as well as for Ag/SiO, systems (0.2 X 107> s at
120 °C)* yet much lower than for Pd/ALO; (10.5 s™* at 40
°C) as measured under similar reaction conditions.>* Hence,
our results confirm that Cu catalysts are reasonably active
catalysts for 1,3-butadiene hydrogenation. However, at least as
important as the activity is the catalyst stability, which is
discussed in the next section.

Stability. Measurements performed at steady-state con-
ditions revealed that the catalysts, after proper preconditioning,
can display stable and reproducible activity (see Figure $).
However, TEM analysis of the used catalysts (see Figure SS)
revealed that a carbon supported catalyst, 7nm_Cu/C, suffered
from particle growth (from ~7 to ~23 nm) while the silica-
supported samples retained their initial particle size. Hence, we
focused in more detail on the Cu/SiO, system (see Figure S6

371

Ol (@ @ @ @ @ @ @ @ @ @@@ol
80 O-- 3nm_Cu/SiO, -
60 .

40 27\

A - 7Tnm_Cu/SiO,

20

0 10 20 30 40 50 60
time-on-stream (h)

1,3-butadiene conversion (%)

Figure S. 1,3-Butadiene conversion as a function of the time-on-
stream for the 3nm_Cu/SiO, (test performed at 130 °C) and
7nm_Cu/SiO, (140 °C) samples. Conditions: 1,3-butadiene/
propene/H,/He = 0.15/15/10/24.85 mL min~!, 1 bar absolute
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for more details on the carbon supported catalysts) and more
specifically on the activated (reduced) 3nm_Cu/SiO, and
7nm_Cu/SiO, catalysts.

The stability of these two selected catalysts was investigated
by means of isothermal runs. Selectivity to butenes and
butenes composition are reported in Figure S7. The 3nm_Cu/
SiO, sample tested at 130 °C exhibited full conversion for the
entire 60 h of catalytic test. At full conversion, it was not
possible to observe small changes in activity. Long-term tests
on the sample 7nm_Cu/SiO, (140 °C, otherwise same
conditions) revealed a high stability, with the 1,3-butadiene
conversion equal to ~40% from the beginning to the end of
the run. It is interesting to note a good agreement between
these data and the one collected at steady-state conditions
(Figure 4) for both the samples, which underlines the
remarkable stability of these catalysts (in particular for the 7
nm Cu on Si0,). Lastly, ex situ FT-IR investigations of the
fresh and used samples revealed no significant oligomers/green
oil formation (see Figure S8).

The catalysts described in this work were significantly more
stable than Cu catalysts immobilized on other oxidic supports
reported in the literature. A direct comparison between our
systems and 5 nm Cu/TiO, described by Wang et al. tested
using the same reaction mixture, yet T = 90 °C, shows that the
S nm Cu/TiO, catalyst lost all more than 90% activity after
<10 h on stream.” Deactivation was mainly ascribed to
significant “green oil” or coke poisoning (formation of C,,
oligomers or carbonaceous deposit).”*”*> No results for Cu
catalysts on SiO, have been reported previously; however,
differences in stability between SiO,- and TiO,- supported
catalysts were reported by our group for Au-based systems
used in selective hydrogenation for the same reaction
mixture.”” Higher stability was observed for Au nanoparticles
immobilized on the silica support than on titania P25 (almost
full retention of the activity for Au/SiO, catalyst after 16 h at
200 °C, versus 88% loss in activity for Au/TiO, tested in the
same conditions). Also in this case, used catalyst character-
ization revealed important coke formation for the sample Au/
TiO,.”” An important role of the support was reported for the
hydrogenation of alkynes as well. Sarkany,*” for instance,
observed that the amount of carbon deposited over Pd catalyst
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supported on TiO, was twice the one on @-Al,O; during pulse-
flow hydrogenation experiment of ethyne/ethene mixtures (3.9
carbon atoms per Pd surface atom for Pd/TiO, versus 1.66 for
Pd/ALO;). Combination of adjacent vinyl species and/or
insertion of ethyne into Pd—C bond of adsorbed vinyl
intermediates to form a diene were considered to be the
initiator of the formation of green oil in ethyne hydrogenation.
The authors postulated that the TiO, support, due to the
presence of Ti*" sites decorating the Pd particle, enhanced the
concentration of retained hydrocarbons over the surface of the
catalyst, leading to a greater formation of Cg, oligomers.*” It is
clear that using more inert supports, as we show here for Cu-
based catalysts, is a successful strategy to produce stable
catalysts for the hydrogenation of alkadienes.

Selectivity. In this section, the selectivities of 3nm_Cu/
SiO, and 7nm_ Cu/SiO, are discussed in more detail, based on
the data from Figure 4. Selectivities are reported in terms of
both the evolution of the propene conversion (Figure 6A) and
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Figure 6. (A) Propene conversion and (B) selectivity to butenes data
(defined as the ratio between the butenes productivity over the total
hydrogen consumption) as a function of the 1,3-butadiene conversion
for the reduced 3nm_Cu/SiO, and 7nm_Cu/SiO,. Pretreatment,
reaction conditions, and testing methodology are as in Figure 4.

the selectivity to butenes (defined as the ratio between the C,
alkenes productivity over the total hydrogen consumption; see
section 4 of the Supporting Information) (Figure 6B) as a
function of the 1,3-butadiene conversion. Hydrogenation of
alkenes to alkanes was limited, with a propene conversion
below 0.1% in the entire 1,3-butadiene conversion range
(Figure 6A). Sample 3nm_Cu/SiO, exhibited a maximal
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alkene conversion of 0.06%, while for 7nm_Cu/SiO, the
hydrogenation of propene was equal to 0.013% at almost full
(97%) 1,3-butadiene conversion (corresponding to roughly 40
ppm of propane present in the reactor outlet stream).

Although the propene conversion is commonly used in the
literature to assess the performance of this class of hydro-
genation catalysts, it is valuable to additionally look at the total
selectivity to butenes (Figure 6B). In this way both undesired
reactions, hydrogenation of propene and over-hydrogenation
of 1,3-butadiene, can be taken into consideration. Both silica
supported catalysts presented high selectivity. For instance, at
97% 1,3-butadiene conversion, the selectivities to butenes were
94% for the 3 nm Cu and an astonishing 99% to butenes for
7nm_Cu/SiO,. It is interesting to appreciate the substantial
difference in selectivity between the two catalysts. The higher
overall activity of 3nm_Cu/SiO, in terms of 1,3-butadiene
hydrogenation to butenes (Figure 4B) and alkenes hydro-
genation with respect to 7nm_Cu/SiO, (Figure 6) suggests a
possible particle size effect. This aspect will be covered in
further studies.

To better understand the catalyst selectivity, sample
3nm_Cu/SiO, was also tested at temperatures well above
140 °C, the T required to achieve full hydrogenation of 1,3-
butadiene. Under these conditions (with top-down flow) at the
bottom of the catalytic bed, the 1,3-butadiene concentration is
negligible, and the reaction atmosphere consists mainly of
propene, butenes, and H,. The fraction of the catalytic bed that
experiences these conditions increases with the reaction
temperature. The 1,3-butadiene conversion, propene con-
version, and C, composition are reported in Figure 7. The
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Figure 7. 1,3-Butadiene conversion (blue bars), propene conversion
(orange bars), and C, (butenes) distribution as a function of
temperature for 3nm_Cu/SiO,. Pretreatment, reaction conditions,
and testing methodology are as in Figure 4.

propene conversion is low and constant from 110 °C up to 150
°C (temperatures at which the 1,3-butadiene consumption is
below 98%). At temperatures higher than 140 °C, i.e., at full
conversion, when the concentration of 1,3-butadiene is
depleted in the bottom of the catalytic bed, the propene
conversion increases (even though remains lower than 1% at
50 °C higher than the temperature required for full 1,3-
butadiene hydrogenation).

A similar trend was observed for the C, products, with the
trans-2-butene concentration increasing with temperature only
above 150 °C, at the expense of the less stable 1-butene, a sign
that isomerization becomes significant only when 100%
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conversion is reached and when part of the catalytic bed is
depleted in 1,3-butadiene (see Figure S9 for butenes
thermodynamic data). Concomitantly, n-butane appears as a
product of the hydrogenation of C, species from 150 °C
onward. This clearly suggests that competitive adsorption,
hence the strong adsorption of 1,3-butadiene on Cu, is a key
factor in the catalyst high selectivity for alkadiene conversion,
as side reactions such as isomerization or further hydro-
genation of alkenes only take place once the 1,3-butadiene
concentration is severely depleted in the reactor and hence also
low in concentration at the surface of the Cu particles. This
can be compared to what was observed for the palladium-based
catalysts for which the preferential adsorption of alkynes and
dienes makes it possible to maintain high alkenes selectivity up
to relatively high conversion, although the hydrogenation rate
of adsorbed ethene is for instance about 100 times higher than
that of adsorbed ethyne."**’

Further evidence is provided by analyzing the reaction
kinetics data. From the study of the 1,3-butadiene hydro-
genation rate as a function of the partial pressure of the
reactive species (details in Figure S10), we observed a first-
order dependency in H, pressure, a fractional positive order in
1,3-butadiene (0.25) and a nearly zeroth order in propene
(0.08). The first-order dependency in hydrogen pressure
suggests a low hydrogen surface coverage (linear adsorption
regime),””" in line with the general observation that H,
adsorbs relatively weakly on Cu."*° The only slightly positive
order in 1,3-butadiene can be ascribed to its particularly strong
affinity to bind the copper nanoparticles, since almost
complete surface saturation is reached. The low reaction
order in 1,3-butadiene is in line with literature reports for
experiments involving Ni, Au, Pd, and Co."183150 11y addition,
this kinetic behavior partially resembles what was observed in
the case of Pd model catalysts (Pd/AL,O;/NiAl(110), Pd > 4
nm),"® for which the 1,3-butadiene adsorption can be so strong
that the hydrocarbon can even limit hydrogen penetrating the
adsorption layer and adsorbing onto Pd active sites."® Lastly,
the near-zeroth reaction order in propene partial pressure
shows that the competition of adsorption between the
butadiene and propene is strongly in favor of the former.

We hence explain the almost full selectivity to butenes of our
Cu/SiO, system (Figure 6) to the strong preferential bonding
of polyunsaturated molecules over monounsaturated ones. As
long as there is an appreciable 1,3-butadiene concentration, the
diene almost fully covers the surface of the Cu catalyst,
hindering the hydrogenation and/or isomerization of alkenes
(Figure 7). Interestingly, by assuming similar intrinsic
hydrogenation rates for all the adsorbed hydrocarbons, the
selectivity measured for 7nm_Cu/SiO, at 130 °C would
correspond to a 1,3-butadiene to propene surface coverage
ratio of 50:1. Conversion of butenes (mainly 1-butene) was
also very limited, which indicates that they (mainly 1-butene),
once formed, then rapidly desorb from the surface of the
copper nanoparticles. An adsorption/desorption-driven selec-
tivity was already predicted computationally in the case of
hydrogenation of alkynes/alkenes mixtures, such as ethyne/
ethene,”® propyne/propene over Cu and Ni,”' and the
hydrogenation of enynes over Cu.’” In a recent study of the
selective hydrogenation of 1-phenyl-1-propyne in a batch
reactor, the authors found that Cu/SiO, has no intrinsic
selectivity toward alkenes formation at full conversion since the
apparent rate of hydrogenation of the alkene to the alkane is
faster than that of hydrogenation of the alkyne to the alkene.>

They rather assigned the high selectivity to alkenes to a
competitive substrate adsorption on the Cu nanoparticles with
the adsorption constant of the alkyne on Cu/SiO, being orders
of magnitude higher than that of the alkene.

Lastly, a comparison with the literature reveals that the
propene conversion values here obtained (Figure 6A) are
drastically lower than that for other Cu-based catalysts in the
literature (0.1—1%), as measured under similar reaction
conditions (Cu/TiO,,** Cu—Zn/TiO,,>* Cu—Au/TiO,, and
Au/Ti0,°). Our Cu/SiO, systems also outperform Pd-based
NPs (generally >1% propene conversion, same conditions),”
single-atom Pd and Pt/Cu (~0.1 and ~1% propene
conversion; corresponding gas feed: 1.9/2% butadiene, 70/
20% propene, 4.7/16% hydrogen and balance He, respec-
tively),”>>° Au/SiO, catalysts (for which the conversion of
propene was already particularly low, <0.1%, same con-
ditions),””** or PdAu bimetallic nanorods (selectivity to
butenes below 90%, same conditions).”* To the best of our
knowledge the highest butenes selectivity (>98%) under
similar conditions was reported for Cu-based catalysts obtained
via carbonization of MOFs (HKUST-1, 50 wt % Cu).”’

B CONCLUSIONS

Copper nanoparticles (~3 and ~7 nm) supported either on
silica gel or on surface-oxidized graphitic carbon were
synthesized and used as catalysts for the selective hydro-
genation of 1,3-butadiene in the presence of a 100-fold excess
of propene. A new protocol for the measurement of catalytic
data for Cu-based hydrogenation catalysts was developed,
which is a more reliable alternative to the ramp-up method-
ology. The catalysts exhibited full conversion of the alkadiene
at mild temperatures (130—170 °C). The conversion of
propene at almost full 1,3-butadiene consumption was
generally less than 0.2% (0.01% for the 7 nm Cu onSiO,
system), and the selectivity to butenes was above 94% for all
the catalysts (up to 99% for the same catalyst 7nm_Cu/SiO,).
Reaction order and detailed product analysis proved that the
exceptionally high selectivity can be ascribed to the strong
preferential adsorption on the Cu surface of alkadienes rather
than alkenes. Furthermore, the 7 nm Cu/SiO, retained its
initial activity for the full 60 h time on stream test at 140 °C.
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