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Selective hydrogenation of 2-butyne-1,4-diol (BYD) to 2-butene-
1,4-diol (BED) is important for chemical industries. In this work, a
low concentration (0.5 wt%) of platinum (Pt) was deposited onto
a silicon carbide (SiC) support by an incipient wetness
impregnation approach, and the as-obtained catalyst exhibited
an excellent selectivity (~96%) for BED with a high conversion of
96% for BYD. Multiple characterization techniques were applied
to investigate the active species for this reaction. The X-ray
absorption fine structure (XAFS) data together with the high-
resolution transmission electron microscopy (HRTEM) images
indicated that the as-calcined 0.5Pt/SiC consisted of platinum
oxide clusters (Pt,O,), which were further converted to the
reduced Pt° species during the hydrogenation process. Therefore,
metallic Pt nanoparticles with 2-3 nm in size supported on silicon
carbide are the active species for BED products via the selective
hydrogenation of BYD in this work.

2-Butene-1,4-diol (BED) is a type of versatile and important
industrial material, and it can be manufactured as the
intermediate of medicine, battery, papermaking, leathers,
agricultural chemicals, vitamins A and B6."” Currently, the
broadest commercial production method of BED is the
selective hydrogenation of 2-butyne-1,4-diol (BYD) by nickel®*™®
or palladium catalysts.” "> However, the industrial nickel-
based catalysis inclines to undergo full hydrogenation of BYD
to butane-1,4-diol (BDO), and normally requires a harsh
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condition (15-30 MPa at up to 160 °C).'**° Palladium-based
catalysts have been studied relatively more, but higher
selectivity (>60%) wusually requires an adequate high
concentration of the noble metal (Pd)® or additives."®

Recently, platinum-based catalysts also have been
investigated for the selective hydrogenation of BYD under
mild conditions (<150 °C & <3 MPa) and the related samples
showed low selectivity (ca. 80%).>°">* Furthermore, previous
results reported that multiple side products, including
y-hydroxy butyraldehyde, n-butyraldehyde, n-butanol, crotyl
alcohol, acetal, 2-isopropoxy-tetrahydrofuran and butane,'*>*
would be generated during the hydrogenation of BYD to BED
in practical production.*® So, suitable modification of
support>>*® or appropriate doping of secondary metal®”*®
becomes an essential challenge for balancing between high
activity (especially high selectivity) and low cost (low
concentration of noble metal) for the production of BED over
the Pt-based catalysts. Particularly, the influence of different
supports, including carbonate,> carbon,*® zeolites,”® and
bovine-bone powder®' has been thoroughly investigated
previously. Li et al. studied the effect of different molecular
sieves and reported the higher selectivity of Pt@ZIF-8 (>90%)
compared with the Pt nano-sol and Pt@SBA-15 (<70%).>
Bennett et al. found that the chemically processed biogenic
Pt catalyst has a higher selectivity than carbon-supported Pt
materials.”® As a non-oxide support, silicon carbide (SiC) has
been used in heterogeneous catalysis, due to its excellent
thermal stability, high thermal conductivity and inertness in
harsh environments.>**! However, until now, SiC-supported
Pt catalysts have not been reported for the selective
hydrogenation reaction of BYD.

Herein, we have deposited the monometallic platinum
with varied loading amounts (0.1, 0.5, 1, 5 wt%) on the
silicon carbide support as well as on other supports (silica
SiO,, silicon nitride SiN, active carbon AC, cerium oxide
CeO,) by an incipient wetness impregnation method. The
catalytic performance of as-obtained samples was evaluated
by the selective hydrogenation reaction of BYD to BED. With
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the help of multiple structural characterizations, including
high-resolution transmission electron microscopy (HRTEM)
and X-ray absorption fine structure (XAFS) spectra, we have
further investigated the active species for the reactivity of
selective hydrogenation of BYD to BED.

The selective hydrogenation of BYD was used to evaluate
the catalytic performance of the supported platinum
catalysts. Mild reaction conditions (100 °C, p(H,) = 1 MPa, 10
h) were applied in the batch reactor. Fig. 1a shows the
comparison of conversion and selectivity for all the measured
catalysts. First, the effect of the loading amount of Pt was
investigated. Fig. 1a determines that the highest selectivity of
BED appeared for 0.1Pt/SiC (98%), followed by 0.5Pt/SiC
(96%), 1Pt/SiC (94%) and 5Pt/SiC (92%), respectively (also
refer to Fig. Slat). However, the trend of conversion was
totally different. Fig. 1a (also refer to Fig. S1b¥) exhibits that
the conversion of BYD for 0.5Pt/SiC (ca. 96%) was higher
than that of the 1Pt/SiC (94%), 0.1Pt/SiC (87%) and 5Pt/SiC
(81%). Therefore, 0.5Pt/SiC can be selected as the primary
catalyst for further investigations due to its simultaneous
high conversion and high selectivity.

The effect of the loading amount of Pt on the conversion
of BYD and selectivity of BED also were investigated as the
function of reaction time (Fig. S2at). The 5Pt/SiC almost has
the same conversion (ca. 24%) in the initial 2 h reaction,
which was slightly higher than that of 0.5Pt/SiC (20%
conversion). With the reaction progressing, the conversion of
BYD for 0.5Pt/SiC caught up to 96% after 10 h, approximate
to that of 1Pt/SiC and significantly higher than that of 0.1Pt/
SiC and 5Pt/SiC. Fig. S2bt exhibits that all the four samples
with different loadings of Pt almost remained unchanged for
selectivity of BED within the 10 h reaction.

We further compared the activity of Pt-based catalysts in
different kinds of literature on the selective hydrogenation of
BYD. Table 1 shows that 0.5Pt/SiC synthesized in this work
attained the similar selectivity of BED as Pt@ZIF-8 (96%)>°
but under lower H, pressure and loading of Pt. Although
0.5Pt/SiC progressed at a higher temperature than the
reported CaCO; supported Pt catalysts with NH;
pretreatment®® or Li addition,*” the current concentration of
platinum was only half and without any extra operation for
catalysts. To better explore the effect of the supports, we
deposited 0.5 wt% Pt on different supports such as silica
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Fig. 1 (a) Comparison on conversion and selectivity for catalysts with
different Pt loadings or different supports; (b) recyclability for 0.5Pt/
SiC at 100 °C and p(H) = 1 MPa (black: conversion of BYD; red:
selectivity of BED; blue: selectivity of BDO).
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(SiO,), silicon nitride (SiN), active carbon (AC), and cerium
oxide (CeO,) by the same incipient wetness impregnation
approach. Fig. 1la shows that 0.5Pt/SIN has the best
conversion of BYD (almost 100%), while the related selectivity
of BED was the lowest (~78%) in all the measured catalysts.
Importantly, platinum supported on other support has the
lower selectivity of BED (<91%) than the Pt/SiC series (92—
98%). Therefore, these results give sufficient evidence that
silicon carbide was the best support for the platinum
catalysts to the selective hydrogenation reaction of BYD to
BED in our research. Remarkably, the reaction products
consisted of only one side-compound (BDO), which is an
advantage, if compared to the previously reported Pt-based
catalysts with a high selectivity of BED above 96%.>%>"

The recyclability of 0.5Pt/SiC was operated at 100 °C and
p(Hy) = 1 MPa to verify the stability of investigated platinum
catalysts. Fig. 1b displays that 0.5Pt/SiC holds good
reproducible catalytic performance with a high conversion of
BYD (99%, 99%, and 95%) and good selectivity of BED (85%,
82%, and 86%) for the three runs. These data were collected
offline and the slight decrease in the selectivity should be
related to the separation and transformation of catalyst
powders from the stock solution, compared to the online
sample collections (Fig. 1a).

Besides, the effect of the pretreatment condition was also
investigated. Fig. S31 confirms that the O,-pretreated catalyst
showed a nearly identical conversion of BYD and selectivity
of BED compared to the H,-pretreated 0.5Pt/SiC. This is
because flushing with H, in a batch reactor to eliminate the
dissolved air as well as the initial reaction period at 100 °C
with 1 MPa H, effectively reduced the O,-pretreated catalyst.
Thus, during the reaction, there was only one status for
platinum (Pt°), whether H,- or O,-pretreatment. As discussed
above, the comparison of activity over the various Pt-based
catalysts for the hydrogenation of BYD to BED in this work
has been summarized in Table S1.f

Multiple characterization techniques were used to discover
the origin of catalytic reactivity over silicon carbide supported
platinum catalysts. Table S21 shows that the experimental
concentration of Pt was 0.39 wt% for both fresh and used
0.5Pt/SiC, which is in good agreement with the designed
value (0.5 wt%). The N, adsorption/desorption measurement
was used to identify the textural properties of these samples
under different status (as-purchased SiC, SiC with deionized
water, fresh and used 0.5Pt/SiC). Fig. S4af exhibits a type IV
isotherm and the H3 type hysteresis loop, attributed to the
presence of aggregated particles.*” Table S2f shows that the
BET specific surface areas (Sgpr) were almost constant (ca. 30
m” g'). On the contrary, the BJH pore volumes (V,), which
appeared like that of the as-purchased SiC was only 0.071
em?® g7, significantly less than that for immersed SiC (0.162
em® g7") or fresh/used 0.5Pt/SiC. The BJH average diameters
in Fig. S4bt display a similar trend, i.e. the diameter of the
as-purchased SiC (17 nm) was lower than that of the
immersed one (SiC-IMP, 36 nm) or fresh/used 0.5Pt/SiC.
These results indicate that the transformation of textural

This journal is © The Royal Society of Chemistry 2020
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Table 1 Comparison on the activity over the Pt-based catalysts in literatures for selective hydrogenation of 2-butyne-1,4-diol reaction (BYD) to

2-butene-1,4-diol (BED) (solvent: H,O)

Catalyst Pt loading (wt%) Reaction condition BYD conversion (%) BED selectivity (%) Ref.
Pt/SiC 0.5 100 °C; 1 MPa 96 96 This work
Pt@ZIF-8 1 120 °C; 3 MPa 100 94 20
Pt nano-sol 1 120 °C; 3 MPa ~95 68 20
Pt@SBA-15 1 120 °C; 3 MPa ~100 68 20
Pt/bovine-bone 1 55 °C; 0.6 MPa ~100 83 21
Pt/CaCO; 1 50 °C; 2.4 MPa ~95 83 26
Pt/CaCO3;-NH; 1 50 °C; 2.4 MPa — 100 26
Pt-Li/CaCO; 1 50 °C; 2.4 MPa 99.6 83 27
Pt-Cs/CaCO; 1 50 °C; 2.4 MPa — 99 27
Pt/PANI 2 22 °C; 0.1 MPa 85 75 22
Pt/P4VP 4 22 °C; 0.1 MPa 85 80 23

properties for the SiC support was derived from the
impregnation step with the water solvent.

To better understand the structural evolution by the
deposition of Pt over SiC, we performed the related structural
characterization techniques. The powder X-ray diffraction
(XRD) patterns in Fig. 2 determined the main peaks at 35.6°,
41.4°, 60.0°, 71.8°, and 75.6°, which corresponded to the
(111), (200), (220), (311), and (222) facets of cubic -SiC (JCPDS
card no.: 29-1129), respectively. The appearance of two
additional peaks at 33.7° and 38.2° can be attributed to the
stacking faults (SF) inside the B-SiC materials.>**> Apparently,
the peak at 39.8° enlarged in Fig. 2b emerges when the
loading amount of Pt increases to 0.5 wt%, which can be
assigned to the Pt (111) facet (JCPDS card no.: 4-802). This Pt
diffraction peak was enhanced with the loading amount of Pt,
giving a hint that the Pt crystal size on SiC was generally
increased with the loading amount of Pt.*® Meanwhile, the
Fig. 1a shows the selectivity of BED was decreased with the
the increased loading of Pt, which suggests that the larger size
of Pt specials has a negative effect on the selectivity for the
selective hydrogenation of BYD reaction.
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Fig. 2 XRD patterns in full range (a and c) and enlarged range (b and
d) for (a and b) different Pt loadings and (c and d) SiC, as well as 0.5Pt/

SiC before and after the reaction.
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Furthermore, the used 0.5Pt/SiC after three recycling tests
also was characterized by XRD. Fig. 2c showed that there was
nearly no significant difference between the fresh and used
samples, revealing that the SiC support was structurally
stable during the hydrogenation reaction. Besides, Fig. 2d
defined that the Pt peak of used 0.5Pt/SiC was stronger than
that of the fresh one, indicating the sequential reduction of
platinum species during the reaction.

The thermogravimetric analysis (TGA) was applied to study
the thermal stability of silicon carbide supported platinum
catalysts.®” Fig. S5t showed in general that for both the fresh
and used samples, the weight loss before 150 °C belongs to
the removal of surface water adsorbed on the catalyst, while
the weight loss after 500 °C responded to the loss of crystal
water. Furthermore, the significantly increased weight loss
for the used catalysts between 150 and 500 °C can be
attributed to the burning of C,. substances (BYD, BED,
BDO),*® which originated from the adsorption of substrates
during the reaction.

The morphologies of the support as well as the particle
sizes of the metal were determined by TEM/HRTEM images
that are presented in Fig. 3, which reveal the well-distributed
Pt nanoparticles deposited on the SiC thin layer. Based on
the HRTEM images, the average Pt sizes of fresh and used
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Fig. 3 TEM (a and d), HRTEM (b and e) images and Pt particle size-
distribution histograms (c and f) for 0.5Pt/SiC: (a—c) fresh and (d-f) used
after reaction.
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catalysts were 2.2 and 2.5 nm, respectively. Meanwhile, Fig.
S671 exhibited that the average size of Pt particles was 2.5 nm
for 1Pt/SiC. In addition, there were no visible Pt crystals for
0.1Pt/SiC, which matches well with the XRD pattern (Fig. 2b).
On the contrary, non-uniform Pt particles (larger than 20 nm,
as well as a few in nanometer-scale) appeared for 5Pt/SiC,
corresponding to the further growth of platinum species in a
high Pt loading sample (also see XRD pattern in Fig. 2b).*°
These experimental results revealed that the Pt size has a
significant effect on the catalytic performance on the
selective hydrogenation of BYD. Nevertheless, the effect of Pt
size was not connected to the type of support. The TEM and
HRTEM images shown in Fig. S7{ confirmed that the same
loading amount of Pt (0.5 wt%) has a different Pt size if
supported on different supports. For 0.5Pt/SiN, the average
size of platinum was the same as 0.5Pt/SiC (2.2 nm), but the
former showed the lowest selectivity among all the studied
supports (Fig. 1a). As for 0.5Pt/AC and 0.5Pt/CeO,, there were
no obvious Pt particles in TEM/HRTEM, probably in atoms or
ultra-thin clusters but their selectivity of BED was also lower
than that of 0.5Pt/SiC (Fig. 1a). Therefore, according to the
present results from Fig. S6 and S7t and 1a, we could draw a
conclusion that the selectivity of BED was determined by
both the type of the support and the size of Pt.

Since the conventional characterization techniques failed
to provide the information on the electronic structure and
local coordination structure around the active metal (Pt), we
further applied the XAFS measurements on these silicon
carbide support platinum catalysts. Fig. 4a exhibited that the
X-ray absorption near edge spectroscopy (XANES) profiles of
Pt L; edge responded to the platinum oxidation state of
tested samples, the high intensity of white peak indicating
the high valence state of Pt** or Pt*". The corresponding
linear combination fitting®® results shown in Table S3f
confirms that the oxidation states of platinum are +1.7 and
+0.1 for the fresh and used catalysts, respectively. In other
words, platinum was nearly in the Pt** state for the fresh
catalyst, while almost pure Pt® was identified after the
hydrogenation reaction. According to the results of XRD,
HRTEM and XANES, we can infer that the fresh sample
consisted of both Pt particles and Pt,O, species (probably on
the surface of platinum metals), while the latter oxidized
component was converted to metallic platinum fraction
during the reaction. In order to further clarify the structural
evolution of silicon carbide supported platinum catalysts, the
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Fig. 4 (a) XANES profiles; (b) Fourier transform of k*-weighted EXAFS
spectra in R space of Pt Ly, edge for fresh and used 0.5Pt/SiC.
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Scheme 1 Schematic presentation on structural evolution of Pt/SiC
catalyst for selective hydrogenation of 2-butyne-1,4-diol reaction
(BYD) to 2-butene-1,4-diol (BED).

extended X-ray absorption fine structure (EXAFS) spectra with
the related fits were used to identify the local coordination
structure containing distance (R) and coordination number
(CN) around the platinum atoms. Fig. 4b, as well as Table
S31 verifies that the fresh 0.5Pt/SiC contains two
contributions from the first-shell of Pt-O (2.01 A) and
second-shell of Pt-Pt from the Pt-O-Pt structure (3.1 A),
which is well consistent with the structural properties of
Pt,0, clusters.’® In addition, the existence of Pt-Pt metallic
bonds at 2.79 and 3.95 A confirms the presence of Pt
particles. For the used 0.5Pt/SiC, only the Pt-Pt shell (2.76
and 3.93 A) appeared without any component of Pt-O, in
good agreement with the transformation of oxidized Pt,O,
clusters to reduced Pt particles under the reaction
conditions.

In addition, due to the low loading amount of Pt and only
a part of it being reducible Pt,O, clusters, there was no
observable temperature-programmed reduction by the
hydrogen (H,-TPR) peaks (see Fig. S8f) for fresh 0.5Pt/SiC,
which manifests no strong metal (Pt)-support (SiC)
interaction in this system. Meanwhile, the EXAFS spectrum
as well as the corresponding fit (Fig. 4b) discloses that no Pt-
Si shell in the range of 3-4 A, originated from Pt-O-Si
interaction, can be identified. This coincided well with the
H,-TPR results. Consequently, combining with the evaluation
of the hydrogenation of BYD, we deem that the reduced Pt
nanoparticles themselves are the active species for the high
activity, especially high selectivity for BED.

With the help of multiple characterization techniques, the
structural evolution of silicon carbide supported platinum
catalysts for the selective hydrogenation of BYD can be
described in Scheme 1. The oxidized Pt,O, species and the
reduced Pt° species (2-3 nm) are coexisting on SiC for the
fresh catalyst, and the former was totally reduced under the
H,-pretreatment condition. The small-size metallic Pt
nanoparticles play the key roles in the efficient selective
hydrogenation of BYD to BED with high selectivity under 100
°C and p(H,) = 1 MPa.

Conclusions

In summary, we prepared a series of new silicon carbide
supported platinum catalysts via a simple approach of
incipient wetness impregnation. The as-obtained samples
were evaluated by the selective hydrogenation of BYD.
Importantly, we found that the selectivity of BED was affected

This journal is © The Royal Society of Chemistry 2020
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by both the size of Pt and the type of the support.
Specifically, the Pt/SiC catalyst with a low loading amount of
Pt (0.5 wt%) exhibited an outstanding selectivity of BED (up
to 96%) with excellent conversion (up to 96%) under 100 °C
and p(H,) = 1 MPa after 10 h reaction. The side product was
only BDO, which may be beneficial to the reaction operation
and the sequential separation process. With the help of
HRTEM and XAFS characterizations, we have clearly
demonstrated that the small-size (2-3 nm) metallic Pt
particles are the active species for the selective hydrogenation
of BYD to BED.
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